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Gymnosperms from the Lower Cretaceous Crato Formation (Brazil). 
I. Araucariaceae and Lindleycladus (incertae sedis) 
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Abstract 

Fossil conifers from the Early Cretaceous, most likely late Aptian, Crato Formation were studied. The excellent preservation 
of several of those fossils allowed detailed investigations of the leaf epidermis by light microscope (LM) and by scanning 
electron microscope (SEM). Members of two conifer taxa were recognized: The Araucariaceae are represented by a female 
cone of cf. Aruucuriu spec. A juvenile cone (Araucuriostrobus spec.) and sterile foliage shoots of Brachyphyllum obesuni 
might be attributed to the Araucariaceae as well. The morpho-genus Lindleycludus (incertae sedis) is represented by foliage 
shoots. The occurrence of Lzndleycludus is the first record of this extinct morpho-genus in the Southern Hemisphere. Anato- 
mical features of these conifers are interpreted as adaptations to a warm seasonally dry climate. Taphonomic problems concer- 
ning these conifer remains are discussed. 
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Zusammenfassung 

Fossile Koniferen aus der unterkretazischen, hochstwahrscheinlich oberaptischen Crato Formation wurden untersucht. Die 
ausgezeichnete Erhaltung einiger Exemplare gestattete die Analyse von Blattepidermen mittels Licht- und Rasterelektronen- 
mikroskop. Vertreter zweier Koniferentaxa wurden nachgewiesen: Araucariaceae kommen mit einem weiblichen Zapfen von 
cf. Araucuriu spec. vor. Ein juveniler Zapfen (Araucuriostrobus spec.) und sterile Zweige mit der Beblatterung der Morpho- 
Species Brachyphyllum obesum werden unter Vorbehalt ebenfalls zu den Araucariaceae gestellt. Vegetative Organe der Mor- 
pho-Gattung Lindleycludus (incertae sedis) sind ebenfalls erhalten. Das Vorkommen von Lindleycludus ist ein erster Nach- 
weis dieser fossilen Morpho-Gattung in der Sudhemisphare. Anatomische Merkmale dieser Koniferen werden als Anpassun- 
gen an ein warmes, saisonal trockenes Klima gedeutet. Im Zusammenhang mit den Koniferenresten werden taphonomische 
Probleme diskutiert. 

Schliisselworter: Fossile Koniferen, Blattepidermis, Araucariaceae, Lindleycladus, Untere Kreide, Crato Formation, Brasilien. 

Introduction 

During the Early Cretaceous many conifer fa- 
milies, such as the Araucariaceae, Podocarpaceae, 
Cupressaceae s. 1. (including Taxodiaceae) , and 
Cheirolepidiaceae were present worldwide. While 
the Cheirolepidiaceae are now extinct, Araucaria- 
ceae and Podocarpaceae grow mainly in the 
Southern Hemisphere. There are several excep- 
tions e.g. Agathis extends to Maleysia and the 
Phillipines, Nageia occurs in Asia as far as south- 

ern Japan, Afrocedrus grows in Ethiopia and the 
Podocarpaceae Dacrycarpus and Dacrydium 
reach SE-Asia (Page 1990). 

Earlier studies on Mesozoic conifers were fo- 
cused mostly on the Northern Hemisphere, how- 
ever, during the last decades Southern Hemi- 
sphere conifers were studied intensely as well 
(Hill & Brodribb 1999; see below). High latitude 
Cretaceous microfloras from the Antarctic Pe- 
ninsula area, the Kerguelen Plateau, and Austra- 
lia contain pollen of various Podocarpaceae s. l., 
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such as Podocarpus. Microcachrys, Dacrydium, 
and Phyllocladus of the Phyllocladaceae (Cook- 
son & Pike 1953, Dettmann et al. 1992). Macro- 
floras reflect the importance of conifers in the 
southern vegetation as well. In the late Albian of 
Alexander Island various species of Araucaria- 
ceae, Podocarpaceae and Cupressaceae s. 1.. and 
morpho-genera such as Podozamites, Elatocla- 
dus, Brachyphyllum and Pagiophylluni were 
identified which make up 15% of the species di- 
versity of this site (Cantrill & Falcon-Lang 2001). 
From Early Cretaceous Australian strata several 
araucarian species with various leaf types were 
described (Cantrill 1992). Patagonian Mesozoic 
conifer remains comprise several cones organi- 
cally attached to vegetative structures and include 
Podocarpaceae, Cheirolepidaceae, and Araucar- 
iaceae (e.g. Archangelsky 1994, Calder 1953, 
Stockey 1982, 1994). Floras from low latitude 
South America are less well known (see below), 
reports exist only from the Crato and Santana 
Formations of Brazil and from Colombia (e.g. 
Pons et al. 1992). 

This study is focussed on conifer specimens 
with preserved organic matter and on slabs with 
partly silicified plant remains from the late Ap- 
tian Crato Formation of Brazil and thus adds 
information on conifer taxa of Southern Hemi- 
sphere low latitudes. Descriptions of the epider- 
mis anatomy of leaf taxa are given, which have 
been known from this flora as morpho-genera 
(Duarte 1985). In addition, we present prelimin- 
ary results on conifer taxa of which the repro- 
ductive structures are preserved. 

The Flora of the Crato Formation 

Plant fossils and sporomorphs from the Crato 
Formation have been known for many decades, 
and several papers on the flora have been pub- 
lished to date (Barreto et al. 2000, Duarte 1985, 
Maisey 1991, Lima 1978, Lima et al. 1989, Mohr 
& Friis 2000, Mohr & Rydin 2002, Pons et al. 
1992). The Crato flora comprises a diverse as- 
semblage of free-sporing plants, various gymnos- 
perms such as cycadophytes, gnetophytes (Os- 
born et al. 1993, Pons et al. 1992, Rydin et al. 
2003, Mohr et al. 2004) and conifers (Duarte 
1985) in addition to a variety of angiosperms 
(Mohr & Friis 2000). In total about 70-80 spe- 
cies have been recognized, of which more than 
20 taxa are thought to represent angiosperms, 
mostly magnoliid dicotyledons (Mohr & Eklund 
2003, Mohr & Bernardes-de-Oliveira, in press). 

