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Abstract

Pseudofrenelopsis and Brachyphyllum are two conifers that were part of the Lower Creta-
ceous (Aptian) taphoflora of the Crato Formation, Araripe Basin, northeastern Brazil. The
former genus includes, so far, P. capillata and indeterminate species, whilst the latter is
mainly represented by B. obesum, the most common plant megafossil recovered from that
stratigraphic unit. Here, the stem and leaf anatomy of Pseudofrenelopsis sp. and B. obesum
specimens is revisited, including the first report of some epidermal and vascular traits for
both taxa from the Crato Formation. Along with its paleoecological significance, the new
data suggest the presence of more than one Pseudofrenelopsis species in the Aptian tapho-
flora of the Araripe Basin and further support the taxonomic placement of B. obesum within
Araucariaceae.

Introduction

During most of the Mesozoic, landscapes were dominated worldwide by gymnosperms.
Throughout the Upper Cretaceous, the gymnosperm-dominated floras became restricted
mainly to high latitudes as they were gradually replaced by angiosperms, whose evolutionary
radiation had begun in low latitudes during the Lower Cretaceous and then extended globally
[1-4].

Pseudofrenolopsis and Brachyphyllum are two conifers among the most abundant and
diverse gymnosperms of the Mesozoic with their demise at the end of the Cretaceous [5-8].
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The first genus is placed in Cheirolepidiaceae, a family commonly regarded as xeromorphic
due to its morphology and anatomy adapted to arid climates [9,10]. However, the second one
was already attributed to different families, like Araucariaceae, Cheirolepidiaceae, Cupressa-
ceae, and Podocarpaceae, making difficult the taxonomic placement of the about fifty species
of this genus [8]. For instance, some Brachyphyllum species, like B. mamillare Lindley and Hut-
ton, were classified as Araucariaceae, based on leaf and cuticle features [11,12]. Whereas, other
species, like B. crucis Kendal, B. patens (Miquel) and B. ardenicum Harris, show affinity with
Cheirolepidiaceae [6,13,14].

The aforementioned genera are found together both in the Aptian Crato and the Albian
Romualdo Formations of the Santana Group (Araripe Basin, northeastern Brazil), represented
by P. capillata Sucerquia, Bernardes-de-Oliveira et Mohr, B. castilhoi Duarte and B. obesum
Heer, along with indeterminate species [15-17]. Particularly, the latter species is the most com-
mon taxon among the plant remains from both formations. It was originally described from
the Aptian of the Almargem Basin, Portugal, with further records from different places of the
world, like the United Kingdom, China, and Japan [17-20]. Morphological evidence suggests
B. obesum either as a member of Araucariaceae or Cheirolepidiaceae [21-23], a matter of con-
troversy between authors regarding the taxonomic diversity of the Araripe Basin. In this sense,
Kunzmann et al. [21] placed B. obesum in Araucariaceae, describing anatomical traits that sup-
ported their taxonomic proposal. On the other hand, Sucerquia [22] supported the attribution
of B. obesum to Cheirolepidiaceae based on the local abundance of Classopollis-type pollen.
Nevertheless, these authors also mentioned the necessity of more evidence in order to further
corroborate their inference.

Anatomical features of vegetative plant organs can be added to the external morphological
traits, helping to solve taxonomic disputes [24-26]. For instance, vascular structures, like
growth rings, tracheids, and intercellular canals, and epidermal features are often used for that
purposes (e.g., [25-27]). However, probably due to aspects related to the preparation of sam-
ples and the obtainment of good results, transverse sections, for example, are less often used in
paleobotanical studies with fragile remains, limiting the recovered amount of data on some
important features [28]. In fact, this technique is more common in studies with large permi-
neralized trunks (e.g., [29,30]).

In this work, we present additional data on the anatomy of B. obesum and Pseudofrenelopsis
sp. branches from the Crato Formation of the Araripe Basin based on new specimens.
Although focusing mainly on vascular traits, our study also comprises epidermal structures.
The new information contributes to the knowledge on the anatomy of these conifers and sup-
ports the presence of more than one Pseudofrenelopsis taxa in the Araripe Basin and corrobo-
rates the taxonomic placement of B. obesum in Araucariaceae.

Geological setting

The Araripe Basin is located in the central part of the Borborema Tectonic Province and
extends throughout the Brazilian states of southern Ceara, northwestern Pernambuco, and
eastern Piaui (Fig 1). It is the most extensive intracratonic basin of northeastern Brazil and
covers an area of about 9,000 km* [31,32]. Geomorphologically, its main features are a plateau
and a valley called as Chapada do Araripe and Vale do Cariri, respectively, where crops out a
rich fossiliferous deposit known as the Santana Group [32,33]. This group is part of the post-
rift sequence comprising the Rio da Batateira, Crato, Ipubi, Romualdo, and Arajara formations
and is regarded as Aptian-Albian in age [32-34] (but for a different stratigraphic proposal see,
for instance, [31,35]).
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Fig 1. Geology and stratigraphy of the Araripe Basin, northeastern Brazil. (A) Geographical location of the Araripe Basin and its main
geomorphological features. (B) Simplified geological map of the area indicated by the rectangle in (A). (C) Stratigraphic scheme of the Araripe Basin. (A)
is modified from Alroy [36] and Assine [35], whereas (B) and (C) are based on Matill [37] and Valenca et al. [32], respectively.

doi:10.1371/journal.pone.0173090.9001
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Particularly important for this study, the Crato Formation consists of finely laminated lime-
stones, locally displaying gentle undulations with wave truncations and indicating a lacustrine
carbonate depositional environment, typical of calm waters with episodic high-energy events
[32]. This formation has yielded many fossil specimens, including invertebrates, vertebrates,
plants, trace fossils, and palynomorphs, which together indicate a probable upper Aptian age
for this unit [38]. Fishes are abundant, especially the occurrence of the genus Dastilbe, gener-
ally preserved by pyritization, limonitization or carbonization processes [38,39]. In general,
the taphoflora of the Crato Formation is quite diverse, being represented by sphenophytes,
lycophytes, monilophytes, gnetaleans, conifers, and angiosperms [2,40,41]. Among the coni-
fers are represented the families Cheirolepidiaceae and Araucariaceae, both characterized by
large trees [2,41,42].

