SYSTEMATICS OF THE OLIGOCENE TO MIOCENE
REEF CORAL TARBELLASTRAEA IN THE
NORTHERN MEDITERRANEAN

7by ANN F. BUDD, FRANCESCA R. BOSELLINI and THOMAS A. STEMANN

ABSTRACT. Multivariate statistical analyses are used to distinguish species of the common reef-building coral
Tarbellastraea at Oligocene and Miocene localities within the Aquitaine Basin, western Mediterranean, and
central Paratethys regions; and to trace their distributions through geological time. Thirteen measurements
or counts are made on thin sections of 126 colonies collected at 13 widely scattered localities, whose geological
ages are newly updated. The data are analysed using average linkage cluster analysis and canonical
discriminant analysis to distinguish clusters of colonies representing morphometric species. Names are assigned
by qualitatively comparing measurements on the statistically recognized species with those of primary types of
all previously described species of Tarbellastraea.

The results show that Tarbellastraea originated during the Oligocene (Rupelian) and became extinct during
the Early Messinian. A total of 12 species (including two new species from the Italian Oligocene, and two
species described previously as varieties) lived in the investigated areas during Oligocene and Miocene time.
Except during the Oligocene, all but one species (T. ellisiana) were widespread. Although species richness
within the genus remained constant at 5-7 species throughout much of its stratigraphical range, morphological
disparity decreased significantly through time. The observed constancy in richness contrasts with the decrease
reported overall in the Mediterranean reef coral fauna. Species originations were highest during the
Burdigalian, when temperatures across the region increased. Species extinctions remained constant until the
latest Miocene, when the extinction rate increased as cold Atlantic waters entered the Mediterranean.

New species described are Tarbellastraea bragai, T. chevalieri, T. russoi and T. salentinensis.

The extinct scleractinian genus Tarbellastraea Alloiteau, 1950 was one of the predominant reef-
building corals on Mediterranean reefs during the Miocene (Chevalier 1962). During the Early and
Mid Miocene, it was abundant in the diverse but small buildups that prevailed across the
Mediterranean (Monleau et al. 1988) and European Atlantic regions (Cahuzac and Chaix 1993).
During the Late Miocene, Tarbellastraea was one of two key framework builders of the large, well-
developed reef systems that developed in the western Mediterranean (Esteban 1979; Martin et al.
1989; Pomar 1991). Despite the importance of Tarbellastraea, no stable taxonomy currently exists
for distinguishing ‘species’ within the genus, and its stratigraphical duration and geographical range
are debated. As a consequence, the evolutionary history of Tarbellastraea is poorly known.
Although several species of Tarbellastraea were described by authors in the nineteenth century
(e.g. Reuss 1847, 1872; Milne Edwards and Haime 1850), the most comprehensive treatment of the
systematics of the genus was that of Chevalier (1962). Chevalier (1962) described 12 species (five
new) and seven varieties (six new) of Miocene western Mediterranean Tarbellastraea. He
distinguished these species qualitatively using a large number of skeletal features, including colony
shape, calice shape, calical relief, calice size, number of septa per corallite, columella structure,
relative development of the primary and secondary septa, and calice spacing. His work was later
questioned by taxonomists studying environmental variation in living Indo-Pacific species, because
many of the features used by Chevalier (1962) had been found to vary widely in response to the
environment (Best et al. 1984). Because of overlap among species in measurements made on corallite
diameter, calice spacing, and number of septa per corallite, Oosterbaan (1988) synonymized five of
the species recognized by Chevalier (1962) in the Burdigalian of the Aquitaine Basin. Best et al.
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(1984) further suggested that the overlap indicated that all of the species and varieties treated by
Chevalier (1962) were probably only one species, Tarbellastraea ellisiana (Defrance, 1826).

Recent work on living Caribbean species of the closely related genus Montastraea, however, has
shown that morphological differences among species may be much more subtle than previously
appreciated, and that morphological overlap among species may be common in closely related
species (Knowlton et al. 1992; Weil and Knowlton 1994). Three electrophoretically distinct sibling
species within the Montastraea annularis complex differ primarily in morphological characters
(involving colony form and calical relief) that have high environmental variation (Knowlton et al.
1992; Weil and Knowlton 1994). Nevertheless, sibling species within the complex can be
distinguished morphometrically by applying multivariate statistical methods to measurements made
on colonies from populations collected in different environments (Budd 1993). The statistical results
show that no single character can be used to distinguish species within a complex, but ten or more
characters must be considered in concert. Different types of morphological features are needed to
distinguish species in different cases.

In this paper, we revise species of Tarbellastraea in some Mediterranean and European basins
using a similar morphometric approach, derived from the methods of Budd and Coates (1992) and
Budd (1993). Our approach is stratophenetic (sensu Gingerich 1979), and involves: (1) taking a
number of linear measurements and counts on colonies in sample populations collected at a wide
range of localities; (2) using multivariate statistical procedures, including cluster analysis and
canonical discriminant analysis, to group colonies within pre-defined stratigraphical levels into
clusters; and (3) statistically linking clusters into ‘morphometric species’ to trace their ranges
through geological time. Comparisons are made with primary types, and names are assigned only
after morphometric species have been recognized statistically. Because the approach is based on
quantitative analyses of sample populations (i.e. > 5 colonies from any one locality), some of the
difficulties associated with recognizing discrete morphological entities or ‘morphometric species’ in
highly variable organisms, such as corals, are reduced.