The plants are thought to be mainly from terres- 
trial environments, but there are also a few puta- 
tive aquatic elements. 

The conifer component from the Crato and 
Santana Formations was previously known 
mainly from the pollen record, but also from se- 
veral megaremains. Araucariaceae are repre- 
sented by pollen of the Araucariacites morpho- 
species (Lima 1979) and by araucarian cone 
scales (Martill et al. 1993). Lima (1979) recog- 
nised Podocarpaceae by its pollen. Leafy shoots 
of Podozamites sp. (incertae sedis) which might 
belong to Lindleycladus (see below) are reported 
by Duarte (1985) and by Martill et al. (1993). 
Two previously described Brachyphyllum mor- 
phospecies, B. obesum Heer and B. castilhoi 
Duarte were not assigned to a family due to the 
lack of diagnostic epidermal features. These taxa 
are also known from the Albian Santana Forma- 
tion of the same basin (Martill et al. 1993). The 
extinct family Cheirolepidiaceae is represented 
in the flora by pollen of the genus Classopollis 
Pflug (Lima 1979) and by vegetative shoots of 
the morpho-genus Pseudofrenelopsis Nathorst in 
Felix & Lenk, 1893 emend. Watson, 1977. This 
taxon is present in the Crato as well as in the 
Santana Formation (Bernardes-de-Oliveira, oral 
comm.). Another cheirolepidiacean taxon, To- 
maxellia Archangelsky 1963, previously de- 
scribed from Patagonia (Archangelsky 1963, 
1966, 1968) has been observed as well (present 
in the collection of the MfN, Berlin) and will be 
described in more detail in a forthcoming paper. 
In addition to those taxa cited several undeter- 
mined conifer remains have been mentioned 
from the Crato Formation, such as “small cones, 
incertae sedis” (Martill et al. 1993). 

The fossil record of selected conifer families in 
South America 

Today four conifer families grow in the southern 
hemisphere, three of them in South America: 
Araucariaceae, Cupressaceae and Podocarpa- 
ceae. In addition, in the geologic past the extinct 
Cheirolepidiaceae were present. Here, we sum- 
marise briefly the fossil record of these families 
in South America, except for the Cupressaceae 
s. 1. which seem to be irrelevant for this paper. 

The Araucariaceae contain three extant genera, 
Agathis, Araucaria and Wollemia (Farjon 1998). 
While the fossil record of Agathis and Wollemia 
seems to be restricted to Australia and New 
Zealand (Chambers et al. 1998, Enright & Hill 
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1995), Araucaria was undoubtedly present in the 
Mesozoic of South America. 

The section Araucaria of the genus Araucaria, 
with two extant species in South America, is re- 
presented in the fossil record by leaf remains 
from the Tertiary of the Rio Negro, Argentina 
(Menendez & Caccavari 1966, Stockey 1994). 
The section Bunya is restricted to a single mod- 
ern species in Queensland (Australia), but was 
more diverse and widespread during the Meso- 
zoic (Wilde & Eames 1952, Stockey 1994). In- 
cluded in this group are cones of Araucaria mi- 
rabilis from the Jurassic Cerro Cuadrado Petrified 
Forest of Patagonia, Argentina (Stockey 1994), 
and probably cones of A. alvarezii from the 
Lower Cretaceous of the Chubut Province, Pata- 
gonia, Argentina (Dernbach & Jung 2002). From 
the same area wood, male cones and seedlings 
of Araucaria are known (Stockey 1994). Arau- 
carian cone scales and pollen of Araucariacites 
have been reported previously from the Lower 
Cretaceous Crato Formation (Martill et al. 1993). 
Other extant sections have not been recognized 
in the fossil record of the South American Meso- 
zoic. Another, now extinct section, Yezonia, was 
originally established for a fossil Araucaria with 
Brachyphyllum-like foliage from Upper Cretac- 
eous material of Japan (Ohsawa et al. 1995). 

The Podocarpaceae were relatively diverse in 
the Mesozoic of the Southern Hemisphere, com- 
prising several now extinct, but also living taxa 
(Enright & Hill 1995). Five podocarp genera 
with 16 species grow today in South America 
(Enright & Hill 1995). The Podocarpaceae are 
divided into genera with scale-like or awl-like 
adult leaves and genera with lanceolate or ovate, 
dorsiventrally flattened leaves. The latter group 
contains the genera Retrophyllum and Nageia 
which bear leaves without a single distinct mid- 
rib (Page 1989, 1990). Two of the six extant spe- 
cies of Retrophyllum are native to South Ameri- 
ca, while four are native to New Caledonia and 
Malesia (Page 1990). Retrophyllurn might have 
been present in the Tertiary of South America. 
Extant Nageia is restricted to Asia and its evi- 
dence in the fossil record is not certain (Enright 
& Hill 1995). 

Among the genera with lanceolate leaves and a 
single midrib only Podocarpus is present in the 
modern flora of South America. Podocarpus and 
other related podocarps are reported from the 
Tertiary of South America (Florin 1963), and Po- 
docarpus wood from the Cretaceous of the Ant- 
arctic Peninsula area (Falcon-Lang & Cantrill 
2000). The remaining extant genera of Podocarpa- 

ceae in South America, Saxegothea, Prumnopitys 
and Dacrydium bear scale-like or awl-like leaves 
and seem to be not relevant for this study. 

Podozamites, Lindleycladus, Angariella belong 
according to Harris (1979) to the poorly defined 
family Podozamitaceae which consisted of several 
vegetative and of several fertile morpho-genera 
(Swedenborgia, Cycadocarpidium). At present 
Swedenborgia and Cycadocarpidium are referred 
to the Voltziaceae-Taxodiaceae clade (Grauvo- 
gel-Stamm 1978), so that the vegetative morpho- 
genera mentioned are in fact conifers of unknown 
affinity (incertae sedis). In the Mesozoic of 
South America impressions of Podozamites are 
recorded (e.g. Berry 1945, Duarte 1985, Van Wa- 
veren et al. 2002), but they might partly belong 
to Lindleycladus (see below). 

