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EDITORIAL PREFACE

RoGER L. KAESLER

[The University of Kansas]

From the outset the aim of the Treatise on
Invertebrate Paleontology has been to present
a comprehensive and authoritative yet com-
pact statement of knowledge concerning
groups of invertebrate fossils. Typically,
preparation of early Treatise volumes was un-
dertaken by a small group with a synoptic
view of the taxa being monographed. Two or
perhaps three specialists worked together,
sometimes co-opting others for coverage of
highly specialized taxa. Recently, however,
both new 7Treatise volumes and revisions of
existing ones have been undertaken increas-
ingly by teams of specialists led by a coordi-
nating author. This volume has been pre-
pared by such a team.

Given the aim of the Treatise, one might
be excused for wondering about our
decision, following the earlier lead of
Raymond C. Moore when he first organized
the project, to include in the Treatise on In-
vertebrate Paleontology the phylum
Charophyta. Invertebrates, after all, are
defined as animals without backbones. Of all
the kinds of organisms that are likely to
make it into the Treatise, the charophytes are
perhaps the least animal-like. On the con-
trary, they are among the most plantlike of
the algae, and indeed some authors have re-
garded the charophytes as the basal group of
kingdom Plantae.

The present arrangement, of course, stems
from Moore’s sense of practicality and his
interest in completeness. From the outset his
plan was to include a number of taxa of pro-
tists in the 7reatise. Some of the groups that
are related to the charophytes—in the same
kingdom at least—are among the most use-
ful and intensively studied kinds of fossils.
To have omitted the order Foraminiferida
from the Treatise, for example, would have
done a great disservice to paleontology as a
whole.
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Part C of the Treatise covers the order
Foraminiferida, now regarded by MARGULIS
and ScHwARTZ (1998) as class Foraminifera
of the phylum Granuloreticulosa. Part D, a
rather slim volume, details the radiolarians,
which comprise two classes of the phylum
Actinopoda (MARGULIS & SCHWARTZ, 1998).
Part B, of which this is the first volume, is
intended to deal with all the plantlike pro-
tists: calcareous nannoplankton, benthic cal-
careous algae, dinoflagellates, silicoflagellates
and ebridians, diatoms, and, herein, the
charophytes.

We have departed from Moore’s original
plan in one major way that may disturb
some systematists. The part of the Treatise
that deals with foraminifera (in two vol-
umes) is labeled formally as C Protista 2
and C Protista 2. The radiolarian Treatise is
D Protista 3. Clearly Moore intended the
present volume and others that deal with the
plantlike protists to be formally B Protista 1.
We have, instead, labeled this volume B
Protoctista 1, following MARGULIS and others
(1990), MarGuLis, McKHANN, & OLEND-
ZENSKI (1992), MARGULIS & SCHWARTZ
(1998), and L. MarGuLIs (personal commu-
nication, 2004). BRownN (1993, p. 2,389), in
a widely used dictionary defined protist as
follows: “A member of the kingdom Protista
of simple organisms regarded as intermediate
between or distinct from animals and plants,
including protozoans, algae and (now less
commonly) bacteria and fungi; esp. a unicel-
lular eukaryote, a protozoan or single-celled
alga.”

MarguLis and ScHWARTZ (1998, p. 112)
pointed out that for more than one hundred
years the term protist has connoted a single-
celled organism. The basis for grouping
single-celled organisms separately from mul-
ticellular forms is no longer tenable for at
least two reasons. First, the single-celled



prokaryotes and the single-celled eukaryotes
are organized biologically in fundamentally
different ways and ought not to be classified
together in the kingdom Protista. Second,
many of the predominantly single-celled
eukaryote phyla have multicellular members
that have evolved independently of each
other. MARGULIS and SCHWARTZ (1998, p.
112) capped their argument by pointing out
that CoPELAND (1956) along with numerous
19th-century biologists recognized “the ab-
surdity of referring to giant kelp by the word
‘protist,” a term that had come to imply uni-
cellularity and, thus, smallness.” Use of the
kingdom Protoctista obviates this absurdity,
and we have adopted herein the term for that
reason.

Users of previous volumes of the Treatise
have found in the Editorial Preface details
pertaining to use of the International Code of
Zoological Nomenclature (RIDE & others,
eds., 1999; please refer to the most recent
Treatise volume, Part E(R), vol. 3, 2004, for
guidance about preparation of manuscript
according to zoological nomenclature). The
charophytes, of course, are governed by the
International Code of Botanical Nomenclature
(GREUTER & others, 2000), the provisions of
which are in many instances quite unlike
those of the /CZN. In delving into the use of
the botanical code, we on the Zreatise edito-
rial staff have been assisted by E. L. Taylor,
C. H. Haufler, both of The University of
Kansas, and M. Feist, the coordinating au-
thor of this volume. Nomenclatorial codes
tend to be rather legalistic and difficult to
navigate. Fortunately, a number of sources
are available that guide the interested inver-
tebrate paleontologist who is dealing with
the ICBN for the first time. One source that
we found to be most useful is the set of notes
by FENSOME and WiLLIAMS (2004).

The charophyte Treatise has had a rather
interesting history. R. E. Peck was the origi-
nal author of the volume. He worked with
both R. C. Moore and Curt Teichert. In
1983 Peck turned over his manuscript and
responsibility for the volume to R. M. For-
ester, who enlisted the help of M. Feist and
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N. Grambast-Fessard. Dr. Peck died in 1984,
and in 1991 pressure from his other work
necessitated that Dr. Forester resign his 7rea-
tise responsibilities. In 1995 J. A. Eyer of-
fered to assist with the project but given the
active work of Drs. Feist and Grambast-
Fessard did not get involved further. Dr.
Feist, as coordinating author, and her team
made steady progress. They were assisted by
the preliminary editorial work of R. M.
McCourt.

Some languages, most notably the Polish
and Czech languages, are enriched with the
use of diacritical marks that provide en-
hanced alphabetical diversity. While cel-
ebrating diversity, we have nevertheless
elected to omit such marks from Polish and
Czech geographical terms used in the Trea-
tise. We continue to insert diacritical marks
into authors’ names. Two factors have led us
to this editorial decision. First, we in the
Treatise editorial office typeset electronically
all the pages, and such diacritical marks must
be inserted by hand into the final computer-
prepared pages. This is a costly and time-
consuming operation that is fraught with the
possibility of introducing errors. Second, in
the burgeoning information age of the new
millennium, databases and schemes for in-
formation retrieval will be of critical impor-
tance in managing paleontological informa-
tion. Stability and uniformity of terminology
are requisites of database-management sys-
tems, and the use of diacritical marks and
computer technology are likely to remain
incompatible for some time to come. We
hope that linguistic purists will be tolerant of
this transgression, which we have undertaken
solely in the interest of expediency, consis-
tency, and information retrieval.

In this volume we have taken special pains
to acknowledge authorship of chapters and
subsections. Readers citing the volume are
encouraged to pay close attention to the ac-
tual authorship of a chapter or subsection.

Stratigraphic ranges of taxa have been
compiled from the ranges of lower taxa. In
all instances, we have used the range-through
method of describing ranges. In instances,



therefore, where the work of paleontology is
not yet finished, some ranges of higher taxa
will not show gaps between the ranges of
their subtaxa and may seem to be more com-
plete than the data warrant.

While editor of the Treatise, the late Pro-
fessor Curt Teichert once remarked that a
published Treatise volume is a progress report
and should by no means be regarded as the
last word on the systematics and paleontol-
ogy of the organisms discussed. All of us as-
sociated with publishing this volume hope
that it will stimulate a burst of activity of
research on the charophytes.
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STRATIGRAPHIC DIVISIONS

The major divisions of the geological time scale are reasonably well-established through-
out the world, but minor divisions (e.g., subseries, stages, and substages) are more likely to
be provincial in application. The stratigraphic units listed here represent an authoritative ver-
sion of the stratigraphic column for all taxonomic work relating to this volume. They are
adapted from the International Stratigraphic Chart, and units are approved by the Interna-
tional Commission on Stratigraphy (ICS) and ratified by the International Union of Geologi-
cal Sciences (IUGS). A copy of the comple chart can be obtained at the following

website: http://www.iugs.org/iugs/pubs/intstratchart.htm.
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COORDINATING AUTHOR'S PREFACE

MoNIQUE FEIsT

[Université Montpellier II, France]

The Charophyta, commonly called
charophytes or stoneworts, are green algae
that occur worldwide, sometimes abun-
dantly, in fresh and brackish water. Long
considered a distinctive group, recent mor-
phological and molecular studies have shown
conclusively that charophytes are members
of the evolutionary lineage of green algae
that gave rise to land plants. Their impor-
tance is enhanced by a fossil record more
complete and well studied than nearly any
other calcareous algae, with the exception of
the Dasycladales.

Extant charophytes are of little commer-
cial importance; however, they are of great
scientific value. Their primary importance is
as model organisms in studies of membrane
electrophysiology and cell physiology; and
ecological studies are often in relation to re-
cent problems of water management (see
chapter on Ecology, p. 29).

Although fossil charophytes were reported
as early as the 18th century (SCHREBER,
1759), most charophyte research has been
performed within the last century. After the
first attempts to establish a coherent classifi-
cation of the group (see chapter on Classifi-
cation, p. 83) authors paid attention to the
description of assemblages, first in the Paleo-
zoic of Russia (KARPINSKY, 1906) and in the
Paleozoic and Mesozoic of North America
(PECK, 19344, 1934b, 1938). Studies of Ter-
tiary charophyte floras started in England
(REID & GROVES, 1921); then they were de-
veloped in Germany (MADLER, 1955), Swe-
den (HorN AF RANTZIEN, 1959b), France,
England, Belgium (GrAMBAST, 1958, 1959b,
1962), and in the former USSR (MasLov,
1966a).

At the same time, new observations of
particular characters of the gyrogonite (basal
plate, apical aperture, and ornamentation)
facilitated the distinction of genera and spe-

cies (GRAMBAST, 1956a, 1956¢, 1957).
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GRAMBAST (1964) also revealed the existence
of phylogenetic relationships within the
charophytes and especially within the family
Clavatoraceae, whose lineage to the plant
kingdom is quite remarkable (see chapter on
Evolutionary History, p. 60).

Charophytes are represented in the fossil
record mainly by the calcified female fructi-
fications, consisting of the gyrogonite and
utricle. These fructifications are broadly
spherical bodies, ranging from 200 to 3,500
um. Fossil charophytes provide an excellent
source of stratigraphic data, which have nu-
merous applications in paleontology. Their
distribution in space and time has provided
the basis for establishing biozonal scales (see
chapter on Stratigraphic Distribution, p.
39).

Research developed in the last twenty
years has been concerned primarily with the
application of cladistic analyses and molecu-
lar biology to infer phylogenetic relation-
ships both within the Charophyta and the
plant kingdom (see chapters on Evolutionary
History and Molecular Phylogeny, p. 60 and
p. 77, respectively).

Fossil and extant charophytes are often
studied independently by different groups of
researchers. The present volume brings to-
gether knowledge of fossil and extant forms;
it is thus intended to be a synthesis that is
useful to a wide variety of scientists who
study charophytes. The group comprises 86
genera, 12 families, and 3 orders, which are
described in this volume, the first edition of
the Treatise to include coverage of this im-
portant group.
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REPOSITORIES AND THEIR ABBREVIATIONS

Abbreviations and locations of museums and institutions holding type material, which are
used throughout the volume, are listed below.

AGE: Archiv fiir Geschiebekunde, Geologisch-
Paliontologisches Institut, Hamburg, Germany
Al Institute of Geological Sciences, Polish Academy of
Sciences, Krakéw, Poland

AMNH: American Museum of Natural History, New
York City, New York, USA

AM or AMu: Australian Museum, Sydney, Australia

BGMRH: Bureau of Geology and Mineral Resources
of Henan, Henan, China

BGR: Bundesanstalt fiir Geowissenschaften und
Rohstoffe, Hannover, Germany

BGS: British Geological Survey, MPK collection,
Nottingham, United Kingdom

BIG: Beijing Institute of Geology, Beijing, China

BM: Berlin Museum, Berlin, Germany

BMNH: British Museum (Natural History), London,
United Kingdom

BMS: Buffalo Museum of Science, Buffalo, New York,
USA

BPGNC: Bureau of Petroleum Geology of North
China, Zhengzhou, Henan, China

BPNWC: Bureau of Petroleum of North West China,
Waulumugqji, Xinjiang, China

BSPGM: Bayerische Staatssammlung fiir Paldontologie
und historische Geologie, Miinchen, Germany

BYU: Geology Department, Brigham Young Univer-
sity, Provo, Utah, USA

CCG: Chengdu College of Geology (now Chengdu
University of Technology), Chengdu, Sichuan,
China

CEGH-UNC: Cdtedra de Estratigraffa y Geologia
Histérica, Universidad Nacional de Cérdoba,
Cérdoba, Argentina

CSGM: Central Siberian Geological Museum, United
Institute of Geology, Geophysics, & Mineralogy,
Siberian Branch of the Russian Academy of Sci-
ences, Novosibirsk, Russia

CU: University of Cincinnati, Cincinnati, Ohio, USA

CUG: Colgate University, Geology Department Col-
lections, Hamilton, New York, USA

CPC: Bureau of Mineral Resources, Canberra, Austra-
lia

CRICYT: Centro Regional de Investigaciones
Cientificas y Tecnolégicas, Mendoza, Argentina

DNPM: Departamento Nacional da Produgao Min-
eral, Rio de Janeiro, Brazil

FEGI: Far East Geological Institute, Russian Academy
of Sciences, Vladivostok, Russia

FM: Field Museum (Natural History), Chicago, Illi-
nois, USA

FUB: Freie Universitit Berlin, Institut fiir Geologische
Wissenschaften, Fachrichtung Paliontologie, Ber-
lin, Germany
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GII: Institut fiir Geologie und Palidontologie der
Universitit Innsbruck, Innsbruck, Austria

GIK: Geologisch-Paliontologisches Institut, Univer-
sitit zu Koln, Kéln, Germany

GISO: Geological Institute of Shengli Oil Field,
Dongying, Shandong, China.

GMU: Geological Museum, Ukrainian Academy of
Sciences, Kiev, Ukraine

GPIMH: Geologisch-Paliontologisches Institut und
Museum der Universitit Hamburg, Hamburg, Ger-
many

GSC: Geological Survey of Canada, Ottawa,
Canada

GSM: British Geological Survey (formerly Geological
Survey Museum; Institute of Geological Sciences,
London), Keyworth, Nottinghamshire, United
Kingdom

GSS: Geological Survey of Scotland, Edinburgh,
United Kingdom

GSWA: Geological Survey of Western Australia, East
Perth, Australia

HM: Hunterian Museum, University of Glasgow,
Glasgow, United Kingdom

IGASB: Institute of Geology, Academia Sinica,
Beijing, China

IGPTU: Institut und Museum fiir Geologie und
Paliontologie, Tiibingen Universitit, Tiibingen,
Germany

IPFUB: Institut fiir Paliontologie, Freie Universitit,
Berlin, Germany

IPPAS: Institute of Palacobiology, Polish Academy of
Sciences, Warsaw, Poland

IPM: Institut de Paléontologie du Muséum national
d’Histoire naturelle de Paris, Paris, France

IPUB: Institiit fiir Paliontologie, Universitit Bonn,
Bonn, Germany

IPUM: Instituto di Paleontologia, Universita di
Modena, Modena, Italy

IRSNB: Institut Royal des Sciences naturelles de
Belgique, Brussels, Belgium

ISM: Illinois State Geological Survey, Urbana, Illinois,
USA, formerly at Illinois State Museum,
Springfield, Illinois, USA

IU: Indiana University, Bloomington, Indiana, USA

JPI: Jianghan Petroleum Institute, Jingsha, Hubei,
China

KIGM: Institute of Geology and Mineral Deposits,
Krakéw, Poland

KUMIP: University of Kansas, Lawrence, Kansas,
USA

LGI: Leningrad Mining Institute, Leningrad, Russia

MCCA: Museo Comunale in Cortina d’Ampezzo,
Cortina d’Ampezzo, Italy



MCZ: Museum of Comparative Zoology, Harvard
University, Cambridge, Massachusetts, USA

MFGI: Museum Far Eastern Geological Institute,
Vladivostok, Russia

MGSB: Museo Geologico, Seminari Conciliar,
Barcelona, Spain

MHGI: Museum of the Hungarian Geologic Institute,
Budapest, Hungary

MIGT: Museum, Institute of Geology, Dushambe,
Tajikistan

MLGIN: Micropalacontological Laboratory, Geologi-
cal Institute, Academy of Sciences, Moscow, Russia.

MLP: Collection Paleobotanica, Museo de la Plata, La
Plata, Argentina

MMMN: Manitoba Museum of Man and Nature,
Winnipeg, Canada

MME: Geological and Mining Museum, Sydney, Aus-
tralia

MNCN: Museo Nacional de Ciencias Naturales,
Madrid, Spain

MNHN: Muséum National d’Histoire Naturelle de
Paris, Paris, France

MNMPB: Magyar Nemzeti Museum, Budapest, Hun-
gary

MNS: Museum fiir Naturkunde, Stuttgart, Germany

MUZ IG: Museum of the State Geological Institute,
Warsaw, Poland

NHM: Natural History Museum, London, United
Kingdom

NIGP: Nanjing Institute of Geology and Palaecon-
tology, Nanjing, China

NIGPAS: Nanjing Institute of Geology and Paleontol-
ogy, Academia Sinica, Nanjing, China

NIUPGAS: Nanjing Institute of Geology and Paleon-
tology, Academia Sinica, Nanjing, China

NMYV: National Museum of Victoria, Melbourne, Aus-
tralia

NRM: Naturhistoriska Riksmuseet (Swedish Museum
of N atural History), Stockholm, Sweden

NYSM: New York State Museum, Albany, New York,
USA

ODM: Old Dominion College, Norfolk, Virginia,
USA

OSU: Ohio State University, Department of Geology,
Columbus, Ohio, USA

OUZC: Ohio University Zoological Collections, Ath-
ens, Ohio, USA

PDMNH-P: Paleontological Department of the Na-
tional Museum, Museum of Natural History,
Prague, Czech Republic

PIUB: Paleontological Institute of the University of
Bonn, Bonn, Germany

PIUFB: Paliontologisches Institut, Freie Universitit
Berlin, Berlin, Germany

PIUW: Paliontologichen Instituts, Universitit Wien,
Vienna, Austria

PIUZ: Paleontological Institute, University of Ziirich,
Ziirich, Switzerland

PIW: Institut fiir Paliontologie der Universitit
Wiirzburg, Wiirzburg, Germany
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P-MD: Provincial Museum of Danzig, Danzig, Ger-
many

PMUK: Palacontological Museum, University of Kiev,
Ukraine

PRM: Peter Redpath Museum, Montreal, Canada

PU: Princeton University, Princeton, New Jersey, USA

ROM: Royal Ontario Museum, Toronto, Canada

RMS: Palaeobotanical Department, Riksmuseum,
Stockholm, Sweden

SAM: South Australian Museum, Adelaide, Australia

SGIP: Sammlung des Geologisch-Paliontologichen
Institutes der Universitit Palermo, Palermo, Italy

SGS: Geological Collection, Swedish Geological Sur-
vey, Uppsala, Sweden

SMF: Natur-Museum und Forschungs-Institut,
Senckenberg, Germany

SPIE: Sammlung des Institut fiir Paliontologie,
Universitit Erlangen-Niirnberg, Erlangen,
Germany

SPIML: Sammlung des Palidontologischen Institutes
der Universitit Marburg, Lahn, Germany

SPIT: Sammlung des Paldontologischen Institutes der
Universitit Tiibingen, Tiibingen, Germany

SSPHG: Staatliches Sammlung fiir Paliontologie und
historische Geologie, Miinchen, Germany

SSSBGEF: Stratigraphische Sammlung der Sektion
Geowissenschaften der Bergakademia Freiberg,
Freiberg, Germany

SUP: Sydney University, Department of Geology,
Sydney, Australia

TMM: Texas Memorial Museum, University of Texas,
Austin, Texas, USA

TsNIGER: Ts NIGER Museum, Russia

UA: University of Alberta, Edmonton, Alberta,
Canada

UAF: University of Alaska, Fairbanks, Alaska, USA

UC: University of Cincinnati, Cincinnati, Ohio, USA

UCC: Chicago Natural History Museum, formerly in
Walker Museum, Chicago, Illinois (see also FM),
USA

UCM: Universidad Complutense de Madrid, Madrid,
Spain

UG: University of Géttingen, Géttingen, Germany

UL: Lodz University, Institute of Geography, Lodz,
Poland

UM: University of Minnesota, Minneapolis, Minne-
sota, USA

UMC: University of Missouri-Colombia, Colombia,
Missouri, USA

UMG: University of Montana, Department of Geol-
ogy, Missoula, Montana, USA

UMP: University Montpellier II , Department of Pa-
leontology, Montpellier, France. C, L. Grambast
Collection; CF, M. Feist Collection; CM, M.
Massieux Collection; CSM, 1. Soulié-Mirsche Col-
lection

UNE: University of New England, Armidale, New
South Wales, Australia

UPLGS: Université de Paris, Laboratoire de Géologie
de la Sorbonne, Paris, France



USGS: U.S. Geological Survey, Type algae collection,
Denver, Colorado, USA

USNM: U.S. National Museum, Washington, D.C.,
USA

U-SK: Universitits-Sammlung zu Kiel, Germany

UTBEG: University of Texas, Bureau of Economic
Geology, Austin, Texas, USA

VK: Theo Van Kemper Collection, Amsterdam, The
Netherlands

WAGS: Western Australia Geological Survey, Perth,
Australia

WAM: Western Australia Museum, Perth, Australia
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WIF: Wadi Institute of Himalayan Geology, Dehra
Dun, India

WMC: Woodwardian Museum, University of Cam-
bridge, Cambridge, United Kingdom

WMNM: Wesfilisches Museum fiir Naturkunde,
Miinster, Germany

YaFAN: Institute of Geology, Yakut Branch, Siberian
Division AN SSR, Yakutsk, Russia

YPM: Yale Peabody Museum, New Haven, Connecti-
cut, USA

ZPAL: Institute of Paleobiology, Polish Academy of

Sciences, Warsaw, Poland



MORPHOLOGY

MICHELINE GUERLESQUIN and MONIQUE FEIST

[Université Catholique de I'Ouest, Angers, France; and Université Montpellier II, France]

MORPHOLOGY OF LIVING
CHAROPHYTA

The extant charophytes belong to a single
family, the Characeae, which includes seven
genera with more than 400 microspecies
(sensu WooD & IMAHORI, 1964—1965). Spe-
cies have a wide range of geographic distribu-
tions from local endemics to cosmopolitan.
All the extant genera are also known as fos-
sils; however, the fossil record of Nitella,
whose fructifications are uncalcified, is quite
limited.

Living charophytes possess highly special-
ized morphological features that distinguish
them from other green algae, especially in
the complexity of the thallus and gametan-
gia. These and other such features as the
phragmoplast type of cell division and mo-
lecular phylogenetic analyses suggest a close
relationship with higher plants.

THALLUS

Structure

The oospore germinates into a short fila-
mentous structure called the protonema, a
cladom approximately 1 mm long, which
gives rise to the adult (Fig. 1.1). The thallus
consists of one or more main axes with regu-
larly alternating nodes and internodes (Fig.
2a-2b). Each node consists of several small
cells that give rise to lateral branchlets. The
internodes are elongated, multinucleate
single cells generally 1 to 4 cm long, reach-
ing 15 cm in the largest species.

Cortication

Some species have an external layer of
narrow cells (cortex) surrounding the inter-
nodal cells and at the base of the nodal
branchlets (phylloids). Such cortication (Fig.
3) is well developed in most species of Chara,
incomplete in Lychnothamnus, and absent
from Chara section Charopsis, Lampro-
thamnium, and the subfamily Nitelloideae.
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Some corticate species possess spine cells,
short pointed cells projecting from the cor-
tical cells. Spine cells occur singly or in clus-
ters on the main axes. In Chara, Lampro-
thamnium, Lychnothamnus, and Nitellopsis
sarcularis ZANEVELD, single-celled stipulodes
originating from nodal cells occur in one or
two tiers at the base of the branchlet whorls
(Fig. 2b). Stipulodes are absent from 7Toly-
pella and Nitella. These appendages are very
useful in the classification of living forms.

The cortex consists of an external layer of
6 to 14 thin cortical cells surrounding the
internodal cells and at the base of the nodal
branchlets. The cortication (Fig. 3.1-3.3) is
haplostichous when the primary cortical
cells are arranged so as to correspond one-to-
one to the branchlets. In this instance, they
may be contiguous (Chara canescens
DEsvaUx & LOISELEUR-DESLONGCHAMPS) or
noncontiguous [Lychnothamnus barbatus
(MEYEN) LEONHARDI]. When the cortical
cells are subdivided, the cortication is diplo-
stichous if the primary tubular cells under
the phylloids alternate with one row of sec-
ondary tubular cells; spine cells, which occur
only on primary tubes, are a useful character
to distinguish both kinds of cortical cells.

Cortication is called triplostichous when
two rows of secondary cortical cells are inter-
calated between the primary tubular cells; in
this instance, the cortication is styled
isostichous (as in Chara globularis THUILLER)
if primary and secondary tubes have the
same size and anisostichous [as in Chara
globularis var. virgata (Kutz) R. D. WooD]
when the primary tubes have a larger diam-
eter in section. The diameter of the cortical
cells is also taxonomically significant. The
cortex is said to be aulacanthous when the
primary tubular cells are smaller in diameter
than the secondary ones. It is tylacanthous
in the reverse instance. In the extant forms,
subdivision of the cortical cells occurs only
in the genus Chara.



2 Charophyta

apical end protonema

of spiral cell spiral
cells

rhizoid

Fic. 1. 1, Germination of oosporangium of a Chara species, x70 (Kiss & Stachelin, 1993); 2, Chara vulgaris f.

contraria (A. BRAUN ex KUTZING) R. D. WooD; general view of several specimens bearing antheridia, x4 (Corillion,

1994); 3, Nitellopsis obtusa (DESVAUX in LOISELEUR-DESLONGCHAMPS) J. GROVES; stellate bulbil, x92 (Feist &
Grambast-Fessard, 1991, fig. 4b).

Branching

In the extant subfamily Charoideae, axes
as well as branchlets are divided into nodes
and internodes (Fig. 4). The branchlets are
not divided dichotomously. As is shown by
transverse sections, nodes have two central
cells surrounded by two layers of numerous
peripheral cells (Fig. 3.4-3.6). In Lampro-
thamnium the central cells are subdivided. In
the extant subfamily Nitelloideae transverse
sections of nodes have four central cells sur-
rounded by only one row of a small number
of peripheral cells (BHARATHAN, 1980) (Fig.
3.6). In Nitella branchlets bifurcate one to
five times. Only main axes are subdivided
into nodes and internodes. In Tolypella the
branching is more complex, with divided
primary and secondary rays. Bract cells,
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originating from nodal cells of branchlets,
are more or less elongate elements that occur
around the gametangia but are rudimentary
on or absent from the sterile nodes.
Bracteoles are single cells, quite similar to the
bract cells but derived from antheridial pri-
mordia. Two bracteoles adjoin the oogonium
(Fig. 2¢-2d). Bracteoles are sometimes rep-
resented as casts at the base of encrusted fos-
sils of the family Characeae.
Rhizoids

Charophytes are fixed on the substratum
by the rhizoids. These are very thin and col-
orless filaments (Fig. 1.1, 4.3), and they are
irregularly organized in nodes (with ramifi-
cations) and internodes. Besides attachment,
the rhizoids are involved in the absorption of
nutrients.
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bracteoles ﬁ
bract cells T

7 bracteoles

antheridium

internode \ \ node

oogonium
/

) stipulodes

7 spine cells

> cortical cells

a

FIG. 2. a—b, Chara zeylanica f. elegans (A. BRAUN ex T. F. ALLEN) H. & J. GROVES; 4, habit, x1; 4, axial node with

stipulodes in 2 tiers on the main axis, corticated axis, base of branchlets and solitary spine cells, x23 (Wood &

Imahori, 1964 in 1964-1965, pl. 95,1,4 ); c—d, Chara sp., fertile nodes of a dioic species, x40 (Corillion, 1975, pl.
1L f, g).

Bulbils
Bulbils are multicellular tuberous growths,
either isolated or aggregated on the rhizoids.
In  Nitellopsis obtusa (DEsSvaUX in

©2

LOISELEUR-DESLONGCHAMPS) J. GROVES, stel-
late bulbils are modified branchlet whorls
situated on the lower axial nodes (Fig. 1.3).
Bulbils function in vegetative propagation.
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primary _—
1a 1b cortical

cell secondary
2a cortical
cell

branchlet

nodal cells
cells

/ internodal
/ cell

central
nodal cells

4 5

—— spine cell

primary
cortical
cell —

- spine cell

\ \ primary

cortical 3
2b secondary g
cortical
cell

branchlet
cells
subdivided

Fic. 3. 1-3, Different types of cortication; I, haplostichous; 4, incomplete (noncontiguous), 4, complete (contigu-

ous); 2, diplostichous and anisostichous; 4, aulacanthous, 4, tylacanthous; 3, triplostichous and isostichous (Corillion,

1957, pl. 1,4-8); 4-6; transverse sections of nodes showing origin of branchlets by subdivisions of central nodal cells;

4, Chara (C. zeylanica); 5, Lamprothamnium (L. papulosum); 6, Nitella (N. acuminata) (adapted from
Bharathan, 1980, fig. 20, sections 1, 5, 9).

Calcification

It has been shown that the thallus and
gyrogonite have two types of calcification
(Frajs, 1977; SOULIE-MARSCHE, 1989). For
the thallus, the calcium deposit is external
and generally not resistant. Incrustation of
thalli occurs independently of the biocycle,
provided the temperature is high enough for
precipitation of calcium carbonate. In
corticated forms calcite may be included in
the elongated filaments around the inter-
nodal cells; this external calcified layer
strengthens the thallus and allows its preser-
vation, usually in the form of unconnected
fragments in the sediments.

REPRODUCTIVE ORGANS
Oosporangium

Development.—The oosporangium (fe-
male gametangium, oogonium, Fig. 5, 6.1—
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6.2) originates from a nodal cell on the low-
est nodes and sometimes at the base of the
branchlets. The nodal cell divides into three:
the upper cell enlarges to form the oosphere
and its sister cell(s); the lowest cell often
forms a short stalk. The central cell divides to
produce five elongate cells that spiral sinis-
trally around the oosphere and subdivide
apically to produce the coronula (one tier of
five cells in the subfamily Charoideae and
two tiers in the subfamily Nitelloideae).
Morphology.—In the family Characeae,
which includes the seven extant genera, the
oosporangium consists of five spiral cells
enclosing the oosphere or, after fertilization,
the oospore (Fig. 6.1-6.2). The spiral cells
are joined at the apex along a broken line,
and the base of the oosporangium is obtu-
rated by one to three sister cells of the
oosphere, which constitute the basal plate.
The apex is surmounted by one (in the
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main axis

lateral rays

secondary
ray

—— proembryon filament

lateral bud at the
origin of the adult plant

oospore
after
rhizoids germination

FiG. 4. 1. Nitella bifircata subsp. mucronata (A. BRAUN) R. D. Woob; habit, X1 (Wood & Imahori, 1964 in 1964—

1965, pl. 224,6); 2, Tolypella nidifica var. glomerata (DEsvaUX in LOISELEUR-DESLONGCHAMPS) R. D. Woob, x12;

fertile branchlet with 1 ray node bearing 5 lateral rays, the left one bearing 3 secondary rays (adapted from Wood
& Imahori, 1964 in 1964-1965, pl. 382,8); 3, Chara sp., proembryon (Corillion, 1975, pl. ,C).

© 2009 University of Kansas Paleontological Institute
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a

o

FiG. 5. Ontogenesis of an oosporangium of Chara; b, basal cell; ¢, central cell; ¢, coronula cell; im, immature male

gametangium; 72, male gametangial primordium; 7, oosporangial node; o, oosphere mother cell; 9p, oosporangial

primordium; os, oosphere; p, pedicell cell; s, spiral cell; sc, sterile cell (adapted from Leitch, John, & Moore, 1990,
ﬁg. 1).

subfamily Charoideae) or two (in the sub-
family Nitelloideae) rows of five coronula
cells (Fig. 6.3). In most representatives of the
subfamily Charoideae, the spiral cells and
the basal plate become calcified; in all spe-
cies, the oospore is included in an organic
wall containing sporopollenin.

The basal plate.—The oosphere sister cell
remains undivided in the Charoideae and in
Sphaerochara; it subdivides into three (rarely
two) cells in Nitella and Tolypella. The sister
cell (or cells) becomes the basal plate in
calcified species. Basal-plate morphology
provides useful characters in the classifi-
cation of fossils.

The gametangial wall.—After fertilization,
the walls ensheathing the oosporangium
thicken and undergo biochemical changes to
form a hermetic and resistant envelope
around the newly formed oospore. This
complex wall is composed of three groups of
layers (Fig. 7; HORN AF RANTZIEN, 1956b).

(1) In contact with the oospore is an or-
ganic transparent layer, the sporine, split
into endosporine and ectosporine.

© 2009 University of Kansas Paleontological Institute

(2) Closely united with the ectosporine is
the sporostine, a pigmented layer that is
composed mainly of sporopollenin and cel-
lulose (SHAW, 1971) and colored by a mela-
nin-like compound (Dyck, 1970). The
sporostine includes two layers, often indis-
tinguishable, the endosporostine and the
ectospostine, called by LerrcH (1989) a pig-
mented helicoidal layer and an ornamented
layer respectively (Fig. 8.1). There is a lack of
unanimity about the origin and position of
the sporostine. HORN AF RANTZIEN (1956b),
Dyck (1970), and LerrcH (1989) judged the
sporostine to be produced by the inner walls
of the spiral cells, whereas SOULIE-MARSCHE
(1989) considered this layer to be an
intercellular substance that covers all the
parts of the oospore as well as its sister cells
or basal plate and is independent of the spi-
ral cells.

The surface of the sporostine may be
smooth or marked by ornamentation of dif-
ferent shapes and disposition. GROVES and
BULLOCK-WEBSTER (1920) defined three
types of decoration that were also recognized
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coronular cell ___

—— coronular cell
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starch grains
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of spiral cell
/ basal plate
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1 2a 2b T basal pore
3b
3a
6
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S

4b

4a
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FiG. 6. Reproductive organs of the Characeae. 1, Oosporangium, x50 (Migula, 1897, fig. 27-7); 2, Chara hispida
L. emend. R. D. Woo0D; 4, gyrogonite (calcified oosporangium), 4, same, longitudinal section; dotted lines, uncalcified
part of spiral cells and of coronula cells, not preserved in fossils, x40 (Feist & Grambast-Fessard, 1991, fig. IA-1B);
3, coronula cells; @, in Chara, b, in Nitella (Corillion, 1975, pl. IV,d, f); 4, antheridium; 4, external view of an an-
theridium open, showing 4 shield cells, &, isolated shield cells in Chara, ¢, in Nitella; 5, equatorial transversal sec-
tion of antheridium showing 4 shield cells with their manubrium bearing spermatozoids; 6, isolated biflagel-

late spiraled spermatozoid (Corillion, 1975, pl. V,e,d,fj).

by HorN AF RANTZIEN (1959b). Electron  oospore. In Chara, which is less diversified,
microscopy has induced a renewal of inves-  only seven categories have been determined
tigations of the oospore membrane. JouNn  (JoHN, MOORE, & GREEN, 1990). SOULIE-
and MOORE (1987) established a key to the ~ MARSCHE (1989) presented a synopsis of the
Nitella species based on 21 categories of  oospore in the seven extant genera as well as

© 2009 University of Kansas Paleontological Institute
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\ starch grains of oospore

FiG. 7. Schematic representation of calcified oosporangial wall (Soulié-Mirsche, 1989, fig. 8A).

in two Oligocene species, Chara sp. and
Stephanochara ungeri FEIST-CASTEL. Features
of the oospore were thought as early as the
second half of the last century to be useful in
recognizing species (DE Bary, 1875;
NORDSTEDT, 1889). Although new investiga-
tions have revealed the usefulness of these
characters in several taxonomic problems at
the specific or infraspecific levels, their use is
limited: the ornamentation varies according
to the degree of maturity of the oospore,

which is difficult to recognize; and the same
ornamentation can occur in different species
(Joun & MOORE, 1987; SOULIE-MARSCHE,
1989; JoHN, MOORE, & GREEN, 1990). Fol-
lowing are some types of oospore ornamen-
tation in extant species that also occur, more
or less similarly, in fossil forms.

(a) Granulate, when the diameter of the
ornamentation elements is less than 1 um
(Chara globularis var. aspera f. galioides, Fig.
8.2).

FiG. 8. Oospore membrane; 1, Chara hispida L. emend. R. D. WooD; section of compound oosporangial wall,
x4,000; labels: spiral cells: 1, spiral cell primary wall, 2, crystine, 3, pigmented helicoidal layer, 4, ornamentation
layer; labels: oospore: a, oospore primary wall, b, amorphous layer, ¢, helicoidal layer, d, microfibrillar layer (Leitch,
1989, fig. 3); 27, ornamentation of ectosporostine; 2, Chara globularis var. aspera f. galioides (DE CANDOLLE) R. D.
Woob; granulate ornamentation (new); 3, Nitella syncarpa var. capitata (Nees) KUTZING; bristling tuberculate or-
namentation, X600 (Soulié-Mirsche, 1989, pl. V1,3); 4-5, Nitellopsis 0btusa (DESVAUX in LOISELEUR-DESLONGCHAMPS)
J. GroVES; lamellate endocalcine masking ectosporostine, X240, x1,200 (Soulié-Mirsche, 1989, pl. IV,3-4); 6,
Nitella gracilis subsp. gracillima f. robusta (ImaHoRr1) R. D. Woob; granulate-perforate ornamentation (Soulié-
Mirsche, 1989, pl. VI,8); 7, Lamprothamnium papulosum (WALLROTH) J. GROVES; tuberculate ornamentation, X600
(Soulié-Mirsche, 1989, pl. V,3).

© 2009 University of Kansas Paleontological Institute
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FIG. 8. For explanation, see facing page.

© 2009 University of Kansas Paleontological Institute
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F1G. 9. Structure of calcified wall in axial longitudinal
sections; I, parallel lamination in Nitellopsis obrusa
(DEsvAUX in LOISELEUR-DESLONGCHAMPS) J. GROVES,
Gouwzee Lake, The Netherlands, x120; 2, Y-lamina-
tion in Lamprothamnium papulosum (WALLROTH) J.
GROVES, Marseillan, Hérault, France, X210; 3, nitelloid
calcification in Zolypella intricata £. prolifera (Ziz ex A.
Braun) R. D. Woob, Juignée Lake, Maine-et-Loire,
France, X250 (new).

(b) Tuberculate, when the diameter of the
ornamentation elements is greater than 1 um
[Lamprothamnium papulosum (WALLROTH) J.
Groves, Fig. 8.7]. Granules and tubercules
can be perforated [Nitella gracilis subsp.
gracillima £. robusta (Imanor1) R. D. Woob,
Fig. 8.6].

(c) Reticulate (see Fig. 78,14, Systematics,
herein p. 144).

(d) Vermiculate, as in Nitella syncarpa
(SOULIE-MARSCHE, 1989, pl. VI,2).

© 2009 University of Kansas Paleontological Institute

In Nitellopsis obtusa, the sporostine is
masked by lamellate ectocalcine (Fig. 8.4—
8.5).

Lamprothamnium and Lychnothamnus
have the same types of ornamentation as
Chara; in Tolypella the surface of the oospore
is smooth (SOULIE-MARSCHE, 1989). In
uncalcified forms (Nitella, Tolypella section
nidifica, and some species of Chara) the spi-
ral cells are not preserved, and oospores are
propagated covered only with the ecto-
sporostine, which is, however, particularly
resistant. PROCTOR (1962) has shown that
such oospores retain their vitality when pass-
ing through the digestive tract of migratory
water birds.

(3) The calcine (HORN AF RANTZIEN,
1956b) is the main constituent of calcified
oosporangia. The crystals are disposed ac-
cording to three types, discussed below.

Parallel lamination is the most common
(Fig. 9.1). The calcine is differentiated into
two zones, the internal one or endocalcine,
having concentric organic lamellae, and, to-
ward the exterior of the cell, the ectocalcine,
massive and generally devoid of lamination.
The lamination may occupy all the thickness
of the cell.

Y-calcification (Fig. 9.2) occurs in some
halophilic species, such as Lamprothamnium
papulosum. Here, a system of radial conver-
gent lines occurs in addition to the usual
concentric lamination. These lines depart
from the sutures and from the adaxial wall,
going toward the median part of the spiral
cell. In the middle of the cell the limit of
these radial stripes outlines a letter Y, the fork
of which is directed toward the center of the
gyrogonite. Species with Y-calcification are
found preferentially in somewhat saline en-
vironments, but it cannot be said that there
is a causal relationship between these two
facts. The meaning of this peculiar structure
remains enigmatic (FEIST & GRAMBAST-
FEssarRD, 1984; LerrcH, 1989; SOULIE-
MARSCHE, 1989).

Nitelloid calcification (Fig. 9.3) of the
wall of the extant nitelloid gyrogonites of
Sphaerochara Woob has a characteristic
powdery aspect, the origin of which is not
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clear. It has been observed generally that the
outer part of the calcareous shell consists of
a granular layer of loosely connected calcium
carbonate particles, different in its structure
from the calcine of the other Characeae
(MiGuLa, 1897; HORN AF RANTZIEN, 1959a).
The more complete calcification of the fos-
sil representatives of the genus does not dif-
fer fundamentally from the types of
calcification in the extant forms.

Sporostine and calcified spiral cells form a
thick and resistant envelope that protects the
egg during unfavorable conditions, which
may last from a few months to several years.
After disintegration of the living cells, only
the calcified walls remain, sometimes with
the internal sporostine and basal plate intact.
All these resistant parts of the oogonium
constitute the gyrogonite, which can be pre-
served as a fossil.

Antheridium

The antheridium is usually composed of
eight shield cells, which are closely joined
together to form a sphere (Fig. 6.4). A
stalklike cell (manubrium) protrudes into
the sphere from the inner surface of each
shield cell. Each manubrium bears from one
to four filaments that produce about 200
biflagellate spermatozoids (Fig. 6.5). The
complex structure of the antheridium is
unique in the biologic world. Antheridia are
not calcified, but casts of them have been
found in fossil representatives of the
Clavatoraceae and Pinnoputamenaceae.
These casts have internal features quite simi-
lar to those of extant species.

Monoecy and Dioecy

The presence of both sex organs on the
same individual (monoecy) or on different
individuals (dioecy) is a species-specific char-
acter. In the monoecious species, the male
and female gametangia may be present at the
same nodes (conjoined species) or at differ-
ent nodes (sejoined species). The distinction
between monoecious and dioecious forms
cannot be detected generally in fossils except
among the Clavatoraceae and Pinnoputa-
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menaceae, which display clear examples of
conjoined monoecy.

REPRODUCTION AND LIFE CYCLE
OF CHAROPHYTA

Oogamy

The large oogonium (up to 1,400 wm)
fixed on the thallus is fertilized by a small
biflagellate spermatozoid. The spermatozoids
share morphological characters that clearly
ally them with other advanced green algae
(Charophyceae sensu MATTOX & STEWART,
1984) and higher plants (GARBARY,
RENZAGLIA, & DUCKETT, 1993). The zygote,
filled with reserves and surrounded by resis-
tant walls, falls to the bottom where it re-
mains dormant until germination.

Parthenogenesis

Parthenogenesis is known in only one liv-
ing species, Chara canescens DESVAUX &
LoISELEUR-DESLONGCHAMPS, the females of
which are more widely distributed than the
males.

Vegetative Reproduction

As in most cryptogams, vegetative repro-
duction plays an important role in the
Charophyta. Bulbils and axillary nodes en-
able widespread and rapid dispersion of veg-
etative propagules. Such structures seem
likely to have played the same role in fossil
taxa as suggested by the co-occurrence of cal-
cified nodes and gyrogonites in sediments.

Development and Biocycle

It is generally recognized that after fertili-
zation, meiosis occurs at the first division of
the zygote. After a variable period of dor-
mancy, the egg germinates into a haploid
protonema on which the thallus develops.
The diploid phase is restricted to the egg,
and the green thallus is haploid. Thus the life
cycle is monogenetic haplophasic. According
to an alternative hypothesis (TUTTLE, 1926;
SOULIE-MARSCHE, 1989), the four cells
(oospore and sister cells) issuing from the
first divisions during the development of the
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oogonium of Nitella were suggested to be the
products of meiosis. If so, meiosis occurred
in the diploid thallus before the formation of
gametes. Recent cytological and chromo-
some studies (GUERLESQUIN, 1984;
MI1CHAUX-FERRIERE & SOULIE-MARSCHE,
1987), however, have confirmed the hap-
loidy of the thallus.

Polyploidy

Polyploids occur in most living species.
The multiplication of the euploid chromo-
some number may increase the possibilities
of adaptation of the species to new biotopes
and thus favor the widening of their geo-
graphic distribution.

SPECIAL ASPECTS

Charophytes have three unique features.
They have a vegetative apparatus with regu-
lar alternation of a giant polynucleate cell
(produced by endomitosis) and a multicellu-
lar node made of several small uninucleate
cells; the giant cells make charophytes useful
as model systems for cell biology. They have
a fairly large female gametangium made of
an oosphere surrounded by a multicellular
wall (five elongated cells) of vegetative ori-
gin. A complex male gametangium produces
numerous helicoidal spermatozoids with two
flagella inserted at the anterior end; their
ultrastructure is similar in some respects to
that of bryophyte spermatozoids.

Use of the charophytes by humans has
varied during different periods. Silicified and
calcified thalli were used in the past as natu-
ral abrasives. Crushed charophytes favoring
colloid flocculation were used formerly to
clarify fruit juices. Fresh or naturally dried
specimens are used as green fertilizer in Af-
rica and Asia.

The thallus is used as a support by epi-
phytes, as food by aquatic herbivores and
waterbirds (ducks and moorhens), and as a
calcium source by crayfish during ecdysis
(molting of the carapace). Their dense veg-
etation provides sites for spawning by ani-
mals as well as shelter from predators.

© 2009 University of Kansas Paleontological Institute

MORPHOLOGY OF FOSSIL
CHAROPHYTA

MORPHOLOGY OF FOSSIL
VEGETATIVE REMAINS

Small fragmentary nodes and internodes
of thalli are frequently found in nonmarine
sediments, generally together with gyro-
gonites. Their state of preservation varies,
and as a result the stem material may have
different external characters. The most im-
portant in number, size, and diversity occur
among the Clavatoraceae. Preservation ad-
equate to provide information on the
organism’s habit is rare.

Calcified Species

Calcified thallus remains consist of nodes
and portions of axes having the axial canals
surrounded by small tubes (cortical cells)
parallel to the main axis or coiled around it
(Fig. 10). In fossil Characeae, the cortex is
similar to those of the extant forms (see p. 1
herein), but the Clavatoraceae have a more
complete cortication in which spine cells
often cover the characean cortex. Just as in
living species, different types of cortication
may be present within a single fossil species
(CoriLLION, 1975). The following types of
cortication have been reported so far from
the fossil record: haplostichous, including
isostichous noncontiguous (Fig. 10.2) and
isostichous contiguous (Fig. 10.1, 10.4);
anisostichous diplostichous (Fig. 10.6); and
isostichous diplostichous (Fig. 10.7). The in-
complete preservation of nodes does not al-
low the use of the cortication characters in
systematics as it does for extant species.

Uncalcified Species

Vegetative parts of uncalcified taxa are
rarely preserved as fossils. Silicified remains
are the best preserved, such as in Palaeonitella
cranii (KIDSTON & LANG) P1a; thalli enclosed
in the silicates of the Rhynie Chert are visible
in relief in thin sections (Fig. 11.1). These
uncorticated thalli, bearing whorls of
branchlets separated by internodes devoid of
any appendages, are similar to the extant
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5b
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Fic. 10. 7, Thallus internode showing central axis surrounded by cortical cells; associated with several species of
Characeae, Bartonian, Paris basin, France, UMP C105-15, X75 (new); 2, thallus fragment associated with Gyrogona
medicaginula LAMARCK, Oligocene, Ireland; transverse section of node, showing 7 noncontiguous isostichous corti-
cal cells, x65 (Corillion, 1994, fig. 4); 3, Echinochara spinosa PECK; node and part of internode showing arrange-
ment of spine cells, Upper Jurassic, Colorado, USA, x5 (Peck, 1957, pl. 1,17); 4, thallus internode showing corti-
cal cells partly covered by spiralized swollen belt bearing numerous spine-cell scars, Berriasian, Germany, X18 (new);
5a—b, thallus fragments associated with Sycidium panderi minor KarpiNsky, Devonian, Russia, external views show-
ing incomplete cortication; 4, slightly spiralized cortical cells and uncorticated portion of thallus, x25, 4, straight
cortical cells, x30 (Karpinsky, 1906, fig. 63, 65, 67); 6, thallus fragment associated with Clavator reidi GROVES, Lower
Cretaceous, Jura Mountain, Switzerland; transverse section of node, showing alternating large and small cortical cells,
%30 (Mojon & Strasser, 1987, fig. 10D); 7, Chara sausari SaiNI & Ra0; Deccan Intertrappean Beds, early Paleo-
gene, Chindwara, C.P, India; external view of connected thallus and gyrogonite, showing contiguous isodiametrical

cortical cells, x30 (Sahni & Rao, 1943, fig. 2).

© 2009 University of Kansas Paleontological Institute
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FiG. 11. 1, Palaeonitella cranii (KibsTON & LANG) Pia, Pragian, Lower Devonian, Rhynie Chert, Scotland; thin section

showing uncorticated thallus (#) with branchlets (47) originating from nodes (), X125 (new); 2, Praesycidium

stluricum T. & A. IsHcHENKO, Ludlow, Silurian, Slasky Formation, Ukraine; cast showing corticated thallus with
nodes (7) and internodes (), bearing a utricle (#) at top right, x5 (Ishchenko & Ishchenko, 1982, pl. 5¢).

