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Abstract

This paper is divided into three parts. Part I considers the survey of the previous studies,
morphology, “shell mineralogy”, reproduction, ecology, major evolutionary trends, phylogeny, classi-
fication, and other paleontologically interesting aspects of the calcareous members of the family
Codiaceae (Chlorophyceae) mainly based on their Paleozoic representatives. Part 1T deals with
systematics of the Paleozoic Codiaceae used for the analysis of Part I. Two subfamilies, two tribes,
and twenty-two genera are included : three genera are new to science ; Akiyoshiphycus, Hoegiopsis,
and Palmaphyton. All the original illustrations of the genoholotypes are reproduced. Part III concerns
the brief history of the studies, morphology, reproduction, ecology, and classification of the Gymno-
codiaceae in comparison with calcareous member of the Chaetangiaceae (Rhodophyceae). A general
discussion on the method of study for fossil calcareous algae is prepared at the end of Part I. An
extensive bibliography and glossary make the appendix.

The history of the studies on the fossil Codiaceae may be dissected into the five stages ; (1)
Earlier ages, (2) Old Continents period (prior to 1935), (3) Ages of expansion beyond Europe (after
1935), (4) Dawn of economic interest in carbonate-building nature of Codiaceae in relation to petroleum
industry (after 1945), and (5) Period of integrative collaboration of geologists, paleophycologists,
neophycologists, geochemists, biochemists, and ecologists (after 1950).

Comparative morphology between the Recent Codiaceae and their Paleozoic counterparts reveals
that the latter except those which belong to the subfamily Garwoodioideae is compared with the
subfamily Udotoideae and that it is segregated into three morphological suites in terms of the habit
of growth ; (1) the first resembling Udotea, (2) the second being like Halimeda, and (3) the third
similar to Penicillus. The first group (tribe Udoteae) is ubiquitously found in the marine carbonate
sequences ranging from upper Mississippian to lower Permian in profusion. It is emphasized that the
vaguely defined terminology of the fossil Codiaceae be replaced by the present terminology for the living

Codiaceae.
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Because of that the carbonate minerals precipitated by the Codiaceae are not calcitic but aragonitic
with poor Mg and appreciable Sr content, and that the mineralogical difference seems to correlate
with fluctuation of C1/C12 value, the mineralo-chemical analysis of carbonates in fossil calcareous
algae may be a useful means to determine their major classification.

Codium and Halimeda, either monoecious or dioecious, are only two genera whose life history
has been throughly known as a sexual reproduction characterized by an alternation of a diploid plant
with haploid gametes, the gametes representing the only haploid stage in the diploid life-cycle. These
genera apparently of the same pattern of life history have distinctly different types of gametangia,
one with internal, and the other with external. Three Paleozoic genera, Uva, Orthriosiphon, and
Eugonophyllum are known to preserve gametangian structure, internally. Translocation of the game-
tangia, such as postulated for the Dasycladaceae might also be proposed for the Codiaceae. However,
it cannot be ruled out that certain ancient members of the Codiaceae may have developed a rather
different mode of reproduction.

Ecological information of the Recent species of five calcareous genera (Halimeda, Udotea, Penicillus,
Rhipocephalus, and Tydemania) indicates that, like Dasycladaceae and calcareous Chaetangiaceae, they
live under such environments as; (1) surface water temperature being mostly in the area where
isocrymes are above 12°C and isotheres are above 20°C, (2) bathymetry, mostly shallower than 50 m
(upper sublittoral), (3) also, mostly under the protected and calm conditions below low tide level or
even below wave base, and (4) the substratum, mostly of the calcareous mud or calcareous sand.
These ecological data can be applied to paleocecological and sedimentological analysis of ancient
carbonate sediments as proven by the studies on the Mississippian sediments of Alberta and Montana,
Pennsylvanian rocks of New Mexico and Kansas, and Permian beds of Kansas, and by the previous
reports on biohermal or non-biohermal build-ups in the scattered areas.

Paleophytogeographic surveys of the Codiaceae as well as the Dasycladaceae and Gymnocodiaceae
for each period of the Paleozoic Era suggest that climatic zonation during most of the era was
apparently independent of that of Recent time ; however, a prominent change took place in the later
part of Early Permian, and resulted in the retreat of the Udotoideae and other warmth-loving algae
from the northern oceans, as well as in a climatic zonation similar to the Recent. The cause of this
climatic change may be related to the “Permo-Carboniferous” glaciation' recorded in the Southern
Hemisphere.

The result of the analysis on the major evolutionary trends of Codiaceae shows that the evolu-
tionary history is neither progressive nor regressive, but an intermediate type (Miiller, 1955) characte-
rized by a gradual expansion after the Ordovician, a climactic peak during the Carboniferous, and a
weak terminal during the Permian. A second smaller peak evolved during the Jurassic. Early
Carboniferous is the time of “explosive evolution” which approximates to the time of the first appear-
ance of tribe Udoteae, and coincides with the wide-spread evolutionary expansion known in the over-
all picture of fossil invertebrates. This expansion was related to an increase in the rate of diversifi-
cation and also from the introduction of new genera which replaces the persistent old Silurian forms
among the Codiaceae.

A directional evolution is well exemplified by the linkage of the Carboniferous Udoteae, Calcifolium
— Ivanovia— Anchicodium— Eugonophyllum in terms of their cortical structure. A mass extinction at
the end of the Paleozoic Era seems to have great influence on the Udotoideae but practically none on
the Garwoodioideae of simpler structure. It is concluded that major taxa of algae above order level

were already differentiated during Precambrian, and that the first appearance of both the Codiaceae and
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Dasycladaceae must have taken place during the same general time. These two families might have
derived from a common stock, but the available data do not support the prevailing concept that the
Dasycladaceae are derivatives from the Codiaceae. A probable phylogeny of the Paleozoic Codiaceae
is outlined along the three major suites; (1) subfamily Garwoodioideae, (2) tribe Udoteae, and (3)
tribe Halimedae.

