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Continuing palaeofloristic studies in the Northern Tocantins Fossil Forest, we describe two new calamitalean spe-
cies from the Permian of the Parnaiba Basin (central-north Brazil ). The fossils comprise axes of various sizes, pre-
served anatomically as siliceous petrifactions, and found in highly mature sandy fluvial deposits of the Motuca
Formation. Based on anatomical and morphological characteristics, Arthropitys tocantinensis sp. nov. and
Arthropitys barthelii sp. nov. are described. They share a small central pith cavity (extremely reduced in the latter),
scalariform tracheid pitting, and prominent pitting of the ray parenchyma. However, they differ markedly in their
branching system: the former having 3-12 branches per node either with or lacking secondary growth, the latter
showing 2-17 branches without any secondary growth. However, in A. tocantinensis sp. nov., the presence of
large woody branches supports a more complex architecture with at least three successive orders of branches.
The extensive secondary tissue in both species is homogeneous; clear segmentation is only visible in the proximal
wood of A. tocantinensis sp. nov., but completely absent in A. barthelii sp. nov.

The growth architecture of these upright growing, self-supporting trunks are reconstructed based on sizable
transverse and longitudinal preparations. Our results confirm that thick woody calamitaleans were elements of
disturbed riparian vegetation and much more diverse in terms of anatomy and branching patterns than previous-
ly thought. They were well adapted to seasonally dry conditions and formed major plant constituents of Permian
low-latitude Southern Hemisphere communities. Additionally, we report the first evidence of colonisation on ar-
borescent calamitaleans by herbaceous sphenophyte axes from the Permian. One of the Arthropitys stems hosts at
least 30 Sphenophyllum shoots of various ontogenetic stages, growing inside the destroyed pith, which was pre-
viously excavated by arthropod boring.

Based on the distribution of key genera within late Paleozoic floras of Euramerica, Gondwana and Cathaysia floral
realms cluster analysis and Jaccard Coefficient highlight the distribution of a “Mid-North Brazilian” phytogeo-
graphic Region during the early Permian.
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1. Introduction

Petrified plants from the Permian of Brazil have been mentioned in
the literature for almost one and a half centuries (Brongniart, 1872).
However, only the most common psaroniaceous tree ferns, such as the
nearly cosmopolitan Psaronius or the Southern Hemisphere Tietea
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have been studied in detail (Solms-Laubach, 1913; Herbst, 1985, 1992,
1999). Despite the long history of paleobotanical research in Brazil,
the first record of three-dimensionally preserved calamitaleans ap-
peared only 30 years ago. Coimbra and Mussa (1984) identified
Arthropitys, the most common petrified sphenophyte genus, among sev-
eral new finds from the Parnaiba Basin of north-central Brazil and
erected Arthropitys cacundensis Mussa and Coimbra, 1984. Although
the small stem or branch fragment found in the Cacunda River, situated
between Araguaina (TO) and Carolina (MA), left no doubt regarding the
identification at generic level, its size and preservation were hardly ad-
equate to be discussed at specific level, especially in comparison to more


http://crossmark.crossref.org/dialog/?doi=10.1016/j.revpalbo.2016.11.001&domain=pdf
http://dx.doi.org/10.1016/j.revpalbo.2016.11.001
mailto:rohn@rc.unesp.br
Journal logo
http://dx.doi.org/10.1016/j.revpalbo.2016.11.001
Unlabelled image
http://www.sciencedirect.com/science/journal/00346667
www.elsevier.com/locate/revpalbo

38 R. Neregato et al. / Review of Palaeobotany and Palynology 237 (2017) 37-61

comprehensively characterised species, such as Arthropitys communis
(Binney) Renault, 1896, A. deltoides Cichan and Taylor, 1983 or more re-
cently the type species of the genus, Arthropitys bistriata (Cotta)
Goeppert emend. RoRler et al., 2012.

During the last decade, exposures of the extensive fluvial deposition-
al complex of the Motuca Formation revealed not only new aspects of
late Paleozoic vegetational diversity and distribution, but also insights
into intra-Permian environmental and climatic development. The bor-
der region of southern Maranhdo State and northern Tocantins State
has yielded numerous large and well-preserved plant fossils, which
have expanded our knowledge of low-latitude Gondwanan palaeofloras
(RoRler and Noll, 2002; RoRler and Galtier, 2002a,b, 2003; RéRler,
2006). Recently, several detailed studies have shed light on taphonomic
or palaeoenvironmental aspects of the host strata (Capretz and Rohn,
2013; Tavares et al., 2014) and initiated systematic investigations of ad-
ditional plant groups, such as gymnosperms (Kurzawe et al., 2013a,b).
Still under open nomenclature, R6Bler and Noll (2002) and Neregato
(2012) described several new calamitalean forms based on numerous
specimens that reveal not only information on anatomy and branching
characteristics of their aerial parts, but also initial rooting structures.
During field work in 2006, two large woody calamite trunks were exca-
vated revealing clear evidence of basal stems with attached roots. Pro-
viding new information on calamitalean root systems in general,
RoRler (2014) and RoBler et al. (2014) compared them with similar
in-situ rooting forms from the Chemnitz Fossil Lagerstdtte in eastern
Germany and characterised some of the common Permian species as
free-stemmed woody trees anchored in the former soil substrate by nu-
merous secondary roots arising from multiple nodes of the enlarged
trunk base and branching several times on their oblique downward
course. Neregato et al. (2015) initiated systematic description of new
calamitalean species from the Panaiba Basin and introduced Arthropitys
isoramis and Arthropitys iannuzzii.

That fieldwork and the newly discovered fossil sites in the northern
part of Tocantins State emphasized the importance of this region as a
Permian fossil Lagerstdtte and inspired the Brazilian Government to cre-
ate the Tocantins Fossil Trees Natural Monument (Dias-Brito et al.,
2007). However, although the Parnaiba Basin received special attention
during recent years, and several taxa have been described recently, the
region's palaeophytogeographic setting remains poorly investigated.
Based on the presence of Psaronius and the absence of Glossopteris,
Dolianiti (1972) suggested an affinity with Europe and North America.
Based on the presence of Arthropitys, Amyelon, and Artisia, Coimbra
and Mussa (1984) and Mussa and Coimbra (1987) suggested an affilia-
tion to the Euramerican Province but, on the other hand, the presence of
Taxopitys suggests an affiliation to Gondwana. RoBler and Galtier
(2002a) described Grammatopteris freitasii from this basin, a genus oth-
erwise restricted to France and Germany, but with close relations to the
filicalean Rastropteris from Cathaysia (Galtier et al., 2001). More recent-
ly, Kurzawe et al. (2013b) identified Damudoxylon, Taeniopitys and
Kaokoxylon in the Parnaiba Basin - all genera typically from Gondwana.

In this second contribution we continue describing arboreal
sphenophytes introducing two additional species, Arthropitys
tocantinensis sp. nov. and Arthropitys barthelii sp. nov., and we initiate
a discussion concerning the palaeophytogeographic position of the
Parnaiba Basin during the Cisuralian.

2. Material and methods

The specimens were found in the southern part of the Parnaiba
Basin, between Filadélfia and Araguaina cities, State of Tocantins, cen-
tral-north Brazil (Fig. 1). In order to investigate the morphological and
internal structure of the petrified specimens, we used a sand blaster to
remove the psammitic sediment and expose the surface. The specimens
were subsequently cut with a trimming saw to reveal both transverse
and longitudinal (radial and tangential) sections. These surfaces were
ground and polished applying standard procedures. Cellular structures

were examined and photographed under reflected light using a Nikon
DS-5M-L1 digital camera attached to Nikon Eclipse ME 600 and Nikon
SMZ 1500 microscopes. Morphological overviews were photographed
with a Nikon D 200 camera; larger polished surfaces were digitalised
using an Epson Perfection V330 scanner. Composite images were creat-
ed using Corel Draw version X6 and corrected only for contrast and col-
our. The specimens are stored in the Museum fiir Naturkunde,
Chemnitz, Germany, labelled as K 4965, K 5266, K 5399, K 5455, K
5456, K 5787, K 5500, K 4874, and K 6040. The paleophytogeographical
analysis and the Jaccard Coefficient were ascertained using PAST
(Hammer et al.,, 2001).

3. Systematic paleontology

Class Sphenopsida

Order Calamitales

Family Calamitaceae

Genus: Arthropitys Goeppert, 1864-1865

Type-species: Arthropitys bistriata (Cotta) Goeppert emend. R6Rler et
al, 2012

Arthropitys tocantinensis sp. nov. Neregato, RoRler et Noll

Holotype: K 4965.

Paratype: K 5266.

Additional material: K 5399, K 5455, K 5456.

Type locality: Northern Tocantins Petrified Forest, Tocantins State,
Parnaiba Basin, central-north Brazil.

Type stratum: Motuca Formation, Permian.

Etymology: The specific name refers to the State from which this
species was identified Tocantins, central-north Brazil.

Diagnosis: Branching system composed of variable number (mostly
3-12) of branches occurring at every node, superposed or alternating
along the stem, with and without secondary growth. Segmentation of
fascicular wedges and interfascicular rays only visible within the proxi-
mal wood. Secondary xylem tracheids with exclusively scalariform
pitting. Ray parenchyma with pitted horizontal walls.