Nitella, although no characters typical of the
genus have been observed so far.

Preservation as casts may provide images
of thalli in connection with gyrogonites or
utricles. A cast of Praesycidium siluricumT. &
A. ISHCHENKO, one of the oldest representa-
tives of Charophyta, shows a haplostichous
isostichous cortication (Fig. 11.2). Similarly,
casts of the Eocharaceae from the Upper
Devonian of South Africa (Gess & HILLER,
1995) have verticillate thalli bearing struc-
tures presumed to be gyrogonites.

Fossil remains of the thallus are too scarce
and fragmentary to legitimize a formal tax-
onomy, although species names have been
given to some of them. In most cases, iso-
lated fragments of the thallus are simply
mentioned without names being given.
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MORPHOLOGY OF FOSSIL
REPRODUCTIVE ORGANS
Gyrogonite

The term gyrogonite was used for the first
time by LaMARCK (1801) for fossil shells of
undetermined nature that LEMAN (1812) rec-
ognized later as remains of charophytes. The
classification of fossil charophytes is based on
characters of the gyrogonite or of the utricle.
The gyrogonite consists of calcium carbon-
ate that is deposited in both the enveloping
cells (i.e., spiral cells, spiral units, spirals),
which spiral around and enclose the oospore,
and the basal plate, representing the calcified
sister cell of the oosphere. In the Clavator-
aceae and the Sycidiales, a calcareous outer
covering or utricle covers the gyrogonite,
and many types of disposition may result
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FiG. 12. Terminology of charophyte shapes; /-8, isopolar specimens, LPA/LED, x100; 915, anisopolar specimens,
AND/LPA, x100; LPA, length of polar axis; LED, largest equatorial diameter; AND, distance from apical pole to
LED (adapted from Peck & Morales, 1966, text-fig. 2).

(Atopochara, Globator, Flabellochara,
Sycidium).

General shape and number of convolu-
tions.—Gyrogonites that have similar mor-
phological characters are placed into the
same species. To define gyrogonite shapes
mathematically, HORN aAF RanTZIEN (1956b)
has provided a useful set of descriptive terms
based on the relationships of the polar axis
(LPA, length) to the equatorial diameter
(LED, width) (Fig. 12). The isopolarity in-
dex (ISI) represents the value of (LPA/LED)
x100. The number of convolutions visible
on lateral views of gyrogonites and to a lesser
extent their thickness are useful characters
for definitions of species. A relationship ex-
ists between the number of convolutions and
the general shape. Peroblate to oblate sphe-
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roidal gyrogonites of Gyrogona and Maedler-
iella have a low number (4 to 8) of relatively
thick convolutions (Fig. 66,24,2¢, Systemat-
ics, herein p. 126), whereas Chara has gener-
ally a prolate to perprolate shape and numer-
ous, thin convolutions, often more than
10 (Fig. 64,1a—1b, Systematics, herein p.
122).

Dimensions.—Gyrogonites generally
range from 200 um to 2 mm maximum di-
ameter. The giant of the group is the Devo-
nian Sycidium xizangense 7. WANG, whose
utricles reach 3.2 mm in diameter. As the
process leading to calcification commences
only after fertilization of the oosphere, all the
gyrogonites correspond to the same mature
stage, and the differences in dimensions
must reflect natural populational variation.
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Fic. 13. 1, Apical view showing junction line of spiral cells (Grambast, 1958, p. 34); 2, Maedleriella mangenoti
GRAMBAST; apical view showing thin tubercles at ends of spiral cells, X70 (Grambast, 1957, fig. 4); 3, pore of dehis-
cence of a Characeae in shape of a toothed wheel (Grambast, 1958, p. 201, fig. ¢); 4, Gyragona lemani capitata
GRAMBAST; apical view showing rosette in center, X50 (Grambast & Grambast-Fessard, 1981, fig. 5b); 5, pore of
dehiscence of a Raskyellaceae in shape of a rose (Grambast, 1958, fig. d); 6, apical pore of a Porocharaceae, x50 (new).

Within a population of a given species the
variation of dimensions has a Gaussian dis-
tribution provided the sample is large
enough (>100 specimens) and chosen ran-
domly from a larger population. Sampled
gyrogonites from one or a few specimens, as
can be measured in modern species, are ex-
pressed by non-Gaussian histograms
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reflecting individual allometric variation
(SOULIE-MARSCHE, 1989).

Apex.—The characters of the gyrogonite
summit have great importance for the sys-
tematics of fossil charophytes as well as for
extant charophytes: the primary subdivision
of the living Characeae is based on the num-
ber of coronula cells (Fig. 6.3). The coronula
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is not preserved generally in fossil forms, but
other features allow the assignment of fossil
characean genera to subfamilies. Characters
of the apex have revealed also their usefulness
for distinguishing taxa of various ranks
(GRAMBAST, 1956a, 1958; HORN AF
RANTZIEN, 1959b; FEIsST & GRAMBAST-
FESSARD, 1982).

Characeae.—Junction line: The spiral
cells are contiguous at the gyrogonite apex.
The junction consists of a broken line (Fig.
13.1) where one of the spiral cells (A) is in
connection with the four others: two (B and
C) are contiguous to three cells, and two (D
and E) are adjacent to only two cells
(GRAMBAST, 1958; MASLOV 1966). In some
genera (e.g., Nitellopsis and Gyrogona) the
junction line may be hidden by the volumi-
nous nodules at the spiral apical ends, but it
corresponds to the same basic pattern.

Periapical and apical differentiation: The
periapical region corresponds to the dehis-
cence zone during germination. At this level
the spiral cells generally become narrow or
thinner. This differentiation delimits the so-
called apical part. When convex, the apical
part is called a rose or rosette. The apical
ends of the spirals may bear more or less de-
veloped apical nodules that are either iso-
lated or coalescent. For example, nodules are
convex, massive, and jointed in Gyrogona
lemani capitata GRamBAST (Fig. 13.4), or
thin and prominent, similar to those orna-
menting the lateral parts of the spirals in
Maedleriella mangenoti Gramsast (Fig.
13.2).

The characters of the apical part of the
gyrogonite are useful to determine subdivi-
sions in the family Characeae, which in-
cludes half the described charophyte genera
(see Systematics section, herein p. 119).

Pore of dehiscence: In a characean popu-
lation some specimens with an apical open-
ing subsequent to germination are found to-
gether with closed gyrogonites. The breaking
off of the apical part leaves an aperture in the
shape of a regularly toothed wheel that is
characteristic of the family (Fig. 13.3).

Coronula cells: Only a few coronula cells
have been reported so far in fossil Characeae:
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1a

1c

1b

F1G. 14. Coronula cells; 1a—c, Feistiella sp., El Koubbat,
Morocco, Paleocene (new); 4, specimen with coronula
surmounting apex, X35; 4, detail showing 3 coronula
cells, x120; ¢, section of same specimen showing apical
pore surmounted by coronula cells, X75; 2, Microchara
vestita CaSTEL; longitudinal section showing junction of
spiral cells at apex, surmounted by coronula cells, lower
Eocene, France, x100 (Castel, 1969, fig. 5).

in Chara (e.g., C. sausari SAHNI & Rao; Fig.
10.7) and Microchara (e.g., M. vestita
CastEL; Fig. 14.2).

Raskellaceae.—In this family, the apex is
closed by an operculum made of five supple-
mentary apical cells that leaves, after it falls
off, a dehiscence opening in the shape of a
rosette with rounded lobes (GRAMBAST,
1957) (Fig. 13.5). In Saportanella, the apical
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opercular cells are in the prolongation of the
spiral cells (Fig. 62,16, Systematics, herein p.
118), but in Raskyella the two kinds of cells
alternate (Fig. 13.5).

Forms with an apical pore always
open.—In numerous fossil forms (Sycidiales,
Moellerinales, and, among Charales, the
Porocharaceae and Clavatoraceae) the calci-
fied spiral cells are interrupted at the periph-
ery of the apex, leaving an opening varying
in shape and size according to different taxa.
Its diameter is generally smaller than in the
family Characeae. The pore of these ancient
forms represents the dehiscence opening
that, during life, must have been obstructed
by an organic, uncalcified part that is gener-
ally not fossilized (CrorT, 1952). Gyro-
gonites with a flat summit generally have a
relatively wide apical pore of various shapes:
star shaped (e.g., Stomochara moreyi, Fig.
50,15, Systematics, herein p. 102), rounded
(e.g., Feistiella bijuescencis ScHUDACK, Fig.
50,2b, Systematics, herein p. 102) or rose
shaped (e.g., Porochara douzensis (FEIsT &
GramBasT-FESsARD) ScHuDACK, Fig. 50,3c,
Systematics, herein p. 102). The apical pore
is smaller in the forms with an apical neck
(e.g., Leonardosia langei SOMMER, Fig. 52,34,
Systematics, herein p. 105).

Coronula cells: Karpinskya (family
Trochiliscaceae) has seven to ten coronula
cells corresponding in number and position
with the spiral cells that form an erect broad
ring around the large apical pore (Fig. 46,15,
Systematics, herein p. 96). In only one in-
stance has a coronula been found preserved
in a member of the family Porocharaceae
(Fig. 14.1).

Base.—Basal pore: Spiral cells are not
joined at the base of the gyrogonite; their
terminal ends delimit a pentagonal space, the
basal pore, which is closed to the interior by
the basal plate. The basal pore may be
superficial at the same level as the external
surface of the spirals (e.g., in Peckisphaera
verticillata (PECk) GrRaMBAST; Fig. 74,16,
Systematics, herein p. 138) or at the bottom
of a funnel made of the truncation of the
spirals (e.g., in Amblyochara begudiana
GRraMBAST; Fig. 64,2¢, Systematics, herein p.
122).
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Basal plate.—In the fructification of liv-
ing as well as fossil charophytes, the basal
orifice is closed by a pentagonal piece termed
the basal plate (Fig. 15). GRAMBAST (1956b)
has shown that this element corresponded to
the sister cell of the oosphere and that its
morphology is useful in the characterization
of genera and species. The basal plate is
simple when comprising only one piece in
the Characeae subfamily Charoidea, Ac/isto-
chara excepted; it is multipartite (Fig. 15.1)
when comprising two or three pieces in the
Characeae subfamily Nitelloideae, Sphaero-
chara excepted, as well as in such Poro-
characeae as Porochara, Latochara, and some
Stellatochara species. The multipartite basal
plates are generally relatively thin (e.g.,
Tolypella), whereas the thickness varies con-
siderably in the simple basal plates. When
the calcification is limited to its upper face in
contact with the oospore, the basal plate is
very thin as in Nitellopsis and Harrisichara
(Fig. 15.2); in contrast, the basal plate can be
higher than wide (e.g., Gyrogona lamarcki
GRraMBAST; Fig. 15.34) or nearly as high as
wide (e.g., Gyrogona medicaginula LAMARCK;
Fig. 15.36). In Rhabdochara (Fig. 15.6), the
basal plate is conical with a hollow lower
face. In Chara (Fig. 15.5), the height is typi-
cally greater than half the width. In
Sphaerochara, the basal plate, in the form of
a short column, has an upper face that is
rounded and pentagonal; lateral faces are
slightly concave, and the lower face is stellate
and visible from the exterior (Fig. 15.4).

Enveloping cells.—Orientation and num-
ber of spiral cells: The orientation of the en-
veloping cells of the gyrogonite is the feature
on which the subdivisions of higher rank are
founded: they are dextrally spiralled in the
order Moellerinales and sinistrally spiraled in
the order Charales. Their number is
significant for families; initially high (up to
13), it is reduced to 5 in the upper Carbon-
iferous (see section on Evolutionary History,
herein p. 60).

Calcification.—Except for ornamenta-
tion, which is unknown in modern species,
the structure of the enveloping cells is quite
comparable in extant and fossil forms. All
types of calcification occur in fossils.
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FiG. 15. Different types of basal plates; 7, Tolypella sp., multipartite basal plate, upper side, X280 (Grambast, 1956a,
fig. 8); 2a—b, Harrisichara tuberculata (LyELL) GRAMBAST, 4, lower side, b, lateral side, X250 (Grambast, 1957, fig.
2a-2b); 3a, Gyrogona lamarcki GRAMBAST (Brachychara archiaci), lateral view, x190 (Grambast, 1956a, fig. 5); 36,
Gyrogona (Brachychara) medicaginula LAMARCK, lateral view, X190 (Grambast, 19564, fig. 4); 4a—b, Sphaerochara
granulifera (HEER) MADLER, lateral and lower sides, X190 (Grambast, 1956a, fig. 6-7); 5, Chara hispida L., lateral
view, X190 (Grambast, 1956a, fig. 2); 6a—b, Rhabdochara langeri (ETTINGS) MADLER, hollow basal plate; 4, lateral
view, b, basal view, x250 (Grambast, 1957, fig. 7a, 7¢); 7, Feistiella (Porochara) globosa (GRamBAST & GUTIERREZ)
SCHUDACK, lateral view, X210 (Grambast & Gutiérrez, 1977, fig. 2a).

Calcification with parallel lamination (Fig.
16.3) is the most frequent. The Y-calcifi-
cation (Fig. 16.2) is known in the halophilic
genera Lamprothamnium, Porochara, and
Stellatochara. The typical calcification of the
extant Nitelloideae occurs in a more com-
plete state in their fossil representatives. In
Sphaerochara ulmensis (STRAUB) GRAMBAST,
from the Oligocene of southern France (Fig.
16.1), the lamellar endocalcine is sur-
mounted by a crest that must represent the
ectocalcine. It is made of rows of crystals that
are borne by thin lamellae diverging from
points localized in the endocalcine. These
crystals weather easily, giving a characteristic
powdery aspect to the spiral surface.
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According to the degree of calcification,
which may vary within a population, the
spiral cells may be concave, planar, or con-
vex, providing gyrogonites of different out-
lines; but intermediate specimens allow one
to recognize the homogeneity of a taxon. In
such instances, the diagnostic criteria are
those of the most calcified specimens.

Ornamentation.—QOrnamentation con-
sists of reticula, tubercles, punctuations,
rods, and midcellular crests that are continu-
ous or tend to split into individual nodules
(Fig. 17). A specimen may be ornamented
partly, usually at the upper part of the
gyrogonite, as in Nitellopsis (Tectochara)
thaleri (CASTEL & GRAMBAST) GRAMBAST &
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3

FiG. 16. Types of calcification in fossil gyrogonites in axial longitudinal sections; 7, nitelloid type of calcification,

Sphaerochara ulmensis (STRAUB) GraMBAST, lower Oligocene, France, X280; 2, Y-calcification, Porochara douzensis

(FEIsT & GRAMBAST-FESSARD) SCHUDACK, Middle Jurassic, France, x450; 3, parallel lamination, Nizellopsis (Tectochara)
meriani (L. & N. GRAMBAST) GRAMBAST & SOULIE-MARSCHE, upper Oligocene, France, X310 (new).

SOULIE-MARSCHE, where this feature is one of  specimens (e.g., Rhabdochara praelangeri
the identifying criteria of the species. On the ~ CAsTEL). Such examples have led GRAMBAST
other hand, a species may include both typi-  (1957) to recognize only a limited systematic
cally ornamented and completely smooth  value in the characters of the ornamentation.
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FiG. 17. Different types of ornamentation; I, Harrisichara sparnacensis GRamasT; small punctuations and tubercles,

x40 (adapted from Grambast, 19774, pl. 11,3a); 2, Sephanochara compta GRaMBAST; tubercles, x40 (Grambast, 1959b,

fig. 3a); 3, Peckichara cancellata GRaMBAST; reticulum, x40 (Grambast, 1971, fig. 12a); 4, Rhabdochara praelangeri

CASTEL; rods, x40 (new); 5, Maedleriella cristellata GRavBAST; midcellular crest tending to subdivide into tubercles,
x50 (Grambast, 19774, fig. 11a).

We see below (in the section on Classifi-
cation, herein p. 83) that opinions on this
may have differed fundamentally in the past.
In general, ornamentation is characteristic of
species and more rarely of such genera as
Harrisichara and Maedleriella, whose repre-
sentatives nearly always have well-developed
ornamentation. Among fossils, ornamenta-
tion has been reported only in the families
Raskyellaceae and Characeae.

Qospore membrane.—Remains of oospores
are relatively common in the fossil record,
but preservation of the ornamentation of the
sporostine is exceptional. Silicified rock
(chert and flint) and gypsum are the most
favorable for preservation of this organic
membrane (Fig. 18). The sporostine appears
as a translucent, brown or black layer lining
the calcified (or secondarily silicified) gyro-
gonite wall. In noncalcified species, the
oospores are isolated in the rock. Different
types of ornamentation have been reported
from fossil oospores. Among oospores inside
gyrogonites, there is the granulate type in the
Devonian Trochiliscus podolicus CROFT,
where granules occur together with
crateriform wounds (Fig. 18.4), and in the
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Oligocene Characeae Stephanochara ungeri
(Chara escheri) (CROFT, 1952); the vermicu-
late type in the Oligocene Rhabdochara prae-
langeri CasTEL (Fig. 18.1), in which the ver-
miculations look much more intricate than
in the extant Nitella syncarpa that also has
this type of ornamentation; and the tubercu-
late perforated type in an Oligocene Chara
species similar to the extant C. zeylanica
(SouLiE-MARSCHE, 1989) (Fig 18.2). Among
oospores isolated in the sediments, the well-
preserved oospores of the Jurassic Nizellites,
occurring in chert, have a fine reticulate or-
namentation very similar, if not identical, to
that of the extant Nitella tenuissima (HORN
AF RANTZIEN, 1957) (Fig. 18.3).

These few examples show that the orna-
mentation of fossil oospores is relatively
diverse; however, the scarcity of well-
preserved remains does not allow presently
the use of this character in recognition of
fossil species.

Utricle

The utricle is an envelope made of vegeta-
tive appendages investing the gyrogonite.
The most complex structure occurs in the
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FiG. 18. Fossil oospore sculpturing; 1, Rhabdochara praelangeri CASTEL; vermiculate sculpture, upper Oligocene,

Marseille, southern France, X600 (Feist & Grambast-Fessard, 1991, fig. 4ac); 2, Chara sp. tuberculate perforated

sculpture, upper Oligocene, Portel, southern France, X800 (new); 3, Nitellites sahnnii HORN AF RANTZIEN; reticu-

late sculpture; Middle Jurassic-Upper Jurassic, Rajmahal Hills, Bihar, India, x2500 (Horn af Rantzien, 1957, pl.

11, fig. 2); 4, Trochiliscus podolicus CROFT; granulate sculpture, Lower Devonian, Ukraine, g, granules, w, wounds,
%900 (new).

Clavatoraceae Clavatoroideae and in the
Sycidiales where the utricle is composed of
three layers: an internal layer, smooth or
made of thick nodules; a middle layer, repre-
sented by a system of canals; and an external
layer, constituted by whorls of branchlets.
The internal nodulose layer may be repre-
sented alone, with possibly a whorl of leaflets
in the basal region of the utricle; this struc-
ture exists in the oldest Clavatoraceae
(Nodosoclavator) as well as in the incom-
pletely calcified, more complex utricles that
have been named nodosoclavatoroid utricles
by ScHupAck (1989). The canals of the
middle layer, which correspond to the cavi-
ties of long cells, originate in a basal cham-
ber; they could have been occupied by a gas,
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which lightened the fructifications and could
thus benefit their dispersion (GRAMBAST,
1966b). In the Clavatoraceae Atopochar-
oideae and in the Pinnoputamenaceae, the
utricle has only the external layer, and the
internal layer is reduced to an amorphous
surface covering the gyrogonite, sometimes
visible between the external whorls. The
structure of the utricles in most Sycidiales is
at present still incompletely known, but they
seem to have a complexity similar to that of
the Clavatoraceae Clavatoroideae; two layers
are visible in Trochiliscus podolicus CROFT
(Fig. 46,2/, Systematics, herein p. 96), and
a system of canals occurs in Sycidium
xizangense Z. WANG (Fig. 45k, Systematics,
herein p. 95).



Morphology 23

Inside utricles, gyrogonites are preserved
only rarely. The presence of gyrogonite cells
may be recognizable in thin sections (Fig.
55,2b, Systematics, herein p. 109), but these
do not provide information on gyrogonite
morphology. The orientation and number of
gyrogonite cells are detectable in casts on the
internal utricular surface (Fig. 58,2, System-
atics, herein p. 114) or on the surface of the
internal mold of the oospore and egg (MAR-
TIN-CLOsas, 1988, fig. 12). These observa-
tions were made in the Clavatoraceae. For
the present, the exact gyrogonite morphol-
ogy of the Sycidiales is still unknown.

The external layer of the utricle in the
Clavatoraceae has undergone a high degree
of diversification, which has been illustrated
in particular by GrAMBAST (1974) and
MARTIN-CLOSAS (1996).

The morphology of the utricle in
Sycidiales and Clavatoraceae is relatively well
documented. In contrast, very little about its
nature and origin is known from the fossil
record. Data from morphogenesis studies in
extant species give some information on the
process by which the utricles may have been
formed in the geological past. After placing
female buds of Chara vulgaris LINNAEUS in an
artificial growth medium, Ducreux (1975,
p. 270, pl. VIIL3) observed that the oogonia
have two whorls of spiral cells, the external
being composed of loose cells and the inter-
nal forming the oogonial wall (see Fig. 63,
Systematics herein, p. 120); the spirals even-
tually become ramified and bear antheridia.
Ducreux (1975) noticed that these modifi-
cations recall the Cretaceous Perimneste-
Atopochara phylogenetic lineage (GRAMBAST,
1967), where the utricle cells of ancestral
species are ramified and carry antheridia at
the nodes of the ramifications. Supernumer-
ary whorls and unusual features never appear
during the normal development of living
species; however, the occurrence of these fea-
tures in culture suggests potentialities that
are expressed only in special conditions. The
laboratory experiments conducted by
Ducrreux (1975) are evidence of the devel-
opmental remnants of utricular cells in
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Characeae. The morphology of Lagynophora
StacHE and Coenoclavator WaNG & Lu may
indicate that this family has already ex-
pressed the tendency to develop utricles.
This observation might indicate that possible
development of a utricle is a phenomenon
inherent in Charophyta that could have de-
veloped at any time and could presumably
also develop in the future.

Antheridia

Antheridia are not calcified, but anthe-
ridial casts of some genera have been re-
corded. These casts have internal features
quite similar to those of the extant species
(M. Frist & R. Frist, 1997). In Pinno-
putamen sp. (Fig. 48e, Systematics, herein p.
99) and Perimneste horrida Harris (Fig. 606,
Systematics, herein p. 116), the antheridia lie
on branches of the external layer of the
utricle, whereas in Diectochara andica
Musacchio (Fig. 59,26, Systematics, herein
p. 115) they occur below the fructifications,
as in many living forms.

Chiralization

Chirality, the pattern of spiraling of struc-
tures around vegetative axes, has been recog-
nized in Charophyta as a fundamental fea-
ture, not only of oogonia and gyrogonites
but also of thallus morphology and architec-
ture in general. SOULIE-MARSCHE (1999)
stated that the first-formed axillary buds of
branchlets are arranged in a helical pattern
toward the apex and around the axis. The
divergence angle between two successive
buds is 144°; the phyllotaxis index is thus 2/
5% the same as that often encountered in
land plants. MARTIN-CLOSAS, BoscH, and
SERRA-KIEL (1999) modelled biomechani-
cally the Early Cretaceous Globator species
and concluded that spiralization tends to
accentuate the globular shape of utricles by
increasing the resistance of the calcified wall
to internal pressure caused by the accumula-
tion of reserves. They hypothesized that the
resulting accumulation of storage material
devoted to supplying young germlings has
been a driving force in charophyte evolution.
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MINERAL COMPOSITION

Charophytes are aquatic and metabolize
CO, dissolved in water by photosynthesis.
Being fixed by rhizoids to the bottoms of
lakes, they absorb HCO, and minerals
(mainly CaCO,) from the substratum. Cal-
cification of the oosporangium is initiated
after fertilization by a process yet to be elu-
cidated. Calcification starts at the internal
surface of the spiral cells on the adaxial and
lateral faces, sometimes at the surface of the
ectosporostine (SOULIE-MARSCHE, 1989;
LEITCH, 1989) and continues as long as the
cell is living. Timing of maturation of the
oosporangium is influenced by altitude and
latitude and generally completed by middle
to late summer. Calcite is the major constitu-
ent of the calcareous shell, although acid
etching shows very thin organic lamellae (3
to 5 wm in thickness) between the layers of
calcite. Chemical analysis of the whole or-
ganism (BATHURST, 1971; STrRAUSS &
LEPOINT, 1966) as well as microprobe and X-
ray analysis of oosporangia have revealed
traces of several additional elements, ions,
and compounds: magnesium, strontium,
silica, chloride, and barium. In some species
that live in saline environments, the percent-
age of magnesium can reach one percent of
the calcified oosporangia (SOULIE-MARSCHE,
1989). Diagenesis of the mineral composi-
tion of fossil forms has not yet been studied
in detail and may be related broadly to the
disappearance of the organic parts and to di-
agenetic processes at work in the surround-
ing rock.
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ISOTOPIC COMPOSITION
JonEs and others (1996) established that

the composition of oxygen and possibly car-
bon isotopes of living characean gyrogonites
are in equilibrium with the surrounding
water; consequently, these shells can be used
to reconstruct the geochemical properties of
the ancient water bodies in which they grew.
In isotopic analyses, however, account
should be taken of the relationships to the
substratum and the fact that gyrogonites cal-
cify during the highest temperatures of the
year (i.e., the time window of JoNEs & oth-
ers, 1996).

There have been few investigations of the
isotopic composition of fossil charophytes.
BERGER (1990) and BECKER, PicoT, and
BERGER (2002) analyzed the variations in
stable isotopes of *C and **O in late Ceno-
zoic charophytes of western Switzerland (Fig.
19). According to J.-P. BERGER (personal
communication, January 2001), an isotope
excursion lower than 2%o is not significant
for paleoecological or paleoclimatical inter-
pretation; the general covariance between
8"3C and 6'"0 excursions is typical for closed
lakes, and the important excursions observed
in the isotopic record are probably due to an
increase of seasonality during the Cenozoic,
the negative values indicating a more humid
period. This seasonality could have resulted
from different climatic, paleogeographic,
and tectonic events occurring during this
time. Also, the erosion of marine Mesozoic
carbonate could produce more positive ex-
cursions in the 6"*C. The isotopic curves for
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FIG. 19. Stable isotopes of charophyte gyrogonites and correlation with mammal biozonation, from lower Burdigalian
to upper Tortonian; mam. levels, mammal standard levels, after Schmidt-Kittler, 1987 (adapted from Becker,
Picot, & Berger, 2002).

the time interval between early Burdigalian
and late Tortonian show several warming
and cooling phases that are correlated on the
whole with the variations observed in oce-
anic DSDP records (WOODRUFF, SAVIN, &
Douctas, 1981). In particular a cold phase
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occurred approximately 12 Ma, which is
thought to be related to the formation of the
Antarctic ice cap. The latter correlations do
not include consideration of the new calibra-
tion of the inferred geological time scale
(BERGGREN & others, 1995).
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FOSSIL CHAROPHYTA
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The first step in studying fossil charo-
phytes is to release the gyrogonites from the
matrix. One to five kilograms of sediment
are necessary to obtain a high enough num-
ber of specimens to allow the study of popu-
lations, to make oriented thin sections, and
for photography. Nondetrital lacustrine or
nonmarine brackish-water deposits are the
most likely to yield charophytes. The specific
methods used for the treatment of
charophytes are much the same as those used
for other small fossils, the ostracodes in par-
ticular (SonN, 1961).

RELEASE FROM MATRIX

Depending on the lithology, two different
methods can be used to release charophytes
from the matrix. Washing and sieving are
used to extract charophytes from such loose
sediment as argillaceous or lignitic marls.
Found with charophytes are such various
small fossils as foraminifers, molluscs,
ostracodes, dinosaur eggshell fragments,
microscopic teeth of mammals, and, rarely,
seeds, conodonts, and scolecodonts. For one
kilogram of sediment, 50 g of sodium car-
bonate (Na,CO, ) and one liter of 30-percent
hydrogen peroxide are required. The dry
sediment is poured into a plastic jar, mixed
with sodium carbonate, and covered with
water. Add the hydrogen peroxide and allow
the mixture to react for 12 to 48 hours. Sieve
with running water, pouring the mixture
through a set of three sieves of meshes 2 mm,
500 um, and 150 um. The sieves can be air
dried or placed in a drying cupboard.

Well-preserved gyrogonites may be ex-
tracted from more indurated sediments such
as marls and marly limestones by using cop-
per sulfate. For 100 g of rock, 100 g of an-
hydrous copper sulfate, 250 ml of acetic
acid, and 500 ml of ammonium hydroxide
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are needed. In a fume hood, mix a solution
of acetic acid and copper sulfate in a glass jar
two hours before use. Into the solution, place
the completely dry rocks, cut into pieces
approximately 1 cm in size. Let the mixture
react for 12 to 24 hours until most of the
limestone pieces have been dissolved. Neu-
tralize the remaining solution with ammo-
nium hydroxide, then wash and sieve with
water.

Extremely hard, recrystalized limestones
can be studied only with thin sections. These
provide information as to the microfacies,
which, in turn, furnishes ecological informa-
tion but generally few details of gyrogonite
morphology.

CONCENTRATION
OF FOSSILS

Once the sediment has been washed and
sieved, the charophytes can be concentrated
by using a number of methods.

Kerosene can be used to eliminate the
argillaceous fraction of the sediment. The
dry sediment is soaked in kerosene. Once it
is thoroughly impregnated, it is mixed with
water and left to soak for 4 to 12 hours, then
washed and sieved again. Some people pre-
fer to use gasoline instead of kerosene, but
because of the highly volatile, inflammable,
heavy vapor and the consequent danger of
fire or explosion, such work should be done
out of doors or in a fume hood with a strong
exhaust fan.

Bromoform, with a specific gravity of 2.8,
is appropriate to separate gyrogonites from
other sediment matrix. This procedure is to
be used only in open air or using a fume
hood. The dry sediment is poured into a
fine-meshed sieve inside a large container
without any trace of water. Bromoform is

added. Then pure ethyl alcohol is added
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gradually until flotation of gyrogonites oc-
curs. Gyrogonites are removed from the top
of the liquid with a fine wire mesh.

To facilitate the picking process, the dry
sediment is subdivided into similarly sized
fractions by using a column of six metallic
sieves. Generally, these sieves are 10 cm in
diameter and their meshes range from 65 um
to 1.25 mm.

To bring about mechanical separation on
an inclined plane, thin lines of sediment are
placed around the periphery of a rectangular,
flat container with shallow edges. By inclin-
ing and agitating the container, gyrogonites
will roll down to the bottom where they can
be collected with a wet brush. This proce-
dure, which relies on the broadly spherical
shape of the gyrogonites, is not appropriate
for the angular utricles of the Clavatoraceae.

Gyrogonites may also be picked from the
sediment with a fine wet brush (number 00
to 1) at powers 5x to 40x, depending on
their size. Charophytes may be stored in
small plastic boxes or in hollowed slides.

CLEANING

Boiling in water with addition of a deter-
gent removes argillaceous dust from the spi-
rals. For hardened incrustations, a more ef-
ficient method is immersion in EDTA
(ethylenediaminetetraacetic acid) disodium
salt dihydrate followed by use of an ultra-
sonic cleaner. A six-percent solution is used
for well-calcified specimens; a three-percent
solution is used for fragile material.
Gyrogonites are immersed for five minutes
in the EDTA disodium salt dihydrate solu-
tion; a slight release of bubbles from the dis-
aggregation of the crust indicates that the
process is complete. The gyrogonites are
then rinsed with freshwater and placed into
an ultrasonic cleaner for three minutes

(power 50W, frequency 40 kHz).
COLORATION

Coloration can be applied to the
gyrogonite to enhance definition when
viewed with a binocular microscope. An al-
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cohol solution of methyl green outlines the
external structures without covering them.
In contrast, volatile correcting fluid mixed
with alcohol, acetone, and chrysoidine cov-
ers the specimens entirely. The process is
simple but delicate: a gyrogonite or a utricle
is placed into a watch glass and covered with
a drop of coloring liquid and shifted rapidly
until dry. The liquid covers the hollows
evenly with an orange coating and under-
lines the relief in red. This coloration, which
was used for optical photography during the
1960s, is still useful for showing complex
structures of clavatoracean utricles. An apex
of Septorella brachycera Grampast (Fig.
56,16, Systematics, herein p. 111) provides
an example of this coloration.

PREPARING THIN SECTIONS
OF GYROGONITES

Axial sections are used most often. They
provide valuable information about the cal-
cified wall and the basal plate; more rarely,
when revealing the structure of the summit,
sections allow a taxonomic assignment, gen-
erally at the family level (CasTEL, 1969).
Axial sections also allow examination of the
oospore wall, if the latter has been preserved.

The procedure involves embedding the
specimen in plastic. It is then thinned on
both sides by polishing in the selected orien-
tation. The product used for the embedding
is a clear epoxy resin. A mixture of resin and
hardener is put into a container, preferably of
cardboard, and stirred for two minutes on a
hot plate. The specimen is fastened to the ex-
ternal side of a small plastic box whose bor-
ders are fringed with paraffin or wax from a
candle; the specimen is then covered with a
few drops of the mixture and left to polymer-
ize.

To polish the specimen, first remove the
wax fringe with a razor blade. The resin
block including the specimen is abraded di-
rectly on the lapidary disk with 600-mesh
grit, during which the process is carefully
monitored using a binocular microscope.
The abrasion should stop when the level of
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the axial plane of the gyrogonite is nearly
reached. Then, a drop of the plastic mixture
is applied to the ground surface of a glass
slide, and another drop is applied to the
worn side of the specimen. The specimen is
then attached to the slide, and the solution
is allowed to polymerize. Then the second
side of the section is ground down and cov-
ered with Canada balsam or with the resin
mixture.

OBSERVATION
AND PHOTOGRAPHY

REFLECTED LIGHT

Charophytes are usually examined with a
binocular microscope using reflected light at
20x% to 100x. Gyrogonites are held in posi-
tion on a glass slide smeared with an adhesive
(rubber cement). The use of glue or gum
tragacanth, which seeps inextricably into the
spiral sutures, is not recommended.

The basal plate may be extracted by crush-
ing the gyrogonite carefully between two
glass slides. The basal plate is recognizable by
its pentagonal shape among the fragments of
spiral cells.

Photographs may be taken directly with
the microscope at low magnification. Use of
a camera with a tube and bellows between
the objective and the camera provides higher
magnifications. Three or four lamps or a
neon ring provides adequate light.

TRANSMITTED LIGHT

Thin sections of rocks or of isolated
gyrogonites may be examined with transmit-
ted light at powers 50x to 500x.
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SCANNING ELECTRON
MICROSCOPY (SEM)

For charophytes, the SEM allows observa-
tions and photography of general views at
magnifications from 30x to 200x and details
of structure at up to about 20,000x. Speci-
mens are glued to a stub, preferably with a
metallic glue that holds the specimen in po-
sition and provides good electronic imaging.
The metallic coating, whatever medium is
used (gold, gold-palladium, platinum), must
be thick enough (150 to 200 A) to avoid the
electronic charge inherent in the spherical
shape of gyrogonites.

MEASUREMENTS

An ocular micrometer can be used with
magnifications of 25x, 40x, or 50x to deter-
mine gyrogonite dimensions (see Fig. 12.1)
as well as the number of spiral cells and the
coefficient of spirality (DEMIN, 1967). Tests
of the reliability of the methods of measure-
ments (SOULIE-MARSCHE, 1989) show that
variation due to observer error is lower than
those due to the capabilities of the equip-
ment. For example, a difference of five to six
percent was observed in a test of four meth-
ods for a population of 100 specimens that
were 530 um in mean diameter. Dimensions
are important but not of prime significance
for distinguishing species, and a margin of
error should be considered when comparing
numerical data from different charophyte
populations.
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The habitats of the Characeae are mainly
freshwater, but some species successfully
colonize brackish lagoons, and a few species
inhabit the Baltic Sea. The species of the
family Characeae are fundamentally aquatic:
apart from the oospores and gyrogonites,
which can survive desiccation, the only
forms that survive as a whole organism when
aerially exposed are those that develop on
damp ground in special conditions. The
thallus of Nitella hyalina (DE CANDOLLE)
AGARDH is enclosed in a mucilage that main-
tains sufficient moisture, and “IV. terrestris” (a
Nitella species whose taxonomic status is still
unclear) grows in the very high atmospheric
humidity of the equatorial part of India
(IYENGAR, 1958).

Characeae are pioneer species, colonizing
environments lacking vegetation, whether
new or reworked, before the development of
higher plant communities. Subjected to
competition from the phanerogams, most of
them regress to refuges on open beaches or
even disappear from a locality. The positively
phototactic fertile tips of branches grow to-
ward the water surface where the orange to
red color of the mature gametangia is visually
striking and may provide some protection
from ultraviolet light.

Regarded as annual, the Characeae possess
a vegetative thallus that may, under special
conditions, persist during unfavorable sea-
sons. Each individual produces a large num-
ber of oogonia and antheridia (often more
than a hundred). After fertilization in water,
the oospores mature, then break off and fall
to the bottom, where they germinate after a
period of dormancy. The germinating
oospores give rise to a rather dense popula-
tion, forming a carpet of benthic vegetation.
Similarly, the gyrogonites of fossil species,
which correspond to the calcified parts of the
oogonia, are found in abundance in sedi-
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ments, allowing statistical estimates of an-
cient populations.

The Characeae, which are fixed by very
thin rhizoids, colonize preferentially quiet
waters. In slow currents (5 to 6 m per
minute), thalli develop into spindles, which
are characterized by the elongation of the
internodes and phylloids. Habitats where
Characeae grow may be permanent or tem-
porary but must be moist for at least a few
months: lakes, salt ponds, rice fields, pisci-
culture ponds, lagoons, chotts, and water
bodies of all sizes. The habitats must not be
subject to drainage during the growing pe-
riod of the protonemata or just before fertili-
zation. The germination potential of some
Characeae persists for several years [e.g.,
Chara braunii GMELIN, Nitella syncarpa
(THUILLER) CHEVALLIER, and Lampro-
thamnium succinctum (A. BRAUN) R. D.
Woonb], but dried soil with characean spores
must not be subject to extensive mixing,
which may bury the oospores too deeply for
germination.

WATER QUALITY

Well-mixed waters with high levels of oxy-
gen and carbon dioxide provide the best con-
ditions for respiration and assimilation and
thus increase development of the thallus.
Moreover, the complex structure of the thal-
lus favors the sedimentation of suspended
particles, resulting in clarification of the
water. Due to their large biomass, Characeae
also contribute to the maintenance of water
quality. Most species develop in low-nutrient
waters that are oligotrophic, mesotrophic, or
slightly eutrophic (IMAHORI, 1954).

SUBSTRATUM

Characeae prefer less dense soils (sand,
silt, or mud) that rhizoids can penetrate
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F1G. 20. Vertical range of Chara globularis var. aspera

(DETHARDING ex WILLDENOW) R. D. WooD (solid line),

Chara vulgaris f. contraria (A. BRAUN ex KUTZING) R. D.

Woob (dashed line), and Nitellopsis obtusa (DESVAUX in

LOISELEUR-DESLONGCHAMPS) J. GROVES (gray line) in

Nors So Lake, Denmark (adapted from Olsen, 1944,
fig. 36).

more easily. They also root in interstices be-
tween stones or gravel or at the bottom of
artificial basins covered with a thin film of
silt. They do not grow on rocks.

DEPTH

Most Characeae grow in shallow water,
between 0.1 and 10 m deep (Fig. 20), but
some species are able to survive at greater
depth, such as Nitellopsis obtusa (DESVAUX in
LOISELEUR-DESLONGCHAMPS) J. GROVES,
which ranges from 1 to 30 m (STROEDE,
1933). Deep-dwelling species often grow
and form fructifications down to 10 meters
depth late in the season. In deep zones, also
carpeted by a few species of Nitella, individu-
als remain sterile and persist by vegetative
multiplication, as occurs, for example, with
N. flexilis (L.) AGARDH in Pavin Lake in
France (Hy, 1913).

LIGHT

Quality and quantity of light affect veg-
etative growth, especially internode length
and phylloid development, and sexual repro-
duction (development of the gametangia).
Light also affects the distribution of species
according to depth, resulting in vertical and
horizontal zonation of vegetation belts. Fi-
nally, in terms of fructification development,
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species may be classified into short-day (ver-
nal), long-day (estival), or indifferent species.
Light largely controls photosynthesis and
influences calcification, according to the re-
action:

Ca + 2HCO,” 2CaCO, + CO, + H,O
(IMAHORI, 1954). The fact that light intensity
is a function of latitude explains why most
calcified species occur in temperate and sub-
tropical climatic zones.

TEMPERATURE

Some species of Characeae are restricted in
climatic zones and are evidently influenced
by temperature. Temperature affects
significantly both germination and develop-
ment. Generally in temperate areas,
Characeae occur in waters of about 12 °C to
26 °C, but in tropical areas they may survive
in waters as warm as 30 °C. Three species
grow and fructify in the cold waters (not
more than 16 °C) of Grande Terre, the larg-
est of the Kerguelen Islands (CORILLION,
1982). Thalli cannot withstand sudden tem-
perature variations, although the species liv-
ing on the fringes of lakes or ponds are ex-
posed to nychthemeral variations, often over
10 °C in summer, or seasonal variations. In-
creased water temperature that results in
evaporation yields an increased concentra-
tion of soluble substances, as well as a de-
crease in concentration of dissolved gases. As
calcification is related to temperature, calci-
fied species prefer biotopes in temperate
zones. In contrast, uncalcified species, such
as those from the Kerguelen Islands, can tol-
erate very cold water.

SALINITY

Salinity is thought to be the major factor
governing distribution of charophytes
(STROEDE, 1933). Characeae are mainly
lacustrine, but some species tolerate conti-
nental brackish waters. In the Baltic Sea,
Characeae occur in areas where the
percentage of NaCl is not higher than 30 g
Cl liter! (Fig. 21), approximately 30 psu
(practical salinity units; UNESCO, 1981).
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According to their salinity tolerance, the
Characeae fall into four categories (WINTER,
SOULIE-MARSCHE, & KirsT, 1996.

(1) Strict halophobes or obligatory fresh-
water species. Salinity 0 to 0.5 psu. This
group includes most Nitella and a few Chara.

(2) Freshwater to brackish-water tolerant
species. Salinity 0.5 to 5 psu. Most Char-
aceae occur in these waters: numerous
Chara, rare Nitella, Tolypella glomerata
(DEsvAUX in LOISELEUR-DESLONGCHAMPS) R.
D. Woob, Nitellopsis obtusa (DESVAUX in
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LOISELEUR-DESLONGCHAMPS) J. GROVES, and
Lychnothamnus barbatus (MEYEN) LEON-
HARDI.

(3) Brackish-water species. Salinity 5 to 16
psu. Some Chara, Lamprothamnium papul-
osum (WALLROTH) J. GROVES, Tolypella
nidifica (MULLER) A. BRAUN, and oligo-
brackish species that withstand brackish
waters [Nitella hyalina (DE CANDOLLE)
AGARDH].

(4) Strict halophilic species. Salinity 16 to
26 psu. L. papulosum, L. papulosum f.
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macropogon (A. BRauN) R. D. Woob, Chara
globularis var. aspera f. galioides (DE
CanpoLLE) R. D. WooD; tolerance of 69 psu
has been reported for Lamprothamnium,
which is the most halophilic extant genus;
however, even if the charophyte can remain
apparently healthy, photosynthesis and
sexual reproduction are inhibited at such
salinities (BURNE, BAULD, & DEDECKER,
1980).

The salinity tolerance of the Characeae
has been related to a physiological mecha-
nism that regulates turgor pressure (WINTER
& KirsT, 1991); there is evidence of a pump-
ing mechanism involving diverse salts, in-
cluding sodium and potassium chloride
(HuTtcHINsON, 1975; WINTER, SOULIE-
MARSCHE, & KIrsT, 1996).

ALKALINITY

Charophytes thrive in pH generally from
5.5 to more than 9. Acid waters with pH as
low as 3 containing thriving populations of
Chara fibrosa (DE CANDOLLE) AGARDH and
Nitella hyalina, however, have been reported
from rehabilitated mining excavations in
Western Australia (Melanie WARD, personal
communication, 1996). According to their
preferences, Characeae may be categorized
into three groups.

Acidophilic: mainly Nitella and rare Chara
species, in waters from pH 5 to 7.

Neutrophilic: mainly Chara, Nitellopsis,
rare Nitella.

Alkaline: Chara, Tolypella, Lamprotham-

nium.
Some species tolerate wide ranges of pH, for
example, from 5 to 9.5 for Nitella translucens
(PERSOON) AGARDH in Denmark (OLSEN,
1944).

CONTENT OF LIME
IN WATER

The encrustation of the cell walls by cal-
cium carbonate is related to the calcium con-
centration of the water. For example, Chara
starts to develop between 15 to 60 mg/l CaO
depending on the species and tolerates 200
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mg/l CaO to 400 mg/l CaO. Beyond 2,000
mg/l CaO it stops developing. Quantitative
analysis and use of X-rays show that the ions
are found mainly as insoluble combinations,
thus limiting their toxic effect (WALTER-LEVY
& STRAUSS, 1974). For uncalcified taxa, the
optimal values of hardness are between 0 and
200 mg/l CaO.

MODES OF LIFE
OF FOSSIL GENERA

Evidence from the fossil record shows
that, like the modern species, fossil
charophytes inhabited continental fresh- and
brackish waters as well as possibly shallow,
low-salinity, sheltered marine habitats. The
earliest charophytes known from the upper
Silurian and Lower Devonian of Laurentia
already occupied different habitats. The
Ludlowian Hamra Beds of Gotland, which
have yielded Moellerina laufeldi CoNnkiN,
were deposited in shallow water at the end of
the regressive Lau cycle (JErpsson, 1998),
whereas the slightly younger Praesycidium,
which is associated with land plants in the
Ludlowian of Podolia (T. A. IsHCHENKO &
A. A. IsHCHENKO, 1982), seems to have oc-
cupied a freshwater habitat.

FOSSIL GENERA WITH
EXTANT REPRESENTATIVES

On the whole, extant genera have modes
of life similar to those of their fossil represen-
tatives. Fossil Lamprothamnium, which are
generally found in Upper Cretaceous—
Holocene brackish-water deposits, share the
same ecological preferences as modern, con-
generic species.

Among the Nitelloideae, 7olypella and
Sphaerochara seem to have tolerated a wide
range of salinities, like their living descen-
dants. Zolypella occurs frequently in brack-
ish-water deposits, such as the Maastrichtian
Prince Creek Formation at Ocean Point,
Alaska, which has yielded 7" grambasti arctica
(FrisT & BROUWERS, 1990). The Paleocene
Sphaerochara edda SOULTE-MARSCHE occurs
in brackish and lacustrine facies (RIVELINE,
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1986). The occurrence of 7. caudata in the
freshwater upper Eocene Limnienmergel of
the Rhine graben (BREUER & FEIsT, 19806) is
an exception.

Chara has been reported from a number
of different biotopes. The ecological prefer-
ences of Lychnothamnus seem comparable for
extant and fossil forms, as shown by the
lacustrine upper Miocene locality at
Asseiceira (Portugal) with L. barbatus var.
antiquus (ANTUNES & others, 1992). Very
little is known of the uncalcified Nitella as
fossils; the exceptional Indian Jurassic local-
ity with V. sahnii is thought to be a lake
deposit (HORN AF RANTZIEN, 1957).

In the fossil record Nizellopsis differs from
other genera by its clearly more diverse
modes of life than the unique extant species
N. obtusa, which is restricted to permanent,
relatively deep, cold lakes (SOULIE-MARSCHE,
1991). Most fossil species of Nitellopsis occur
in lacustrine deposits, such as the upper Oli-
gocene Argile des Milles, with N. (Tecto-
chara) meriani L. & N. GRAMAST accompa-
nied by the freshwater gastropods Limnaea
and Planorbis (FE1sT-CASTEL, 1977¢). The
genus also occurs in brackish-water deposits:
for example, N. (Tectochara) thaleri elongata
FEIST-CASTEL, in the lower Eocene Oyster
beds of Corbiéres and Minervois (southern
France), is associated with Lamprothamnium
priscum CASTEL & GRAMBAST as well as with
a brackish-water fauna of foraminifers and
ostracodes (TAMBAREAU & others, 1989). In
the extant V. obtusa, the ability to withstand
a low concentration of salt in laboratory ex-
periments (KATSUHARA & Tazawa, 1986)
may be related to the former tolerance of the
genus to a higher salinity.

TOTALLY EXTINCT GENERA

Because comparison with living species is
not possible, ecological data for extinct gen-
era are based mainly on evidence provided by
associated faunas, generally foraminifers,
molluscs, ostracodes, echinoderms, and con-
odonts. SCHUDACK (1993a) evaluated the sa-
linity tolerances of 13 charophyte genera on
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the basis of more than 500 associations from
the Upper Jurassic and Lower Cretaceous of
Europe (Fig. 22). We refer readers to this
paper for examples from times apart from
the Paleozoic Era, which has been the subject
of controversy regarding the ecology of the
charophytes.

PALEOECOLOGY OF
PALEOZOIC CHAROPHYTES:
WERE THEY MARINE?

The paleoecology of Paleozoic charo-
phytes is far from being completely under-
stood. The salinity preferences of only a few
genera have been recognized: Karpinskya
seems to be euryhaline, Sycidium and
Trochiliscus are freshwater species but occa-
sionally tolerant of brackish water (Racki,
1982; LANGER, 1976), and Gemmichara and
Leonardosia are strictly freshwater genera (Lu
& ZHANG, 1990).

The possibility of early charophytes occu-
pying marine habitats has been discussed for
a long time, as some of their localities in-
clude other kinds of fossils that are thought
to have been marine. Major contributions on
the subject have been analyzed by Racki
(1982). The main point of the debate bears
on the possibility that early charophytes
could have been adapted to a wider range of
habitats than modern species.