Our aim in this paper is to provide a consistent taxonomy that can be used to identify species of
Tarbellastraea. Our work is unique in its focus on a single Mediterranean genus. It also considers
several pre-Miocene occurrences of the genus, some of which are recorded for the first time. Like
Chevalier (1962), as part of our revision, we interpret species origination and extinction events by
considering the palaeogeography of the region. However, unlike Chevalier (1962), our inter-
pretations are made within the context of updated higher resolution stratigraphies and current
paleogeographical reconstructions. In the future, we plan to continue our study of Tarbellastraea
by treating material from northern Africa and the Middle East, so that we can eventually examine
evolutionary relationships among species. We believe that a thorough revision of the species of
Tarbellastraea, as begun here, is an essential first step in reconstructing any meaningful phylogeny
of the genus.

DIAGNOSTIC CHARACTERISTICS OF TARBELLASTRAEA

Because very little molecular or phylogenetic work has been done on scleractinian corals, most
established Cenozoic genera have been defined on the basis of skeletal characters, that are easy to
observe on upper calical surfaces (see Vaughan 1907; Lang 1984, for discussion). Using the
morphological terminology of Wells (1956), in colonial scleractinians (except the suborder
Astrocoeniina), species are generally distinguished by the architecture of the individual corallites
(e.g. corallite diameter, number of septal ‘cycles’ sensu Wells 1956, fig. 240); whereas genera are
distinguished by the degree of integration of corallites within colonies (e.g. plocoid vs cerioid colony
forms, wall structure, development of costae), and by the development of the columella (Budd
1990). :

Although Tarbellastraea was first designated as a new genus by Alloiteau (1950), its morphology
was not described in detail until Alloiteau (1952) emphasized the small corallite diameter, often



BUDD ET. AL TERTIARY CORAL M

‘parathecal’ wall structure, tabulo-vesicular coenosteum, and commonly lamellar columella of the
new genus. Many of these characteristics are also possessed by seven other plocoid genera (Table
1), which, like Tarbellastraea, belong to the family Faviidae Gregory, 1990; differences between
these eight genera are often difficult to detect without detailed microscopic examination.
Nevertheless, with the exception of Antiguastrea Vaughan, 1919, Tarbellastraea is unique in its
possession of a lamellar columella and a distinctive para- to septothecal wall structure. In both
genera, the wall is primarily septothecal (i.e. formed by the thickening of the outer part of the septa),
but it is sometimes reinforced by additional dissepiments, which are characteristic of true
‘parathecal’ walls (sensu Wells 1956, fig. 245). Two genera (Plesiastrea (Palaeoplesiastraea) and
Solenastrea) contain species that resemble species of Tarbellastraea in almost every detail, except
that they have spongy columellae and weak costae (Text-fig. 1).

TEXT-FIG. 1. Transverse thin sections of Tarbellastraea and two morphologically similar genera showing the
differences in wall structure, columella form, and number of septal cycles among genera. A, Antiguastrea
cellulosa (Duncan, 1863), type species of Antiguastrea Vaughan, 1919; SUI-84922-G; Upper Oligocene,
Guayanilla, Juana Diaz Formation, Puerto Rico (Realini collection). B, Solenastrea sp.; SUI-84921-A;
Langhian, Neffies, Languedoc, France (with the exception of its spongy columella, this species is almost
identical morphologically to T. reussidna which occurs at the same locality). c, Tarbellastraea ellisiana
(Defrance, 1826), type species of Tarbellastraea Alloiteaun, 1950; SUI-84740-A ; Lower Burdigalian, Cabanes,
Saint-Paul-les-Dax, Bordeaux (France). All x 8.

The primary morphological differences between Tarbellastraea and Antiguastrea are similar in
nature to differences that typically distinguish species. Species of Tarbellastraea usually have smaller
corallite diameters and fewer septal cycles than species of Antiguastrea; however, clearly there is
overlap (e.g. Antiguastrea prava Budd in Budd et al. 1992, from the Eocene of Panama, which has
a corallite diameter of 34 mm and three cycles of septa). Nevertheless, the absence of Antiguastrea
(as delineated in Table 1) from any of the Miocene units described herein (Chevalier 1962) suggests
that vast majority of the species of Tarbellastraea in the present study may be descended from a
common ancestor, and thus had an evolutionary history distinct from that of Antiguastrea. As
mentioned above, studies similar to the present one are needed on (1) Tarbellastraeca from the
south-western and eastern Mediterranean and the Middle East and (2) Antiguastrea from the
Mediterranean and the Caribbean regions, before a rigorous phylogenetic analysis can be
performed to assess the taxonomic validity of distinguishing Tarbellastraea from Antiguastrea.
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RECOGNITION OF SPECIES USING MORPHOMETRIC METHODS