Description

General features and taphonomy - The holotype, K 4965, an erosion-
al remnant of a petrified trunk represents the basal portion of a
branched woody stem (Plate I, 1). The specimen was found embedded
in well-rounded, well-sorted, and medium-grained fluvial quartz sand-
stone (grain size: 293 [140-670] um), not always easily removable from
the stem; in some cases the adhering sandstone is also strongly silicified
up to 40 mm from the axis. The stem surface is partially eroded depend-
ing on the extent of silicification, therefore no extraxylary tissues are
preserved. The stem base is enlarged, probably forming a woody root
stock with obliquely downwardly oriented woody projections and
scars (Plate I, 1, lower part). However, the eroded stem surface prohibits
to recognise further morphological detail. At the top of the specimen,
woody branches indicate a three-dimensional branching architecture.
The two woody branches, probably originating from the bifurcation of
the stem, measure 26 x 44 mm and 63 x 90 mm in diameter, with the
longest including an angle with the uppermost stem of 55°. The stem
portion is 1850 mm long with its largest width at the base of
130 x 213 mm, girth of 554 mm; the pith cavity at the base measures
2 x 9 mm. Above 260 mm the base, stem diameter measures
90 x 119 mm, pith cavity is 7.5 x 13.5 mm wide and girth is 448 mm
(Plate I, 4). Beneath 350 mm of the upper end, the stem diameter mea-
sures 95 x 105 mm (Plate I, 3); At the top, the stem diameter measures
52 x 62 mm, pith cavity is 9 x 20 mm and girth is 180 mm (Plate I, 2).
Largest pith cavity diameter of 19 x 25.5 mm occurs 530 mm from the
upper end of the stem portion. Nodes are barely visible on the stem's
surface; on one radial section (Plate II, 1) internode length is 63 mm.

The paratype, K 5266, represents a branched stem portion from the
upper tree (crown position) likewise partly embedded in medium-
grained quartz sandstone. The specimen is 1170 mm long and bears nu-
merous closely spaced nodes with internode lengths at the lower end of
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Fig. 1. A: Map of Brazil with the position of Tocantins State. B: Map of Tocantins State with the localization of the Tocantins Fossil Trees Natural Monument (TFTNM). MT: Mato Grosso
State; GO: Goias State; BA: Bahia State; PI: Piaui State. C: Detailed map of the North of Tocantins State showing the position of the Tocantins Fossil Trees Natural Monument and the

most important municipalities around it.

12-20 mm, and at the upper end of 9-12 mm (Plate III, 1-2; Plate IV, 2—
3). The stem diameter at the lower end is 87 mm, and at the upper end
65 mm. Pith cavity diameter is approximately 15 mm at the lower end
diminishing to 8 mm at the upper end.

K 5456 (Plate V, 1) represents a stem/branch portion, 276 mm long.
The diameter at the lower end is 35 x 38 mm, pith cavity spans
13 x 14 mm surrounded by 62 vascular strands (Plate V, 5, 8), present-
ing asymmetric secondary body (Plate V, 4). At the upper end, the stem
diameter is 36 x 44 mm, pith cavity spans 12 x 13 mm and is
surrounded by 62 vascular strands (Plate V, 2). Eleven nodes are visible
(counted from three portions belonging to the specimen), internode
distances are 27 (15-36) mm (Plate V, 1); several nodes show branch
traces (up to 10 visible). Additionally, two large branch traces,
11 x 13 mm and 24 x 26 mm in diameter and showing extended sec-
ondary growth, are visible at the stem surface (Plate V, 1).

K 5455 (Plate V, 6, 7) is an erosional remnant of a stem, 198 mm
long, 69 x 85 mm in diameter. The pith cavity is asymmetric,
15 x 19 mm in diameter and surrounded by approximately 80 vascular
strands. Three nodes are visible on the surface bearing several branch
traces, which in some cases became overgrown during secondary
growth of the stem. A few of the side branches enlarged during second-
ary growth to form woody branches (WB in Plate V, 6), one is visible in
this specimen.

K'5399is a stem portion 170 mm long, 76 x 88 mm in diameter with
a pith cavity of 9 x 11 mm surrounded by 68 vascular segments. Two
woody branch scars are present, one hidden below the sandstone
cover, another measuring 8 x 10 mm. Nodes are not visible on the
outer stem surface, one additional branch scar measures approximately
7 x 7 mm. The transverse section reveals several “growth interrup-
tions”, which are also visible on the eroded surface.

K 5400 is another stem portion, cut obliquely at an angle of ca 35° to
the stem axis. The transverse section shows distinct “growth interrup-
tions”, also accentuated on the eroded surface. Two nodes are
recognisable separated by. ca 50 mm and bear several branch traces,
6-16 mm in diameter. Although quite similar in overall appearance to
K 5266 and K 5455, there is insufficient evidence to assign the material
to one plant.

Branching system - The branching system in this species is
characterised by (1) woody branches originating from secondary
growth of single side branches or bifurcations of the stem forming a
three-dimensionally projecting crown, and (2) by side branches
departing from the nodes. These side branches can occur at every
node, but usually are of variable number per node, 3-12 in the present
material. Side branches are recognisable as branch scars at the outer
stem surface (Plate III, 1-3) or as branch traces in tangential sections
(Plate 11, 1-3, 6-7; Plate III, 4). Secondary growth can be present or ab-
sent in these traces or scars; in some cases individual branch traces be-
came overgrown during stem thickening. In K 4965, branch traces/scars
are elliptical averaging 5.19 (4.78-5.54) mm in height and 3.54 (2.66-
4.13) mm in width (Plate II, 1-3, 6-7).

K 5266 shows three woody branches departing from the stem and
probably originating from successive bifurcations of the stem, whereup-
on the upright stem maintained dominance. The lowermost one,
105 mm distant from the lower end, is 196 mm long and 36 x 38 mm
in diameter, having a small pith cavity of 4 mm diameter and likewise
several nodes carrying abundant small branch scars. The second one,
525 mm above the lower end of the specimen, is 50 mm long and
22 mm in diameter. The third branch, 1125 mm from the lower end, is
ca 30 mm long and 32 mm in diameter. Additionally, K 5266 bears nu-
merous irregular positioned branch scars or traces of variable size
reaching 2-27 mm in diameter (Plate III, 1-6; Plate IV, 1-2, 4, 6-7).

Anatomy of primary tissues — Carinal canals in K 4965 are elliptical
averaging 290 (180-420) um radially and 210 (140-290) pm tangen-
tially, and are surrounded by several rows of circular to polygonal meta-
xylem elements, 49 (13-120) um in diameter (Plate I, 6), with annular
thickenings (Plate II, 4). In K 5266, carinal canals are collapsed; sur-
rounding metaxylem elements average 39 um (20-54) in diameter
(Plate III, 7).

Anatomy of secondary tissues - In transverse section, a clear distinc-
tion between interfascicular rays and fascicular wedges is only visible
within the innermost wood (Plate I, 7; Plate IlI, 7); it becomes less obvi-
ous more distally (Plate I, 5; Plate III, 5). However, in longitudinal tan-
gential section the segmentation of the secondary body is still
recognisable and continues from node to node (Plate II, 7; Plate IV, 4).
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Nevertheless, in the description chart, ray parenchyma is characterised
without any assignment to interfascicular or fascicular rays.

In K 4965, wood thickness ranges between 25 and 89 mm. At the
base, and 300 mm above the base, the secondary body consists of 55 pri-
mary vascular bundles or fascicular wedges (Plate I, 4: section A);
1470 mm above the base, 76 fascicular wedges are recognisable (Plate
I, 3: section B); and at the top of the stem portion, 84 fascicular wedges
surround the pith (Plate I, 2: section C), revealing part of the
epidogenetic phase of the plant development. In transverse section,
interfascicular rays and fascicular wedges are clearly distinguishable
up to 10-15 mm from the pith periphery (Plate I, 6; Plate III, 7), because
tracheid files became intercalated in the proximal interfascicular rays
very early in ontogenetic development (Plate I, 7). In the innermost
wood, fascicular wedges are composed of up to 27 cell files averaging
0.69 (0.45-0.88) mm in width. Tracheids are square to rectangular
averaging initially 41 (30-70) pum radially and 30 (22-50) um tan-
gentially, in the distal wood 55 (40-70) um radially and 46 (20-70)
um tangentially (Plate I, 5). Rays are composed of 3-10 parenchyma
rows, 204 (100-340) um wide in the inner wood with rectangular
cells averaging 135 (50-210) um radially and 31 (18-70) um tangen-
tially (Plate I, 6-7), and in the outer wood rays averaging 292 (190-
520) in width. In both K 4965 and K 5266, ray parenchyma cells com-
monly bear circular pits in the horizontal walls (Plate II, 5; Plate 1V,
5), although pristine anatomical preservation is required to recog-
nise this character.

K 5266 has a maximum wood thickness of 36 mm, several growth-
ring-like concentric tissue density variations are recognisable through-
out the wood (Plate III, 5-6).

In radial section, secondary xylem tracheids have exclusively scalar-
iform pitting in their radial walls (Plate II, 4; Plate IV, 8). In K 4965, 16
pits occur per 100 um vertical distance (Plate II, 4). Interfascicular rays
are composed of rectangular parenchymatous cells, averaging 89 (50—
170) um axially and 108 (73-140) um radially.

In tangential section, the high portion of parenchyma is most con-
spicuous, with the secondary body composed of at least 35% of paren-
chyma (Plate II, 7; Plate 1V, 4). In K 4965, tracheids are several
millimetres long. Parenchymatous cells of interfascicular rays average
70 (30-170) pm axially and 39 pm (10-70) pm tangentially.

Leaf traces - In nodal position, closely beneath the branch traces,
small elliptical leaf traces were recognised. They measure 1.36 (1.11-
1.61) mm in height and 0.43 (0.29-0.56) mm in width (Plate II, 6-7;
Plate IV, 4; Plate V, 3, 9).

Extraxylary, cortical tissues and periderm - Due to transport abra-
sion the external surface of the specimens lacks any extraxylary tissues.

Arthropitys barthelii sp. nov. Neregato, Roler et Noll

Holotype: K 5787.

Additional material: K 4874, K 5500, K 6040.

Type locality: Tocantins Fossil Trees Natural Monument (TFTNM),
Parnaiba Basin, central-north Brazil.

Type stratum: Motuca Formation, Permian.