Two hypotheses have been formulated. In
the first the association of the two types of
organisms is artificial: when gyrogonites are
not well preserved and in low abundance,
they may have been washed from fresh- or
brackish-water swamps into a marine envi-
ronment by passage through estuaries
(HECKEL, 1972); transportation of gyro-
gonites as far as 80 km from the coast has
been noted in the English Channel
(MAGNIEZ, RaT, & TINTANT, 1960).

The second hypothesis erected to explain
the apparently abnormal assemblages of
charophytes and marine organisms requires
acceptance that in the past charophytes
could have had lifestyles different from those

of living ones and might have tolerated
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open-marine conditions. Nothing in the fos-
sil record except co-occurring marine species,
however, suggests the existence of fundamen-
tal differences in the constitution of the ex-
tant and fossil forms. The thin rhizoids of
the Devonian Palaeonitella (KipsTON &
LANG, 1921; EpwarDS & LyoN, 1983) testify
that, as in the modern forms, their ancestors
were not floating algae but were fixed to the
bottom. More recent work with Palaeonitella
and the Rhynie Chert (TavyLOR, REMY, &
Hass, 1992) indicates that deposition was in
a freshwater oligotrophic peat swamp. We
have noted earlier that depths between 0 and
10 m were optimal for light penetration, in-
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ducing both photosynthesis and reproduc-
tion. CROFT (1952) judged that the structure
of the gyrogonite, being particularly resistant
and able to withstand periods of desiccation,
is indicative of adaptation to life in nonma-
rine environments.

This view is not in contradiction with the
presence of several species of Characeae liv-
ing in the Baltic Sea, which supports the idea
that some Paleozoic species might have in-
habited marine habitats. Moreover, Paleozoic
seas are thought to have had a lower concen-
tration of chlorides, as the Baltic Sea does
now (Racki, 1982). The Baltic Characeae
live along the coast (Fig. 21) in shallow wa-
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ter where wave action is not strong (OLSEN,
1944). This mode of life compares well with
some Devonian nearshore marine habitats
and possibly also with some Paleozoic epeiric
seas, such as the Devonian shallow, offshore
deposits of the Holy Cross Mountains (Po-
land), which have yielded abundant popula-
tions of Karpinskya (Racki, 1982).

©2

Thus the biology of charophytes does not
support the idea of an adaptation of their
Paleozoic ancestors to fully marine environ-
ments implying tides and high waves, and
the presence of abundant gyrogonites in
marine sedimentary rocks is evidence of shal-
low water near the land.

009 University of Kansas Paleontological Institute
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INTRODUCTION

The extant charophytes are broadly dis-
tributed with respect both to latitude (from
80° N to 50° S) and to altitude (from 0 to
more than 4,000 m in the Andes) in habitats
where aquatic conditions are permanent or
persist for at least a few months. Being
aquatic, charophytes often have a rather wide
distribution in relation to the relative unifor-
mity of the aquatic environment. Probably
their great power of propagation, due to
their oospores being protected by resistant
walls and characterized by a long viability,
also plays a role in their broad distribution,
which is effectively cosmopolitan.

CoriLLION (1957), Woob and IMAHORI
(1959, 1965 in 1964—-1965), and KHaN and
SArRMA (1984) gave an overview of the distri-
bution of the species in the world. All the
continents have been explored, but many
areas have been insufficiently sampled, par-
ticularly central Africa, South America, cen-
tral Asia, and many islands; consequently,
the reported ranges are certainly smaller than
in reality, and the number of endemic taxa
has probably been overestimated.

COoRILLION (1957) has reviewed the modes
of dispersion of the Characeae. The
oospores, bulbils, and nodes of the thallus
are transported mainly by water currents or
by animals. Species that grow along the
banks of rivers and their estuaries are dis-
seminated during floods. Animals can trans-
port the organs of reproduction to consider-
able distances. The oogonia, protected by
their resistant wall, can pass through the di-
gestive canals of water birds without damage,
or, together with vegetative fragments, can
be present in mud adhering to their feet and
wings, thus being distributed along
migration routes (PRocTOR, 1962).
KrassaviNa (1971) has reported oogonia of
Nitellopsis obtusa (DESvVAUX in LOISELEUR-
DESLONGCHAMPS) J. GROVES in the stomach
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of a duck. Oogonia and vegetative parts are
also transported by frogs and toads and by
large and small mammals. RipLEY (1930) ob-
served the occurrence of Nitella furcata
subsp. mucronata var. sieberi f. microcarpa (A.
Braun) R. D. Woob in the footprints of a
rhinoceros.

Human intervention also has its effects as
a result of artificial habitats favorable to such
species as Lamprothamnium papulosum
(WALLROTH) J. GROVES, which has estab-
lished itself on European coasts as a result of
the formation of salt marshes in past centu-
ries. Human activity can result also in the de-
struction of natural habitats through drain-
ing and management of especially sensitive
aquatic environments (GUERLESQUIN, 1986),
leading to the increasing rarity and finally
the disappearance of species in some areas.
To prevent this, species that are especially at
risk have been accorded protected status, for
example L. papulosum in Great Britain
(MOORE, 1991) and Lychnothamnus barbatus
(MEYEN) LEONARDI in Australia (CASANOVA,
1997). Other species are reported as rare or
endangered in Sweden (BLiNDOW, 1994) and
in Germany (Krausg, 1984). Elsewhere, pro-
grams for the amelioration of water quality
have recently allowed the return of species to
some localities from which they had disap-

peared several years previously (SiMoNs &
others, 1994).

AREAS OF DISTRIBUTION

The concepts of areas of distribution and
endemism can be interpreted in different
ways. Thus endemism may perhaps be de-
fined as the presence of a taxon either in a
single very restricted area or, following KHaN
and SArRMA (1984), over all of a continent.
Between these two extremes are other possi-
bilities of grouping charophyte species in iso-
lated geographic entities, such as the Indian
subcontinent, Japan, and southern Africa.
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TasLE 1. Number of microspecies known in the different genera by continent (sezsz Wood &

Imahori, 1965 in 1964—1965).

Continent Chara  Nitella Tolypella & Sphaerochara  Lamprothamnium Nitellopsis Lychnothamnus
Africa 53 48 4 3 0 0
North America 59 31 5 0 0 0
South America 50 38 4 2 1 0
Asia 77 105 6 3 1 1
Australia s.1. 21 39 3 3 0 1
Europe 46 21 9 2 1 1

The number of taxa known in each con-
tinent varies according to the size. Asia, by
far the largest, has the greatest number, while
Europe, being much smaller, has the fewest.
The number of species in the genera varies
among continents (Table 1). The proportion
of endemics, highly variable, is least in Eu-
rope and highest in southern Africa and Ja-

pan (Table 2).
COSMOPOLITAN SPECIES

We have seen that the characteristics of
charophytes allow their dispersion over great
distances. The percentage of cosmopolitan
species, i.e., occupying four or five conti-
nents, is nine percent among living species.
These are generally species with great toler-
ance to variations in physicochemical factors
as well as having long-lived oospores. This
group comprises especially those species that
populate regions that are isolated geographi-
cally such as Greenland, Iceland, Newfound-
land, and some Pacific islands (Hawaii, Fiji,
New Caledonia).

SUBCOSMOPOLITAN SPECIES

Containing 41 percent of species, this
group of species, which are present on two or
three continents, occupies an important
place in the characean flora. These species are
environmentally less tolerant or sometimes
ancient species, the area of distribution of
which has been reduced and broken up.

ENDEMIC SPECIES sensu lato

This group comprises 50 percent of the
total number of species. These have ecologi-
cal preferences that limit them to a single
continent, to a broad area, or to a limited
region with a highly variable landscape.
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CLIMATICALLY CONTROLLED
SPECIES

For some species, climate is the essential
factor, as for Chara zeylanica, the tropical
species par excellence (ZANEVELD, 1940),
which occurs between 40° N and 30° S (Fig.
23). It is worth noting that in the complex
C. zeylanica, the variety diaphana f. diaphana
(MEyEN) R. D. Woob has the broadest dis-
tribution; two other subspecies each occupy
a more or less restricted climatic area. In
other instances local ecological conditions
allow species to flourish in climatic zones to
which they are not adapted otherwise. In
some, it is altitude, giving a cooler and more
humid climate, that allows species from tem-
perate zones to live in subtropical regions.
Conversely, southern species may benefit
from local shelter from the cold (PrROCTOR,
1962). Thus Chara canescens DESVAUX &
LOISELEUR-DESLONGCHAMPS is able to live in
Spitzbergen (79° N) in hot springs
(LANGANGEN, 1979).

DISTRIBUTIONS OF GENERA
AND SPECIES

The distribution of the seven extant gen-
era is unequal on the various continents and
independent of their surface features. Africa
and North America have four genera; South

TABLE 2. Percentages of endemic and world-
wide species in the continents (new).

Continent % endemics % worldwide
Africa 20 6
North America 15 4
South America 24 4
Asia 23 13
Australia 13 2
Europe 7 2
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F1G. 23. Repartition area of 3 microspecies (sensu Woob & IMAHORI, 1965 in 1964-1965) of Chara zeylanica; 1,
Chara zeylanica var. diaphana forma diaphana (MEYEN) R. D. Woob; 2, Chara zeylanica var. diaphana forma
oerstediana (BRAUN) R. D. Woob; 3, Chara zeylanica var. sejuncta (BRauN) R. D. Woob (new).

America and Australasia have five. All seven
genera are present in Europe and Asia (Table
1). Chara and Nitella have a global distribu-
tion, and these genera are also the richest in
species. Tolypella is represented in different
parts of the world but with gaps in its distri-
bution. Lamprothamnium, confined to saline
continental environments or exceptional in-
stances in marine environments (e.g., the
Baltic Sea), is unknown in North America
and barely represented in Australia; it is ab-
sent from most of Africa. The reduction of
areas of distribution in geologic time, most
evident in Nitellopsis and Lychnothamnus,
indicates genera on the decline.

Even in the widespread genera Chara and
Nitella, several species have quite disjunct
distributions. These are usually interpreted
as corresponding to relict areas. Thus Chara
baueri A. BRAUN occurs exclusively in Eu-
rope, Kazakhstan, and Australasia in regions
that are always subject to similarly temperate
climatic conditions. In other instances, for
example such species as Nitella tenuissima f.
transilis (T. F. ALLEN) R. D. WooD, present
in rare and sparse localities in India (Bihar)
and the northeastern part of North America
including Cuba, our present knowledge does
not allow us to propose a satisfactory expla-
nation.
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To assess the affinities of regions to each
other on the basis of their charophyte floras,
we should examine geographically circum-
scribed regions (Table 3) with significantly
large areas and with great floral richness. In-
dia, which harbors 40 percent of the total
characean flora, seems to be a good example
in this respect. Affinities are closest with
other tropical regions, specifically neighbor-
ing regions of Asia and South America. Few
species occur both in India and Africa, de-
spite the geographic proximity of the two re-
gions in former times. Chara setosa f.
pseudobrachypus (J. GROVES & STEPHENS) R.
D. Woob, reported from both India
(Maharastra) and southern Africa, is an ex-
ample.

TaBLE 3. Percentages of endemic and world-
wide species in isolated regions (new).

Region % endemics % worldwide
India 14 6
Japan 30 6
New Zealand 11 1
Peri-Antarctic zone 25 0.3
(Tierra del Fuego,
Kerguelen Islands)
South Africa 31 5.5
Tasmania 20 2




STRATIGRAPHIC DISTRIBUTION AND
PALEOBIOGEOGRAPHY

MOonNIQUE FEIST and NICOLE GRAMBAST-FESSARD

[Université Montpellier II, France]

Charophytes are essentially continental,
living in freshwater or brackish water with
land nearby. The changes induced by move-
ment of the continents during the past 420
million years have certainly influenced the
distribution of species and is thus account-
able for some stages of their evolution, in-
cluding periods of diversification or extinc-
tion.

The ecological factors that control the dis-
tribution of recent forms are mainly water
clarity, temperature, pH, and percentage of
dissolved salts; among these, the presence of
calcium carbonate is the most important
because it is essential for the calcified forms,
which form most of the fossil record. At
present, charophytes occur at nearly every
altitude and at every latitude, polar regions
excepted. Species and genera are widely dis-
tributed geographically. The greatest barriers
to their dispersal are the deep oceans, deserts,
and glaciers.

The information supplied by living forms
is indispensable for the interpretation of the
distribution of fossil forms; however, this
information cannot be applied directly, as
the factors that affect species distributions
may have differed through geological time.
Concerning charophyte dispersal, for ex-
ample, birds did not exist during the Paleo-
zoic and early Mesozoic. On the other hand,
until the Late Cretaceous, charophytes were
not competing with angiosperms in aquatic
environments. The water chemistry may also
have differed; as indicated in the Ecology
chapter (herein, p. 34), a lower salinity of
seawater might have allowed some Paleozoic
forms to live in marine environments in
coastal areas (Racki, 1982). Moreover, the
distribution of the continents, which was
different in the past, induced the establish-
ment of climatic conditions often more ho-
mogenous than at present, thus favoring cos-
mopolitan distribution. The distribution of
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the continents, winds, and marine currents,
which are important factors for the transpor-
tation of propagules, may have varied in di-
rection and intensity in the geological past.
Variations in sea level have certainly played
a leading role in the distribution of fossils.
The periods of transgression, such as the
Early Jurassic and Coniacian, were unfavor-
able; conversely, times of emergence such as
the late Silurian and Early Cretaceous must
have allowed these pioneering species to es-
tablish themselves in newly emerged conti-
nental areas. Cosmic events have been pro-
posed to explain times of mass extinction,
such as at the Cretaceous-Tertiary boundary
(ALvAREZ & others, 1980), but these are not
treated herein. We do not comment about
the hypothetical causes of extinction (cosmic
events, volcanism, and so on). Phases of
charophyte extinction and recovery are
treated in Evolution of Charophyte Biodi-
versity in the chapter on Evolutionary His-
tory (herein, p. 74).

PALEOZOIC
SILURIAN

Charophytes are known with certainty in
the upper Silurian. Moellerina laufelds, the
most ancient, comes from the Ludlowian
Stage of Gotland (Sweden; ConkIN &
CoNKIN, 1992), and Sycidium (Praesycidinm)
is from the Ludlow Slasky Formation of
Ukraine (ISHCHENKO & ISHCHENKO, 1982).
Primochara is of Pridolian age (ISHCHENKO &
SAIDAKOVSKY, 1975). In the paleogeographi-
cal reconstructions of SCOTESE (1997) all the
charophytes from the upper Silurian come
from the same paleogeographic province,
Baltica. The presumed order Sycidiales from
the lower Silurian (Llandovery-Wenlock
boundary) of Quebec (MAMET & others,
1992), comes from Avalonia, located south-
west of Baltica. If the affinity of this taxon to
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the charophytes were confirmed, the
nearshore marine character of the Anticosti
and Gotland deposits would indicate a mi-
gration toward Baltica by marine currents

through the Rheic Ocean.

DEVONIAN

The charophytes diversified during the
Devonian. The three orders of the group,
Sycidiales, Moellerinales, and Charales, were
represented as early as the Middle Devonian
with seven widely distributed genera (Fig.
24). This phase of expansion went on until
the Late Devonian.

In the Early Devonian, possibly from dis-
persal centers in the Silurian of Sweden
(ConkIN & CONKIN, 1992) and Ukraine
(IsHCHENKO & ISHCHENKO, 1982), the gen-
era Moellerina and Sycidium extended onto
the Euramerican continent (present USA,
Canada, and Spitsbergen). The presence of
Moellerina in the Early Devonian might be
explained by migration in epeiric seas at the
northern boundary of Gondwana. Similarly,
the genera Sycidium and Pinnoputamen
might have reached South China and, in the
case of Sycidium, as far as Australia during
the Late Devonian. Only a few deposits with
charophytes are known from the Early Devo-
nian, although their disjointed but wide dis-
tribution implies a much larger original area
of distribution.

In the Middle Devonian the genera
Sycidium and Moellerina are the best-
documented examples of the number of spe-
cies and localities. Sycidium is present in the
Middle Devonian of South China, central
and northern Europe, Iran, and Australia. It
is missing from North America where it is
noted only in the Lower Mississippian. The
genus Moellerina, which occurs less fre-
quently, had a much wider distribution: dur-
ing the Middle Devonian it was present in
South China, central Europe, east-central
North America, and Australia.

According to the plate-tectonic recon-
struction proposed by SCOTEsE (1997) for
the Devonian at 390 Ma, the two genera
occupied Baltica and the northern margin of
Gondwana and extended onto Laurentia.
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These areas lay in the subtropical zone, sug-
gesting a sufficiently warm climate to allow
the calcification of the gyrogonites. Con-
versely, the deposits with Eocharaceae from
the Upper Devonian of South Africa, at that
time quite near the pole, have produced only
impressions of thalli and fructifications
(GEess & HILLER, 1995). This exceptional
type of fossilization shows that the
Eocharaceae included noncalcified species.
This might explain the apparent highly dis-
junct areal distribution of the Eocharaceae as
well as the long time gap that separated the
different genera of this family. First described
from the Middle Devonian of Canada
(CHOQUETTE, 1956), the family has been re-
ported since from the Upper Devonian of
South Africa (GEss & HILLER, 1995), and its
last occurrence was 100 million years later in
the Triassic of central Europe (KISIELEVSKY,
1996).

EARLY CARBONIFEROUS

The early Carboniferous was a time of
clear reduction of the number and occur-
rences of taxa. The area of distribution was
reduced to North America (Sycidium,
Karpinskya; PEcKk & MORALES, 1966) and
South China (Xinjiangochara, Gemmichara;
YanG & ZHou, 1990; Lu & ZHANG, 1990).
Only Moellerina was common to the two
areas (CONKIN & others, 1974; Lu & Luo,
1990). In Europe, lacustrine sedimentary
rock is rare and limited to the cratonic
northern areas where the detrital formations
contain rare carbonates but are often rich in
organic matter; no charophytes are known
from the lower Carboniferous rocks.

LATE CARBONIFEROUS

After the extinction of Trochiliscales and
Sycidiales, a new order and two families
originated, the Palacocharaceae and
Porocharaceae. Within this last family, a new
morphological type appeared: gyrogonites
with five sinistral spiral cells (Charinae),
which persists to the present time.

Palacochara is known from only two lo-
calities, one in Canada (BELL, 1922; PECK &
EvYER, 1963a), the other in northern China
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FiG. 24. Distribution of charophyte genera during the Lower and Middle Devonian on the paleogeographic map

schematized after SCOTESE (1997); 1, Choubert, 1932; 2, Feist & Grambast-Fessard, 1985; 3, Feist in Talent & others,

2000; 4, Karpinsky, 1906; 5, Langer, 1991; 6, Lu, Soulié-Mirsche, & Wang, 1996; 7, Peck & Eyer, 1963a; 8, Peck

& Morales, 1966; 9, Racki & Racka, 1981; 10, Samoilova, 1961; 11, Z. Wang & Lu, 1980; 12, M. Feist & R. Feist,
1997 (new).

(Lu & Luo, 1990). Stomochara, the first rep-
resentative of the family Porocharaceae, was
present in different localities of North
America (PEck & EYER, 1963b) and Europe
(SHAIKIN, 1966; KISIELEVSKY, 1980; GEB-
HARDT & SCHNEIDER, 1985; SAIDAKOVSKY,
1989). Gemmichara, which was present in
the early Carboniferous and occurs in the
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Permian (Z. WANG, 1984), must also have
lived during the late Carboniferous, al-
though it has not yet been discovered.

At the end of the early Carboniferous, the
principal continents (Euramerica and
Gondwana) were joined, and what would
later constitute Europe was the site of the
Variscan orogeny. Conditions prevailing
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within the paralic basins formed in this new
continental configuration were certainly
catastrophic for the charophytes, as evi-
denced by the scarcity of deposits with
charophytes during this time. Charophytes
must have entered into competition with
higher plants that were then spreading pro-
fusely. In the rare instances when calcified
structures might occur, they could seldom be
preserved owing to the acidity of the
entrophic lacustrine medium. It is notewor-
thy that during this crisis, which led to the
extinction of two entire orders, new taxa
appeared, characterized by a morphological
change, the realization of the modern type of
gyrogonite with five spiral cells, regarded as
an innovation.

PERMIAN

In the Permian Palaeochara, Gemmichara,
and Stomochara were extant from the previ-
ous periods, the last of them with a wide dis-
tribution in North America, Europe, and
China. Other representatives of the Poro-
characeae appeared. Porochara and Leo-
nardosia were present in Europe and China;
Leonardosia was also present in the upper
Permian of Brazil, L. langei being the only
charophyte representative known from the
Paleozoic of South America. In the late Per-
mian, from this same family, Clavatorites
(synonym: Cuneatochara) and Stellatochara
occurred in Europe (SAIDAKOVSKY, 1968;
Kozur, 1974; BiLaN, 1988; KISIELEVSKY,
1993c¢). The Permian was thus a period of di-
versification.

The widespread distribution of genera in
North and South America, Africa, and Eu-
rope was probably favored by the vast non-
marine areas of Pangaea. Connections with
Asia may have occurred through present-day
Russia where several Permian species have

been described.

MESOZOIC
TRIASSIC

Following the close of the Permian, new
occurrences of charophytes took place at the
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beginning of the Triassic, probably in rela-
tion with the regression at the beginning of
this period. The well-calcified, large-sized
Paleozoic genera were replaced by generally
small genera, frequently with concave cells.
This reduction of calcified structures may be
related to the drop of temperatures resulting
from the late Permian glaciations. The
boundary between the Paleozoic and the
Mesozoic thus seems relatively well marked
in charophytes. The persistence of two-thirds
of the Permian genera into the Triassic
shows, however, that this break was not really
abrupt. The same holds true with respect to
terrestrial plants and freshwater fishes
(KnoLL, 1984; BriGcs, 1995) that similarly
were not drastically affected by the end-
Permian events.

Baltica and China seem to have been the
dispersion centers of charophytes during the
Triassic as they were during the late Permian.
Apart from these regions, the sole records are
from the North American Upper Triassic
(Peck & EYER, 1963b).

During the Triassic, three families existed:
the Porocharaceae, which were dominant
both in number of taxa and localities; the
Characeae, which had their earliest occur-
rence with Aclistochara, first reported from
the Upper Triassic of South China (Liu &
CHEN, 1992); and a unique representative of
the ancient family Eocharaceae, last known
from the Middle Devonian (CHOQUETTE,
1956) and having persisted in a refuge in
Kazakhstan (KISIELEVSKY, 1996).

JURASSIC

During the Early Jurassic, the distribution
of charophytes was restricted to a few locali-
ties in China, India, and Europe (FEIsT &
CUBAYNES, 1984; FeisT, BHATIA, & YADAGIRI,
1991; Lu & Yuan, 1991; Liv & CHEN,
1992). The extinctions at the end of the Tri-
assic led to an impoverishment that was not
compensated by evolution of new forms dur-
ing the Early Jurassic; the four genera re-
corded from this epoch were present already
in the Early Triassic. The Early Jurassic was
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one of the most critical times in the evolu-
tion of the group, perhaps in relation to the
disjunct distribution of landmasses that in-
terrupted paths of migration.

The Middle Jurassic was marked by a re-
newal. Three new genera arose, and charo-
phytes reached North America as well as Af-
rica. A number of localities with Porochara
species have been reported worldwide from
the Bathonian; this coincided with an epi-
sode of regression (FEIST & GRAMBAST-
FESSARD, 1984; CHARRIERE & others, 1994).

During the Late Jurassic, the expansion
phase continued. Newly emerging lands in
Laurasia (now North America, Europe, Cen-
tral Asia, and China) as well as in northern
Gondwana (Algeria, Tanzania) certainly fa-
vored the worldwide spread of charophytes
(Lu & Luo, 1990; Frist, LAKE, & WooD,
1995; ScHuDACK, TURNER, & PETERSON,
1998; SCHUDACK, 1999). A new family, the
Clavatoraceae, evolved, initially with seven
genera. The same number of new genera also
evolved in the Characeae, while the Poro-
characeae persisted from previous periods
without renewal.

CRETACEOUS

During the Early Cretaceous, charophyte
floras diversified on the lands that had
emerged since the Late Jurassic (MARTIN-
Crosas & SERRA-KIEL, 1991). Nine new gen-
era of the Characeae evolved and eleven of
the Clavatoraceae but none of the
Porocharaceae. The Early Cretaceous was a
time of vast geographical expansion. Some
species, such as Aropochara trivolvis PEck and
Flabellochara harrisii PECK, have a cosmo-
politan distribution (SIRNA, 1968). Eighty-
six percent of genera in the Clavatoraceae
and 31 percent in the Characeae, however,
went extinct during the Albian. This extinc-
tion phase may be attributed to the opening
of the Atlantic Ocean, which must have in-
terrupted migration routes and brought
about climatic variations, disturbing the
aquatic habitats where charophytes were
growing. Another factor that may have con-
tributed to the alteration of the charophyte
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flora was the increasing development of the
angiosperms during the Albian and
Cenomanian. The Clavatoraceae, which fa-
vored calcareous environments owing to
their multilayered utricles, were more sensi-
tive than the Characeae to the eutrophica-
tion and acidification that resulted from ac-
cumulation of organic matter.

During the Late Cretaceous, the Char-
aceae, taking advantage of vacant niches, ra-
diated dramatically with the occurrences of
21 new genera in this family. Only two gen-
era of Clavatoraceae lived during the Ceno-
manian: Embergerella and Atopochara. After
the Coniacian to Santonian, where the fos-
sil record of charophytes is nearly nonexist-
ent, the family was represented again by only
two genera, a new one, Septorella GRAMBAST,
and Atopochara PECK, which persisted from
the Early Cretaceous. No change occurred in
the Porocharaceae, but the Raskyellaceae,
which appeared during the Late Cretaceous,
are thought to have evolved from members
of this family, presumably the Feistiella
group, which exhibits undivided basal plates.

Late Cretaceous genera are reported as
showing provincial differentiation as a result
of the fragmentation of Pangaea. As in other
periods, however, the charophyte flora in-
cluded subcosmopolitan genera that oc-
curred on at least three continents. Among
the Porocharaceae, both Porochara and
Feistiella were widely distributed during the
Cretaceous. The same was true for Azopo-
chara (Clavatoraceae) until the Turonian and
for the Characeae Amblyochara, Chara,
Charites, Lamprothamnium, Microchara,
Peckisphaera, Platychara, Sphaerochara, and
Strobilochara as well as for the Raskyellaceae
Saportanella.

During the Late Cretaceous, charophytes
were distributed in four main zones.

Eurasia

With five genera recorded only from
China and Mongolia (Collichara, Mongoli-
chara, Neochara, Pseudolatochara, and
Zhejiangella), this province has a high degree

of endemism; Eurasia was also a refuge for
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the last representatives of Latochara,
Atopochara, and Aclistochara.

Southern Europe

This area was a center of dispersion of
Dugbhiella and Nitellopsis; southern Europe
also yielded three endemic genera:
Embergerella, Septorella, and Bysmochara.

North and South America

The fossil record is very poor in North
America from the Turonian onward. Accord-
ing to the record of Tolypella (sensu stricto)
from the Late Cretaceous of Argentina
(ULiaNA & MusaccHIOo, 1978) and Alaska
(FE1sT & BROUWERS, 1990), North America
and South America seem to have been cen-
ters of dispersal of the genus, which is found
only from the Eocene onward in other con-
tinents. Nothochara is endemic to South
America.

India

Besides cosmopolitan genera (Chara,
Microchara), India shares the genus
Nemegtichara with China and Mongolia;
Peckichara is common to Asia and Europe;
and Nodosochara is common to Europe and
South America. Thus, at the generic level
charophytes do not provide clear indications
on the position of the Indian subcontinent at
the end of the Cretaceous.

Bratia and Rana (1984) reported, how-
ever, an Upper Cretaceous—Eocene assem-
blage from intertrappean beds, including
Platychara perlata (PEcK & REKER) GRAM-
BAST, Peckichara varians GRAMBAST, and
ostracodes. According to these authors, this
assemblage has floral and faunal affinities
with the northern Asian part of India, and
thus its distribution is not in accordance
with paleogeographic reconstructions where
the Indian plate is isolated from other con-
tinuous landmasses.

CRETACEOUS-TERTIARY
BOUNDARY

The end of the Cretaceous was a time of
marked importance for the charophytes (see
Stratigraphic Range Chart, herein p. 148).
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The events triggering the K-T crisis must
have been fatal to the last representatives of
the Clavatoraceae, already severely impover-
ished by the extinctions during the early Late
Cretaceous. In the sections calibrated by
magnetostratigraphy (GALBRUN & others,
1993; WESTPHAL & DURAND, 1990) the last
Septorella became extinct about two million
years before the beginning of the Danian.

The episodes of cooling during the
Maastrichtian pointed out by MEDUS and
others (1988) may have caused a decrease in
the amount of calcium carbonate precipita-
tion, thus inhibiting the development of
calcified utricles.

The diversity of Porocharaceae had re-
mained unchanged with the persistence of
the same three genera, Latochara, Porochara,
and Feistella, since the Early Cretaceous. The
family crossed over the K-T boundary but
was already very much impoverished and
disappeared during the Eocene.

The K-T boundary is well marked in the
Characeae, as 40 percent of the genera be-
came extinct. In this family, the crisis did not
result in a complete extinction and coincided
with the family’s major stage of expansion.
This scenario is similar to that of the early
Carboniferous when the expanding Poro-
characeae allowed the survival of the
charophytes.

It appears thus that the K-T boundary
marks a break within the charophytes but
not really a mass-extinction phenomenon.
The most outstanding consequences oc-
curred after the K-T crisis. Indeed, the ex-
tinctions at the end of the Cretaceous were
not balanced by an equivalent number of
newly appearing genera (see Fig. 40). This
resulted in a drastic reduction in diversity
during the Cenozoic. We suppose that the
expansion of the aquatic angiosperms was a
factor limiting the recovery of the charo-
phytes.

CENOZOIC
PALEOCENE

After the extinctions at the end of the
Cretaceous, the charophytes included 21
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genera. The Paleocene assemblages, however,
have an entirely distinct appearance due to
the evolution of many new species in the
Danian (Feist & CoLoMmBO, 1983). At the
generic level, only Rhabdochara originated in
the late Paleocene (Hao & others, 1983).
One genus, Platychara, disappeared at the
end of the Danian, and the last occurrence of
Collichara is in uppermost Paleocene rocks of
the Jiangsu (China; Lu, 1997). In addition,
the Porocharaceae nearly became extinct be-
fore the Eocene; to date, a single occurrence
of the family has been mentioned in the
Eocene (SHAIKIN, 1977).

The provincial differentiation that started
during the Late Cretaceous persisted
throughout the Paleocene. Asia became a
new center of endemism for several genera:
Collichara, Nemegtichara, and Neochara.
Tolypella was still restricted to North
America (FEIST & BROUWERS, 1990); this is
consistent with its American origin sug-
gested by its occurrences in both North and
South America during the Late Cretaceous.
The Paleocene Epoch included also five
widely distributed genera: Feistiella, Harrisi-
chara, and Dughiella, as well as Platychara
and Peckichara, both cosmopolitan.

EOCENE

After the extinction of most Poro-
characeae, the charophyte flora included
only two families: the Characeae, which was
the most important in both the number of
genera and localities, and the Raskyellaceae.
In the earliest Eocene, 19 genera were in ex-
istence. Raskyella evolved in North Africa
during the early to middle Eocene (MEBROUK
& others, 1997); Psilochara evolved in Eu-
rope in the middle Eocene (FEisT-CASTEL,
1971); and Linyechara, Lychnothamnus, and
Shandongochara evolved in China during the
late Focene. The last occurrence of
Peckichara, Maedleriella, Microchara,
Nodosochara, and Raskyella is in the upper
Eocene.

The persistence of paleogeographic prov-
inces is illustrated by Asiatic endemism. New
migration routes resulting from continental
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collisions, however, must have favored the
geographical dispersion of several genera.
The most widely distributed were Nizellopsis,
Harrisichara, Maedleriella, Peckichara, and
Stephanochara, suggesting migration between
Europe, China, India, and North Africa.

OLIGOCENE

As the extinctions at the end of the Eocene
were not compensated by evolution of new
taxa, the Oligocene was a time of impover-
ishment. This decline is shown moreover by
the reduction of areas of distribution. The
number of genera, initially 15, was reduced
by the extinction of Harrisichara and
Shandongochara. The genus Gyrogona, absent
from Europe from the middle Oligocene
onward, persisted in China until the late
Miocene (Lu & Luo, 1990). During the late
Oligocene there was a renewal, marked by
the evolution of new species within several
genera (Chara, Nemegtichara, Nitellopsis,
Rhabdochara, and Sphaerochara). Oligocene
charophytes have been reported mostly from
Europe and Asia.

MIOCENE

The diversification phase continued dur-
ing the early Miocene: a new genus,
Rantzieniella, evolved; and areas of distribu-
tion became more extended, especially of
Chara and Nitellopsis. Reports of the last oc-
currence of Grovesichara at the end of the
early Miocene (TaNG & D1, 1991) as well as
of Gyrogona and Psilochara before the end of
the Miocene mark the end of this period of
diversification, which was the last one for the

charophytes.
PLIOCENE

The decline of the charophytes is under-
lined by the extinction during the Pliocene
of Amblyochara and Rantzieniella, the last
representative of the Raskyellaceae. Nemegti-
chara, Stephanochara, and Rhabdochara also
became extinct before the end of the Plio-
cene. As during the Oligocene, areas of dis-
tribution were reduced and restricted mainly
to Europe and Asia. Two cosmopolitan
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genera were an exception: Chara and
Lamprothamnium. The latter of these, how-
ever, has not been reported so far from North
America in rocks above the Lower Creta-
ceous.

PLEISTOCENE

The charophyte flora of the Pleistocene
resembled that of the modern world. Only
one genus reported from the Pleistocene,
Hornichara, does not live at the present time.
All the extant genera are represented but in
some instances with a different distribution.
Lychnothamnus has been reported from Af-

© 2009 University of Kansas Paleontological Institute

rica (SOULIE-MARSCHE, 1981) where it is
unknown today, and Nitellopsis was spread
over a greater area than at present. Chara and
Sphaerochara were cosmopolitan. The area of
distribution of the halophilous genus
Lamprothamnium was also very wide but lo-
calized in particular biotopes generally near
the shoreline.

Genera with uncalcified fructifications are
poorly represented. Thus a single locality in
the middle Pleistocene of Russia has been re-
ported for the genus Nitella (KrRaSSAVINA,
1966).
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INTRODUCTION
MOoNIQUE FEIsT

Interest in the stratigraphy of the charo-
phytes was revealed during the development
of research on the group during the 1950s.
MADLER (1952) established the sequence of
some species for the upper Oligocene and
Miocene in Germany and Switzerland, but
for many of them the range appears too long.
PEck (1957), in his studies of the Mesozoic
charophytes of North America, insisted on
their stratigraphic significance. Likewise, for
the Eocene and Oligocene formations of the
Paris basin studied by GramBast (1958,
1962a), charophytes have been revealed as
very accurate biostratigraphic indicators.

The distribution of charophyte floras in
different European regions (France, Bel-
gium, Great Britain) having shown that
common species were present in correlative
strata, the establishment of a biozonation
appeared possible. Owing to the fact that the
fossiliferous deposits were at first few and
scattered, the first biozonations (CASTEL,
1968; GRAMBAST, 1972a) were named after
local reference levels comparable to mamma-
lian stages (THALER, 1965). They are assem-
blage zones, and their precise range is not
defined.

Later, new biozonations were published:
biochronological zones based on the succes-
sion of evolutionary stages within phyloge-
netic lineages (GRAMBAST, 1971, 1974;
BaBINOT & others, 1983) and interval zones
(RIVELINE, 1986; RIVELINE & others, 1996).
The latter, named after guide fossils, corre-
spond theoretically to the interval between
two succeeding first occurrences of guide
fossils. In some cases the interval zone corre-
sponds to the range of a species. The guide
fossils present characters that facilitate easy
identification and have short stratigraphic
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ranges, as well as a wide geographic distribu-
tion, such as Atopochara trivolvis, a cosmo-
politan species of the upper Barremian and
Aptian.

With the exception of some intervals,
such as the Frasnian, the Rhetian—middle
Oxfordian, and Coniacian—Turonian where
data are too fragmentary, the charophyte
biozonation constitutes a reliable biostrati-
graphical tool for dating and correlation in
continental areas. Today this biozonation
covers nearly all the fossil record of
charophyrtes.

PALEOZOIC

Lu HUINAN, ZHANG SHENZEN, and WANG QIFEI

The zonation of the Paleozoic has been
established recently in China (WaNG, YANG,
& Lu, 2003). Paleozoic charophytes have
been reported from various levels in different
areas of China. Due to their frequent occur-
rence in marginal-marine paleoenviron-
ments, these charophyte floras are often as-
sociated with diverse organisms (spores,
molluscs, conodonts) that are stratigraphic-
ally significant and ensure their correlation.
Thus, the charophyte distribution, although
relatively sporadic, has been taken into con-
sideration for a preliminary biozonation of
the Paleozoic. The following succession
(Table 4) is based on the biozonation re-
cently published by WaNG, YaNng, and Lu
(2003).

The charophyte assemblages comprise 11
different biozones. Three of them are not
significant enough stratigraphically; never-
theless their occurrence furnishes clues for
further research. The Paleozoic charophyte
biozones are described below with the assem-
blages of their charophyte-yielding units. For
the sake of brevity, locality information is
given only at the level of county or province.
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TAaBLE 4. Late Paleozoic charophyte biozonation of China (new).

Stage Charophyte Assemblage

—_
—

upper Permian
Gemmichara sinensis

Stomochara kunlunshanensis—Porochara moyuensis—Leonardosia jinxiensis—L. jimsarensis—

upper Permian 10 Gemmichara pingdingshanensis—Leonardosia sp.

middle Permian 9 Leonardosia yongchengensis

lower Permian 8  Leonardosia sp.

Visean 7 Gemmichara hunanensis—Palaeochara sp.

Tournaisian 6 Ampulichara talimuica—Xinjiangochara rosulata—Palacochara chinensis
Famennian 5  Karpinskya? sp.

Givetian 4 Sycidium lagenarium—Xinjiangochara burgessi

Eifelian 3 Trochiliscus ingricus—Pinnoputamen yunnanensis—Sycidium spinuliferum
upper Emsian 2 Sycidium sipaiense—Trochiliscus lipuensis—Xinjiangochara sp.

lower Emsian 1 Trochiliscus? sp.

The charophyte localities, more than 50 all
together, are distributed differently through
time: those referred to the Emsian and
Eifelian (Biozones 1 to 3) have been found
exclusively in South China, but for the
Givetian (Biozone 4) they extend northward
to central areas, and for the interval from
Famennian to upper Permian (Biozones 6 to
11), the charophyte localities are all found in
northern or north-central China. This
change in distribution probably results from
different paleogeographic conditions.

The oldest fossil charophyte is from the
Lower Devonian of southwestern China. It is
taken herewith as the beginning of the
present list in decreasing age.

DEVONIAN
Lower Emsian

Trochiliscus? sp. biozone.—The only
record of lower Emsian charophytes is the
doubtful Zrochiliscus? from the Ertang For-
mation of the Xiangzhou County in
Guangxi. This record is, however, insuffi-
cient as a reliable criterion for the geological
age of the fossil-bearing unit. It is based on
brachiopod evidence that Biozone 1 has been
referred to the lower Emsian (Z. WanG &
others, 1980).

Upper Emsian

Sycidium sipaiense—Trochiliscus lipuensis
biozone.—Charophytes occur in the Sipai
Formation of Guangxi, which is more or less
correlated with the Dacaozi Formation of
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Yunnan. Both formations contain rich fau-
nas of brachiopods, corals, ostracodes, and
conodonts on which is based the assignment
to the upper Emsian. The charophyte assem-
blage includes S. sipaiense (Z. WanG & Lu)
Z.WaNG and others, Trochiliscus lipuensis Z.
WANG, Sycidium miniglobosum Z. WaNG and
others, S. cf. panderi KarpINsky, and
Xinjiangochara sp. The two guide fossils have
been recorded also from the correlative beds
of Lipu County (J. ZHANG & others, 1978;
Z. WANG & others, 1980; Z. WaNG & Lu,
1980); furthermore, the Dacoazi Formation
has yielded Xinjiangochara sp. in Ninglang
(Yunnan).

Eifelian

Trochiliscus  ingricus—Pinnoputamen
yunnanensis—Sycidium spinuliferum bio-
zone.—This biozone (Table 5) is based on
the assemblages from the Yingtang Forma-
tion of Guangxi and correlative beds of
Yunnan and Hunan. On evidence of bra-
chiopods and conodonts, the charophyte-

TaBLE 5. Charophyte distribution in the

Eifelian of China (new).
charophyte Guangxi Yunnan Hunan
Trochiliscus ingricus X X
Pinnoputamen yunnanensis X x
Sycidium spinuliferum x
Eochara changshanensis X
Sycidium haikouensis x
Sycidium anhuaense X
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TaBLE 6. Charophyte distribution in the Givetian of China (new).

charophyte Guangxi  Yunnan  Guizhou Hunan  Sichuan  Xizang
Sycidium lagenarium X XX X x x x
Xinjiangochara burgessi XX

Moellerina convoluta X

Sycidium anhuense X X

Sycidium beiliuense X XX

Sycidium haikouensis XXX x XX

Sycidium xizangense x XX x
Trochiliscus zhanyiensis X

Trochiliscus sp. X

yielding beds have been attributed to the
Eifelian (Z. WaNG, 1976; ]J. ZHANG & oth-
ers, 1978; ZEnG & Hu, 2001).

The charophyte assemblages are well di-
versified, with four genera and six species.
The two most widely distributed species in
South China are Trochiliscus ingricus
KARPINSKY and, to a lesser extent, Pinnoputa-
men yunnanensis WANG & Lu. Sycidium
spinuliferum Z. Wanc & Lu, Sycidium
haikouensis Z. WANG, Sycidium anbhuaense Z.
WaNG, and Eochara changshaensis Z. L.
ZHANG have each been reported from only
one locality.

Among the mentioned species, Trochiliscus
ingricus has been recorded also from the
Givetian of Russia (KARPINSKY, 1906), Po-
land (Racki & SOBON-PODGORSKA, 1992),
and Iran (FEIST & GRAMBAST-FESSARD,
1985); and Sycidium spinuliferum resembles
Sycidium volborthi eifelicum LANGER from the
Eifelian Mountains in Germany (LANGER,
1976). These resemblances suggest easy com-
munication between close paleogeographic
landmasses (see chapter on Paleobio-

geography, herein p. 39).
Givetian

Sycidium lagenarium—Xinjiangochara
burgessi biozone.—Records of charophytes of
Givetian age (Table 6) extend northward to
the Guizhou and Sichuan Provinces as well
as to the Xizang Zang Autonomous Region
(Tibex). Sycidium lagenarium Z. WaNG is the
most widely distributed species, extending
through the southern, central, and north-
western areas of China. Xinjiangochara
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burgessi (PEck & REKER) Lu, SOULIE-
MARSCHE, and Q. WANG has been reported
from only two localities in Yunnan, from the
lower part of the Xichong Formation in
Zhanyi and Luquan as well from the Haikou
Formation in Kunming, but this species is
widespread in the Middle Devonian of
North America (PEck & EYER, 1963a; PEck
& MORALES, 1966). Another cosmopolitan
species present in this assemblage is Moeller-
ina convoluta (PECK) PECK, described from
the Middle Devonian of Missouri (PECK,
1936; Peck & MORALES, 1966). The
Givetian charophyte flora includes six other
species, among which the most common are
Sycidium xizangense WANG, S. haikouensis
WANG, S. anhuaense WANG, and S. beiliuense
WANG. Trochiliscus zhanyiensis Z. WaNG &
Lu and Trochiliscus sp. have been reported
from only a single locality each (WaNnG &
CHANG, 1956; WANG, 1976; ZHANG & oth-
ers, 1978; WaANG & Lu, 1980; CHEN &
YANG, 1992; Lu, 1997; ZenG & Hu, 2001).

Frasnian

No charophytes have been reported from
strata of this age in China.

Lower Famennian

Karpinskya? sp. biozone.—In China, the
charophyte record of the Famennian is very
poor. The single record is Karpinskya? sp.
from a unit in Xinjiang questionably corre-
lated with the Hongguleleng Formation of
Hoboksar County, which is attributed to the
lower Famennian on conodont evidence.
The finding of Famennian charophytes has
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TasLE 7. Charophyte distribution in the upper Permian of China (new).

charophyte southern Xinjiang northern Xinjiang Gansu Liaoning
Leonardosia jinxiensis X X
Leonardosia jimsarensis X

Gemmichara sinensis X
Stomochara kunlunshanensis X

Stomochara sp. cf. moreyi X

Porochara moruensis X

Leonardosia bellatula X

Leonardosia bellatula f. longa X

Leonardosia elliptica X

Leonardosia gansuensis X

Leonardosia nanpiaoensis x
Leonardosia turpanensis X

Leonardosia xinjiangensis x

been taken as a provisional reference for
Zone 5; further investigations will be neces-
sary to correlate the the Xinjiang sequences
precisely.

CARBONIFEROUS
Tournaisian

Ampullichara talimuica—Xinjiangochara
rosulata—Palaeochara chinensis biozone.—
Tournaisian charophytes are known from

Triassic stages substages | charophyte zones
(Polish Lowland)
Bilan, 1988
) upper .
Rhaetian Rhaetic not determined
Sevatian
Upper Norian Alaunian Auerbachichara
rhaetica
Lacian
Twvalian | eoorn |
Carnian Stellatochara
Julian thuringica
Longobardian|~ ~_ ~ — — — 7|
Ladinian 9 - Stellatochara
Fassanian hoellvicensis
Miadle Wyian  — — — = —
Pelsonian
Anisian : Stellatochara
Bithynian dnjeproviformis
Aegean
Spathian Porochara triassica
Lower Scythian | Nammalian Porochara globosa
Griesbachian ?

FiG. 25. Triassic charophyte biozonation (new, courtesy

of W. Bilan).
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northwestern China exclusively. Xinjiango-
chara rosulata YANG & ZHou, Ampullichara
talimuica YANG & ZHoU, and Palaeochara
chinensis Lu & Luo have been recorded from
boreholes in a sequence ranging from the
Bachu to the Kalasay Formations in the
Tarim basin (Xinjiang) (YANG & ZHOU,
1990; Gao & others, 2002). The occurrence
of Xinjiangochara rosulata YANG & ZHOU in
the Tournaisian is confirmed by outcrop
samples from the Qianheishan Formation of
Zhongwei County in Ningxia (Lu, SOULIE-
MARSHE, & WANG, 1996).

Visean

Gemmichara hunanensis—Palaeochara sp.
biozone.—In Hunan, Gemmichara hunan-
ensis Lu & ZHANG and Palaeochara sp. occur
in the upper member of the Tseishui Forma-
tion of Lengshuijiang City (Lu & S. ZHANG,
1990), which has been attributed to the
Visean on palynological and floral evidence.
This assemblage is also represented in the
Yangjiazhangzi and Gaotai Formations of
Liaoning (Liu & ZHANG, 1994).

PERMIAN
Lower Permian

Leonardosia sp. biozone.—Leonardosia sp.
is the only charophyte record for the lower
Permian. Only one gyrogonite has been ob-
tained from the Kangkelin Formation of
Kalping County in Xinjiang (Lu & Luo,
1990). It is on faunal evidence (conodonts,
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fusulinids) that the fossil-bearing unit has Middle Permian
been referred to the Zisongian (lower Per-
mian). Although this unique fossil is Leonardosia yongchengensis biozone.—

insufficient to characterize a biozone, we ~ Outcrops of continental deposits of middle
choose to mention the finding, given the = Permian age are exposed extensively in
poor record of lower Permian charophytesin ~ China. Charophytes are, however, known
general. only from boreholes in Henan Province.
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Leonardosia yongchengensis (Z. WaNG & R.
N. WanG) Lu & ZHANG from Yongcheng
County is the only taxon reported here (Z.
WanG & R. N. WaNG, 1986), with a strati-
graphic range extending from the middle to
the upper part of the Lower Shihhotse For-
mation (third and fourth coal formations, re-
spectively). The two successive formations
have been attributed to the Kuhfenginan
(P,’) and Lengwuan respectively, according
to floral data and magnetostratigraphy.

Lower Upper Permian (P,")

Gemmichara pingdingshanensis—Leonard-
osia sp. biozone.—This assemblage has been
described from the third member of the Up-
per Shihhotse Formation (sixth and seventh
coal formations) of Henan, Anhui, and
Jiangsu provinces.

In Henan, Gemmichara pingdingshanensis
7. WaNG & R. N. WANG has been obtained
from boreholes from the middle part of the
Upper Shihhotse Formation of Xiangcheng
County, and Leonardosia? sp. has been found
in Pingdingshan and Yingshang. Remains of
Gemmichara sp. occur in the correlated ho-
rizons in Huainan (Anhui), and Leonardosia
sp. occurs in Feng County (Jiangsu). The
assemblage is assigned to the Wuchiapingian
(P,") by floral data (Z. WanG & R. N.
WaNG, 1986).

Upper Upper Permian (P,?)

Leonardosia jinxiensis—L. jimsarensis—
Gemmichara sinensis and Stomochara kunlun-
shanensis—Porochara moyuensis biozones.—
Late Permian charophytes are well
represented in northern China (Table 7).
They have been reported from three prov-
inces. In the Tarim basin in southern

Xinjiang, the assemblage includes
Stomochara kunlunshanensis Luo, which has
been described from the Duwa Formation in
Pishan and Hotan; S. cf. moreyi (PECK)
GRraMBAST from Hotan only; and Porochara
moyuensis Luo from Moyu County (Lu &
Luo, 1990). On evidence from ostracodes,
the Duwa Formation is attributed to the
Changhsingian (P.?). Data from fossil verte-
brates and flora indicate the same age for the
following occurrences.

