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We describe a new genus of Leliacladus Batista & L.Kunzmann with the type species Leliacladus (Brachyphyllum) cas-
tilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., a rare fossil conifer that has been described from
the Aptian (Lower Cretaceous) Romualdo Formation of the Araripe Basin, northeastern Brazil. We decided to leave this
new fossil-genus unasigned to any existing family as it does not display sufficient number of anatomical characters. We
re-studied the type material of the type species as well as we described additional new material from the Aptian Crato
Formation of the same basin. The more recently found fossil materials include large portions of leafy shoots excavated
from laminated lacustrine limestones. In contrast to the type material, the new material shows the replacement of organic
matter by iron oxide, which is suitable for investigating anatomical features of the wood and leaves. The material allowed
for a reappraisal of the systematic position of the fossil plant. Together, the morphological and anatomical characters
revealed sufficient evidence to separate the conifer from Brachyphyllum and accommodate it in a new fossil-genus.
Leliacladus gen. nov. is defined by the presence of comparatively thick and short claviform lateral branches, and the
absence of thinner ultimate order branches with gradual tapering axes. The wood is characterized by dense tracheids
with uniseriate pitting in the radial walls and cross-fields that possess one or two large pits. The rays are one to three
cells high. The epidermises of the densely and helically arranged scale leaves show non-papillate cyclocytic stomatal
complexes slightly sunken that are mostly scattered and randomly arranged across the abaxial surface. This combination
of characters suggests the material belongs to the conifer families Podocarpaceae or Cheirolepidiaceae. The arrange-
ment of the sparsely branched, but woody shoots of Leliacladus castilhoi gen. nov. et comb. nov. suggest a hypothetical
candelabra-like growth habit of the plant, and the remarkable thickness of the axes suggests a hypothetical xeromorphic
adaptation to the semiarid paleoenvironment.
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Introduction

From about 630 extant conifer species, a minority is na-
tive to tropical regions, and the concentration of species in
these regions is comparatively low (e.g., Farjon 2017). New
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Caledonia (Melanesian Islands, Southern Pacific) is an ex-
ception, being home to 44 endemic conifer species belong-
ing to four families (Farjon 2017). Tropical conifers often
grow as single individuals or small groups among angio-
sperm-dominated vegetation. During the Early Cretaceous,
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however, tropical paleoecosystems were still dominated by
gymnospermous seed plants including conifers, although
nascent flowering plants (angiosperms) had already started
to diversify and prosper. One of the few Early Cretaceous
paleoecosystems in tropical Gondwana where the diversity
and paleoecology of tropical conifers can be studied comes
from the Santana Group of the Araripe Basin in northeast-
ern Brazil. In particular, the Crato Formation flora, found
in the Crato Fossil Lagerstitte, comprises 45 macrofossil
taxa of seed plants, including 14 conifer taxa belonging to
three families (Kunzmann et al. 2021). In addition, 37 taxa
of coniferous palynomorphs from four extant families and
one extinct family have also been described (Kunzmann et
al. 2023). The most abundant plant macrofossils from this
Lagerstitte are coniferalean leafy twigs of Brachyphyllum
that belong to either very abundant or rare fossil-species
(Mohr et al. 2007; Batista et al. 2017, 2020; Kunzmann et
al. 2023).

The fossil-genus Brachyphyllum was defined by Bron-
gniart (1828), based on its distinct external morphology of
coniferous foliage shoots, including spirally arranged scale
leaves. The type species B. mamillare was later validly
established by Lindley and Hutton (1836). According to
the taxonomic concepts and nomenclatural rules prevailing
at the time, Brachyphyllum was later emended by Harris
(1979) to a form-genus. In contrast to Kendall (1947), who
proposed including characters of the leaf cuticles in the
generic concept, Harris (1979) omitted the anatomical
characters from his diagnosis, making Brachyphyllum an
artificial morphotype. The scale leaves of Brachyphyllum
consist of basal cushions and small apical free parts, but
the total height of the cushion and free leaf part does not
exceed the width of the cushion (Harris 1979). This defi-
nition unambiguously separates Brachyphyllum from
other coniferous leaf morphotypes, such as Pagiophyllum
(Kendall 1947; Harris 1979). However, it can be difficult
to assign larger, more complex foliage shoots to a spe-
cific genus because the ultimate and penultimate shoot
portions can reveal leaves of the Brachyphyllum morpho-
type, while the leaves of thicker shoot portions often show
characters of the Pagiophyllum morphotype (Batista et al.
2020; Noll and Kunzmann 2020). Additionally, the helical
phyllotaxis can also vary, changing to decussate within
the same shoot, as observed in Brachyphyllum sattlerae
(Batista et al. 2020). Commonly, Brachyphyllum is consid-
ered a morphological entity that cannot be related to any
particular fossil or extant conifer family (Seward 1895;
Kendall 1947; Harris 1979; Kunzmann et al. 2004; Batista
et al. 2020). Where additional anatomical characters, such
as the epidermal cell structures of the leaves and wood
anatomy of the axes, can be observed in Brachyphyllum,
the individual species may indeed have been attributed
to different conifer families (Harris 1979). Consequently,
various species of Brachyphyllum have been placed in the
Araucariaceae, Cheirolepidiaceae, and Cupressaceae, as
well as the Taxodiaceae and Podocarpaceae (Harris 1979;
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Alvin 1982; Stockey 1982, 1994; Van der Ham et al. 2003;
Kunzmann et al. 2004; Passalia 2009; Du et al. 2013; Batista
et al. 2017, 2020, 2021). Although the form-genus concept
was abandoned in paleobotanical nomenclature in 2012
(“Melbourne Code™), the generic concept of Brachyphyllum
is still widely accepted and commonly used for the sterile
foliage of Mesozoic conifers.

So far, three Brachyphyllum species have been reported
from the Araripe Basin (Duarte 1985; Kunzmann et al.
2004; Batista et al. 2017, 2020). Most of the fossil materials
are well preserved, revealing information on the epidermal
cell structure of the leaves and/or the wood anatomy of the
axes, making it possible to assign these fossil-species to a
conifer family, i.e., Brachyphyllum obesum (Kunzmann
et al. 2004; Batista et al. 2017) and Brachyphyllum sattle-
rae (Batista et al. 2020) from the Crato Formation to the
Araucariaceae. However, Brachyphyllum castilhoi, first
described from the Romualdo Formation (Duarte 1985)
and later also reported from the older Crato Formation
(Martill et al. 2007), has not yet been assigned to a higher
taxonomic level due to its lack of distinct anatomical char-
acters. Therefore, this fossil-species has remained enig-
matic, and even its taxonomic relationship with conifers
has been called into question. The attribution of this fossil
plant to Brachyphyllum was based on the helical arrange-
ment of its scale leaves (Duarte 1985), although it differs
from other conifers in this fossil-genus, including other
species from the Araripe Basin, due to its characteristic
claviform lateral shoots, which are comparatively thick
and not branching (Duarte 1985; Kunzmann et al. 2004;
Batista et al. 2017, 2020). More slender and thinner ulti-
mate shoot portions are unknown from this rare fossil-spe-
cies.