Referring to the recent cytological studies by Feldmann (1946, 1954) and others, the author
redefines both Gepps’ subfamily “Udoteae” (Udotoideae of the present study) and Pia’s “Mitcheldean-
ieae” (Garwoodioideae) and recognizes four subfamilies in the Codiaceae. The major part of the
fossil Codiaceae helongs to the Udotoideae whereas the rest may properly be classified in the Garwo-
odioideae. The subfamily Udotoideae is further subdivided into three new tribes; Udoteae, Halim-

edae, and Pseudochlorodesmeae.

Introduction

Among the fossil representatives of three major families in calcareous algae, which
are conspicuous in the Recent tropical and subtropical oceans, the fossil Codiaceae (prac-
tically Udotoideae) have received but scanty attention for a long time, if compared with

the other groups Dasycladaceae and Corallinaceae. The available information indicates

that the family Codiaceae (subfamilies Udotoideae and Garwoodioideae), like the Dasy-
cladaceae, have developed best in the quantity of the genera during the Paleozoic Era, so
that the era seems to be the crucial time to analyze the history of the Codiaceae. For
these two main reasons, the study of the Paleozoic Codiaceae has been a major interest of
the author’s paleophycological study during the last many years.

Fortunately, the project to review the geologic occurrence of fossil algae in a given
geologic period, in which the author participated after his transfer from the University of
Tokyo to the Colorado School of Mines, has made good progress recently (Johnson and
Konishi, “Early Carboniferous” (Mississippian) in 1956 ; Devonian in 1958 ; Silurian in
1959), and has become a frame for the analysis of the history of the Paleozoic Codiaceae.
However, the most serious difficulty has been found rather in the foundation of such an
,analysis ; that is, the desparately independent terminology and understanding between
“paleophycologists” and “neophycologists”. Almost all the fossil Codiaceae have been
described as fossil fragments rather than plant remains by a terminology hardly under-
standable for the neophycologists. To restore this tragic divorce, there seems to be only
one approach at present which is, the author believes, to introduce botanical terminology
and concept into paleophycology and to let the paleophycologists become familiar with
them. A certain confusion or misconception associated with this step may not be avoided
naturally. But the harvests which will result from the cooperation with the neophycologists
seem to be very important for the future of paleophycology.

Thus, this treatment is designed toward three major aims ;

(1) Dbotanical comparison between the Paleozoic and Recent forms of the calcareous
Codiaceae, in respect to morphology, life history, ecology, etc.,

(2) analysis of the historical development of the Paleozoic Codiaceae, and
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(3) establishment of a common classification applicable to both fossil and living members
of the Codiaceae.

The material used for this analysis is described under a separate section Part II in the
forthcoming issue of this journal. It is essentially based on the collections from North
America and the Japanese Islands. A short review of the historical consequence of the
study on the fossil Codiaceae is attached at the beginning. The taxonomy of the Recent
Codiaceae is now in the process of revision ; the subfamily Udotoideae in which all the
calcareous members of the Recent Codiaceae and almost all of the Paleozoic Codiaceae are
included may be raised to a family rank as Udoteaceae in future. Therefore, the title of
this paper may be read as “Studies of Paleozoic Udoteaceae and allied algae”.

There are two kinds of the Paleozoic calcareous algae which often are mistakenly

referred to the Codiaceae. The description and discussion of one of these two allies

the Gymnocodiaceae

are included in Part IIT of the paper.
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Pia, the world’s foremost paleophycologist, to whom we owe much of our knowledge of the

Paleozoic Codiaceae.

Historical Review of Studies of Fossil Codiaceae
(With special reference to those of Paleozoic)

The history of our knowledge of the fossil Codiaceae and their allies itself seems to
be an interesting subject suitable to make a sizable booklet. The history may be analyzed
as the consequence of historical events which have influenced the advancement of the
various phases of invertebrate paleontology. However, this chapter will be devoted to a
review of the milestones of the studies of fossil Codiaceae, descriptively rather than
analytically, because of the limited space. This chapter discusses not only the Paleozoic
Codiaceae but also the later Codiaceae.

Like the Dasycladaceae, the group of organisms nowadays considered as the Codiaceae
was originally recorded as plant, then later, because of the lime-incrusting nature in some
members, part of them were transferred to the animal kingdom, and finally moved back
to the plant kingdom again. The fossil Codiaceae had to pass along the same path.

Earlier History (Plant or Animal): —— The first record of the Paleozoic Codiaceae may
be traced back as early as 1888, when Nicholson described “Mitcheldeania gregavia” as a
Hydroctinida, which was proved by Garwood to be plant, and placed among the Codiaceae
by Pia (1937). The record of Recent Codiaceae, however, particularly of the subfamily
Udotoideae, which are the lime-incrusting member, began a great many years before this
first record of the Paleozoic Codiaceae.