Materials and methods

The studied material comprises specimens properly housed at the following public institutions:
Laboratorio de Paleontologia of the Universidade Regional do Cariri (LPU), Crato Municipal-
ity, and Museu de Paleontologia de Santana do Cariri (MPSC), Santana do Cariri Municipality,
both located in the state of Cearad, Brazil. It includes a stem of Pseudofrenelopsis sp. (LPU 312
PL) and fragments of leaves and stems of Brachyphyllum obesum (LPU 242 PL, MPSC PL 551,
580, and 802) from the Crato Formation of the Araripe Basin. All the specimens were collected
at Mina Pedra Branca, a limestone quarry located between Santana do Cariri and Nova Olinda
(Fig 1B).

For sectioning, were selected the best three-dimensionally preserved fragments. As the
material is, in general, brittle and can easily be fractionated, an epoxy resin (RQ-01 00/RF,
Alpha Resiqualy™) was used for cold impregnation of the fragments, which were, then, kept
for about 48 hours at room temperature. The slices were prepared only after the impregnation
process.

The analysis of the anatomy of the stem fragments in radial longitudinal and transverse sec-
tions were performed with the HITACHI® Scanning Electron Microscope, Model TM3000, at
the Laboratdrio de Microscopia Eletronica of the Universidade Federal do Ceara, Fortaleza
Municipality, Brazil. In order to investigate the tracheid and cross-field pits and the stomatal
arrangement, the remaining material was processed and analyzed both at the Central Analitica
of the Universidade Federal do Ceard and Centro de Microscopia Eletronica of the Universi-
dade Estadual de Santa Cruz (UESC), Ilhéus Municipality, Brazil. At the former institution,
remains were attached to stubs with carbon tape and covered with a 20-nm thick gold layer
and, then, analyzed under the Scanning Electron Microscope INSPECT 50, FEI Company. At
the latter, samples of fossil fragments were attached to stubs with carbon tape and covered
with a 30-nm thick gold layer and, later, observed under the Scanning Electron Microscope
Quanta 250kV, FEI Company.

Results
Systematic paleontology

Cheirolepidiaceae Takhtajan
Pseudofrenelopsis (Nathorst) emend. Watson
Pseudofrenelopsis sp.
Studied material. LPU 312 PL (Figs 2-4).
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Fig 2. Epidermal features of a Pseudofrenelopsis sp. stem from the Crato Formation, Araripe Basin, northeastern Brazil. (A) Specimen
LPU 312 PL. (B and C) Papillate epidermal cells from the internode basal region. (D) Stomatal rows from the internode middle region. (E) Detail of a
stellate stomatal pit and ordinary epidermal cells without papillae. Arrows point to the insertion point of one leaf at the node (A) and papillae (B and
C). Numbers refer to four stomatal apparatus in a single row.

doi:10.1371/journal.pone.0173090.9002

Description

Specimen LPU 312 PL is an unbranched stem fragment of Pseudofrenelopsis sp. measuring 6
mm in width and 120 mm in length (Fig 2A). Leaves were not preserved, but their insertion
points can be seen, indicating one leaf per node in a spiral phyllotaxy, a typical feature of that
genus. On average, internodes are 10 mm in length. Under SEM analyses, it was possible to
observe epidermal cells arranged in longitudinal rows. Those cells at the base of the internodes
are either rectangular or square in shape and bear a projection at one of their ends, which char-
acterizes them as papillate (Fig 2B and 2C). Also, there are stomata arranged in longitudinal
rows, which are intercalated with two or three rows of ordinary epidermal cells with heavily
cutinized anticlinal walls (Fig 2D). In each stomatal row, stomatal apparatus are often sepa-
rated by two or three ordinary epidermal cells. Among these, those close to the stomata do not
bear papillae. Classified as actinocytic, stomatal apparatus are rounded in shape and have an
average of five subsidiary cells, which likely bore papillae that, in turn, gave a stellate pattern to
the stomatal pits (Fig 2E). It was not possible to determine the orientation of the stomatal pits
insofar as they were covered by diagenetic materials. At the bases of the internodes, stomata
are absent.
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o @
@ : PLOS | ONE Anatomy of two Lower Cretaceous conifers

Fig 3. Vascular features of a Pseudofrenelopsis sp. stem from the Crato Formation of the Araripe Basin, northeastern Brazil. (A)
Transverse section of the stem. (B) Close view of the xylem region. (C) Close view of the medullary region, from which tracheid diameters
decrease gradually in the secondary xylem. (D) Longitudinal section of the stem. Arrows point to secretory canals (A and D) and a

parenchyma ray (B). The abbreviations “m”, “x” “px”, and “sx” refer to the medullary, xylem, primary xylem and secondary xylem regions,
respectively.

doi:10.1371/journal.pone.0173090.g003

Stem samples analyzed in transverse sections showed an ample cortical region with secre-
tory canals (Fig 3A). It is also possible to see the medullary region, the secondary xylem formed
by angular (square) tracheids and narrow parenchyma rays (Fig 3B).

The presence of different growth patterns of the xylema is noticed, which succeed each
other gradually. In the primary xylem, tracheids are more compact close to the medulla, with
few intercellular spaces and reduced diameters (Fig 3C). However, in the secondary xylem,
younger cells, close to the cambium, have reduced lumina, due to the thickening of their walls,
and few intercellular spaces. In radial longitudinal view, secretory canals were seen in the corti-
cal region (Fig 3D).

In the longitudinal section, latewood tracheids were observed with reduced intercellular
space, whereas the earlywood presented more spaced cells. Some tracheids present two sub-
radial facets (Fig 4A) and have round and areolate intervascular pits arranged in a single row,
with preserved membranes (Fig 4B). Each cross-field presents around ten pits, which are dis-
tributed in five or six rows and have round openings (Fig 4C and 4D).

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 6/18
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Fig 4. Vascular features of a Pseudofrenelopsis sp. stem from the Crato Formation of the Araripe
Basin, northeastern Brazil. (A) Longitudinal view of a tracheid with pits on one of its sub-radial facets. (B)
Detail of an areolate pit with its preserved membrane. (C) A cross-field. (D) Detail of cross-field pits. Arrows
point to tracheid pits (A), a preserved membrane (B), a cross-field (C), and a cross-field pit (D).

doi:10.1371/journal.pone.0173090.g004

Systematic paleontology

Araucariaceae Henkel et Hochstetter
Brachyphyllum Lindley et Hutton emend. Harris
Brachyphyllum obesum Heer sensu Duarte
Studied material. LPU 242 PL, MPSC PL 551, 580, and 802 (Figs 5 and 6).