Considering the need for more detailed studies on B. cas-
tilhoi, we revisited the original material from the Romualdo
Formation and have described new specimens from the
Romualdo and Crato formations, herein presenting novel
anatomical characteristics of the stem and leaf epidermis.
Based on these new data, we have proposed separating this
fossil-species into a new fossil-genus Leliacladus gen. nov.,
and have reconsidered the family assigment of Leliacladus
castilhoi comb. nov.

Institutional abbreviations—DBAV-UERJ, Departmento
de Biologia Animal e Vegetal, University of the State of
Rio de Janeiro, Rio de Janciro, Brazil;, MCNHBIJ, Musecu
de Ciéncias Naturais e de Historia Barra do Jardim,
Jardim, Ceara, Brazil;, MMG PB, Paleobotanical collec-
tion of Museum of Mineralogy and Geology, Senckenberg
Natural History Collections Dresden, Germany; MPPCN,
Museu de Paleontologia Placido Cidade Nuvens; Santana
do Cariri, Ceara, Brazil.

Nomenclatorial acts—The nomenclatural acts included in
this work has been registered in Plant Fossil Names Registry
(PFNR).
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Fig. 1. Geographical location of the Araripe Basin and its main geomorphological features (modified from Barreto et al. 2020).

Geological setting

The Araripe Basin is an intracontinental basin in northeast-
ern Brazil. It bears two of the most important fossil localities
in the Mesozoic of equatorial Gondwana, namely the terres-
trial Crato Fossil Lagerstétte and the marine to terrestrial
Romualdo Fossil Lagerstitte (Fig. 1) (Martill 2007; Vila
Nova et al. 2011; Nascimento et al. 2023). Both formations
belong to the Lower Cretaceous Santana Group. Due to
their extraordinary wealth of exceptionally well-preserved
plant and animal fossils, the two localities are considered
Konservat Lagerstitten (Martill 2007), protected by the es-
tablishment of the Araripe UNESCO Global Geopark. The
Mesozoic Araripe Basin developed on the Neoproterozoic
terrain of the Borborema Province and occupies an area
of ~8.000 km? in the states of Ceara (South), Pernambuco
(Northeast), and Piaui (East corner) (Fig. 1; Assine 2007,
Fiirsich et al. 2019). The origin and sedimentary history
of the basin are closely related to the breakup of western
Gondwana and the opening of the South Atlantic during the
Jurassic and Cretaceous.

The sediments of the Santana Group represent the post-
rift 1 tectonosedimentary sequence (Neumann and Assine
2015). The group is divided into four formations, (from old-
est to youngest) the Barbalha, Crato, Ipubi and Romualdo
(Corecco et al. 2022). During the late Barremian to Aptian,
the Araripe Basin experienced a transition from an entirely
terrestrial to a predominantly marginal marine paleoenvi-
ronment proximal to the gradually widening South Atlantic
basin. The topographic depression was initially filled with
terrestrial sediments deposited on alluvial plains and in
freshwater lakes and ephemeral deltas (Nascimento et al.
2023). The first marine ingressions from the early South
Atlantic occurred during the deposition of the Batateira
Beds of the Barbalha Formation, which underlies the Crato

Formation (Fauth et al. 2023). The latter formation rep-
resents mainly continental lacustrine deposits. The so-called
Crato lake is currently understood to have been a freshwa-
ter lake that experienced partial and local saline conditions
caused by the equatorial hot and semiarid paleoclimate (e.g.,
Nascimento et al. 2023 and references therein). The semiarid
and arid paleoclimate led to the development of evaporites
in the subsequent Ipubi Formation, which represents a tran-
sitional marine-terrestrial paleoenvironment (e.g., Licio et
al. 2020). Eventually, during the deposition of the Romualdo
Formation, the Araripe Basin became part of an epiconti-
nental shallow marine corridor under predominantly tropical
and semiarid conditions. For more detailed geological and
lithostratigraphic information on the Santana Group and the
entire basin see, e.g., Coimbra and Freire (2021).

The Crato Formation consists mainly of lacustrine depos-
its, comprising gray and dark brown to black shales and light
gray to light brown laminated limestones. The laminated
limestones of this formation, which contain a diverse and
abundant fauna and flora, have been divided into six units
(C1-C6), which refer to successive phases of lake develop-
ment (e.g., Nascimento et al. 2023). The Romualdo Formation
consists of marine shales, marls, and limestones that contain
abundant carbonate concretions that formed around various
vertebrate and plant fossils (e.g., Fara et al. 2005; Vila Nova
et al. 2011). The stratigraphic ages of the Santana Group for-
mations are under reconsideretion due to recent new results
(Lucio et al. 2020; Melo et al. 2020; Fauth et al. 2023). The
age of the Crato Formation was considered to be late Aptian
to early Albian based on its palynomorph assemblages (e.g.,
Batten 2007). Based on the presence of the planktonic for-
aminiferal genus Leupoldina, Fauth et al. (2023) have indi-
cated an early Aptian age for the Barbalha Formation. Lucio
et al. (2020) published an early Aptian age for the black shale
of the Ipubi Formation, and Melo et al. (2020) have demon-
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strated a late Aptian age for the Romualdo Formation, based
on new foraminiferal, ostracod and microfacies data. Thus,
it can be preliminarily assumed that the Crato Formation
most likely represents a relatively short time span in the early
Aptian (for more detailed discussion, see Gobo et al. 2023).

Material and methods

The type material of Leliacladus castilhoi (Duarte, 1985)
gen. nov. et comb. nov. from the Romualdo Formation was
re-studied, and new material from the Romualdo and Crato
formations has been additionally described.

The exact provenance of the holotype of L. castilhoi
(Duarte, 1985) gen. nov. et comb. nov. (DBAV-UERIJ 93 Pb)
remains unconfirmed. It was donated by the geologists
Moacyr Castilho and Benedito Alves without any informa-
tion on the sampling locality. Unfortunately, both passed
away before the fossil-species was described (Duarte 1985).
However, proof of it coming from the Romualdo Formation
has been confirmed by the carbonate matrix adhering to the
specimen. Two further specimens, collected in 2001 by staff
of the MCNHBJ in the Jardim municipality, from the same
formation (MCNHBJ 171 and MCNHBJ 176) have recently
been identified and confirm the lithostratigraphic position
of the holotype. All the Romualdo Formation specimens
were three-dimensionally preserved in carbonate nodules
(concretions) typical of this formation (Martill 2007).