The earliest record of Halimeda, the best known genus of the Udotoideae, can be
found under the name of Serfolara in the floral list of the Naples as early as 1599 (!).
This is the same alga now called H. tuna (Ell et Soland.). A similar plant from Jamaica,
which is to be seen in his herbarium in the British Museum, was later called Corallina
opuntia by Hans Sloane (1707). In 1760, a name Seriularia was proposed by Ludwig in
Boehmer’s Def. Gen. Plant. (p. 504). Subsequently, another generic name Ormus was
introduced by Hill (1751, reissue 1773, p. 12, pl. 3) comprising two species, O. segmentis
brevibus latis (= Halimeda opuntia) and O. s. Rotundiorbis (=H. tuna). Ellis (1755-56)
discussed tiwo forms from Jamaica now known as H. opuniia and H. incrassata, calling
them artigulate coralline. His collection was later described by Solander (1786), who, for
the first ﬁfne, described the species under the binominal names of the genus Corallina.
He also referred the genus to the animal kingdom because of the calcareous covering, or
even suggested it to be “a possible link between the two kingdoms”(!) (Barton, 1901, p.
1-2). In 1812, Lamouroux distinguished six species of Corallina and established a new
genus Halimeda. However, he still followed the animal concept and was “inclined to be
scornful about a celebrated zoologist M. A. B. who declares H. funa to be a plant” (Barton,
ibid.). The first definite record of the inclusion of H. fuma in the plant kingdom, under

the name of Hormisus opuntioides, would seem to have been in an unpublished manuscript



Studies of Paleozoic Codiaceae and Allied Algae 169

‘Table 1. History of the Studies of Fossil Codiaceae
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of Targioni-Tozzetti. Bertoloni (1819) mentions this manuscript and gave H. opuniioides
as a synonym of his name Fucus Sertolera. Nardo’s Serfolara (1834), based on S. fypus
Nardo (=H. tuna), is “an orthographic variant and hence a later homonym (as well as
toponym) of Serfularia Ludwig” (Silva, 1951, p. 297-98). However, “the nomenclatural
conservation on Halimeda scarcely needs the formal arguments, since this genus is truly
classical -+ ? (Silva, ibid., p. 298). The genus was thoroughly studied by Barton (Mrs.
Gepp) in 1901.

The first fossil Halimeda recorded was from the Eocene sandstone of Greifenstein,
Vienna Basin, under the name of Halimeda saportae (Fuchus, 1894, p. 300). Because the
fossil is represented by impression, its generic assignment was questioned later (Seward,
1898, p. 164). Seilacher (1953, p. 226, pl. 8, fig. 7) is inclined to consider it as an ichno-
fossil. Another impression fossil named Halimeda fuggeri was described from the Upper
Cretaceous Flysh by Liburnau J. Lorenz (1897). This later became the type species of
Lorenz’s new genus Halimedides (1902). The Codiacean nature of this organism was
doubted by Stopes (1913, p. 239) and Pia questioned whether this fossil represents algal
remains (Pia, 1927, p. 58). A definite fossil Halimeda was thus found in the Miocene
reef limestone of East Borneo by Rutten (1920), and later in the Eocene (or Miocene) of
Gagl‘iano (Italy), Auversian of Hauteville (Manche) and Stampian of Gaas by Morellet
and Morellet (1923). Now fossils of Halimeda are known to be very common in Cenozoic
strata along the Mediterranean, Caribbean, and Pacific. Some have been described even
from the Cretaceous rocks (e. g., Wells, 1944).

The plant now known as Penicillus capitalus Lamarck is seen in Linnaeus’ monograph
(1758, p. 507) under the name of Corallina Penicillus. Lamarck (1813), the father of
invertebrate paleontology, introduced the genus Penicillus on the basis of the species split
from Corallina, on which Lamouroux (1912, p. 185) established a different generic name
Nesaea a year before. Both Lamarck and Lamourcux were of the opinion that the organism
belongs to the animal kingdom. Nesaea was compared with Polyps. This generic name
was previously preoccupied by a genus of Lythrarieae (Comnerson, 1789), so that Lamarck’s
Penicillus became valid.  Several years later, Schweigger (1819, p. 49) finally recognized
Penicillus as a i;)lant again.

The recognition of Penicillus or a very similar type in a fossil condition is due to
Munier-Chalmer (1877). He proved that many of the fossils from the Tertiary deposits in
the Paris Basin have been erroneously included among the Foraminifera by previous
authors. Lamarck’s Ovulites (1816) from the Calcaire Grossier (Eocene) of the Basin were

originally described as Polyps, then zoophytes (Defrance, 1826), and Foraminifera (Car-
penter, 1862). Munier-Chalmer suggested the synonym of Penicillus with Ovulites. Ovulites
is common in the Tertiary deposits of England, Belgium, France, Italy, North Africa, and
the Middle East.

The genus Udotea, another typical representative of the Udotoideae, has a similar
history to those of the preceding. The plant has been recognized since 1707, though at
first confused with Padina Pavonia (1.) Lamouroux (Phaeophyceae). It was placed in
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Corallina (Ellis and Solander, 1786, p. 124-25). In 1812, Lamouroux founded the genus
Udotea based on Corallina flabellum Ellis et Solander and placed it among the “Corallineae,
a family of ‘Polypiers coralligenes non entierement pierreux’ (Gepp and Gepp, 1911, p.
100). Confusion began when he established another new genus Flabellaria to be a plant,
and, in the very next paper after his, Lamarck also introduced the same generic name for
the recognition of two species of Corallina (C. conglutinata and C. flabellum), together
with some species now considered as Halimeda. Lamarck, of course, considered his genus
as animal. For the details of this confused nomenclature, refer to the Gepps’ good des-
cription (1911, p. 100-101). Decaisne (1842) and Chauvin (1842) independently share the
conclusion that Corallines including Udofea are actually plants.

Pia mentioned the possibility of Udofea to be rock-forming alga (1926, p. 128-29, text-
figs. 55-56). He later compared his new subfamily Mitcheldeanieae with this Recent
genus and pointed out the difference in growth habit (Pia, 1937, p. 786). Until recently,
the fossil counterparts of this genus had never been found in the records (see p.188).