Description

Brachyphyllum obesum samples comprise leafy branches with alternate branching pattern and
length varying between 150 and 200 mm (Fig 5A and 5B). Leaves are scale-like, rhomboid,
abaxially striated, imbricate, and helically arranged, as typical of B. obesum. From the analysis
of B. obesum speciments, it was possible to observe stomata on the abaxial side, which are
arranged in continuous longitudinal rows (Fig 5C). Stomata are rounded to oval in shape

(Fig 5D). The anticlinal walls of the subsidiary cells looked prominent, but the guard cells were
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Fig 5. Epidermal features of Brachyphyllum obesum leafy branches from the Crato Formation of the Araripe Basin, northeastern Brazil. (A)
Specimen MPSC PL 802. (B) Specimen LPU 242 PL. (C) Striated scale-like leaves of MPSC PL 802. (D) Stomata of MPSC PL 802 arranged in prominent
longitudinal rows. (E) Detail of a stomatal apparatus of MPSC PL 802 with a possible perpendicular pit.

doi:10.1371/journal.pone.0173090.g005

not preserved. However, these were possibly sunken as in other Brachyphyllum specimens,
including B. obesum (e.g., [13,21]). Despite the poor preservation, which did not allow the
observation of ordinary epidermal cells, the stomatal apparatus suggest that their ostioles were
perpendicular in relation to the stomatal rows (Fig 5D and 5E). In the stem, epidermal
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Fig 6. Vascular features of Brachyphyllum obesum branches from the Crato Formation of the Araripe Basin, northeastern Brazil. (A)
Transverse section of the stem showing the cortical, xylem, and compressed medullary regions of LPU 242 PL. (B) Detail of the xylem region
of LPU 242 PL in transverse view and the uniformly sized tracheids. (C) A tracheid facet of MPSC PL 580 with areolate pits. (D) Close view of
the xylem region of LPU 242 PL, including resin plugs. (E) Longitudinal view of a tracheid of LPU 242 PL and its wall thickening. (F) Araucarioid
cross-field pits of MPSC PL 580. (G) Detailed of the araucarioid cross-field pits of MPSC PL 580. Arrows point to a uniseriate parenchyma ray
(B), a tracheid pit (C), a resin plug (D), the wall thickening of a tracheid (E), cross-fields (F), and cross-field pits (G).

doi:10.1371/journal.pone.0173090.g006
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structures were, in general, not observable, insofar as the scale-like leaves covered them
completely and internode spaces were considerably short.

In transverse sections, the cortical region was not very thick. The medullary region was
compressed, which may have been due to taphonomic processes (Fig 6A). The xylem is com-
posed by oval to rounded tracheids with uniform diameters and few or no intercellular space.
Their walls were thin and their lumina, ample. There is no evidence of different growth pat-
terns. Narrow parenchyma rays were observed and were likely uniseriate (Fig 6B). In radial
longitudinal sections, tracheids also showed uniseriate and areolate pits and angular outlines
(Fig 6C). There were resin plugs in the xylem (Fig 6D) and wall thickenings in the tracheids
could be seen longitudinally (Fig 6E). Cross-field pits are of the araucarioid type and each
cross-field presents five to eight pits distributed in three or four rows but with a tendency for
crowding (Fig 6F and 6G).

Discussion
Significance of Pseudofrenelopsis anatomical features

The Brazilian record of Pseudofrenelopsis comes from the Lima Campos [43] and Araripe
basins where only P. capillata was identified so far [16]. However, given that most Pseudofrene-
lopsis species are diagnosed by epidermal anatomical structures and studies focusing on them
are relatively scarce regarding northeastern Brazilian specimens, the number of species was
possibly greater.

Specimen LPU 312 PL, attributed to Pseudofrenelopsis sp., shared many features with other
congeneric species. For instance, papillate epidermal cells are among the observed features of
P. capillata, P. dalatzensis, P. papillosa, P. varians, P. parceramosa, P. nathorstiana, and P. liu-
panshanensis [16,28,44-48] (Table 1). However, in the middle region of the internodes of LPU
312 PL, where the concentration of stomata was higher, there was no papilla in ordinary epi-
dermal cells, differing from the aforementioned species. Furthermore, P. guixiensis, P. gan-
suensis, and P. intermedia do not have papillae in the internode region [49-51].

Despite the differences highlighted above, the actinocytic stomata seen in LPU 312 PL are
also found in P. gansuensis and P. dalatzensis [44,45,50]. Subsidiary cells, in number of five, are
similar to those of P. capillata, P. dalatzensis, and P. liupanshanensis [16,45,48]. Despite subsid-
iary cells being only partially preserved, it was possible to see the stellate opening formed by
the contact between them. This type of opening is quite common in Pseudofrenelopsis species
and seems to be a natural consequence of the presence of papillae in the subsidiary cells, as
observed in P. heishanensis, and P. dalatzensis [44,45]. In fact, papillate subsidiary cells are
common in Pseudofrenelopsis species, except for P. gansuensis and P. intermedia [50,51]. Papil-
lae are common xeromorphic features of plants living under semi-arid climates and reduce the
loss of water [55]. On the other hand, it was not possible to observe any guard cell, what pre-
cludes any inference on the orientation of the stomatal pits of the specimen described here.

Most studies on Pseudofrenelopsis did not focus on vascular structures, which may be
related to the type of preservation of the analyzed species. Nevertheless, works like those of
Sucerquia et al. [16], Axsmith [28], Hill et al. [54] and Zhou [51] showed some vascular fea-
tures of fusainized specimens, and so does Alvin [53], who also presented data on the wood of
silicified specimens. Such data are very important for paleoecological studies and can be quite
informative regarding taxonomy [25].

As P. parceramosa and P. intermedia [28,51,53,54], LPU 312 PL presented tracheids
arranged in longitudinal rows, but growth rings were not as well marked as those reported by
the aforementioned studies. This fact is likely due to the developmental stage of the stem,
which might have been young given that it was relatively thin (6 mm) and, hence, latewood
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Table 1. Comparison of epidermal features of known Pseudofrenelopsis species.