Plate L. Arthropitys tocantinensis sp. nov., holotype K 4965.1: Gross morphology of the stem showing enlarged stem base with smallest pith (P), departing woody roots (R) and a trifurcated
branching pattern with large woody branches (WB) at the top. Scale bar = 100 mm.2: Transverse section from the top of the specimen showing pith cavity and surrounding wood
consisting of 84 fascicles. Scale bar = 10 mm.3: Transverse section from the middle part of the specimen showing pith cavity (PC) and 76 surrounding wood fascicles. Scale
bar = 10 mm.4: Transverse section from close above the stem base showing small compacted pith cavity and surrounding wood consisting of 55 fascicles. Scale bar = 10 mm.5: Detail
of transverse section of Fig. 3 showing the wood consisting of tracheid files and rays. Near the stem periphery there is no clear distinction between interfascicular rays and fascicular rays.
Scale bar = 500 um.6: Detail of transverse section of Fig. 3 showing initial fascicles and interfascicular rays (IR). Carinal canals (CC) are surrounded by several rows of circular to polygonal
metaxylem elements (MX). Scale bar = 500 um.7: Detail of transverse section of Fig. 3 showing initial fascicles and interfascicular rays (IR). Note the progressive inclusion of tracheid files
(arrow) close to the pith margin leading to a rather homogeneous wood without clear segmentation. Scale bar = 200 pm.

Plate II. Arthropitys tocantinensis sp. nov., holotype K 4965.1: Radial section showing pith cavity (PC), wood and two nodes with branch traces (BT). Scale bar = 10 mm.2: Tangential sec-
tion from the innermost wood showing two nodes (N), the lower with several branch traces (arrows). Note the clear segmentation in distinct fascicles. Scale bar = 10 mm.3: Tangential
section from the median wood showing two nodes (N), the lower with branch traces (arrows). Note the weak segmentation of the wood with increasing distance from the pith. Scale
bar = 10 mm.4: Radial section showing annular thickening of the metaxylem (MX) and scalariform pitting of the secondary xylem (SX). Scale bar = 100 pum.5: Transverse section showing
tracheid files aligned to an interfascicular ray (IR). Note the pitting pattern of the ray cells (arrows). Scale bar = 100 pm.6: Detail of Fig. 2 showing branch traces (BT) close above the node,
leaf traces (LT) in nodal position and clear segmentation of the wood. Scale bar = 2 mm.7: Detail of Fig. 3 showing branch traces (BT) close above the node and leaf traces (LT) in nodal
position. Note the weak segmentation of the wood and the initial secondary growth of the branch trace. Scale bar = 2 mm. (see on page 42)

Plate IIL. Arthropitys tocantinensis sp. nov., paratype K 5266.1: Two aspects of the stem's gross morphology showing many small branch scars irregularly distributed over the surface and
three large woody branches (WB). Scale bar = 100 mm.2: Stem surface showing irregularly distributed branch scars (arrows) at the nodes (N). Note the different size of branch scars. Scale
bar = 10 mm.3: Stem surface showing one branch scar (arrow) with secondary growth and pith cavity. Scale bar = 10 mm.4: Tangential section of the stem showing several nodes (N)
with different size branch traces (arrows) reflecting different developmental stages. Scale bar = 10 mm.5: Half transverse section of the stem (PC: pith cavity) in nodal position showing
several branch traces (arrows) crossing radially the wood. Note the dense succession of concentric growth ring-like patterns. Scale bar = 10 mm.6: Detail of Fig. 5 showing the course of a
branch trace. Scale bar = 2 mm.7: Detail of Fig. 5 showing the innermost wood still clearly segmented in fascicular wedges and interfascicular rays (IR). Scale bar = 200 um. (see on page 43)

Plate IV. Arthropitys tocantinensis sp. nov., paratype K 5266.1: Stem surface showing a abruptly enlarging branch scar. Scale bar = 10 mm.2: Tangential section showing five successive
nodes (N) with irregular distributed branch traces. Arrow indicates the branch trace of the large scar visible on Fig. 1. Scale bar = 10 mm.3: Radial section showing pith cavity with five
nodes. Scale bar = 10 mm.4: Tangential section showing two nodes (N) with several leaf traces (LT) and slightly above the nodes a few branch traces (BT). Scale bar = 2 mm.5: Transverse
section of the innermost wood showing an interfascicular ray (IR) with pitted parenchyma cells. Scale bar = 200 pm.6: Tangential section showing a branch trace with small amount of
secondary growth. Scale bar = 1 mm.7: Tangential section showing a branch trace without secondary growth. Scale bar = 1 mm.8: Radial section showing pitting of the secondary xylem.
Scale bar = 100 pm. (see on page 44)

Plate V. Arthropitys tocantinensis sp. nov., specimen K 5465, except 6 and 7, K 5455.1: Stem or branch portion showing several nodes (N) with irregularly positioned branch scars and two
large woody branch scars (WB). Scale bar = 10 mm.2: Transverse section from the upper end of the stem portion showing pith cavity surrounded by 61 wood fascicles. Scale
bar = 10 mm.3: Tangential section showing one node with leaf traces (LT) and slightly above several branch traces (BT). Scale bar = 10 mm.4: Radial section of the stem portion showing
pith cavity with one node and asymmetric wood development. Scale bar = 10 mm.5: Transverse section from the lower end of the stem portion showing pith cavity surrounded by 62
wood fascicles. Scale bar = 10 mm.6: Erosional remnant of K 5455 showing three nodes (N) with several branch scars and one large woody branch (WB). Scale bar = 10 mm.7: Transverse
section of K 5455 with pith and surrounding wood. Note the rhythmic pattern of the secondary growth. Scale bar = 10 mm.8: Detail of Fig. 5 showing two fascicular wedges and
interfascicular rays (IR) of the innermost wood. Scale bar = 500 um.9: Detail of Fig. 3 showing leaf traces (LT) in nodal position and slightly above positioned branch traces (BT). Scale
bar = 1 mm. (see on page 45)

Plate VL. Arthropitys barthelii sp. nov., holotype K 5787.1: Basal stem portion showing several nodes with irregularly positioned branch scars (red dots). Scale bar = 50 mm.2: Transverse
section from the upper end of the stem showing deformed pith cavity. Note the very homogeneous appearance of the wood. Scale bar = 10 mm.3: Transverse section 163 mm above the
lower end of the stem showing small pith cavity surrounded by 28 vascular segments. Note the very homogeneous appearance of the wood. Scale bar = 10 mm.4: Eroded bottom surface
of the stem showing the pith cavity (PC) and eight roots (arrows) emerging from five different nodes. Scale bar = 10 mm.5: Detail of Fig. 2 showing a proximal vascular segment with
carinal canal (CC), metaxylem (MX) and secondary xylem (SX). Scale bar = 100 um.6: Detail of Fig. 3 close to pith cavity showing several proximal vascular segments with carinal canal
(CC) and between them interfascicular rays (IR). Scale bar = 200 pm.7: Detail of Fig. 2 showing the outer wood made of tracheid files and parenchymatous rays. Scale bar = 100 um.8: Ray
parenchyma showing small circular pits (arrows) in their horizontal walls. Scale bar = 100 pm. (see on page 46)



R. Neregato et al. / Review of Palaeobotany and Palynology 237 (2017) 37-61

section A-ﬁ



Image of Plate I

R. Neregato et al. / Review of Palaeobotany and Palynology 237 (2017) 37-61

swnmsrusc e v S

-
-
-
=
r
=
B
'
|
1
E,‘
=

Plate II (caption on page 40).
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Plate III (caption on page 40).
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Plate IV (caption on page 40).
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Plate V (caption on page 40).
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Plate VI (caption on page 40).
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Plate VIL. Arthropitys barthelii sp. nov., holotype K 5787. 1: Radial section from the upper part of the stem portion showing several nodes (N) with weak branch traces (BT) and an irregular
pith cavity probably affected by boring (PC). Scale bar = 10 mm. 2: Outer surface of the stem showing a branch scar (arrow). Scale bar = 1 mm. 3: Tangential section of the stem showing a
branch trace (arrow) without any secondary growth. Scale bar = 1 mm. 4: Radial section showing scalariform pitting of the secondary xylem tracheids (right) and variable crossfield
pitting (left). Scale bar = 100 um. 5: Tangential section showing parenchyma-rich wood without any distinction of interfascicular or fascicular rays. Scale bar = 500 pm. 6: Radial
section showing brick-shaped cells of a parenchymatous ray. Scale bar = 100 pm. 7: Radial section showing scalariform pitting of the secondary xylem. Scale bar = 50 pm.

Etymology: The specific name is dedicated to our friend,
palaeobotanist Prof. Dr. Manfred Barthel, Berlin, in recognition of his en-
couraging work on late Paleozoic floras and terrestrial ecosystems in
general.

Diagnosis: This species presents 2-17 side branches at every node;
side branches lack secondary growth and are disposed in irregular pat-
tern. Homogeneous wood without distinct interfascicular rays and

fascicular wedges, except within the first few millimetres of the second-
ary body. Secondary xylem tracheids have only scalariform pitting. Circu-
lar to broad-oval pitting is present in crossfield areas. Ray parenchyma
with pitted horizontal walls. 1-3 irregularly arranged first-order roots de-
part from the lowermost nodes and show secondary growth.

Remarks: Although pith diameters usually change during the onto-
genetic development of the plant and are therefore regarded as of
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minor diagnostic value, it is striking that the pith cavity in this species is
very narrow in all investigated specimens irrespective of the amount of
secondary growth. However, only in one case can we prove that a spec-
imen is a lower stem portion based on the presence of root scars.