In northern Xinjiang, L. turpanensis Lu &
ZHANG occurs in the lower part of the
Guodikeng Formation of the Turpan basin
(Lu & ZHANG, 1990). In addition, Leonard-
osia bellatula (Lu & Luo) Lu & ZHANG, L.
bellatula t. longa (Lu & Luo) Lu & ZHANG,
L. elliptica (Lu & Luo) Lu & ZHuang, L.
Jjimsarensis (Lu & Luo) Lu & ZHANG, and L.
xinjiangensis (Lu & Luo) Lu & ZHANG have
been described from the Guodikeng Forma-
tion of the Junggar basin (Lu & Luo, 1984).

In Liaoning, Gemmichara sinensis Z.
WANG, Leonardosia jinxiensis (Z. WANG) Lu
& ZHANG, and Leonardosia nanpiaoensis Z.
WAaNG occur in the lower part of Hongla
Formation of Jinxi County (Z. Wang,
1984).

In Gansu, Leonardosia jinxiensis (Z.
WAaNG) Lu and ZHANG and Leonardosia
gansuensis (Z. WANG) LU and ZHANG have
been recorded from the Sunan Formation of
Sunan County (Z. WANG, 1984).

The distribution of charophyte species
during the late Permian shows two distinct
assemblages: in northern Xinjiang, Gansu,
and Liaoning, the assemblage that is domi-
nated by Leonardosia and includes the last
representative of the Moellerinales, Gemmi-
chara, has a typically Paleozoic aspect, while

FiG. 27. Cretaceous (Berriasian-lower Aptian) charophyte biochronozones, after cladistic nomenclature; 1, Ascidiella
stellata; 2, Aropochara trivolvis triquetra; 3, Clypeator grovesii discordis; 4, C. grovesii gautieri; 5, Dictyoclavator fieri
neocomensis; 6, Ascidiella cruciata; 7, Ascidiella triquetra; 8, Clavator harrisii; 9, Globator maillardii incrassatus; 10,
G. maillardii maillardii; 11, G. maillardii nurrensis; 12, G. maillardii praecursor; 13, G. maillardii steinhauseri; 14,
G. maillardii trochiliscoides; 15, Pseudoglobator adnatus; 16, Hemiclavator neimongolensis; 17, Atopochara trivolvis
horrida; 18, Pseudoglobator paucibracteatus; 19, Clavator calcitrapus (Martin-Closas & Schudack in Riveline & oth-
ers, 1996; time, chronostratigraphy, ammonites, and biochronozones, adapted from Hardenbol & others, 1998).
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in the Tarim basin (southern Xinziang),
there occur only the newly evolved
Porocharoideae. The two assemblages may
suggest the existence of two paleobiogeo-
graphic provinces or a slight diachronism.

MESOZOIC-CENOZOIC

MONIQUE EEIST

A detailed account of the Mesozoic-
Cenozoic biozonation was published by
RIVELINE and others (1996). Herein only the
main references are indicated as well as infor-
mation on new zones introduced in the
charophyte zonal scheme based on new data.
At present, this biozonation is applicable
only to Europe, but the general stratigraphic
subdivisions can be recognized everywhere at
the generic level. For example, Auerbachi-
chara was common to Europe and China
during the Triassic; most genera of the
Clavatoraceae characterize the Cretaceous,
and Peckichara as well as Maedleriella are
universal markers of the Upper Cretaceous
and Eocene. Exceptionally some strati-
graphic markers allow the identification of
stages, for example Globator rectispirale,
which dates the Tithonian in two different
continents, Europe and Africa (FEIsT, LAKE,
& Woopb, 1995).

TRIASSIC

The biozonation established by Biran
(1988) in the continental Triassic of Poland
(Fig. 25) includes six partial range zones,
each of which corresponds to the interval
between the last occurrences of two guide
species. The stratigraphic attributions are
based on well-dated marine intercalations or
on data on spores, molluscs, and ostracodes
of continental origin present in levels with
charophytes or intercalated between them.
Most of the analyzed material comes from
boreholes situated at the margin of the upper
Silesian coal basin.

LOWER AND MIDDLE JURASSIC

No biozonation has yet been developed
for the Rhaetian—middle Oxfordian interval,
due to the rarity of charophytes, probably
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related to the scarcity of calcareous nonma-
rine deposits. Some well-dated occurrences
of species, however, show that a potential ex-
ists for subdivision of this interval. The
Planioles Limestone of the southwestern
Massif Central (France), with Latochara
durand-delgai FEIsT, has been correlated with
the lower Sinemurian Arnioceras semi-
costatum ammonite zone (FEIST & CUBAYNES,
1984). For the middle Bathonian, the
Hampen Marly Formation of Oxfordshire
(England), which has yielded Porochara
palmerii (FEIST & GRAMBAST-FESSARD)
SCHUDACK, is considered to be an equivalent
of the Procerites progracilis ammonite zone
(CorE & others, 1980; FEIST & GRAMBAST-
FESSARD, 1984). Porochara sublaevis (PECK)
GRAMBAST, which has been described from
the Middle Jurassic Piper Formation of
Montana (PEck, 1957) and is also present in
the Comblanchien Limestone of Bourgogne
(east-central France), referred to the lower to
middle Bathonian (MojoN, 1989), could be
viewed as a widely distributed guide fossil of

the Middle Jurassic.

UPPER JURASSIC-UPPER PLIOCENE

The Meso-Cenozoic charophyte bio-
zonation of RIVELINE and others (1996) is
based on interval zones or range zones. The
Jurassic and Cretaceous include 16 zones,
the Paleogene 20, and the Neogene 4.

These zones have been established in
different western European areas; their dura-
tion, variable according to periods, reduces
in an ascending way. It varies from 4.3 Ma
for the Upper Jurassic to 1.5 Ma for the
Neogene. Correlations with marine stages
are based on direct correlations, where
charophytes are associated with marine
markers at the same levels or on indirect cor-
relations where charophytes and other mark-
ers occur in stratigraphically correlated lay-
ers. In some instances, correlations are
deduced from the general biostratigraphic
framework of a studied area. In addition,
charophyte zones of the Upper Cretaceous
have been related to the standard stages by
direct correlation with the magnetostrati-
graphic scale (GALBRUN & others, 1993).
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FiG. 28. Cretaceous (upper Aptian—Cenomanian) charophyte biochronozones. After cladistic nomenclature: 7,

Atopochara trivolvis brevicellis; 2, A. trivolvis multivolvis; 3, A. trivolvis restricta; 4, A. trivolvis trivolvis; 5, Clypeator

grovesii lusitanicus (Martin-Closas & Schudack in Riveline & others, 1996; time, chronostratigraphy, ammonites,
and biochronozones, adapted from Hardenbol & others, 1998).
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Upper Oxfordian—Upper Turonian

After the pioneering work of GRAMBAST
(1974), MARTIN-CLOSAS and GRAMBAST-
FEssarD (1986), ScuHubpack (1987), and
DEtraZ and MojoN (1989), made important
contributions to the biozonation of this in-
terval. The scheme presented here is by
MARTIN-CLOSAS and SCHUDACK (in RIVELINE
& others, 1996), with addition of the
Globator rectispirale Zone for the uppermost
Jurassic (Fig. 26-28). The subdivisions of
this interval are based on the Clavatoraceae,
whose phylogenetic lineages are well suited
for use in biozonation. Species have been
named after the classification adopted in the
charophyte Treatise. For the Upper Jurassic
and Cretaceous, concordance with the cla-
distic nomenclature of the Clavatoraceae
adopted by MARTIN-CLOSAS and SCHUDACK
in RIVELINE and others (1996) is indicated in
the captions of Figures 26-28.

JURASSIC-CRETACEOUS
BOUNDARY

In charophyte biozonation, this limit has
been established within the Broadoak Cal-
careous Member of southern England (FEisT,
Lakg, & Woob, 1995). The guide fossil of
the terminal Jurassic, Globator rectispirale
FEIST, is the only representative of the genus
Globator with perfectly vertical cells. In ad-
dition to this characteristic morphology, the
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species has a wide distribution in northern
Europe to northern Africa and until now has
been the most precise marker for the end of
the Jurassic. The Cretaceous begins with the
first occurrence of spiral Globator species
(FEisT & others, 1995).

Upper Turonian-Lower Santonian

Up to now, no charophyte localities have
been published for this interval; thus no suc-
cession can be established.

Upper Santonian—Upper Maastrichtian

The biozonation of this interval (Fig. 29)
was dealt with by FEisT in BABINOT and oth-
ers (1983), Frist and FREYTET (1983), and
GALBRUN and others (1993), with an earlier
account by GRamBAST (1971). The succes-
sion was established in the south of France
and northeastern Spain; it is calibrated with
palynology and magnetostratigraphy.

PALEOCENE-PLIOCENE

The Cenozoic biozonation (Fig. 30-31)
comprises 24 zones that have been correlated
with the marine stages owing to correlations
with the zones of nannoplankton (ANADON
& others, 1983; RIVELINE, 19806); they have
been correlated also with mammal zones
(Fr1sT & RINGEADE, 1977; ANADON & FEIST,
1981; BERGER, 1986; RIVELINE, 1986;
ScHWARZ & GRIESSEMER, 1992).



EVOLUTIONARY HISTORY
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The characters used to infer evolutionary
trends in charophytes are primarily those of
the fructification or postfertilization egg and
associated cells and structures. Fossil fructi-
fications comprise a gyrogonite (the envelop-
ing cells, basal plate, and oospore mem-
brane) and, in five families, a surrounding
vegetative structure called a utricle. Details
of gyrogonite and utricle structures are pre-
sented in the chapter on Morphology
(herein, p. 1).

Characters useful in evolutionary recon-
structions are both qualitative and quantita-
tive. Qualitative characters include presence
or absence of a utricle, shape and orientation
of the enveloping cell (e.g., spiral or
straight), apical-pore features, and basal-
plate shape. Quantitative characters include
size of the gyrogonite and utricle, number of
enveloping cells, and number of basal-plate
cells. The stratigraphic record of fossil
charophytes provides a rationale for inferring
primitive and derived character states (FEIST
& GRAMBAST-FESSARD, 1991; MARTIN-
CLosas & SCHUDACK, 1991; Lu, SOULIE-
MARSHE, & WANG, 1996). Based upon these
inferences, a number of evolutionary trends
are apparent and presented as hypotheses.

TRENDS IN CHARACTER
EVOLUTION

ORIENTATION OF
ENVELOPING CELLS

The direction of spiraling is visible from
the base of the gyrogonites. In one of the
oldest known charophyte species, the late
Silurian Moellerina laufeldi CoNnxiN &
ConNkIN (Moellerinales), the gyrogonite is
spiralled dextrally (clockwise spiralization;
see Pseudomocellerina, Moellerinaceae, Fig.
44,4b, p. 93 herein). The sinistrally spiralled
gyrogonites (Charales) appeared later during
the Devonian in the Eocharaceae (counter-
clockwise spiralization; see Rantzienella,

Raskeyellaceae, Fig. 62,2¢, p. 118 herein).
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Until recently, it was thought that the most
primitive type of gyrogonite cell orientation
was that of the vertical cells of the Sycidiales,
but new data (see chapters herein on
Classification, p. 83, and Systematic De-
scriptions, p. 92) show that these enveloping
cells represent external layers of utricles, and
the orientation and cell number of the en-
closed gyrogonites are known incompletely.
The utricular cells of the Sycidiales are ver-
tical in the Sycidiaceae and most
Chovanellaceae and dextrally coiled in the
Trochiliscaceae. In Ampullichara Yanc &
ZHou (Chovanellaceae) the utricular cells
have a moderate dextral spiral.

NUMBER OF ENVELOPING CELLS

Paleozoic gyrogonites have a variable
number of enveloping cells, five to twelve in
the Moellerinales; a trend toward reduction
in cell number is evident by the Late Devo-
nian (Pseudomoellerina has five to seven
cells).

High numbers of enveloping cells occur
only in the utricles of Sycidium and
Trochiliscus; in both genera, the number of
cells varies little: 18 in Trochiliscus and most
Sycidium species; in the latter, however, dif-
ferent numbers have been found: 12 to 14 in
S. karpinskyi SamorLova & SMIRNOVA from
the Frasnian of the Moscow region
(SAMOILOVA, 1955) and 16 in S. clathratum
PEcK from the Lower Mississippian of Mis-
souri (PECK, 1934a; PEcKk & MORALES,
1966). A tendency toward reduction in
number of utricular cells is well illustrated by
the Chovanellaceae where Xinjiangochara,
known from the Lower Devonian onward,
possesses 9 to 14 cells; Chovanella, approxi-
mately 10 Ma younger, has 5 to 8; and the
most recent, Ampullichara, has only 3 to 5.

The Charales also have a trend toward re-
duction of the number of enveloping
gyrogonite cells in more recent taxa. The
number is relatively high at first in the
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Devonian Eocharaceae with 8 to 13 cells.
The number is reduced to 6 or 7 in the
Palacocharaceae, also during the Devonian,
and is finally fixed at 5 cells in the
Porocharaceae and in all post-Paleozoic fami-
lies, with the exception of an isolated record
of an FEocharaceae in the Triassic
(KISIELEVSKY, 1996).

APICAL PORE MORPHOLOGY

In the oldest charophyte fossils, the exter-
nal cells of the fructification do not join at
the apex, which leaves a small opening or
pore that varies in size across taxa. An apical
pore occurs in the Moellerinales, the Sycid-
iales, and the Palaeocharinae of the Charales.
Among the Charinae, the Porocharaceae and
Clavatoraceae also have an apical pore.

In the gyrogonites of the Raskyellaceae,
the apex is closed by five small cells, which
are missing in gyrogonites of germinated
oospores. The complete closure of the apex,
by junction of the enveloping cells, occurs in
the Characeae, a condition that occurs first
in Aclistochara from the Upper Triassic (Liu
& CHEN, 1992).

GENERAL EVOLUTION

The general evolution of Charophyta
from Silurian to Holocene is summarized in
Figures 32 and 33. Recent findings on the
nature of the fructification in Paleozoic
forms bring a new understanding of the early
stages of charophyte evolution.

THE OLDEST CHAROPHYTES:
HYPOTHESES ON THE ORIGIN OF
THE GROUP

The most ancient charophyte is the pre-
sumed ancestor of Sycidium from the upper-
most lower Silurian (Llandovery-Wenlock
boundary) of Anticosti Island (MAMET &
others, 1992). Although the three-
dimensional shape of the species cannot be
established from the thin sections shown in
illustrated specimens, the microstructure of
the wall with concentric lamellae as well as
the dark, inner part resembling an oospore
membrane (MAMET & others, 1992, fig. 12—
13) bear a close resemblance to Charophyrta.
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Two layers composing the wall, apparent in
their figures 12 and 13, show the structure of
a utricle; the high number (more than 30) of
the sectioned enveloping cells suggests a spi-
ral utricle similar to that in the Trochi-
liscaceae. Primochara calvata ISHCHENKO &
SAIDAKOVSKY is referred tentatively to this
family and, among the Sycidiaceae,
Pseudosycidium HACQUAERT, 1932 and Prae-
sycidium T. A. IsHCHENKO & A. A. IsH-
CHENKO, 1982 (now included in Sycidium),
which were both reported from the upper Si-
lurian, could be the immediate descendants
of the Anticosti species.

To determine the identity of the possible
ancestor of the Sycidiales, the first step is to
find the type(s) of gyrogonite that are en-
closed inside the utricles of the four families,
Sycidiaceae, Trochiliscaceae, Chovanellaceae,
and Pinnoputamenaceae. In these families,
the fructifications are utricles, inside of
which gyrogonites are generally uncalcified
and not fossilized or, when preserved, do not
have the characters that relate them to a
defined group. The Moellerinales seem to be
possible candidates, although they postdate
by 2 to 3 Ma the hypothetical Anticosti spe-
cies. Given the near absence of material from
the lower Silurian, their existence in this
period cannot be ruled out. Thus, new col-
lections (M. FEisT) from the upper Silurian
of Gotland show that Moellerina laufeld:
CONKIN occurs earlier than the type level (J.
E. ConkiN & B. M. CoNkIN, 1992) in the
Ludlow sequences. With their small size, the
gyrogonites of Moellerina (especially those of
M. laufeldi, whose diameter does not exceed
350 wm) might have been contained inside
utricles. In fact, a gyrogonite of Moellerina
type is enclosed in the utricle of the
Chovanellaceae, but a different type of
gyrogonite is suggested for Sycidium by the
casts of undivided vertical cells that are vis-
ible at the internal face of a utricle of S.
xizangense WANG (see Fig. 457, Systematics,
herein p. 95). These elongated cells, however,
could be part of the inner utricle wall instead
of gyrogonite components.

GRAMBAST (1974) speculated that the dif-
ferent may have

Paleozoic forms
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independent origins from a primitive type in
which the gyrogonite was not yet consti-
tuted, as the female organ (oosphere and
egg) lacked sterile cells; the corresponding
fructification would be a gametocyst rather
than a gametangium. It seems probable that
the gyrogonite first appeared by coalescence
of unspecialized vegetative cells around a na-
ked female cell; however, such a structure is
unknown in charophytes.

The utricle of the Paleozoic families was
probably elaborated progressively, as in the
Clavatoraceae, and their origin is thus to be
sought in former times. Molecular analyses
of living charophytes suggest that they share
a common ancestor with land plants (KaroL
& others, 2001). Because fossil evidence for
both charophytes and land plants is known
from the Silurian (FEisT & GRAMBAST-
FESSARD, 1991; KENrick & CRANE, 1997),
both groups diverged at some earlier time.

RELATIONSHIPS OF MODERN
FORMS TO THEIR PALEOZOIC
ANCESTORS

All post-Paleozoic taxa are grouped into
the Charales; they have in common gyro-
gonites with sinistrally spiralled enveloping
cells. The reversal of cell orientation that
occurred first in the Eocharaceae may have
arisen among the Moellerinaceae, which
show a comparable gyrogonite cell number
(8 to 13 in the former and 7 to 12 in the lat-
ter). Causes of this inversion remain enig-
matic.

The oldest Charales, Eochara wickendeni
CHOQUETTE (Eocharaceae) from the Middle
Devonian of North America, has 8 to 13
cells. By reduction of the gyrogonite cell
number, the Eocharaceae gave rise to the
Palacocharaceae and the latter to the
Porocharaceae. The long time interval, ca. 40
Ma, between the first occurrences of
Eocharaceae and Palacocharaceae probably
results from a gap in the fossil record, as a
representative of the Eocharaceae has been
found in the Middle Triassic (KISIELEVSKY,
1996).
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EVOLUTIONARY TRENDS
IN THE SYCIDIALES

Several evolutionary trends have devel-
oped in this group, mainly in the Devonian
over a period of approximately 50 Ma.

Sycidium and Trochiliscus

The morphology of the basal pore, the
long cells in comparably high number, and
the cellular transverse ridges, which are com-
mon to Sycidium and Trochiliscus, suggest a
close phylogenetic relationship between
these genera (Z. Wanc & Lu, 1980; Lu,
SOULIE-MARSCHE, & WANG, 1996). Trochi-
liscus, which occurred first in the Early De-
vonian, was presumably derived from
Sycidium, known possibly from the early Si-
lurian but surely from the late Silurian on-
ward, by spiral development of the long
utricle cells.

Pinnoputamen

In the mid-Devonian Pinnoputamen
WANG, the utricle presents two ramified, op-
posite branches (Z. WanG & Lu, 1980) (see
Fig. 48¢, Systematics, herein p. 99) that in
the Early Devonian Pinnoputamen sp. bear
numerous antheridial casts (M. FeisT & R.
FEIST, 1997) (see Fig. 48¢, Systematics,
herein p. 99). Although intermediate stages,
probably including Costacidium LANGER, re-
main unclear, the evolution of the utricle, re-
sulting in the coalescence of axes and in the
reduction and loss of antheridia, is similar to
the evolutionary trend in the Cretaceous
Perimneste-Aropochara lineage.

Xinjiangochara-Chovanella-Ampullichara
lineage

In these three genera, which comprise the
Chovanellaceae, the utricle is composed of
vertical long cells not reaching the apex.
From the Early Devonian to the Mississip-
pian, the cell number of the utricle reduces
from 12 to 14 to 3 to 5. The utricle becomes
spiral in the most recent of the three genera,
Ampullichara from the Mississippian, which
is the terminal member of the lineage.
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Fessard, 1991).
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A. talimuica . crassa YANG & ZHOU is the
only specimen in which a gyrogonite can be
observed in the utricle (see Fig. 47,2¢—f, Sys-
tematics, herein p. 98). We may assume that
the other members of this lineage also pos-
sessed a Moellerina-type gyrogonite within
the utricle.

THE RADIATION OF THE
POROCHARACEAE

After the extinction of Paleozoic families,
the Porocharaceae constituted the core of the
charophyte flora during the Triassic and the
Jurassic. Porocharaceae often have small
gyrogonites devoid of any ornamentation,
but this family is of major phylogenetic im-
portance (GRAMBAST, 1974). Porocharaceae
are thought to have given rise to the three
other post-Paleozoic families, based on the
time of their appearance. The first lineage to
diverge gave rise to the Characeae through
closure of the apical pore by junction of the
spiral cells at the apex. In the early represen-
tatives of this family, the Triassic Aclistochara
species, the gyrogonite morphology is very
similar to that of the Porocharaceae. In par-
ticular, the narrow apical zone (see Fig.
64,3d, Systematics, herein p. 122) resembles
the small apical pore of the Porocharoideae
(see Fig. 50,26, Systematics, herein p. 102).
The second group to diverge was the
Clavatoraceae, in which the gyrogonite in-
side a utricle has an apex stretched into a
neck and a persistent apical pore analogous
to the Stellatocharoideae. Finally, the
Raskyellaceae diverged by closure of the api-
cal pore by an operculum of five apical cells.

The evolutionary tendencies inside the
Porocharaceae themselves are twofold: to-
ward the closure of the apical pore, in
Leonardosia SOMMER and Latochara MADLER
(Stellatocharoideae), and toward an increase
of dimensions, culminating in the Late Cre-
taceous and Paleocene species of Feistiella
ScHUDACK (Porocharoideae).

THE RADIATION OF THE
CLAVATORACEAE

In this large family, the gyrogonite is en-
veloped in a utricle made of whorls of vegeta-
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tive origin. Barely modified through early
forms from the Upper Jurassic, this utricle
appeared to undergo a fast and variegated
morphological differentiation, mostly during
the Early Cretaceous. This makes the group
particularly well suited for precise phyloge-
netic studies. Stages linking distinct and ap-
parently totally different extreme types are
illustrated below.

Atopocharoideae PEck, 1938;
emend., GRAMBAST, 1969

Members of this subfamily have a triradial
symmetry, the utricle being composed of
three similar units and characterized by a
single-layered utricle wall (GRAMBAST, 1974).

The Perimneste-Atopochara phylogenetic
lineage.—This lineage (Fig. 34) is the best
documented and also has the longest dura-
tion, extending for perhaps 70 Ma, from the
Berriasian to the Campanian. First described
by GramBAST (1967, 1974), it was later com-
pleted by Kyansep-RomascHKINA (1975),
GRAMBAST-FESSARD (1980), FeisT (1981),
and WANG and Lu (1982). The successive
evolutionary stages and species of the
Perimneste-Atopochara lineage are reported
here following FEIsT and WaNG (1995).

Perimneste horrida Harris (Fig. 34.1) is
the oldest representative of the lineage and
also the most primitive. It shows clearly the
vegetative origin of the utricle. Dissolving
the calcite with weak acetic acid shows the
position of the utricle cells, which are
grouped in three distinct clusters. Each clus-
ter contains one basal cell bearing three
branches, each of which is ramified into
three cells except for the right branch, which
is ramified into only two cells. Four to six
superficial hollows with antheridial struc-
tures are borne by every secondary branch
(see Fig. 60, Systematics, herein p. 116). The
total cell number is 48, plus on average, 14
antheridia.

From the Berriasian to the Cenomanian,
the three clusters condense progressively and
the number of antheridial casts decreases.
The separation of the two genera has been
placed at the appearance of Aropochara
trivolvis, when the central basal cell of each
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Age (Ma) Stages Species
Campanian
83
86 Santonian
89 Coniacian
91 Turonian
Cenomanian
97
Albian
109
Aptian
113
Barremian
122
Hauterivian
131
133 Valanginian
Berriasian
140
Tithonian
150

FIG. 34. Fossils of Perimneste-Atopochara lineage; 1, P horrida; 2, R micrandra; 3, P ancora; 4, P vidua; 5, A. triquetra;
6, A. trivolvis; 7, A. restricta; 8, A. brevicellis; 9, A. multivolvis; 10, A. ulanensis. 1-2, left, surface of utricle with
antheridia; center and right, lateral view, after etching of surface; 3—10, left, lateral view; right, basal view (Feist

& Wang, 1995, fig. 1).
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cluster disappeared and the antheridial sites
were reduced to one sterile cell (Fig. 34.6,
and see Fig. 58,1, Systematics, herein p.
114). From the Barremian to the
Cenomanian, the cells of antheridial origin
disappeared altogether, and the upper cells
are strongly spiral. The most derived condi-
tion of this evolutionary progression occurs
in A. multivolvis PEck (Fig. 34.9) and A.
ulanensis KYANsEP-RoMasCHKINA. This pro-
gressive series of structural modifications has
been viewed as an illustration of the evolu-
tionary species concept (MARTIN-CLOsAS &
SERRA-KIEL, 1991; SCHUDACK, 1993b; MAR-
TIN-CLOSAS & SCHUDACK, 1997). The succes-
sion of all representatives of the Perimneste-
Atopochara lineage, however, shows that they
are not disposed in a single series. Two of
them present an assemblage of primitive and
derived features. In Perimneste vidua
GraMmBAST (Fig. 34.4), the large size recalls
the oldest representative, P horrida; the veg-
etative origin of the utricle is still visible; and
the cell number (36) is the same as in P
ancora GRAMBAST. In contrast, the basal cells
are shorter than in the latter species and thus
comparable with those of the contemporane-
ous Atopochara triquetra FEIST.

In Atopochara brevicellis GRAMBAST-
FEssarp (Fig. 34.8), the strong reduction of
all lower cells and the correlative lengthening
and spiralling of the upper cells, as well as
the low cell number (30), indicate the most
condensed structure of the lineage, but with-
out subdivision of the upper cells, which
occurs in A. multivolvis PECK. The existence
of several evolutionary divergences is incom-
patible with monophyly as postulated under
the evolutionary species concept. The com-
bination of primitive and derived characters
found in both taxa can be interpreted as the
result of heterochronic development.
Heterochronic processes, corresponding to
changes in the timing and rate of ontoge-
netic development, may account for the si-
multaneous presence of ancestral and derived
characters as in Perimneste vidua and
Atopochara brevicellis.

Atopochara ulanensis (Fig. 34.10), which is
the last representative of the Perimneste-
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Atopochara lineage, does not differ in its
structure from A. restricta. In particular the
lower cells of these taxa are triangular and
relatively prominent. A. ulanensis has a
lengthening and a spiralling of the upper
cells that is comparable to that of A.
multivolvis, although the upper cells are not
divided in A. ulanensis. In Europe, A. restricta
is succeeded by A. multivolvis, and the
Perimneste-Atopochara lineage ends with the
latter in the Turonian. In Asia (Mongolia and
China) A. restricta subsequently gave rise to
A. ulanensis, with dates ranging from
Campanian to Maastrichtian. Allopatric spe-
ciation may explain the derivation of the two
species from a common ancestor, A. restricta,
during the Late Cretaceous.

The Globator lineage.—This series shows
the evolution from the Tithonian Globator
rectispirale FEIST to the Barremian and
Aptian G. trochiliscoides GramBAsT (Fig. 35).
Initially reconstructed by GRAMBAST (1966a,
1974), this lineage was completed by the
discovery of new stages and a reappraisal of
the chronology (MARTIN-CLOSAS &
GRAMBAST-FESSARD, 1986; MojoNn &
STRASSER, 1987; FeisT, LAkE, & Woob,
1995; MARTIN-CLOSAS, 1996).

The utricle of Globator rectispirale is com-
posed of three units of eight cells each: one
basal cell bears three long upper cells and, on
each side of the central units, a relatively
long basal cell bears one upper cell. Alto-
gether the 24 cells of a utricle have a vertical
orientation. In G. trochiliscoides, only 15
strongly coiled long cells are present, and all
the basal cells have disappeared. In successive
localities of the Lower Cretaceous, interme-
diate species such as Globator incrassatus
MARTIN-CLOSAS & GRAMBAST-FESSARD (up-
per Berriasian) and G. mutabilis MojoN
(Barremian), show that the general trends of
the succession are a progressive reduction of
all the basal cells together with an increase in
length and spiralling of the long cells.

Globator nurrensis PECORINI is separated
from the main line by its utricle shape, which
is elongated and fusiform and, above all, by
the disposition of the basal part where only
the central cell of each group is reduced.
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FIG. 35. Structure of utricular unit in @, Globator maillardi (SAPORTA) GRAMBAST; b, G. incrassatus MARTIN-CLOSAS
& GRAMBAST-FESSARD; ¢, G. trochiliscoides var.; d, G. trochiliscoides GramBAST (Grambast, 1974, fig. 6).

GRAMBAST (1966a) interpreted this species as
a side branch of the main line of the se-
quence.

Clavatoroideae Pia, 1927;
emend., GRAMBAST, 1969

The Clavatoroideae are the Clavatoraceae
with the longest range, from the Oxfordian
with the genus Clavator REID and GROVES, to
the uppermost Maastrichtian when the last
Seprorella, S. ultima, became extinct. This
group has been interpreted as the result of
extensive cladogenetic change, at least
through the upper Barremian, and its mem-
bers have the highest degree of specialization
of the female reproductive structures in the
Charophyta. Members of this subfamily have
bilateral symmetry and are characterized by
a bilayered utricle wall as well as by the pres-
ence of internal canals, representing small
stems (stemlets) with a succession of nodes
and internodes. Two examples illustrate the
diversity displayed in this subfamily.

The Clavator-Flabellochara-Clypeator phy-
logenetic lineage.—GRramBasT (1970, 1974)
has established very precisely the successive
stages of the Flabellochara-Clypeator lineage
during the Early Cretaceous (Fig. 36).
MARTIN-CLOSAS (1996) connected this lin-
eage to its ancestral form from the Upper Ju-
rassic, the genus Clavator. In this lineage the
utricle is composed of two opposite lateral
units separated by several cells in the ventral
(adaxial) and dorsal (abaxial) sides.
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Flabellochara grovesi (HARRIS) GRAMBAST
presents a distinct bilateral symmetry; each
of the two lateral fans includes a short me-
dian basal cell bearing six or more, often
seven, radiating upper cells and two lower
cells situated on each side of the median
basal cell. As noted by Harris (1939) the
utricles of this species are always laterally
compressed. The first known occurrence of
this species is in the lower Berriasian (FeisT,
LAKE, & Woob, 1995), although its putative
descendant, Clypearor discordis, has been re-
ported from the Upper Jurassic. Given the
rarity of charophyte records for the Upper
Jurassic, it is possible that £ grovesi may have
evolved earlier.

Clypeator discordis SHAIKIN has a structure
very similar to that of Flabellochara grovesi,
but two or three additional cells are interca-
lated between the basal cell and the upper
radiating cells of the still recognizable fans.
Generally these cells are placed laterally, sur-
rounding a lateral pore. In contrast to £
grovesi, the lateral sides are not flattened but
curved, tending sometimes to have light,
protruding expansions. The species has been
reported from the Hauterivian to the lower
Barremian (GRAMBAST, 1974; MARTIN-
CLosas & GRAMBAST-FESSARD, 1986).

Clypeator gautieri GRAMBAST comprises the
same essential elements as the preceeding
type, but the intermediate cells between the
lateral pore and the basal cell are better de-
veloped, becoming similar to the fan cells.
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FiG. 36. Transition from lateral fan to shield structure in Flabellochara-Clypeator lineage; a, Flabellochara grovesi (HAR-
RIS) GRAMBAST; b, Clypeator discordis SHAIKIN; ¢, C. gautieri GRAMBAST; d, C. combei GRAMBAST; ¢, C. corrugatus
(PEck) GrRAMBAST (Grambast, 1970, fig. a—e).

Moreover, the expansions bearing the lateral
pores are here quite distinct. C. gautieri
ranges from the Hauterivian to the upper
Barremian (GRAMBAST, 1974; FEIST, LAKE, &
Woob, 1995).

Clypeator combei GRAMBAST is large, and
the intermediate cells in contact with the
basal cell tend to reach the same length as the
upper cells. The disposition of the 10 to 11
cells radiating around the lateral pores that
are borne by protruding expansions shows
clearly the shield structure characteristic of
the genus.

In Chypeator corrugatus (PECK) GRAMBAST,
from the Aptian, the shields are made of 11
to 13 sinuous radiating cells among which
the basal cells are not distinguishable from
the upper ones.

In these five species, the adaxial side pre-
sents a rather constant disposition, resem-
bling the opposing side, but two median lat-
eral cells are present in C. gautieri and C.
combei.

The Ascidiella-Embergerella phylogenetic
lineage.—In this group, the utricle presents
lateral expansions (horns) ending with cen-
tral pores, which represent the protrusion of
internal stemlets. Stemlets and horns are in
equal numbers: only one in Ascidiella, three
or four in Embergerella. The utricle was prob-
ably fixed at a node of a branchlet, as always
occurs in the fructifications of the extant
Characeae. The superficial layer of the utricle
is made of cellular whorls, more or less im-
bricated one in another (Fig. 37). Every pore
in the center of a whorl corresponds to the
termination of internal long cells, which
themselves originate from a stemlet connect-
ing the basal pore to a lateral horn. Besides
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the number of horns, the two genera differ in
the morphology of the external whorls,
which are single in the former and twofold in
the latter.

MARTIN-CLOsAS (1996) proposed a quite
different interpretation (Fig. 38). In
Embergerella, he interpreted the stemlets as
fixed at the base of the utricle on the
branchlet (phylloid), but for Ascidiella it is
the branchlet itself that is included in the
utricle. Bracts were seen as ramifications
leading to the external whorls. In this repre-
sentation, the structure of the utricle appears
different in these two genera.

The new approach of the Clavatoroideae
by MARTIN-CLOSAS (1996), based mainly on
cladistic analysis, allowed him to establish
and connect together different lineages that
were formerly isolated. Thus, Lucernella
(Clavator calcitrapus and C. ampullacens) and
Septorella (Clavator brachycerus and Clavator
ultimus) are related to the series Clavator-
Flabellochara-Clypeator (genus Clavator
emend. SCHUDACK, 1993b). Pseudoglobator
and Hemiclavator were derived from
Nodosoclavator.

THE DEVELOPMENT OF THE
CHARACEAE
Origin
The oldest Characeae are the four
Aclistochara species from the Upper Triassic
of Sichuan Province (China; Liu & CHEN,
1992). These forms show the junction of the
spiral cells at the summit of the gyrogonite
that characterizes the family, but the features
of the dehiscence pore, narrow and situated
at the bottom of a depression (see Fig. 64,34,
Systematics, herein p. 122), support the view
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FiG. 37. Connections between external and internal structures of utricle; 1a—b, Ascidiella irregularis GRAMBAST-
FEsSARD (Grambast-Fessard, 1986, fig. 1); 4, external view, 4, longitudinal section; 2a—b, Embergerella triquetra
GRAMBAST; 4, external view, 4, longitudinal section (new).

that the Characeae originated from the
Porocharaceae.

Evolutionary Tendencies

During the Late Cretaceous, such larger
gyrogonites as Peckisphacra macrocarpa
(GraMBAST) FEIST & GRAMBAST-FESSARD ap-
peared, as well as gyrogonites with diverse
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types of ornamentation, such as Peckichara
pectinata GRAMBAST and Microchara punctata
FEIsT. The Paleogene was the time of great-
est diversification in the Characeae. The
family has a great variety in the general
shape, ornamentation, and apical features of
the gyrogonites. From the Miocene onward,
the family decreased in diversity and number
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FiG. 38. Interpretation of utricle structure; I, Ascidiella iberica GRAMBAST; 2, Embergerella triguetra GRAMBAST
(Ascidiella triguetra in cladistic nomenclature) (Martin-Closas, 1996, fig. 13D, 13C).

of genera until the present day, when it is
represented by seven unornamented genera
including 80 species, according to WooD
and IMAHORI (1964—-1965).

Special Cases of Evolution

Phylogenetic lineages as complex as in the
Clavatoraceae the
Characeae. A simple succession connecting
Aclistochara to Lamprothamnium has, how-
ever, been recognized. SOULIE-MARSCHE
(1979) noted the affinities of the two genera,
according to their apical structure, in which
the apex of the gyrogonite, prominent in the
center, is surrounded by a periapical furrow.
She proposed the inclusion of Aclistochara in
Lamprothamnium. Apical views of both gen-
era (see Fig. 64,34 and 68,1c, Systematics,
herein p. 122 and p. 129 respectively), how-
ever, show that the apical zone is much

are unknown in
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smaller in the former, in which it resembles
the porocharacean ancestors. The variation
curves of the apical pore diameter (Fig. 39)
confirm these morphological data: the curve
corresponding to Aclistochara is distinct from
Lamprothamnium and closer to Porochara.
The two genera are also distinguished by the
general shape of their gyrogonites and by
their basal plates: multipartite in Aclistochara
and simple in Lamprothamnium (Lu & Luo,
1990). The significance of the basal plate
character is discussed in the chapter on Mo-
lecular Phylogeny, herein p. 81.

Interspecific Relationships

An example of progressive evolution be-
tween species has beeen reported in the ge-
nus Harrisichara (FEIST-CASTEL, 1977a). H.
vasiformis (REID & GROVES) GRAMBAST (see
Fig. 67,1a, Systematics, herein p. 128) and
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F1G. 39. Variation of apical pore in three species: curves for ratio of equatorial diameter of gyrogonite to diameter
of apical pore; Porochara douzensis (FEIST & GRAMBAST-FESSARD) SCHUDACK, circles; Aclistochara aff. jonesi PECK,
squares; Lamprothamnium papulosum GROVES, triangles (Feist, Bhatia, & Yadagiri, 1991, fig. 2).

H. tuberculata (LYELL) GRAMBAST (see Fig.
67,1b, Systematics, herein p. 128) are two
distinct and easily recognizable species. In
the Isle of Wight (Hampshire, England)
from the Lower Headon Beds upward and
mainly in the series occurring between these
and the Bembridge Beds, specimens of
Harrisichara occur that are morphologically
intermediate between the two species. Be-
sides England, H. vasiformis-tuberculata is
also relatively common in northern and
southern Europe. Due to its wide geographi-
cal distribution and short vertical extension,
this form is of great stratigraphical value; it
is one of the guide fossils of the upper
Eocene in the Paleogene biozonation
(RIvELINE & others, 1996; and Biozonation,
herein, Fig. 31, p. 58).

PHYLOGENY OF THE
RASKYELLACEAE

The Raskyellaceae are a small group, char-
acterized by the pecular apical structure of
the gyrogonite. In the three genera compos-
ing the family, the closure of the apex is
brought about by a deciduous opercule of
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five cells, which upon falling out of the pore
leaves a rose-shaped opening (GRAMBAST,
1957). The shape and relative narrowness of
this pore of dehiscence are similar in some
Porocharaceae (see Fig. 50,3¢, Systematics,
herein p. 102). These similarities suggest re-
lationships between the families. The basal
plate, which is simple in all the
Raskyellaceae, suggests an origin in Feistiella
ScHUDACK, which was, moreover, contempo-
raneous with the early genus Saportanella
GRAMBAST during the Late Cretaceous.

The internal intercellular folds are another
peculiar character common to Raskyella L. &
N. GRAMBAST and Rantzienella GRAMBAST
but not restricted to the Raskyellaceae. In
both genera, the sutures between the spiral
cells are strongly crenulated; such sutures
also occur at the periphery of the apex be-
tween the tips of the spiral cells and the oper-
cular cells. The internal folds are always vis-
ible at the internal face of the opercule (see
Fig. 61g, Systematics, herein p. 117) but
only rarely from the exterior, as in
Rantzieniella nitida GRaMBAST (FEIST &
GRaMBAST-FESsARD, 1984, fig. 3C).
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The fossil record of the Raskyellaceae is
relatively discontinuous: Upper Cretaceous
(Campanian—Maastrichtian: Saportanella),
Eocene (Raskyellz), and Miocene
(Aquitanian: Rantzieniella). According to
NoTzoLD (1965), Z. WaANG (1978a), and
SOULIE-MARSCHE (1989) the apical cells of
the Raskyellaceae correspond to a thickening
of the apical tips of the spiral cells and could
have been derived in different periods from
ancestors belonging to the Characeae. The
individuality of the apical cells, however,
cannot be questioned since the crenellated
sutures differ from a straight dehiscence line
or to a line of demarcation between differ-
ently calcified zones (ANADON & FEIST,
1981). Moreover, during the last two de-
cades some gaps in the fossil record have
been filled; for example, recent findings have
contributed to completing the Eocene fossil
record for the genus Raskyella (MARTIN-
Crosas & others, 1999). The Raskyellaceae
are thus deemed a valid family.

The characters used to detect affinities
within the Raskyellaceae are the apex fea-
tures, as well as the presence or absence of an
ornamentation and of internal cellular folds.
In Saportanella and Rantzienella, the opercu-
lar cells occur as extensions of the spiral cells,
and both genera are unornamented. In
Raskyella, the opercular cells often alternate
with the tips of the spiral cells; the genus is
ornamented and shares with Rantzieniella
the internal cellular folds. Saportanclla,
which is the oldest and has the most simple
morphology, could be considered as the
ancestor of Saportanella and Raskyella. The
last occurrence of the Raskyellaceae is that of
Rantzieniella nitida during the Aquitanian.

CONCLUDING REMARKS

The evolution of the fructification in
Charophyta (Fig. 33) shows that the greatest
morphological diversity occurred mainly in
the Sycidiales and Clavatoraceae, groups that
possess a utricle. A tendency to separation of
sexes appears in two different lineages sepa-
rated by nearly 300 Ma, the Devonian
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Pinnoputamen and the Cretaceous
Perimneste-Atopochara evolutionary lineages.
It is surprising that analogous trends occur in
both thalloid haplobiontic charalean algae
and in vascular plants. In the latter dioecy
tends to replace hermaphroditism, which
may lead to self-sterility (MAYNARD SMITH,
1990).

Several general features also appear in
charophyte evolution: the tendency toward
becoming spiral and reduction of cell num-
ber, as well as improvements in enclosing
and protecting the egg. This took place in
one of two different ways, either by the clo-
sure of the apical pore of the gyrogonite in
the Characeae and Raskyellaceae or by the
acquisition of a supplementary cover
(utricle) around the gyrogonite that occurred
independently in the Sycidiales and in the
Clavatoraceae.

EVOLUTION OF
CHAROPHYTE BIODIVERSITY

The 420-million-year charophyte fossil
record is well documented but varies in com-
pleteness according to periods and regions
(see chapter on Paleobiogeography, herein p.
39). Charophytes from the Paleozoic have
been reported mainly from North America
and China and to lesser extent from Europe
and some other parts of the world, whereas
they occurred worldwide during the Meso-
zoic. During the Cenozoic, charophytes were
most abundant in Europe and Asia (mainly
China and India) and less common in North
and South America. The fossil record of
charophytes from Australia is still nearly
nonexistent.

The succession of most genera (see Fig.
33, p. 65 herein) and a table of the range of
families (see Stratigraphic Range Charr,
herein p. 148) show that there were several
phases of diversification and extinction.

PHASES OF DIVERSIFICATION

The oldest certain representatives of
charophytes have been reported from upper
Silurian Ludlow deposits of Europe:
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FiG. 40. First occurrences of charophyte genera, from Upper Triassic to Holocene (new).

Moellerina laufeldi CoNKIN and Praesycidium
siluricum T. and A. I[SHCHENKO, now re-
garded as a species of Sycidium. The form
from Anticosti (Canada) figured in a section
evoking a sycidiaceaen gyrogonite (in
MAaMET & others, 1992), however, suggests
that the group may have appeared as carly as
the early Silurian (Wenlockian-Ludlowian
transition). These occurrences coincide with
the first records of land plants during the
Silurian (Kenrick & CRANE, 1997). The
Devonian, when six charophyte families
were in existence, was the period of greatest
diversity.

The second phase of major diversification
corresponds to the appearance and develop-
ment of the Clavatoraceae during the Late
Jurassic and Early Cretaceous, whereas the
Late Cretaceous was a time of the initial di-
versification phase of the Characeae (Fig.
40).

After numerous charophyte extinctions at
the end of the Cretaceous, a new phase of
diversification occurred during the Eocene,
but it is detectable only at the generic and
specific levels.

The last new charophyte genus to appear
was Rantzieniella GramBAST (Raskyellaceae),
the only Miocene origination.
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PHASES OF EXTINCTION
AND RECOVERY

Pennsylvanian Extinction

After the extinction at the end of the De-
vonian of two or three families (as the
Eocharaceae are unknown between Late
Devonian and Middle Triassic) and the dras-
tic reduction in number of species in the
Moellerinaceae, charophytes as a group
would probably have become extinct if a new
and important family, the Porocharaceae,
had not evolved during the Pennsylvanian.
The small family Palacocharaceae, which ap-
peared simultaneously, were extinct before
the Triassic. The Porocharaceae represent the
major part of the fossil record of the Triassic
and Lower Jurassic. This family survived
until the Paleocene.

Cretaceous-Tertiary Boundary

The Cretaceous-Tertiary boundary repre-
sents a key period in charophyte history (Fig.
40). It marks the passage from the Creta-
ceous forms, dominated by the Poro-
characeae and Clavatoraceae, to those of the
Tertiary in which the radiation of the
Characeae occurred. The small family Rasky-

ellaceae apparently descended from the
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Porocharaceae during the Late Cretaceous
and persisted until the early Miocene.

If one compares the floras below and
above the Cretaceous-Tertiary boundary,
there is a sharp break between the Mesozoic
and Cenozoic floras when approximately
half of all charophyte species became extinct
(Fe1st, 1979). But this drastic decline in
biodiversity did not cause the extinction of
the group, most likely because it occurred
during a diversificaton phase of one family,
the Characeae. Thus the Cretaceous-Tertiary
boundary marks a sharp decline within the
charophytes, but not really a mass extinction.
The most outstanding changes occurred af-
ter the K-T crisis. Indeed, the extinctions at
the end of the Cretaceous were not balanced
by an equivalent number of new genera. The
result was a drastic reduction in diversity
during the Cenozoic. The expansion of
aquatic angiosperms may also have limited
charophyte recovery.

PRESENT STATE AND PROSPECTS

Charophytes have shown remarkable resil-
ience over the 420 million years of their ex-
istence. Their periods of greatest diversity
and abundance occurred 300 to 400 million
years ago. As shown by Figures 33 and 40,
the present corresponds to a period of
impoverishment of the Characeae, without
any recent originations. Charophytes are cer-
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tainly outcompeted by angiosperms in many
habitats, but a kind of equilibrium appears
in the biotopes where the two groups coex-
ist. In spring, charophyte growth precedes
that of aquatic angiosperms after which the
vegetative parts of charophytes regress.
Charophyte populations persist by means of
fertilized oosporangia in the sediments of the
water body until the next spring, when they
germinate and give rise to a new vegetative
thallus.

Probably most dangerous to the existence
of charophytes are the various transforma-
tions that often eliminate bodies of water
and, at the same time, the biotopes of
Characeae. Chemical pollution, generally of
agricultural or industrial origin, is respon-
sible for the disappearance of species from
some regions.

Protective measures, however, such as
those applied to Lamprothamnium in Great
Britain (MOORE, 1991) and Lychnothamnus
(CasaNOVvA, 1997; McCourT & others,
1999) in Australia as well as lake rehabilita-
tion, for example in the Netherlands (SiMONs
& others, 1994), have allowed the persis-
tence of threatened species or the recovery of
some species that had disappeared from their
habitats. Such protective measures should be
encouraged to preserve these interesting and
scientifically important organisms.
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INTRODUCTION

Molecular phylogeny provides a test of the
homology of morphological characters used
in construction of evolutionary hypotheses
for fossil and extant taxa. Even though mo-
lecular data are not directly available for fos-
sils, gene-sequence data for those taxa within
a group such the charophytes with an an-
cient fossil record can tie together branches
that include fossil and living taxa. Moreover,
relating charophytes, a group with such dis-
tinctive morphology, to extant sister taxa
with little in the way of shared morphology
is very difficult. But doing so may be possible
with molecular data, and this approach has
yielded significant insights into phylogenetic
relationships of charophytes, land plants,
and other green algae (McCourr, Karor, &
others, 1996; McCouRrT, MEIERS, & others,
1996; McCourt & others, 1999; CHAPMAN
& others, 1998; KaroL & others, 2001;
SANDERS, KaroL, & McCourt, 2003).

For the charophytes, molecular research
has used data from several different genes or
nonprotein-coding DNA (reviewed by
McCourt, MEIERs, & others, 1996). Phylo-
genetic hypotheses for extant charophyte
genera and species have been tested against
phylogenies based on the morphology of
gyrogonites for the Characeae and related
families. These comparisons have provided
information that has been considered criti-
cal to understanding charophyte evolution,
i.e., convergent evolution of some characters.
This chapter describes the methods used to
obtain molecular data from living charo-
phyte genera also reported as fossils and
methods of analysis of these data.