Species Number of Ordinary cells of the Number of Subsidiary cells Shape of the stomata | References
leaves per epidermis of the internode subsidiary cells
node
P. varians 1 With papillae and hairs 4-9 With papillae Rounded or sub- [46]
overhanging stomatal pit | rounded,
P. dalatzensis 1 With papillae and hairs 5-6 With papillae Rounded to elliptical, | [44,45]
overhanging stomatal pit | actinocytic, stellate
P. papillosa 1 With papillae 4-8 With papillae Rounded [44]
overhanging stomatal pit
P. nathorstiana | 1-2 With papillae 4-7 With papillae Rouded, usually [47]
monocyclic
P. 1 With papillae 5-6 With papillae Rounded or sub- [48]
liupanshanensis rounded, haplocheilic
P. glabra 1 Without papillae or hairs 6-8 With papillae Rounded [52]
overhanging stomatal pit
P. guixiensis 1 Without papillae 4-6 With papillae Rounded or [49]
subrounded,
haplocheilic
P. gansuensis 1 Without papillae or hairs 6-9 Without papillae Elliptical to sub- [50]
rounded, actinocytic
P. heishanensis | 1 Usually without papillae or hairs | 5-7 With papillae Elliptical to sub- [44]
overhanging stomatal pit | rounded, stellate
P. parceramosa | 1 With papillae (variable) 4-6 With or without papillae | Elliptical or rounded [28,46,53,54]
protruded to stomatal pit
P. capillata 1 With papillae and long hairs 5-6 With papillae Elliptical to rounded [16]
overhanging stomatal pit
P. intermedia 1 Without papillae or hairs 6-11 Without papillae Rounded or sub- [51]
rounded, haplocheilic
LPU 312 PL 1 With papillae, except in the 5 Not observed Rounded, stellate, This paper
region where the stomata are actinocytic
concentrated

doi:10.1371/journal.pone.0173090.t001

cells were at the initial developmental stages. This can be observed in Fig 3C, where the cells
closer to the cambial zone were more compact and had both reduced diameters and thicker
walls. The transition from earlywood to latewood seemed to have been gradual, differing from
the condition reported for P. parceramosa and P. intermedia [28,51,53,54] (Table 2). This fea-
ture might have been partially related to the availability of water resources and is not very

Table 2. Comparison of stem anatomical features of Pseudofrenelopsis species.

Species Growth ring Tracheid pitting in | Cross-field type Number of Number of Secretory canals | References
radial walls pits per cross |layers of cross- |in the cortical
field field pits region
P. Distinct, abrupt Mostly uniseriate Cupressoid 6—11 2-5 Absent [28,53,54]
parceramosa | transition (rarely alternately
biseriate)
P. capillata Not informed Uniseriate, areolate | Cupressoid More than 10 | Not informed Not informed [16]
P. intermedia | Distinct, abrupt Uniseriate, areolate | Cupressoid 4-6 2-3 Not informed [51]
transition
LPU312PL | Gradual transition, Uniseriate, areolate | Intermediary between | More than 10 | 5-6 Present This paper
little distinguishable cupressoid and
araucarioid

doi:10.1371/journal.pone.0173090.t002
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appropriate for taxonomic purposes [56]. On the other hand, in the cortical region, secretory
canals, here reported, were not observed in previous works.

Due to difficulties faced by Axsmith [28] for studying thin fragments, he observed only
structures of thicker and less fragile specimens. Even so, only few data were gathered. For
instance, intervascular pits were seen from the inside of tracheids, hampering observations of
the surface. In the present work, tracheids had their surface analyzed, including the preserved
membranes, as also reported for P. parceramosa [54]. However, the central portion (torus) of
the membranes of this taxon was thicker than in LPU 312 PL. The uniseriate intervascular pits
are similar to those of P. capillata, P. parceramosa and P. intermedia [16,51,54]. After the classi-
fication of Phillipe and Bamford [26], the features seen in LPU 312 PL are typical of the abieti-
nean radial pitting.

In cross-fields, P. parceramosa, P. capillata and P. intermedia had cupressoid pits with
rounded, elliptical, or oblique openings [16,28,51,53,54]. Also, in P. intermedia there were only
two to three rows of pits. On the other hand, in LPU 312 PL, individual pits had almost round
openings, which are not typical of any category proposed by IAWA Committee [25], but
approach the cupressoid type. However, their cross-field pitting type was comparable to the
araucarioid one, in which there were ten or more pits per cross-field, distributed in four or five
rows with tendency for crowding. The difficulty of attributing the condition of LPU 312 PL to
any specific type may be related to the classification of IAWA Committee [25] based on extant
species and/or due to the indistinctness between the araucarioid and cupressoid types after the
fossilization [57].

LPU 312 PL shares many traits with other members of Pseudofrenelopsis, but it is character-
ized by a set of features that makes it well different from the aforementioned taxa, as shown in
Tables 1 and 2. Thus, it is reasonable to state that the specimen in question is not P. capillata,
which supports the inference of more than one Pseudofrenelopsis species in the Crato Forma-
tion of the Araripe Basin.

Significance of Brachyphyllum obesum anatomical features

Brachyphyllum branches, despite being the most common plant megafossils in the Araripe
Basin, are understudied regarding their anatomy. Rare exceptions, like Kunzmann et al. [21]
and Sucerquia [22,23], covered this subject. So far, only two species based on leafy branches
have been recognized from that basin, B. obesum, by far the most abundant one, and B. castil-
hoi, rarely found [15].

Some features could not be observed due to the poor preservation of some specimens, so
they will not be discussed here. Among the leaf anatomical traits, the shape and arrangement
of stomata are noteworthy. A great number of Brachyphyllum species resembles B. obesum
from the Araripe Basin in some aspects. B. obesum specimens from the Tetori Group, Japan,
described by Yabe and Kubota [20], had their leaf surface ornamented by longitudinal stria-
tions that converged towards the apex. These striations, also present in the Araripe specimens
and many other species (e.g., B. lorchi, B. ningshiaense, B. obtusum, B. squamosum, B. negeven-
sis, B. expansum, and B. scalbiensis), are more precisely stomatal rows [12,13,58-61]. In con-
trast, many other species presented stomata arranged in a random or varied fashion, like B.
patens, B. tigrense, B. elegans, B. pulcher, and B. castatum [6,58,62-64], or their stomatal rows
are not well defined, as in B. mamillare and B. crucis [13]. A large number of species with irreg-
ularly distributed stomata were attributed to Cheirolepidiaceae, whereas most species with lon-
gitudinal stomatal rows were allocated within Araucariaceae [6,11,65] (Table 3).

Most Brachyphyllum species from other regions had completely sunken stomatal apparatus
[6,58,59,61]. Particularly, in B. obesum specimens here described, the anticlinal walls of the
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Table 3. Comparison of anatomical features of Brachyphyllum obesum, Araucariaceae, and Cheirolepidiaceae.