First definite fossil Codiaceae (Steinmann’s Comparative Morphology) : —— The family
Codiaceae was founded by Zanardini in 1843, but by the end of the last century, only
Ovulites and Halimeda, which are actually Recent genera, were recognized as the fossil
representatives of the family (Seward, 1898). The third fossil Codiaceae thus may be seen
in the Cretaceous genus Boueina Toula (1833), which was considered as a sponge by
Giimbel, Zittel, and others ; and its reference to the Codiaceae should be credited to
Steinmann (1901), whose contribution to the fossil Codiaceae should not be underestimated.
He compared Boueina carefully with Halimeda to verify the Codiacean nature of the former.
The same approach was adopted by Pia (1926, p. 133, text-fig. 62) to validify the Codiacean
nature (actually tubular parenchymatous structure) of Palaeoporella Stolley, 1893, and
Gymnocodium Pia, 1920, and became the standard examination to analyze any fossil Co-
diaceae (e. g. Heeg, 1927 ; Konishi, 1954a). The genus Boweina has been known from the
Jurassic and Cretaceous of the Mediterranean, south North America, and Early Tertiary(?)
of India. ' _

First definile Paleozoic Codiaceae and their significance as limestone-contributors Cworks
by Pia and Hepeg) : —— The genus Palacoporella Stolley thus should be considered as the
first definite Paleozoic Codiaceae ; the genus was established in the belief of its Siphoneae
(Stolley, 1893). The Siphoneae at that time included all the members of non-septate
suborder of the order Siphonales by Blackman and Tansley (1902). Pia’s contribution to
this genus as well as the other two similar genera, Gymnocodium and Boueina, made clear
the nature of fossil Codiaceae for the first time, and pointed out the importance of them
as potential limestone-contributors like the Ordovician limestones of Scandinavia (Palaeo-
porella limestone), and Bellerophon limestone (Upper Permian-Gymmnocodium limestone) of
South Europe.

The type species of the genus Gymmocodium Pia (1920), Gyroporella bellerophontis
Rothpletz (1894, p. 24, fig. 4), was first described as a dasyclad. The existing records
indicate that the same organism was once mentioned by Giimbel (1873, p. 36, 37, 40) as
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a questionable bryozoa ; however, Pia (1912, p. 34) supported the dasyclad concept, until
he realized the Codiacean nature in 1919 (cfr. Pia, 1920, p. 33-34). He proposed a new
genus Gymno (=naked ; without the outermost cortex) + Codium (a Recent Codiacean
genus) for this plant. This Late Permian plant has been described from many localities
of the Upper Permian limestones within the Tethyan sea. As the consequence of later
research on the conceptacles commonly preserved in the alga by Pia (1937, p. 830-34 ;
1940) and followed by Konishi (1952, 1954) and Elliott (1955, 1956), the genus is now
considered to belong to the Chaetangiaceae or their fossil family Gymnocodiaceae of the
Rhodophycophyta, rather than the Codiaceae of the Chlorophycophyta. Furthermore, the
genus was split into two genera, Gymnocodium (s. str.) and Permocalculus Elliott (1955),
and the former are restricted to the Upper Permian rocks, whereas the latter are from
both Permian and Cretaceous. However, some authors still place this plant among the
Codiaceae.

A genuine discovery of the fossil Codiaceae may be the case of Dimorphosiphon
rectangularis Heeg (1927) from the Middle Ordovician rocks of Norway. This genus is so
closely similar to Halimeda in many respects that the early derivation and an evolutionary
conservatism of the family Codiaceae seems to be beyond doubt. The alga played a very
important role as limestone-builders in the Trondheim area during the Ordovician. Later,
Héeg (1936, p. 14-15, text figs. 4 and 5) clearly demonstrated the internal structures of
both Palaeoporella and Dimorphosiphon.

Probable Codiacean Subjamily :

erect growth habit, like Halimeda and its Paleozoic and Mesozoic allies described above,

Besides those fossil Codiaceae which have dendrotic,

there have been some other Paleozoic algae which have been placed among the fossil
Codiaceae. As mentioned above (p.168), the “anomalous organism” described by Nicholson
as “Mitcheldeania gregaria” from C; of Kershope Foot, Roxburghshire, South Scotland,
became the type species of Wood’s Garwoodia, which some authors place among the fossil
Codiaceae. Wood (1941) clarified the mixed nature of the “genus” Milcheldeania and
separated M. gregaria from the genus and proposed the new genus Garwoodia, based on
the species.

Garwood (1914, 1931) and Garwood and Goodyear (1919, 1924) discovered the signifi-
cance of thls .as well as other calcareous algae to the carbonate deposition during Early
Carbonif'efoﬁé in the British Islands. As the result, Garwood established two new genera,
Ortonella '(1914) and Bevocastria (1931), and described species of “Miicheldeania.” A
similar alga was reported from the famous Silurian (Gotlandian) reef of Gotland by
Rothpletz (1913, p. 16-17) under the name of Hedsiroemia. His original type specimens
suggest the segmented, or articulated, thallus like those of Halimeda, but the forms later
referred to this genus have different growth habit as most of Orfonella and Garwoodia.

These organisms, except for the type specimens of Hedstroemia, are characterized by
the nodular growth form composed of more or less radiating, straight, or slightly undulatory
filaments, which can be compared with those of some Recent Codiaceaen genera —— some
non-calcified genera of Flabellarioideae or some calcified species of genus Udotea (Pia,
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1937, p. 786). Pia (1926, p. 52-53 ; 1927, p. 39) considered them as Schizophyceae (Spalt-
algen) together with Girvanella and Sphaerocodium. Then he later (1937, ibid.)
transferred them into the Codiaceae, with the introduction of the mnew subfamily
“Mitcheldeanieae” to include them. At that time, the subfamily consisted of the Paleozoic
genera.