METHODS OF MOLECULAR
PHYLOGENETIC STUDIES
COLLECTION OF MATERIAL

Molecular samples must be free of con-
taminating epiphytes or endophytes to avoid
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spurious amplification and sequencing of
genes from other than those of the target
taxa (e.g., SLuiMaN & GuIHAL, 1999;
CimiNo, Karor, & DELWICHE, 2000). Be-
cause charophytes are often collected in asso-
ciation with other green algae, careful exami-
nation of thalli prior to extraction is
essential. Even when no epiphytes are evi-
dent, endophytes may exist within
charophyte cells (Jost, 1895; Cimino &
DerwicHE, 2002). This source of possible
contamination is all the more problematic
when the endophyte is a species of
Coleochaete, such as C. nitellarum, which is
related relatively closely to charophytes and
may be similar enough genetically to con-
found phylogenetic analysis. The diversity of
such endophytes may be greater than previ-
ously thought (Cimivo & DELWICHE, 2002).
Culturing of material in soil water me-
dium (microcosms of ponds, in glass jars of
water over a sterilized soil and sand mixture,
HosHaw & Rosowski, 1973) can yield fresh
growing tips that are often the best material
for DNA sampling. Fresh or flash-frozen
material (using liquid nitrogen) is best for
sampling, and as little as 0.1 g of material is
sufficient, using slightly modified CTAB
(Cetyltrimethylammonium Bromide) meth-
ods (McCourt, KarRoOL, & others, 1996;
McCourt & others, 1999) for extraction.

GENES USED FOR STUDY

Early phylogenetic research on many algal
groups employed sequences of the small sub-
unit ribosomal DNA present in all eukary-
otes (SSU rDNA, also called 18S rDNA)
(HirLis, MoriTz, & MAaBLE, 1996). This
nuclear gene has been used in a wide variety
of organisms and has been sampled in the
Characeae as well (Kranz & Huss, 1996).
The relatively large size (1,800 bp) and slow
rate of change make it more suitable for
studies of deep branching within the
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FiG. 41. Phylogeny of green algae and land plants based on four-gene analysis of Karol and others (2001); thumb-

nail sketches showing morphology of major groups of algae and one flowering plant in lineage including land plants

or embryophytes (i.¢., liverworts, mosses, vascular plants, seed plants, and angiosperms); see Karol and others (2001)
and Judd and others (2002); 7, Charales, that is, Charophyta s.s. (adapted from Karol & others, 2001).

phylogeny of algae and green plants, al-
though even at this relatively ancient level
SSU sequences by themselves have been mis-
leading (Kranz & Huss, 1996) or provided
only weak resolution of phylogeny (KaroL &
others, 2001). Internally transcribed spacer
regions of DNA (ITS 1 and ITS 2) are tran-
scribed but nontranslated regions located
between the small subunit (SSU or 18S),
5.8S, and large subunit (LSU or 28S) of
rDNA. The highly variable ITS regions are
effective in studies of angiosperm species
(BALDWIN & others, 1995), but they are ap-
parently too variable to be equally informa-
tive in studies of more anciently diverged lin-
eages in the Characeae (R. McCourt & K.
KaroL, personal observation, 2002).
Sequences from other genomic compart-
ments have also been sampled. The large
subunit of Rubisco (see Glossary, herein p.
90) from the chloroplast rbcL is a protein-
coding gene that exhibits greater sequence
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divergence than SSU sequences and is effec-
tive in deciphering sectional and generic re-
lationships in the Characeae (McCoOURT,
KaroL, & others, 1996). While informative
at the interspecific level, 76¢cL alone did not
resolve fully the relationships among species.
The four-gene analysis of KAROL and others
(2001) provided additional support for the
rbeL results (see below). The finding of matK
in the plastid of characean taxa (SANDERS,
Karor, & McCourt, 2003) provided an
additional gene with more informative char-
acters than other plastid genes normally
sampled (MOHR, PERLMAN, & LAMBOWITZ,
1993; JounsoN & Sorris, 1994, 1995;
STEELE & VILGALYS, 1994; Qo1 & others,
1995; Liere & LINK, 1995; GADEK, WILSON,
& QUINN, 1996). This gene (~1,500 bp) re-
sides within a group II intron of the #rnK
tRNA gene, which encodes the lysine tRNA.
The level of divergence in matK holds prom-
ise for further species-level studies.
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MOLECULAR PHYLOGENY
AND IMPLICATIONS FOR
FOSSIL CHAROPHYTES

RELATIONSHIP OF CHARACEAE TO
OTHER GREEN ALGAE AND LAND
PLANTS

The morphological complexity of
charophytes compared to most other green
algae has led workers to classify them in a
distinct group, usually at the division (=phy-
lum) level (i.e., Charophyta) or as a distinct
class within the green algae in the broader
sense (i.e., Charophyceae within the Chloro-
phyta) (SmiTH, 1950; BoLD & WYNNE,
1985). SMITH (1950) preferred assigning the
Characeae to the class Charophyceae because
of the their distinctly different vegetative and
reproductive features, such as verticillate
branching and sheathing cells surrounding
the reproductive structures. MATTOX and
STEWART (1984) expanded the taxon
Charophyceae to include the Charales plus
an assemblage of other green algae (listed
below) that share a number of traits with
land plants. These characters included fea-
tures of cell division, structure of the flagella,
and other features that indicated this assem-
blage of green algae, including the Charales
and fossil relatives, is on the line of evolution
leading to land plants (embryophytes; i.e.,
liverworts, bryophytes, and nonvascular and
vascular plants). Moreover, the Charo-
phyceae or at least one of its member groups
shared a more recent common ancestor with
land plants than with other green algae.
Thus, charophycean algae plus land plants
constituted one of two major lineages, and
the other comprised the rest of what we
commonly call green algae (MISHLER &
CHURCHILL, 1985; McCourt, 1995).
BREMER (1985) proposed to call the mono-
phyletic group of charophycean green algae
plus land plants the Streptophyta or
streptophytes.

The hypothesis of MaTTOX and STEWART
(1984), based primarily on ultrastructural
morphology, has been verified by molecular
studies in the past decade (McCourt, 1995;
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CHAPMAN & others, 1998; KaroL & others,
2001; CHAPMAN & WATERS, 2002). The
Charophyceae of MaTTOX and STEWART
(1984), however, included several groups in
addition to charophytes sensu stricto, and the
identity of the sister taxon of the land plants
has proven elusive (GrAHAM, 1993;
McCourt, 1995; CHAPMAN & others,
1998). These other groups of the
Charophyceae sensu MATTOX and STEWART
include the Klebsormidiales (filamentous
green algae), Chlorokybales (unicells ar-
ranged in packets), Zygnematales (conjugat-
ing green algae), and Coleochaetales (discoid
or filamentous algae with sheathed hairs).

It is important to note that the advent of
molecular data did not answer immediately
the question of which group is the sister
taxon of land plants. These new data from
gene sequences occur not in a vacuum but in
an arena of competing hypotheses on the
relationships of green algae and land plants
(see GRAHAM, 1993; CHAPMAN & others,
1998 for reviews). Analyses of the nuclear
SSU gene suggested that the Charales were
the earliest branch from the streptophyte lin-
eage, with less complex filamentous forms
(e.g., Klebsormidiales, Zygnematales,
Coleochaetales, and Chlorokybales) forming
an unresolved sister group of the land plants
(Kranz & Huss, 1996). In contrast, data
from the plastid gene rbcL, the large subunit
of the photosynthetic enzyme Rubisco sug-
gests that the Charales, the Coleochaetales,
or a clade of both groups formed the sister
taxon of the land plants (McCourr, KaroL,
& others, 1996; CHAPMAN & others, 1998).
The reason for this conflict between analyses
based on two genes is not clear but is likely
due to inadequate taxon sampling and
insufficient sequence data.

A recent four-gene study of a broad range
of algal and plant groups using sequence data
from chloroplast (r6¢cL, atpB), nuclear (SSU
rDNA), and mitochondrial (nad5) genes
suggested that the Charales (and presumably
extinct charophytes) form an exclusive group
that is the sister taxon of land plants (Fig. 41)
(KaroL & others, 2001). The analysis and
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FiG. 42. Phylogenetic relationships of extant genera of
Characeae based on analysis of four genes; sequences of
four genes included 2 plastid genes (rbcL, atpB), 1 mi-
tochondrial gene (7ad5), and 1 nuclear-encoded gene
(small subunit, or 18S, rDNA); an aligned dataset of
5,147 base pairs was subjected to Bayesian inference;
same tree resulted from an analysis using maximum
parsimony and minimum evolution. This tree repre-
sents a portion of phylogeny for green algae and land
plants from Karol and others (2001), where more details
may be found.

thorough taxon sampling of the latter study
provides the strongest support to date of a
sister-taxon relationship between charo-
phytes and land plants. In other words, the
Charales and their extinct relatives are de-
scended from a unique, green-algal ancestor
that was related to other streptophytes but
distinct from them. These results are consis-
tent with later analyses of rbcL in a large
study of the Coleochaetales (DELWICHE &
others, 2002) and SSU and LSU plastid
rDNA in a broad survey of streptophytes
sensu BREMER, 1985 (TURMEL & others,
2002).

The findings of KaroOL and others (2001)
raise intriguing questions regarding fossil
charophytes, which were more diverse and
abundant than their extant relatives. The
oldest gyrogonites (order Sycidiales) are ap-
proximately the same age as the earliest-
known fossils of land plants (GrRAHAM, 1993;
GENsEL & EpwaARrDS, 2001). Despite the di-
versity of fossil charophytes relative to living
forms, charophytes never approached the
ecological and evolutionary success of land
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plants. The reason for this disparity of suc-
cess is not clear. Since charophytes are so
different from land plants and other
charophycean algae sensu MaTTOX and
STEWART, it is unlikely that the common an-
cestor of charophytes and land plants closely
resembled either group. Some traits are
shared by charophytes and the primitive land
plants, however: a filamentous germling
stage, gross sperm morphology, many discoi-
dal chloroplasts per cell, absence of
zoospores, and envelopment of fertilized
oogonia by sterile cells (KaroL & others,
2001). In addition, this common ancestor
no doubt possessed ancestral forms of the
many genes common to charophytes and
land plants. Further studies of the functional
genomics of these groups may shed light on
the changes that occurred in these derived
green algae that led to the successful coloni-
zation of land.

RELATIONSHIPS WITHIN
THE CHARACEAE BASED ON
MOLECULAR AND FOSSIL STUDIES

The first molecular study of genera in the
Characeae was that of McCourt, KaroL,
and others (1996), who used rbcL sequences
and morphology to construct phylogenetic
hypotheses of the group. The phylogenetic
relationships of genera in the Characeae con-
formed generally with the traditional view
that the family is divided into two subfami-
lies, the Charoideae and Nitelloideae, al-
though support for the monophyly of the
latter group was weak. This study supported
the monophyly of the Characeae relative to
green plants and resolved some relationships
within the family. The topology based on
rbcL sequences alone was strongly supported
by the analysis of KaroL and others (2001)
using three additional genes (Fig. 42). This
larger data set also supports the monophyly
of both subfamilies.

Perhaps most interesting about the phy-
logeny derived from these molecular studies
is the very strong support of the monophyly
of the two sections of Tolypella (sensu W oob
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& IMAHORI, 1964—1965). Previous studies
had suggested that the genus might be
paraphyletic because one section exhibits a
multipartite basal plate, as found in Nizella,
and another section in the genus has a
simple, one-piece basal plate, as found in
Chara (SOULIE-MARSCHE, 1989; FEIST &
GRrAMBAST-FESSARD, 1991). Clearly, either
this character evolved more than once in
Tolypella, or the genus should be split, and
taxa with a simple basal plate should be put
into a new genus in the Charoideae. The
rbcL data clearly support the former hypoth-
esis, that Zolypella is monophyletic and that
a multipartite basal plate evolved twice
within the Characeae. A further implication
is that a multipartite basal plate is not neces-
sarily a synapomorphy in other fossil taxa. A
multipartite basal plate may have evolved
twice in the Porocharaceae and in the
Aclistochara-Lamprothamnium lineage. Still,
basal plate features may be synapomorphies
for some groups.

MEIERS and others (1997) and MEIERS,
ProcCTOR, and CHAPMAN (1999) used SSU
sequence data to determine phylogenetic re-
lationships within the Characeae. Their
findings were generally congruent with those
based on rbeL data; however, the taxon sam-
pling and slower rate of evolution of the SSU
gene relative to r6cL make comparison
difficult. For example, MEIERS, PROCTOR,
and CHAPMAN’s (1999) finding that Lampro-
thamnium may be a member of Chara is con-
tradicted by rbcL data for a larger sample of
Chara and Lamprothamnium. The relation-
ships of genera of Characeae based on rbcL
were supported by the four-gene analysis of
KaroL and others (2001).

McCourt and others (1999) sampled a
wider range of species in the Characeae, in
particular species of Chara and Nitella. Gen-
era of the family Characeae are strongly sup-
ported as monophyletic. Within Chara the
traditional grouping of species into sections
by Woob and IMaHORI (1965 in 1964—
1965) is very strongly refuted, although

some of the subsections within these sections

© 2009 University of Kansas Paleontological Institute

are monophyletic. WooD’s practice of com-
bining monoecious and dioecious micro-
species as forms of more inclusive, broader
species is not supported, although mono-
ecious and dioecious taxa believed to be
closely related are supported as such by the
rbcL data. Thus, sequence data in general
support the monophyly of species (i.e.,
microspecies of Woob & IMAHORI, 1965 in
1964-1965) and genera recognized on mor-
phological grounds.

Branch length asymmetry between genera
in the Characeae and Nitelleae of WooD and
IMAHORI (1965 in 1964—1965) was noted in
the rbcL studies of McCourt, KaroL, and
others (1996) and McCoURT and others
(1999). Branches in Nitella and Tolypella are
much longer than those in Chara and the
other genera of the family. The reasons for
this asymmetry are difficult to discern be-
cause of the lack of a good fossil record for
the noncalcifying Nitella and Tolypella
(GRrAMBAST, 1974). One explanation could
be that sequence change is faster in the lat-
ter genera for some unknown reason. Alter-
natively, the rate of sequence change could
be roughly equal in all genera of the family,
but species lineages in Nitella and Tolypella
may be more ancient, and branch length
would be proportional to time since diver-
gence. In other words, extant Chara species
may be descended from a more recent com-
mon ancestor. One of the oldest fossils of
Characeae is a Nitella-like thallus from the
Lower Devonian (TAYLOR, REMY, & Hass,
1992). If Nitella or Tolypella are indeed the
descendants of more ancient divergences and
can be reliably dated in the fossil record, it
will provide a paleontological test of a hy-
pothesis derived from molecular data.

SUMMARY

Molecular and morphological data are
complementary and may be mutually illumi-
nating in studies of charophytes. Hypotheses
derived from studies of fossil or extant taxa
hold the promise of providing reciprocal
tests that can further our understanding of
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charophyte evolution. Data from fossils pro-
vide evidence of much greater diversity of
charophytes in the past, but many taxa have
become extinct. Molecular data are valuable
for revealing relationships of charophytes to
the rest of the green algae and plants.

NOMENCLATURAL NOTE

The terms charophyte and Charophyta
have traditionally been applied to living and
fossil members of the monophyletic group of
green algae in the Charales, Moellerinales,
and Sycidiales (see p. 88). We have contin-
ued this usage herein. MaTTOX and STEWART
(1984), however, employed the root
charo- for their class Charophyceae, includ-
ing the traditional Charophyta MiGuLa plus
several other orders (Chlorokybales, Klebsor-
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midiales, Zygnematales, and Coleochae-
tales). Because the latter group is para-
phyletic without the inclusion of embryo-
phytes, BREMER (1985) proposed the name
of Streptophyta for the group (from the
Greek strepto, for twisted, i.e., the morphol-
ogy of the sperm of some members). Given
the historical use of the term Charophyceae
(SmrtH, 1950), KaroL and others (2001)
implied that the larger, more inclusive group
of Charophyceae plus land plants be termed
the Charophyta (see also DELWICHE & oth-
ers, 2002). The Charales and fossil relatives
would thus be relegated to the subdivision
rank of Charophytina. This modified use of
the division Charophyta, while controversial,
would recognize the monophyly of a major
clade of green algae and plants.
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EARLY WORKS IN THE
HISTORY OF CHAROPHYTE
CLASSIFICATION

The first step toward classifying the
Charophyta dates to 1719 when VAILLANT
grouped several extant forms under the ge-
neric name Chara, taken from the memoir
by DaLecHaMPS (1587) and later validated
by LINNAEUS in 1753. This name is thought
to be derived from the Greek, meaning joy of
water. AGARDH (1824) proposed the Chara-
ceae, based on the presence of verticillate
branches bearing capsules (female) and glob-
ules (male) and including two genera, Chara
and Nitella; the name Characeae had been
previously mentioned by KunTth (1815),
who attributed it to L. Cl. RICHARD.

Fossil forms were discovered in the second
half of the 18th century. SCHREBER (1759)
was the first to describe and illustrate thalli
and gyrogonites as well as oospores from
around Halle (Germany) but without recog-
nizing their true nature. Until the first half of
the 19th century, charophyte remains were
attributed to different groups of animals
such as worms (SCHREBER, 1759) and corals
(SANDBERGER, 1849), and the first fossil
charophyte species, Gyrogonites medicag-
inula, was described by Lamarck (1801,
1804) as a miliolid foraminifer.

LEMAN (1812) recognized the relationship
between the fossil gyrogonite and the living
genus Chara. LEMAN’s viewpoint was gener-
ally accepted, and newly discovered fossil re-
mains were attributed to Chara (BRONG-
NIART, 1822; LyELL, 1826; PrEVOST, 1826).
The first subdivisions of the fossil forms were
introduced by STACHE (1889), who described
several genera and erected two tribes, keep-
ing them apart from the extant Chareae and
Nitelleae: the Lagynophoreae for bottle-
shaped gyrogonites and the Kosmogyrae for
ornamented ones. GROVES (1933) and
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GRAMBAST (1957) have expressed doubts as
to the reconstitutions proposed by STACHE,
and his pioneering classification has now
been abandoned.

DEVELOPMENT OF
CHAROPHYTE
CLASSIFICATION

The first structured classification was
established by P1a (1927), who added to
STACHE’s subdivisions two new families, the
Palaeocharaceae and the Clavatoraceae. The
Kosmogyrae STACHE that P1a considered as
artificial were not included in this system.

CLASSIFICATION (P14, 1927)
Class Charophyta
Unquestioned Charophyta
Family Characeae
Subfamily Nitelleae
Subfamily Chareae
Subfamily Lagynophoreae
Family Palacocharaceae, based on the Devonian
Palaeochara BeLL, 1922
Family Clavatoraceae, based on the Mesozoic
Clavator REID & GROVES, 1916
Doubtful Charophyta remains
Genus Palaeonitella KiDsTON & LANG
Genus Trochiliscus PANDER
Genus Sycidium SANDBERGER

According to the bibliography of his pa-
per, P1a (1927) was not aware of the mono-
graph by Karpinsky (1906), who had shown
that Trochiliscus and Sycidium were distinct
Paleozoic branches of the Charophyta that
he placed into two new subdivisions, the
Trochiliscidae and the Sycididae. These were
renamed later by PEck (1934a) as Trochili-
scaceae and Sycidiaceae KARPINSKY.
KARPINSKY (1906) attributed Trochiliscus to
PANDER (1856), but as noted by Peck
(1934a), PANDER designated a group of spe-
cies also including Sycidium under the name
Trochilisken. Thus the attribution of the
authorship of Trochiliscus to PANDER should
not be maintained.
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In 1938, Peck erected the Atopochara-
ceae, but this family could not be maintained
after the inclusion of Aropochara within the
Clavatoraceae (HARRIS, 1939).

MADLER (1952) summed up the knowl-
edge acquired to that date and erected new
subdivisions at the ordinal level as well as the
new subfamily Characeae Aclistocharae,
defined later (MADLER, 1955). The Aclisto-
charae are characterized by a more or less
distinct periapical dehiscence furrow. They
include the genus Porochara, in which the
apex is always open, and genera in which the
apex is closed by the swollen terminal ends of
the spirals, constituting a convex rosette. For
MADLER (1955) this rosette was comparable
to the opercule that falls during germination
in the living forms.

CLASSIFICATION (MADLER, 1952)
Class Charophyta
Order Sycidiales nov. ord.
Family Sycidiaceae (KarPINSKY, 1906) PECK, 1934a
Order Trochiliscales nov. ord.
Family Trochiliscaceae (Karpinsky, 1906) Peck,
1934a
Order Charales nov. ord.

Family Palaecocharaceae BELL, 1922

Family Clavatoraceae REID & GROVES, 1916

Family Lagynophoraceae STaCHE, 1880

Family Characeae RicHARD in KunTH, 1815

Subfamily Aclistocharae nov. subf
Subfamily Kosmogyreae STACHE, 1889

Subfamily Nitelleae voN LEONHARDI, 1863
Subfamily Chareae voN LEONHARDI, 1863

The classification proposed by GRAMBAST
(1962b) includes four more families and
three more subfamilies than that of MADLER,
1952. Within the Sycidiales, the Chovanell-
aceae were erected for gyrogonites with nu-
merous, vertical cells that are undivided or
subdivided only at their apical ends.

Within the Charales, the Eocharaceae
GRAMBAST, 1959a include gyrogonites with
numerous sinistrally spiralled cells. The
Raskyellaceae are based on the presence of
five apical cells closing the apex. Within the
Characeae, the Gyrogonae (=Brachycharae)
bring together gyrogonites in which the
apex, bearing convex nodules, is surrounded
by a clear periapical furrow (GRAMBAST,
1956¢). Two subfamilies are not retained: the
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Kosmogyrae STACHE and the Aclistocharae
MADLER. GRAMBAST (1957) has shown that
the ornamentation that characterizes the
Kosmogyrae is not a feature of great taxo-
nomic value and may not be constant within
a species, such as in Peckichara varians
GRAMBAST. Even a single specimen may be
only partially ornamented, as in Nizellopsis
(Tectochara) thaleri (CASTEL & GRAMBAST)
GRAMBAST & SOULIE-MARSCHE. For GRAM-
BAST (1961) the subfamily Aclistocharae,
which is composed of two distinct groups, is
artificial. He erected the Porocharaceae for
species with an apical pore always open, with
the apical region either truncated (Porochar-
oideae) or drawn into a neck (Stellatochar-
oideae).
CLASSIFICATION (GramBasT, 1962b)
Order Sycidiales MADLER, 1952
Family Sycidiaceae PEck, 1934a
Family Chovanellaceae nov. fam.
Order Trochiliscales MADLER, 1952
Family Trochiliscaceae PECk, 1934a
Order Charales
Family Eocharaceae GRAMBAST, 1959a
Family Palaeocharaceae P1a, 1927
Family Porocharaceae nov. fam.
Subfamily Porocharoideae GramBasT, 1961
Subfamily Stellatocharoideae nov. subfam.
Family Clavatoraceae P1a, 1927
Family Lagynophoraceae STACHE, 1889
Family Raskyellaceae GramBasT, 1957
Family Characeae RicHARD in KUNTH, 1815
Subfamily Charoideae BRaUN in MiGuLA, 1897
Tribe Gyrogoneae GRAMBAST, 1956b
Tribe Chareae VON LEONHARDI, 1863
Subfamily Nitelloideae BRAUN in MiGuLa, 1897
WaNG Zhen (1978a) proposed two sub-
families: Cuneatocharoideae, which includes
gyrogonites of Porocharaceae with a conical
outline in their upper part, and Gyrogon-
oideae for gyrogonites of Characeae with a
depression or a breaking line around the api-
cal zone. The Gyrogonoideae include two
tribes: Gyrogoneae and Raskyelleae. For
WaNG Zhen, the apex structure of the
Raskyellaceae corresponds to a Gyro-
gonoidae in which the reduction of width
and thickness of the spiral cells around the
apex reaches a point where it breaks, so the
apical cells are separated from the spirals by
a fracture and not by a true wall.
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Raskyellaceae

Clavatoraceae

Nitellaceae
Characeae

Y

apomorphy
plesiomorphy

terminal taxon

Y =

splitting with survival
of the ancestor

\R 4—):( apomorphy derived from
plesiomorphy

Feistiella

stem lineage of all
Quinquespiralia

Porochara

stem lineage of
Polyplacata

@ @

o @D e OO ©®

closed apex with simple junction of spiral cells
closed apex with periapical depression

apical pore

apex closed by an operculum

gyrogonite with flattened or rounded apex
gyrogonite with apical neck

gyrogonite deficiently calcified or uncalcified
simple basal plate

composed basal plate

gyrogonite composed of 5 spiral cells

FiG. 43. Phylogenetic diagram of Quinquespiralia, with single-celled basal plate representing plesiomorphic char-
acter state (Martin-Closas & Schudack, 1991, fig. 2, hypothesis 2).

CLASSIFICATION (WaNG, 1978a)
Family Porocharaceae GramBAST, 1962b
Subfamily Stellatocharoideae GraMBAST, 1962b
Subfamily Porocharoideae GraMBAST, 1961; emend.
Subfamily Cuneatocharoideae subfam. nov.
Family Characeae RicHARD in KuNTH, 1815
Subfamily Gyrogonoideae subfam. nov.
Tribe Gyrogoneae GRAMBAST, 1956b
Tribe Raskyelleae (L. & N. GRAMBAST) comb. nov.
Subfamily Charoideae voN LEONHARDHI, 1863
Subfamily Nitelloideae BRaUN in MiGuLa, 1897
Subfamily Aclistocharoideae MADLER, 1952

Additional families have been proposed,
isolating one genus at a higher systematic
level, without a new diagnosis. Thus the
Nitellopsidaceae Krassavina, 1971, the
Primocharaceae [SHCHENKO and SAIDA-
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KOVSKY, 1975, the Tectocharaceae MADLER
and STAESCHE, 1979 and the Aclisto-
characeae ZHou, 1983 (in Hao & others,
1983) have not been retained in the classifi-
cation adopted in the Treatise.

WAaANG Zhen and Lu (1980) erected two
new Paleozoic families. The Pinnoputa-
menaceae of the Sycidiales include gyro-
gonites with vertical ramified cells. The
Trochiliscales are twofold, comprising the
Trochiliscaceae emended, including gyro-
gonites with spiral cells segmented trans-
versely and a basal pore with bilateral sym-
metry, and the Karspinskyaceae, for
Trochiliscales devoid of these characters.
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CLASSIFICATION (WaNG & Lu, 1980)
Class Charophyta
Order Sycidiales MADLER, 1952
Family Sycidiaceae PEck, 1934a
Genus Sycidium SANDBERGER, 1849
Family Chovanellaceae GraMBAST, 1962b
Genus Chovanella REITLINGER & JARWEZA,
1958
Family Pinnoputamenaceae fam. nov.
Genus Pinnoputamen gen. nov.
Order Trochiliscales MADLER, 1952; emend.
Family Trochiliscaceae PECK, 1934a; emend.
Genus Trochiliscus (PANDER, 1856) KARPINSKY,
1906; emend.
Family Karpinskyaceae fam. nov.
Genus Karpinskya gen. nov.
Genus Moellerina ULrRICH, 1886

MARTIN-CLOSAS and ScHUDACK (1991)
proposed a new classification of the mainly
post-Paleozoic charophytes based on cladis-
tic analysis. In that system, the chief charac-
ter is the morphology of the basal plate
(simple or multipartite), and the hypothesis
of an ancestral position for a simple basal
plate is preferred (Fig. 43). In this analysis,
the genera Porochara and Feistiella are inter-
preted as paraphyletic taxa and written with
quotation marks.

1. Quinquespiralia nov. subord. (apo-
morphy: five spiral cells), stem lineage
formed by “Feistiella” and other traditional
“Porocharoideae.”

1.1. Family: Polyplacata nov. fam. (apo-
morphy: composed basal plate), stem lineage
formed by “Porochara.”

1.1.1. Subfamily: Nitellaceae emend. (apo-
morphy: apical neck), stem lineage formed
by traditional “Stellatocharoideae” Gram-
BAST; emend., BREUER, recent terminals
formed by Nitella and Tolypella (section
Tolypella).

Genus: “Porochara’” stem lineage of Poly-
placata and primitive sister-group of
Nitellaceae.

1.2. Family: Lamprothamnaceae nov. fam.
(apomorphy: closed apex with periapical
depression), Lamprothamnium and tradi-
tional synonyms (Aclistochara, etc.).

1.3. Family: Characeae emend. (apo-
morphy: closed apex with simple junction of
the spiral cells), traditional Charoideae, ex-
cept for Lamprothamnium and synonyms,

but adding Sphaerochara (=Tolypella section
Rothia).

1.4. Family: Clavatoraceae (apomorphy:
apical neck, deficiently calcified gyrogonite)
traditional Clavatoraceae.

1.5. Family: Raskyellaceae (apomorphy:
apical operculum calcified), traditional
Saportanella, Raskyella, (?) Rantzienella.

Genus: “Feistiella”: stem lineage of Quin-
quespiralia and primitive sister group of taxa
1.2 to 1.5 (MARTIN-CLOSAS & SCHUDACK,
1991, p. 69-70).

In their classification of the Paleozoic
forms, Lu, SOULIE-MARSCHE, and Q. WaANG
(1996) considered the subdivision of the
gyrogonite cells by transverse ridges as the
most important character.

CLASSIFICATION
(Lu, SOULIE-MARSCHE, & WANG, 1996)
Class Sycidiphyceae LANGER, 1976
Order Sycidiales MADLER, 1952
Family Sycidiaceae PEck, 1934a
Genus Sycidium SANDBERGER, 1849
Family Trochiliscaceae KARPINSKY, 1906; emend.,
WanG & Lu, 1980
Genus Trochiliscus (PANDER, 1856) KARPINSKY,
1906
Class Charophyceae SmiTH, 1938
Order Chovanellales ConkiN & CONKIN, 1977
Family Chovanellaceae (GRAMBAST, 1962b);
emend.
Genus Chovanella REITLIGER & JARZEWA,
1958; emend.
Family Xinjiangocharaceae fam. nov.
Genus Xinjiangochara YANG & ZHoU, 1990
Order Moellerinales ord. nov.
Family Moellerinaceae FE1sT & GRAMBAST-
FESSARD, 1991; emend.
Genus Moellerina ULRICH, 1886; emend.,
WANG, 1984
Family Pseudomoellerinaceae WaNG, 1984
Genus Pseudomoellerina WaNG, 1984
Order Charales LINDLEY, 1836
Family Eocharaceae GRaMBAST, 1959a
Genus Eochara CHOQUETTE, 1956
Family Palaeocharaceae P1a, 1927
Genus Palaeochara BeLL, 1922
Family Porocharaceae GRAMBAST, 1962b
Genus Porochara MADLER, 1955
Family Pinnoputamenaceae WaNG & Lu,
1980
Genus Pinnoputamen WaNG & Lu, 1980

For Lu, SOULIE-MARSCHE, and WANG
(1996), whether the Pinnoputamennaceae
Z. WanG & Lu, 1980, are charophytes is
questionable.
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CLASSIFICATION ADOPTED
IN THE TREATISE

The classification adopted in the Treatise
follows FEIST and GRAMBAST-FESSARD (1991)
for the subdivisions of the Charales, but a
new finding, the discovery of a utricle in
most Paleozoic genera, led us to reconsider
the concept of the Paleozoic orders and fami-
lies.

As in previous classifications, Moeller-
inales and Charales are distinguished by the
orientation of the gyrogonite cells, but for
the Sycidiales, which contain all Paleozoic
taxa with a utricle, this character cannot be
used because the orientation of the
gyrogonite cells is not preserved generally
inside this organ. In the rare instances where
gyrogonite cells are visible in thin section,
their number is rather high, much greater
than five. All other morphological evidence
shows that it is not possible to classify the
Sycidiales families together with the
Clavatoraceae (Charales), which also present
utricles but whose gyrogonites possess five
sinistrally spiralled cells. Thus, it appears that
the character of the utricle evolved
independently in two groups of charophytes.
The types of gyrogonites that may be inside
the utricles of the Sycidiales are very likely to
be found among the Moellerinales, the only
charophytes devoid of a utricle that were in
existence when the Sycidiales appeared
during the late Silurian and Early Devonian.
In our present state of knowledge, we keep
the Sycidiales provisionally as a group
apart but with close affinities to the
Moellerinales.

The Sycidiales comprise four families, the
Sycidiaceae, Trochiliscaceae, Chovanellaceae,
and Pinnoputamenaceae, distinguished by
the utricular characters. WaNG and Lu
(1980) had already observed the similarities
between Sycidiaceae and Trochiliscaceae, al-
though they differ in cell orientation. The
Chovanellaceae constitute a homogeneous
group, characterized by utricles showing ver-
tical undivided cells tending to spiral; the
distinction of the Xinjiangocharaceae, which
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differ only by the cell number of what has
been shown to be a utricle, has been aban-
doned. The attribution of the Pinnoputa-
menaceae to charophytes has been confirmed
by the discovery of antheridia at the surface
of the utricle of Pinnoputamen sp. (Fig. 48e,
Systematics, herein p. 99) (FeisT & FEIsT,
1997). In this family, the utricles are bilat-
eral, and they bear ramified branches as in
Sycidium.

In the Moellerinales, which do not present
utricles, gyrogonites are spiralled dextrally.
Within this group, a new name has been
proposed for the Karpinskyaceae WanG &
Lu, the Moellerinaceae. The Moellerinaceae
are based on the earliest genus Moellerina
ULRICH, which also exhibits the most typical
characters of the family (FEisT & GRAMBAST-
FEssarRD, 1991; Lu, SOULIE-MARSCHE, &
WANG, 1996). The two families Moellerin-
aceae and Pseudomoellerinaceae are distin-
guished by different numbers of gyronite
cells.

Within the Charales two new suborders
have been introduced in order to separate the
families with more than five gyrogonite cells
(Palaeocharinae) from the ones with five sin-
istrally spiralled cells (Charinae) (FE1sT &
GRAMBAST-FESSARD, 1991).

The Raskyellaceae is deemed a valid fam-
ily after new observations with scanning elec-
tron microscopy that have confirmed the in-
dividuality of the apical cells (ANADON &
FrisT, 1981). The Lagynophoraceae STACHE,
which do not differ from the Characeae re-
garding the apex morphology (BignoT &
GRAMBAST, 1969), have not been maintained.
The apical neck typical of this family repre-
sents an external encrustation of coronula
cells (CasTEL, 1969). The subdivision of the
Charoideae into Chareae and Gyrogonae,
which GrameasT (1962b, p. 76) thought
already quite difficult to apply, was aban-
doned subsequently when further observa-
tions displayed the possible relationships
between genera placed in the two different
subfamilies, such as Rhabdochara and
Stephanochara, as well as Tolypella and
Sphaerochara.
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During the past twenty years, new paleon-
tological and biological data have shed a dif-
ferent light on the problem of the classifica-
tion inside the Characeae family. The oldest
representative of the Charoideae, Ac/isto-
chara, possesses a multipartite basal plate,
whereas in the extant forms this character is
present only in the Nitelloideae. The attribu-
tion of Aclistochara to the Charoideae is
based on its clear resemblance with Lampro-
thamnium concerning the morphology of
the apex (SOULIE-MARSCHE, 1989). MARTIN-
Crosas and ScHUDACK (1991) even consid-
ered both genera as synonyms. On the other
hand, according to molecular data
(McCourT, KarOL, & others, 1996), the two
sections of Tolypella, including section Rothia
(=Sphaerochara) with a simple basal plate and
the section Tolypella with a divided (multicel-
lular) basal plate, are included in the same
clade. This suggests that the character is not
a synapomorphy distinguishing groups at the
family and subfamily level (SoutLik-
MARSCHE, 1989; FeisT & (GRAMBAST-
FESSARD, 1991; MARTIN-CLOSAS & SCHU-
DACK, 1991). The basal plate character is
valuable, but it can be applied only to the
generic or subgeneric levels, and high-level
taxa based only on it, such as the Mono-
placata and Polyplacata MARTIN-CLOsAS &
ScHuUDACK (1991), are no longer justified.

In this classification, the criteria for the
distinction of the different categories of taxa
are as follows.

ORDERS

Distinction at the order level is based on
the orientation of the gyrogonite cells,
whether dextrally spiralled (Moellerinales) or
sinistrally spiralled (Charales); and presence
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of a utricle and a high number of gyrogonite
cells for the Sycidiales.

FAMILIES

Distinction at the family level is based on
the number of spiral cells, the apical struc-
ture of the gyrogonite, or the presence of a
special character such as the utricle of the
Clavatoraceae and of the four Sycidiales
families; the characters of the apical zone of
the gyrogonite predominate also in the sepa-
ration of the subfamilies. The classification
of the extant forms, which are all included in
the family Characeae, comprises two tribes,
Chareae and Nitelleae. In the systematics of
the fossil forms adopted in the Zreatise, how-
ever, families are divided into subfamilies;
and we do the same for the Characeae, which
have been subdivided into Charoideae and
Nitelloideae.

GENERA

Genera are distinguished on the basis of
particular characters of the gyrogonite apex,
the basal plate, and the general outline of the
gyrogonite.

SPECIES

Distinction of species is based on special
characters of gyrogonite shape, ornamenta-
tion, and dimensions; in the Sycidiales and
Clavatoraceae characters of the utricle are
also taken into account.

Thallus remains, which are not connected
to gyrogonites, are not included in this clas-
sification; they are treated separately (see
Morphology, herein p. 12).

In the 7Treatise charophyte volume, only
the generic attributes in accord with this
classification have been considered for deter-
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mining the ranges and distributions of gen-
era. Descriptions of genera are presented not
as diagnoses but as brief decriptions that em-
phasize comparative characteristics.

CLASSIFICATION
(FEisT & GRAMBAST-FESSARD, herein)
Phylum Charophyta MiGuta, 1897
Class Charophyceae SmrTH, 1938
Order Moellerinales LU, SOULIE-MARSCHE, &
WaNG, 1996
Family Moellerinaceae FEIsT & GRAMBAST-
FESsARD, 1991; emend., Lu, SOULIE-
MARSCHE, & WANG, 1996
Family Pseudomoellerinaceae WaNG, 1984
Order Sycidiales MADLER, 1952; emend., herein
Family Sycidiaceae KARPINSKY, 19065
emend., herein
Family Trochiliscaceae Karpinsky, 1906;
emend., herein
Family Chovanellaceae GrRAMBAST, 1962b;
emend., herein
Family Pinnoputamenaceae WanG & Lu,
1980; emend., herein
Order Charales LINDLEY, 1836
Suborder Palaeocharineae FEIST & GRAMBAST-
FEssarD, 1991
Family Eocharaceae GRAMBAST, 1959a
Family Palaeocharaceae Pia, 1927
Suborder Charineae FrIsT & GRAMBAST-
FEssarD, 1991
Family Porocharaceae GRAMBAST, 1962b
Subfamily Porocharoideae GRAMBAST,
1961; emend., WanG & Huang, 1978
Subfamily Clavatoritoideae Kozur, 1974
Subfamily Stellatocharoideae GramMBAST,
1962b
Family Clavatoraceae P1a, 1927
Subfamily Clavatoroideae Pia, 1927;
emend., GRAMBAST, 1969
Subfamily Atopocharoideae PEck, 1938;
emend., GRAMBAST, 1969
Family Raskyellaceae L. & N. GRAMBAST,
1955
Family Characeae AGARDH, 1824
Subfamily Charoideae BRAUN in MIGULA,
1897
Subfamily Nitelloideae BRAUN in MIGULA,
1897
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MonNIQUE FEisT and MICHELINE GUERLESQUIN

[Université Montpellier IT, France; and Université Catholique de I'Ouest, Angers, France]

This glossary explains special terms used
in this volume. Some of these definitions
follow CoriLLION (1975) and MOORE
(1986).

AND. Distance from apex to widest portion of
gyrogonite (LED), as measured along polar axis.
antheridium (pl., antheridia). Male reproductive or-
gan producing motile spermatozoids; does not se-
crete calcium carbonate, therefore seldom pre-
served.

apex (=summit). Distal end of gyrogonite, opposite
pole of attachment to thallus.

apical neck. Protruding ends of spiral cells on apex,
which form elongated, constricted neck.

apical pore (=apical opening). Opening in apical end
of gyrogonite.

axial nodes. Short nodes of main axis and branches of
unlimited growth.

basal depression. At basal pole, when distal opening of
basal pore is of smaller diameter than proximal
opening; a crater-shaped depression present when
viewed externally.

basal opening. See basal pore.

basal plate (=basal plug). Plate at distal end of basal
pore, formed as a result of calcification of sterile
sister cell of oosphere.

basal pore (=basal opening). Opening.

bract cells. Single-celled processes growing out from
peripheral cells of branchlet nodes (Chareae).

bracteoles. Pair of single-celled processes (similar to
bract cells) originating from basal node below
oogonium, one growing on each side of oogonium
(Chareae).

bractlet. Single-celled process subtending oogonium in
females of dioecious species of Chara replacing the
antheridium.

branchlets (=phylloids). Laterals of limited growth
produced in whorls at stem (axial) nodes.

bulbils. Agglomerations of starch-containing cells de-
veloping on rhizoids and at stem nodes of some
charophytes.

capitula. Small cells within antheridium from which
filaments develop that produce spermatozoids.

calcine. Calcium carbonate deposited in enveloping
cells.

cellular ridges. Ridges down center of spirals.

cladom. In phycology, designates an axis issued from
unlimited activity of an initial apical cell that gen-
erates alternating nodes and internodes. The
pluricellular nodes produce phylloids in turn
(=branchlets) having structure similar to main axis,
but of definite growth; one or more connected
cladoms constitutes thallus.
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conjoined. Having antheridium and oogonium adja-
cent at same branchlet node.

coronula. Small, crownlike structure at apex of oogo-
nium in one row of five cells (recent Chareae) or
two rows of five cells each (recent Nitelleae), at tops
of spiral cells.

cortex. Outer covering of longitudinally arranged cells,
giving thallus axes a striped or ridged appearance.

corticate. Thallus having a cortex.

cortication. See cortex.

dichotomous branching. Typical of Nitella; phylloid
(=branchlet) subdivided into two identical parts,
which further subdivide themselves in two and so
on; process results in formation of rays of 1+, 2", 3+
orders.

dioecious. Having male and female gametangia pro-
duced on separate male and female individuals of
species.

diplostephanous. Having a double ring of stipulodes at
base of each whorl of branchlets.

diplostichous. Having cortex arranged in alternate pri-
mary and secondary rows, there being two cortical
rows corresponding to each branchlet, e.g., Chara
vulgaris.

ecorticate. Lacking a cortex.

enveloping cells. External cells of gyrogonite or utricle.

equator. Widest portion of gyrogonite.

equatorial angle. Acute angle made between equatorial
line (LED) and suture of spiral cell.

eutrophic. Water that is nutrient rich, thus supporting
a large plankton population so transparency may be
reduced.

eutrophication. Process of artificial enrichment, par-
ticularly by excessive level of phosphates from do-
mestic and agricultural sources.

furcate. Forked.

gametangia. Gamete-producing sexual reproductive
organs.

gymnophyllous. Having naked branchlets, i.e.,
branchlets without a cortex in species of Chara
where main axes are corticate, as in Chara
gymnophylla (recent).

gyrogonite. Fossil calcified oogonium.

haplostephanous. Having single ring of stipulodes at
base of each whorl of branchlets.

haplostichous. Having cortex of primary cells only,
i.e., one cortical row corresponding to each
branchlet, as in Chara canescens (recent).

intercellular suture. Line marking junction between
enveloping cells.

internode. Elongated portion of specimen stem between
nodes consisting of single, elongated central cell.

ISI. Isopolarity index (LPA/LED), x100.

LED. Largest equatorial diameter of gyrogonite.

LPA. Longest polar axis of gyrogonite.
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manubria. Stalklike cells within antheridium that sup-
port capitula cells.

monoecious. Male and female gametangia produced
on same individual of a species.

monogenetic (life cycle). In the Characeae, life cycle
includes only one generation (haplobiontic); indi-
viduals generated by an oospore are haploid game-
tophytes, and meiosis occurs at germination of zy-
gote (=fertilized egg).

monopodial. Having a main axis not supplanted by
any lateral branch.

nodules. Swollen apical ends of spiral cells at center of
apex.

oligotrophic. Water that is nutrient poor, does not
support a large plankton population, and is there-
fore transparent.

oogamy. Female gamete (oosphere, egg) differentiated
from large central cell of oogonium; motile sperm
produced on cells of antheridium.

oogonium (=oosporangium). Female reproductive or-
gan that encloses egg cell.

oosporangium. See oogonium.

oosphere. Female cell differentiated from large central
cell of oogonium.

oospore. Fertilized egg cell (zygote).

parthenogenetic. Producing viable oospores without
fertilization by male gametes: Chara canescens (re-
cent).

phylloids. See branchlets.

proembryo. See protonema.

protonema. Small, rudimentary cladom issued directly
from germination of oospore; gives rise to second-
ary erect cladom from which thallus develops.

ray. Internode of branchlet in Nitelloideae.

rhizoids. Colorless, hairlike filaments growing from
charophyte base into substrate, with dual function of
absorption and attachment.

rosette. Central apical swellings of ends of spirals on
specimens with well-developed peripheral grooves.

©2

Rubisco: Abbreviation of ribulose bisphosphate car-
boxylase/oxygenase, which is the critical enzyme in
photosynthesis that takes carbon dioxide from the
atmosphere and incorporates it into sucrose.

sejoined. Having antheridium and oogonium pro-
duced at separate branchlet nodes of same indi-
vidual.

shield cells. Eight platelike cells that make up outer,
protective layer of antheridium (8 shield cells =
octoscutate; 4 = tetrascutate in some microspecies
of recent Chara zeylanica).

sister cell of oosphere. See basal plate.

spine cells. Single-celled processes growing out from
primary cortical cells.

spiral cells. Enveloping cells of gyrogonites; 5 in
Charales, may be up to 12 in some Paleozoic gen-
era.

sporostine. Two inner, suberized layers of oospore.

stipulodes. Single or double ring of single-celled pro-
cesses growing out from base of branchlet whorls.

summit. See apex.

sympodial. Having branches that supplant and seem-
ingly continue their parent branches so there is no
one main axis.

taxon. Recognizable entity that may be separated from
related entities at any level of classificatory hierar-
chy.

thallus. Vegetative system without stem and true
leaves.

triplostichous. Cortex having two secondary rows al-
ternating with each primary row, with three corti-
cal rows corresponding to each branchlet, as in
Chara globularis (recent).

tubercles. Rounded, obtuse, or acute protuberances
distributed either at random or regularly over spiral
cells of gyrogonites.

utricle. Outer covering of gyrogonite, made up of
calcified segments of thallus.
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MonNIQUE FEisT and NICOLE GRAMBAST-FESSARD

[Université Montpellier II, France]

Phylum CHAROPHYTA
Migula, 1897

[Charophyta MiGuLA, 1897, p. 94] [=order Charales MATTOX & STEVART,
1984, p. 50]

Oogamous chlorophyte algal group with
gametangia surrounded by a multicellular
cover and verticillate thallus made of alter-
nating giant coenocytic cells and short uni-
nucleate nodal cells where whorls of
branchlets originate. Main part found as fos-
sils is female fructification (gyrogonite), rep-
resenting oogonium that contained egg; re-
sistant oospore (zygote) membrane made of
sporopollenin and more or less calcified en-
veloping tube cells and basal plate. Anthe-
ridia, preserved as casts, rarely represented,
and remains of thallus generally fragmentary
and not taxonomically significant. Classifica-
tion based mainly on gyrogonite. Silurian
(?Llandovery—?Wenlock, Ludlow)—Holocene.

Class CHAROPHYCEAE
Smith, 1938

[Charophyceae SmiTH, 1938, p. 127] [=Charophycophyta PAPENFUSS,
1946, p. 218]

Description as for phylum. Silurian
(?Llandovery—?Wenlock, Ludlow)—Holocene.

Order MOELLERINALES
Lu, Soulié-Mirsche, & Wang,
1996

[Moellerinales Lu, SoUuLIE-MARSCHE, & WANG, 1996, p. 8]

Gyrogonites with 5 to 12 dextrally spi-
ralled cells without transverse ridges. upper
Silurian (Ludlow)—Permian.

Family MOELLERINACEAE
Feist & Grambast-Fessard, 1991

[Moellerinaceae FEIsT & GRAMBAST-FESSARD, 1991, p. 198; emend., Lu,
SOULIE-MARSCHE, & WANG, 1996, p. 8] [=Karpinskyaceae Z. WanG & Lu,
1980, p. 196, partim]

Gyrogonites with 7 to 12 dextrally spi-
ralled cells, without transverse ridges; equa-
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torial angle of the spiral cells above 20°. up-
per Silurian (Ludlow)—Permian.

Moellerina ULricH, 1886, p. 34, non SCHELLWIEN,
1898 [*M. greenei ULRICH, 1886, p. 34, pl. 3,8;
OD] [=Calcisphaera WiLLIAMSON, 1880, p. 521,
partim (type, C. robusta, OD); Saccammina
DaAwsoN, 1883, p. 5 (type, S. eriana DawsoN, 1883,
p- 5, fig. 3, OD), non SArs in CARPENTER, 1869;
Trochiliscus KARPINSKY, 1906, p. 123 (type, T.
ingricus KARPINSKY, 1906, p. 112), partim;
Trochiliscus subgenus Eutrochiliscus CROFT, 1952, p.
209 (type, Trochiliscus ingricus KaARPINSKY, 1906, p.
123), partim; Weikkoella SUMMERSON, 1958, p. 548
(type, W, sphaerica SUMMERSON, 1958, p. 548, pl.
81,1-2, OD)]. Gyrogonites with 8 to 12 dextrally
spiralled cells, with no coronula cells; shape
subglobular, apical area rounded, pointed, or elon-
gated to form a neck. Apical pore small. Spirals not
divided by transverse ridges; basal area rounded,
apical pore larger than basal pore. [Nomenclatural
history of Moellerina was given by PEck and Mo-
RALES, 1966. To date, M. laufeldi ConkiN &
CONKIN, 1992 is the oldest charophyte species.]
upper Silurian (Ludlow)-Upper Devonian
(Frasnian): Ukraine, Sweden, China, USA, Austra-
lia. FiG. 44,1a—e. *M. greenei ULricH, Middle
Devonian, USA, neotype; 4, lateral view; 4, basal
view, x35 (Grambast-Fessard, Feist, & Wang, 1989,
fig. 2, 1); ¢, lateral view, CE2915-3/3, x45; d, api-
cal view, x45; ¢, longitudinal section, CE2915-3/4,
x50 (new). FiG. 44,1f. M. laufeldi ConxiN &
ConkiN, Ludlow, Gotland, Sweden; lateral view,
CE3012-1, x120 (new).