Taxon Stomatal arrangement Tracheid pitting in radial walls | Cross-field Secretory channels | Refereces
type in xylem
Cheirolepidiaceae | Usually random or rarely arranged | Usually uniseriate Usually Not informed or [6,16,28,46,51,54,62,64]
in rows cupressoid absent
Araucariaceae Usually in continuous longitudinal | Often biseriate, alternate, and/ | Araucarioid Resin plugs are [11,13,25,65-68]
rows or rarely random or more rarely uniseriate common
B. obesum In continuous longitudinal rows Biseriate, alternate, or Araucarioid Resin plugs This paper,[15,21,23]
uniseriate eventually found

doi:10.1371/journal.pone.0173090.t003

subsidiary cells were prominent and only the guard cells, which were not preserved, could
have been sunken in relation to other epidermal cells, as in B. mamillare and B. stemonium,
schematically represented by Kendal [13]. This feature is quite common in arid environments,
because it avoids a greater loss of water by means of evapotranspiration [49,69]. Despite the
non-observation of stomatal pits, the general shape of the stomatal apparatus suggest perpen-
dicular openings, which is in accordance with the specimens analyzed by Kunzmann et al.
[21].

As mentioned for Pseudofrenelopsis, works on wood structures of Brachyphyllum are rare
[6,11], which might be also related to difficulties for processing brittle specimens. The study of
Kunzmann et al. [21] reported some features of the B. obesum xylem, but they did not scruti-
nize them or present more detailed images. On the other hand, the new specimens here
described partially fill in the gap in the knowledge of xylem features of B. obesum from the
Crato Formation. The described samples show a xylem composed by oval to round tracheids
with uniform diameters and few intercellular spaces, being similar to many gymnosperm spe-
cies, including B. macrocarpum, Araucarioxylon chapmanae, and Araucariopitys antarcticus
[11,66]. Furthermore, tracheid walls were thin and the lumina were ample, as in A. chapmanae
and A. antarcticus [66]. However, there is no evidence of different growth patterns, differing
from the latter two species but similar to the B. obesum specimens figured by Sucerquia [23].
Particularly, the absence of growth rings might have been related to either the age of the stem,
without having gone completely through a seasonal cycle, or a period of water stability [70-
72].

Pits observed in the studied samples were areolate, as those reported in B. obesum [23], B.
macrocarpum [11], and B. patens [6]. In addition, the specimens figured by Sucerquia [23] pre-
sented biseriate and alternate pits, a common feature of members of Araucariaceae [25,66].
Nevertheless, here we reported tracheids bearing uniseriate pits with angular outlines in B. obe-
sum, which were also observed in A. antarcticus [66].

Resin plugs, eventually noticed, are common tracheid features of members of Araucariaceae
[25], whereas wall thickenings are rarer in the fossil record. With respect to the B. obesum spec-
imens analyzed here, the observed thickenings resembled those of B. patens [6]. On the other
hand, each cross-field had six or more pits distributed in three or four rows and with a ten-
dency for crowding and, hence, could be classified as of the araucarioid type [25]. However,
this condition differs from the average of eleven pits per field reported by Sucerquia [23]. The
significance of this dissimilarity between different B. obesum specimens is something to be fur-
ther investigated.

The taxonomic placement of B. obesum specimens from the Araripe Basin has been contro-
versial. They are sometimes allocated in Cheirolepidiaceae, due to morphological resem-
blances with non-frenelopsid members of this family and the abundance of Classopollis-type
pollen [22,73]. On the other hand, they are also included in Araucariaceae based on morpho-
logical and epidermal features [21,23,73]. The present study on B. obesum from the Crato

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 13/18



@° PLOS | ONE

Anatomy of two Lower Cretaceous conifers

Formation of the Araripe Basin supports in general its allocation within Araucariaceae, follow-
ing Kunzmann et al. [21] and Sucerquia [23], based on both epidermal and wood features that
are exclusive or more common in this family, like: 1) stomata arranged in longitudinal rows;
2) alternate tracheid pits; 3) presence of resin plugs; 4) araucarioid cross-field pits.

Paleoecological significance

All specimens studied in this contribution show adaptations conditioned by aridity and/or
salinity [16,21]. It should be noted that the effects of these factors may be difficult to be dis-
tinguished from each other, because the adaptive responses for the water stress in both
conditions can be the same [73,74]. In Brachyphyllum obesum, the small, imbricate, and
appressed leaves were likely responses to the intense solar radiation and water scarcity,
reducing the surface for gas exchanges and, hence, the water loss during the evapotranspira-
tion [73,75]. Although not preserved, Pseudofrenelopsis sp. (LPU 312 PL) leaves seemed to
have been less numerous than those of B. obesum as indicated by their insertion points. This
fact may suggest that adaptive responses to the water stress of the former conifer were even
more extreme than in the latter.

Vascular features might have had also paleoecological implications. For instance, in Pseu-
dofrenelopsis sp., the thick tracheid walls could have prevented the collapse of the conduct-
ing cells, indicating great tolerance to the water scarcity [76-79]. Also, the thick membranes
between the pits of Pseudofrenelopsis sp. could also avoid the embolism of the conducting
system, being another indicator of hydraulic safety [76,77,80]. These membranes were not
yet reported for P. capillata, but they are even thicker in P. parceramosa, from the Lower
Cretaceous Speeton Clay Formation, especially at their central portion (torus) [54]. This
difference regarding the thickness of the membrane may imply that P. parceramosa inhab-
ited areas under more intense water stress than the specimen from the Araripe Basin here
discussed.

On the other hand, B. obesum tracheids presented less thick walls and greater lumina than
those of LPU 312 PL, which could be related to different paleoenvironmental settings, includ-
ing the distance from their specific habitats to the depositional environment. However, the evi-
dence at hand is scanty, especially regarding the unknown stratigraphic provenance of the
specimens investigated here within the Crato Formation. Thus, other approaches are manda-
tory in order to test that hypothesis, including comparisons with other taxa, like P. capillata.

Final remarks

This study sheds new lights on the anatomy of stems and leaves of two conifers from the upper
Aptian Crato Formation of the Araripe Basin, Pseudofrenelopsis sp. and Brachyphyllum obe-
sum. For instance, it was described for the first time a Pseudofrenelopsis specimen from the
aforementioned deposit without papillate epidermal cells in the middle region of the inter-
nodes, but with tracheids presenting the abietinean radial pitting and round cross-field pits
arranged in a pattern intermediary between the cupressoid and the araucarioid types. On the
other hand, this analysis identified in B. obesum stomatal rows, tracheids with biseriate and
alternate pits, resin plugs, and araucarioid cross-field pits. Besides their physiological and eco-
logical implications, the new data have also important taxonomic implications for both genera.
In the case of Pseudofrenelopsis, it is likely that at least two different species were present in the
Crato Formation taphoflora, whilst the aforementioned features of B. obesum further support
its previous placement among araucariaceans. However, these inferences can be seen as
hypotheses for future investigations and any contribution in this regard is welcomed.