Two specimens are available from the Crato Formation.
MPPCN PL 6752 was collected from Unit C5 of the lacus-
trine limestones (sensu Neumann and Cabrera 1999) from
an outcrop of the Crato Formation at the Antonio Finelon
Mine (S 07°07'22.5" W 39°42'01") in Nova Olinda munici-
pality, Ceard State. Specifically, it came from 5.74 m from
the top of the carbonate section in the outcrop. The plant
fossil was associated with specimens of the common fish
taxon Dastilbe sp. MMG PB SAK 59 has previously been
figured in Martill et al. (2007: fig. 19.5A), where it was
noted as a rare conifer of unknown affinity, with no de-
scription given. It came from an exposure in one of the com-
mercial limestone quarries near Nova Olinda, but the exact
quarry the sample came from is unknown. The lithology of
the sample is similar to that of the C5 limestone unit. Both
of the Crato Formation specimens are sterile leafy branches.
They are almost three-dimensionally preserved and embed-
ded in a matrix of yellowish finely laminated limestone.
The original plant tissues underwent iron oxide replacement
during fossilization, which retained their anatomical details
(Nascimento et al. 2023: fig. 7).

MPPCN PL 6752 was mechanically prepared in the
Laboratory of Paleontology at the Universidade Regional do
Cariri (LPU-URCA) to remove the sediment that covered
parts of the fossil. MMG PB SAK 59 also underwent me-
chanical preparation, but it is unknown when this was done
or by whom. For the Romualdo Formation specimens, there
is no information on any mechanical preparation.
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All the specimens were photographed using a Canon
EOS Rebel T6 camera. The DBAV-UERJ 93 Pb was pho-
tographed under an Ez4w Leica stereomicroscope in the
Semiarid Crustacean Laboratory (LACRUSE-URCA).
Details of MMG PB SAK 59 were photographed using a
Keyence VHX 7000 digital microscope using a stacked im-
age routine.

Large portions the brittle iron oxide material could not
be removed from the sediment for scanning electron mi-
croscope (SEM) studies of the Crato Formation specimens
(MPPCN PL 6752, MMG PB SAK 59), unfortunately. These
specimens were also too large for direct investigation in
the SEM chamber under low vacuum mode, as used by
Kunzmann et al. (2011).

For the SEM analysis, small fragments of MPPCN PL
6752 and DBAV-UERJ 93 Pb were removed and observed
directly using a HITACHI SU3500 SEM in the URCA
Electronic Microscopy Laboratory. Small fragments of
MPPCN PL 6752, MCNHBJ 171, and MCNHBIJ 176 were
sputter coated with gold and observed under a TESCAN
VEGA3 SEM in the Laboratério de Caracterizagdo de
Materiais (Universidade Federal do Cariri). Small frag-
ments of scale leaves were removed from MMG PB SAK 59
at the Senckenberg Natural History Collections, Dresden,
Germany. Sample pieces were mounted on stubs and sput-
tered with Au/Pd using a Polaron SC7640 sputter coater.
These were studied and photographed using a Zeiss Evo 50
SEM under high-vacuum mode (20 kV).

Systematic palacontology

Class Spermatophyta [no authorities specified
according to APG IV]

Order Cupressales Link, 1829

Family unknown

Genus Leliacladus Batista & L.Kunzmann nov.
Figs. 2-9.

Plant Fossil Registry Number: PFN003297.

Etymology: In honour of Lelia Duarte (1930-2013), a pioneering Bra-
zilian paleontologist and paleobotanist, author of Brachyphyllum cas-
tilhoi redescribed in this work.

Type species: Brachyphyllum castilhoi Duarte, 1985 = Leliacladus cas-
tilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov.
(see below).

Diagnosis.—Foliated shoots, conspicuously thick, isotomous
trifurcate and bifurcate branching mode. Leading branches
cylindrical, frequently with cup-shaped apices, lateral bran-
ches claviform. Branches bear uniform Brachyphyllum-type
adpressed leaves. Leaf epidermises smooth, with cyclocytic
stomatal complexes abaxially, mostly arranged in loose and
ill-defined rows. Xylem tracheid walls with abietinean radial
pitting, one or two large pits per cross-field.
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Leliacladus castilhoi (Duarte, 1985) Batista &
L.Kunzmann gen. nov. et comb. nov.

Plant Fossil Registry Number: PEFN003298.

Basionym: Brachyphyllum castilhoi Duarte, 1985: pl. 1: 1-3.
Epitype: MPPCN PL 6752, selected herein, Figs. 2, 4-7.
Plant Fossil Registry Number: PFN003299

Type locality: Antdnio Finelon Mine (S 07°07'22.5" and W 39°42'01"),
Nova Olinda municipality, Ceara, Brazil.

Type horizon: C5 limestone unit, Crato Formation, Santana Group,
Araripe Basin; lower Aptian, Lower Cretaceous (Assine et al. 2014;
Nascimento et al. 2023; Gobo et al. 2023).

Emended diagnosis.—Foliated sparsely branched shoots,
conspicuously thick; leading branches cylindrical and
straight, lateral branches claviform, arranged in two ranks;
isotomous trifurcate and bifurcate branching modes. Main
axes either terminate into slightly tapering rounded apices
or into widened shallow cup-shaped apices. Branches com-
pletely and densely covered by uniform Brachyphyllum-
type leaves, helical phyllotaxis. Nine and 10 contact para-
stichies clockwise and counterclockwise on the leading
branches, and seven contact parastichies clockwise and
counterclockwise on the claviform branches. Free apical
leaf parts very small and adpressed, margin frilled. Leaf
epidermises smooth, cyclocytic stomatal complexes on ab-
axial side, randomly arranged in apical and central parts,
in loose and ill-defined rows at the base. Xylem tracheid
walls with areolate pits, one or two large pits per cross-field.
Uniseriate rays, one to three cells high.

Our emendation of the specific diagnosis encompasses
characters that are not observable in the holotype. To demon-
strate these diagnostic characters, MPPCN PL 6752 is pro-
posed as the epitype (Turland et al. 2018).

Description—In order to demonstrate that all the speci-
mens from the two formations belong to a single fossil-spe-
cies, the materials from the formations are described sepa-
rately before being compared.

Crato Formation material: MPPCN PL 6752 and MMG PB
SAK 59 represent portions of larger shoot systems and consist
of differently shaped sterile foliated axes that exhibit sparse
branching (Figs. 2, 3). These branches are composed of (i)
main cylindrical long axes of two orders with conspicuous
widths, and (ii) shorter lateral cup-shaped (claviform) branch-
lets with remarkable widths that do not branch out. All axes
are three-dimensionally preserved, but markedly flattened.
Thinner and slender (pen-)ultimate-order axes or their pu-
tative scars are not observed. In MPPCN PL 6752, one main
axis shows isotomous trifurcate branching, while another
shows isotomous bifurcate branching and a third branching
axis is probably not preserved or hidden in the host sediment
(Fig. 2). MMG PB SAK 59 also exhibits seemingly trifurcate
branching in one case, but this is less visible (Fig. 3).

