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ABSTRACT
The first occurrence of the fossil-genus Phyllotheca (Equise-
tales) from the Carboniferous of Portugal is documented and
its palaeobiogeographical, systematic and evolutionary sig-
nificance is assessed. In this paper, we described this new eq-
uisetalean fossil as new species, Phyllotheca douroensis sp.
nov., found in the Douro Carboniferous Basin (lower Stepha-
nian C/lower Gzhelian, Upper Pennsylvanian), in northwest-
ern Portugal. P. douroensis sp. nov. represents a convergent
form of Phyllothecaceae sensu lato (comprises the Angaran
Tchernoviaceae and the Gondwanan Gondwanostachyaceae)
with closer affinities to Euramerican floral province.
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1 Introduction

T he global-scale changes in the Earth’s 
climate of the late Palaeozoic due to 

the formation of supercontinent Pangaea 
had a key role for the global distribution 

of floras. These late Palaeozoic floras 
were segregated into four major phyto-
geographic provinces (Floral Realms) 
– Angara, Euramerica, Cathaysia and 
Gondwana (e.g., Oshurkova, 1996; Vai, 
2003; Wagner, 2004; Sunderlin, 2010; 
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Cocks & Torsvik, 2011; Pfefferkorn & 
Wang, 2016; Correia & Murphy, 2020; 
Correia et al., 2021). The different “Flo-
ral Realms” show clear differences in 
their terrestrial plants which colonized 
in different palaeoclimates (e.g., Os-
hurkova, 1996; Wagner, 2004). Although 
they shared similar palaeoecologies, 
these palaeoprovinces developed differ-
ent floral assemblages and coal forming 
plants (e.g., Oshurkova, 1996; Wagner, 
2004). More conclusive floral signatures 
are based on a large number of species 
and genera replaced by endemic taxa in 
each of four floristic provinces (e.g., Os-
hurkova, 1996; Vai, 2003; Wagner, 2004; 
Srivastava & Agnihotri, 2010; Correia & 
Murphy, 2020; Correia et al., 2021).

However, several convergent plant 
forms with strong morphological simi-
larity have been documented among the 
different palaeoprovinces (e.g., Boureau, 
1964; Naugolnykh, 2002; Boardmann & 
Iannuzzi, 2010; Srivastava & Agnihotri, 
2010; Boardman et al., 2016; Correia et 
al., 2021). The late Palaeozoic equise-
talean Phyllotheca (sensu Brongniart, 
1828) is a fossil-genus that has been de-
scribed for several plant groups of the 
Equisetales of similar foliage (Phyllothe-
ca-type) with different phylogenetic af-
finities (e.g., Meyen, 1967, 1969, 1971, 
1982, 1987; Cúneo & Escapa, 2006; Nau-
golnykh, 2002; Taylor et al., 2009; Board-
mann & Iannuzzi, 2010; Srivastava & 
Agnihotri, 2010; Boardman et al., 2016; 
Correia et al., 2021). Phyllotheca is a cos-
mopolitan taxon that was widespread 
across the Angaran and Gondwanan 
floral provinces during Carboniferous 
and Permian times (e.g., Townrow, 1955; 
Boureau, 1964; Meyen, 1969, 1971, 1982; 
Oshurkova, 1996; Mcloughlin et al., 
2005; Cúneo & Escapa, 2006; Taylor et 
al., 2009; Srivastava & Agnihotri, 2010; 
Prevec et al., 2010; Boardman et al., 
2016; Correia et al., 2021). By contrast, 
there are other equisetaleans that occur 
only in restricted regions or in a specific 
province because of the restricted envi-
ronmental, climatic and ecological con-
ditions in which these plants lived. Such 
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conditions led to origin to many endemic 
forms with singular morphological char-
acteristics (e.g., Boureau, 1964; Verbits-
kaya & Radchenko, 1968; Oshurkova, 
1996; Naugolnykh, 2002; Weber, 2008; 
Correia et al., 2021). 