Description

General morphology - The holotype, K 5787, represents a portion of
a basal stem, 1280 mm long, found as an abraided remnant in well-
rounded, well-sorted, medium-grained quartz sandstone (Plate VI, 1).
The stem's basal diameter is 150 x 180 mm; girth is 502 mm; slightly
tapering upward and the enlarged base of the trunk has a pith cavity
of 2.8 x 4.8 mm surrounded by 25 vascular segments; 88 mm distant
from the lower end, the pith is surrounded by 28 vascular segments;
at 163 mm above the lower end, the pith cavity is surrounded by 28 vas-
cular segments (Plate VI, 3). At the upper end, the stem measures
104 x 114 mm, girth of 340 mm with a deformed pith cavity (Plate VI,
2). The ratio between pith cavity and stem diameter along the stem
equals 1:15-30. The mean internode length is 57 (40-80 mm; n = 21).

Root system - The root system is composed of eight circular to oval
first-order roots emerging vertically to slightly obliquely downward
from several basal nodes; one from the lowermost node, three from
the second node, two from the fourth node, one from the fifth node
and one from the seventh node above the base (RoRler et al., 2014)
(Plate VI, 4). Although nodes three and six bear several mm-size scars,
no woody roots are preserved. Other nodes also bear several additional
mm-sized scars, e.g., node number four hosts 23 additional scars. The
distance between the lowermost node to the seventh node is 25 cm.
From the eighth node upward, only mm-size scars are recognisable,
which may represent scars of former side branches (leafy twigs). The
lowermost internodes are 30-35 mm apart. Above the sixth node, inter-
nodes increase gradually in length. The roots measure 30-52 mm in di-
ameter and contain considerable secondary xylem surrounding small
circular piths. Growth-ring-like concentric density variations of the sec-
ondary xylem are visible both in the trunk wood (Plate IX, 3) and in the
roots (Plate VI, 4) and may denote seasonal changes in the environment.
In these levels, the wood tracheids have reduced diameters, but the par-
enchymatous cells of the rays remain not only unaffected, they broaden
slightly.

Branching system - In this species, the branching system is very dis-
tinct, 2-17 branches per node have been recognised, usually occurring
at every node, without any secondary growth, irregularly distributed
(Plate VI, 1). Branch traces/scars point to small and delicate side
branches (Plate VII, 2; Plate VIII, 3), in some cases overgrown during
stem enlargement and, therefore, indistinct on the stem surface or on
the radial/tangential section (Plate VII, 1, 3; Plate VIII, 1). Minimum tan-
gential distance between neighbouring branch traces is 14 mm.

Anatomy of primary tissues - In K 5787, carinal canals reach 160
(120-210) pm radially and 140 (100-170) pum tangentially, surrounded
by circular to polygonal metaxylem elements averaging 34 (10-70) pm
in diameter (Plate VI, 5, 6). A conspicuous character is the very small
pith, which not significantly enlarges upwards (Plate VI, 2, 3; Plate
VIII, 2).

Anatomy of secondary tissues - The secondary body - quite unusual
for calamitaleans - is characterised by a conspicuous homogeneous ap-
pearance. Rays become crowded very early between tracheid files to

form a rather loose homogeneous wood (Plate VI, 2, 3; Plate VIII, 2). A
few millimetres centrifugally from the primary tissues, a clear differen-
tiation between interfascicular rays and fascicular wedges is not possi-
ble (Plate VII, 5; Plate VIIL, 7), even in tangential section. Nevertheless,
weak growth interruptions recognised in transverse section point to
some kind of seasonality in the environment.

In K 5787, the secondary body ranges is 42-104 mm thick. The in-
nermost wood fascicles consist of 1-3 tracheid rows and 1-3 intermedi-
ary parenchymatous rays averaging 0.48 (0.32-0.74) mm (Plate VI, 5,
6). In the innermost wood, tracheids are circular to rectangular,
reaching 45 (30-68) um radially and 37 (15-45) pm tangentially. In
the median wood, tracheids average 55 (47-69) pm radially and 46
(35-60) um tangentially. In the outer wood, 1-7 joint tracheid rows
are evident confined by rays (Plate VI, 7). Interfascicular rays, only visi-
ble in the innermost part, measure 201 (100-420) um in width and con-
sist of 1-6 rectangular parenchymatous cells reaching 102 (55-220) pm
radially and 40 (20-85) pm tangentially. Parenchymatous cells are
pitted in their horizontal walls (Plate VI, 8).

Secondary xylem tracheids have exclusively scalariform pitting with
11-16 pits per 100 um (Plate VII, 4, 7; Plate VIII, 5). Thickenings fork
sporadically, especially close to the tracheid termini. Circular to broadly
oval irregular pitting with 5-9 pits per 100 pm is present in crossfield
areas (Plate VII, 4; Plate VIII, 6). In K 5787, tracheids measure several
millimetres in length. Rays consist of brick-shaped parenchymatous
cells, reaching 92 (50-220) um axially and 109 (65-220) um radially
(Plate VII, 6).

In tangential section, the secondary wood mass is composed of ap-
proximately 40% parenchyma (Plate VII, 5; Plate VIII, 7). In K 5787, par-
enchymatous cells of the interfascicular rays (only innermost wood) are
rectangular and measure 84 (40-130) pm axially and 43 (20-70) um
tangentially (Plate VII, 5).

Extraxylary cortical tissues and periderm are not preserved.

Additional material - K 5550 is a stem portion, 138 mm long,
102 x 120 mm in diameter, pith not completely preserved but approx-
imately 3 mm in diameter (Plate VIII, 2). Nodes and branch scars are
barely visible at the stem surface; in tangential view, one branch trace
lacking secondary growth is recognisable (Plate VIII, 3). Secondary
xylem has scalariform pitting (Plate VIII, 5) and variable broadly oval
crossfield pitting (Plate VIII, 6). The wood is very homogeneous and pa-
renchyma-rich; vascular segments only visible a few millimetres distal-
ly of the internal wood. Because it is not possible to differentiate
interfascicular rays and fascicular rays, both are designated as parenchy-
matous rays (Plate VIII, 4, 7).

K 6040 is represented by one slice of a stem 11 mm thick and
116 mm in maximum diameter; a cavity within the pith resulting
from herbivore damage, since clusters of small coprolites are visible at
the interface of the pith cavity/internal wood (Plate IX, 1-2). At least
30 Sphenophyllum axes of various ontogenetic stages (Plate IX, 4, 5)
and many small roots have been preserved in the calamite interior.
This interesting interaction was probably established after animal bor-
ing damage of the calamite providing a special microhabitat that shel-
tered the development of many Sphenophyllum axes. Preservation of
the latter is quite detailed including primary and secondary vascular tis-
sues, multilayered cortex, epidermal layer, attached leaves and roots

Plate VIIL Arthropitys barthelii sp. nov., additional material K 5550.1: Tangential section of a stem portion showing a small branch trace (BT). Scale bar = 10 mm.2: Transverse section from
the upper end of the stem showing the few millimetres sized pith. Note the very homogeneous appearance of the wood. Scale bar = 10 mm.3: Detail of Fig. 1 showing a parenchymatous
branch trace. Scale bar = 500 um.4: Detail of Fig. 2 showing the outer wood made of variable tracheid files and parenchymatous rays. Scale bar = 500 pum.5: Radial section showing sca-
lariform pitting of the secondary xylem. Scale bar = 100 pm.6: Radial section showing some crossfield pittings in the secondary xylem (arrows). Scale bar = 100 um.7: Tangential section
showing parenchyma-rich wood without any distinction of interfascicular rays and fascicular wedges. Scale bar = 500 pm.

Plate IX. Arthropitys barthelii sp. nov., additional material K 6040.1: Transverse section of a stem showing an unusual enlargement of the pith with at least 30 Sphenophyllum axes. Scale
bar = 10 mm.2: Detail of Fig. 1 showing vascular wedges of the proximal wood separated by interfascicular rays (IR). Note the cut pith margin with coprolite clusters (arrows) and small
intruded roots (R). Scale bar = 500 pm.3: Detail of Fig. 1 showing the homogeneous outer wood made of parenchymatous rays (PR) and tracheid files. Note the growth ring-like density
variation in the wood (arrow) showing reduced tracheid diameters and broadening of the rays. Scale bar = 200 pm.4: Detail of Fig. 1 showing a juvenile Sphenophyllum axis with central
triarch stele, a few secondary xylem tracheid files surrounding extraxylary tissues. Scale bar = 1 mm.5: Detail of Fig. 1 showing a developed Sphenophyllum axis with central triarch stele
with secondary growth (SX) and surrounding extraxylary tissues. Scale bar = 1 mm.6: Detail of Fig. 1 showing the margin of a Sphenophyllum axis with inner parenchymatous cortex (CP),
an outer sclerenchymatous cortex (CS) and an attached leaf (arrow). Scale bar = 500 pm. (see on page 50)
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Plate IX (caption on page 48).
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(Plate IX, 4-6). Detailed description of this fossil Sphenophyllum plant is
beyond the scope of this study and will be given in a forthcoming paper.
The wood of K 6040 is homogeneous without clear segmentation in fas-
cicular wedges and interfascicular rays. A few growth ring-like density
variations within the wood indicate seasonal or environmental changes
(Plate IX, 3). Depending on the size of the specimen, the branch system
may not be recognisable, but the sum of all other characters suggests
specific assignment to A. barthelii sp. nov.

K 4874 is a stem portion 175 mm long and 106 mm in maximum di-
ameter. The pith cavity measuring 4 x 5 mm is surrounded by 39 vascu-
lar segments. The secondary body has the same kind of homogeneous
wood and shares anatomical characters with the aforementioned
specimens.

4. Discussion

4.1. Comparisons of Arthropitys tocantinensis sp. nov. with previously de-
scribed species

The studied specimens differ from Arthropitys kansana Andrews,
1952, Arthropitys illinoensis Anderson, 1954, Arthropitys sterzelii RoRler
and Noll, 2010, and Arthropitys cacundensis Mussa and Coimbra, 1984
(in Coimbra and Mussa, 1984), in possessing exclusively scalariform
pitting in the secondary xylem, whereas the other species have
multiseriate circular pitting; Arthropitys iannuzzii Neregato et al., 2015
has multiseriate circular pitting and only few tracheids with scalariform
pitting. Additionally, the branching system of the studied specimens is
different from that of the aforementioned species.