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 14/18



@° PLOS | ONE

Anatomy of two Lower Cretaceous conifers

Acknowledgments

We are in debt to Joel Ferreira for his technical assistance during the SEM analysis at the
Laboratdrio de Microscopia Eletronica (UFC). Our gratitude is also extended to the staffs

of the Central Analitica (UFC) and Centro de Microscopia Eletrénica (UESC). Dimitra Man-
tzouka, Xiao-Ju Yang and an anonymous reviewer provided helpful comments that improved
considerably the quality of this paper.

Author Contributions

Conceptualization: MEPB AAFS MAFS MIBL.

Formal analysis: MEPB DCS.

Investigation: MEPB DCS.

Methodology: MEPB.

Resources: AAFS DCS AAS.

Supervision: MEPB AAFS MIBL AAS.

Visualization: MAFS MEPB.

Writing - original draft: MEPB MAFS DCS AAS.

Writing - review & editing: MEPB MAFS DCS MIBL AAS AAFS.

References
1. Meyen SV. Fundamentals of Palaeobotany. New York: Chapman and Hall; 1987.

2. Bernardes-De-Oliveira MEC, Mohr B, Dino R, Guerra-Sommer M, Garcia MJ, Sucerquia PA. As floras
mesofiticas brasileiras no cenario paleofloristico mundial. In: Carvalho IS, Cassab RCT, Schwanke C,
Carvalho MA, Fernandes ACS, Rodrigues MAC, et al., editors. Paleontologia: Cenarios de Vida. 1. Rio
de Janeiro: Interciéncia; 2007. pp. 195-233.

3. Berendse F, Scheffer M. The angiosperm radiation revisited, an ecological explanation for Darwin’s
‘abominable mystery’. Ecol Lett. 2009; 12: 1-8.

4. Biffin E, Brodribb TJ, Hill RS, Thomas P, Lowe AJ. Leaf evolution in Southern Hemisphere conifers
tracks the angiosperm ecological radiation. Proc R Soc Lond B Biol Sci. 2012; 279: 341-348.

5. Ash SR. Two new late Triassic plants from the Petrified Forest of Arizona. J Paleontol. 1973; 47: 46—
53.

6. vander Ham RWJM., van Konijnenburg-van Cittert JHA, Dortangs RW, Herngreen GFW, van der
Burgh J. Brachyphyllum patens (Miquel) comb. nov. (Cheirolepidiaceae?): remarkable conifer foliage
from the Maastrichtian type area (Late Cretaceous, NE Belgium, SE Netherlands). Rev Palaeobot Paly-
nol. 2003; 127:77-97.

7. Alvin KL. Cheirolepidiaceae: biology, structure and paleoecology. Rev Palaeobot Palynol. 1982; 37:
71-98.

8. Taylor EL, Taylor TN, Krings M. Paleobotany: the biology and evolution of fossil plants. Academic
Press; 2009.

9. Watson J. The Cheirolepidiaceae. In: Beck CB, editor. Origin and evolution of gymnosperms. New
York: Columbia University Press; 1988. pp. 382—-447.

10. Watson J, Alvin KL. The cheirolepidiaceous conifers Frenelopsis occidentalis Heer and Watsoniocladus
valdensis (Seward) in the Wealden of Germany. Cretac Res. 1999; 20: 315-326.

11.  Hollick A, Jeffrey EC. Affinities of certain Cretaceous plant remains commonly referred to the genera
Dammara and Brachyphyllum. Am Nat. 1906; 40: 189-215.

12. Kendall MW. On Brachyphyllum expansum (Sternberg) Seward, and its cone. J Nat Hist. 1949; 2: 308—
320.

13. Kendall MW. On five species of Brachyphyllum from the Jurassic of Yorkshire and Wiltshire. J Nat Hist.
1947; 14:225-251.

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 15/18



@° PLOS | ONE

Anatomy of two Lower Cretaceous conifers

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.
36.
37.

38.

39.

Harris TM. The Yorkshire Jurassic flora V, Coniferales. London: Trustees of the British Museum; 1979.

Duarte L. Vegetais fosseis da Chapada do Araripe. In: Congresso Brasileiro de Paleontologia, Campos
DA, editors. Coletanea de Trabalhos Paleontoldgicos. Série Geologia. Rio de Janeiro: Departamento
Nacional de Produgéo Mineral; 1985. pp. 557-568.

Sucerquia PA, Bernardes-de-Oliveira MEC, Mohr BA. Phytogeographic, stratigraphic, and paleocli-
matic significance of Pseudofrenelopsis capillata sp. nov. from the Lower Cretaceous Crato Formation,
Brazil. Rev Palaeobot Palynol. 2015; 222: 116-128.

Heer O. Contributions a la flore fossile du Portugal. Lisbon: Academia Real das Ciéncias; 1881.

Seward AC. Catalogue of the Mesozoic Plants in the Department of Geology British Museum (Natural
History): Gymnospermae. London: Order of the Trustees; 1895.

Cao Z. Early Cretaceous floras in circum-Pacific region of China. Cretaceous Res. 1994; 15: 317-332.

Yabe A, Kubota K. Brachyphyllum obesum, newly discovered thermophilic conifer branch from the
Lower Cretaceous Kitadani Formation of the Tetori Group, Central Japan. Memoir of the Fukui Prefec-
tural Dinosaur Museum. 2004; 3: 23-29.

Kunzmann L, Mohr BA, Bernardes-de-Oliveira MEC. Gymnosperms from the Lower Cretaceous Crato
Formation (Brazil). |. Araucariaceae and Lindleycladus (incertae sedis). Fossil Rec. 2004; 7: 155-174.

Sucerquia PA. Gimnospermas eocretaceas da Formagao Crato, bacia do Araripe, Nordeste do Brasil.
M.Sc. Thesis, Universidade de Sao Paulo. 2006.

Sucerquia PA. Taxonomia, modos de preservacgao e fitogeografia de coniferas aptianas da regido
paleoequatorial da América do Sul. Ph.D. Thesis, Universidade de Sao Paulo. 2013.

Metcalfe CR, Chalk L. Anatomy of the Dicotyledons. Volume II: Wood structure and conclusion of the
general introduction. 2nd ed. Oxford: Claredon Press; 1983.

IAWA Committee. IAWA list of microscopic features for softwood identification. IAWA J. 2004; 25: 1—
70.