The main cylindrical axes terminate into two types of
apices: a slightly tapering rounded apex and a widened,
shallow cup-shaped (caliculatous) apex (Fig. 2). The latter
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seems to be a supporting unit for larger organs, although
these were not preserved. The claviform branchlets are
borne in two ranks on the main axes (opposite phyllotaxis);
the two remaining sides of the main axes show no scars of
putatively removed or detached branchlets. The branchlets
spread at acute angles and are often rather adpressed to the
main axes. The claviform branchlets have their widest diam-
eter approximately in the middlle or after two-thirds of their
entire length, while they markedly taper towards their bases
and apices. The latter are obtuse-rounded in shape.

MPPCN PL 6752 presents four larger leading axes, rang-
ing 14-14.9 mm in width. The largest preserved cylindrical
axis fragment is 215 mm long, but may have originally been
longer, since the specimen is broken. The secondary (ter-
minal) cylindrical branches are 85-109 mm in length and
11-12 mm in width, mostly 11.5 mm. Ten of the terminal
branches carry a widened, shallow cup-shaped (calicula-
tous) apex. These structures show modified and condensed
scale leaves. The cup-shaped structures are 16-21 mm wide
markedly wider than their supporting axes. Among the
claviform branchlets are obviously younger and ontogenet-
ically older elements. Overall these measure 7-38 mm in
length and 3-90 mm in width (Fig. 2). In MMG PB SAK
59, which is a 490 mm long shoot portion, the cup-shaped
apices of the main axes are not present. Instead, one of the
main secondary cylindrical branches exhibits a slightly ta-
pering obtuse-acute apex. The eight claviform branchlets
are 17-50 mm in length and 9-16 mm in width.

All the branches are densely covered by scale leaves in
a helical phyllotaxis. The dense arrangement does not vary
between the older cylindrical and younger claviform axes
(Figs. 2A,—A4, 3A,, Az). The leaves are exclusively of the
Brachyphyllum-type, and do not transition to the Pagio-
phyllum type on the main axes, i.e., to leaves that are much
longer than wide. The leaves are differently preserved; com-
plete leaves are rare while abraded leaf cushions or even
cushion marks are more commonly present. There are no leaf
scars pointing to leaf abscission. In the secondary cylindrical
branches with cup-shaped apices, there are nine and 10 con-
tact parastichies arranged in a clockwise direction and the
same numbers arranged in a counterclockwise direction. On
the claviform branches, there are seven clockwise and seven
counterclockwise contact parastichies (Figs. 2A4, 3A,). The
leaves comprise a large cushion and a very small triangular
free apical part; the entire abaxial surface is rhombic in
outline. The leaf bases are acute and the apices are acute-ob-
tuse, but both are almost symmetrical in shape (Figs. 2A,,
343). The apices only slightly overlap the neighboring leaves
(Fig. 3A;3). The free leaf parts are 0.2—0.3 mm long. The
leaf blades are markedly thick (coriaceous), tapering to a
thin margin consisting of a rim of elongated epidermal cells
oriented almost at right angles to the margin. The rim is
~0.05 mm wide. The cushions and cushion marks present on
the main branches measure 2.5-3.0 mm in width and 2.5—
3.1 mm in length. However, they are mostly 2.6 mm wide and
2.6 mm long. On the slightly tapering obtuse-acute apices of
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Fig. 2. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Crato Formation,
Araripe Basin, Ceara State, NE Brazil. A. MPPCN PL 6752 showing the general morphology of the part (A;) and counterpart (A,). Detail of the leaves,
possible base of a reproductive structure and the small branch emerging (arrow) (Aj). Detail of the leaves and possible base of a reproductive structure
(Ay). Top view of possible base of a reproductive structure (As).
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Fig. 3. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Crato Formation,
Araripe Basin, Ceara State, NE Brazil. A. MMG PB SAK 59 showing the general morphology (A;), claviform branches (arrows) and fish skeleton par-
tially superimposed on one of the branches (A,), detail of the leaves (arrow pointing to the leaf apex) (A;) , frilled leaf margin (arrow) (A,), epidermis
with stomata (arrow) (As) and detail of stomata (arrow) (Ag).
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Fig. 4. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Crato Formation,
Araripe Basin, Ceara State, NE Brazil. Xylem of MPPCN PL 6752 in transverse section (A, A,), showing radially organized tracheids with no intercel-
lular spaces (arrow); the marks that look like growth rings in A are artifacts caused by cutting the sample with a knife to prepare the SEM. Longitudinal
view of the tracheids showing abundant rays (arrows) composed of one and two cells in height (A;), tracheid with a simple-looking joint (arrow) (A),
bordered pits (arrows) (As, Ag) and tracheids with simple-looking pits (arrows) (A-).
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Fig. 5. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Crato Formation,
Araripe Basin, Ceara State, NE Brazil. Radial longitudinal SEM view of MPPCN PL 6752, showing details of two cross-fields, each with one large pit
(arrows) (A ), cross-field with three cells high (arrow) (A,), one pit per cross-field (arrow) (A3), cross-field with one cell high and two pits (arrow) (Ay).

the main axes, the sizes of the leaves gradually decrease. The
leaves of the cup-shaped apices are larger than the leaves of
the branches, measuring, on average, 3.1 mm in width and up
to 3.4 mm in length (Fig. 2A;).

Leaf epidermis: The epidermal cell layer was preserved
three-dimentionally and the cell luminae are filled with iron
oxide. The cuticles are absent, and thus there is no potential
microrelief of the outer cuticle surfaces visible. It was only
possible to study the abaxial leaf surface; the remains of the
adaxial surface could not be obtained.

The abaxial surface is characterized by a special distribu-
tion pattern of stomatal complexes. In the lower and central
parts of the leaf, the stomata are arranged in loose longi-
tudinal rows. In the central and apical leaf parts, the rows
become ill-defined and the stomata are distributed more ran-
domly and in a scattered fashion. No stoma directly adjoins
another. There are always several ordinary epidermal cells
between neighboring stomata of the same row and between

the stomata of adjacent rows, as well as between the more
scattered stomata in the apical parts. The stomatal complexes
of the lower and central parts are longitudinally oriented,
whereas the stomatal complexes of the apical part are more
perpendicularly oriented in relation to the long leaf axis.
The stomatal complex is generally cyclocytic with a ring of
5-6 subsidiary cells that seem to be very slightly sunken in
a few cases (Fig. 3As, Ag). The subsidiary cells are isodia-
metric to short rectagnular (less than twice as long as wide)
in shape, with straight anticlinal walls. The two guard cells
are only faintly visible, but they are sunken. The ordinary
epidermal cells are arranged in relatively well-defined lon-
gitudinal rows in the lower and central parts of the leaf, and
more irregularly arranged in the apical part. In the former
parts, the epidermal cells are elongated and subrectangular
in shape, while in the latter part, they are shorter and often
isodiametric in shape (4- to 6-sided). All the anticlinal walls
are straight. Towards the leaf margin, the ordinary epider-
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Fig. 6. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Crato Formation,
Araripe Basin, Ceara State, NE Brazil. Longitudinal tangential SEM view of MPPCN PL 6752, showing a ray with two cells high (arrow) (A,), two rays
with one cell high (arrows) (A,), ray with thickened walls (white arrow) and a tracheid with an intrusive socket (black arrow) (A3), branch base (arrow) (Ay).

mal cells became more elongated again and are often very
slightly curved in their longitudinal axes, diverging towards
a rectangular orientation to the leaf margin. This arrange-
ment of columnar marginal cells at a scarious leaf margin is
known as “marginal frill” (Fig. 3A4). No trichomes, papillae
or glands are observed on the visible leaf surfaces.