Arthropitys bistriata (Cotta) Goeppert emend. RoRler et al., 2012,
Arthropitys communis (Binney) Renault, 1896, Arthropitys lineata
Renault, 1896, Arthropitys versifoveata Anderson, 1954, Arthropitys
deltoides Cichan and Taylor, 1983, Arthropitys junlianensis Wang et al.,
2003, Arthropitys yunnanensis (Tian and Gu) Wang et al., 2006, and
Arthropitys ezonata Goeppert emend. RoRler and Noll, 2006 have, as
the new species described here, scalariform pitting in their secondary
xylem; Arthropitys isoramis Neregato et al., 2015 has both scalariform

Table 1

and multiseriate circular pitting, but all species cited above differ essen-
tially in their branching system.

As a result, our new specimens are distinct from all Arthopitys spe-
cies previously known and, therefore, they are classified as a new spe-
cies, Arthropitys tocantinensis sp. nov. (see Tables 1 and 3, Fig. 2).

4.2. Comparisons of Arthropitys barthelii sp. nov. with previously described
species

The studied specimens differ from Arthropitys gigas (Brongniart)
Renault, 1896, Arthropitys kansana Andrews, 1952, Arthropitys illinoensis
Anderson, 1954, Arthropitys cacundensis Mussa and Coimbra, 1984 (in
Coimbra and Mussa, 1984), and Arthropitys sterzelii R6Bler and Noll,
2010, with regard to their anatomy. The new material has exclusively
scalariform thickening/pitting in their secondary xylem tracheids,
whereas the other species bear multiseriate circular pitting; in
Arthropitys iannuzzii Neregato et al., 2015, few tracheids has scalariform
pitting but the majority of them shows multiseriate circular pitting.
Moreover, the new material exhibits a different branching pattern in
comparison to the species cited above.

The studied specimens are similar to Arthropitys bistriata (Cotta)
Goeppert emend. Roler et al., 2012, Arthropitys communis (Binney)
Renault, 1896, Arthropitys lineata Renault, 1896, Arthropitys versifoveata
Anderson, 1954, Arthropitys deltoides Cichan and Taylor, 1983,
Arthropitys junlianensis Wang et al., 2003, Arthropitys yunnanensis
(Tian and Gu) ex Wang et al., 2006, Arthropitys ezonata (Goeppert)
emend. RoRler and Noll, 2006, regarding the scalariform pitting in the
secondary xylem, however, the new specimens can be easily distin-
guished by their different branching patterns. Arthropitys isoramis
Neregato et al., 2015, shows very regular branches, mostly 4 (rarely 3)
per node, and presents both scalariform and multiseriate circular pitting
on its tracheid's radial walls.

Considering these differences, the specimens studied here are dis-
tinct from all previously known species of Arthropitys and, therefore,
classified as a new species, Arthropitys barthelii sp. nov. (see Tables 2
and 3, Fig. 3).

Overview of the main anatomical and morphological data obtained from the holotype specimen of Arthropitys tocantinensis sp. nov.

Arthropitys tocantinensis sp. nov.

Part of the plant Length Diameter stem

Stem 1850 mm

Morphology/branching  Branch system

3-12 branches at every node with and without secondary growth

Internode length
Primary tissues

63 mm, barely visible
Vascular strand number
55 at base
84 near top

elliptical
Secondary tissues Wood 25-89 mm, fascicular wedges and
interfascicular rays only visible at pith
periphery

files;

130 x 213 mm at base
52 x 62 mm at top

Carinal canals (transverse section)
radially/tangentially (um)
290 (180-240)/210 (140-290),

Fascicular wedges width (um),
number files per fascicle
(transverse section)

Initially: 0.69 (0.45-0.88) mm, 27

Diameter pith Girth

2 x 9 mm at base 554 mm at base

9 x 20 mm at top 180 mm at top

Leaf traces Root traces

1.36 (1.11-1.61) mm height/0.43 Departing at stem
(0.29-0.56) mm wide, in nodal position base with secondary
beneath branch traces growth

Px tracheids/tyloses
Not preserved

Mx tracheids (um)
49 (13-120), circular
to polygonal

Tracheids (radial section)

Scalariform thickenings

Radially/tangentially (um), (transverse section)
Initially: 41 (30-70)/30 (22-50);

Distally: 55 (40-70)/46 (20-70)

Distally: only distinct initially

Interfascicular rays

Width (um), number files per fascicle
(transverse section)

Initially: 204 (100-340), 3-10 files;

distally: indistinct (18-70);

Distally: indistinctly; cells pitted in
the horizontal walls

Cortex/periderm/special not preserved
characters

Cells (transverse section)
Radially/tangentially (pm)
Initially: 135 (50-210)/31

Cells (radial section) Cells (tangential

Axially/radially (um) section)

89 (50-170)/108 (73-140) Axially/tangentially
(pm)
70 (30-170)/39
(10-70)
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Fig. 2. Proposed reconstruction of Arthropitys tocantinensis sp. nov. Drawing: Frederik
Spindler (Freiberg, Germany).

4.3. Palaeoecological implications

Calamitaleans are unquestionably among the most common constit-
uents of late Paleozoic plant communities, reported from various habi-
tats and taphonomic settings including epiclastic and pyroclastic
deposits (Renault, 1893, 1896; Gastaldo, 1992; Feng et al., 2012). In
some cases, they even preserved in-situ (Dawson, 1851; Grand'Eury,
1877; DiMichele and Falcon-Lang, 2011). Although various organs,
such as stems, leaves, reproductive organs and roots have been studied
in great detail since the early days of paleobotany, several puzzling de-
tails of calamitalean growth and fossilisation remain. In pure clastic set-
tings, the interpretation of their fossil remains as either pith casts (as
traditionally thought) or stem casts, obviously remains equivocal
(DiMichele and Falcon-Lang, 2012; Thomas, 2013; Falcon-Lang, 2015).
Although true stem casts may be as common as pith casts and have
long been studied especially from calamitaleans entombed in fine-
grained pyroclastics (Petzholdt, 1841; Noll, 2000; Locse et al., 2013;
RoRler, pers. observations at ongoing Chemnitz excavations) it is

challenging to address preservational circumstances and taphonomy
for every site.

The siliceous petrified material from the Parnaiba Basin can contrib-
ute to this discussion in that these specimens preserved the exterior of
the stems revealing morphological features on the whole-stem casts.
Additionally, anatomically preserved large calamitaleans shed light on
different aspects of growth and ecology. Recently, the root systems of
some Permian calamitaleans were characterised including that of the
here described A. barthelii sp. nov. (R6Rler et al., 2014, p. 77 and text-
fig. 4). An interpretation differing from the reed-like, fast-growing indi-
viduals reconstructed from the Pennsylvanian palaeoequatorial tropics
was suggested (RoRler et al., 2014). Several new species recognised in
the Permian of Brazil underline an unexpected diversity in growth
form among these archaic arborescent sphenophytes (Neregato et al.,
2015). Despite the striking conservatism in architecture and anatomy
shared with their extant relatives (Equisetum), calamitaleans reveal a
considerable adaptive range expressed in their branching and anatomy
(RoRler et al., 2012). Not only their remarkable tolerance of disturbance
or salinity (Gastaldo, 1992; Pfefferkorn et al., 2001) but also their out-
standing architectural plasticity qualified them to survive severe envi-
ronmental disturbances and climatic change up to the Lopingian
(DiMichele et al., 2008). Here, the broadly defined Arthropitys incorpo-
rates species exhibiting characters, such as the common pitting of ray
parenchyma, never documented before in this group but surprisingly
present in every new species from Brazil. Recently, we re-investigated
calamitaleans represented by free-stemmed woody trees that were an-
chored in the soil by numerous secondary roots (Neregato et al., 2015).
Not only documented in Brazil, this quite unusual pattern among pteri-
dophytes was confirmed by huge petrified calamitaleans from the type
locality of Chemnitz in eastern Germany (RoRler et al., 2014) sharing
with the Brazilian specimens site-specific features too. Although pre-
served in quite different ways, both depositional environments are
characterised by clastic substrates and low-maturity soils without any
peat accumulation (Luthardt et al., 2015). In contrast to the majority
of much smaller individuals from nutrient-poor peat-forming mires
(e.g., Josten, 1991; Cleal and Thomas, 1994; Galtier, 1997; Barthel,
2004; Oplustil et al., 2009), the largest calamitaleans known to date,
Arthropitys ezonata from Chemnitz (R6Rler and Noll, 2006), 60 cm in
maximum diameter, and Arthropitys sp. (Rofler, 2014), 40 cm in maxi-
mum diameter, from Filadelfia, Tocantins, thrived as long-living individ-
uals on mineral soils in seasonally influenced fluvial environments. In
this respect we recognise obvious differences from the detailed ecolog-
ical analysis and implications provided by Falcon-Lang (2015), but
much accordance with the conclusions of DiMichele and Falcon-Lang
(2012). Ultimately, further studies will be necessary to clarify the ecol-
ogy of the group. Both sites, Tocantins and Chemnitz, also yielded note-
worthy interactions among calamitaleans and their neighbouring
plants. In Chemnitz, Calamitea striata was found surrounded by the
climbing fern Ankyropteris brongniartii and its dense mats of adventi-
tious aerial roots (Rofler and Noll, 2007). Whereas Sphenophyllum
axes as isolated remains in fossiliferous cherts were documented a de-
cade ago from the Parnaiba Basin (Dernbach et al., 2002), we can now
present a peculiar interaction between a woody calamite stem, herein
assigned to Arthropitys barthelii sp. nov., and at least 30 Sphenophyllum
axes. The latter intruded into the calamite's pith cavity. Conspicuously
narrow in this species, the pith cavity was considerably enlarged by cut-
ting the internal wood segments (Plate [X, 2). Small coprolites abundant
at this interface may indicate the cause of damage, namely arthropod
xylophagy, as previously reported for other Brazilian calamitaleans
showing pathogenic tissue reaction and abundant callus development
(RoRler, 2006, Fig. 8b). Anatomical preservation of the Sphenophyllum
axes (Plate [X, 4-6) show the steles to have variable amounts of second-
ary growth reflecting a range of ontogenetic stages, a multilayered par-
enchymatous to sclerenchymatous cortex, and the epidermal layer with
attached leaves. Hence, this example preserved a particular “life snap-
shot” and reveals an additional ecological interaction between
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Table 2

Overview of the main anatomical and morphological data obtained from the holotype specimen of Arthropitys barthelii sp. nov.
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Arthropitys barthelii sp. nov.