Philippe M, Bamford MK. A key to morphogenera used for Mesozoic conifer-like woods. Rev Palaeobot
Palynol. 2008; 148: 184—207.

Kerp H. The Study of Fossil Gymnosperms by Means of Cuticular Analysis. Palaios. 1990; 5: 548-569.

Axsmith BJ. The vegetative structure of a Lower Cretaceous conifer from Arkansas: further implications
for morphospecies concepts in the Cheirolepidiaceae. Cretaceous Rese. 2006; 27: 309-317.

Pires EF, Guerra-Sommer M. Growth ring analysis of fossil coniferous woods from early cretaceous of
Araripe Basin (Brazil). An Acad Bras Cienc. 2011; 83: 409-423. PMID: 21625801

Conceicdo DM, Andrade LS, Cisneros JC, lannuzzi R, Pereira AA, Machado FC. New petrified forest in
Maranh&o, Permian (Cisuralian) of the Parnaiba Basin, Brazil. J South Am Earth Sci. 2016; 70: 308—
323.

Assine ML. Andlise estratigrafica da bacia do Araripe, Nordeste do Brasil. Braz J Geol. 1992; 22: 289—
300.

Valenga LMM, Neumann VH, Mabesoone JM. An overview on Callovian-Cenomanian intracratonic
basins of Northeast Brazil: Onshore stratigraphic record of the opening of the southern Atlantic. Geol
Acta. 2003; 1:261-275.

Neumann VHL, Cabrera L. Una nueva propuesta estratigrafica para la tectonosecuencia post-rifte de la
cuenca de Araripe, noreste de Brasil. In: Boletim do 5° Simposio Sobre o Cretaceo do Brasil; 1999; Rio
Claro, Brazil. Rio Claro: Universidade Estadual de Sdo Paulo; 1999. pp.279-285.

Neumann VHL. Estratigrafia, sedimentologia, geoquimica y diagénesis de los sistemas lacustres
aptiense-albienses de la Cuenca de Araripe (Noreste de Brasil). Ph.D. Thesis, Universitat de Barce-
lona. 1999.

Assine ML. Bacia do Araripe. Boletim de Geociéncias da Petrobras. 2007; 15: 371-389.
Alroy J. Online paleogeographic map generator. Accessed: http://paleodb.org/?a=mapForm

Martill DM. The geology of the Crato Formation. In: Martill DM, Bechly G, Loveridge RF, editors. The
Crato fossil beds of Brazil: Window into an Ancient World. Cambridge: Cambridge University Press,
2007. pp. 8-24.

Viana MSS, Neumann VHL. Membro Crato da Formagao Santana, Chapada do Araripe, CE: Riquis-
simo registro de fauna e flora do Cretaceo. In: Schobbenhaus C, Campos DA, Queiroz ET, Winge M,
Berbet-Born MLC, editors. Sitios Geoldgicos e Paleontolégicos do Brasil. Brasilia: Comisséo Brasileira
de Sitios Geoldgicos e Paleobioldgicos; 2002. pp. 113—120.

Viana MSS. Estratigrafia e paleontologia da Formag&o Santana, Cretaceo Inferior da Bacia do Araripe,
nordeste do Brasil. Anuério do Instituto de Geociéncias. 1993; 16: 110-111.

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 16/18


http://www.ncbi.nlm.nih.gov/pubmed/21625801
http://paleodb.org/?a=mapForm

@° PLOS | ONE

Anatomy of two Lower Cretaceous conifers

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.
56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

Mohr BA, Friis EM. Early angiosperms from the Lower Cretaceous Crato Formation (Brazil), a prelimi-
nary report. Int J Plant Sci. 2000; 161: 155—-167.

Mohr BAR, Bernardes-de-Oliveira MEC, Loveridge RF. The macrophyte flora of the Crato Formation.
In: Martill DM, Bechly G, Loveridge RF, editors. The Crato fossil beds of Brazil: Window into an Ancient
World. Cambridge: Cambridge University Press, 2007. pp. 537-565.

Barral A, Gomez B, Zorrilla JM, Serrano JM, Yans J, Cazedebat M, Lécuyer C. Local-scale analysis of
plant community from the Early Cretaceous riparian ecosystem of Hautrage, Belgium. Palaeogeogr
Palaeoclimat Palaeoecol. 2016; 443: 107-122.

Mussa D, Babinski M, Dino R, Arai M. A presenca do género Pseudofrenelopsis Nathorst na bacia
mesozdica Lima Campos, Estado do Ceard, Brasil. In: Boletim de Resumos do 12° Congresso Brasi-
leiro de Paleontologia; 1991; S&o Paulo, Brazil. Sdo Paulo: Sociedade Brasileira de Paleontologia;
1991. pp. 115.

Zhou Z. On some Cretaceous pseudofrenelopsids with a brief review of cheirolepidiaceous conifers in
China. Rev Palaeobot Palynol. 1995; 84: 419-438.

Yang X-J, Guignard F, Thévenard F, Wang Y-D, Barale W. Leaf cuticle ultrastructure of Pseudofrene-
lopsis dalatzensis (Chow et Tsao) Cao ex Zhou (Cheirolepidiaceae) from the Lower Cretaceous Dalazi
Formation of Jilin, China. Rev Palaeobot Palynol. 2009; 153: 8—18.

Watson J. Some Lower Cretaceous conifers of the Cheirolepidiaceae from the USA and England.
Palaeontology. 1977; 20: 715-749.

Srinivasan V. Conifers from the Puddledock locality (Potomac Group, Early Cretaceous) in eastern
North America. Rev Palaeobot Palynol. 1995; 89: 257-286.

Du B, Zhang M, Dai S, Sun B. Discovery of Pseudofrenelopsis from the Lower Cretaceous of Liupan-
shan Basin and its paleoclimatic significance. Cretac Res. 2014; 48, 193-204.

Sun B, Dai J, Wang Y, Jia H, Yan D, Jiang Z. Pseudofrenelopsis fossils from Cretaceous gypsum beds
in Guixi, Jiangxi Province, China and their geological significance. Isl Arc. 2011; 20: 43-56.

Yang X-J, Deng S. Discovery of Pseudofrenelopsis gansuensis from the Lower Cretaceous of Wangg-
ing, Jilin Province, and its significance in correlation of Cretaceous red beds in China. Acta Geol Sin.
2007; 81:905-910.

Zhou Z. A heterophyllous cheirolepidiaceous conifer from the Cretaceous of East China. Palaeontology.
1983; 26: 789-811.