The extinct Cheirolepidiaceae are widespread 
during the Mesozoic both in the Northern and 
Southern Hemispheres. A more detailed account 
of South American members of the Cheirolepi- 
diaceae will be given in a forthcoming paper. 

Material and methods 

The conifers described in this paper come from the Crato 
Formation of the Araripe Basin, which contains Late Jurassic 
to late Early Cretaceous sedimentary sequences. This forma- 
tion is the lowermost part of the Araripe Group, and based 
on palynological data is considered to be probably late Aptian 
in age (Arai et al. 2001, Doyle 1992, Lima 1978, Pons et al. 
1990, Pons et al. 1992). For a more detailed geographical and 
geological descriptions see Maisey (1991), Martill et al. 
(1993), Mohr & Friis (2000) and Regali (1989). 

The yellowish to light greyish brown bedded limestone 
(Plattenkalk) is mined commercially in the area of Santana 
do Cariri in Northeastern Brazil, and delivers a wide array of 
fossils, invertebrate and vertebrate faunas, as well as a di- 
verse flora. The plant fossils are of varying preservation. 

Conifer remains constitute a relatively large part of the 
flora. They are mainly represented by sterile foliage shoots, 
reproductive organs are less frequent. As for the other com- 
ponents of the flora most of the conifers remains are pre- 
served as impression fossils with or without a thin layer of 
iron oxide, which replaced the original organic matter (Pl. 1). 
The sediments are not fine grained enough to yield informa- 
tion about the cellular structure from these impressions by 
casts or peels. A few shoots where the secondary xylem of 
the main axis and leaves were fully replaced by iron oxide 
are an exception (Pl. 2: 3-4; MfN PB 1999/449; 19991475). 
These specimens allow studies of the cellular structure of the 
leaf epidermis. Rare specimens with a different preservation 
seem to come from the lower part of the section (Martill, 
pers. comm.). There plant fossils occur which are partly silici- 
fied/petrified or contain coalified organic matter (Pl. 2: 1-2; 
MfN PB 19991468). 

The fossils were studied under a Leica MZ APO Micro- 
scope with camera lucida. The photgraphs were taken with a 
Nikon 801 camera and a 60mm Nikkor macro-objective. 
Agfa PAN APX 25 film was used for the photographs. 

To obtain leaf cuticles small parts of lateral shoots or sin- 
gle leaves were removed from the specimen. Afterwards they 
were macerated 1-4 minutes in Schultze solution, then neu- 
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tralized with N h O H  and washed with destilled water. Some 
of the cuticles were mounted on stubs for SEM studies. some 
were coloured with Safranin to make slides for LM studies. 
Cuticle slides were studied under a Leica Aristoplan Micro- 
scope. For SEM studies the samples were sputtered 4min- 
utes with Goldpaladium. For studying iron oxide material 
with SEM small pieces of material were removed from the 
specimen, directly mounted on stubs and sputtered also 
4 minutes with Goldpaladium. The SEM-photographs were 
taken on a LEO 1450VP SEM. 

The material described here was collected from about a 
dozen open cast pits several km south of the town of Nova 
Olinda, between Nova Olinda and Santana do Cariri, and is 
housed at the Paleobotanical Collection of the Museum of 
Natural History, Berlin (Museum fur Naturkunde zu Berlin = 
MfN PB). 

In the taxonomy and the systematics of conifers we follow 
Page (1990) and Farjon (1998). 

Descriptions of reproductive organs 

Araucariaceae Henkel & Hochstetter, 1865 

Araucaria Jussieu, 1789 

cf. Araucaria spec. (strobilus, squamata) 
P1. 1: 1-2; Fig. lA ,  B 
D e s c r i p t  i o n . The ovulate cone (specimen 
MfN PB 2002/1049; P1. 1: l ) ,  preserved in a longi- 
tudinal cross section, is laterally flattened and 
85 mm long and 48 mm in diameter. Only a few 
parts (seeds, parts of the scales) are perminera- 
lized with silica, while most of the scales and the 
cone axis are preserved as iron oxide. The cone 
peduncle is short and thick, 16mm long and 
1Omm in diameter, it bears no leaves or leaf 
cushions. Internally, a central cylindrical cone 
axis contains many thin longitudinally orientated 
resin canals. These resin canals proceed into the 
scale complexes. Numerous tectate brownish 
cone scale complexes are densely helically in- 
serted and diverging at 90" from the axis. Most 
of the scales, which were probably of a leathery 
consistence, are deformed. Only a few scales at 
the cone apex show a typical araucarioid shape: 
the scales are cuneate, widest in the distal part 
and up to 16 mm long and 8 mm wide. The distal 
end is rounded to cuneate and prolongs into a 
short process. 

More than 10 resin canals, which branch out, 
are visible at each scale. It seems that externally 
the cone scale complexes are abraded. The 
scales at the cone apex lack any imprints of seeds 
or holes where the seeds were inserted at the 
scales. Some of the scales, which are laterally at- 
tached at the cone, contain grey-black small el- 
liptical bodies, which are most likely silicified 
seeds (Fig. 1A). Although the scales are quite 

densely attached and the preservation is not op- 
timal, it is obvious that there is a single seed per 
scale. The seeds are probably wingless. 

D i s c u s s i o n .  The shape and size of the cone, 
numerous helically arranged cone scale com- 
plexes, and one seed per scale show the general 
characteristics of ovulate cones of the family 
Araucariaceae (Page 1990). The probably wing- 
less seeds indicate affinities to the genus Arau- 
caria, though the preservation is not complete 
enough to be really sure (Stockey 1982, 1994). 
Features such as the separation between bract 
and ovuliferous scale (distinct ligula) and wings 
of the scale complex, are not preserved. A com- 
pletely fused bract-scale-complex, and a winged 
seed would imply a species of Agnthis Salisbury, 
1807 or Wollemia Jones, Hill & Allen, 1995. At 
present ovulate cones of Agathis and of Wolle- 
mia have not been discovered in the Mesozoic 
fossil record (Stockey 1994). 