Later, another resemblant from the Triassic of the Carpathians was included in the
subfamily (Cayeuxia Frollo, 1938, p. 269-71 ; LeMaitre, 1946, p. 106-7).  This algal genus
has been known through all the Mesozoic rocks over the world. Ishijima’s Kitakamiania
(1943, p. 639-41) from the Cretaceous of Honshu, Japan, may possibly be placed in the
same subfamily. However, there still seems to be some reservation about including this
“subfamily” among the Codiaceae (p.248). The group of the algae placed among the
subfamily seems to be an interesting subject to study symbiosis or commensalism among
fossil algae. Elliott (1957) introduced the family “Garwoodieae” to replace Pia’s Mitchel-
deanieae for the invalidity of the genus Mitcheldeania. The subfamily should be read as
Garwoodioideae by nomenclatural rule.

False Codiaceae —— Sphaevocodium Rothpletz and Microcodium Gliick : —— The fossils
named Sphaerocodium should be discussed here, because this plant is the first organism
originally referred to the Codiaceae by the denominator even erroneously. The plant has
been cited as the example of the fossil Codiaceae improperly assigned. The genus Sphaero-
codium was first proposed by Rothpletz in 1889 without illustration, then discussed in
detail with proper illustrations in 1891. Although Rothpletz (1891)* compared the type
species, S. bornemanni, with Codium adhaereus Agardh, a Recent species, the view was
rejected by Seward (1898, p. 160), Pia (1926, p. 52-53; 1927, p. 38 ; 1928 ; 1937 ; etc.),
Héeg (1927, p. 13), Printz (1927, p. 311), Fritsch (1934, p. 411), and others. Pia (ibid.)
interpreted that, for example, its Silurian species, S. gotlandicum, is merely an aggregate
of several species of Girvanella which have different diameters of the filaments. This view
was lately vindicated by Wood (1948) and Dangeard (1948) independently close to the Pia’s
interpretation.  Maslov (1956, p. 27-28) has argued that some Recent representatives
of the Schizophyceae or of the Chlorophyceae have cells of different sizes even within the
same species, and that the difference in cell size does not necessarily mean a mixture of
different species. However, Maslov created a new generic name COdcl‘z'lum',{ instead of
reviving the old name Sphaerocodium, which was rejected by Wood (1948). i

There is another curious organism named Microcodium by Gliick (1913) who referred
it to the Codiaceae. The genus has been excluded from the definite Codiaceae by Pia
(1927, p. 60), and Fritsch (1934, p. 411), whereas Moret (1943, p. 37) and Johnson (1952 ;
1954, p. 55, pl. 22; 1957, p. 242, pl. 50, figs. 5-9) retained the genus among the family.
The alga has been known from the basal Cretaceous to Miocene in France (Faure-Muretand
Fallot, 1954 ; Cuvillier, 1956 ; Francois and Sigal, 1957), Germany (Boulanger and Cros,
1957 ; Marie, 1957) (Gliick, #bid.; Rutter, 1954), Soviet Union (Maslov, 1955 ; 1956) and

#Rothpletz (ibid.), Cayeux (1935), Darrah (1939) and others placed even the genus Girzranella
Etheridge and Nicholson, supposed Schizophyta, among the Codiaceae.
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the Pacific Islands (Johnson, 1957). The present author excludes the genus from
the Codiaceae and would compare it with the Recent genus Phycopeliis of the Chloro-
phyceae. Genus Limnocodium Andres from the Miocene non-marine beds of Bavaria and
FEocene non-marine beds of Baden, Germany (1952 ; Rutte, 1953 and 1955) resembles the
preceding Miocene genus (Maegdefrau, 1953), and certain authors consider synonymy
between the two. Although it does not solve the problem as to its possible affinity Maslov
(1956, p. 182-83) introduced a new family Microcodiaceae based on Microcodium as a
possible member among the order Dermocapsales of the Schizophyceae. On the contrary,
certain authors argue for its inorganic origin.

Forti’s  Avrainvilleopsis (1926) is a possible fossil Codiaceae from the Palaeocene.
However, the present author does not have any information as to the genus, nor concerning
another two possible Codiaceans, Ascosoma Lorenz (1904) and Mitscherilichia Lorenz
(1904), from the Cambrian of China (Emberger, 1943, p. 85).

Beyond the European Continent (since 1935) : ——Until approximately 1935, the studies
the

Alps, Carpathians, Paris Basin, Pyrrenes, British Islands, Scandinavians (including the

of the fossil Codiaceae were restricted to the Old Continents, particularly Europe

Gotland), and others. Since then, the studies have gradually spread out over other
contihents, to North America by Johnson, Rezak and Elias, North Africa by Pfender,
Raineri, LeMaitre, Pia, Chiarugi, Emberger, and others, Eastern and Middle Asia by Yabe,
Toyama, Maslov, Heritsch, Pia, Ramo Rao, Narayana Rao, Douglas, Endo, Varma, Elliott,
and the present author.

Johnson’s contributions to the fossil Codiaceae in North America were resulted in the
introduction of two new genera as well as the discoveries of North American species
equivalent to those of Europe. His Anchicodium (Johnson, 1946, p. 1098) has proved to be
cosmopolitan during the Pennsylvanian and Early Permian (Konishi and Wray, 1961) and has
a similar growth habit to some species of Udolea ; whereas the other genus Platylithophycus
(Johnson and Howell, 1954, p. 86) of the Cretaceous has been transferred to the animal
kingdom (a fossil squid).  Johnson (1954) published a text on the rock-forming algae in
which he discussed the various genera of the Codiaceae (p. 51-66). His classification
included Gymmnocodium, Sphaevocodium, and Microcodium among the Codiaceae.