Gemmichara Z. Wang, 1984, p. 55 [*G. sinensis Z.
WaNG, 1984, p. 55, pl. I,1-7; OD]. Gyrogonites
with 8 to 9 dextrally spiralled cells and no coronula
cells. Shape bulbiform. Apical area drawn into an
elongated neck; apical pore small or closed. Basal
area rounded, basal pore large. [Gemmichara is the
youngest known Moellerinales. WANG regarded this
genus as the final step in a lineage starting in the
Devonian with Moellerina. The lineage is defined by
both the decrease in cell number and the closure of
the apical pore. The latter feature seems to be
linked to the tightness of the spiral cells, which are
strongly stretched at the apex. A space (possibly a
pore) between the apical ends of the spiral cells is
visible on an internal mold of G. sinensis (Z. WaNG,
1984, pl. 1,3)]. Carboniferous (Mississippian)—upper
Permian: China. FiG. 44,2a—c. *G. sinensis
WANG, upper Permian; @, holotype, lateral view,
NIGP PB11279, x50; b, apical view, x60; ¢, basal
view, x50 (Z. Wang, 1984, pl. 1,2,1,5).

Primochara ISHCHENKO & SAIDAKOVSKY, 1975, p. 42
[*P calvata ISHCHENKO & SAIDAKOVSKY, 1975, p. 43,
pl. I-1II; OD]. Gyrogonites pear shaped, with dex-
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Moellerina 1e
1f
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Gemmichara

Primochara Pseudomoellerina

F1G. 44. Moellerinaceae and Pseudomoellerinaceae (p. 92-94).

trally spiralled cells. Cell number unknown. Size Family PSEUDOMOELLERINACEAE

very large, up to 3 mm. [Tentatively attributed to 7. Wane, 1984
the Moellerinaceae due to the incomplete state of : &
preservation.] This genus is one of the oldest known [nom. transl. Feist & GRAMBAST-FESSARD, herein, ex Pseudomoellerinoideae

charophytes. Gyrogonites of P calvata sometimes Z. Wanc, 1984, p. 54 (59)]

occur on well-preserved vegetative parts. Silurian

(Pridoli): Ukraine. Fic. 44,3. *P calvata Gyrogomt.es with 5 to 7.dextrally Splralleod
[SHCHENKO & SAIDAKOVSKY: lateral view, x25 cells, equatorial angle of spirals less than 20°.
(Shaikin, 1987, pl. XXIII,4). Upper Devonian.
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Pseudomoellerina Z. WaNG, 1984, p. 54 [* Trochiliscus
maslovi SAMOILOVA, 1955, p. 911, fig. 3; OD].
Gyrogonites with 5 to 7 spiral cells, with no
coronula cells, shape oblate or subglobular, apical
and basal areas rounded to flat, apical pore smaller
than basal pore. Upper Devonian: Russia. Fia.
44,4a—b. *P maslovi (SAMOILOVA) Z. WANG, holo-
type; 4, lateral view; 4, apical view, x60 (Samoilova,

1955, fig. 3a-b).

Order SYCIDIALES Midler, 1952

[Sycidiales MADLER, 1952, p. 13; emend., FEisT & GRAMBAST-FESSARD,
herein] [=Chovanellales ConxiN & CONKIN, 1977, p. 178, partim]

Gyrogonites incompletely known. Pres-
ence of a utricle, composed of vertical or
dextrally spiralled cells, or ramified branches.
Silurian (?Llandovery—?Wenlock, Ludlow)—
Carboniferous (Mississippian).

Family SYCIDIACEAE Karpinsky, 1906

[nom. transl. PEck, 1934a, p. 116, ex Sycididae Karrinsky, 1906, p. 83;
emend., FuisT & GRAMBAST-FESSARD, herein] [=class Sycidiphyceae LANGER,
1976, p. 217)

Utricle made of numerous long cells that
may be vertical or dextrally spiralled and are
divided or not by numerous horizontal
ridges creating polygonal pits. Silurian
(?Llandovery—?Wenlock, Ludlow)—Carbonifer-
ous (Mississippian).

Sycidium SANDBERGER, 1849, p. 671; emend., FEisT &
GRAMBAST-FESSARD, herein [*S. reticulatum
SANDBERGER, 1849, p. 672, pl. VIIIB,a—d; OD]
[=Pseudosycidinm KarpINSKY in HACQUAERT, 1932,
p. 10, fig. 5, 7, nom. nud.; Praesycidium T. A.
ISHCHENKO & A. A. ISHCHENKO, 1982, p. 24 (type,
P siluricum T. A. IsHCHENKO & A. A. ISHCHENKO,
1982, p. 26, pl. V=VI, OD)]. Utricles bilaterally
symmetrical, with 12 to 22 vertical cells divided
into small polygonal pits by transverse ridges; divi-
sion of vertical units around base follow determi-
nate pattern. General shape subglobular to ovoid,
apical pore large. Small pores representing apertures
of internal canals present at utricle surface. [LANGER
(1991) established two subgenera according to the
position of the pore canals: S. (Sycidium), with pore
canals in the angles of the polygonal units, and S.
(Centraporus), with pore canals in the center of the
polygonal units; the distribution of Sycidium species
within these subgenera has not been established.
Pseudosycidium, which is one of the oldest
charophytes, is known only from thin sections;
HACQUAERT (1932) noted that the laminate wall
structure and the numerous outer polygonal units
are typical of Sycidium and suggested assignment to
that genus. The precise stratigraphic locality of the
upper Silurian Turkestanian locality is unknown.

©2

Masrov (1961, 1963b) suggested that forms re-
ferred to this family may be utricles. The specimens
from the lower Silurian of Anticosti Island (Que-
bec, Canada), consisting of thin sections, are attrib-
uted with doubt to Sycidium; and they may not be
charophytes (MaMET & others, 1992).] Silurian
(?Llandovery—?Wenlock, Ludlow)—Carboniferous
(Mississippian): Russia, Ukraine, Germany, China,
Turkestan, Iran, Zaire, USA, Canada, Australia.
F1G. 45a. *S. reticulatum SANDBERGER, Eifelian,
Middle Devonian, Germany; lateral view, x33
(Sandberger, 1849, pl. 84). FiG. 45b6—-d. S.
foveatum PECK, basal Mississippian, USA,
topotypes; 4, lateral view, C.1237-1, x50; ¢, apical
view, C.1237-2, x40; 4, longitudinal section,
C.1237-3, x30 (new). F1G. 45¢—k. S. xizangense
f. turbineum Z.. WaNG, Middle Devonian, China; e,
topotype, lateral view, CE2985-1; f topotype, basal
view, CE2985-1, x15; g, internal basal view of
utricle with four branches, external layers removed,
CE3057-1, x39 (new); 4, longitudinal axial section
with two-layered utricle wall, CE3056-2, x15
(new); 4, internal view of utricle with casts of pre-
sumed vertical and undivided long cells of
gyrogonite, x40 (new); /, basal view with symmetri-
cal disposition of utricular cells around basal pore
(adapted from Wang, 1976, pl. 2,7); k, schematic
reconstruction of utricular system of ramifications;
A-C and D-E basal cells of ending ramifications;
al—f3, basal cells of vertical calcified rows of poly-
gons; G—]J, basal cells of internal branches (new).

Family TROCHILISCACEAE
Karpinsky, 1906

[nom. transl. PEck, 1934a, p. 104, pro Trochiliscidae Karpinsky, 1906, p.
83; emend., FEIST & GRAMBAST-FESSARD, herein]

Utricle with numerous, often 18, dextrally
spiralled cells that are simple or subdivided
by numerous transverse ridges; apical pore
usually open. Lower Devonian (Emsian)—

Carboniferous (Mississippian,).

Trochiliscus KarpINSKY, 1906, p. 112; emend., FEIST &

GRAMBAST-FESSARD, herein [*7. ingricus KARPINSKY,
1906, p. 112, pl. 11,23-28; OD; lectotype, pl.
11,23-24, designated FEIST & GRAMBAST-FESSARD
herein] [=Trochiliscus Karpinsky, 1906, p. 123, obj.,
partim (including Miliola panderi EHRENBERG,
1858, p. 311, partim); Trochiliscus subgenus
Eutrochiliscus CrOFT, 1952, p. 209 (type,
Trochiliscus ingricus KArRPINSKY, 1906, p. 112,
partim)]. Utricles with 18 dextrally spiralled cells,
with no coronula cells; spirals occasionally divided
by transverse ridges, shape subglobular to oblate,
apical region flattened or depressed, apical pore
larger than basal; basal pore sometimes surrounded
by 2 bisymmetrical, lip-shaped protuberances. [The
most important characters are the number of spiral
cells (18) as well as the occasional transverse ridges,
which recall Sycidium.] Lower Devonian (Emsian)—
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Sycidium

FiG. 45. Sycidiaceae (p. 94).
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1b

29

FiG. 46. Trochiliscaceae (p. 94-97).

Middle Devonian, ?Upper Devonian: United King-
dom, Poland, Ukraine, Russia, China, Iran.
Fi6. 46,2a—d. *T. ingricus KaRPINSKY, ?Devonian,
Russia; a—b, lectotype, lateral, apical views, x60
(Karpinsky, 1906, pl. 11,23-24); ¢—d, lateral, basal
views, x70 (Grambast-Fessard, Feist, & Z. Wang,
1989, fig. 4, 3). FiG. 46,2¢. T sp. cf. ingricus,
Middle Devonian, Iran; lateral view, x60 (Feist &
Grambast-Fessard, 1985, fig. 8). Fic. 46,21 T
sp., Emsian, Wales; thin rock section with two-lay-
ered utricle wall, CF.2770, x48 (new). FiG.
46,2¢—h. 1. podolicus CrOFT, Emsian, Ukraine,
topotypes; g, lateral view, x60 (Feist & Grambast-
Fessard, 1985, pl. 1,4); A, transverse section with
two-layered utricle wall and black oospore mem-

brane, CE.2717-5, x66 (new).
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Karpinskya (CROFT) GRAMBAST, 1962b, p. 65; emend.,

FEisT & GRAMBAST-FESSARD, herein [* Trochiliscus
laticostatus PECK, 1934a, p. 109, pl. 11,1-23; OD]
[=Trochiliscus KaRPINSKY, 1906, p. 123, partim
(type, T. ingricus KarPINSKY, 1906, p. 112);
Trochiliscus subgenus Karpinskya CROFT, 1952, p.
209, obj.]. Utricles with 7 to 10 dextrally spiralled
cells and an equal number of calcified coronula
cells. Multilayered wall of utricle visible in thin sec-
tions. General shape globular, coronula units form-
ing erect, parapet-like ring around large summit
opening. Middle Devonian—Carboniferous (Mississip-
pian): Poland, Russia, USA. FiG. 46,1a. *K.
laticostata (PECK) GRAMBAST, Mississippian, USA;
topotype, lateral view, C1237-2, x30 (new).——
Fi1G. 46,1b—c. K. bilineata (PEcK) PECK & MORALES,




Sycidiales 97

Upper Devonian, USA; b, apical view, CE.2915-3/
1; ¢, basal view, CE.2915-3/2, x50 (new).

Family CHOVANELLACEAE
Grambast, 1962

[Chovanellaceae GraMBAST, 1962b, p. 64; emend., FEisT & GRAMBAST-
FEssARD, herein] [=Xinjiangocharaceae Lu, SOULIE-MARSCHE, & WANG,
1996, p. 8]

Utricles with 3 to 14 vertical units that are
simple or divided only at apical end. Lower
Devonian—Carboniferous (Mississippian).

Chovanella REITLINGER & JARZEWA, 1958, p. 1,114;
emend., FEIST & GRAMBAST-FESSARD herein [*C.
kovalevii; ODj; lectotype, REITLINGER & JARZEWA,
1958, p. 1,114, pl. 1,1-3, designated FEisT &
GRAMBAST-FESSARD herein]. Utricles with 5 to 8
long vertical units, basal pore closed by discoid
plate; summit opening occasionally surrounded and
extended by short neck composed of separate apical
cells equal in number to vertical cells. Apical cells
occasionally missing. Long vertical units bifurcating
into 2 secondary parts. Upper Devonian: Russia.

FiG. 47,1a—c.*C. kovalevii REITLINGER &
JarzEWA, Famennian, lectotype; lateral, basal, apical
views, x60 (Reitlinger & Jarzewa, 1958,
pl. 1,1-3).

Ampullichara YanG & ZHuou, 1990, p. 272; emend.,
FeisT & GRAMBAST-FESSARD, herein [*A. talimuica
YANG & Zuou, 1990, p. 272, pl. 11,1-14; OD].
Utricles with 3 to 4, long and thick, slightly dex-
trally spiralled units, not reaching apex; apical pore
large, basal pore closed by discoid plate.
Gyrogonites visible from exterior, at summit and
laterally, between utricle units. Gyrogonites of
Moellerina type with 10 to 12 dextrally spiralled
cells and no coronula cells. Gyrogonite pyriform or
bottle shaped, with basal and apical areas truncated.
Carboniferous (Mississippian): China. FiG.
47,2a~d. *A. talimuica YANG & ZHOU, gyrogonites;
a—c, holotype, lateral, apical, basal views, BPNWC
XC-015; d, specimen with elongated neck, lateral
view, x180 (Yang & Zhou, 1990, pl. II,
4b,4a,4c,1b)——F1G. 47,2e—f A. talimuica forma
crassa YANG & ZHOU, utricles; ¢, lateral view; f; api-
cal view with 12 gyrogonite cells, x70 (Yang &
Zhou, 1990, pl. 11,756, 154).

Xinjiangochara YANG & ZHou, 1990, p. 270; emend.,
FEIsT & GRAMBAST-FESSARD herein [*X. rosulata
YanG & Zuou, 1990, p. 271, pl. 1,1-7; OD]
[=Nucella Yanc & Znou, 1990, p. 271 (type, N.
bella YANG & ZHou, 1990, p. 272, pl. 1,14-15,
OD)].Vertical units, simple or bifurcating, up to 9
to 14 in number, going up to apical pore without
intermediate apical cells. Basal plate rounded,
slightly projecting. [Differs from Chovanella in hav-
ing a higher cell number and by the apex, which is
truncated instead of prominent. Nucella, which dif-
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fers only in its more elongated utricle shape, is a
synonym of Xinjiangochara (YANG Guodong, per-
sonal communication, 1996).] Lower Devonian—
Carboniferous (Mississippian): USA, Canada,
China. FiG. 47,3a—c. *X. rosulata YANG &
Znou, Mississippian, China; 4, holotype, lateral
view; b, apical view; ¢, basal view, x60 (Yang &
Zhou, 1990, pl. I,1b,1a,1c). Fic. 47,3d—f. X.
burgessi (PEck & EYER) LU, SOULIE-MARSCHE, & Q.
E Wang, Middle Devonian; &, holotype, lateral
view with coronula cells, western Canada, x58
(Peck & Eyer, 1963a, pl. 1,7); ¢, basal view with
external basal plate, C.1238-1, Cooper Quarry,
Missouri, USA, x60 (new); £, longitudinal section
with two-layered utricle, C.1386-1, Richfield, west-
ern Canada, x64 (new). Fic. 47,3¢. X
complanior YANG & ZHoU; longitudinal section,
x60 (Yang & Zhou, 1990, pl. 1,13).—Fic. 47,3h.
X (Nucella) bella YANG & ZHOU; lateral view, x60
(Yang & Zhou, 1990, pl. 1,745).

Family PINNOPUTAMENACEAE
Z. Wang & Lu, 1980

[Pinnoputamenaceae Z. WANG & Lu, 1980, p. 197; emend., Feist &

GRAMBAST-FESSARD, herein]

Utricles with vertical units arranged in a

symmetrical branching sequence. Lower De-
vonian—Middle Devonian.

Pinnoputamen Z. WanG & Lu, 1980, p. 197 [*P

yunnanensis Z.. WaNG & Lu, 1980, p. 198, pl. 1,7—
6; OD; lectotype, NIGP PB8680, WancG & Lu,
1980, pl. 1,7a—c; designed FEIST & GRAMBAST-
FEssarD herein]. Utricles bilaterally symmetrical;
each face bearing one group of long vertical furrows
and four branching short furrows obliquely directed
upward; adjacent branching furrows overlapping
each other and forming sawtooth ridges at their
junction. [The species from the Emsian of southern
France (Feist & FEist, 1997), which has the same
basic structure but with antheridia, is the oldest
representative of Pinnoputamen. Costacidium
LANGER was referred by LANGER (1991) to the
Pinnoputamenaceae; however, the differences from
Pinnoputamen remain unclear.] Lower Devonian
(Lochkovian)—Middle Devonian (Givetian): Europe,
China. F16. 48a—c. *P. yunnanensis Z. WaNG &
Lu, Middle Devonian, southern China; 4, lecto-
type, lateral view; 4, apical view, x60 (new, courtesy
of Z. Wang & H. Lu); ¢, lateral view, schematic in-
terpretation with bifurcated branch, x70 (adapted
from Feist & Grambast-Fessard, 1991, fig. 2-1).
——F1G. 484—f P sp., Lower Devonian, southern
France; d, apical view; ¢, lateral view with a branch
bearing antheridia, x48 (Feist & Feist, 1997, fig.
la, 1¢); f; internal mold of a gyrogonite surrounded
by its utricle, x48 (new).
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Chovanella
1
1a 1b ¢
2b 2c
2a
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3d
3a 3b
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3h
Xinjiangochara
3e
3f 39
F1G. 47. Chovanellaceae (p. 97).
Order CHARALES Suborder PALAEOCHARINEAE
Lindley, 1836 Feist & Grambast-Fessard, 1991
[Charales LINDLEY, 1836, p. 414] [Palacocharineae FeisT & GramBasT-FEssarDp, 1991, p. 201]
Gyrogonites composed of sinistrally spi- Gyrogonites with more than 5 sinistrally
ralled cells. Apical structure variable. Middle  spiralled cells. Middle Devonian'—Middle Tri-
Devonian'—Holocene. assic.

"The assignment of Palaconitella cranii (KipsToN & LANG) PIA to the Eo-
characeae extends the range of the Charales down to the Lower Devonian
(Pragian; Kelman & others, 2004; see p. 120 herein for reference listing).
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d e

Pinnoputamen

FiG. 48. Pinnoputamenaceae (p. 97).

Family EOCHARACEAE
Grambast, 1959

[Eocharaceae GRaMBAST, 1959a, p. 559]

Gyrogonites with sinistrally spiralled cells
variable in number from 8 to 13. Apical pore
present. Apex flat. [The attribution of
Octochara Gess & HILLER, 1995, p. 420, and
Hexachara Gess & HILLER, 1995, p. 422, to
the Eocharaceae, as suggested by Gess and
HiLLER (1995), is hypothetical due to the
lack of data on the cell number and apical
structure of gyrogonites. These genera have
been reported from the Upper Devonian of
South Africa. The presence of the family in
the Triassic is attested by KisIELEVSKY (1996)
based on the presence of an undescribed
taxon.] Middle Devonian'—Middle Triassic.
Eochara CHOQUETTE, 1956, p. 1,373 [*E. wickendenii

CHOQUETTE, 1956, p. 1,373, fig. 1-7; OD]. 8 to 13

spiral cells in type species, and basal plate visible

from exterior. Middle Devonian: Canada, USA,

China. Fic. 49,la—c. *E. wickendenii

CHOQUETTE, Cooper Quarry, Missouri, USA; 4,

apical view, C.1238-2, x75; b, lateral view, C.1238-
3, x70; ¢, basal view, C.1238-4, x75 (new).

Family PALAEOCHARACEAE Pia, 1927
[Palacocharaceae Pia, 1927, p. 90]

Gyrogonite with 6 to 7 sinistrally spiralled
cells. Apical pore present. Apex protruding.
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Carboniferous (Pennsylvanian)—lower Per-
mian.

Palaeochara BELL, 1922, p. 160 [*P acadica BELL,
1922, p. 160, pl. 1,3-9; OD; holotype, GSC 988,
designated Peck & EYER, 1963b, p. 843, pl.
101,10—12]. Apical part of gyrogonite protrudes
into beak, conical to very elongated. Carboniferous
(Pennsylvanian)—lower Permian: Canada, Germany,
China. F1G. 49,2a—c. *P. acadica BELL, Pennsyl-
vanian, Canada, holotype; 4, apical view; 4, lateral
view; ¢, basal view, x125 (Peck & Eyer, 1963b, pl.
101,12,11,10).

Suborder CHARINEAE
Feist & Grambast-Fessard 1991

[Charineae FrisT & GRrampasT-FESSARD, 1991, p. 201]

Gyrogonite with 5 sinistrally spiralled
cells. Carboniferous (Pennsylvanian)—
Holocene.

Family POROCHARACEAE
Grambast, 1962

[Porocharaceae GRAMBAST, 1962b, p. 65]

Gyrogonites with 5 sinistrally spiralled
cells, not enclosed in utricle; spiral cell end-
ings delimit an apical pore generally open,
although pore tends to be closed in some
stellatocharoid genera. Basal plate undivided
or with 2 to 3 pieces. [All the described spe-

cies are without any ornamentation.]
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FiG. 49. Eocharaceae and Palacocharaceae (p. 99).

Carboniferous (Pennsylvanian)—Paleogene (Pa-
leocene, ?Eocene).

The Porocharaceae are mostly Mesozoic.
GRAMBAST (1962b) has divided the Poro-
characeae into two subfamilies on the basis
of the apex morphology: presence of an api-
cal neck (Stellatocharoideae) or of a trun-
cated or pointed apex (Porocharoideae).
Kozur (1973) erected a third subfamily di-
vision, Clavatoritinae (later correctly named
Clavatoritoideae by BiLaN, 1988), grouping
gyrogonites with a pointed apex not elon-
gated into a neck; Cuneatocharoideae Z.
WaNG and HUANG in Z. WANG (1978a),
based on the same characters, is a junior syn-
onym of the Clavatoritoideae.

Although Porocharaceae are characterized
mainly by an open apical pore, some Per-
mian Stellatocharoideae have a very small or
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even closed apex at the end of the apical
neck. In such instances, the apical ends of
the spiral cells join themselves at a point
rather than along a broken line, as they do in
the Characeae. On the other hand, the Per-
mian representatives having a closed apex do
not represent a distinct group, as specimens
with open and closed apical pores may
coexist in a given population (Z. Wang,
1984).

Subfamily POROCHAROIDEAE
Grambast, 1961

[Porocharoideac GraMBAST, 1961, p. 2005 emend., Z. WaNG & HUANG in
7. WaNG, 1978a, p. 66]

Gyrogonite of Porocharaceae with a trun-
cate summit. Apical pore sunken. Carbonif-
erous (Pennsylvanian)—Paleogene (Paleocene,
?Eocene).
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The Porocharoideae are a homogeneous
group, including approximately fifty species
for only four genera. The inclination of the
endings of the spiral cells into the center of
the apex, which is the chief character of both
Euaclistochara WaNG, HUANG, & WANG and
Jarzevaella SHAIKIN, may occur in other gen-
era, especially in Porochara s.s. These genera
have been abandoned (FEisT & GRAMBAST-
FEssArRD, 1982; ScHUDACK, TURNER, &
PETERSON, 1998).

Porochara MADLER, 1955, p. 271; emend., SCHUDACK,
1986, p. 23 [*Aclistochara kimmeridgensis MADLER,
1952, p. 26, pl. B,13-19; OD] [=Euaclistochara Z.
Wang, Huang, & S. WangG, 1976, p. 71 (type, E.
lufengensis Z. WaNG, HUANG, & S. WaNG, 1976, p.
72, pl. 3,14-19, OD), partim; Jarzevaella SHAIKIN,
1977, p. 107 (type, J. boltiskaensis SHAIKIN, p.
107,hg. 1-2, OD), partim; Musacchiella FeisT &
GRAMBAST-FESSARD, 1984, p. 301 (type, M.
douzensis FEIST & GRAMBAST-FESSARD, 1984, p. 302,
fig. 4a—c, OD)]. Apical opening small to medium;
spiral ends sometimes bending toward center of
apical pore; basal plate multipartite; general shape
varying from ellipsoidal to subglobular. Size vari-
able. [Scrupack (1986) described multipartite
basal plates in type specimens of P kimmeridgensis,
and thus Musacchiella became superfluous as a jun-
ior synonym. Species whose basal plates have been
recognized as multipartite extend from the
Bathonian to the Berriasian. In addition, species
attributed to Porochara but without indications on
basal plate morphology are provisionally main-
tained in this genus.] 2upper Permian, Middle Juras-
sic—Lower Cretaceous, Paleogene (?Eocene): world-
wide. Fig. 50,3a—b. *P kimmeridgensis
(MADLER) MADLER, Kimmeridgian, Germany; 4,
topotype, lateral view, C.1234-1, x60 (new); &,
paratype, multipartite basal plate from inside
gyrogonite, x225 (Schudack, 1986, pl. 1,12).——
Fi1G. 50,3c—¢. P (Musacchiella) douzensis (FeisT &
GRAMBAST-FESSARD) SCHUDACK, Bathonian, France;
¢, apical view, x50; d, basal view, x50; ¢, longitudi-
nal section, x54 (Feist & Grambast-Fessard, 1984,
fig. 3B, 4C, 2A).

Feistiella ScHUDACK, 1986, p. 23 [*E bijuescensis
ScHupAck, 1986, p. 23, pl. 1,1-11; OD]
[=Euaclistochara 7. WaNG, HUANG, & S. WANG,
1976, p. 71, partim (type, E. lufengensis 7. WANG,
Huang, & S. WaNG, 1976, p. 72, pl. 3,14-19,
OD); Jarzevaella SHAIKIN, 1977, p. 107 (type, /.
boltiskaensis SHAIKIN, 1977, p. 107, fig. 1-2, OD),
partim; Porochara MADLER, 1955, p. 271 (type,
Aclistochara kimmeridgensis MADLER, 1952, p. 26),
partim]. Apical opening small or medium; basal
plate undivided; general shape varying from ellip-
soidal to subglobular. Size variable. [This genus is
most similar to Porochara in its general shape and in
the morphology of the somewhat sunken apical

©2

101

opening. It differs in the particular character of an
undivided basal plate and by the larger size of the
Upper Cretaceous and Paleocene species.] ?upper
Permian, Middle Jurassic—Paleogene (Paleocene,
?Focene): worldwide. Fic. 50,2a-d. *FE
bijuescensis SCHUDACK, Berriasian, Spain; 4, holo-
type, lateral view, x57; b—¢, holotype, apical, basal
views, x60; d, basal plate, x250 (Schudack, 1986,
pl. 1,1,4,5,6).

Stomochara L. GrRaMBAST, 1961, p. 201[*Gyrogonites
moreyi PECK, 1934b, p. 54, pl. 1,1-3,5,6; OD;
=Gyrogonites robertsi Peck, 1934b, p. 54]
[=Catillochara PEck & EYER, 1963b, p. 838, obj.;
Horniella SHAIKIN, 1966, p. 158 (type, Gyrogonites
robertsi R. PECK, 1934b, p. 54, fig. 10-12, OD),
non A. TRAVERSE, 1955, p. 55 (type, H.
clavaticostata A. TRAVERSE, 1955, p. 55, pl. 48,65,
OD); Altochara SnpAKOVSKY, 1968, p. 103 (type, A.
continua SAIDAKOVSKY, 1968, p. 104, pl. 15,22-23,
OD)]. Apical opening fairly large and ranging from
strongly stellate to almost round; gyrogonites taper
and may possess beak with small, truncate, apical
area; basal plate undivided (PEck & EYER, 1963b,
pl. 101,6). [PEck & EvYER (1963b) restudied the
types of Gyrogonites moreyi PEcK and G. robertsi
PECK with approximately 600 gyrogonites from the
Pennsylvanian and Permian of the central United
States. They concluded that all the Pennsylvanian
and Permian gyrogonites studied should be placed
in a single species, G. moreyi, thus placing G.
robertsi into synonymy.| Carboniferous (Pennsylva-
nian)—Triassic: Bulgaria, Germany, Poland, Ukraine,
USA, China. F1G. 50,1a—e. *S. moreyi (PECK)
GRAMBAST, Pennsylvanian, USA; a—b, holotype, lat-
eral and apical view, x54 (Peck, 1934b, fig. 1-2); ¢,
lateral view, C.1235-1; 4, apical view, C.1235-2,
x105; e, basal plate in situ, C.1235-3, x325 (new).

Vladimiriella Saipakovsky, 1971, p. 122 [*Tolypella
globosa SAIDAKOVSKY, 1960, p. 56, pl. I,44; OD]
[=Porosphaera Z. WanG & Huang, 1978, p. 273,
obj., non DUMORTIER, 1822, p. 91]. Apical opening
small; general shape spherical, with rounded apex
and base; size medium. [SAIDAKOVSKY (1971)
erected a new Porocharaceae genus for species pre-
viously assigned to Tolypella or Sphaerochara
(Characeae), as they possess an apical pore. The
genus Porosphaera, based on the same type, is a jun-
ior objective synonym of Viadimiriella.] Triassic:
Bulgaria, Germany, Poland, Sweden, Ukraine,
China. FiG. 50,4a—b. *V. globosa (SAIDAKOVSKY)
SAIDAKOVSKY, Dnieper-Donets, Ukraine; 4, lateral
view, x120 (Saidakovsky, 1960, fig. 4a); 4, lateral
view, x108 (Bilan, 1988, pl. VIII, 7).

Subfamily CLAVATORITOIDEAE
Kozur, 1973
[nom. correct. Kozur in BiLAN, 1988, p. 107, pro Clavatoritinae Kozur,
1973, p. 26] [=Cunecatocharoideae Z. WaNG & HUANG in Z. WANG,
1978a, p. 66]
Gyrogonite of Porocharaceae with pointed
summit that is not, however, drawn into a
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F1G. 51. Porocharaceae (p. 103-104).

51,1b—c. C. (Cuneatochara) acuminatus SAIDA-
KOVsKY, Lower Triassic, Ukraine; 4, holotype, lateral
view, PMUK 570; ¢, apical view, x110
(Saidakovsky, 1962, pl. 1,7-8).——FI1G. 51,1d—f C.

neck. Apical opening small. Triassic—Lower
Cretaceous.

Clavatorites HORN AF RANTZIEN, 1954, p. 47 [*CL

hoellvicensis HORN AF RANTZIEN, 1954, p. 48, pl.
1V,4; OD] [=Cuneatochara SAIDAKOVSKY, 1962, p.
1,144 (type, C. acuminata SAIDAKOVSKY, 1962, p.
1,144, pl. 1,1,7,8, OD)]. Apical part of gyrogonite
forming cuneiform apical projection with small, cir-
cular aperture at its top; basal plate not described;
general shape ovoid; size small to medium. [GraMm-
BAST (1962b, p. 83) stated that the genus
Clavatorites should be rejected because the type,
based on a single badly preserved specimen, was not
clearly established. Kozur (1974) recognized the
genus and considered Cuneatochara SNIDAKOVSKY as
a junior synonym.] Triassic: Sweden, Bulgaria, Ger-
many, Poland, Ukraine, China, Kazakhstan.
FiG. 51,1a. * C. hollvicensis HORN AF RANTZIEN,
Sweden; holotype, lateral view, SGS 1952-9-1762-
2, x70 (Horn af Rantzien, 1954, pl. IV,4). FiG.
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(Cuneatochara) wuerttembergensis BREUER, Triassic,
Germany; 4, holotype, lateral view, MNS P1456,
x80; ¢, apical view, x100; £, basal view of oospore,

x100 (Breuer, 1988, fig. 2a—2c).

Stenochara GRAMBAST, 1962b, p. 66, nom. nov. pro

Praechara HORN AF RANTZIEN, 1954, p. 57, non
BIRINA, 1948 (type, Praechara chovanensis BIRINA,
1948, p. 154, pl. 1,1-2) [*Praechara miidleri HORN
AF RANTZIEN, 1954, p. 62, pl. 5,6-8; OD]. Apical
part of gyrogonite forming low projection, with
small, star-shaped or rounded aperture at its top.
General shape ovoid, with apex slightly conical and
base rounded. Basal plate unknown. Size small to
medium. [Differs from Cuneatochara in its apical
part, which is less protruding and does not form an
acute angle.] Triassic—Lower Cretaceous: Bulgaria,
Germany, Poland, Portugal, Sweden, Ukraine,



104 Charophyta— Charophyceae

China, Kazakhstan.——F1G. 51,24. *S. maedleri
(HorN AF RANTZIEN) GRAMBAST, Triassic, Sweden;
holotype, lateral view, x70 (Horn af Rantzien,
1954, pl. V,6). FiG. 51,2b—d. S. zavialensis
GRAMBAST-FESSARD, Lower Cretaceous, Portugal; 4,
holotype, lateral view, x70; ¢, paratype, apical view;
d, basal view, x80 (Grambast-Fessard, 1980, pl.
3,10,12,11).

Subfamily STELLATOCHAROIDEAE
Grambast, 1962

[Stellatocharoideae GramBAsT, 1962b, p. 68] [=Maslovicharoideae
SAIDAKOVSKY, 1966, p. 114; Stellatocharaceae Conkin & Conkin, 1977,
p. 181]

Gyrogonite of Porocharaceae with apical
part drawn into neck that is conical or trun-
cated at distal end; apical pore variable in
diameter; in some genera very small or even
closed. Apical pore rounded, pentagonal, or
stellatiform. Basal plate multipartite or un-
known. Carboniferous (Pennsylvanian)—
Paleogene (Paleocene).

Stellatochara HORN AF RANTZIEN, 1954, p. 26 [*S.
sellingii HORN AF RANTZIEN, 1954, p. 33, pl. 1,1-3;
OD] [=Maslovichara SAIDAKOVSKY, 1962, p. 1,143
(type, M. gracilis SAIDAKOVSKY, 1962, p. 1,143, pl.
1,1-2, OD)]. Spiral cells progressively bent at rim
of apex, forming wide apical neck, less than one-
third of gyrogonite length. Apical neck truncated at
extremity; apical pore rounded, pentagonal, or star
shaped, generally small; basal plate multipartite.
General shape frequently ovoid, occasionally ellip-
soid or subglobular. Size small to medium. [The
genus is well characterized by its apical elongated
neck; however the trait is not well marked in the
type species S. sellingii. The Jurassic and Cretaceous
species, which present a truncated apex and were
assigned to Stellatochara by PEck (1957) and BHATIA
and MANNIKERI (1977), belong to Porochara. HORN
AF RANTZIEN (1954) noted the similarities in the
gyrogonites of Stellatochara and Clavatoraceae gen-
era; in both instances, the gyrogonite is bottle
shaped with a cylindrical apical neck. GRamBAST
(1962b) agreed with HorN AF RANTZIEN (1964) and
expressed the opinion that the ancestors of the
Clavatoraceae are to be sought among the
Stellatocharoideae. Transitional forms between the
Triassic Stellatocharoideae and the Upper Jurassic
Clavatoraceae, however, are presently unknown.
The Upper Jurassic S. rostrata (MADLER) SCHUDACK,
1993b, as well as the Lower Cretaceous S. reyi
GRAMBAST-FESSARD, 1980, and S. nehdensis
SCHUDACK, 1987, have an apex with apical projec-
tion abruptly turning upward, which is typical of
Stellatochara. These taxa most likely represent
clavatoracean gyrogonites, exceptionally calcified
when the utricle was, for some reason, uncalcified,
and they therefore should not be referred to
Stellatochara.] Triassic: Germany, Poland, Sweden,
Ukraine, China, Kazakhstan. FiG. 52,4a~d. *S.
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sellingii HORN AF RANTZIEN, Triassic, Sweden; 4,
holotype, lateral view RMS-1952-9-1805-44, x70
(new); b—c, paratype, apical, basal views, RMS-
1952-9-1805-48, x120 (new); d, longitudinal sec-
tion, x90 (Horn af Rantzien, 1954, pl. I1,4).——
FiG. 52,4e. S. germanica Kozuw, Triassic, Germany;
lateral view, x110 (Breuer, 1988, fig. 2d).

Auerbachichara KISIELEVSKY, 1967, p. 37; emend.,

SAIDAKOVSKY, 1968, p. 102 [*A. saidakovskyi
KisteLEvskY, 1967, p. 38, pl. 1,1-2; OD]
[=Shaikinella KisiELEVSKY, 1993b, p. 87 (type, S.
consummata KISIELEVSKY, 1993b, p. 89, pl. VIII, -
2, OD)]. Spiral cells progressively bent at summit,
forming short and broad apical neck; apical ends of
spiral cells forming more or less developed denticles
around apical aperture; apical aperture large, pen-
tagonal or star shaped. Basal plate unknown. Gen-
eral shape ovoid. Size small. [Differs from
Stellatochara in its less protruding neck and in its
larger apical pore.] Permian—Triassic: Germany, Po-
land, Ukraine, Russia, China, Kazakhstan. FiG.
52,1a. *A. saidakovskyi KiSIELEVSKY, Lower Triassic,
Russia; lateral view, x105 (adapted from
Saidakovsky, 1968, pl. XV,18). FIG. 52,1b—c. A.
starozhilovae KiSIELEVSKY, Triassic, Poland; lateral,
apical views, x108 (Bilan, 1988, pl. X,1a—1b).

Latochara MADLER, 1955, p. 271; emend., FEIST in

Feist & CUBAYNES, 1984, p. 595 [*Aclistochara
latitruncata PECK, 1937, p. 89, pl. 14,1-4; OD]
[=Minhechara Wer in Hao & others, 1983, p. 173
(type, M. columelaria WEI in Hao & others, 1983,
p- 174, pl. 43,11-17, OD)]. At rim of summit,
spiral cells level off, turn inward, then turn abruptly
upward into almost vertical position to form small
pyramidal projection in center of summit (PECK,
1957); apical pore very small. Basal plate multipar-
tite. General shape varying from subglobular to
ovoid. Size small to medium. [Minhechara, based
only on the wider apical pyramidal projection, is
not distinguishable from Latochara (FeisT &
GRAMBAST-FESSARD, 1991).] Triassic—Paleogene (Pa-
leocene): France, Ukraine, USA, China. FiG.
52,2a—c. *L. latitruncata (PEcK) MADLER, Upper
Jurassic, USA; a, lateral view, C.1236-1; b,
multipartite basal plate from inside gyrogonite,
C.1236-3, x145; ¢, apical view, C.1236-2, x80

(new).

Leonardosia SOMMER, 1954, p. 186; emend.,

SAIDAKOVSKY, 1989, p. 91 [*L. langei SOMMER,
1954, p. 187, pl. 16,12; OD] [=Paracuneatochara
Z. WANG, 1984, p. 55 (type, P jinxiensis Z. WANG,
1984, p. 56, pl. 1,1-15, OD); Acutochara
SAIDAKOVSKY, 1993, p. 78 (type, A. chinensis
SAIDAKOVSKY, 1993, p. 79, fig. 4, OD; holotype,
NIGP PB 11298, Wang, 1984, pl. I1,8);
Leonidiella KisiELEVSKY, 1993c, p. 98 (type, L.
embensis KISIELEVSKY, 1993¢, p. 98, pl. XII,7-2,
OD); Luichara KiSIELEVSKY, 1993c¢, p. 100 (type, L.
molostovskae KISIELEVSKY, 1993c, p. 100, pl. XII,5-
6, OD)]. Apical neck very long, more than one-
third of gyrogonite length; Apical neck broad at
base, then decreasing in width toward top. Apical
pore small or closed. Basal plate unknown. General
shape subglobular. Size large. [In the apical neck,
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cells are so tightly conjoined that the small pore at
their apical ends tends to disappear. This condition
differs from the closure of the apex in the
Characeae. Original description by SOMMER (1954),
based on impressions, shows a reverse course of the
spiral cells. Acutochara SapAKOVSKY, 1993, which is
defined only by the wavy outline of the apical neck
that may be due to the preservation as a cast, is not
distinct from Leonardosia.] Carboniferous (Pennsyl-
vanian)—upper Permian: Russia, Brazil, Paraguay,
China, Kazakhstan. Fi16. 52,3a. *L. langei
SOMMER, Permian, Brazil; holotype, lateral view of
dextrally spiralled impression of enveloping cells,
x45 (Sommer, 1954, pl. 16,12). FiG. 52,3b—c.
L. (Paracuneatochara) jinxiensis (Z. WANG) FEIsT &
GRAMBAST-FESSARD, upper Permian, China; 6, lat-
eral view; ¢, basal view, x60 (Z. Wang, 1984, pl.
11,5-6).

Family CLAVATORACEAE Pia, 1927

[Clavatoraceae P1a, 1927, p. 91]

Gyrogonites with 5 sinistrally spiralled
cells, enclosed in utricle, made of generally
calcified cells of vegetative origin. Gyro-
gonites with apical pore at end of neck or
collar. [Gyrogonites resembling those of the
Porocharaceae Stellatocharoideae, from
which the Clavatoraceae probably evolved.
Characters of particular importance are the
symmetry and the number of layers in the
utricle. Reported only from the Mesozoic.]
Upper Jurassic—Upper Cretaceous (Maastricht-
ian).

The family Clavatoraceae was established
by P1a (1927) after the genus Clavator REID
& GROVES, 1916. PEck (1938), who de-
scribed the genus Aropochara, placed it in a
new family, the Atopocharaceae, which has
since been abandoned. GRAMBAST (1969)
created three subfamilies within the
Clavatoraceae, based upon utricle symmetry
and number of layers of the utricle wall:
Echinocharoideae, Clavatoroideae, and
Atopocharoideae. Z. WaNG and Lu (1982)
subdivided the Atopocharoideae into two
tribes, the Atopocharae and Globatorae, and
the Clavatoroideae into Clavatorae and
Clypeatorae; the latter was divided into two
subtribes, the Clypeatorinae and Septo-
rellinae. These subdivisions, however, do not
appear needed; and they have not generally
been followed. ScHupAck (1993b) has

shown that the structure of the utricle in the
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Echinocharoideae was of the same type as
that in the Atopocharoideae; the former sub-
family has thus been abandoned.

In the classification of the Clavatoraceae
proposed by MARTIN-CLOSAS and SERRA-KIEL
(1991), the evolutionary lineages are inter-
preted as evolutionary species, in the sense of
WiLEY (1978). Although attractive in cor-
rectly reflecting progressive evolution within
the phylum, this interpretation would how-
ever entail a total turnover of the taxonomy
not completely in agreement with the rules
of nomenclature (FEIST & Z. WANG, 1995).

Subfamily CLAVATOROIDEAE
Pia, 1927

[nom. transl. GramBasT, 1969, p. 880, ex Clavatoraceae P1a, 1927, p.
91; emend., GRAMBAST, 1969, p. 880]

Gyrogonite enclosed in utricle typically
bilaterally symmetrical and composed of in-
ner nodular layer and external structural
layer formed of elongated units. External
layer not developed in some genera. Some
specialized genera develop secondary triradi-
ate or four-rayed symmetry. Upper Jurassic—
Upper Cretaceous.

Clavator REID & GROVES, 1916, p. 253, pl. 8; emend.,
Harris, 1939, p. 14 [*C. reidii GROVES, 1924, p.
116; SD Groves, 1924, p. 116]. Utricle bilaterally
symmetrical with 2 calcified layers, inner smooth or
nodular, outer made of 12 or fewer elongated ver-
tical or spiralled units. Vegetative apparatus strongly
calcified, with central tube surrounded by 12 dex-
trally coiled cortical tubes composed of alternate
long and short units, latter giving rise to clusters of
spines that more or less completely cover cortex.
Upper Jurassic (Tithonian)—Lower Cretaceous
(Aptian): USA, Germany, United Kingdom, Swit-
zerland. FiG. 53,2a—b. *C. reidii GROVES,
Berriasian, United Kingdom; utricles, lateral views,
MPK 8892 and 8895, x45 (Feist, Lake, & Wood,
1995, pl. 1,11-12).

Ascidiella GRAMBAST, 1966b, p. 2,210 [*A. iberica
GRAMBAST, 1966b, p. 2,210, pl. I,7-3; OD]. Utricle
with strong bilateral symmetry and lateral expan-
sion resembling a horn on shoulder near apex. A
pore opening at end of horn. Numerous accessory
pores present, with units of outer layer of utricle
radiating from them. Pores are outlets for internal
canals. Internal nodular layer of utricle well devel-
oped. [GRramBAST (1966b) indicated that
Dictyoclavator may have been ancestral type of
Ascidiella.] Lower Cretaceous (Barremian—Aptian):
United Kingdom, Portugal, Spain, Lebanon.
F1G. 54,1a—b. *A. iberica GRAMBAST, Barremian,
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Spain; 4, holotype, lateral view, C.6333-6, x38
(new); b, longitudinal section, x35 (Grambast,
1966b, pl. 1,4). Fic. 54,1c. A. irregularis
GRAMBAST-FESSARD, Aptian, Portugal; paratype, lat-
eral view, x28 (Grambast-Fessard, 1986, pl. ,5).
FiG. 54,1d. A. inflata GRAMBAST-FESSARD,
Barremian, Spain; paratype, apical view, x25
(Grambast-Fessard, 1986, pl. 1,3).

Clypeator GRAMBAST, 1962b, p. 69; emend., L.
GRAMBAST, 1970, p. 1,967 [*Perimneste corrugata
Peck, 1941, p. 295, pl. 42,15-24; OD]. Utricle
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bilaterally symmetrical, with 2 opposite shields,
each composed of 9 to 13 superficial units radiating
from 2 lateral pores. Pores at end of internal canals,
generally opening at tip of lateral projections. On 1
or 2 sides, 2 or 3 cells are intercalated between basal
cell and lateral pore. Upper Jurassic—Lower Creta-
ceous (Albian): North America, Bulgaria, Germany,
United Kingdom, Portugal, Romania, Russia,
Spain, China, South Korea. F1G. 53,3a—i. *C.
corrugatus (PECK) GRAMBAST, Aptian, North
America; a—e, different views of one specimen, x40
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(Peck, 1957, pl. 3,1-5); f~g, topotype, ventral, lat-
eral views of same specimen; /i, basal view, longi-
tudinal section, x70 (Grambast, 1970, pl. IV,3a—
3b,2d,4). Fic. 53,3j. C. discordis SHAIKIN,
Berriasian, Germany; lateral view, CE.2003c¢-1, x75
(new). Fi1G. 53,3k C. combei GRAMBAST,
Hauterivian, United Kingdom; lateral view, MPK
8906, x50 (new).

Dictyoclavator GRAMBAST, 1966b, p. 2,210 [*Clavaror

fieri DonzE, 1955, p. 288, pl. XIII,4-5; OD].

Utricle globular, with a well-marked adaxial furrow
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underlining bilateral symmetry. Outer layer not
developed. Inner layer composed of irregularly dis-
posed short units. Upper Jurassic (Kimmeridgian)—
Lower Cretaceous (Valanginian): France, Portugal,
Spain, Switzerland. FiG. 55,1a—b. *D. fieri
(DonzE) GRAMBAST, Berriasian, France, topotypes;
a, lateral view, C.1218-1; b, apical view, C.1218-2,
%30 (new). FI1G. 55,1c. D. ramalhoi GRAMBAST-
FEssarD, Kimmeridgian, Portugal; adaxial view with
median furrow, x40 (Grambast-Fessard &
Ramalho, 1985, pl. 1,4).
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Embergerella GrRamBAST, 1969, p. 881 [*E. cruciata

GRAMBAST, 1969, p. 881, pl. I1,8—14; OD]. Utricle
quadrangular to triangular from apex to base, com-
posed in upper part of 3 or 4 strongly developed
projections. At ends of projections are openings of
canal system, canals originating near base. Surface
units short and consisting of asymmetrical rosettes
radiating from openings. [Embergerella differs from
Triclypella in shape, development of surface units,
and development of canal system.] Upper Jurassic—
Upper Cretaceous (Cenomanian): France, Spain,
Russia. FiG. 55,2a—d. *E. cruciata GRAMBAST,
Barremian, Spain; 4, holotype, lateral view; 4, lon-
gitudinal section, x55 (Grambast, 1969, pl.
11,84, 13); ¢, basal view; d, apical view, C.747-7, x55
(new). FiG. 55,2¢—g. E. triquetra GRAMBAST,
Barremian; ¢, holotype, lateral view; £ apical view;
¢ longitudinal section with main canal and
gyrogonite, x60 (Grambast, 1969, pl. III,
184,156,20).

Flabellochara GramBAST, 1959a, p. 559 [*Clavator

harrisi PECK, 1941, p. 292, pl. 42,28-34; OD].
Utricle bilaterally symmetrical with 2 opposite fans
originating from a basal vertical unit. Fans each
composed of 7 to 11 radiating cells. On adaxial
side, single elongated cell intercalated between 2
fans. Lower Cretaceous: USA, Argentina, Bulgaria,
France, Germany, United Kingdom, Italy, Spain,
Switzerland, Ukraine, China, Uzbekistan. F1G.
56,3a—b. *E harrisi (PECK) GRAMBAST, Aptian,
North America; 4, topotype, lateral view, x40
(Peck, 1957, pl. 2,9); b, topotype, lateral view,
C.1240-1, x45 (new). F1G. 56,3¢c. F grovesi
(Harris) GRAMBAST, Berriasian, United Kingdom;
lateral view, C.1219-1, x45 (new).

Hemiclavator Z. Wanc & Lu, 1982, p. 98 [*H. nei-

mongolensis 7. WaNG & Lu, 1982, p. 98, pl. IV,1-
5; OD; lectotype, PB87380D, pl. 1V, 1b,1¢,1d,
designated FEIsT & GRAMBAST-FESSARD herein].
Utricle with 2 different sides: 1 with vertical cells as
in Clavator species, the other with long units radi-
ating from central pore. Nodular layer generally vis-
ible laterally as well as in apical part of utricle.
Lower Cretaceous (Barremian): Spain, China.
Fi6. 53,1a—c. *H. neimongolensis Z. WaNG & Lu,
China; lectotype; 4, lateral side with radiating units;
b, lateral side with vertical units; ¢, basal view, x50

(Z. Wang & Lu, 1982, pl. 1V,16-1d).