In this paper, we report an enigmat-
ic equisetalean fossil from Euramerican 
province with similar floral (morpholog-
ical) characteristics to Gondwanan and 
Angaran provinces, found in the Douro 
Carboniferous Basin (DCB; lower Steph-
anian C/Gzhelian, Upper Pennsylvanian) 
in northwestern Portugal (Fig. 1). Here, 
we describe this new fossil as Phylloth-
eca-like and assess its palaeobiogeo-
graphical, systematic and evolutionary 
significance with the potential floral en-
demism present in the DCB.

2 Geological and palaeontological 
background

The DCB is a narrow (typically less than 1 
km wide) sedimentary basin that occurs 
within the Douro-Beira Carboniferous 
Trough (DBCT), which is located within 
the Central Iberian Zone of the Variscan 
(or Hercynian) Chain of the Iberian Mas-
sif in northwestern Portugal (Fig. 1). The 
DBCT strikes approximately in a north-
west to southeast direction and extends 
about 85 km from the localities of São 
Pedro Fins (Maia, NE Porto) to Janarde 
(Arouca). The DBCT is generally inter-
preted as a narrow pull-apart basin with 
a sinistral strike-slip component (Pinto 
de Jesus, 2001, 2003). Within the DBCT, 
there are several, well-documented ex-
posures of terrestrial strata that were 
deposited during the Carboniferous. 
These deposits range in age from middle 
Bashkirian to Moscovian (equivalent to 
Westphalian in regional chronostratig-
raphy) to upper Gzhelian (equivalent to 
Stephanian C/lower Autunian in regional 
chronostratigraphy).

Strata in the intramontane DCB con-
sist of terrestrial, syntectonic deposits 
of early Stephanian C (early Gzhelian) 
age (Lemos de Sousa & Wagner, 1983; 
Wagner, 1983; Domingos et al., 1983; 
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Pinto de Jesus, 2001, 2003). Toward the 
southwest, the basal strata unconform-
ably overlie a Neoproterozoic to mid-
dle Cambrian sequence known as the 
Schist-Greywacke Complex. Toward 
the northeast, the upper strata of the 
DCB are truncated by a reverse fault 
that placed the Silurian to Devonian se-
quence of the Valongo Anticline over the 
DCB strata (Domingos et al., 1983; Pinto 
de Jesus, 2001, 2003). 

The context for interpreting the new 
equisetalean fossil reported herein is 
provided by associated flora and fauna 
that occur in deposits with intramon-
tane characteristics. These deposits are 
described in detail by Wagner and Le-
mos de Sousa (1983) and Correia et al. 

(2016, 2018) who documented dryland 
floral elements in the DCB such as wal-
chian conifers Ernestiodendron filici-
forme (Schlotheim ex Sternberg) Florin, 
cf. Culmitzschia frondosa (Renault) var. 
zeilleri (Florin) Clement-Westerhof and 
Culmitzschia parvifolia (Florin) Kerp et 
Clement-Westerhof, dicranophyllaleans 
Dicranophyllum gallicum Grand’Eury 
and Dicranophyllum lusitanicum Heer, 
cordaitalean Cordaites, and the cyca-
dopsid Lesleya iberiensis Correia et al. 
The intramontane deposits of DCB are 
also characterised by the presence of 
the non-marine and limnic bivalves An-
thraconaia lusitanica (Teixeira) Eagar 
and Anthraconaia? altissima Eagar (Ea-
gar, 1983).

Figure 1. Regional geological setting of the Douro Carboniferous Basin (lower Stephanian C/lower Gzhe-
lian, NW of Portugal). Geological map showing detailed geology of the São Pedro da Cova region with fossil 
site where was found Phyllotheca douroensis sp. nov. Modified from Correia et al. (2016, fig. 1).
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3 Material and methods

3.1 Locality and fossil material

The Phyllotheca-like fossil (Fig. 3A) was 
discovered in an excavation (outcrop lo-
cation: 41°09’44.65’’ N, 08°30’25.73’’ W) 
during fieldwork in 2010 in the São Pe-
dro da Cova region, in the DCB (Fig. 1). 

Here, we describe it as a new species of 
Phyllotheca. The fossil material consists 
of a single specimen (holotype) and is 
preserved as adpression (compression/
impression; sensu Shute & Cleal, 1996) 
in a laminated shale bed. This lithology 
contains several layers very rich in fos-
sils with well-preserved plant and ani-
mal remains (Fig. 2B).