Araucarian ovulate cones fully desintegrate at 
maturity on the tree into the scale-seed-com- 
plexes. Therefore, it can be assumed that com- 
plete ovulate cones such as the one under dis- 
cussion were shed before maturity. The 
immaturity complicates any size comparison be- 
tween fossil species. Araucaria mirubilis (Spe- 
gazzini, 1924) Windhausen, 1931 from the Upper 
Jurassic of the Cerro Quadrado Petrified Forest, 
province Santa Cruz, Patagonia (Argentina) has 
spherical to slightly elliptical cones of 25 to 
90mm in length and up to 90mm in width 
(Dernbach & Jung 2002). Araucaria alvarezii 
Dernbach & Jung, 2002 from the Lower Cretac- 
eous of the province Chubut, Patagonia (Ar- 
gentina) has more elongated cylindrical cones, 
which reach 200 mm in length and 70 to 110 mm 
in width (Dernbach & Jung 2002). Cones of two 
species of Araucariostrobus Krasser, 1921 from 
the Lower Cretaceous of the Leiva region, Co- 
lumbia, which can not be assigned with certainty 
to the Araucariaceae, are sub-spherical in shape 
and 70mm long x 60mm wide respectively 
70mm long x 50mm wide (Van Waveren etal. 

Isolated cone scales such as the specimen 
MfN PB 1999/428 (Pl. 1: 3; Fig. 1B) most likely 
belong to the morpho-genus described above. 
This scale fully corresponds with such cone 
scales from the apex of the specimen MfN PB 
2002/1049 = cf. Araucaria spec. The scale is 
cuneate in shape, 18 mm long and 12 mm wide, 
widest at the distal end. The distal margin is 
rounded and prolongs into a short acute process. 

2002). 
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Plate 1. Reproductive organs. 1, cf. Araucaria spec., complete seed cone, MfN PB 2002/1049; 2, Araucuriostrobus spec., MfN 
PB 1999/2290 (scale bars = 1 cm); 3, cf. Aruucaria spec., isolated cone scale. MfiV PB 1999/428. 

There are about 20 thin parallel ribs on the sur- 
face of the basal part, which may be interpreted 
as empty resin canals. 

Similar cone scales, when found in the Upper 
Cretaceous of the Northern Hemisphere are as- 
signed to “Dammara” borealis Heer, 1882 (see 
NEmejc & KvaEek 1975, Kunzmann 1999). The 
affinity of scales of the type “Darnmara” borealis 
is still uncertain, because in all known fossils the 
seed(s) have been already detached. In our spe- 
cimen the scale originated with great certainty 
from an araucarian cone. 

a& Araucariaceae Henkel & Hochstetter, 1865 

Araucariostrobus Krasser, 1921 

Araucariostrobus spec. 
P1. 1: 2; Fig. 1C 

D e s c r i p t i o n  a n d  r e m a r k s .  Among var- 
ious undetermined cones of the Crato flora, 
several are attached to leafy shoots. Specimen 
MfN PB 1999/2290 (Pl. 1: 2) shows a most 
likely female (male cones of Araucariaceae are 
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generally more elongate in shape) juvenile or 
immature cone structure attached to a foliage 
shoot with leaves of the Brachyphyllum type. It 
is preserved as an impression with a thin layer of 
iron oxide. This elliptical cone is 38 rnm long and 
in the median part 28 mm in diameter. About 56 
small rhombic tectate bracts with an acute apex 
are helically and densely arranged. These bracts 
are up to 9 mrn long and up to 6 mm wide. Their 
surface is characterized by dense and fine longi- 
tudinal ribs. The shoot is densely covered with 
the typical rhombic cushions of Brachyphyllum 
leaves, except the lower part, where the leaves 
are completely removed from the axis. There, 
the real thickness of the axis is visible (4 mm in 
diameter), while the leafy part is 10 mm in dia- 
meter. 

The leaves grade into the bracts of the cone. 
This gradual change from the leaves to the 
bracts indicates ontogenetically young cones. 
There are no features to decide whether it is a 
male or a female organ. The shape of the cone, 
number and gross morphology of the bracts infer 
that it is of araucarian affinity. This presumption 
is strengthened by the anatomical features of the 
leaves, which will be described below. If the 
cone belongs to Araucariaceae, this organ is most 
likely female because male cones of Araucaria- 
ceae are generally more elongate in shape. 

For conifer cones with affinities to the Arau- 
cariaceae the morpho-genus Araucariostrobus is 
used, which was originally erected for female 
cones from the Jurassic of Nikolsk-Ussurijsk in 
the Far East of Russia (Krasser 1921: 221). How- 
ever, the original description lacks any diagnostic 
details and therefore the name Araucariostrobus 
needs revision. It is used today generally for arau- 
carioid cones of which only the gross morphology 
is preserved (e.g. Van Waveren et al. 2002). 

Vegetative shoots 

cf. Araucariaceae Henkel & Hochstetter, 1865 

Brachyphy llum Lindley & Hutton, 1836 emend. 
Harris, 1979 

Brachyphyllum obesum Heer, 1881 sensu Duarte, 
1985 
PI. 2-6; Figs 1D-F 
D e s c r  i p t i  o n . Twigs consist generally of up to 
4 branching orders (Pl. 5: 1-2). All branching 
orders are characterized by densely covering, 
helically arranged, slightly imbricate leaves or 
rhomboidal leaf cushions. Main axes are 
12-15 mm wide, sub-main branches 6-10 mm, 
penultimate and ultimate branches 3-5 mm 
wide. Generally, 213 of the width consists of 
leaves. Lateral branches of each order are at- 
tached oppositely or slightly suboppositely at 
their axes and aligned with a horizontal plane 
(Pl. 5: 3). Angles between main and lateral 
branches vary between 45" and 75". Shoots are 
of a quite regular habit. 

The determination of the contact parastichies 
at the studied material is complicated when 
using the method of Watson et al. (1987). Para- 
stichy numbers for specimen MfN PB 1999/465 
are probably 14t-6 (main axis with a width of 
14,4 mm) (Pl. 5: 5);  for specimen MfN PB 19991 
472 probably 8 + 10 (main axis with a width of 
15 mm) (Pl. 5: 1-2); for specimen MfN PB 19991 
452 probably 10 + 12 (main axis with a width of 
11,25mm) (Pl. 5: 3-4); for specimen MfN PB 
1999/471 probably 4 + 2 (penultimate branch 
with a width of 6,7 mm). 