Heptorella FEisT & GRAMBAST-FESSARD, nom. nov.

herein, nom. nov. pro Septorella GramsasT, 1962b, p.
69, non ALLESCHER in HENNINGS, 1897, p. 242,
Fungi (type, S. salacia, OD) [*Septorella brachycera
GRAMBAST, 1962b, p. 69, pl. I,a—d; OD]. Utricle
with 6 to 9 lateral pores, superficial or at ends of
projections. Lateral pores are outlets for internal
canals originating from basal chamber. Outer layer
with numerous vertical, long units in basal part of
utricle. Apical part composed of shorter units con-
verging to apical pore. A horizontal corticated tube,
weakly developed in H. campylopoda, joined to
basal part of utricle. [Seprorella GramBAST, 1962b, is
a junior homonym of Septorella ALLESCHER, 1897.
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Derivatio nominis: Heptorella, from the Greek hepta
(seven), referring to the frequent number of lateral
horns of utricles in the type species.] Upper Creta-
ceous (Campanian—Maastrichtian): France, Spain.
——F16. 56,1a—c. *H. brachycera GRAMBAST,
Maastrichtian, southern France; 4, holotype, lateral
view, x50 (Grambast, 1962b, fig. 1b); 4, paratype,
apical view, x40; ¢, longitudinal section, x45
(Grambast, 1971, pl. 111,34, pl. 1I,4).——F1a.
56,1d—f. H. ultima GRAMBAST, southern France; d,
holotype, lateral view; e, paratype, basal view, x30
(Grambast, 1971, pl. V1,14, pl. VIL,I¢); £, dwarf
form, x30 (Grambast, 1977b, fig. 4b).

Lucernella GramBAST & LORCH, 1968, p. 48 [*L.

ampullacea GrRamBAST & LORCH, 1968, p. 48, pl.
I,1-3, pl. I1,1-9; OD]. Utricle bilaterally symmetri-
cal, with 2 accessory pores located at top of shoul-
ders of apex. Accessory pores are outlets for 2 inter-
nal canals originating at basal chamber. Adaxial face
of utricle joined to fragment of branch or with
prominent furrow marking its place. Internal nodu-
lar layer of utricle well developed. External layer
made of vertical units except in apical zone where
furrows radiate from accessory pores. Lower Creta-
ceous (Aptian): Lebanon. FiG. 54,2a—. *L.
ampullacea GRaMBAST & LORCH, holotype; 4, dorsal
(abaxial) view, x49; b, basal view, x47; ¢, apical
view, x44; d, ventral view, x49; ¢, longitudinal sec-
tion, x50 (GramBasT & LorcH, 1968, pl.
Lla,1d,1¢c,1b, pl. 11,8). FiG. 54,2f L. deltea
GRrAMBAST & LORCH; paratype, dorsal view, x60
(Grambast & Lorch, 1968, pl. 111, /4).

Nodosoclavator Mastov, 1961, p. 679; emend.,

GRAMBAST, 1966¢, p. 269 [*Clavator nodosus PECK,
1957, p. 15, pl. 8,3—18; OD]. Utricle with external
layer restricted to basal portion of gyrogonite,
nodular layer with tubercles well developed and ir-
regularly disposed or more or less aligned with spi-
rals and covering gyrogonite. Gyrogonites strongly
beaked by abrupt upturn of spiral units at distal
ends. Vegetative parts commonly preserved at base
of utricle. [Nodosoclavator differs from Clavator in
that outer structural layer is restricted to the basal
part of the utricle or even missing. Nodosoclavator is
one of the oldest representatives of the Clavator-
aceae family. The nodosoclavatoroid utricles
(ScHUDACK, 1989) are incompletely developed
utricles of other Clavatoroideae, which may repre-
sent the Nodosoclavator stage and do not put the
validity of the genus in question.] Upper Jurassic
(Oxfordian)—Lower Cretaceous (Aptian): USA,
France, Germany, United Kingdom, Portugal,
Spain, Switzerland, Ukraine, China, Algeria.
FiG. 57,1a—b. *N. nodosus (PECk) MasLov, Aptian,
North America; 4, holotype, lateral view; 6,
paratype, lateral view, x60 (Peck, 1957, pl. 8,5—
06). FI1G. 57,1c—d. N. adnatus MARTIN-CLOSAS &
GRAMBAST-FESSARD, Barremian, Spain; ¢, lateral
view with part of branchlet, x50; , interpretation
of external utricle structure in connection with
branchlet, x50 (Martin-Closas & Grambast-
Fessard, 1986, pl. I1,10, text-fig. 4).
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Fic. 56. Clavatoraceae (p. 110-112).
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Fic. 57. Clavatoraceae (p. 110-113).

Pseudoglobator GraMBAST, 1969, p. 881 [*P fourcadei

GRAMBAST, 1969, p. 881, pl. IV,22-28; OD].
Utricle globular, not bilaterally symmetrical, with-
out lateral expansions or canals. Internal layer
formed of large nodules, external layer of numerous
units, not articulated, long, vertical, or slightly spi-
ralled. Lower Cretaceous (Barremian): Spain.
FIG. 56,2a—¢. *P. fourcadei GRAMBAST; a—c, holotype,
lateral, apical, basal views; 4, longitudinal section; ¢,
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paratype, lateral view, x40 (Grambast, 1969, pl.
1V,224—c,27,23a).

Triclypella GramBAST, 1969, p. 881 [*T. calcitrapa

GRAMBAST, 1969, p. 881, pl. I,1-7; OD]. Utricle
with 3 laterally directed projections developed in
upper half. At ends of projections are openings of
internal canals that originate near base. Surface
units forming shields radiate from ends of projec-
tions. [Differs from Clypearor by presence of a third
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projection developed in the symmetry plane.] Lower
Cretaceous (?Hauterivian, Barremian): Argentina,
United Kingdom, Spain, China. F1G. 57,2a—e.
*T. calcitrapa GRAMBAST; 4, holotype, lateral view
with 1 shield, Barremian, Spain; ¢, holotype, api-
cal, lateral views, Barremian, Spain; d, transverse
section, Barremian, Spain, x70 (Grambast, 1969,
pl. L,1c,1a—1b,7); e, basal view, ?Hauterivian,
United Kingdom, x45 (Feist, Lake, & Wood, 1995,
pl. IL,2).

Subfamily ATOPOCHAROIDEAE
Peck, 1938

[nom. transl. GRamBAST, 1969, p. 880, pro Atopocharaceae PEck, 1938, p.
173; emend., SCHUDACK, 1993b, p. 93]

Utricle with a well-developed, 3-rayed
symmetry. Utricle composed of 2 superposed
groups of branched units. 3 or 6 similarly
branched units of internal group trifurcately
ramified, whereas external group more vari-
able or even completely reduced. Upper Ju-
rassic—Upper Cretaceous.

Atopochara PEck, 1938, p. 173; emend., PEck, 1941,
p- 289 [*A. trivolvis Pk, 1938, p. 174, pl. 28,8—
12, text-fig. 1; OD]. Utricle composed of 3 equiva-
lent groups of units. Each group composed of 3
short vertical units originating near basal opening
and ending near equator; 2 to 5 small units grouped
on or near equator and several sinistrally spiralled
units extending distally from equator to apex.
Gyrogonite thin walled, fragile. [GraMBAST (1967)
stated that Atopochara developed directly from
Perimneste by suppression of primordial basal cells
of each ramulus and of all vestigial antheridia ex-
cept that in right-hand fork.] Crezaceous: world-
wide. FiG. 58,1a—c. *A. trivolvis PECK, Aptian,
North America; 4, holotype, lateral view, x33 (Peck,
1938, pl. 28,12); b—c, topotype, basal view, apical
view, x40 (Grambast, 1968, pl. 111,166, 1¢).
FI1G. 58,1d-e. A. triquetra (GRaMBAST) FEIST, Lower
Cretaceous, Spain; d, paratype, lateral view; e,
paratype, basal view, x50 (Grambast, 1968, pl.
I1,13a,126).——F1G. 58,1f] A. multivolvis PECK,
Cenomanian, southern France; lateral view, x35
(Feist, 1981, fig. 1f).——FIG. 58,1¢g—h. A. trivolvis
PECK; interpretations of cellular structure of utricle
(white, antheridia) (Grambast, 1967, fig. d.f).

Diectochara MusaccH10, 1971, p. 29 [*D. andica
MusaccHio, 1971, p. 31, text-fig. 4, pl. 1,8-10, pl.
I1,24-29, pl. 111,30-38; OD]. Utricle made of long,
noncontiguous, unbranched tubes forming 2 super-
posed series of 6 cells each, outer being more elon-
gated. Vegetative apparatus preserved, composed of
vertical, long units. [The utricle structure in this
genus is even less distinctive than in Echinochara.]
Lower Cretaceous (Barremian): Argentina. FiG.
59,2a—c. *D. andica MUSACCHIO; a, topotype,
acidized specimen, C.1217-1, x25 (new); b,
paratype, gyrogonite and antheridia, x54
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(Musacchio, 1971, pl. 1,9); ¢, topotype, internal
view of half of whorl of utricles with 3 gyrogonites
and 1 antheridium, C.1217-2, x23 (new).

Echinochara Peck, 1957, p. 21; emend., SCHUDACK,

1993b, p. 94 [*E. spinosa PECK, 1957, p. 22, pl. I,1-
22, pl. 2,21-25; OD]. Utricle made of short, con-
tiguous, branched or not branched cortical tubes,
more or less fused to gyrogonite; these tubes form
2 groups of units: internal ones, 3 or 6 in number,
trifurcately ramified; external units (also 3 or 6)
more variable. Vegetative apparatus preserved, with
external filaments more or less dextrally coiled. [In
E. pecki (MADLER) GRAMBAST, the tubes are contigu-
ous and joined to the gyrogonite and constitute a
true utricle completely enclosing the gyrogonite.]
Upper Jurassic—Lower Cretaceous: North America,
Germany, Switzerland, Spain. F1G. 58,2a—c. *E.
spinosa PECK, Kimmeridgian, North America; 4,
paratype, 3 fertile nodes with spiral internal fillings
of gyrogonites (etched specimen), x16; 4, section
through 2 fertile nodes of branchlet, x18 (Peck,
1957, pl. 1,2, 6); ¢, holotype, lateral, view of
gyrogonite filling and utricle cells (etched speci-
men), x40 (Peck, 1957, pl. 1,2,6, pl. 2,23).
FiG. 58,2d-e. E. pecki (MADLER) GRAMBAST, upper
Kimmeridgian, Germany, topotypes; , apical view
of utricle whorl around central axis, CF.2950-1,
x40; ¢, internal view of utricle with casts of spiral

cells, CE.2950-2, x60 (new).

Globator L. GramBast, 1966a, p. 1,932 [*G.

trochiliscoides L. GRAMBAST, 1966a, p. 1,932, fig. 1-
3; OD]. Utricle composed of 3 equivalent groups of
units. Each group composed of 3 units at base, with
5 units resting on them. Type species unique in
having only 15 units, 3 basal units not represented.
Upper Jurassic (Tithonian)—Lower Cretaceous
(Barremian): France, Germany, United Kingdom,
Italy, Spain, Switzerland, Algeria.——FiG. 59, /4.
*G. trochiliscoides GRAMBAST, Barremian, Spain,
topotype; 4, lateral view; &, basal view; ¢, apical
view, x35 (L. GraMBAST, 1966a, fig. 1-3); 4, longi-
tudinal section, x45 (GRrAMBAST, 1966b, pl.
111,6).——F1G. 59,1e. G. rectispirale FEIST,
Tithonian, United Kingdom; holotype, lateral view,
MPK 8919, x45 (Feist, Lake, & Wood, 1995, pl.
L5). Fi6. 59,1f~¢. G. protoincrassatus MOJON,
Berriasian, United Kingdom; f; lateral view, MPK
8921; g, apical view, MPK 8890, x45 (Feist, Lake,
& Wood, 1995, pl. 1,8,4).

Perimneste Harris, 1939, p. 54 [*P horrida Harrs,

1939, p. 54, text-fig. 80o—q, 9-13, pl. 13-15, pl.
16,6,8,9; OD]. Utricle consisting of 3 similar
groups of branching ramuli bearing antheridia.
Each right-hand side branch of ramulus bearing
fork of 2 long units with antheridium in angle.
Supplementary antheridia may occur at any point
where 2 cells form sufficiently open angle. Utricle
units not contiguous. Lower Cretaceous (Berriasian—
Barremian): Germany, United Kingdom, Spain,
Switzerland, China. FiG. 60a—e. *P horrida
Harris, Berriasian, Germany; 4, lateral view,
CE2003, x45 (new); b, specimen with outer wall
dissolved by acid to show utricular ramulus, x40;
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FiG. 58. Clavatoraceae (p. 113).
c—d, analysis of cellular structure of utricle (anthe- transverse section of utricle, x35 (Grambast, 1967,
ridia: white) (Grambast, 1967, pl. 1,2; text-fig. a,e); pl. 1V,20). Fi6. 60g. P ancora GRAMBAST, lower
e, detail of antheridial cast, CE2003, x90 (new). Barremian, Spain, holotype; lateral view, x50
FiG. 60f P, vidua GRAMBAST, Barremian, Spain; (Grambast, 1967, pl. 111,13a).
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FiG. 59. Clavatoraceae (p. 113).

Family RASKYELLACEAE
L. Grambast & N. Grambast, 1955

[nom. transl. GramBast, 1957, p. 357, ex Raskyelloideae L. GRaMBAST &
N. GramBasT, 1955, p. 1,001] [=Raskyellac Z. WaNG, 1978a, p. 67]

Gyrogonite with 5 sinistrally spiralled
cells, not enclosed in utricle; spiral endings
bearing 5 apical cells, joined in apex center
and constituting deciduous operculum. Loss

=\
©

of operculum creates rose-shaped apex open-
ing. Spirals smooth or with tubercles. Upper
Cretaceous—Neogene (lower Miocene).
MADLER (in MADLER & STAESCHE, 1979)
and Z. WaNG (1978b) compared the 5-
celled operculum of the Raskyellaceae with
nodules present at apical ends of spirals in
some genera, such as Nirellopsis and
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FiG. 60. Clavatoraceae (p. 113-114).

G}/rogond, in the family Characeae; however, with spirals in position. General shape spheroidal to
prolate, with apex truncated and base rounded or

tapered. Spirals smooth or with nodules. Internal
cellular folds present. Basal plate not well calcified

actual apical nodules have never been re-
ported in the Raskyellaceae. The opercular

units are separated from the spirals by true and not visible from exterior. Size medium to large.
walls, as visible on the inside of the apex of Paleogene (Eocene): France, Hungary, Spain, Algeria,

. £ Raskyella. The S apical cell China. FiG. 6la—d. *R. peckii L. & N.
a gyrogonite ol Raskye " ¢ 0 apical cells GRrAMBAST, France, topotypes; 4, apical view with
are separated from the spirals and from one opercular cells, C.33-18; b, lateral view, C. 33-19;
another by undulating walls similar to those ¢, base, C.33-20, x35 (new); 4, apical view without

opercular cells, x40 (GramBasT, 1957, pl. V,9).

separating the spirals.
p & p F16. 61e—g. R. vadaszi (Rasky) GRAMBAST, France; e,

Raskyella L. GramBasT & N. GRAMBAST, 1954, p. 669 x40, lateral view (Grambast, 1957, pl. V,3); f; exte-
[*R. peckii L. GRamBAST & N. GRAMBAST, 1954, p. rior apical view, x90; g, interior apical view show-
670, fig. 1; OD]. Gyrogonites with opercular apical ing folded sutures between apical and spiral cells,
cells in most instances superficial and alternating x110 (Anadén & Feist, 1981, pl. 2,7-2).
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Fic. 61. Raskyellaceae (p. 116).

Rantzieniella GraMBAST, 1962b, p. 72 [*R. nitida

GRAMBAST, 1962b, p. 74, fig. 3a-c; OD].
Gyrogonites with superficial or slightly inserted
opercular apical cells positioned in alignment with
spiral ends. General shape perprolate, with apex and
base truncated. Spirals smooth. Internal cellular
folds present. Basal plate weakly calcified, wider
than high, and not visible from exterior. Size me-
dium to large. [Differs from Raskyella chiefly in
cylindrical shape of gyrogonite and position of
opercular units.] Neogene (lower Miocene): France,
Switzerland, China. F1G. 62,2a—d. *R. nitida
GRAMBAST, France; 4, holotype, lateral view, C.536-
1; b, apical view, C.536-8; ¢, basal view, C.536-9,
x50 (new); d, internal view of gyrogonite showing
folded sutures between spiral cells, x250 (Feist-
Castel, 1973, pl. 15,5).

©2

Saportanella GRaMBAST, 1962b, p. 72 [*S. maslovi
GRAMBAST, 1962b, p. 72, fig. 2a-f; OD].
Gyrogonites with superficial or slightly inserted
opercular apical cells positioned in alignment with
spiral ends. General shape prolate-spheroidal to
prolate, with apex truncated and base truncated or
tapered. Spirals smooth. Internal cellular folds ab-
sent. Basal plate generally thick, higher than wide,
visible from the exterior. Size small to large. Upper
Cretaceous: France, Spain, Peru, Mongolia. FiG.
62,1a—f *S. maslovi GRAMBAST, France, topotypes; 4,
lateral view, C.450-49; b, apical view, C.450-450; ¢,
base, C.450-51, x35; 4, basal plate, C.754-1, x155
(new); e, longitudinal section, x50; f; longitudinal
section of basal part, with basal plate in situ and
lamellar structure of calcified wall, x90 (Grambast,
1971, pl. XI11,2,10).
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FiG. 62. Raskyellaceae (p. 117).
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Family CHARACEAE Agardh, 1824

[Characeae AGARDH, 1824, p. XXVII]

Gyrogonite with 5 sinistrally spiralled
cells, not enclosed in utricle; spiral cells
joined at apex along a broken line. Pore of
dehiscence wide, in form of a cog wheel.
Spiral cells smooth or variously ornamented.
Upper Triassic—Holocene.

Range

The Aclistochara species reported by Liu
and CHEN (1992) from the Upper Triassic of
Western China are the oldest known
Characeae. Previously, all the Triassic species
placed in the Characeae had been attributed
to the family Porocharaceae (GRAMBAST,
1963; SAIDAKOVSKY, 1971).

The Characeae were rare until the Late
Cretaceous, the time of their first great diver-
sification. After the end of the Cretaceous
extinctions, a new stage of diversification
occurred in the Paleocene, and their develop-
ment continued through the Tertiary. From
the late Miocene onward the Characeae is
the only remaining family; this includes 7
extant genera represented by 77 species
(Woob & IMAHORI, 1965 in 1964—-1965).

Classification

The Characeae presently include 43 gen-
era, more than all the other charophyte fami-
lies. All the extant genera have been recorded
as fossils with certainty. Even the
noncalcified Nitella seems to have been in
existence since the Jurassic, as suggested by
the characters of the oospore membrane of
N. sahnii HORN AF RANTZIEN, 1957. The
Characeae are divided into two subfamilies,
Charoideae and Nitelloideae, sometimes
considered at the family or tribe level. This
subdivision, first established in living species,
is based on characters that are not always
preserved in the fossils. The uncalcified
coronula cells, whose number is invariably
10 in the Nitelloideae and 5 in the
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Charoideae, have been recorded only by casts
in early Tertiary species of Microchara and
Peckichara. The vegetative parts, which also
characterize well the two subdivisions in the
living forms, are not of great utility since
fossil gyrogonites are rarely connected to the
fragments of thallus that are found with
them in the sediments. The basal plate, cor-
responding to the calcified sister cells of the
oosphere (GRAMBAST, 1956a), is the only
relatively significant character that is repre-
sented in extant as well as frequently in fos-
sil members; in the Nitelloideae, the basal
plate is multipartite in both Nitella and
Tolypella (section Tolypella) but simple in
Sphaerochara (synonym of Tolypella section
Rothia in the classification of extant forms).
The inclusion of Sphaerochara in the
Nitelloideae is based on morphological char-
acters of the subfamily and on molecular
data that place the two Tolypella sections in
the same clade (McCourT, KaroL, & others,
1996). In the Charoideae, the basal plate is
simple, but it is multipartite in Aclistochara
and related genus Songliaochara (Lu & Luo,
1990). The inclusion of both genera in the
Charoideae is based on the apical structure
and postulated relationships of Aclistochara
with Lamprothamnium (SOULIE-MARSCHE,
1989; FE1sT & GRAMBAST-FESSARD, 1991).
That the two types of basal plates are repre-
sented in both subfamilies suggests that
Charoideae and Nitelloideae are less distinct
than suggested by the morphological cladis-
tic analysis that was based mainly on the
basal plate morphology (MARTIN-CLOsAS &
SCHUDACK, 1991). The attribution to one of
these subfamilies is possible only in two in-
stances: when fossil species may be attributed
with certainty to an extant genus and when
the fossils have significant characters of a
particular subfamily. Such are the corticated
fragments of thallus-bearing oogonia of the
Oligocene Gyrogona, allowing their inclusion
among the Charoideae. Similarly, the
uncalcified, uncorticated, and bifurcated
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0.1 mm

FiG. 63. Modifications of oogonial bud of Chara vulgaris L. after isolation of young plagiotropic branchlet, setting
up two successive stages of spiral cells of oogonium; ANTH, antheridia; FC, spiral cells of oogonium; FC1, FC2,
spiral cells belonging to successive whorls; OOG, oogonium; RP, plagiotropic branchlet (Ducreux, 1975, pl. VIIL3).

branchlets of the Devonian Palaeonitella
(KipsToN & LANG, 1921; KELMAN & others,
2004") suggest affinities with the Nitell-
oideae. Among the fossil Characeae, all spe-
cies with a simple basal plate (except
Sphaerochara) are assigned to the
Charoideae; those with a multipartite basal
plate are included in the Nitelloideae (except
Aclistochara). The Characeae do not have
utricles, but under experimental conditions
involving extant species they produce super-
numerary vegetative whorls that evoke this
organ (Fig. 63; see also discussion on p. 23
herein).

With three extant genera, the Nitelloideae
represent a small, well-characterized group.
On the other hand, the Charoideae contain
40 genera, 4 of which are still living, and
they have a great diversity.

Subfamily CHAROIDEAE Braun, 1897

[nom. correct. FE1sT & GRAMBAST-FESSARD, herein, pro subfamily Chareae
BRAUN in MiGuLA, 1897, p. 94]

Gyrogonite of Characeae with undivided

basal plate, except Aclistochara. In extant spe-

cies, 5 large noncalcified coronula cells in 1

'Kelman, Ruth, Monique Feist, Nigel H. Trewin, & Hagen Hass.
2004. Charophyte algae from the Rhynie Chert. Transactions of the Royal
Society of Edinburgh (series IV) 4:445-455.
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tier; thallus corticated or not corticated.
Upper Triassic—Holocene.

The subdivision of the Charoideae into 3
morphological types (FEIST & GRAMBAST-
FEssarD, 1982), adopted herein, is based
mainly on the detailed structure of the apex
of the gyrogonites. It is worth noting that
specimens may contain characters dissimilar
to the generic criteria, due to variable degrees
of calcification in the gyrogonites. At the
present time, the groupings listed below
(Table 8), although useful in practice for
identifying the genera, do not seem to be
based on phylogenetic relationships.

Chara LINNAEUS, 1753, p. 1,156 emend., AGARDH,
1824, p. 27; emend., A. BrRaUN, 1849, p. 292 [*C.
tomentosa; OD; see also HORN AF RANTZIEN &
OLSEN, 1949, p. 99] [=Chara VAILLANT, 1719,
partim (type, Chara vulgaris foetida, OD); Chara
LINNAEUS, 1753, p. 1,156, obj. (includes the family
Characeae); Characias RAFINESQUE, 1815, p. 209,
nom. nud., non Gray, 1821, p. 259 (type, C.
purpurea, OD); Characella GaiLLoN, 1833, p. 33
(type, C. vulgaris, OD); Charopsis KUTZING, 1843,
p- 319 (type, Chara braunii GMELIN, 1826, p. 646,
OD); Characeites Tuzson, 1913, p. 209 (type, C.
verrucosa TuzsoN, 1913, p. 210, OD); Protochara
WOMERSLEY & OPHEL, 1947, p. 311 (type, R austra-
lis, OD); Grambastichara HORN AF RANTZIEN,
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TaBLE 8. Apical features in the genera of the Characeae (new).

Types of apex Lamprothamnoid Psilocharoid Nitellopsidoid

apex outline prominent in center flat or convex convex, rounded

well marked absent, except in

Lychnothamnus and Pseudoharrisichara

periapical depression generally present

periapical narrowing absent absent generally present
apical nodules absent absent or weak present
genera Aclistochara, Grovesichara, Amblyochara, Chara Bysmochara, Gyrogona,

Hetaochara, Lamprothamnium,
Mongolichara, Nemegtichara,
Pseudolatochara, Stylochara,
‘Wangichara

Collichara, Dughiella
Harrisichara, Henanochara,
Hornichara, Linyiechara,
Lychnothamnus, Maedleriella,
Mesochara, Microchara,
Multispirochara, Nothochara,
Peckisphaera, Pseudoharrisichara,
Psilochara, Rhabdochara,
Saidakovskyella, Shandongochara,

Strobilochara

Neochara, Nitellopsis,
Nodosochara, Peckichara,
Platychara, Songliaochara,

Stephanochara, Zhejiangella

1959b, p. 68 (type, Chara tornata REID & GROVES, Aclistochara PEck, 1937, p. 86; emend., PECK, 1957, p.

1921, p. 187, pl. V,1-3, OD); Charites HORN AF
RANTZIEN, 1959b, p. 57 (type, Chara molassica
Straus, 1952, p. 466, pl. A,I-3, OD);
Amphorochara Krassavina, 1978, p. 227 (type, A.
grambasti KRASSAVINA, 1978, p. 227, pl. 1, OD);
Granulachara Lu & Luo, 1990, p. 142 (type,
Kosmogyra ovalis MADLER, 1955, p. 302, pl. 26,28—
30, OD)]. Apex psilocharoid, convex, with cellular
apical ends enlarged, generally shaped into a cap
without apical nodules; in ornamented species (oc-
curring as fossils) apical tubercles present, similar to
those of lateral parts of gyrogonite. General shape
of gyrogonite ellipsoid to cylindroid, sometimes
very elongated. Basal plate pyramidal, its thickness
being more than half of width. Size small to me-
dium. [A great number of species were designated
formerly under the name Chara without any real
taxonomic significance, meaning roughly Characeae
or charophytes. VAILLANT (1719) published the
name Chara and gave a type and an illustration, but
the genus was officially and validly published by
LINNAEUS in 1753.] Upper Cretaceous—Holocene:
worldwide. FIG. 64,1a—d. *C. tomentosa L., Ho-
locene, Sweden; 4, lateral view; 4, apical view; ¢,
basal view, x44; 4, basal plate, x350 (Soulié-
Mirsche, 1989, pl. XXI,2,4,5, pl. XV,I). FiG.
64,1e. C. notata GRAMBAST & PAUL, lower Miocene,
France; lateral view, x80 (Feist & Ringeade, 1977,
pl. XIL,7).——F1G. 64,1f. C. antennata GRAMBAST,
upper Eocene, United Kingdom; lateral view, x80
(Feist-Castel, 1977a, pl. 22,1).——Fi1G. 64,1g. C.
microcera GRAMBAST & PauL, upper Oligocene,
France; longitudinal section, basal plate upside

down, x70 (Castel, 1967, pl. XXI,13).
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24 [*A. bransoni Pecx, 1937, p. 87, pl. 14,8-11;
OD] [=Obtusochara MEDLER, 1952, p. 36, partim
(type, O. prima MADLER, 1952, p. 36, pl. B,53-55);
Jurella KyaNsEP-ROMASCHKINA, 1974, p. 28 (type, /.
abshirica KYANSEP-ROMASCHKINA, 1974, p. 28, pl.
2,2,6, OD); Caucasuella KyANSEP-ROMASCHKINA,
1980, p. 81 (type, C. gulistanica KYANSEP-
RoMASCHKINA, 1980, p. 82, pl. I,4-7, pl. 1I,1-3,
OD); Xinjiangichara Lu & Luo, 1990, p. 80 (type,
X. wugiaensis Lu & Luo, 1990, p. 81, pl. 10,10-16,
OD)]. Apex lamprothamnoid with deep periapical
furrow. Diameter of apical zone varying from 100
to 160 um. Spirals turn onto truncate apex to form
its outer rim, then bend down into central depres-
sion, finally turning sharply into center of summit
depression and expanding to fill space; horizontal
part of apex thin and transparent to swollen and
bulbous. Abrupt downward turning and thinning
producing circular furrow around expanded ends of
spirals (PECK, 1957). General shape of gyrogonite
ovoid to ellipsoid, with truncate apex. Spirals
smooth, concave to gently convex. Size small. Basal
plate generally not described; in some species, basal
plate multipartite (Lu & Luo, 1990). [Aclistochara
resembles Porocharaceae and Raskyellaceae in some
respects, the periapical zone with a small diameter
and being located within a depression; Aclistochara
has an apical opening closed by the calcified tips of
the spiral cells, which differs from the
Porocharaceae (where this zone is open) and from
the Raskyellaceae (where it is closed by an opercu-
lum composed of five supplementary cells). Because
of similarities in periapical morphology some
Aclistochara were referred to Raskyellaceae (Jurella
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FiG. 64. Characeae (p. 120-123).
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and Cawucasuella KyaNsEP-RoMASCHKINA; KYANSEDP-
ROMASCHKINA, 1974); or, on the contrary, some
Porocharaceae were ascribed to the genus Aclisto-
chara (BHATIA & MANNIKERI, 1977). SCHUDACK
(1990) put Obtusochara into synonymy with
Aclistochara; however, several species are referable to
different genera (Lamprothamnium, Mesochara,
Mongolichara), and thus they have not been consid-
ered here for the range of Aclistochara.] Upper Tri-
assic—Upper Cretaceous: USA, Armenia, Germany,
United Kingdom, China, Kazakhstan, Mongolia,
Tanzania. Fi1G. 64,3a—d. *A. bransoni PEck,
Middle Jurassic, USA, topotypes; 4, lateral view,
C.1212-1; b, lateral view, C.1221-1; ¢, basal view,
C.1221-2, x72; d, apical view, detail, C.1222-1,
x130 (new).

Amblyochara GRAMBAST, 1962b, p. 79 [*A. begudiana

GRAMBAST, 1962b, p. 79, fig. 4; OD]. Apex psilo-
charoid, with spirals retaining their width but tend-
ing to flatten as they turn onto summit. General
shape subovoid with apical part gently rounded or
slightly projecting; base tapered, basal pore at end
of funnel-shaped depression; basal plate parallel-
epidal shaped, being generally less high than one-
quarter of width. Size medium to large. [Genus dif-
fers from Rhabdochara, which has a more flattened
apex and a conical and hollow basal plate, and from
Lychnothamnus, whose gyrogonites present a peri-
apical groove and a thicker basal plate.] Cretaceous—
Neogene (Pliocene): Europe, USA, South America
(widespread), South Korea, Mongolia, China.
FiG. 64,2a—c. *A. begudiana Gramsast, Upper Cre-
taceous, France, topotypes; 4, lateral view, C.450-
46; b, apical view, C.450-47; ¢, basal view,
C.450-48, x40 (new).——F1G. 64,2d. A. rolli
(KocH & BrissenBacH) GramBasT, Upper Creta-
ceous, Chile; lateral view, C.1223-1, x40 (new).

Bysmochara GrRamBAST & GUTIERREZ, 1977, p. 10 [*B.

conquensis GRAMBAST & GUTIERREZ, 1977, p. 11, pl.
I1,10-14, pl. 111,1-4, pl. XIV,4; OD]. Apex
nitellopsidoid; at periphery of apex, spiral cells be-
coming markedly thinner and narrower, producing
distinct furrow that surrounds prominent rosette
made of swollen endings. General shape ovoid or
ellipsoid; spirals smooth. Basal plate as thick as
wide, lower face visible from exterior. Size medium
to large. [Genus differs from Nizellopsis in having a
thicker basal plate and no basal funnel.] Upper Cre-
taceous: Spain. Fi1G. 65,3a—e. *B. conquensis
GRAMBAST & GUTIERREZ; 4, lateral view, holotype;
b, apical view; ¢, basal view, x30; , basal plate, lat-
eral view; ¢, basal plate, basal view, x170 (Grambast
& Gutiérrez, 1977, pl. 11,11, pl. 111,2,4, pl.
1,13,14).

Coenoclavator Z. Wanc & Lu, 1982, p. 99 [*C.

hubeiensis WaNG & Lu, 1982, p. 99, pl. IV,13-15;
OD]. Rejected genus. [Gyrogonites found in the
Focene, covered with calcified incrustation and
bearing thallus fragments at their base, were desig-
nated under this name and attributed to the
Clavatoraceae. The structureless covering and the
absence of an apical pore (Z. WaNG & Lu, 1982, pl.
4,13) do not correspond to a true utricle and are
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referable to the Characeae (FeisT & CoLOMBO,
1983). In the earlier classifications, taxa with similar
structures were regarded as Lagynophora.

Collichara S. WANG & ZHANG in S. WANG & others,

1982, p. 49 [*C. taizhouensis S. WANG & ZHANG in
S. WaNG & others, 1982, p. 49, pl. 26,9-15; OD;
lectotype, NIGP PB5827, S. WaNG & ZHANG in S.
WaNG & others, 1982, pl. 26,1a—c, designated
FEIsT & GRAMBAST-FESSARD herein]. Apex
psilocharoid; apical endings slightly thickened,
without appreciable peripheral thinning and nar-
rowing. Gyrogonite spheroidal to subprolate, with
short, broad apical neck; number of convolutions
high (more than 10); spirals smooth, concave to
flat. Base rounded or slightly pointed. Basal plate
conical, thickness being about half width. Size small
to medium. Upper Cretaceous—Paleogene (Paleocene):
Asia, China. FIG. 65,2a—c. *C. taizhouensis S.
WaNG & ZHANG, Upper Cretaceous, China, lecto-
type; a, lateral view; &, apical view; ¢, basal view,
x40 (new, courtesy of Z. Wang).

Dughiella FeisT-CASTEL, 1975, p. 89 [*D. bacillaris

FEisT-CASTEL, 1975, p. 90, text-fig. 1-3; pl. I,1-9;
OD]. Apex psilocharoid; spirals barely thinner as
they pass onto summit then slightly thickened at
center. Gyrogonite spheroidal; spirals smooth or in
some species bearing well-calcified rods even in api-
cal part. Basal plate prismatic, visible from exterior,
thickness being more than half width. Size medium
to large. [Genus differs from Gyrogona in lack of
apical modification and having the basal plate vis-
ible from the exterior.] Upper Cretaceous—Paleogene
(Paleocene): Belgium, France, Spain, Morocco, ?In-
dia. FiG. 65,1a—F *D. bacillaris FE1sT-CASTEL,
Paleocene; a—b, holotype, paratype, lateral views,
France, x30; ¢, longitudinal section, France, x45;
d—e, apical, basal view, France, x30 (Feist-Castel,
1975, fig. 1-3, pl. I, 5, 8); f, apical view, Belgium,
x30 (Grambast-Fessard, 1980, pl. 1,4). FiG.
65,1g—i. D. obtusa GRAMBAST & GUTIERREZ, Upper
Cretaceous, Spain; g, holotype, lateral view; 4, api-
cal view, 7, basal view, x40 (Grambast & Gutiérrez,

1977, pl. X1,9,12, 14).

Grovesichara HORN AF RANTZIEN, 1959b, p. 123

[*Chara distorta Red & GRrOVES, 1921, p. 186, pl.
V,6; OD]. Apex lamprothamnoid; spirals become
thinner as they pass onto summit, then thicken
again, ascending to center of apex. General shape
irregular, oblate-spheroidal to subprolate; apex
rounded, strongly prominent. Base rounded, in
some species tapering. Basal plate strongly calcified,
thickness being more than half of width; lower face
of plate visible from exterior. Size medium to large.
[Genus differs from Gyrogona in having less marked
periapical modification as well as having the basal
plate visible from the exterior and general shape
more elongated.] Upper Cretaceous—Neogene (Mi-
ocene): Austria, France, United Kingdom, Spain,
China, Mongolia. Fi1G. 66,1a—c. *G. distorta
(REID & GroVES) HORN AF RANTZIEN, upper
Eocene, United Kingdom; 4, lateral view (Feist-
Castel, 1977a, pl. 21,7); b, apical view, CE.1579-3;
¢, basal view, CE1579-2, x30 (new).
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Gyrogona LAMARCK, 1822, p. 613 (LAMARCK, 1804, p.

355, nom. nud.); emend., GRAMBAST, 1956b, p. 280
[*Gyrogonites medicaginula LAMARCK, 1822, p. 614;
OD; =Gyrogonites medicaginula LAMARCK, 1804, p.
356, nom. nud.] [=Gyrogonites LAMARCK, 1822, p.
613, obj. (LAMARCK, 1804, p. 355, nom. nud.), non
Pia, 1927; Brachychara L. & N. GRAMBAST, 1954, p.
666 (type, Gyrogonites medicaginula LAMARCK,
1804, p. 356); Brevichara HORN AF RANTZIEN,
1956a, p. 245 (type, B. hordlensis, OD, nom. null.;
=Chara wrightii REID & GROVES, 1921, p. 183, pl.
IV,1, non Chara wrightii SALTER in FORBES, 1856, p.
160)]. Apex nitellopsidoid. Deep periapical furrow
without notable narrowing of spirals, surrounding
prominent rosette of well-marked nodules.
Gyrogonite oblate to oblate-spheroidal; spirals
smooth or variously ornamented. Base rounded; in
some species, basal pore surrounded by widened
funnel. Basal plate very thick, higher than wide, not
visible from exterior. Size large. [Among the species
reported by Z. WaNG (1978a) from China, some,
such as the Cretaceous G. hubeiensis, are more likely
to be referable to Platychara.] Paleogene (lower
Eocene)—Neogene (upper Miocene): Belgium, France,
Germany, United Kingdom, Spain, China, India,
?USA; China (Xinxiang), upper Miocene (LU &
Luo, 1990).——FiG. 66,2a—c. *G. medicaginula
LAMARCK, Stampian, France; 4, neotype, designated
herein, lateral view, C.146-1, x25 (new); 4, apical
view, x25 (Grambast & Grambast-Fessard, 1981,
pl. IV,12); ¢, basal view, C.146-8, x25 (new).——
FiG. 66,2d—f. G. lamarcki GrambasT, middle
Eocene, France; d, basal plate, lateral view, x100; ¢,
basal plate, upper side, x100; £, apical opening, x20
(Grambast & Grambast-Fessard, 1981, pl.
1,11,10,7).——Fi1G. 66,2¢. G. caelata (REID &
GROVES) GRAMBAST, middle Eocene, France; lateral
view, x30 (Grambast & Grambast-Fessard, 1981,
pl. IV,1).——F1G. 66,2h. G. lemani lemani
(BRONGNIART) P1a, middle Eocene, France; longitu-
dinal section, x40 (Grambast & Grambast-Fessard,
1981, pl. VI,2).

Harrisichara GrAMBAST, 1957, p. 347 [*Chara

vasiformis REID & GROVES, 1921, p. 185, pl. IV, 13;
OD]. Apex psilocharoid. Gyrogonite subovoidal,
apex truncated or broadly rounded, base forming
narrow, projecting cone or columnar shaped; spirals
generally with tubercles or crests; ornamentation
interrupted at periphery of apex. Basal plate very
thin, about ten times as wide as high. Size small to
large. [Occurrence of this genus in the Upper Cre-
taceous is questionable, as H. cretacea KARCZEWSKA
& ZIEMBINSKA-TwORzYDLO, 1970, and H.
margaritata Z. WANG, 1978b, do not have the basal
projection characteristic of Harrisichara.] ?Upper
Cretaceous, Paleogene (Paleocene—lower Oligocene):
Belgium, France, Germany, United Kingdom,
Spain, China, India, Canada, USA, Peru. Fic.
67,1a. *H. vasiformis (REID & GROVES) GRAMBAST,
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upper Eocene, United Kingdom; lateral view, x50
(Feist-Castel, 1977a, pl. 21,1). FiG. 67,16—f H.
tuberculata (LYELL) GRAMBAST, lower Oligocene,
United Kingdom; 4, basal plate, x300 (Grambast,
1957, text-fig. 2b); ¢, neotype, lateral view, spirals
with nodules; d, lateral view, spirals with continu-
ous crest, x40 (Feist-Castel, 1977a, pl. 21,5,9); ¢,
apical view, CE.1585-2; f, basal view, CE.1584-2,
x40 (new).

Hebeichara H. LiN, 1989, p. 76 [*H. sphaerides H.

LN, 1989, p. 76, pl. 39,1-7; OD]. Incompletely
known genus, referable cither to Sphaerochara or

Tolypella, according to the basal-plate morphology.

Henanochara ZHANG, JIANG, & MENG, in JIANG,

ZHANG, & MENG, 1985, p. 164 [*H. squalida JIANG,
ZHANG & MENG, 1985, p. 164, pl. 1,7,11,12, pl.
11,30; OD]. Apex psilocharoid. Gyrogonite
subprolate to prolate spheroidal with apex rounded
or forming short neck; base rounded, truncated in
center. Spirals numerous, unornamented, without
modifications in apical part. Basal plug pentagonal,
slightly wider than high, projecting out of basal
pore. Size medium to large. [Whether this genus
belongs to Characeae is questionable, and the de-
scribed species might correspond to gyrogonites of
Clavatoraceae without a developed utricle. H.
squalida possesses an apical neck, a basal plate pro-
jecting out of the basal pore, and numerous convo-
lutions of the spirals. Such features are present, for
example, in Atopochara trivolvis gyrogonites (PECK,
1957, pl. 2,5).] Lower Cretaceous: China. FiG.
66,3a—c. *H. squalida ZHANG, JIANG, & MENG; 4,
holotype, lateral view; b, apical view; ¢, basal view,
x40 (Jiang, Zhang, & Meng, 1985, pl.
1,7b,7a,7¢). FIG. 66,3d—e. H. nitida ZHANG,
JIANG, & MENG; d, lateral view; e, basal view, x40
(Jiang, Zhang, & Meng, 1985, pl. 1,9,8¢).

Hetaochara SHU & ZHANG, 1985, p. 68 [*H. cupula

SHU & ZHANG, 1985, p. 68, pl. 2,6-10; OD; lecto-
type, pl. 2,9a—c, designated FEIST & GRAMBAST-
FEssARD herein]. Apex lamprothamnoid, with deep,
periapical furrow and central part convex, not over-
topping general surface. Gyrogonite stem shaped,
lower part being abruptly narrowed and forming
column with truncated ending. Summit truncated.
Size small. Basal plate unknown. Differs from other
genera by peculiar gyrogonite shape. [The validity
of the genus is questionable as the atypical basal
column, which comprises the entire lower half of
the gyrogonite, could result from an abnormal
calcification.] Lower Cretaceous: China. Fic.
67,2a—c. *H. cupula SHU & ZHANG, Mongolia, lec-
totype; 4, lateral view; b, apical view; ¢, basal view,

x140 (Shu & Zhang, 1985, pl. 2,96,92,9¢).

Hornichara Mastov, 1963b, p. 444 [*H. kazakstanica

MasLov, 1963b, p. 445, fig. 1; OD; lectotype,
Mastov, 1963b, fig. la—c, designated FEisT &
GRAMBAST-FESSARD herein] [=Krassavinella FeisT in
FEisT & RINGEADE, 1977, p. 346 (type, K. blayaci
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FEIST in FEIST & RINGEADE, 1977, p. 346, pl. X, 1-
5, OD)]. Apex psilocharoid with thinning of entire
apical zone. General shape ovoidal with apex
prominent and base tapered with tendency to form
a broad column. Spirals unornamented; basal pore
in some species at end of funnel-shaped depression.
Basal plate thin. Size small. [Genus differs from
Harrisichara in having a more protruding apex and
a wider basal column, from Amblyochara in its api-
cal characters and smaller size, and from Mesochara
in having a tapered base and basal plate morphol-
ogy.] Upper Cretaceous—Neogene (Pleistocene):
France, Georgia, Germany, Russia, Spain, Switzer-
land, China, India, Kazakhstan. FiG. 67,3a—c.
*H. kazakstanica MasLov, middle Oligocene,
Kazakhstan; 4, lectotype, lateral view; &, apical
view; ¢, basal view, x88 (adapted from Maslov,
1963b, fig. la—c). FiG. 67,3d—f. H. lagenalis
(STrRAUB) FEIST, upper Oligocene, Switzerland; 4,
lateral view; ¢, apical view; £, basal view, x80 (Feist-

Castel, 1977b, pl. 1,3,5,6).

Kosmogyra STACHE, 1889, p. 134 [*K. superba STACHE,

1889, p. 134, pl. IV,2; OD] Genus based essentially
on gyrogonite ornamentation. The artificiality of
this taxon has been discussed by L. GRAMBAST
(1957), and it is no longer acknowledged. The

original material has been lost.

Lagynophora STacHE, 1889, p. 132 [*L. liburnica

STACHE, 1889, p. 132, fig. 9, 14; OD]. Rejected ge-
nus. Gyrogonites described as bottle shaped and en-
closed by vegetative parts. [Such enclosed
gyrogonites belong in fact to the Characeae
(BigNoT & GRAMBAST, 1969) and may represent
several genera: Microchara (CASTEL, 1969),
Peckichara (RIVELINE & PERREAU, 1979), or
Harrisichara (GRAMBAST-FESSARD, 1980). Because
the type material is lost, Lagynophora cannot be as-
signed to one or another of these genera, so this
taxon cannot be maintained.]

Lamprothamnium GROVES, 1916, p. 336 [*Chara

papulosa WALLROTH, 1833, p. 107; OD]
[=Lamprothamnus BRAUN in BRAUN & NORDSTEDT,
1882, p. 100 (type, L. alopecuroides BRAUN in
Braun & NoORrDSTEDT, 1882, p. 100, fig. 185188,
OD), non HIERN in OLIVER, 1877, p. 130;
Yahuchara TanG & D1, 1991, p. 98 (type, Y.
subcylindrica Tang & D1, 1991, p. 98, pl. 1,1-8,
OD)]. Apex lamprothamnoid, with deep periapical
furrow. Diameter of apical zone varying from 160
to 280 pm. Spirals thin or absent at apical center.
When preserved, apical parts of spirals concave,
turning up sharply into apex center. General shape
subprolate to perprolate, with apex truncated and
base slightly narrowed. Spirals unornamented and
with Y-calcification (see p. 10 herein). Basal plate
variable in thickness. Size small to medium. [Genus
differs from Aclistochara in having the diameter of
the apical zone notably wider and an undivided
basal plate, and from Chara in having a strongly
depressed periapical zone. Upper Cretaceous—
Holocene: worldwide. FiG. 68,1a—f *L.
papulosum (WALLROTH) GROVES, Holocene, France;
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a, longitudinal section, x50; &, lateral view,
CE.2952-1, x66 (new); ¢, apical view, x150 (Feist
& Grambast-Fessard, 1991, fig. 5b); 4, basal view,
CE2952-2, x66 (new); ¢, basal plate, lateral view,
%220 (Soulié-Mirsche, 1989, pl. XXXII,10); f, de-
tail of wall of spiral cells, CF.2952-2, x260
(new). FiG. 68,1g—i. L. priscum CASTEL &
GRAMBAST, lower Eocene, France; g, lateral view,
holotype; A, apical view, x60 (Castel & Grambast,
1969, pl. XXXII,4a,4c); 7, detail of the wall of spi-
ral cells, x300 (Feist & Grambast-Fessard, 1984,
fig. 2G).

Linyiechara XINLUN in WaNG Shui & others, 1978, p.

23 [*L. clara XINLUN in WANG Shui & others, 1978,
p. 24, pl. 4,2-6; OD; lectotype, NIGP 390037, pl.
4,4a—c, designated FEIST & GRAMBAST-FESSARD
herein] [=Guangraochara YANG, 1987, p. 159 (type,
G. distincta YANG, 1987, p. 159, pl. 1,17, OD)].
Apex psilocharoid. Spirals narrowing at periphery of
apex, then widening again toward center without
thickening. General shape subprolate, with apex
rounded and base truncated. Spirals smooth or with
irregular nodules. Basal plate slightly wider than
thick, visible from exterior. Size medium. Paleogene
(Oligocene): China. FiG. 67,4a—d. *L. clara
XINLUN; 4, longitudinal section, x68; b—d, lecto-
type, lateral, apical, basal views, x34 (Wang Shui &
others, 1978, pl. 4,6a,4b,4a,4c).

Lychnothamnus (RUPRECHT, 1845) VON LEONHARDI,

1863, p. 57; emend., A. BRAUN in Braun &
NORDSTEDT, 1882, p. 100 [*Chara barbata MEYEN,
1827, p. 75; OD] [=Lychnothamnites MASLOV,
1966, p. 77 (type, L. narynensis MasLov, 1966, p.
78, pl. IX,9-11, OD)]. Apex psilocharoid with pe-
riapical furrow. Apical ends of spirals concave, in
some instances with poorly developed nodules.
General shape subprolate to prolate with apex
rounded and its central part slightly prominent;
base rounded. Basal plate conical, its thickness be-
ing about half of width. Size medium to large.
[Reminiscent of the genus Stephanochara.] Paleogene
(upper Eocene)—Holocene: Europe, Mali, China, In-
dia, Australia. Fi1G. 69,3a—e. *L. barbatus
(MEYEN) voN LEoNHARDI, Holocene, Germany; 4,
lateral view, x50; b, apical view, x47; ¢, basal view,
x47; d, basal plate, lower side, x250 (Soulié-
Mirsche, 1989, pl. XXXV, 2,5,8,10); ¢, detail of the
oospore membrane, CE2953-5, x580 (new).
FiG. 69,3f~¢g. L. longus CHol, upper Eocene, Spain;
/. holotype, lateral view; g, paratype, apical view,
CEVEF/8-6, x60 (new).