Figure 2. Lower Gzhelian outcrops of the Sao Pedro da Cova region, Douro Carboniferous Basin, north-
western Portugal. (A) Description of the different horizons of the log; (B) Samples collection of the different 
horizons; (C). H5 and H6 horizons rich in plant fossils, containing some very rare faunal fossils such as 
non-marine bivalves, insects and arachnids; (D). Shale levels containing trunks of Calamites interlayered 
with oxidised iron levels. Excavation works during fieldwork in 2010. (E) Stratigraphic log of the lower 
Gzhelian outcrops of the occurrence of Phyllotheca douroensis sp. nov., in Sao Pedro da Cova region. (a) 
Coal-bearing shale. (b) Fossil-bearing shale. (c) Silt-rich shale. (d) Ferruginous (clay with oxidised iron) 
shale. (e) Levels with tectonic deformation. (f) Calamites-rich levels. (g) Annularia-rich levels. (h) Pterido-
sperms and ferns. (i) Non-marine bivalves. (j) Lusitaneura covensis Loureiro et al., 2010. (k) Palaeodic-
tyoptera (e.g., Stenodictya lusitanica Correia et al., 2014 and Dictyoptera (blattodeans) insects). (l) Aphan-
tomartus pustulatus (Scudder) Rössler. Modified from Correia et al. (2013, fig. 2).

The fossil site (Fig. 2A) preserves var-
ious fossiliferous levels containing many 
remains of plant and animal fossils. The 
new Phyllotheca species was found to-
gether with a diverse flora with several 
fossil-taxa belonging to ferns (e.g., Cy-
athocarpus Weiss, Lobatopteris Wagner, 

Acitheca Schimper, Oligocarpia Göp-
pert, Asterotheca Presl ex Corda, Stel-
latheca Danzé, Spiropteris Schimper), 
pteridosperms (e.g., Douropteris Correia 
et al., Eusphenopteris Gothan ex Sim-
son-Scharold non Kidston, Callipterid-
ium (Weiss) Zeiller, Pseudomariopteris 
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Danzé-Corsin, Neuropteris (Brongniart) 
von Sternberg, Sphenopteris (Brongni-
art) von Sternberg, Dicksoniites Sterzel, 
Telangium Benson, Cyclopteris Brongni-
art), and calamitaleans (e.g., Calamites 
Suckow, Asterophyllites Brongniart, An-
nularia von Sternberg, Calamostachys 
Schimper, Sphenophyllum Brongniart 
(Correia et al., 2019a, b). The Phylloth-
eca-like fossil (Fig. 3A) occurs in asso-
ciation with other equisetaleans (e.g., 
Annularia noronhai Correia et al., 2019b) 
and many fern and pteridosperm taxa 
(e.g., Douropteris alvarezii Correia et 
al., 2019a) found in the H6 horizon (Fig. 
2B, C, E).

The faunal assemblage is also com-
posed of rare animal elements, such as 
myriapods, arachnids (Aphantomartus 
pustulatus (Scudder) Rössler), eurypterids 
(Adelophthalmus sp.) and insects (dictyop-
tera and palaeodictyoptera), and includes 
non-marine bivalves likely belonging to 
the species Anthraconaia lusitanica Teix-
eira (e.g., Loureiro et al., 2010; Correia et 
al., 2013, 2014a, b; Correia et al., 2019a, b; 
Fig. 2B). The occurrence of these non-ma-
rine bivalves indicates that the plants 
and arthropods lived at the interface be-
tween fluvio-lacustrine freshwater envi-
ronments within an intramontane basin 
(Correia et al., 2016, 2019a, b).