Stem: The xylem is homoxylic composed of tracheids
with little to no intercellular spaces. In cross-section, the
tracheids are rounded, square or pentagonal in shape, and
arranged radially, without growth-rings. However, there are
marks that look like growth rings. These are actually arti-
facts caused by cutting the sample with a knife to prepare
to the SEM (Fig. 4A;, A,). The lumens are about 7.8 um in
diameter and the walls are about 5.3 um thick. In longitu-
dinal view, the tracheids are narrow and long, organized in
an intrusive way, and exceed 900 um in length (Fig. 4A5).
The radial tracheid walls show well-separated uniseriate
areolated pits (abietinean radial pitting). The pit opening

diameter dimensions is ~2 um (Fig. 4A,—Ag). In some tra-
cheids, the pits appear simple, but this may have resulted
from taphonomic processes (Fig. 4A7).

Uniseriate rays are visible in radial and tangential sec-
tions (Figs. 4As, 5, 6A;—A3). These vary from one to three
cells in height, with two cells being the most frequent. The
rays are ~6 pm in width and 15-18 um in height. Rays with
thicker walls are visible (Fig. 6As). The cross-field pitting is
similar to the podocarpoid type, where usually only one pit
in the cross-field. In our material, there are usually one or
two simple and large pits per cross-field, measuring 3.7 um
in average diameter (Figs. 5A,, Az, Ay). In one case, a branch
attachment scar can be seen. The scar is ~227 pm high and
119 um wide (Fig. 6Ay4). The tracheids in this area have a
lumen diameter of ~4 pm and walls ~3 pm thick.

Shallow cup-shaped structures: The anatomical de-
tails of these structures show little vascularization and
the presence of a large number of parenchyma cells (Fig.
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Fig. 7. Conifer Leliacladus castilhoi (Duarte 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Crato Formation,
Araripe Basin, Ceara State, NE Brazil. Possible base of reproductive structures in MPPCN PL 6752 viewed with the SEM showing general appearance
of irregularly shaped parenchyma cells seen from the outside (A ), general appearance of parenchyma cells seen from the inside (A,—Ay), Xylem next to
parenchyma cells (arrow) (As), and tracheid with scalariform thickenings (arrow) (Ag).

7A1—Ay). In the vascular strands, the xylem is well orga-
nized (Fig. 7As). In longitudinal view, the tracheids show
scalariform thickenings in the inner part of an isolated cell
next to the parenchyma cells (Fig 7A¢). The parenchyma
cells are irregular in shape, ranging from rounded to rect-
angular. The more rounded ones have diameters of 20-50

um, while the rectangular ones average 75 um in length
and are 20-35 pm wide.

Romualdo Formation material.: DBAV-UERJ93Pb (holo-
type), MCNHBIJ 171, and MCNHBJ 176 represent portions of
larger branches that exclusively consist of differently shaped
foliated axes (Fig. 8). These fragments are composed of two
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Fig. 8. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Romualdo Formation,
Araripe Basin, Ceara State, NE Brazil. A. Holotype DBAV-UERJ 93 Pb, unbranched main axis with 7 pairs of lateral claviform branchlets (A,), detail of
the leaves (A,, A3). B. MCNHBIJ 171, part (B;) and counterpart (B,) of a smaller trifurcately branching shoot fragment. C. MCNHBJ 176, trifurcately(?)
branched shoot fragment.

orders of branching. The branches are remarkably wide and
three-dimensionally preserved, although somewhat flattened.
Thinner and slender ultimate or penultimate order axes, or
their putative scars, are not visible in the MCNHBJ speci-
mens, although the diagnostic ultimate-order claviform axes
are present in the holotype DBAV-UERJ 93 Pb (Fig. 8A)).
DBAV-UERIJ 93 Pb is a simple, non-furcating portion of
a cylindrical main branch that is 190 mm long and 20 mm
wide (Fig. 8A;). Seven distichously arranged pairs of clavi-

form lateral branchlets are preserved and attached at acute
angles to the main axis. The remaining surface of the main
axis shows no scars from additional, putatively detached
claviform branchlets.

MCNHBJ 171 shows trifurcated branching, although the
lateral branches are not preserved, with only the bases at the
main branch being present (Fig. 8B). From the main branch,
another branch emerges above the trifurcation node. The
main axis fragment is 169 mm long, but may have been lon-
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Fig. 9. Conifer Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et comb. nov., from Aptian, Lower Cretaceous, Romualdo Formation,
Araripe Basin, Ceara State, NE Brazil. A. Epidermis of DBAV-UERIJ 92 Pb cyclocytic stomata in central part of the leaf (A; arrows), basal part of the leaf
with stomata (A,, As; arrows). B. Anatomy of MCNHBJ 176, showing the epidermis with stomata (arrow) (B;) and longitudinal section of xylem with
tracheids (arrow) (B,). C. Longitudinal section of xylem of MCNHBJ 171 with tracheid (arrow).

ger in life, since the specimen is broken. It is 180 mm wide  and ultimate claviform branch is 100 mm long, 10 mm wide
at the widest point and 130 mm wide at the branch base. at the widest point and 8 mm wide at the base.

This specimen is partially flattened, especially in the out- MCNHBIJ 176 shows trifurcated branching, with two
ermost area, where the leaves are preserved. The secondary  larger branches visible and a third branch being partially
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covered by sediment, but with its base exposed (Fig. 8C).
There is a fourth branch, but its base is not preserved. Of
the three branches that emerge from the same point, only
one is fully exposed, and this is 145 mm long, 13 mm wide
at its widest point, and 9 mm wide at its base. The other two
branches are embedded in the sediment, so it is not possible
to measure their lengths. Their widths at the base are 7 mm.

All branches of the three specimens are densely covered
by scale leaves in a helical phyllotaxis. In DBAV-UERJ
93 Pb~10 contact parastichies, arranged in clockwise and
anticlockwise directions, are visible. In MCNHBIJ 171
and MCNHBJ 176, only the leaf parastichies of the main
branches can be counted. These are arranged in 7-9 contact
parastichies in clockwise and anticlockwise directions.