Maedleriella GramBast, 1957, p. 349 [*Chara

monolifera PECK & REKER, 1947, p. 4, fig. 12-18;
OD]. Apex psilocharoid, without distinct differen-
tiation. General shape oblate to oblate-spheroidal;
apex and base rounded or truncated; spirals with
tubercles or crests, continuing up to apex with small
break in periapical zone. Basal plate prismatic,
height and width approximately equal, visible from
exterior. Size small to medium. Upper Cretaceous—
Paleogene (upper Eocene): USA, Peru, France, Ger-
many, Spain, China, Mongolia, Algeria. Fic.
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FiG. 67. Characeae (p. 125-127).
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F1G. 68. Characeae (p. 127-1306).

© 2009 University of Kansas Paleontological Institute



130

1a

2c

3c

3b

2f

Charophyta— Charophyceae

1b 1c
Nemegtichara
2b
2e
2d
Microchara 2a
3f
3g Lychnothamnus
3a
3d 3e
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70,1a—c. *M. monolifera (PECK & REKER) GRAMBAST,
Paleocene or lower Eocene, Peru, topotypes; 4, lat-
eral view, C.1224-1; b, apical view, C.1224-2; ¢,
basal view, C.1224-3, x60 (new). Fic. 70, 1d.
M. cristellata GRAMBAST, Paleocene—lower Eocene,
France; lateral view, C.1108-6, x60 (new). FiG.
70,1e—f M. mangenoti GRAMBAST; ¢, basal plate,
lower side; f; basal plate, lateral view, x300
(Grambast, 1957, fig. 3a-b).

Mesochara GRAMBAST, 1962b, p. 78 [*Praechara

symmetrica PECK, 1957, p. 39, pl. 7,13—-16; OD]
[=Piriformachara Liu & Wu, 1985, p. 147 (type,
gumudiensis Liv & Wu, 1985, p. 148, pl. 3,5-6,
OD)]. Apex psilocharoid, with apical spiral endings
not enlarged or only slightly enlarged. General
shape subprolate, with apex rounded or pointed
and base thinner. Gyrogonites unornamented. Basal
plate unknown. Size small to medium. [Differs
from Amblyochara mainly in size and from Chara by
absence of enlargement (or having only minor en-
largement) of the apical spiral endings and having
fewer convolutions. Piriformachara differs from
Mesochara only by its spiral convexity, a character
that may depend on the degree of calcification and
cannot be alone considered as a generic criterion.]
Cretaceous: USA, Argentina, France, Moldavia,
Ukraine, China, Mongolia, Tanzania. FiG.
71,2a~b. *M. symmetrica (PECK) GRAMBAST, Lower
Cretaceous, USA, topotypes; a, lateral view,
C.1225-1; b, apical view, C.1225-1, x80 (new).
——Fi1G. 71,2¢. M. fusiformis Feist, Upper Creta-
ceous, France, holotype; lateral view, x80 (Feist,

1981, fig. 4g).

Microchara GRAMBAST, 1959b, p. 6 [*M. hystrix

GRAMBAST, 1959b, p. 7, fig. 1; OD] [=Gobichara
KarczEwska & ZIEMBINSKA-TWORZYDEO, 1972, p.
72 (type, G. deserta KARCZEWSKA & ZIEMBINSKA-
Tworzypto, 1972, p. 73, pl. XIV, OD)]. Apex
psilocharoid, with little or no modification. General
shape subprolate, with apex rounded and base nar-
rowed; in some species base projecting. Gyrogonites
often with tubercles or crests, ornamentation reach-
ing apex center. Basal plate very thin, not visible
from exterior. Size generally small, in some species
small to medium. [Gyrogonites of Microchara with
tapered bases are difficult to distinguish from small
specimens of Harrisichara. These resemblances may
indicate a phylogenetic relationship between the
two genera.] Upper Cretaceous—Paleogene (middle
Eocene): Argentina, France, Spain, China,
Mongolia, India. F1G. 69,2a—d. *M. hystrix
GRraMBAST, lower Eocene, France; 4, holotype, lat-
eral view, C.63-4, x80; b, apical view, C.2-4, x110;
¢ basal view, C.63-7, x80; d, basal plate, C.63-8,
x660 (new). FIG. 69,2¢—f M. vestita CASTEL,
lower Eocene, France; ¢, lateral view of specimen,
tunicate in upper part around site of missing
coronula cells, x124; £, apical view, with remains of
3 coronula cells, x105 (Feist-Castel, 1975, pl.
11,11,10).
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Mongolichara KYANSEP-ROMASCHKINA, 1975, p. 2005

emend., KARCZEWSKA & KYANSEP-ROMASCHKINA,
1979, p. 423 [*Tectochara gobica KARCZEWSKA &
Z1EMBINSKA-TWORZYDLO, 1970, p. 137, pl. 33,1-2;
OD]. Apex lamprothamnoid, with spirals narrow-
ing and thinning on apex periphery, then slightly
widening and thickening somewhat in apex center,
without forming distinct nodules. General shape
prolate spheroidal to subprolate, with apex center
forming rounded or truncated cap; base rounded,
in some species base slightly tapered. Spirals occa-
sionally with surface ornamentation, especially sec-
ondary ridges or small cellular tubercles. Basal plate
variable in thickness, generally thinner than wide.
Size medium. [Differs from Peckichara in absence of
apical nodules and weaker ornamentation.] Upper
Cretaceous—Paleogene (lower Eocene): China,
Mongolia. Fic. 71,3a—f. *M. gobica
(KARCZEWSKA &  ZIEMBINSKA-TWORZYDEO)
Karczewska & KyaNsEr-RoMASCHKINA, Upper Cre-
taceous, Mongolia; 4, holotype, lateral view; 4, api-
cal view; ¢, basal view; 4, apical view, open summit,
x80 (Karczewska & Ziembifiska-Tworzydfo, 1970,
pl. XXXIII, Z¢, 14,16,2); ¢, longitudinal section, x70
(Karczewska & Ziembinska-Tworzydto, 1981, pl.
35,6); f; lateral view, x80 (Karczewska & Kyansep-
Romaschkina, 1979, pl. 3,4).

Multispirochara Hao in Hao & others, 1983, p. 147

[*M. subovalis Hao & others, 1983, p. 147, pl.
32,9-10; M]. Apex psilocharoid, without notable
modifications. General shape prolate-spheroidal
with apex truncated and base rounded. Convolu-
tions numerous (11-14), without ornamentation.
Basal plate unknown. Size small. Monospecific ge-
nus. Upper Jurassic—Lower Cretaceous: China.
Fic. 70,3a—c. *M. subovalis Hao, Upper Jurassic or
Lower Cretaceous, holotype; 4, lateral view; 4, api-
cal view; ¢, basal view, x87 (adapted from Hao &
others, 1983, pl. 32,9a—c).

Nanglingqiuchara Tanc & D1, 1991, p. 99 [*N.

columelaria Tanc & Di, 1991, p. 99, pl. 1,9-13;
OD]. Rejected genus. Genus distinction based only
on apical projections, which represent abnormal
calcified apical cellular ends. Might be referable to
Chara.

Neimongolichara Lu & Yuan, 1991, p. 386 [*V.

bayanhotensis Lu & YUAN, 1991, p. 386, pl. I,7-11;
OD]. Rejected genus. Corresponds to nodoso-
clavatoroid utricles, as recognized from the nodular
surface and from the presence of gyrogonite cells
inside (Lu & Yuan, 1991, pl. I,11).

Nemegtichara Karczewska &  ZIEMBINSKA-

TworzyDro, 1972, p. 54 [*N. prima KARCZEWSKA
& Z1EMBINSKA-TWORZYDrO, 1972, p. 54, pl. 7;
OD]. Apex lamprothamnoid, with shallow periapi-
cal depression; in apex center, spirals thin and turn
up, forming conical protuberance. General shape
variable, oblate-spheroidal to prolate, apex pointed
and base rounded or truncated. Spirals generally
unornamented; however, some species have thick,
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intercellular, prominent ridges. Basal plate twice as
wide as high, generally visible from exterior. Size
small. Upper Cretaceous, Paleogene (?Paleocene):
China, Mongolia, India. FiGc. 69,1a—c. *N.
prima KARCZEWSKA & ZIEMBINSKA-TWORZYDEO, Pa-
leocene, Gobi desert; 4, holotype, lateral view; 4,
apical view; ¢, basal view, x70 (Karczewska &

Ziembiﬁska—Tworzydfo, 1972, pl. VI11,36,34,3¢).

Neochara Z. WaNG & LiN in Z. WaNG, 1978b, p. 112

[*N. huananensis 7. WANG & LIN in Z. WANG,
1978b, p. 113, pl. V,21-24,40-45; OD; holotype,
NIGP PB5970, fig. 43—45]. Apex nitellopsidoid,
with distinct periapical thinning and variable nar-
rowing of spirals. General shape prolate to
perprolate, with apex protruded and base tapered.
Spirals generally smooth; in some species, spirals
with wavy or nodular crest. Basal funnel present,
basal plate thicker than half width, visible from ex-
terior. Size small to medium. [Genus differs from
Stephanochara in its periapical narrowing of the spi-
rals. This character, however, is not strongly ex-
pressed in some species assigned to Neochara, such
as V. taikengensis 7. WANG, Lu, & ZHa0, 1985.]
Upper Cretaceous—Paleogene (Eocene): China.
FiG. 71,1a—d. *N. huananensis Z.. WaNG & LIN,
lower Eocene; 4, lateral view; 4, lateral view; ¢, api-
cal view; d, basal view, x60 (new, courtesy of Wang

Zhen).

Nitellopsis Hy, 1889, p. 398 [*Chara obtusa DEsvaux

in LOISELEUR-DESLONGCHAMPs, 1810, p. 136; OD]

[=Tectochara L. GRAMBAST & N. GRAMBAST, 1954,

p. 668 (type, Chara meriani BRAUN ex UNGER,

1850, p. 34); Qinghaichara YANG in Hao & others,

1983, p. 156 (type, Q. ovalis YANG in Hao & oth-

ers, 1983, p. 156, pl. 36,1-4, OD)]. Apex

nitellopsidoid; spirals with distinct periapical nar-
rowing and thinning, with ends thickening and ex-
panding, forming prominent central rosette. Gen-
eral shape prolate-spheroidal to subprolate and
subovoidal, with apex prominent and base rounded
or tapered. Spirals smooth or with tubercles. Basal
pore flaring, pentagonal, or star shaped. Basal plate
very thin, not visible from the exterior. Size me-
dium to large. [KrassaviNa (1971) established the
identity of the extant Nizellopsis obtusa and of the

Quaternary Tectochara diluviana. GRaMBAST and

SOULIE-MARSCHE (1972) detailed the past history of

Nitellopsis and established three subgenera,

Nitellopsis, Tectochara, and Campaniella. Feist-

CasTEL (1977c¢) added a fourth subgenus,

Microstomella.] Paleogene (Paleocene)—Holocene:

worldwide.

N. (Nitellopsis) (Hy, 1889, p. 398) GramBaST &
SOULIE-MARSCHE, 1972, p. 3 [*Chara obtusa
DEsvaux in LOISELEUR-DESLONGCHAMPS, 1810,
p. 136; OD]. General shape prolate-spheroidal
to subprolate; basal region rounded, with basal
funnel poorly developed or absent. Neogene
(Pliocene)—Holocene: scattered in Europe and
Asia, rare in Africa (Mali, Sudan) and South
America (Argentina). FiGc. 72,1a—c. *N. (N.)
obtusa (DEsvAUX) J. GrovEs, Holocene, France;
a, lateral view; b, apical view, x47 (Feist &
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Grambast-Fessard, 1991, fig. 4a, 4e); ¢, basal
view, CE.2953-4, x47 (new).

N. (Campaniella) GRAMBAST & SOULIE-MARSCHE,
1972, p. 3 [*Chara helicteres BRONGNIART, 1822,
p. 63, pl. VL,3; OD]. General shape prolate-
spheroidal; basal part with protruding funnel
surrounding basal pore. Paleogene (Paleocene—
lower Eocene): Belgium, France, Spain. Fia.
72,3a—c. *N. (C.) helicteres (BRONGNIART)
GRAMBAST & SOULIE-MARSCHE, lower Eocene,
France; 4, lateral view, C.7-1; b, apical view,
C.6-10; ¢, basal view, C.6-11, x30 (new).

N. (Microstomella) FeisT-CastTeL, 1977¢, p. 117
[*M. aptensis FeisT-CASTEL, 1977¢, p. 118, pl.
I,1-8, text-fig. 1; OD]. General shape
subprolate; base rounded without distinct fun-
nel, basal pore very small. Paleogene (upper
Eocene): France, Spain. F1G. 72,2a—c. *N.
(M.) aptensis FEisT-CASTEL, upper Eocene,
France; 4, holotype, lateral view; &, apical view;
¢, basal view, x30 (Feist-Castel, 1977¢, pl.
1,1,7,4).

N. (Tectochara) (L. & N. GRAMBAST, 1954, p. 668)
GRAMBAST & SOULIE-MARSCHE, 1972, p. 3
[*Chara meriani BRAUN, unpublished ms, ex
UNGER, 1850, p. 34; OD; =Chara meriani
BrAUN ex HEER,1855, p. 24, pl. 1V,3]
[=Tectochara (Sulcosphaera) MasLov, 1966, p. 62
(type, S. nethoiensis MasLov, 1966, p. 62, fig.
20)]. General shape subprolate, with contracted
base and basal funnel well marked but not pro-
truding.  Paleogene  (Paleocene)—Neogene
(Pliocene): Mexico, Peru, Europe (widespread),
China, India, Algeria, Senegal. FiG. 72,4a—
e. *N. (T.) meriani (BRAUN ex UNGER) GRAMBAST
& SouLiE-MARscHE, Oligocene, Belmont, Swit-
zerland, topotypes; 4, holoneotype, designated
herein, lateral view, C.1226-1, x30 (new); b,
apical view, x30; ¢, basal view, x30; 4, longitu-
dinal section of basal part of gyrogonite, x120
(Castel, 1967, pl. XIX,3,4,14); e, basal plate,
x915 (Grambast, 1956b, text-fig. 3). FiG.
72,4f. N. (T.) morulosa (FEisT-CAsTEL) FEIST &
GRraMBAST-FESsarD, middle Eocene, France; lat-
eral view (Feist-Castel, 1972, pl. 1,5).

Nodosochara MADLER, 1955, p. 276 [*Aclistochara

clivulata PEck & REKER, 1948, p. 88, pl. 21,1-7;
OD] [=Turbochara Z. WaNG, 1978a, p. 78 (type, 1.
specialis 7. WANG, 1978a, p. 78, pl. VI,1-9, OD)].
Apex nitellopsidoid; spirals with distinct periapical
narrowing and thinning, thickening and expanding
at ends to form prominent central rosette. General
shape prolate-spheroidal to prolate; apex rounded,
prominent in center, base tapered. Spirals smooth
or with tubercles. Basal plate thick, at least as thick
as half of width, to thicker than wide, not visible
from exterior. Size small to large. [Differs from
Tectochara mostly in the characters of the basal part
and not by the presence of an ornamentation as
stated in MADLER diagnosis. The presence of this
genus in the Neogene is questionable, the apical
structure of 2. globosa S. WaNG, 1961, being un-
known, and thus its attribution to Nodosochara is
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uncertain.] Upper Cretaceous—Paleogene (upper
Eocene), ?Neogene: USA, Peru, France, Spain,
China. FiG. 70,2a—d. *N. clivulata (PEck &
REKER) MADLER, middle Eocene, USA, topotypes; 4,
lateral view, C.1227-1, x52 (new); b, apical view,
open summit, C.1227-2, x52 (new); ¢, apical view,
x42 (adapted from Peck & Reker, 1948, pl. 21,6);
d, longitudinal section, x62 (Horn af Rantzien,
1959b, pl. IX,12). FiG. 70,2¢~g. N. thevallensis
(Dorrrus) RIVELINE, upper Eocene, France,
topotypes; ¢, apical view, C.49-11; f, basal view,
C.49-12; g, lateral view, C.49-10, x32 (new).
FiG. 70,2h. N. (Turbochara) specialis (Z. WANG)
FEIsT & GRAMBAST-FESSARD, ?lower Eocene, China;
holotype, lateral view, NIGP PB 4509, x37 (Z.
Wang, 1978a, pl. VI,2).

Nothochara MusaccHio, 1973, p. 8 [*N. apiculata

MusaccHio, 1973, p. 9, pl. 11,1,4-5,7-12; M].
Apex psilocharoid; spirals convex, becoming con-
cave with high, intercellular crests in apical zone
and turning up in center. General shape prolate to
subprolate, with apex strongly protruding; base
rounded, with ends of spirals concave, sutures
forming crests around pore. Spirals smooth. Basal
plate nearly as thick as wide, generally visible from
exterior. Size small. Monospecific genus. Upper Cre-
taceous: Argentina. F1G. 68,2a—d. *N. apiculata
MusaccHIO; 4, holotype, lateral view, x117; 4, up-
per part of gyrogonite, x150; ¢, apical view, x100;
d, basal view, x117 (Musacchio, 1973, pl.
11,4,5,7,1).

Peckichara GRAMBAST, 1957, p. 352 [*P. varians

GRAMBAST, 1957, p. 352, pl. VIII, /-8; OD]
[=Sinochara LN & Z. WANG in S. WANG & others,
1982, p. 32 (type, S. rudongensis LIN & Z. WANG in
S. WaNG & others, 1982, p. 32, pl. 15,5-9, OD)].
Apex nitellopsidoid, with periapical furrow weakly
marked and variable narrowing of spirals. Apical
nodules present, generally elongated. General shape
prolate spheroidal and often quadrangular, with
rounded apex; base rounded or slightly tapering,
with flaring funnel. Spirals generally with tubercles,
rods, or crests. Basal plate as thick as about one-
third width. Size small to large. [All the salient fea-
tures of Peckichara are found in Sinochara. Only the
apical tubercles of Sinochara are slightly more pro-
truding. The differences in spiral ornamentation do
not appear significant.] Upper Cretaceous—Paleogene
(Eocene, ?Oligocene): USA, Peru, France, United
Kingdom, Spain, Algeria, China, ?India,
Mongolia. F1G. 73,1a—c. *P varians GRAMBAST,
lower Eocene, France, topotypes; 4, lateral view,
C.57-9; b, apical view, C.57-10; ¢, basal view, C.57-
11, x40 (new). FiG. 73,1d-e. P pectinata
GramBasT, Upper Cretaceous, France; 4, lateral
view; ¢, apical view, x46 (Grambast, 1971, text-fig.
9a-b). FIG. 73,1f. P toscarensis FEIST, Paleocene,
Spain; longitudinal section, C.1124-8, x40 (new).

Peckisphaera GramBasT, 1962b, p. 78 [*Chara

verticillata PEck, 1937, p. 84, fig. 30-33; OD]
[=Circonitella WATSON, 1969, p. 214 (type, Chara
knowltoni SEwARD, 1894, p. 13, text-fig. 1);
Retusochara GRAMBAST, 1971, p. 28 (type, R.
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macrocarpa GRAMBAST, 1971, p. 31, fig. 18, pl.
XXIV-XXV, OD)]. Apex psilocharoid, without dis-
tinct apical modifications of spirals but with slight
enlargement at ends. General shape prolate-spheroi-
dal to subprolate with apex rounded. Spirals
smooth. Basal plate thick, the thickness up to twice
width, visible or not from exterior. Size small to
large. [Retusochara and Peckisphaera have similar
apical structures and thick basal plates; plate is
sunken in Retusochara but in some species is still
visible from the exterior.] Upper Jurassic—Cretaceous:
USA, Argentina, France, Germany, Portugal, Spain,
Ukraine, China, Lebanon. FiGc. 74,1a—c. *P.
verticillata (PECK) GrRamBAST, Upper Jurassic, USA,
topotypes; 4, lateral view, C.1228-1, x80; b, basal
view, C.1228-2, x72; ¢, apical view, C.1228-3, x72
(new). Fi6. 74,1d. P (Retusochara) macrocarpa
(GRrAMBAST) FEIST & GRAMBAST-FESsarRD, Upper
Cretaceous, France; longitudinal section, x40

(Grambast, 1971, pl. XXV,8).

Platychara GRAMBAST, 1962b, p. 76 [*Chara compressa

KnowrTON, 1888, p. 156, fig. 1-2; OD; non
KunTH, 1815]. Apex nitellopsidoid; periapical zone
variably thinned and slightly or not narrowed. Api-
cal nodes convex and elongated; in some species,
apical nodes absent. General shape oblate,
suboblate to oblate-spheroidal, with apex rounded
or truncated; base similar or, in numerous in-
stances, spirals turned downward around basal pore
to form small cone or distinct column. Spirals
smooth or with tubercles or crests. Basal plate
slightly calcified, not visible from exterior. Size
small to large. [Differs from Gyrogona in being dis-
tinctly wider than high, in having wide spirals, con-
tinuous periapical furrow, and frequently a basal
extension. In species with a protruding base,
gyrogonite height may equal width or slightly ex-
ceed width, such as P sahnii BHATIA & MANNIKERI,
1976, from the Paleocene of India. Some species
described as Gyrogona from the Upper Cretaceous
of China are in fact representatives of Platychara
(GramBAST & GRAMBAST-FESSARD, 1981).] Upper
Cretaceous—Paleogene (Paleocene): Canada, Mexico,
USA, Argentina, Bolivia, Jamaica, Peru, Belgium,
France, Spain, China, India. FiG. 74,2a—¢. *P
compressa (KNowrTON) GrAMBAST, Upper Creta-
ceous, USA, topotypes; 4, lateral view, C.1229-1,
x40; b, lateral view, C.1229-2, x40; ¢, wall struc-
ture of spiral cells, C.1229-5, x300; 4, apical view,
C.1229-3, x40; ¢, basal view, C.1229-4, x40
(new). FiG. 74,2f. P complanata GRAMBAST &
GuTIERREZ, Upper Cretaceous, Spain, holotype; lat-
eral view, x78 (Grambast & Gutiérrez, 1977, pl.
VLI). FiG. 74,2g-h. P stipitata GRAMBAST &
GuUTIERREZ, Upper Cretaceous, Spain; g, lateral
view, paratype; 4, apical view, x100 (Grambast &
Gutiérrez, 1977, pl. VIL 5a-b).

Pseudoharrisichara MusaccHio, 1973, p. 10 [*P

walpurgica MusaccHio, 1973, p. 11, pl. 111,9-16,
pl. IV,3,6; OD]. Apex psilocharoid, with spirals
somewhat thinned in apical zone, particularly on
apex periphery. General shape prolate to subprolate,
with apex rounded and base tapered; basal column
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axis slightly curved with respect to polar axis. Spi-
rals smooth or with nodular crests. Basal pore
surrounded by distinct funnel. Basal plate wider
than thick. Size small to medium. [Differs from
Huarrisichara in periapical thinning, oblique project-
ing base, and thicker basal plate.] Upper Cretaceous:

© 2009 University of Kansas Paleontological Institute

Argentina, Spain. FiG. 75,1a. *P. walpurgica
MusaccHI0, Argentina; holotype, lateral view, x67
(Musacchio, 1973, pl. 111,13). FiG. 75,16—d. I
isonae FEIST, Spain; 6, apical view; ¢, basal view; d,
lateral view, holotype, x46 (Feist & Colombo,
1983, pl. 1,10,9,6).
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3b
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2a %b
1b
2c 2d
1d
3d
2e Shandongochara
3e
4c
4a
Stylochara

FiG. 75. Characeae (p. 136-142).
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1a 1d
1b
2a
2d
Psilochara
3b
Stephanochara
3d

1e
Strobilochara

1c

2b

2c

3a

3c

FiG. 76. Characeae (p. 141-142).

Pseudolatochara Z. Wang, 1978a, p. 74 [*P
Jjianghanensis 7. WaNG, 1978a, p. 74, pl. V,36-42;
OD] [=Grambastiella MASSIEUX in MASSIEUX &
TAMBAREAU, 1978, p. 143 (type, G. acuta MASSIEUX
in Massieux & TAMBAREAU, 1978, p. 144, pl. 1,1—

6, OD)]. Apex lamprothamnoid, with peripheral
spiral thinning weak or absent. In apex center, spi-
ral endings abruptly arise and form projecting cone.
General shape prolate-spheroidal with apex pro-
truded and base rounded; in some species base ta-
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pered. Spirals smooth. Basal plate unknown. Size
small. Upper Cretaceous—Paleogene (Eocene): France,
China. FiG. 75,3a—b. *P. jianghanensis Z.
WaNG, Upper Cretaceous, China; 4, holotype, lat-
eral view; &, apical view, x95 (Z. Wang, 1978a, pl.
V,38,40). FiG. 75,3c—e. P (Grambastiella) acuta
Massieux, Paleocene, France; ¢, apical view, x85; 4,
basal view, x95; ¢, lateral view, holotype, x85
(Massieux & Tambareau, 1978, pl. 1,2,3,1).

Psilochara GraMBAST, 1959b, p. 10 [*Chara archiaci

var. undulata DoLLFUs & FRITEL, 1919, p. 252, fig.
14; OD]. Apex psilocharoid, convex, without peri-
apical modification; spiral ends slightly enlarged.
General shape prolate-spheroidal to perprolate,
with apex rounded or pointed and base rounded or
tapered. Spirals smooth, in numerous instances
with sinuous spiral sutures. Basal pore at same level
as lower surface, in some species surrounded by
flaring funnel. Basal plate slightly calcified, about
one-third as thick as wide, with upper face hollow.
Size medium to large. [Differs from Grovesichara in
its lack of periapical thinning, a basal plate that is
not visible from the exterior, and presence of sinu-
ous spiral sutures.] Paleogene (Eocene—Oligocene):
Belgium, France, United Kingdom, Spain,
China. Fi1G. 76,2a—c. *P undulata (DoLLFUS &
FriTEL) GRAMBAST, middle Eocene, France,
topotypes; 4, lateral view, C.121-17; b, apical view,
C.121-19; ¢, basal view, C.121-18, x35 (new).
Fi1G6. 76,2d. P bitruncata (REiD & GROVES) FEIST-
CasTEL, upper Eocene, France; lateral view,

C.F1509-6, x50 (new).

Rhabdochara MADLER, 1955, p. 299; emend.,

GRAMBAST, 1957, p. 357 [*Chara langeri
ETTINGSHAUSEN, 1872, p. 162, pl. 1,2-3; OD].
Apex psilocharoid; apical zone thin but convex;
weakly marked apical nodules rarely present. Gen-
eral shape subprolate to ellipsoidal with summit
truncated and base somewhat tapered. Spirals gen-
erally concave, smooth or with transverse rods.
Basal plate conical and hollow. Size variable. [Dif-
fers from Stephanochara and Lychnothamnus in lack-
ing periapical depression and having strongly devel-
oped nodules, hollow basal plate, and
ornamentation consisting of rods instead of tu-
bercles.] Paleogene (?lower Eocene, upper Eocene)—
Neogene (Miocene): Europe (widespread), China.—
—Fi1G. 73,2a—d. *R. langeri (ETTINGSHAUSEN)
MADLER, lower Miocene; 4, lateral view, Slovenia,
x40 (adapted from Ettingshausen, 1872, pl. 1,3); 64,
lateral view, France, x47 (Feist & Ringeade, 1977,
pl. 23,9); ¢, basal view, France, C.536-9; 4, apical
view, France, C.536-8, x40 (new).——FIG. 73,2e.
R. stockmansi GRAMBAST, lower Oligocene, France;
lateral view, x50 (Grambast, 1957, text-fig. 6).——
FiG. 73,2f R. praelangeri CastEL, upper Oligocene,
France; longitudinal section, basal part, x50

(Castel, 1967, pl. XX,11).

Saidakovskyella SHAIKIN, 1976, p. 83 [*S. corpulenta

SHAIKIN, 1976, p. 84, fig. 14-19; M]. Apex
psilocharoid, with apical ends of spirals thickened.
General shape spheroidal with apex pointed and
base rounded. Spirals smooth. Basal funnel present.
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Basal plate moderately thick. Size medium to large.
Genus monotypic. Lower Cretaceous: Ukraine.
FiG. 73,3. *S. corpulenta SHAIKIN; holotype, lateral
view, x33 (adapted from Shaikin, 1976, text-fig.
14).

Shandongochara XINLUN in WaNG Shui & others,

1978, p. 46 [*S. decorosa XINLUN in WANG Shui &
others, 1978, p. 46, pl. 21,17, pl. 22,1-2, pl. 23,2;
OD; lectotype, NIGP 390133, pl. 21,1a—c, desig-
nated FEIST & GRAMBAST-FESSARD herein]. Apex
psilocharoid, with distinct periapical narrowing and
thinning; apical ends of spirals slightly pointed in
center, without nodules. General shape prolate-
spheroidal to prolate; apex nearly flat to broadly
conical, base truncated. Spirals flat to slightly con-
vex with elongated, tumorlike decorations. Basal
plate nearly twice as wide as thick, visible from ex-
terior. Size large. Paleogene (Oligocene): China.
F1G. 75,2a—e. *S. decorosa XINLUN; a, lectotype, lat-
eral view; b, lateral view; ¢, basal view; 4, apical
view, x34; ¢, longitudinal section, basal part, x68

(Wang Shui & others, 1978, pl. 21,16,2b,2¢,2a,6a).

Songliaochara Z. WaNG, Lu, & ZHao0, 1985, p. 64

[*S. heilongjiangensis Z. WANG, Lu, & ZHao, 1985,
p- 65, pl. XXVIII,2-8; OD; holotype, NIGP 9836,
fig. 3a—c]. Apex nitellopsidoid, with shallow peri-
apical groove; apical nodules rounded, moderately
thick. General shape ovoid with apex rounded, pro-
jecting above apical level. Spirals generally convex,
smooth. Base tapering, sometimes forming well-
marked basal column. Basal pore small; basal fun-
nel absent. Basal plate multipartite (Lu & Luo,
1990), as wide as thick, not visible from exterior.
Size small. Immature specimens reminiscent of
Aclistochara. [The recognition of the basal plate
structure shows that Songliaochara can no longer be
considered a synonym of Nodosochara (FEisT &
GRAMBAST-FESSARD, 1991).] Upper Cretaceous:
China. FiG. 73,4a—c. *S. heilongjiangensis 7.
WaNG, Lu, & ZHao, lower Upper Cretaceous, ho-
lotype; 4, lateral view; b, apical view; ¢, basal view,
x120 (Z. Wang, Lu, & Zhao, 1985, pl.
XXVIIL36,34,3c).

Stephanochara GramBAST, 1959b, p. 8 [*S. compta

GRAMBAST, 1959b, fig. 3; OD] [=Crofticlla HORN AF
RANTZIEN, 1959b, p. 104 (type, Chara escheri
UNGER, 1850, p. 34); Eotectochara Hu & ZENG,
1982, p. 562 (type, E. hunanensis Hu & ZENG,
1982, p. 562, pl. 372,1-7, OD); Dongmingochara
Znao & Huang, 1985, p. 13 (type, D. concinna
Znuao & Huang, 1985, p. 13, pl. 1,4-10, pl. 11,7~
9, OD)]. Apex nitellopsidoid, with deep depression
and no constrictions at apical periphery; apical nod-
ules strongly developed. General shape prolate-
spheroidal to prolate and perprolate with apex pro-
truding and base tapered. Spirals smooth or with
tubercles. Basal funnel star shaped, sometimes ab-
sent. Basal plate variable in thickness, about half as
thick as wide. Size medium to large. [FEIsT-CASTEL
(1977¢) documented the nonvalidity of Croftiella.]
Upper Cretaceous—Neogene (Miocene): Europe (wide-
spread), Mongolia, China. FiG. 76,3a—c. *S.
compta GRAMBAST, lower Oligocene, United
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1a

1d
2c

Wangichara

2b

2a
Zhejiangella

FiG. 77. Characeae (p. 142-143).

Kingdom; 4, holotype, lateral view; 4, paratype,
apical view, C.1230-2; ¢, paratype, basal view,
C.1230-3, x40 (new). F1G. 76,3d. S. berdotensis
FEisT, lower Miocene, western France; holotype, lat-
eral view, x43 (Feist & Ringeade, 1977, pl. XIIL 7).

Strobilochara GramBasT, 1975, p. 72 [*S. viallardi
GRAMBAST, 1975, p. 73, text-fig. 3, pl. II; OD].
Apex psilocharoid, with spirals unmodified at apex.
General shape prolate-spheroidal to subprolate;
apex rounded or truncated, central part variably
prominent; base tapering to point or column. Spi-
rals smooth or with tubercles. Basal plate thicker
than wide, not visible from exterior. Size medium to
large. [Differs from Hornichara in having apical
zone normally calcified, thicker basal plate, larger
size, and possible ornamentation.] Upper Cretaceous:
Spain. FiG. 76,1a—c. *S. viallardi GramsasT,
topotypes; 4, lateral view, C.1057-29; b, apical view,
C.1057-30; ¢, basal view, C.1057-31, x30 (new).—
—Fi1G. 76,1d—e. S. diademata GRAMBAST &
GUTIERREZ; d, holotype, lateral view, x53; ¢, longi-
tudinal section, x80 (Grambast & Gutiérrez, 1977,
pl. X, 1, pl. XV,5).

Stylochara JIANG & ZHANG in JIANG, ZHANG, & MENG,
1985, p. 162 [*S. xitanlouensis JIANG, ZHANG, &
MENG, 1985, p. 163, pl. II,1-9; M; holotype,
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BGMRH Y00043, pl. II,/a—c]. Apical zone sunken.
General shape cylindrical with apex and base trun-
cated. Spirals smooth, clearly widened and thick-
ened in upper and lower parts. Basal plate multipar-
tite, thick. Size small. Genus monotypic. [The
swelling of apical and basal parts may represent a
calcification anomaly. In spite of strong differences
concerning the gyrogonite shape, Stylochara has
been put in synonymy with Aclistochara by Lu &
Luo (1990).] Lower Cretaceous: China. Fic.
75,4a~d. *S. xitanlouensis JIANG & ZHANG; 4, holo-
type, lateral view, x86; &, longitudinal section, x82;
¢, apical view, x86; d, basal view, x86 (Jiang,
Zhang, & Meng, 1985, pl. 11,16,9,14,1c).

Wangichara Liu & Wu, 1985, p. 144 [*W. tanshanensis

Liv & Wu, 1985, p. 144, pl. 2,1-4; OD; holotype,
BIG0225, pl. 2,1a—c|. Apex lamprothamnoid, with
apical rosette in well-marked depression bearing
slightly convex nodules in center. General shape of
gyrogonite ovoid with truncated summit and taper-
ing base. Spirals smooth, flat to convex. Size small.
Basal plate nearly as wide as thick. [Differs from
Aclistochara mainly by the presence of distinct api-
cal nodules and from Szephanochara in its smaller
size and apex not projecting above the general sur-
face.] Lower Cretaceous: China. FiG. 77,1a—e.
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*W. tanshanensis Liu & Wu; a—c, holotype, lateral,
apical, basal views; d, apical view; ¢, longitudinal
section, x80 (Liu & Wu, 1985, pl
11,16,1a,1¢,2a,4).

Zhejiangella LN, 1989, p. 5 [*Z. tongxiangensis LIN,
1989, p. 5, pl. 1I1,7-10; OD; holotype, NIGP
PB1029, pl. 111, 7]. Apex nitellopsidoid, with slight
narrowing and no depression of spiral cells in peri-
apical zone. Apical nodules prominent, grouped
into apical rose. Gyrogonite ellipsoid, with apex
rounded and base tapering. Size small to medium.
Basal plate wider than thick, visible from exterior.
[Differs from Neochara by the absence of periapical
depression.] Upper Cretaceous: China. Fic.
77,2a—c. *Z. rongxiangensis LIN; a, holotype, apical
view; b, lateral view; ¢, basal view, x80 (Lin, 1989,

pl. 111, 1-3).
Subfamily NITELLOIDEAE
Braun, 1890

[nom. correct. FEIsT & GRAMBAST-FESSARD, herein, pro subfamily Nitelleae
BRAUN in MiGuLa, 1890 in 1890-1897, p. 94]

Gyrogonite of Characeae with basal plate
multipartite, except in Sphaerochara where
basal plate is undivided. Uncalcified oogonia
of Nitella and Tolypella are only occasionally
fossilized. Extant species with 10 small
uncalcified coronula cells in 2 tiers. Thallus
not corticated, uncalcified. Jurassic—Holocene.

The Nitelloideae represent the tolypelloid
morphological type (FEIST & GRAMBAST-
FEssArD, 1982). This subfamily is character-
ized by gyrogonites with a prominent apex,
either rounded or pointed, and without any
periapical depression, except immediately
around apical nodules when present, as in
some Sphaerochara species. The origin of the
Nitelloideae seems to go back to the Lower
Devonian, as suggested by vegetative remains
of Palaeonitella KipsTON & LANG, resem-
bling the extant Nizella.

Nitella AGARDH, 1824, p. 123; emend., BRAUN, 1847,
p- 55 VON LEONHARDI, 1863, p. 69 [*N. opaca
AGARDH, 1824, p. 125; SD HORN AF RANTZIEN &
OLSEN, 1949, p. 99] [=Nitellites HORN AF RANTZIEN,
1957, p. 12 (type, N. sahnii HORN AF RANTZIEN,
1957, p. 12, pl. 1,1-5, pl. 1I,1-2, OD)]. Envelop-
ing cells do not secrete calcite, thus gyrogonites do
not occur. Oogonia and oospore small, laterally
compressed, with 3 basal sister cells. [The only sub-
stantiated fossil records of the genus are silicified
materials. The oldest one is Palaconitella KipsTON
& LANG (1921) from the Lower Devonian Rhynie
Chert of Scotland, with uncorticated thallus very
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similar to the extant Nitella. This structure is visible
in the section given by TAYLOR, REmY, and Hass
(1992, fig. 1). In Nizellites HORN AF RANTZIEN
(1957), from the Jurassic of India, the resemblance
with Nitella is in the reticulate membrane sculpture
of the oospore.] Jurassic—Holocene: worldwide.
FiG. 78,2a—d. *N. opaca AGArRDH, Holocene,
France, oospore; 4, lateral view, CE.2955-1; 4, api-
cal view, CE.2955-2; ¢, basal view, CE2955-3, x96
(new); d, oogonium, without coronula, CE.2955 .4,
x73 (new).——FiG. 78,2¢. N. tenuissima (DESVAUX
in LOISELEUR) KUTZING; emend., WoOD & IMAHORI,
Holocene, France, oospore; lateral view, x225
(Soulié-Mirsche, 1987, fig. 4A).

Sphaerochara MADLER, 1952, p. 6; emend., SOULIE-
MARSCHE, 1989, p. 172 [*Chara hirmeri RAsKY,
1945, p. 36, pl. 1,10-12; OD] [=Macedlerisphaera
HORN AF RANTZIEN, 1959b, p. 100 (type, Chara
ulmensis STRAUB, 1952, p. 470, pl. A,19, OD);
?Raskyaechara HORN AF RANTZIEN, 1959b, p. 146
(type, Aclistochara pecki Rasky, 1945, pl. I1,13-15);
Tolypella section Rothia R. D. Woob, 1962, p. 23
(type, Chara intricata, TRENTEPOHL ex ROTH, 1797,
p. 125, OD)]. Apex curved, with central rosette. In
well-calcified specimens, spirals become thinner in
periapical zone, then recover thickness at ends.
General shape spheroidal to prolate-spheroidal. Spi-
rals in most instances with granulate surface. When
present, ornamentation consisting of constrictions
and irregular, elongated nodules. Basal plate undi-
vided, as thick as wide, with upper and lower faces
commonly stellate, visible from exterior. Size gener-
ally small. [Identity of Maedlerisphaera and
Sphaerochara established by HORN AF RANTZIEN &
GRAMBAST (1962). Raskyaechara doubtfully assigned
to Sphaerochara as gyrogonite structure incom-
pletely known (GramBAST, 1962b).] Cretaceous—Ho-
locene: worldwide. FiG. 78,1a. *S. hirmeri
(RAsky) MADLER, upper Oligocene, Hungary,
topotype; lateral view, x70 (adapted from HORN AF
RANTZIEN, 1959b, pl. XVI,1). FiG. 78,1b. S.
hirmeri ssp. longiuscula GRAMBAST & PAUL, upper
Oligocene, France; longitudinal section, basal part
with basal plate in situ, x150 (Castel, 1967, pl.
XXI,36b). Fic. 78,Ic—e. S. intricata
(TRENTEPOHL ex ROTH) FEIST & GRAMBAST-FESSARD
var. intricata f. prolifera R. D. Woob, Holocene,
Uruguay; ¢, lateral view, x90; d, apical view, x100;
e, basal view, x100 (Soulié-Mirsche, 1989, pl.
XLIIL2,4,7). Fic. 78,1f S. labellata Frist, up-
per Eocene, France; paratype, lateral view, x95
(Feist & Ringeade, 1977, pl. XI,4). Fic. 78,1g.
S. senonensis FEIsT, Upper Cretaceous, France; inter-
nal view of gyrogonite with microscopic waving of
spiral cell walls, x370 (Feist & Freytet, 1983, pl.
1,14).

Tolypella (Braun, 1849) BrauN, 1857, p. 338; emend.,
SOULIE-MARSCHE, 1989, p. 171 [*Conferva nidifica
MULLER, 1778, p. 761; OD] [=Tolypella section
Tolypella Woop, 1962, p. 23, obj.]. In extant spe-

cies, oogonia uncalcified, not laterally compressed,
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F1G. 78. Characeae (p. 143).
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Tolypella

FiG. 79. Characeae (p. 143-145).

with 3 basal sister cells. In fossil species, uncalcified
forms unknown; calcified gyrogonites with bipartite
or tripartite basal plate. Apex without distinct
modifications. General shape spheroidal with apex
and base pointed. Spirals concave, smooth. Size
very small. [Species with external characters of
Tolypella but with basal plate unknown are ques-
tionably assigned to this genus, such as the Upper
Jurassic 7. harrisi MADLER, 1952.] Upper Creta-
ceous—Holocene: Alaska, Argentina, Belgium, France,
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Germany, Upper Cretaceous—lower Oligocene
(calcified); worldwide, Holocene (not calcified).
Fi6. 79a—b. *T. nidifica (O. MULLER) BraUN, Ho-
locene, Sweden; 4, lateral view; b, basal view, x120
(Soulié-Mirsche, 1989, pl. XLI,2,1). F1G. 79¢—
f- T pumila GRAMBAST in STOCKMANS, upper
Eocene, Belgium; ¢, isolated multipartite basal
plate, x325; d, lateral view, x110 (Feist &
Grambast-Fessard, 1991, fig. Se, 5d); ¢, apical view,
C.1231-2; f; basal view, C.1231-3, x110 (new).




NOMINA DUBIA AND GENERIC NAMES WRONGLY
ATTRIBUTED TO CHAROPHYTES

MonNIQUE FEIST and NICOLE GRAMBAST-FESSARD

[Université Montpellier 11, France]

NOMINA DUBIA

Algites SEWARD, 1894. Nomen nudum.

Astrocharas STACHE, 1872. Nomen nudum (Groves,
1933).

Barrandeina STUR, 1881. Vascular plant (Groves,
1933).

Bechera STERNBERG, 1825. An artificial genus, con-
ceived to include unlike charophyte plants (Groves,
1933).

Characeites TuzsoN, 1913. Nomen nudum.

Cristatella STACHE, 1889. Nomen nudum.

Kosmogyra STACHE, 1889. Nomen nudum.

Kosmogyrella STACHE, 1889. Nomen nudum.

Palacoxyris BRONGNIART. Probably not vegetal (Groves,
1933).

Spirangium SCHIMPER, 1869. Probably not vegetal
(Groves, 1933).
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GENERIC NAMES WRONGLY
ATTRIBUTED TO
CHAROPHYTES

Uncatoella L1 & Ca1, 1978. Dasycladales (Kenrick &
Li, 1998).

Munieria DEECKE, 1883. Dasycladales (Feist, GENOT,
& GRAMBAST-FESSARD, 2003).

Umbella MasLov in Bykova & PoLENOVA, 1955;
emend., POoYARKOV, 1965, and related genera.
Microproblematica (PEck, 1974).!

'New data on the utricles of the Sycidiales suggest that some umbellids
could correspond to charophytes (Feist, Monique, Liu Junying, & Paul
Tafforeau. In press. New insights on Paleozoic charophyte morphology and
phylogeny. American Journal of Botany (in press).
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RANGES OF TAXA

The stratigraphic distribution of the
Charophyta recognized in this volume is
shown graphically in the range chart (Table
9).

Because of the very long stratigraphic
ranges of many higher taxa of Charophyta,
ranges in the chart are rather broad in order
to ensure that all periods are included. For
more detailed stratigraphic information,
refer to the systematic section of the volume,

p. 92-145.
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The following chart was compiled using
software developed for the Paleontological
Institute by Kenneth C. Hood and David W.
Foster.

It must be emphasized that the order of
taxa in this chart is governed entirely by their
stratigraphic range and, within that, by al-
phabetical order and differs in some cases
from the taxonomic order in the systematic
part of the volume. No taxonomic conclu-
sions should be drawn from the position of
taxa in this chart.

Explanation for Table 9
PHYLUM
CLASS

ORDER
SUBORDER
FAMILY
SUBFAMILY
Genus
Subgenus
Occurrence questionable  ????
Occurrence inferred EE =
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TABLE 9. Stratigraphic Distribution of the Charophyta.

CHAROPHYTA
CHAROPHYCEAE
SYCIDIALES
SYCIDIACEAE
Sycidium 2|7
PINNOPUTAMENACEAE —
Pinnoputamen e
CHOVANELLACEAE
Xinjiangochara
Chovanella -
Ampullichara —
TROCHILISCACEAE
Trochiliscus et 2
Karpinskya
MOELLERINALES ]
MOELLERINACEAE
Moellerina
Primochara -
Gemmichara
PSEUDOMOELLERINACEAE o
Pseudomoellerina e
CHARALES
PALAEOCHARINEAE
EOCHARACEAE
Eochara
undescribed taxon et
PALAEOCHARACEAE
Palaeochara

[THH
1
11

CHARINEAE e P P R A e

POROCHARACEAE ?
STELLATOCHAROIDEAE
Leonardosia
Auerbachichara
Stellatochara
Latochara
POROCHAROIDEAE - ?
Stomochara
Porochara P || —-7
Feistiella P || |- ?
Vladimiriella
CLAVATORITOIDEAE
Clavatorites
Stenochara
CHARACEAE
CHAROIDEAE
Aclistochara
Multispirochara
Peckisphaera
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TABLE 9. (Continued).

Henanochara
Hetaochara
Saidakovskyella
Stylochara
Wangichara
Mesochara
Amblyochara
Bysmochara
Nothochara
Pseudoharrisichara
Songliaochara
Strobilochara
Zhejiangella
Nemegtichara
Collichara
Dughiella
Platychara
Maedleriella
Microchara
Mongolichara
Neochara
Pseudolatochara
Peckichara
Harrisichara
Grovesichara
Stephanochara
Hornichara
Nodosochara
Chara
Lamprothamnium
Nitellopsis
N. (Campaniella)
N. (Tectochara)
N. (Microstomella)
N. (Nitellopsis)
Psilochara
Gyrogona
Rhabdochara
Lychnothamnus
Linyiechara
Shandongochara
NITELLOIDEAE
Nitella
Sphaerochara
Tolypella
CLAVATORACEAE
ATOPOCHAROIDEAE
Echinochara
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TABLE 9. (Continued).

Globator
Diectochara
Perimneste
Atopochara
CLAVATOROIDEAE
Clavator
Clypeator
Dictyoclavator
Nodosoclavator
Embergerella
Ascidiella
Flabellochara
Hemiclavator
Lucernella
Pseudoglobator
Triclypella
Heptorella e
RASKYELLACEAE —— —— -
Saportanella [
Raskyella —
Rantzieniella =
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protective measure 76

Protochara 120

protonema 1

provincial differentiation 43

Pseudoglobator 112

Pseudoharrisichara 136

Pseudolatochara 140

Pseudomoellerina 94

PSEUDOMOELLERINACEAE
93

Pseudomoellerinoideae 93

Pseudosycidium 94

Psilochara 141
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Qinghaichara 134

Rantzieniella 117

Raskyaechara 143

Raskyella 116, 117

RASKYELLACEAE 115, 116,
121

Raskyellae 115

Raskyelloideae 115

rbcl 79

recovery 76

Retusochara 136

Rhabdochara 123, 141

rhizoid 2

rose 17

rosette 17

Rothia 119, 143

Saccammina 92
Saidakovskyella 141
saline environment 10, 24
Saportanella 117
scolecodont 26
seasonality 24
section 27

seed 26

sejoined 11
Septorella 110
Septorellinae 106
sex organ 11
Shaikinella 104
Shandongochara 141
shape 15

shield cell 11

simple basal plate 18

Charophyta

Sinochara 136
sister cell 4, 6
Songliaochara 119, 141
spermatozoid 11
Sphaerochara 101, 119, 120, 125,
143
spine cell 1
spiral 14
cell 4, 14
unit 14
Spirangium 146
sporine 6
sporopollenin 6
sporostine 6
stable isotope 24
Stellatochara 104
Stellatocharaceae 104
STELLATOCHAROIDEAE 100,
104, 106
Stenochara 103
Stephanochara 127, 134, 141,
142
stipulode 1
Stomochara 101
Strobilochara 142
Stylochara 142
subcosmopolitan species 37
suboblate 15
Sulcosphaera 134
SYCIDIACEAE 94
SYCIDIALES 94
Sycididae 94
Sycidiphyceae 94
Sycidium 94

© 2009 University of Kansas Paleontological Institute

Tectochara 132, 134

Tolypella 101, 119, 125, 143, 145
Triclypella 110, 112
triplostichous 1
TROCHILISCACEAE 94
Trochiliscidae 94

Trochiliscus 92, 94, 96
Turbochara 134, 136

tylacanthous 1

ultrasonic cleaner 27
Umbella 146
Uncatoella 146
utricle 14

vegetative
propagation 3
reproduction 11

Vladimiriella 101

Wangichara 142
water quality 29
waterbird 12
Weikkoella 92

X-ray analysis 24
Xinjiangichara 121
Xinjiangochara 97

Xinjiangocharaceae 97

Y-calcification 10, 19
Yahuchara 127

Zhejiangella 143
zygote 11
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