Part of the plant Length
Stem 1280 mm
Morphology/branching  Branch system

Diameter stem
150 x 180 mm at base
104 x 114 mm at top

2-17 branches per node, irregularly disposed, without secondary growth

Internode length
Primary tissues Vascular strand number

25 at base

28 at 163 mm above lower end
Wood

42-104 mm, relatively homogeneous

with fascicular wedges and

Secondary tissues

57 (40-80) mm, 21 measurements in total
Carinal canals radially/tangentially (pm)

160 (120-210)/140 (100-170)

Fascicular wedges width (um), number
of files per fascicle (transverse section)
Initially: 0.48 (0.32-0.74) mm, 1-3

Diameter pith

2.8 x 4.8 mm at base
deformed at top

Leaf traces

Not preserved

Px tracheids/tyloses
Not preserved

Tracheids (radial section)

Girth

525 mm at base

342 mm at top

Adventitious roots

Emerging vertically to slightly
obliquely with secondary
growth

Mx tracheids diameter (pm)
34 (10-70), circular to
polygonal

Scalariform thickenings and variable cross-field pitting
Radially/tangentially (um), (transverse section)

interfascicular rays only distinct

in pith periphery

Interfascicular rays

Width (um), number files per fascicle
(transverse section)

Initially: 201 (100-420), 1-6
rectangular parenchyma; distally:
cells indistinct from FR

Not preserved

indistinctly pitted
Cortex/periderm/special
characters

tracheid files and 1-3 parenchyma files;
distally: indistinct from IR

Cells (transverse section)
Radially/tangentially (um)

initially: 102 (55-220)/40 (20-85), pits
in the horizontal cell walls distally:

initially: 45 (30-68)/37 (15-45);
medially: 55 (47-69)/46 (35-60)

Cells (radial section)
Axially/radially (um) 92
(50-220)/109 (65-220),
brick-shaped with crossfield
pits

Cells (tangential section)
Diameter (um) 84
(40-130)/43 (20-70)
rectangular

perennial arboreal sphenophytes and their surrounding supposed
ground cover or climbers.

5. Palaeophytogeographical implications

Several palaeogeographic reconstructions of the late Paleozoic out-
line the collision between Gondwana and Laurasia that resulted in the
Pangaea landmass. Its amalgamation created a vast C-shaped landmass
extending pole to pole with the central region close to the Equator and
flanked to the east by the Tethys Ocean and to the west by the
Panthalassa Ocean (Blakey, 2008; Fluteau et al., 2001; Scotese and
Barret, 1990; Scotese and Langford, 1995; Ziegler et al., 1997). Owing
to the global geological context, the end of the Carboniferous was
marked by several changes shaping the supercontinent Pangaea

Table 3

(Parrish, 1995). Among these, the most relevant were: (1) The collision
of Gondwana and Laurasia during the Permo-Pennsylvanian closed the
equatorial epicontinental sea causing and generating active subduction
along the coast being responsible for the formation of the Central Perm-
ian Mountains and for the disruption of the equatorial warm current
(Ross and Ross, 1985; Tabor and Poulsen, 2008); (2) The sea level
underwent changes with implications for oceanic circulation (Roscher
and Schneider, 2006; Haq and Schutter, 2008); (3) The glaciation that
spanned the Middle Pennsylvanian to Cisuralian was succeeded by a de-
glaciation process (Montafiez and Poulsen, 2013). Thus, this set of fac-
tors in the late Pennsylvanian-Cisuralian was responsible for an
extensive aridification of continental interiors. The climate was increas-
ingly characterised by the transition from a cold humid climate to drier
conditions, especially in Central and Western Pangaea, resulting in a

Comparison among the type species Arthropitys bistriata, Arthropitys tocantinensis sp. nov., and Arthropitys barthelii sp. nov.

Arthropitys bistriata

Arthropitys tocantinensis sp. nov.

Arthropitys barthelii sp. nov.

Fascicular wedges
Well defined throughout
the wood

Thickening/pitting in
secondary xylem
(radial tracheid
walls)

Scalariform pitting, very
rare transitions to
multiseriate circular
pitting

Only scalariform pitting

Interfascicular rays (transverse section)
Throughout secondary - Visible throughout the
body whole wood
- No indication of pitted
ray parenchyma

- Pitted ray parenchyma

Tangential section

% parenchyma cells Up to 50% 35%

Branching system

Number of side 9-16 per whorl (whorl at

Well defined only in the innermost wood, more distally
homogenous appearance of the wood in transverse section, but
still delimited to interfascicular rays in tangential section

- Visible in innermost wood, indistinct in the external wood

3-12 at every node but different size of neighbouring branch

Well defined only in the innermost wood, more
distally homogeneous appearance of the wood in
both transverse and tangential sections

Only scalariform pitting; broad-oval pitting in
crossfield areas

- Visible only in the innermost wood, distally a
homogeneous, parenchyma-rich wood appears
- Pitted ray parenchyma

40%

2-17 at every node, sometimes overgrown during
secondary growth

Without secondary growth

Absent

branches (leafy every 5th to 9th node) traces, in some cases
twigs) overgrown during secondary growth
Growth type of side Without secondary Without or with little secondary growth
branches (leafy growth
twigs)
Woody branches At least 3 orders of woody Woody branches present

branches




54 R. Neregato et al. / Review of Palaeobotany and Palynology 237 (2017) 37-61

% "
o "vr

EFS )

.

14

AL ')

Fig. 3. Proposed reconstruction of Arthropitys barthelii sp. nov. Drawing: Frederik Spindler
(Freiberg, Germany).

striking floral and faunal provincialism (Dickins, 1993; Chumakov and
Zharkov, 2002; Montafiez and Poulsen, 2013; Parrish, 1995; Roscher
and Schneider, 2006; Tabor and Poulsen, 2008).

In the Cisuralian, the Parnaiba Basin was positioned close to 30°S lat-
itude, distant from tectonically active areas and marked climatically by a

seasonal monsoonal regime (Faria and Truckenbrodt, 1980; Gées and
Feij6, 1994; Pinto and Sad, 1986). This context is supported by several
climate-sensitive indications. Faria and Truckenbrodt (1980) described
evaporites, such as gypsum deposits in the Pedra de Fogo and Motuca
formations; the fern Buritiranopteris costata (Tavares et al., 2014) clearly
exhibits marked xeromorphic aspects in their fronds; frequent growth
interruptions to secondary wood reflecting some kind of environmental
seasonality were registered in several woody plants (RéRBler, 2006;
Kurzawe et al., 2013a,b; RoRler et al., 2014; Benicio et al,, 2015). Follow-
ing Neregato et al. (2015) who described prominent tissue density var-
iations in the secondary xylem of their new species Arthropitys isoramis
and A. iannuzzii and interpreted them as growth rings, we report further
evidence of growth-ring-like patterns in additional calamitalean taxa
(Arthropitys tocantinensis sp. nov. and A. barthelii sp. nov.). Another
striking indication of this climatic trend is exhibited in the petrified tis-
sues of the new species. The silicification process requires alternation of
humid and dry conditions to precipitate the silica into the cell lumina
and intercellular spaces (Mussa and Coimbra, 1984, Jones et al., 1998;
Matysova et al,, 2010).

Besides this palaeoclimatic scenario, the Parnaiba Basin was posi-
tioned between two major floristic provinces, the Euramerican in the
North and the Gondwanan in the South (Fig. 4). Generally speaking,
the continental biotas especially plant communities underwent pro-
nounced modifications over times according to climatic and geographi-
cal changes (DiMichele and Aronson, 1992). As pointed out by Mussa
and Coimbra (1987), interactions between the Parnaiba Basin floristic
associations and the classical Gondwana associations are to be expected.
Additionally, it is worthwhile investigating influences of the Eurameri-
can and/or Cathaysian floristic associations on the Parnaiba Basin flora.

Although detailed floristic studies in the Parnaiba Basin have been
carried out only in recent years, 36 species within 25 genera (Table 4)
have been identified. It is important to note that fossils preserved as
adpressions, such as Pecopteris (Tavares, 2011), Cyclostigma and Cala-
mites (lannuzzi and Scherer, 2001), lycophytes found by the authors
(unpublished data), and impressions of the callipterid foliage
Rhachiphyllum aff. schenkii in association with fern pinnae of Pecopteris
(Iannuzzi and Langer, 2014), all found in the Pedra de Fogo Formation,
were not considered in our analyses because of their rarity or inade-
quate preservation.

From the petrified or permineralised genera (Table 5), the Parnaiba
Basin shows the highest floristic similarity with Gondwana (42.8%),
followed by Euramerica (33.3%) and Cathaysia (23.8%) (Fig. 4). Among
the ferns, four genera are considered as endemic (Tocantinorachis,
Buritiranopteris, Dernbachia, Araguainorachis), representing 50% of en-
demism within the group. In terms of non-endemic ferns, Psaronius
and Botryopteris are cosmopolitan; Tietea is present in the Parnaiba
Basin and in the Parana Basin (Gondwana); and Grammatopteris in the
Parnaiba Basin and Euramerica, although there are close relationships
to Rastropteris found in the Cathaysian province (Galtier et al., 2001).
Among the gymnosperms, Carolinapitys, Cyclomedulloxylon,
Teresinoxylon, Parnaiboxylon, Ductoabietoxylon and Scleroabietoxylon
are endemic, representing 54.5% of endemism within the group;
Amyelon is cosmopolitan; Cycadoxylon is present in the Parnaiba Basin
and Euramerica, and Taeniopitys, Kaokoxylon, and Damudoxylon in the
Parnaiba Basin and Gondwana. In terms of sphenophytes, both
Arthropitys and Sphenophyllum are cosmopolitan, whereas single ana-
tomical characters, such as the pitted parenchyma in the Brazilian
Arthropitys species seem to be unique in this genus.