In the Union of Soviet Socialist Republics, the studies of the fossil algae were conti-
nued under the leadership of Maslov following Karpinsky. Maslov’s contributions were
essentially related with Porostromata and Spongiostromata for a long time, whereas
Makhaev (1937, 1940), Shvetzov and Birina (1935), and others contributed much inte-
resting information from this less known part of the world. Recent activities by Maslov
(1956, 1957, 1958), Korde (1951, 1952, 1953, 1956, 1957, 1958), and others are supplying
very valuable information about the fossil algae. Maslov’s (1956) monumental monograph
entitled “Calcareous fossil algae in U. S. S. R.,” for instance, is one of the most significant
contributions to fossil algae published during the last decade. Shvetzov and Birina’s
Calcifolium (1935) was well interpreted and restored by Maslov in this monograph (p. 47
—-52) and its affinity to the Codiaceae is verified. The alga becomes locally significant as
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bioherm-builder.

Influence of Petrolewm Industry (since 1945) : —— As a new trend of petroleum
exploration, the oil industry’s interest in the carbonate reservoirs, particulaly their relation
to ancient reefing, has assisted the study of fossil algae and, though indirectly, has given
a great stimulus to the study of the fossil Codiaceae in a way similar to that of “micro-
paleontology of Foraminifera” by the strong influence of subsurface stratigraphy during the
last thirty-five years. Thus, many new Codiacean genera have been founded in connection
with petroleum exploration during the last decade.

Khvorova (1946) introduced a Pennsylvanian new genus Jfvanovia, a fossil Codiacean,
from the outcrop as well as subsurface material from the Moscow Basin. Johnson and
Konishi (1956, p. 97-99) established Orthriosiphoh, a Mississippian Codiaceae, from the
subsurface material of Saskatchewan. From the oil fields in the Middle East, Elliott (1954,
1955, 1956, 1957, 1958) introduced two new Mesozoic Codiacean genera, Arabicodiumz and
Lithocodium and a new family Gymnocodiaceae to embrace Pia’s Gymmocodium and his
own Permocalculus (1955). Elliott’s work on fossil Codiaceae was extended to propose a
new name Garwoodieae to replace Pia’s Mitcheldeanieae for the invalidity of the genus
Mitcheldeania. His Lithocodium (1956) from the Lower Cretaceous has a peculiar incrusting
habit, although it has exactly the same internal structure as that of Halimeda. This genus
may suggest the cushion-like mass of Halimeda oputia which grows attached to the rock,
although the species has the erect dendritic habit in general.

Very important information on the little-known North African marine floras during
the Late Paleozoic was also obtained in connection with petroleum exploration (Emberger,
1958). Considerable material used in the present study came from several wells in the
Mid-Continent and Southwest of the United States.

A prominent trend in the studies of fossil algae is a demand for ecological information
to be supplied by such studies, although most of the results of these studies have not been
published. A few examples may be seen in Anderson’s works on the Lower Carboniferous
of England and Scotland (1950) and on the Great Estuaries of England (1948), in Wolf-
enden’s recent contribution to the Lower Carboniferous reefs of England (1958), and in
Newell’s and others’ comprehensive analysis of the Guadalupian reef complex of the south-
western United States (1953).

In this respect the extensive survey on Western and Central Pacific Islands sponsored
by the United States Geological Survey is supplying very valuable information regarding
algal ecology and the distribution of algal thanatocoenose in relation to sediments and
sedimentary environments in the tropical and subtropical Pacific Ocean. In 1947, the U.
S. Navy, for example, organized the Bikini Resurvey Expedition to study conditions at
Bikini a year after the nuclear bomb test, and many biologists joined their expedition. The
algal study in connection with the expedition was completed by Taylor as a part of his
“Plants of Bikini” (1950). The geological and paleontological results of the studies of the
Pacific Islands have been published in the Professional Papers of the U.S. Geological Survey.
Likewise, the expeditions sponsored by the Allan Hancock Foundation have resulted in a
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prolific harvest of floral studies from many new localities (Dawson, 1944, 1950, 1952, 1956,
1957 ; Taylor, 1940, 1945) and have supplied valuable instructions for paleoecologic studies.

However, a group of ambitious paleontologists did not wait until they learned from
biologists. As in the case of the Bikini resurvey, a number of paleontologists from the
American Museum of Natural History, Columbia University, and Humble Oil and Refining
Company under the directorship of Newell have started a careful ecological survey around
the Bahama Banks to analyze the example of reef ecology in Recent seas. The results of
this epoch-making project have been published in various publications (e. g., Newell, ef al.,
1953 ; Newell and TImbrie, 1955 ; Newell and Rigby, 1957 ; Newell and others, 1959).
Along the Florida Keys, another site of the Recent reefs, a similar type of work has been
developed by Ginsburg (1956) and Lowenstam (1955 ; Ginsburg and Lowenstam, 1958)
under the sponsorship of the Shell Development Company. These contributions are most
informative to the paleoecological studies of fossil Codiaceae.

Present and future trends :

restricted to the above-mentioned trends, subsurface carbonate studies, and ecologic (biofacies)

Yet the search for the Paleozoic Codiaceae is not

analysis. The traditional studies of outcrop sampling will continue in the future. In the
Japanese Islands, for example, the fertile pen of Endo is producing great contributions to
our knowledge about the Late Paleozoic floras of the islands. He has already established two
Hikorocodium (1951, p. 127) and Neoanchicodium (1954, p.
203) —— and has found species of Anchicodium (1951, 1953, 1955, 1957), and Garwoecdia
(1953). The present author recognized a new Codiacean genus, Succodium (1954a, p. 230),

new genera in Codiaceae

in the latest Permian of Japan, which resembles very closely the genus Halimeda. He also
carefully studied a species of Gymmocodium from the uppermost Lower Permian and
restored its growth habit (1954, p. 8-17).