Figure 3. Phyllotheca douroensis sp. nov., São Pedro da Cova region, Douro Carboniferous Basin, north-
western Portugal. (A) Holotype specimen (MHNCUP/PAB-130919) characterised by a basal? leaf whorl at-
tached to a broad axis. (B) Camera-lucida hand drawing of holotype highlighting the large and well-devel-
oped disc shaped foliar sheath of the new species.
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3.2 Sample preparation and repository

The holotype specimen was cleaned ei-
ther manually or mechanically with a 
compressed air and electric vibrotool, 
and drawn using a camera lucida to 
help with the taxonomic evaluation. It is 
stored in the Museu de História Natural 
e da Ciência da Universidade do Porto 
(MHNC-UP; Portugal). 

4 Systematic palaeobotany 

Division Sphenophyta
Class Equisetopsida Agardh, 1825

(Subclass Equisetidae)
Order Equisetales DC. ex Berchtold & 

Presl, 1820 
Family Phyllothecaceae sensu lato 

Brongniart, 1828
(Phyllothecaceae sensu stricto ≡ 

Gondwanostachyaceae Meyen, 1969)
Genus Phyllotheca Brongniart, 1828 

emend. Townrow, 1955

1828 Phyllotheca Brongniart, p. 152.
1955 Phyllolheca Brongniart emend. 
Townrow, p. 39–40.

Type species: Phyllotheca australis 
Brongniart, 1828 emend. Townrow, 1955; 
type horizon unknown, Hawkesbury Riv-
er, Sydney Basin, New South Wales, Aus-
tralia (McLoughlin, 1992; McLoughlin et 
al., 2005). 

Generic diagnosis: See Townrow 
(1955, p. 39–40; see also Boureau, 1964, 
p. 392-396).

Distribution of the genus: Cosmopol-
itan genus; late Carboniferous to Early 
Cretaceous (e.g., Boureau, 1964; Ma-
heshwari, 1974; Anderson & Anderson, 
1985; McLoughlin, 1992).

Phyllotheca douroensis sp. nov.

Holotype: MHNCUP/PAB-130919 (Fig. 3A). 

Type locality: São Pedro da Cova region, 
DCB, northwestern Portugal (Fig. 1).

Stratigraphic age: Early Stephanian 
C (middle Gzhelian, ca. 303 Ma), Late 
Pennsylvanian.

Type horizon: Compressed and laminat-
ed grey shales; horizon H6 (Fig. 2B, C, E).

Etymology: The specific epithet “douroen-
sis” refers to the Douro Carboniferous Ba-
sin from which the fossil was collected.

Diagnosis: Leaf whorl with a single, 
large and well-developed foliar sheath, 
totally opened in disc shape, and basally 
attached to a broad axis; densely covered 
with simple to divided veins; veins mainly 
divided two times (rarely thrice); sheath 
margins irregular and entirely dentate; 
small and asymmetrical dentate margins.

Description of the holotype: The ho-
lotype MHNCUP/PAB-130919 (Fig. 3A) 
consists of a nearly complete leaf whorl, 
partially fused into a single, large and 
well-developed disc shaped foliar sheath 
which is attached to a broad axis. The 
leafy axis has a width of about 5 mm and 
is poorly preserved. The foliar sheath is 
large of 4.5–7.5 mm in width and has a 
total length of about 22 mm. The foliar 
sheath is densely covered with simple 
to divided veins, mostly divided twice to 
rarely thrice. The sheath margins are ir-
regular and entirely dentate, with small 
and asymmetrical teeth.