The dense arrangement of scale leaves does not vary
between axes. The leaves are almost exclusively of the
Brachyphyllum-type, although some leaves of the Pagio-
phyllum type occur on the main axes. The leaves are rhombic
in abaxial outline, consisting of a large cushion and a tiny
free apical part adpressed to the axis (Fig. 8A,, Ajz). The
bases are acute and the apices acute-obtuse, but both are
almost symmetrical in shape. They have relatively smooth,
although somehow shriveled, surfaces, a few cases showing
a narrow longitudinal keel on the abaxial side (Fig. 8A3). The
free triangular apical leaf part only slightly overlaps or does
not overlap the neighboring leaf. The leaves are generally
isodimensional in length and width (up to 3 mm), although a
few leaves are slightly longer than they are wide, being 4 by 3
mm, without a marked change in their shapes compared to the
majority of the isodimensional leaves. The leaves that are lon-
ger than the width of the cushion fit the diagnostic characters
of the Pagiophyllum type leaf. The free leaf parts are 1.5-2
mm long. The leaf blades are markedly thick (coriaceous).

Leaf epidermis: Only DBAV-UERJ 93 Pb and MCNHBJ
176 show preserved epidermal features. Due to the pres-
ervation mode of the fossils, the epidermal cell layer is
also three-dimentionally preserved and the cell luminae are
filled with calcite. The cuticles are not preserved and so
any potential microrelief on the outer cuticle surfaces is not
visible. Only the abaxial leaf surface was visible, while the
adaxial surface was not obtained.

The epidermal cell structure of the leaves could be only
studied by SEM. The differently shaped ordinary epidermal
cells are rectangular, rounded or oval in outline (Fig. 9A;—
Ajs, B). They are ~10.6 pm wide and 22 pm long when rect-
angular, and arranged in longitudinally oriented rows at the
leaf bases. The stomatal complexes are randomly oriented
from the central part of the leaf to the apex, and distributed
in ill-defined rows at the base of the leaf (Fig. 9A;—A3, B).
The complexes do not share any subsidiary cells and are
always separated from each other by at least two ordinary
epidermal cells. The cyclocytic stomatal apparatuses mea-
sure between 33 and 40 um in width and between 57 and
72 pm in length. Five or six subsidiary cells surround the
slightly sunken guard cells. The stomatal apertures at the
bases of the leaves are oriented longitudinally, although in
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rare cases, they can also be more or less obliquely oriented,
as is mainly the case from the central part to the apex. The
subsidiary cells are isodiametric at the poles and short rect-
angular (less than twice as long as wide) in shape on the lat-
eral sides of the complexes and they show straight anticline
walls. No trichomes, papillae or glands are visible.

Stem: It was only possible to observe the anatomical char-
acteristics of the stem in MCNHBJ 176 and MCNHBJ 171.
Both specimens have poorly preserved xylem structures,
which only show the general shape of the tracheids (Fig. 9B,,
C). No other features could be observed.

Stratigraphic and geographic range—Aptian, Lower Creta-
ceous; Crato and Romualdo formations, Santana Group,
Araripe Basin; NE Brazil (Assine et al. 2014; Nascimento et
al. 2023; Gobo et al. 2023).

Discussion

Comparison between the Crato Formation and Romualdo
Formation specimens.—Based on overall gross-morpho-
logy, there is no doubt that the differently preserved specimens
from the two formations belong to the same fossil-genus. All
of the specimens exhibited conspicuously thick cylindrical
leading axes and claviform lateral branchlets, arranged in two
ranks. Slender branchlets, or their putative detachment scars,
were not observed. Most of the branches are densely covered
by the same uniform Brachyphyllum-type leaf. A minor dif-
ference between the specimens, i.e., the rare occurrence of the
leaves of the Pagiophyllum morphotype, may have been due
to individual variability in leaf morphology, which might be
expected in fossil plants with predominantly Brachyphyllum-
type leaves.

Major differences between the specimens were obser-
ved in the preserved branching modes. The leading axis of
the comparatively small shoot portion of the holotype did
not branch. Specimens MPPCN PL 6752 from the Crato
Formation and MCNHBJ 176 and MCNHBJ 171 from
the Romualdo Formation exhibited an isotomous trifur-
cate branching mode of the axes. The two specimens from
the Crato Formation comprised larger shoot portions that
also demonstrated dichotomous and anisotomous branch-
ing modes. The smaller of the Crato Formation specimens,
MMG PB SAK 59, did not unambiguously exhibit a partic-
ular branching mode, with both isotomous (tri- and bifur-
cate) and anisotomous branching possible. Another differ-
ence is the occurrence of the shallow cup-shaped structures
at the terminal ends of the axes. These were only seen in
the larger Crato Formation specimen. This might be sim-
ply because the other specimens are smaller. It was also
clear from both Crato specimens that not all the ends of the
leading axes bore cup-shaped structures. Some ends of the
axes are slightly tapering and rounded. It is likely that all
the Romualdo Formation specimens represent smaller shoot
portions of the axes carrying non-cup-shaped structures.
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Alternatively, if these structures are related to any repro-
ductive organs, as discussed below, it might be assumed that
the fossil plants represent both fertile and sterile portions
of the shoots. However, this is only speculation. Compared
to the holotype from the Romualdo Formation, lateral and
terminal claviform branchlets in the two Crato Formation
specimens are rare. However, the positions and arrangement
of the claviform branchlets on the Crato Formation speci-
mens suggested that some claviform branchlets had probably
become detached. In addition, although the Crato Formation
specimens did not unambiguously show the arrangement
in two ranks, as can be seen in the holotype, the absence of
detachment scars on the visible surfaces of the main axes
clearly suggests to the same distichous arrangement. In con-
clusion, these gross-morphological differences could mainly
be regarded as a relation to the size of the individual portions
of the shoots. Consequently, we interpret these differences as
not being meaningful enough to warrant the fossils from the
two formations being placed in two distinct taxonomic units.

The leaf epidermal cell structures are very similar be-
tween the specimens from the two formations. The abax-
ial sides showed abundant cyclocytic stomatal complexes,
loosely and randomly arranged in the median and apical
parts of the leaves, but forming ill-defined rows in the basal
part. All the epidermises are non-papillate and bore neither
trichomes nor glands.

Anatomical details relating to the wood were only visible
in one Crato Formation specimen, MPPCN PL 6752. Thus,
xylotomical characters could not be used to distinguish be-
tween the Crato and Romualdo formations specimens.

Overall, none of the studied characters provided evidence
for the presence of a distinct fossil-species in the Crato For-
mation. However, because not all characters of the fossil plant
were represented in each specimen, e.g., reproductive organs,
we cannot completely rule out the possibility of the fossils
from the two formations being separate fossil-species or sub-
species. Until new and better preserved material is found, we
opted to include all the specimens in one fossil-species.

Fossil plant habit.—The relatively thick and woody axes of
Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunzmann
gen. nov. et comb. nov., suggest a shrubby or tree-like habit
with a rather rigid physical appearance. In particular, MPPCN
PL 6752 exhibits a larger portion of a shoot system that is
markedly sparsely branched, even if a number of potential
lateral claviform branchlets are lacking. The branching mode
is characterized by two features: (i) acute angles between the
main and lateral axes; and (ii) partially isotomous trifurcate
branching. Overall, these few characteristics suggest a can-
delabra-like growth habit, at least of the preserved shoot por-
tion. The shallow cup-shaped structures could be interpreted
as supports for reproductive organs, possibly cones. They
could also be the basal most parts of cone-like structures,
although there is currently no positive evidence for either.