Leaves of the penultimate and ultimate 
branches are of the Brachyphyllum type: free 
part adpressed, apex acute with a rounded tip, 
base of the blade rounded. The leaf margin is 
built of a denticulate frill formed by a single layer 
of cells pointing obliquely forwards (Pl. 4: 2). 
Total length of the leaf is at most as long as 
width of leaf cushion. Free part of the leaf is as 
long as one third of the total length of the leaf. 
Leaf blades are slightly keeled and convex in 
shape. Leaves from the Crato specimens are up 
to 10 mm long and up to 6 mm wide. The leaves 
don't seem to be dimorphic, but show a gradual 
variation in leaf size, especially in the size of the 
free part of the leaves from penultimate shoots. 
The leaf thickness of the penultimate shoot is 
visible in a longitudinal section at specimen MfN 
PB 19991475 (Pl. 2: 4). The leaves are 4 m m  

4 
Fig. 1. Camera lucida drawings of selected specimens. A, cf. Aruucuriu spec., seed cone, detailed drawings of the apical and 
the lateral part, black areas = seeds, MfN PB 2002/1049; B, cf. Aruucuriu spec., isolated cone scale, MfN PB 19991428; C ,  
Aruucuriostrobus spec., h4fN PB 1999/2290; D, Brachyphyllum obesum Heer, 1881, detail of a leafy shoot in longitudinal sec- 
tion, MfN PB 1999/475; E, F Bruchyphyllum obesum Heer, 1881, specimen with coalified organic matter, MfN PB 19991468, 
E, detail of the leafy shoot, F, right: leaf cuticle after maceration, showing abaxial files of stomata, black areas = overlying 
adaxial cuticles (10 x), left: reconstruction of the leaves for orientation; (scale bars for A-E = 1 cm). 
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thick and rhombic in cross section and 10mm 
long, the free part seems to be as half as long as 
the cushion. The apex is probably acute-obtuse. 
The free part of the blade spreads at an angel of 
30"-60" from the axis, and straight or slightly 
curved forward to the axis. Thus the leaves at 
the main axis overlap in size with the definition 
for the morphogenus Pagiophyllurn Heer, 1881 
emend. Harris (Harris 1979: 23). 

Leaves are amphistomatic with monocyclic to 
incompletely amphicyclic stomata; encircling cells 
are very rare. Specimen MfN PB 1999/449 bears 
exceptionally preserved leaf blades of iron oxide: 
the outer pits of the stomatal complexes are 
filled with the white or yellow sediment. This 
makes the distribution of stomata on the leaf 
epidermis clearly visible (Pl. 4: 3). Stomata of 
the abaxial side are placed in well defined longi- 
tudinal files. These files extend over the whole 
surface. Compression fossils exhibit relatively 
thick organic matter (coal) (specimen MfN PB 
1999/468; P1. 2: 1-2). Cuticles of these leaves are 
very thick and well preserved, therefore the 
whole topography of the epidermis can be de- 
scribed. 

The adaxial side (Pl. 3: 4-5) is less cutinized 
than the abaxial one. Stomata are arranged in 
continuous or discontinuous rows. These rows 
are usually oriented longitudinally to the long 
axis of the leaf. One to 5 rows of ordinary epi- 
dermis cells are inserted between stomatal rows. 
The inner surface of the cuticle shows stomata 
surrounded by 4 to 6 subsidiary cells forming an 
oval ring. Within one stomatal row subsidiary 
cells of adjacent stomata are sometimes in con- 
tact but never shared. There is no typical differ- 
ence between polar and lateral subsidiaries. Out- 
er anticlinal walls of the subsidiary cells are 
markedly thickened forming a ring structure. 
Stomata1 pits are narrowly oval in their outlines. 
Size of stomata: rings of subsidiaries are 
80-88 pm long x 44-54 pm wide; outer pits are 
28-36 pm long x 8-16 ym wide. Guard cells are 
lost during the maceration process; they are 
usually sunken into the epidermis layer. Ordina- 
ry cells are longitudinal or isodiametric in shape 
with thick, but straight or slightly curved anticli- 
nal walls. They are arranged in continuous files. 
Periclinal surface without papillae. 

The abaxial side (Pl. 3: 1-3; P1. 6) is distin- 
guished by numerous longitudinal continuous 
rows of stomata. One to 4 rows of ordinary epi- 
dermis cells are inserted between stomatal rows. 
The orientation of stomata is mainly transversal 
to the long axis of the leaf, but longitudinal and 
oblique orientations also occur. Usually stomata 
of one row are transversally orientated over a 
longer section, only a few stomata with longitudi- 
nal or oblique orientation are intercalated. Inner 
cuticle surface: As at the adaxial side 4 to 6 sub- 
sidiary cells form a regular oval to circular ring, 
which surrounds a narrow oval to rectangular 
stomatal pit. It is not possible to distinguish po- 
lar and lateral subsidiaries. Within one row sub- 
sidiary cells of adjacent stomata are usually in 
contact but never shared. Size of stomata: rings 
of subsidiaries are 70-100 pm long and 
60-74 pm wide, outer pits are 24-32 pm long 
and 12-20 ym wide. Ordinary epidermis cells 
are arranged in continuous longitudinal files, 
shape and development of the anticlinal walls as 
at the adaxial side. Outer cuticle surface: No pa- 
pillae or Florin rings are visible. Subsidiaries are 
not or slightly sunken, guard cells are sunken 
into the leaf epidermis. Narrow oval pits are 
without a stomatal wax plug. 

The xylem of the penultimate shoots is more or 
less three-dimensionally preserved without any di- 
agenetic flattening in some of the specimens. The 
xylem of the axis in specimen MfN PB 1999/475, 
which was fully replaced by iron oxide, shows only 
tracheids, but no pitting under SEM. 