5 Discussion

5.1 Taxonomic assignment 
and comparisons

The new equisetalean fossil from the 
DCB, Phyllotheca douroensis sp. nov. 
(Fig. 3A), displays a large and well-de-
veloped foliar sheath totally released 
from the stem from the node (or distally 
opened), cup-shaped, which are diagnos-
tic features of the fossil-genus Phylloth-
eca described by Brongniart (1828) (see 
summary of the morphological charac-
ters of the genus in Correia et al., 2021, 
table 1; see also McLoughlin, 1992).
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Among all known species of Phylloth-
eca, Phyllotheca douroensis sp. nov. is 
most similar to the Gondwanan Phylloth-
eca etheridgei Arber, 1905 from the late 
Permian of Newcastle Series, New South 
Wales, Australia (Saksena, 1952, 1954; 
Boureau, 1964). Basal leaf whorls of P. 
etheridgei show a large and well-devel-
oped disc shaped foliar sheath with den-
tate margins (Fig. 4) and size comparable 
to that of P. douroensis sp. nov. Howev-
er, they differ from the venation pattern 
in foliar sheaths. The veins of the foliar 
sheath of P. douroensis sp. nov. are divid-
ed at least twice to thrice (Fig. 3B), while 
veins of the foliar sheaths of P. etheridgei 
are simple, without any divisions (Fig. 4). 
Furthermore, there are some dissimilar-
ities in the sheath margins of both spe-
cies; P. etheridgei shows regular dentate 
margins, while the dentate margins of P. 
douroensis sp. nov. are relatively irreg-
ular or asymmetrical. The preservation 
state of the fossil material by compression 
can, however, have had some taphonom-
ic influence on apparent asymmetrical 
shape of the foliar sheath of P. douroen-
sis sp. nov. In addition, P. douroensis sp. 
nov. has similar foliar sheaths to those 
of the Iberisetum Correia et al., 2021, an 
endemic-like taxon from the Late Penn-
sylvanian of DCB, although they present 
structural differences especially in the 
shape of the foliar sheaths.

Only a single leaf whorl is described 
for the P. douroensis sp. nov., but based 
on its broad axis it is likely that it corre-
sponds to a basal leaf whorl from a leafy 
axis with similar foliar polymorphism to 
that of P. etheridgei (Fig. 4).

5.2 Morphological similarity 
with the foliage of Gondwanan 
and Angaran floras and its pala­
eobiogeographical significance

The floras of the DCB are described as 
typical Euramerican floral elements. 
They were deposited and preserved in 
an intramontane environment within 
central tropical Pangaea in seasonal con-
ditions during an interval of wet to dry 

Figure 4. Phyllotheca (Raniganjia?) etheridgei Ar-
ber, 1905 from the late Permian of Newcastle Se-
ries, New South Wales, Australia (Gondwana) show-
ing foliar polymorphism. Reconstruction according 
to Saksena (1954; see Boureau, 1964, fig. 366).

climate transition in the Gzhelian (Late 
Pennsylvanian, ca. 304–299 Ma) (Correia 
& Murphy, 2020; Correia et al., 2016, 
2018). These restricted environmental, 
climatic and ecological conditions led 
to origin to many plant forms with en-
demic morphological characteristics in 
this Euramerican region (e.g., Lesleya 
iberiensis Correia et al., 2016, Acitheca 
murphyi Correia et al., 2018, Douropteris 
alvarezii Correia et al., 2019a, Annularia 
noronhai Correia et al., 2019b, Annular-
ia paisii Correia et al., 2020, Iberisetum 
wegeneri Correia et al., 2021). Howev-
er, some unusual floral elements outside 
of the intramontane basin, such as the 
Gondwanan Stellotheca robusta (Feist-
mantel) Surange & Prakash, have been 
documented in the lower Gzhelian strata 
of DCB (Correia et al., 2014a, 2018).
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new equisetalean fossil (P. douroensis 
sp. nov.) from DCB to the fossil-genus 
Phyllotheca raises some questions from 
the systematic and evolutionary point 
view.

When Brongniart (1828) described 
Phyllotheca, he established the fos-
sil-family Phyllothecaceae (sensu lato) 
based on the vegetative parts attribut-
ed to this fossil-genus (Correia et al., 
2021). Phyllothecaceae sensu lato com-
prises two families: Gondwanostachya-
ceae sensu stricto and Tchernoviaceae 
sensu stricto, two biologically and phy-
togeographically distinct groups (e.g., 
Meyen, 1967, 1969; Coreia et al., 2021). 
The two families have very distinct re-
productive structures but have similar 
foliage, i.e. Phyllotheca-type (Meyen, 
1967, 1969, 1971, 1987; Cúneo & Es-
capa, 2006; Weber, 2008; Srivastava & 
Agnihotri, 2010; Boardman & Iannuzzi, 
2010). Since both groups arose in places 
with similar ecological conditions, this 
homoplasy (in the foliage) is due to con-
vergent evolution (Meyen, 1967, 1987; 
Roesler & Iannuzzi, 2012; see also Nau-
golnykh, 2002). Foliage of P. douroensis 
sp. nov. is closely related to foliage of 
Phyllothecaceae sensu lato, but has no 
preserved reproductive organs that link 
either to Gondwanostachyaceae or to 
Tchernoviaceae.