Saiki K. A new cheirolepidiaceous conifer from the Lower Cretaceous (Albian) of Hokkaido, Japan.
Paleontological Research. 1999; 3:29-35.

Alvin KL, Fraser CJ, Spicer RA. Anatomy and palaeoecology of Pseudofrenelopsis and associated coni-
fers in the English Wealden. Palaeontology. 1981; 24: 759-778.

Hill CR, Yang XJ, Zhou Z, Doyle JC. Exceptionally preserved conifer twigs of Pseudofrenelopsis from
the marine Lower Cretaceous of Yorkshire, England. Acta Paleontologica Sinica. 2012; 51: 395—410.

Fahn A, Cutler DF. Xerophytes. Berlin: Gebrider Borntraeger; 1992

Kozlowski TT. Growth and Development of Trees. Volume Il: Cambial Growth, Root Growth and
Reproductive Growth. New York: Academic Press; 1971.

Gerards T, Damblon F, Wauthoz B, Gerrienne P. Comparison of cross-field pitting in fresh, dried and
charcoalified softwoods. IAWA J. 2007; 28: 49-60.

Lorch J. Some Jurassic conifers from Israel. Bot J Linn Soc. 1968; 61: 177—188.

Raab M, Horowitz A, Conway BH. Brachyphyllum lorchii sp. nov. from the Upper Jurassic of Israel. Rev
Palaeobot Palynol. 1986; 46: 227—234.

Kvacek J. The conifer Brachyphyllum squammosum from the Bohemian Cenomanian. Acta Palaeobot.
2007; 47:25-35.

Du BX, Sun BN, Ferguson DK, Yan DF, Dong C, Jin PH. Two Brachyphyllum species from the Lower
Cretaceous of Jiuquan Basin, Gansu Province, NW China and their affinities and palaeoenvironmental
implications. Cretac Res. 2013; 41: 242-255.

Watson J, Fisher HL, Hall NA. A new species of Brachyphyllum from the English Wealden and its proba-
ble female cone. Rev Palaeobot Palynol. 1987; 51: 169-187.

Traverso NE. Brachyphyllum tigrense, nueva conifera de la Formacion Baquerd, Cretacico de Santa
Cruz. Ameghiniana. 1966; 4: 189—194.

Karakitsios V, Kvacek Z, Mantzouka D. The first plant megafossil in the Early Jurassic of Greece: Bra-
chyphyllum (Coniferales) from the Lower Posidonia Beds (Toarcian) in the lonian zone (NW Greece)
and its palaeogeographic implications. N Jahrb Geol Paldontol A. 2015; 278: 79-94.

Stockey RA, Ko H. Cuticle micromorphology of Araucaria de Jussieu. Bot Gaz. 1986: 508-548.

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 17/18



@° PLOS | ONE

Anatomy of two Lower Cretaceous conifers

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.
79.

80.

Poole |, Cantrill D. Fossil woods from Williams Point beds, Livingston Island, Antarctica: a late Creta-
ceous southern high latitude flora. Palaeontology. 2001; 44: 1081-1112.

Thompsom WP. The Structure of the Stomata of Certain Cretaceous Conifers. Bot Gaz. 1912; 54: 63—
67.

Holden R. On the Cuticles of Some Indian Conifers. Bot Gaz. 1915; 60: 215-227.

Jordan GJ, Weston PH, Carpenter RJ, Dillon RA, Brodribb TJ. The evolutionary relations of sunken,
covered, and encrypted stomata to dry habitats in Proteaceae. Am J Bot. 2008; 95: 521-530. doi: 10.
3732/ajb.2007333 PMID: 21632378

Grissino-Mayer H. A Familiar Ring: An Introduction to Tree-Ring Dating. Newsletter of the Violin Society
of America. 1999; 3—7.

Syampungani S, Geldenhuys CJ, Chirwa PW. Age and growth rate determination using growth rings of
selected miombo woodland species in charcoal and, slash and burn regrowth stands in Zambia. J Ecol
Nat Environ. 2010; 2: 167-174.

Ng FSP. Age of trees in tropical rainforests estimated by timing of wood decay. J Trop For Sci. 2013;
25:437-441.

Bernardes-de Oliveira MEC, Sucerquia PA, Mohr B, Dino R, Antonioli L, Garcia MJ. Indicadores paleo-
climaticos na paleoflora do Crato, final do Aptiano do Gondwana Norocidental. In: Carvalho IS, Garcia
MJ, Lana CC, Strohschoen O Jr., editors. Paleontologia: Cenarios de Vida—Paleoclimas. 5. Rio de
Janeiro: Interciéncia; 2014. pp. 99-118.

Grigore MN, Ivanescu L, Toma C. Halophytes: An Integrative Anatomical Study. Springer International
Publishing, 2014.

Lewis MC. The physiological significance of variation in leaf structure. Sci Prog. 1972; 60: 25-51.

Tyree MT, Davis SD, Cochard H. Biophysical perspectives of xylem evolution: is there a tradeoff of
hydraulic efficiency for vulnerability to dysfunction? IAWA J. 1994; 15: 335-360.

Bouche PS, Larter M, Domec JC, Burlett R, Gasson P, Jansen S, Delzon S. A broad survey of hydraulic
and mechanical safety in the xylem of conifers. J Exp Bot. 2014; 65: 4419-4431. doi: 10.1093/jxb/
eru218 PMID: 24916072

Carlquist SJ. Ecological strategies of xylem evolution. University of California Press; 1975.

Landrum JV. Wide-band tracheids in genera of Portulacaceae: novel, non-xylary tracheids possibly
evolved as an adaptation to water stress. J Plant Res. 2006; 119: 497-504. doi: 10.1007/s10265-006-
0013-8 PMID: 16896531

Sperry JS, Tyree MT. Water-stress-induced xylem embolism in three species of conifers. Plant Cell
Environ. 1990; 13: 427-236.

PLOS ONE | DOI:10.1371/journal.pone.0173090 March 3,2017 18/18


http://dx.doi.org/10.3732/ajb.2007333
http://dx.doi.org/10.3732/ajb.2007333
http://www.ncbi.nlm.nih.gov/pubmed/21632378
http://dx.doi.org/10.1093/jxb/eru218
http://dx.doi.org/10.1093/jxb/eru218
http://www.ncbi.nlm.nih.gov/pubmed/24916072
http://dx.doi.org/10.1007/s10265-006-0013-8
http://dx.doi.org/10.1007/s10265-006-0013-8
http://www.ncbi.nlm.nih.gov/pubmed/16896531