Systematic position and affinity—Although previously
sometimes called into question, Leliacladus castilhoi (Duarte,
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1985) Batista & L.Kunzmann gen. nov. et comb. nov., is a co-
nifer based on a combination of leaf gross-morphology, leaf
epidermal features, and xylotomical characters. The charac-
teristics of the wood, such as the homoxylic vessel-less xylem
formed by tracheids, point towards a gymnospermous seed
plant, albeit some basal angiosperms also have vessel-less xy-
lem (Carlquist and Schneider 2001). However, the other veg-
etative characters of this fossil plant are clearly distinct from
those of angiosperms. Among gymnosperms, shoots with
Brachyphyllum type leaves, in combination with a cyclocytic
stomatal complex, are only known from conifers.

This fossil conifer is very distinct from other conifers
with Brachyphyllum-type leaves in having no slender (pen-)
ultimate shoots. The claviform branchlets are obviously the
youngest (ultimate) shoot portions but they are about 14 mm
thick. Thus, this conifer differs, e.g., from B. obesum and
B. sattlerae from the Crato Formation, both of which rep-
resent the typical Brachyphyllum morphotype (Kunzmann
et al. 2004; Batista et al. 2017, 2020). Larger shoot portions
of B. obesum exhibit thick leading branches similar to the
cylindrical axes of our fossils, but the lateral twigs also
have the slender ultimate branches (Kunzmann et al. 2004;
Batista et al. 2017).

We propose the separation of L. castilhoi (Duarte, 1985)
Batista & L.Kunzmann gen. nov. et comb. nov., from Bra-
chyphyllum and the introduction of a new fossil-genus. The
general habit of the shoot portions, with their bifurcated
and trifurcated branching pattern, and the claviform lateral
branchlets are unique among fossil conifers and are not cov-
ered by the emended diagnosis of Brachyphyllum (Harris
1979). In addition, the anatomical characters of the leaves
and woody axes also fall outside this diagnosis.

In doing this, we applied the same taxonomic approach as
proposed for the fossil conifer Duartenia araripensis from
the same locality (Mohr et al. 2012). Duartenia was not in-
cluded in a wood fossil-genus or into Brachyphyllum, even
though its characters would allow for such affiliation. Instead,
a whole-plant concept was applied, establishing a separate
genus with a probable relationship to the Cheirolepidiaceae.

Even though L. castilhoi. has not been assigned to a fam-
ily to date, we can discuss its systematic relationships based
on our new anatomical data. Axes with densely and heli-
cally arranged scale leaves are know from several families,
e.g., Araucariaceae, Cheirolepidiaceae, Cupressaceae, and
Podocarpaceae. It should be noted that other macrofossil
and microfossil records from the Santana Group have indi-
cated the presence of these families in the Crato Formation
flora (Lima 1978; Kunzmann et al. 2023), where the most
informative specimen of L. castilhoi came from.

However, leaf gross-morphology and phyllotaxis only
provide superficial hints as to its family affinity. The leaf
epidermal structures observed in our fossils revealed clear
information about which familial affinities could be ex-
cluded. In fossil and extant Araucariaceae, only the ge-
nus Araucaria possesses Brachyphyllum-like foliage. In
Araucaria, the stomatal complexes are arranged in nu-
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merous uniform longitudinal rows on the abaxial surfaces,
and these complexes are in contact with the neighboring
complexes in each row (e.g., Stockey and Atkinson 1993).
This pattern is known from another Brachyphyllum species
in the Crato Formation flora, B. obesum, which has thus
linked to the Araucariaceae (Kunzmann et al. 2004; Batista
et al. 2017). The type species of Brachyphyllum, B. squa-
mosum from the Jurassic of Yorkshire, UK, has also been
assigned to the Araucariaceae based on its leaf epidermal
cell structure (Harris 1979). In the Cretaceous of the Czech
Republic, the same fossil-species also has stomata distrib-
uted in well-defined lines, as is typical in the Araucariaceae
(Kvacek 2007). The fossil wood of the Araucariaceae, which
is commonly assigned to the fossil-genus Agathoxylon, is
characterized by araucarian pitting, which is clearly distinct
from the abietinean pitting in the radial tracheid walls of our
specimen. In short, L. castilhoi can not be assigned to the
Araucariaceae.

In the extinct and extant Cupressaceae species with he-
lically arranged scale leaves, the stomatal complexes are
arranged either in two longitudinal bands or in two patches,
which is quite distinct from the pattern observed in our ma-
terial (e.g., Florin 1931). The same is the case for the extant
Podocarpaceae with similar leaf types (e.g., Florin 1931).

By contrast, shoots with helically arranged scale leaves
and stomata randomly distributed over the adaxial and
abaxial surfaces are characteristic of fossil-species of the
Cheirolepidiaceae (e.g., Watson 1988). Brachyphyllum
crucis from the Jurassic of Yorkshire has been treated as
a member of the Cheirolepidiaceae based on its associa-
tion with male cones containing in situ Classopollis pol-
len, which is the synapomorphic character of the family
(Harris 1979; Watson 1988). Brachyphyllum patens from the
Cretaceous of Belgium and The Netherlands (Van der Ham
et al. 2003) has also been attributed to the Cheirolepidiceae
mainly based on the random distribution of its stomata. At
least from the central to apical parts of the abaxial side of
the leaves in our material, there is a random distribution
of stomatal complexes. However, many Cheirolepidiaceae
species are distinguished by papillate epidermides, i.e.,
the papillae are frequently present on ordinary epidermal
cells and on the subsidiary cells of stomatal complexes (e.g.,
Watson 1988). The latter is also the case for B. crucis and for
members of the fossil-genus Watsoniocladus (Harris 1979;
Watson 1988; Kvacek and Mendes 2021).

Another rather enigmatic conifer from the Crato Forma-
tion flora, Duartenia araripensis is probably related to
the Cheirolepidiaceae based on its scale leaves and wood
anatomy (Mohr et al. 2012). However, its Brachyphyllum-
like leaves are too poorly preserved to be able to see any
distinctive characters (Mohr et al. 2012). Interestingly, its
wood shares anatomical characteristics with the wood of
L. castilhoi, such as uniseriate rays with only one big pit, but
differs in the lateral tracheid walls. Duartenia wood is char-
acterized as a mixed protopinaceous type, also known as the
brachyoxylean type (Boura et al. 2021), while L. castilhoi is
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abietinean type. Mohr et al. (2012) reported several similar-
ities between Duartenia wood and the wood of frenelopsid
members of the Cheirolepidiaceae. Frenelopsid conifers are
characterized by segmented shoots with minute adpressed
leaves arranged in whorls, and these leaves are often com-
pletely (suturelessly) fused (Watson 1988; Sucerquia et al.
2015, Batista et al. 2017). This foliage type is very distinct
from the leaf morphology of our fossils.