D i s c u s s i o n .  Most of the conifer remains 
from the Crato flora are sterile foliage shoots 
with leaves of the Brachyphyllum morphotype. 
For a classification of sterile foliage shoots of 
Mesozoic conifer it is most suitable to use the 
artificial morphogenus Brachyphyllum Lindley & 
Hutton, 1836 emend. Harris, 1979, although vari- 
ous Brachyphyllum species can be ascribed to 
different conifer families, if their cuticle topogra- 
phy is known (Harris 1979). The morphogenus 
Brachyphyllum encloses spirally arranged scale- 
like leaves, if the length of the free part or the 
total height of the leaf and cushion is as long as 
or less than the width of the leaf cushion (Harris 
1979: 4). It is difficult but not impossible to dis- 
tinguish Brachyphyllum species only by their fea- 

4 
Plate 2. Brachyphyllum obesum Heer, 1881. 1-2, specimen with coalified organic matter, complete shoot and detail, MfN PB 
1999/468; 3-4, specimen preserved in longitudinal section, organic matter is replaced by iron oxide, complete shoot and 
detail, real thickness of scaly leaves and xylem of the axis is visible, MfN PB 1999/475 (scale bars = 1 cm). 
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Plate 3. Brachyphyllum obesum Heer, 1881, leaf epidermis, LM photographs of cuticle preparation slides, specimen MfN PB 
1999/468. 1-3, abaxial cuticle; 4-5, adaxial cuticle; 1, almost complete abaxial side showing longitudinal stomatal files, prepa- 
ration specimen MfN PB LM 1999/468-1 (32 x); 2, detail of fig. 1: monocyclic to incomplete dicyclic stomata (250 x) ; 3, 
detail of fig. 1: stornatal files showing orientation of stomata (100 x )  ; 4, almost complete adaxial side showing longitudinal 
stornatal files, preparation specimen MfN PB LM 1999/468-2 (100 x); 5, detail of fig. 4: adaxial stomata (400 x). 

tures in gross morphology (leaf size, size of free 
part of the leaf, leaf margin; e.g. Harris 1979). 

After Martill et al. (1993) two species of Bra- 
chyphyllum are known from the Crato flora, both 
described by Duarte (1985): B. obesum Heer, 
1881 and B. castilhoi Duarte, 1985. Most of the 
Brachyphyllum material from the Crato Forma- 
tion belongs to the morphospecies B. obesum, 
which was erected by Heer (1881) for sterile foli- 
age shoots from the Cretaceous of Almargem, 
Portugal. Heer gave the following diagnosis: “Br. 
ramis alternis, ramulis numerosis, aggregatis, 
crassis, brevibus, apice obtusis, foliis rhombeis, 
dense imbricates, dorso leviter striatis.” Strictly 
speaking this diagnosis was surely sufficient, but 
today it is too general. The abaxial striation 
might be the stomatal files. Due to this striation 
and to the gross morphology of the leaves 
Duarte (1985) named the Crato material B. obe- 
sum. The two specimens from which epidermis 
features were available at present belong to this 
type of Brachyphyllum foliage shoots. We follow 
Duarte in this study, but much more taxonomic 
work has to be done in the future. It is obvious 
that the epidermis features additionally de- 
scribed here have to be compared with the type 
material of B. obesum. Brachyphyllum castilhoi 
is characterized by a regularly pinnate branching 
system, claviform branchlets, abaxially keeled 
leaves with an acute apex and by the disposal of 
the leaves in ten lines on main axes and eight 
lines on branchlets (Duarte 1985). From the fig- 
ures of the holotype this species is distinguished 
from B. obesum by its remarkable habit. 

Brachyphyllum leaves with entire nonpapillate 
stomata in numerous stomatal files are ascribed 
to the Cheirolepidiaceae or to the Araucariaceae. 
It needs additional (supporting) evidence to at- 
tribute them surely to a family (Watson 1988: 
425). The cuticle of Araucaria is characterized by 
stomatal wax plugs, more or less undulating anti- 
clinal walls of the epidermis cells, and by the 
lack of Florin rings (Stockey 1994: 495). Our 
Crato Brachyphyllum resembles in some features 
Brachyphyllum mamillare Lindley & Hutton, 1836 
from the Yorkshire Jurassic Flora (Harris 1979). 
It also has nonpapillate slightly sunken stomata 

4 

placed in conspicuous files equally distributed 
over the whole surface (Harris 1979: 8). B. ma- 
millare is associated with cone scales of Araucar- 
ites philipsii Carruther, 1869, and with no doubt 
both organs belong to one fossil plant, which is a 
member of the Araucariaceae (Harris 1979: 14). 
Remains of fossil Araucaria seed cones that bear 
Brachyphyllum-like foliage are known from the 
Upper Cretaceous of Japan (Ohsawa et al. 1995). 
The extinct section Yezonia Ohsawa et al., 1995 
was established for those specimens. In addition, 
the Crato flora yields several taxa of Classopollis 
Pflug, 1953 - the typical pollen of the members 
of Cheirolepidiaceae (Lima 1979). Therefore, it 
can’t be excluded that there are members of the 
Cheirolepidiaceae among the Brachyphyllum 
specimens within the Crato flora. 

Incertae sedis 

Lindleycladus Harris, 1979 

Lindleycladus spec. 
P1. 7-8 

D e s c r i p t i o n . Gross morphology: The leafy 
ultimate shoots are up to 30-130 mm long, they 
are probably caducous. The leaves are helically 
arranged probably in a simple helix and spread- 
ing all around. Gaps between leaf blades are 
variable, but they seem to be as wide as the blade. 
The leaf blades are more densely arranged at 
the top of the leafy shoot. Leaves are dorsiven- 
trally flattened, lanceolate, straight, and scarcely 
petiolate. The distal end is tapering to an obtuse- 
acute-rounded apex. The basal part is gradually 
leading into the short peduncle. Leaves are 
32,5-133 mm long and 6-7,5 mm wide. The la- 
mina are remarkably thick and fleshy, about 
1 mm thick (Pl. 8: 2), with up to 22 thin longitud- 
inally unforked ribs, only recognizable on im- 
pressions. They seem to be parallel veins. 