Indian palechotanists verified the distribution of the Gymnocodiaceae in the Salt Range
(Narayana Rao, 1948 ; Narayana Rao and Varma, 1953, p. 20-21). Rezak (1959) described
Gymmnocodium bellerophontis (Rothpletz) and G. moniliforme Pia from the Upper Permian
of Saudi Arabia. Recently, Johnson, G. L. (1958) described the extension of an interesting
Codiacea Calcifolium in the Visean and Namurian of the British Carboniferous rocks.

The Devonian has long been considered as an unfavorable time for the development
of calcareous algae (Pia, 1937; Pia, 1940 ; Konishi, 1958). Maslov’s recent discoveries of
many genera of Chlorophyceae from the Devonian of Central Asia, however, certainly have
broken this prejudice among paleophycologists. He (Maslov, 1956, p. 237-46) introduced
two definite Codiacean genera and two doubtful ones. One of the doubtful genera, called
Lancicula, seems to be identical with Coelotrochium Schliiter, 1879, which has long been
known from the Devonian of the Eifel area of Germany as a possible foraminifer (cfr. Hotz,
1951).  Litania Maslov (1956, p. 243-45) seems to be a genuine Codiacea.

After thus recalling the milestones in the history of search for the fossil Codiaceae,
the areas of study to be attacked by future students should be mentioned as the conclusion
of this review. The following suggestions will help to advance the study of this poorly
known group among the fossil calcareous algae.
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1. The urgent comprehension of botanical morphology of the fossil Codiaceae in the
light of the Recent Codiaceae necessitates the usage of qualified and, if possible, standardized
terminology. Above all, the understanding of the plant nature of the fossil Codiaceae in
terms of growth habit, types of reproduction and, morphogenesis vegetative construction,
etc., are important.

2. The critical survey on the ecology of the Codiaceae in Recent and ancient oceans
would be an important undertaking. A study of this type should be most efficient in the
collaboration with neo-ecologists, both botanists and zoologists, and palececologists. For both
Recent and ancient materials, a statistical quantitative-analysis, which was once ignored by
botanists, is needed, since only such information will be applicable to the geologic problem.
This paleoecological study which is the basis of biofacies analysis has been a very important
target in connection with oil exploration, and will be continuously emphasized in future.

3. A concentrated search to collect fossil algae in areas where we have no knowledge
of fossil Codiaceae, though certatin data suggest a potentiality of their occurrence, would be
helpful, especially if particular emphasis be placed on South America, Australia, South and
Central Africa, Siberia, China, and so forth. The significance of subsurface material may be
emphasized for this type of survey. The information obtained may be significant not only
as a paleoclimatologic study, but also as a potential source for the discovery of completely
new exotic or unique floras.

4. Use of the trial and error method to examine the applicability of the Codiacean
species as a means of dating and of correlating strata has been one of the major aims of
stratigraphic paleontology from the beginning of geology. As far as the Codiaceae and other
calcareous algae are concerned, it is a good policy to check the available conclusion with
other organisms, so that we generally have much well-defined control.

5. It may take a long time before we can visualize the picture of phylogenetic relation-
ship among the fossil Codiaceae, though this is the ultimate purpose of the study of the
family. To approach this subject, an extremely detailed morphological analysis based on the
carefully collected samples such as inch-by-inch inspection in the field to trace a . small
amount of chronological variations may have to be done. Again, this is a field for quahti-

tative paleontology.

Morphology

The thalli of the family Codiaceae, “comprising eighteen Recent genera, display great
morphological diversity, ranging from the sparsely branched, loosely filamentous thallus of
Chlorodesmis to the compact pseudoparenchymatous organization of Codium (Text-fig. 8)
and Halimeda (Text-fig. 3)” (Egerod, 1952, p. 337). The family, however, is characterized
by a unique internal structure, the development of the thallus of the Codiaceae merely
involving the enlargement and ultimate ramification of the primary filament to produce a
thallus of diverse and usually definite form without the advent of septum formation ; that
is, the siphonous nature!

The filaments branch dichotomously, trichotomously, or verticillately. The dichotomous
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Text-figure 1 Various growth habits of Recent Codiaceae

A. Rhipiliopsis pelta Gepp et Gepp : Port Phillip Heads, Australia. (natural
size)

B. Rhipidodesmis caespitosa Gepp : Ceylon. (natural size)

C. Avrainvillea lacerata J. Ag. var. robustior Gepp et Gepp : Singapore, Malaya
(x3/5)

D. Callipsygma Wilsoni J. Ag.: Port Phillip Heads, Australia. (natural size)

E. Boodleopsis siphonacea Gepp et Gepp ; comparatively simple main axis (m.
a.) and the multitude of intricated ramelli which arise from its few branches :
Muaras reef, East Indies. (x8)

(All the figures are from Gepp and Gepp, 1911 ; A, pl. 14, fig. 118 ; B, pl. 17,

fig. 141; C, pl. 13, fig. 108 ; D, pl. 17, fig. 144 ; E, pl. 17, fig. 147).
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Text-igure 2 Growth habit of Halimeda

Halimeda gracilis Harvey {. lata Taylor : Holes and openings on reef

along west side of Saipan. (natural size)
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branching is repeated either in one and the same plane, or in alternate planes (Gepp and
Gepp, 1911, p. 3). Two types of lateral outgrowths on main filaments have been recognized
(Gepp and Gepp, ibid.) : (1) papillae or short prominences and (2) stalked appendages.
Papillae are borne on the front and back surfaces of the filaments and not on their sides
(Text-fig. 4) ; they are not calcified at their apices, and probably serve either as osmotic
channels between the cytoplesm and the sea water or as windows in the opaque calcareous
sheath. Appendages are borne on the filaments in similar manner to the papillae, but often
bifurcate or even trifurcate and always pointed. The filaments are often arranged in close
whorls (Text-fig. 4).