It should be emphasized that the Glossopteris-type leaves seem to be
totally absent from the Permian deposits of the Parnaiba Basin
(Dolianiti, 1972; Mussa and Coimbra, 1987; Rohn and Roésler, 1987),
whereas not so far southward, in Altiplano of Bolivia (lannuzzi et al.,
2004) and in the Parana Basin (Rosler, 1978; lannuzzi and Souza,
2005; lannuzzi, 2010), this Gondwanan key genus is present. Conse-
quently, a major and fairly sharp phytogeographic boundary and/or
transition zone south of the Parnaiba Basin is suggested, limiting the
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Fig. 4. The supercontinent Pangaea during the Cisuralian showing the proposed similarity among the floristic provinces. The values represent percentage similarities among Parnaiba Basin
and the floristic provinces: Parnaiba Basin-Euramerica = 33.3%; Parnaiba Basin-Gondwana = 42.8%; Parnaiba Basin-Cathaysia = 23.8%. Floristic provinces according to Chaloner and
Lacey (1973), Chaloner and Meyen (1973), Meyen (1987), and Cleal and Thomas (1991). Paleogeography after Scotese (1999).

distribution northwards of some typical Gondwanan elements in South
America.

The most conspicuous consequence of the taxonomic findings of re-
cent decades is the high level of endemism observed in the Parnaiba
flora. Identified taxa include 11 shared genera (Psaronius, Tietea,
Grammatopteris, Botryopteris, Arthropitys, Sphenophyllum, Amyelon,
Cycadoxylon, Taeniopitys, Kaokoxylon, Damudoxylon), versus 10 endemic
ones (Tocantinorachis, Buritiranopteris, Dernbachia, Araguainorachis,
Carolinapitys, Cyclomedulloxylon, Teresinoxylon, Parnaiboxylon,
Scleroabietoxylon, Ductoabietoxylon). Applying a simple formula com-
monly used in modern biogeography to determine the level of ende-
mism of a region (Cox and Moore, 2005), i.e., [number of endemic
taxa x 100 / total number of taxa], results in an estimate of 47.6% en-
demic genera for this flora (Fig. 4). This value suggests that the Parnaiba
Basin flora belongs to a distinct phytogeographic unit, which could per-
haps be ranked as a new Floral Region according to criteria proposed by
Wnuk (1996) for the late Paleozoic.

Cluster analysis remains one of the most useful methods for biogeo-
graphical approaches (Kovach, 1988; Hammer et al., 2001). The Jaccard
Coefficient is also a very powerful tool for analysing data regarding pres-
ence-absence with no importance on abundance (Legendre and
Legendre, 1998; Hammer et al.,, 2001). Thus, cluster and Jaccard Coeffi-
cient analyses were undertaken to compare some Moscovian to
Cisuralian anatomically preserved floras presented by Hilton and Cleal
(2007), augmented by European floras from the Perdasdefogu Basin,
Sardinia/Italy (Galtier et al., 2011), Grand-Croix, Saint-Etienne Basin,
and Autun/France (Galtier, 2008), Leukersdorf Formation of the Petri-
fied Forest of Chemnitz/Germany (RoRler, 2006), Semily and Vrchlabi
formations from KrkonoSe Piedmont Basin/Nova Paka/Czech Republic
(data provided by Dr. Vaclav Mencl, 2015), and Irati Formation from
the Parana Basin, southern Brazil (Mussa, 1978a,b, 1982, 1986; Mussa
et al., 1980; Merlotti, 2009; Merlotti and Kurzawe, 2011). Hilton and
Cleal (2007) presented an analysis of 19 Euramerican and Cathaysian
floras, ranging from early Bashkirian up to Asselian-Sakmarian age. Con-
sidering that the Motuca Formation is probably Cisuralian (Cisneros et
al., 2015; Conceicao et al., 2016a), the current analysis includes only
the Moscovian and Asselian-Sakmarian floras.

The analysis has shown that the Parnaiba Basin does not have strong
similarity with any other flora analysed herein (Fig. 5 and Table 6). This
result reflects the fact that despite the Parnaiba flora sharing a consider-
able number of taxa with typical floras from the tropics and those of
Gondwanan floristic province (Fig. 4; Table 5), it also reveals a high de-
gree of endemism, both at specific and generic levels. Even when the
Parnaiba Basin flora is compared to that of the Irati Formation of the
Parana Basin, the region hosting the closest fossil floras little similarity
has been found.

In fact, the position of the Parnaiba Basin flora in middle latitudes,
i.e., halfway between the temperate to cold regions of Gondwana and
the equatorial floristic belt, well explains the results obtained from the
cluster analysis. Despite all the palaeogeographic reconstructions for
the Permian including the region of the Parnaiba Basin within a belt of
warm climates (Rees et al., 1999, 2002; Boucot et al., 2013), none of
them attributed the existence of favourable conditions for the develop-
ment of tropical forests. Whether using data from climate-sensitive sed-
iments (Boucot et al., 2013), or by using data derived from climate and
vegetation model simulations (Rees et al., 1999, 2002), the region occu-
pied by the Parnaiba Basin has always been considered as having hosted
desert regimes, with arid-to-semiarid climates, during the Permian.
These interpretations do not match with the extensive record of a di-
verse flora incorporating hygrophilous arborescent (>10 m high) of pte-
ridophytes and gymnosperms (Capretz and Rohn, 2013) evident in this
basin. Silica-petrified forests have been found in Permian deposits [e.g.,
Pedra de Fogo and Motuca formations] that are widely distributed from
the southwest to northeast rims of the Parnaiba Basin, covering
>800 km of a narrowly outcropping fossiliferous belt. It is hard to imag-
ine that there was no climatic variation over this vast floristic region
(RoBler and Noll, 2002a,b; Capretz and Rohn, 2013; Conceicao et al.,
2016b).

There are several indicators in the Parnaiba floral record pointing to
a seasonally dry climate regime, such as: a) the climatic-driven process
of silicification (Matysova et al., 2010); b) the braided fluvial system
generating the depositional settings (Capretz and Rohn, 2013); c) the
occurrence of evaporites and gypsum deposits (Faria and Truckenbrodt,
1980); d) the noticeable xeromorphic features found in the fern fronds
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Table 4

Plant fossils found in the Parnaiba Basin.
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Taxon

Localities

References

Age

Some occurrences of
the genera

Psaronius brasiliensis

Oieras/Sao Gongalo do
Amarante (PI),
Araguaina/Filadélfia (TO)

Brongniart (1872), Ropler &
Noll (2002)

Brazil (Parand Basin),
Germany, France, USA,
China

Psaronius Chapada do Jaboti (MA), Pelourde (1914), Herbst Early Permian Brazil (Parana Basin),
arrojadoi TFTNM (1985), Tavares (2011) (Herbst, 1985) Germany, France, USA,
China
Psaronius Araguaina (TO) Herbst (1999), RoBler & Noll Early Permian Brazil (Parana Basin),
sinuosus (2002) (Herbst, 1999) Germany, France, USA,
China
Tietea Araguaina (TO), TFTNM Herbst (1986), R6Rler & Noll Permian (Herbst, Brazil (Parana Basin)
singularis (2002), Tavares (2011) 1986)
Tietea Carolina (MA) Herbst (1992) Permian Brazil (Parand Basin)
derbyi
Tocantinorachis TFTNM Tavares (2011) Early Permian Endemic
buritiranaensis
Pecopteris sp. TFTNM Tavares (2011) Early-Middle Cosmopolitan
Permian
Buritiranopteris costata TFTNM Tavares et al. (2014) Early Permian Endemic

Grammatopteris
freitasii

Araguaina/Filadélfia (TO)

RoRler & Galtier (2002a)

Permian (RéBler &
Galtier, 2002a)

Germany, France

Dernbachia brasiliensis

Araguaina/Filadélfia (TO)

RoRBler & Galtier (2002b)

Permian (R6Bler &
Galtier, 2002b)

Endemic

Botryopteris Araguaina/Filadélfia (TO) RoRler & Galtier (2003) Permian (RoRBler & Germany, France,
nollii Galtier, 2003) Belgium, USA, China
Araguainorachis Carolina (MA)/Riachdo (TO) Mussa & Coimbra (1987) Early-Middle Endemic
simplissima Permian
Cyclostigma Carolina (MA) lannuzzi & Scherer (2001) Early Permian UK, China, Japan

brasiliensis

Arthropitys
cacundensis

Araguaina (TO), Carolina (MA)

Coimbra & Mussa (1984)

Middle
Carboniferous—
Early Permian

Germany, France,
England, USA, China,
Czech Republic

Arthropitys TFTNM Neregato et al. (2015) Early Permian Germany, France,
isoramis England, USA, China,
Czech Republic
Arthropitys TFTNM Neregato et al. (2015) Early Permian Germany, France,
iannuzzii England, USA, China,
Czech Republic
Arthropitys TFTNM This work Early Permian Germany, France,
tocantinensis England, USA, China,
Czech Republic
Arthropitys TFTNM This work Early Permian Germany, France,
barthelii England, USA, China,
Czech Republic
Calamites sp. Carolina (MA) lannuzzi & Scherer (2001) Early Permian England, Holland,

Germany, France,
Belgium, USA, China,
Brazil (Parana Basin)