The close resemblance to the endem-
ic Australian Phyllotheca etheridgei is 
very interesting, because it could indi-
cate phylogenetic affinities between the 
Portuguese and Gondwanan species, i.e. 
with Gondwanostachyaceae. P. ether-
idgei has been renamed as Raniganjia 
etheridgei (Arber) Rigby, 1962a (De et 
al., 2003). Raniganjia Rigby, 1962b cor-
responds to a rare equisetalean member 
from the late Permian beds (Raniganj, 
Kamthi and Pachwara Formations) of 
Indian Gondwana, and equivalent For-
mations in Australia and Brazil (De et 
al., 2003). Later, McLoughlin (1992) con-
sidered P. etheridgei as an intermediate 
form in which leaves are variously fused 
or free, having pointed apices typical of 
Phyllotheca but also showing transverse 

The new equisetalean fossil (Fig. 3A) 
from DCB described herein shows a 
strong morphological similarity with the 
Phyllotheca-type foliage. The fossil-ge-
nus Phyllotheca has an extensive geo-
graphic and stratigraphic range which 
has been globally recognized in upper 
Carboniferous–Early Cretaceous strata 
(e.g., Boureau, 1964). Several late Pa-
laeozoic equisetaleans with Phyllothe-
ca-type foliage have been reported in 
both Gondwanan and Angaran provinces 
(e.g., Boureau, 1964; Meyen, 1971; Nau-
golnykh, 2002, 2004, Taylor et al., 2009; 
Elgorriaga et al., 2018). Rare Palaeozo-
ic equisetalean records with endemic 
characteristics to Angaran floral prov-
ince have also been occasionally report-
ed in the upper Carboniferous of Iberian 
Massif (e.g., Broutin, 1974). For example, 
the first record of the Angaran endemic 
genus Koretrophyllites Radczenko out-
side of the Angara was documented by 
Broutin (1974) who described the Koret-
rophyllites crassinervis found in upper 
Gzhelian (Autunian–Stephanian, Upper 
Pennsylvanian) strata of the Guadalca-
nal Basin, Sevilla, in Spain. These occur-
rences suggest floral exchanges between 
Euramerica, Angara and Gondwana. 
Large-scale floral migrations have been 
documented among the different phyto-
geographic provinces (e.g., Naugolnykh 
& Uranbileg, 2018). The presence of 
Phyllotheca in DCB may indicate a dis-
tant migration of typical Gondwanan or 
Angaran floras to the Euramerican prov-
ince. Such a possible scenario may mean 
that these floral migrations occurred 
when the different provinces shared sim-
ilar climatic conditions for the same time 
intervals.

5.3 Systematic and evolutionary 
considerations

Once the type species (Phyllotheca aus-
tralis) comes from the Gondwanan flo-
ral province (e.g., Boureau, 1964, Mc-
Loughlin, 1992; Mcloughlin et al., 2005; 
Srivastava & Agnihotri, 2010; Roesler 
& Iannuzzi, 2012), the attribution of the 
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striae characteristic of the genus Rani-
ganjia. It is not possible to relate these 
intermediate forms to P. douroensis sp. 
nov. because only a single leaf whorl is 
described for the Portuguese species. 
However, it is very likely that P. douroen-
sis sp. nov. corresponds to a convergent 
form of Phyllotheca-type foliage to the 
Euramerican floral province.

6 Conclusions

In this work, we report the first occur-
rence of the equisetalean fossil-genus 
Phyllotheca, named Phyllotheca douroen-
sis sp. nov., in the Portuguese Carbonif-
erous and it is more an element of strong 
morphological convergence between dis-
tantly related floras. This new finding in-
dicates that Phyllothecaceae sensu lato 
was not restricted only to Angaran and 
Gondwanan floral provinces, suggesting 
that late Palaeozoic equisetaleans with 
Phyllotheca-type foliage occurred in Eu-
ramerican floral realm.
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