Many genera of the subfamily Udotoideae are characterized by the calcified thallus.
The calcification is in the form of aragonite (p. 190). The calcareous matter is deposited
in the gelatinous layers of the outer wall or membrane, penetrating also into the cellulose
inner wall. There are two modes of calcifiication ; (1) the filaments are enclosed each in
a porous calcareous sheath and are either free or laterally cemented side by side or even
more or less completely conglutinated together, and (2) the apices of the simple or branched
lateral appendages of the main {ilaments are arranged to form a cortical covering (p. 182)
and are laterally coherent into a continuous layer, and the laterally cohering walls are
thickened by a calcareous deposit. Thus, in the latter case, calcification is generally stronger
in the cortical part than the medullary part.

Within the cytoplasm are situated many small, disc-shaped chloroplasts which, in most
genera, lack pyrenoids. However, some genera (those placed in the Udotoideae, see p. 249),
have special leucoplasts in addition to the chloroplasts, and the starch in these algae is
formed solely by the leucoplasts, the chloroplasts being entirely free from starch (Iyengar,
1951 4 Smith et al., p. 36). The nuclei lie, as usual, internal to the chloroplasts. The
membrane (cell-wall) consists in the main of callose and pectin, although the thickenings
at the constricted point contain cellulose.

The major portion of the thallus is vegetative, and the formation of the reproductive

Text-figure 3 Internal structure of Halimeda segments
A-B. Halimeda Opuntia Lamouroux ; A. Longitudinal section of a cylindrical internode : (x24) ;

B. Transverse section of a young internode : (x40) ; calcified part is designated in white.

C. Halimeda sp. ; section of an internode with medullary filaments : Mariana limestone (Pleis-
tocene), Saipan. (x25).

D. Halimeda sp. ? ; section of a leafy internode nearly parallel to the flat surface with cha-
racteristic utricular structure : Mariana limestone (Pleistocene), Saipan. (x25).

F. Halimeda sp. ; long section of an internode perpendicular to the flat surface showing medulla-
ry filaments from which finer cortical utricles are giving off perpendicularly : Tagpochau
limestone (Miocene), Saipan. (x25).

E. Halimeda sp. ; oblique section of a fragmentary segment showing medullary filaments and
finer cortical utricles : Borehole 2, depth 1,900° (Miocene), Bikini. ( x25).

(A-B, Steinmann, 1901, fig. 12 & 13 ; C, Johnson, 1957, pl. 56, fig. 3 ; D, Johnson, 1957, pl. 55,
fig. 5; E,Johnson, 1954, pl. 197, fig. 5; F, Johnson, 1957, pl. 44, fig. 6).
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units is confined to small special portions of the coenocytic thallus (see p. 196).

RECENT FORMS——There are several different growth forms recognized in the Recent
genera of the family. But only the groups belonging to the subfamily Udotoideae, the lime-
secreting: Codiaceae, hence likely to be preserved as fossil, will be discussed here. The
Halimeda, Udotea, Penicillus and

Rhipocephalus.  Genus Tydemanic is also calcareous alga and was placed by the Gepps

subfamily embraces four calcareous Recent genera

among their subfamily Udoteae, but excluded from the present discussion because of the
recent work by Feldmann (1946, 1954 ; also see p. 208).

Halimeda. —— In Halimeda, which resembles very much some Paleozoic genera, the
branched thallus is composed of a number of usually flat (often cordate or reniform),
strongly calcified internodes ( =segments), which are separated by uncalcified nodes (= joints)
and arise from a short basal stalk attached to the creeping rhizoids (Text-fig. 2). Each
internode consists of a central medulla of longitudinal, rather narrow, interwoven, forked
medullary filaments, and a peripheral cortex of large, club-shaped utricles densely grouped
at the same level to form a palisade layer (Text-fig. 3). The utricles stand perpendicular
to the medullary filaments and their ultimate branchlets (=cortical utricles) swell up and
became closely adpressed to one another to form a very compact surface with hexagonal
facets. The lime is deposited on the side walls of these facets, the outer surfaces against
which the chloroplasts lie being free from incrustation.

Udotea. —— The thallus of Udotea is characterized with the one stipitated, with flabel-
late blade (=frond) anchored basally by a single lobed holdfast or by an irregularly
branched, creeping rhizoidal system. The stipe is monosiphonous or polysiphonous. The
blade is monostromatic to pseudoparenchymatous, composed of filaments that are repeatedly
dichotomized, occasionally even trichotomized, papillated and anastomosed, joined laterally
or remain free from one another, all more or less parallel (Text-fig. 4).  The filaments are
sometimes smoothly fusiform or constricted. According to the structure of the filaments, “the
genus may be divided into two groups; (1) one the filaments are destitute of lateral

appendages, and (2) the other they bear lateral appendages which vary according to the

Text-figure 4 Genus Udotea

A. Udotea verticillosa Gepp et Gepp : habit of plant ; West Indies. (natural size)

B. Udotea javensis (Montagne) Gepp et Gepp ; consisting of monosiphonous stipe and mono-
stromatic frond : Sankapura, Bawean ( x17)

C. Udotea indica Gepp et Gepp ; portion of frond in surface view, showing distribution of
papillae, these are formed on the outer surface only of the superficial filaments of the front;
three filaments are raised and turned back to show the absence of papillae elsewhere at the
same time reveal the oblique crossing of the filaments which constitute the frond ; Kurrachee.
(% 80)

D. Udotea papillosa Gepp et Gepp ; portion of dichotomous filament from base of proliferation,
showing whorls of obtuse or truncate papillae : Sankapura, Bawean. ( x 120).

(A, Bgrgesen, 1913, p. 104 ; B, Gepp and Gepp, 1911, pl. 5, fig. 36b; C, Gepp and Gepp, 1911,
pl. 6, fig. 53 ; D, Gepp and Gepp, 1911, pl. 5, fig. 38.)
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