Sphenophyllum sp. Araguaina/Filadélfia (TO) RoRler & Noll (2002) Permian Cosmopolitan
Amyelon bieloi Between Araguaina (TO) and Coimbra & Mussa (1984) Middle England, USA, Scotland,
Carolina (MA) Carboniferous- China, France
Early Permian
Carolinapitys Between Araguaina (TO) and Coimbra & Mussa (1984) Middle Endemic
maranhensis Carolina (MA) Carboniferous-
Early Permian
Cyclomedulloxylon Carolina (MA)/Riachao (TO) Mussa & Coimbra (1987) Early-Middle Endemic
parnaibense Permian
Cycadoxylon Carolina/Riachdo (TO) Mussa & Coimbra (1987) Early-Middle France, England

brasiliense

Permian
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Teresinoxylon euzebioi Teresina (PI) Caldas et al. (1989) Early-Middle Endemic
Permian
Parnaiboxylon sp. TFTNM Kurzawe et al. (2013a) Permian Endemic
Parnaiboxylon TFTNM Kurzawe et al. (2013a) Permian Endemic
rohnae
Scleroabietoxylon TFTNM Kurzawe et al. (2013a) Permian Endemic
chordas
Ductoabietoxylon TFTNM Kurzawe et al. (2013a) Permian Endemic
solis
Taeniopitys TFTNM Kurzawe et al. (2013b) Permian Antarctica
tocantinensis
Taeniopitys sp. TFTNM Kurzawe et al. (2013b) Permian Antarctica
Kaokoxylon TFTNM Kurzawe et al. (2013b) Permian India, Australia, South
punctatum Africa, Argentina,
Antarctica
Damudoxylon TFTNM Kurzawe et al. (2013b) Permian India, Australia, South
buritiranaensis Africa
Damudoxylon TFTNM Kurzawe et al. (2013b) Permian India, Australia, South
humile Africa
Damudoxylon TFTNM Kurzawe et al. (2013b) Permian India, Australia, South
roesslerii Africa
Rhachiphyllum Nova lorque (MA) lannuzzi & Langer (2013) Late USA, north Africa,
schenkii Carboniferous— Germany, France,
Early Permian Russia, China, Malay,
southeast Asia

TO = Tocantins State, MA = Maranhdo State, PI = Piaui State, TFTNM = Tocantins Fossil Trees Natural Monument. In the left column, green
representing ferns, yellow lycophytes, pink sphenophytes, and blue gymnosperms.

of Buritiranopteris costata (Tavares et al., 2014); e) the growth-ring-like
patterns found in Arthropitys stems (Neregato et al., 2015), roots
(RoBler et al., 2014), and in associated gymnosperms (Kurzawe et al.,
2013a, 2013b; Benicio et al.,, 2015). However, availability of water must
have existed annually to support the diversity of plant groups and their
arborescent stature. The majority of trees may have grown over several
years to reach such dimensions, both in diameter and in height. Based
on all these considerations, the modern biome that best equates with
the floral register from the Parnaiba Basin is that of “Tropical summerwet”
following the climate modelling established by Rees et al. (2002).

Therefore, instead of being understood as a transitional floristic belt,
the Parnaiba Basin should be considered a unique region occupied by a
flora constituting its own phytogeographic unit. The palaeogeographic
(approx. 30° south), climatic (tropical warm semiarid) and sedimentary
(braided fluvial system) data support this conclusion, indicating a set of
biotic and abiotic features exclusive to this region, which explains the
development of a diverse flora adapted to these unique conditions.
Therefore, we propose formally a new phytogeographic unit named
herein as the “Mid-North Brazilian Region” based on the Parnaiba
flora, representing the record of tropical summerwet climate that
existed in the southern mid-latitudes of northern Gondwana during
the Cisuralian (Fig. 5). Unfortunately, any equivalent early Permian an-
atomically preserved floras are known in north-western South America
or in central-north Africa that could be attributed to this province until
now. Nonetheless, this new unit fits quite well with previous records
describing the occurrence of so-called “Tropical Gondwana”, a belt
having Euroamerican adpressed floras that was distributed by the
north rim of West Gondwana, including the northwestern of South
America (e.g., Venezuela; Ricardi-Branco, 2008) and northern Africa
(Chaloner and Meyen, 1973; Lejal-Nicol, 1985; Doubinger and
Roy-Dias, 1985).

Table 5
Petrified or permineralised genera occurring in the Parnaiba Basin and in Gondwana,
Euramerica, and Cathaysia.

Parnaiba Euramerica Gondwana

Basin

Cathaysia

Psaronius

Tietea
Tocantinorachis
Buritiranopteris
Grammatopteris
Dernbachia
Botryopteris
Araguainorachis
Arthropitys
Sphenophyllum
Amyelon
Carolinapitys
Cyclomedulloxylon
Cycadoxylon
Teresinoxylon
Parnaiboxylon
Scleroabietoxylon
Ductoabietoxylon
Taeniopitys
Kaokoxylon
Damudoxylon
References in the Parnaiba Basin: Psaronius: Pelourde (1914), Brongniart (1872), Herbst
(1985, 1999), Ropler and Noll (2002), Tavares (2011); Tietea: Herbst (1986, 1992), R6Rler
and Noll (2002), Tavares (2011); Pecopteris: Tavares (2011); Grammatopteris: R68ler and
Galtier (2002a); Botryopteris: RoRler and Galtier (2003); Arthropitys: Coimbra and Mussa
(1984), RoRler and Noll (2002), Neregato et al. (2015); Sphenophyllum: RoBler and Noll
(2002); Amyelon: Coimbra and Mussa (1984); Cycadoxylon: Mussa and Coimbra (1987);
Taeniopitys: Kurzawe et al. (2013b); Kaokoxylon: Kurzawe et al. (2013b); Damudoxylon:
Kurzawe et al. (2013b); In the left column, green representing ferns, pink sphenophytes,
and blue gymnosperms.
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Fig. 5. Cluster analysis among late Carboniferous - Cisuralian floras and those of the Parnaiba Basin. The data used in this analysis are shown in the Supplementary data.

Lastly, it is worth mentioning that perhaps the discrepancy observed
by the presence of this flora in the Mid-North Brazilian Region with that
expected from the climate model represents an aberration caused by
the occurrence of large inland water bodies widely distributed and in-
terconnected in the northeast of the South American continent, which
might have provided higher moisture levels on the lowlands of this re-
gion. Unfortunately, the effects of the presence of epeiric seas on region-
al climates have not been adequately accounted for in the
palaeogeographic reconstructions or climate modelling, but their conse-
quences should be considered.

6. Conclusions 4)

1) Present investigations reveal much more anatomical and growth form
diversity among low-latitude Permian calamitaleans of Gondwana. Al-
though of overall similarity and easily recognisable at generic level,

Table 6

there are several anatomical or branching characteristics enabling seg-
regation of these arborescent pteridophytes at species level.

Based on their anatomical and branching characteristics two new
species, Arthropitys tocantinensis sp. nov. and Arthropitys barthelii
sp. nov., are introduced. Both species share the peculiar pitting of pa-
renchyma with the recently described species Arthropitys isoramis
and Arthropitys iannuzzii.

Although sharing similar systems of stem or branch construction
and secondary adventitious roots, these Permian calamitaleans
have considerable plasticity in the morphological and anatomical
development of all plant organs.

Stems, branches and roots are parenchyma-rich organs, which can
show considerable secondary growth. Like an archive of environ-
mental fluctuations the resulting wood regularly exhibits growth-
ring-like tissue density variations reflecting seasonal changes in
the palaeoenvironment.

Jaccard Coefficient among Parnaiba Basin flora with some Moscovian to Cisuralian floras around the world.

Locality Age (Ma) Jaccard coefficient among Late Carboniferous -
Cisuralian floras and Parnaiba Basin

Vrchlabi Fm (Cz) 298.9-295.0 (Martinek and Stolfova, 2009) 0.041667

Irati Fm (Br) 2784 + 2.2 (Santos et al., 2006) 0.046512

Springfield (US) 315.2-307.0 (Hilton and Cleal, 2007) 0.055556

Herrin (US) 315.2-307.0 (Hilton and Cleal, 2007) 0.056604

Grand-Croix (Fr) 307.0-298.9 (Galtier, 2008) 0.060241

Mineral-Flemming (US) 315.2-307.0 (Hilton and Cleal, 2007) 0.075472

Calhoun (US) 307.0-298.9 (Hilton and Cleal, 2007) 0.078431

Shangdong (Cn) 298.9-290.1 (Hilton and Cleal, 2007) 0.083333

Shanxi (Cn) 298.9-290.1 (Hilton and Cleal, 2007) 0.085106

Rock Island (US) 315.2-307.0 (Hilton and Cleal, 2007) 0.086957

Duquense (US) 307.0-298.9 (Hilton and Cleal, 2007) 0.086957

Semily Fm. (Cz) 303-7-301(Martinek and Stolfova, 2009) 0.096774

Sardinia (It) 298.9-290.1 (Galtier et al., 2011) 0.1

Autumn (Fr) 298.9-272.3 (Galtier, 2008) 0.102041

Chemnitz (Gr) 290.6 + 1.8 (RoRler et al., 2012) 0.108108

Guizhou (Cn) - 0.125

Data used in this analysis are shown in the Supplementary data.
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5) We report the striking intergrowth of Arthropitys barthelii sp. nov.
with Sphenophyllum, up to 30 axes of the latter showing different on-
togenetic stages and growing inside the calamite’s pith that was pre-
viously excavated by arthropod boring.

6) Based on a set of biotic and abiotic features exclusive to the Parnaiba
Basin, a new palaeophytogeographic province is formally proposed
herein as the “Mid-North Brazilian Region” representing a diverse
flora adapted to a tropical summerwet climate that existed in the
southern low- to mid-latitudes of northern Gondwana during the
Cisuralian.
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