According to Thévenard et al. (2022), the Cheirolepidia-
ceae are not characterized by a uniform type of wood. Seve-
ral types of fossil wood, such as Agathoxylon, Brachyoxylon,
Protocupressinoxylon, and Protopodocarpoxylon have been
ascribed to Cheirolepidiaceae (Alvin et al. 1981; Francis
1983; Falcon-Lang et al. 2001; Thévenard et al. 2022). Most
of these attributions were proposed because these woods oc-
cured associated at the same lithostratigraphic level as other
isolated and disarticulated organs of the family, including
as Classopollis pollen and leaf twigs of the frenelopsid
group (Alvin et al.1981; Francis 1983; Falcon-Lang et al.
2001; Thévenard et al. 2022). The few records demonstrat-
ing articulation of confirmed Cheirolepidiaceae members
with the wood mainly have the anatomical characters of
Brachyoxylon (Thévenard et al. 2022). However, other re-
cords, such as Pseudofrenelopsis sp. from the Crato For-
mation flora, have a distinct wood anatomy (Batista et al.
2017). In short, our fossils share leaf gross-morphology and
epidermal cell structure with some non-frenelopsid mem-
bers of the Cheirolepidiaceae. Members of this family have
produced different wood types, making taxonomic affilia-
tions based only on wood anatomy difficult. However, when
using a combination of characters, such as leaf gross-mor-
phology, epidermal cell structure, and wood anatomy, a
tentative taxonomic assignment of L. castilhoi might be
possible.

With its abietinean radial pitting and its cross-field pit-
ting with one or two pits, the wood anatomy of L. castilhoi is
dissimilar to both Brachyoxylon and Protocupressinoxylon,
which have mixed pitting. It is also dissimilar to Agatho-
xylon, which has araucarian pitting (Vera and Loinaze
2022; Thevenard et al. 2022). However, despite some Pro-
topodocarpoxylon woods are mixed type (Biondi 1983;
Esteban et al. 20006) other Protopodocarpoxylon woods are
similar in that it has abietinean radial pits and cross-field
pitting with one or two pits (Philippe et al. 2002). Thus, if
Protopodocarpoxylon wood can be demonstrably related to
the Cheirolepidiaceae, then L. castilhoi could be affiliated
with the same family. However, this relationship has not
been reliably proven to date.

Among the extant conifer families, L. castilhoi shares
some anatomical characteristics with the wood of members
of the Podocarpaceae, i.e., the cross-fields with one or two
large pits, predominantly one pit per field (Richter et al.
2004; Esteban et al. 2023); the presence of predominantly
uniseriate and sparse radial pits (abietinean type) (Esteban
et al. 2023; Philippe and Bamford 2008); and the presence
of thick-walled rays (Evert 2013). However, the possible
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bases of reproductive structures in L. castilhoi, i.e., the ter-
minal shallow cup-like structures, suggest that they may
have supported comparatively large organs, whereas in the
Podocarpaceae, the seed producing organs are reduced and
often have a fleshy epimatium, and the pollen-producing
cones are even smaller (e.g., Farjon 2017).

In short, some morphological and anatomical characters
of L. castilhoi fit with certain characters of some non-frenel-
opsid members of the extinct Cheirolepidiaceae and with
members of the extant Podocarpaceae but none of these is
clear evidence for assignment to one of these families. It
seems that any progress in this respect will depend on new
findings of unambiguous reproductive organs of our fossil
plant.

Paleoecology.—Deposition of the Crato and Romualdo for-
mations took place under arid to semiarid paleoclimatic
conditions (Ribeiro et al. 2021; Lacerda et al. 2023), which
were common in the Early Cretaceous in the equatorial
part of northern Gondwana (e.g., Chumakov 1995). Fossil
plants, as excellent paleoclimatic indicators, can support
the general reconstruction of paleoclimatic and paleoen-
vironmental conditions for both formations during the
Aptian. In the Crato Formation, there is a diversity of fossil
plants with xeromorphic features, among which are several
conifers, such as B. obesum, B. sattlerae, D. araripensis,
and Pseudofrenelopsis capillata (Kunzmann et al. 2004,
2006; Mohr et al. 2012; Sucerquia et al. 2015; Batista et
al. 2017, 2020, 2021, 2022). Only a few fossil plant spe-
cies have been found in the Romualdo Formation to date,
Pseudofrenelopsis salesii being one of these, which exhibits
xeromorphic characteristics (Batista et al. 2018). The mor-
phological and/or anatomical features of fossil plants can be
interpreted in terms of adaptations to the presumed paleo-
climate. For example, scales and fleshy leaves with sunken
stomata, thick cuticles, lignified hypodermides, and xylem
with thick-walled tracheal elements are the most commonly
shared anatomical features in paleoenvironment where wa-
ter is scarce (Kunzmann et al. 2004, 2006; Sucerquia et al.
2015; Bernardes-de-Oliveira et al. 2014; Batista et al. 2017,
2018, 2020). Additionally, Mohr et al. (2012) reported a dis-
tinct anisotomous branching pattern in D. araripensis that
is only known from angiosperm trees growing in tropical
arid environments. Thus, Duartenia has been interpreted as
a drought resistent conifer.

Leliacladus castilhoi (Duarte, 1985) Batista & L.Kunz-
mann gen. nov. et comb. nov., has minute leaves with their
tiny adaxial sides closely adpressed to the axis, and abaxial
stomatal complexes with sunken guard cells. These charac-
teristics could indicate a strategy to reduce water loss from
the plant (Lewis 1972; Bernardes-de-Oliveira et al. 2014;
Batista et al. 2017, 2018). In addition, thick-walled tracheids
and reduced tracheid cell lumina in the wood allow greater
hydraulic safety in periods of water scarcity (Bouche et al.
2014; Carlquist 1975; Sperry 1990; Batista et al. 2017). We
observed a large number of parenchyma cells at the bases of

the putative reproductive structures, which may be associ-
ated with water or nutrient storage. However, our expecta-
tion that the overall comparatively thick axes of our fossils
might indicate specialized water-storage tissue, as seen in
succulents, was not met. Nevertheless, the total absence
of slender ultimate axes could be hypothesized as being a
xeromorphic feature.

Conclusions

Our study confirms the presence of the enigmatic Leliacladus
castilhoi (Duarte, 1985) Batista & L.Kunzmann gen. nov. et
comb. nov., conifer in the Crato Formation. We demon-
strated that all plant specimens from the Romualdo and
Crato formations should be treated as a single fossil-spe-
cies. Based on the anatomical characters of the wood and
leaf epidermises, which we described for the first time, the
fossil plant should be assigned to a separate fossil-genus,
Leliacladus Batista & L.Kunzmann gen. nov. The higher
taxonomic affiliation of this conifer is still unresolved, how-
ever, a relationship with the extinct Cheirolepidiaceae or
Podocarpaceae is possible. From the morphological features
we have hypothesized a candelabra-like growth habit, and
the exclusive presence of thick axes suggests a xeromorphic
adaptation to the hot and semiarid paleoclimate.
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