The leaf epidermis of specimen MfN PB 1999/ 
442 are excellently preserved as iron oxide, thus 
the distribution of stomata on the leaf epidermis 
is quite visible (Pl. 8: 3). The leaves are hyposto- 
matic. 
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On the abaxial side stomata are placed in 
bands of 3 to 5 files, between the files in one 
band one row of ordinary epidermal cells is ob- 
served. These bands are less cutinised then other 
parts. Within one row subsidiary cells of adjacent 
stomata are never in contact. Pori are strictly 
longitudinally orientated. The outer cuticle sur- 
face shows incompletely amphicyclocytic stomata 
with 4-6 (7) subsidiaries. Guard cells are slightly 
sunken, but subsidiaries are exposed. Distance 
between two stomata of one row: 130-140pm; 
distance between two stomatal rows: 100- 
120 pm. 

Between the stomatal bands are 4 to 6 rows of 
ordinary epidermis cells which probably corre- 
late with the vein stripes. Ordinary epidermis 
cells are elongated and rectangular in shape with 
straight or slightly curved anticlinal walls. They 
are placed in simple longitudinal files. The whole 
epidermis lacks papillae. 

On the inner surface (specimen MfN PB 20021 
1052, pl. 7: 4-7) the rings of subsidiaries are 
oval, 72-84 pm long x 52-60 pm wide. The an- 
ticlinal walls of the subsidiaries are thin and 
curved. Polar subsidiaries are not elongated. Sto- 
matal pits are oblong to oval, 28-36 pm long x 
12-20 pm wide. Ordinary epidermis cells within 
the stomatal bands are more isodiametric then 
rectangular in shape, sometimes also polygonal. 
Size: 25-36 pm wide and l x  to 3x longer then 
wide. Their anticlinal walls thin, straight or 
slightly curved. The periclinal surface shows irre- 
gularly arranged, circular forms, perhaps origi- 
nated from crystal bodies. 

On the adaxial side almost uniformly longitudi- 
nal files of ordinary epidermis cells with straight 
to slightly curved anticlinal walls are visible. 

D i scuss ion .  These leafy shoots belong cer- 
tainly to the conifers, because the stoma type is 
coniferous. This extinct leaf type might belong to 
conifer groups that share several characters with 
the fossil such as the Podocarpaceae Endlicher 
1847, Agathis Salisbury, 1807, or the Podozamita- 
ceae Ncmejc, 1950 (Podozamites Braun, 1843; 
Lindley cladus Harris, 1979). 

There are only two genera of Podocarpaceae 
that have flattened, petiolate, long lanceolate to 
broadly elliptic leaves lacking a distinct midrib 
but with several fine parallel lengthwise veins 
(Page 1990). The leaves of Retrophyllum Page, 
1989 are spirally arranged and obliquely inserted 
into opposite to subopposite and decussate 
whorls; regular pectinate rows on lateral shoots 
(Page 1990); leaves not longer than 30mm. Nu- 
geiu Gaertner, 1788 has broadly ovate-elliptic 
leaves with many fine veins, leaves spirally ar- 
ranged or in decussate pairs on leading shoots 
and opposite to subopposite and spreading on 
lateral shoots, 30-100 mm long (Page 1990: 339). 
Since the Crato remains show different features, 
they can not be assigned to any modern podocarp 
genus. 

The genus Agathis (Araucariaceae) has similar 
petiolate, multi-veined leaves, but the arrange- 
ment and type of stomata are distinct (Stockey 
1994), and therefore Agathis is also different 
from our Crato material. 

The morphology of the leaves is most similar 
to Podozamites and to Lindleycladus, two vege- 
tative morpho-genera of unknown affinity - no 
reproductive structures have been described yet - 
of the Mesozoic and Early Cenozoic. Podoza- 
mites is distinguished from Lindleycladus by 
transversely orientated stomata arranged in files, 
while Lindleycladus has exclusively longitudin- 
ally orientated stomata arranged in narrow 
bands of a few files (Harris 1979: 145). 

The Crato leaves resemble Lindleycladus lan- 
ceolatus (Lindley & Hutton, 1836) Harris, 1979 
in gross morphology, as well as in the arrange- 
ment and orientation of stomata. Thus there is 
no reason to doubt a southern hemisphere occur- 
rence of Lindleycladus in the Cretaceous. 

Lindleycladus is probably identical with Podo- 
zamites sp. from the Crato Formation, described 
by Duarte (1985), but since this description did 
not include a detailed analysis of cuticles, the af- 
finity of those fossils remains unresolved. In the 
Crato flora this foliage type is less common than 
Brachyphyllum leafy shoots. Leaves of Podoza- 
mites spec. are reportet also from the Lower Cre- 

4 
Plate 4. Brachyphyllum obesum Heer, 1881: outer surface of a leafy shoot, organic matter is replaced by iron oxide, specimen 
MfN PB 1999/449. 1, complete shoot (scale bar = 1 cm); 2, detail of fig. 1 (see arrow with entire line): leaves of penultimate 
and ultimate branches showing acute-obtuse apex and denticulate marginal frill (scale bar = 0,2 mm); 3, detail of fig. 1 (see 
arrow with dashed line): leaf of penultimate shoot, abaxial surface showing stomatal files by sedimentary plugs in the stomatal 
pits (scale bar = 0,2 mm); 4-6, SEM photographs of the abaxial side of a leaf removed from an penultimate branch, prepara- 
tion specimen MfN PB SEM 1999/449-4, 4, complete leaf (scale bar = 200 pm); 5, detail of stomatal files (scale bar = 20 pm); 
6, single stoma with slightly sunken guard cells (scale bar = 10 pm). 
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taceous of the Leiva region, Columbia, though 
without epidermis topography. These leaves are 
80-120 mm long and 12 mm wide, constricted at 
the base, with 4-9 parallel unforked veins per 
10 mm (Van Waveren et al. 2002). 

At present the monotypic genus Lindleycladus 
is known from the northern hemisphere, more 
precisely from the Jurassic Yorkshire type local- 
ity (Harris 1979) and from the Cenomanian of 
the Bohemian Massif in Central Europe (Kno- 
bloch & KvaEek 1997). 

Taphonomy and ecology 

Many of the conifer fossil remains are relatively 
fragmentary and partly abraded. Therefore, we 
assume that the majority of these plants did not 
grow close to the area of deposition, but in a 
hinterland which might have been relatively far 
away and the plant parts were probably trans- 
ported via rivers to the area of deposition. Lar- 
ger, almost completely preserved shoots of Bra- 
chyphylluin ohesum (PI. 5: 3 )  by contrast speak 
against long distance transport. There is only little 
known about the ecology of conifers such as Lin- 
dieyciadus. Among the Crato specimens are well 
preserved shoots that bear more than a dozen 
completely preserved leaves. One might deduct 
that the area where Lindleycladus grew was 
probably not,very far away from the place where 
the remains were embedded in the sediment. 

The anatomy of all these conifer remains al- 
lows general conclusions about the environment. 
All conifer taxa show rather thick, coriaceous 
leaves. These characters might be interpreted as 
adaptations to a warm to hot possibly seasonally 
dry climate in the paleoequatorial region. These 
assumptions on the ecology of the Crato conifers 
are confirmed when the habit and anatomy of 
other plant groups are analysed. Ferns, but also 

several angiosperm taxa show adaptions to 
drought: spiny hairs, etherial oil cells and coria- 
eous leaves (Mohr & Rydin 2002). 

It is worth mentioning that a flora of the same 
age from Tunesia shares several taxa with the 
Crato flora, among them Podozamites and var- 
ious angiosperms (Barale & Ouaja 2001). There, 
Weichselia reticdata, a fern with many xero- 
morphic (Alvin 1974) features, might have 
grown near the seashore (Daber 1968). This sup- 
ports the idea that also parts of the Crato flora 
might have grown and been deposited in a near- 
shore environment. 

Conclusions 

Conifers are common in the Early Cretaceous 
Crato flora. Beside a limited number of repro- 
ductive organs numerous foliage shoots occur, 
which are ascribed to two morphotypes. The ex- 
cellent preservation of several of these spcci- 
mens allows detailed morphological and anato- 
mical studies of epidermal features. Based on 
these characters, members of two conifer families 
are identified. 

Araucariaeeae arc represented by female 
cones and isolated cone scales (ef. Araucaria 
spec.) and possibly by Araucariosrrobus spec., a 
juvenile conifer cone. Sterile shoots of the Bra- 
chyphyllum ohesum-type which seem to be the 
most frequent conifer fossils of the Crato Flora 
are considered to belong to the Araucariaceae as 
well. Foliage shoots with large leaves are identi- 
fied as Lindleycladus, that belongs to an unknown 
conifer family, are less common. This is the first 
account of this genus in South America, it has 
been described hitherto only from Europe. 

Anatomical characters of the Crato conifer 
taxa discussed in this paper indicate a warm sea- 
sonally dry climate. 

4 
Plate 5.  Bruchyphyllum ohesum Heer, 1881: impression specimens with a thin cover of iron oxide. 1-2, specimen showing 4 
orders of branching, MM PB 1999/472; 1, complcte shoot (scale bar = 5 cm); 2, detail of fig. 1 (scalc bar = 1 mi); 3-4, 
specimen showing opposite to (sub-) opposite arrangement of lateral branches, M M  PB 1999/452; 3, complete shoot (scale = 
9 cm): 4, dctail of fig. 3: main axis densely covered with scaly leaves (scale bar = 1 cm); 5, shoot with morc elongated leaves, 
MM PB 1999/465 (scalc bar = 1 cm); 6. ultimate shoot with youngest growth rate, MM PB 1999/466 (scale bar = Icm). 

b 
Plate 6. Bruchyphyllu~n obesurn Heer, 1881: leaf epidermis, SEM photographs of the abaxial cuticle, specimen MfN PB 1999iJhX. 
1-6, inner view; 7-44, outer view: 1, epidermis topography of the median part of the leaf blade, preparation specimen MfY PB 
SEM 1999/468-1 (scale bar =lo0 pm): 2, detail of fig. 1: subsidiary cells of stomata (scale bar := 20 pm); 3, epidermis topography 
of the basal marginal part of the leaf lamina, preparation specimen MfN PB SEM 1999/468-3 (scale bar = 1 0  pm); 4. part of 
stornatal files showing randomly orientation of stomata, preparation specimen MfN PB SEM 1999/468-2 (scale bar = 30 pm); 5 ,  
detail of fig. 4: stomata with four and five subsidiary cells (scale bar = 10 pm); 6, stomata. preparation specimen MEV PB SEM 
1999/468-2 (scale bar = 10 pm): 7, single stoma, pit without plug, preparation specimen M M  PB SEM 1999/468-1 (scale bar = 
10 pm): 8. stoma. narrow pit without papillae, preparation specimen MfN PB SEM 1999/468-1 (scale bar = 10 pm). 
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Plate 8. Lindleycludus spec.: shoot with iron oxide preservation of the leaf lamina and leaf epidermis topography, MfN PB 19991 
442. 1. leafy shoot (scale with cm-division): 2. detail of fig. 1 (scale bar = 1 cm); 3-4, SEM photographs of abaxial sidc of a leaf, 
preparation specimen MfN PB SEM 19991442.7: 3. arrangement of stomata in bands of 3-5 files (arrows, scale bar = 200 pm); 4, 
stoma (arrow, scale bar = 10 pm). 

4 
Plate 7. Lindleycludus spec.: shoot with coalified organic matter on the leaf laminas and leaf epidermis topography, MfN PB 200211052. 
1. leafy shoot (scale bar = 1 cm): 2-3, LM photographs of the abaxial cuticle: 2, arrangement of stomata (see arrows), preparation 
specimen MfN PB LM 2002/1052-1 (100 x); 3. ordinary epidermis cell& preparation specimen MiN PB LM 200211052-2 (100 x); 4-7, 
SEM photographs of the abaxial cuticle. inner side, preparation specimen MfN PB SEM 200211052-8; 4, arrangement of stomata (scale 
bar = 50 pm); 5. ordinary epidermal cells (scale bar = 10 pm): 6 ,  stoma (arrow, scale bar = 10 pm); 7, stoma (arrow, scale bar = 10 ym). 
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