Material

A total of 127 colonies of Tarbellastraca was selected for analysis from collections made at 13
localities (Text-fig. 2; Table 2). All of the colonies were relatively well preserved and possessed the
diagnostic criteria outlined above. The 13 localities are widely scattered across the Aquitaine Basin,
western Mediterranean, and central Paratethys regions, and include the type localities for 14 of the
25 previously described species and varieties of Tarbellastraea. The localities consist of a range of
different reef settings, including reef-complexes with lagoonal patch reefs (MA, SI), fringing reefs
and patch reefs (SP, NE, DX, LP, GR, LD, AL), and smaller buildups (SR, BL). Two scattered
coral horizons (EG, TO), in which true reef framework was not formed, have also been considered.

A. Late Oligocene to Early Miocene B. Middle to Late Miocene

® EG

<

-

SIS
N

TEXT-FIG. 2. Maps showing 13 collecting localities. Abbreviations for localities are given in Table 2.

Most of the collections were made recently by either A. F. Budd (14 colonies at NE, 10 at EG, 10
at DX, 10 at LP, 5 at GR, 11 at BL, 11 at LD), F. R. Bosellini (8 colonies at SP, 5 at MA), J. C.
Braga (9 colonies at AL), or A. Russo (4 colonies at SR). However, 30 additional specimens
(2 colonies at NE, 18 at LP, 5 at TO, 2 at LD, 3 at SI) were selected from collections made by the late
J. P. Chevalier and his predecessors at the Institut de Paléontologie, Muséum National d’Histoire
Naturelle, in Paris, France (MNHN, L.P.). Wherever possible, at least ten colonies were selected
from each locality ; however, in the case of six localities, fewer specimens were available for analysis
because of inadequate preservation (Table 2).

Six other localities where primary types of species and varieties of Tarbellastraea have been found
include: the Vicentin area of northern Italy (Rupelian), the Landes region of southern France
(Stampian), the Touraine region of north-west France (Langhian), the Vienna Basin of Austria
(Badenian), the Granada region of Spain (Late Tortonian), and Malta (Late Tortonian to Early
Messinian). The geographical proximity of (1) the Vienna localities to localities of similar age and
environment in the Styrian Basin (GR ; Table 2) and (2) the Granada localities to localities of similar
age and environment in Almeria (AL; Table 2), indicates that two of the six faunas may be partially
represented in our present samples.

In order to determine geological age dates for the 13 localities, one of us (FRB) consulted with
specialists on the local geology of each area, and conducted a thorough review of the most recent
literature. The findings are summarized in Table 2. Age dates for the 13 localities vary in quality.
In some cases (e.g. NE, DX, LP, EG, GR), microfossils have been rigorously investigated using up-
to-date biostratigraphical methods. In others (e.g. SR, TO, LD), very little recent biostratigraphical
work has been done. A second paper is currently in progress discussing these stratigraphical
problems and the reef settings in fuller detail.

Because of the tendency for repeated evolution of similar morphologies over geological time
within many scleractinian coral lineages (see Budd and Coates 1992), the 13 localities have been
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subdivided into two major groups for the purposes of the statistical analyses: (1) Late Oligocene to
Early Miocene (SP, NE, SR, EG, DX, LP, TO), and (2) Middle to Late Miocene (GR, BL, LD, SI,
AL, MA). Because clusters of colonies are distinguished in our protocol only at the initial stages in
analysis and subsequently linked together to form morphometric species, temporally subdividing
the material in this way serves to reduce the overall number of taxa and evolutionary intermediates,
and thereby enhances resolution at the critical initial stages of analysis when cluster nuclei are first
detected. This procedure improves the capability for discriminating morphologically similar clusters
that would otherwise intergrade and be less distinct in an all-encompassing statistical analysis of
material from all localities and ages.

Characters

A total of 12 linear distances was measured on transverse thin sections of five to ten well-preserved
corallites per colony (Text-fig. 3). The total number of septa (‘NS’) was also counted on each
measured corallite. Measurements were only obtained from mature corallites on each colony.

/

AX

T

< f cD

| A
TEXT-FIG. 3. Diagram showing nine of the 12 characters measured on transverse thin sections: CD (= CD-
MIN), minimum corallite diameter; CL1, columella tubercle length; CL2, CLW, corallite centre width;
L1, septum length (1st cycle); L2, septum length (2nd cycle); L3, septum length (highest cycle); NND, distance
between corallites; T1, costa length; T2, theca thickness. Three additional characters that were measured were:
CD-MAX, maximum corallite diameter; ST1, septum thickness (first cycle); ST2, septum thickness (second
cycle). All measurements were made to the nearest 0-01 mm. On poorly preserved colonies, only CD-MIN,
NND, and T2 were measured.
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Corallites were judged to be mature if their highest septal cycle was relatively well-developed.

In general, these characters estimate the sizes of various corallite architectural features, and the
size and spacing of corallites. They were selected because they represent a minimal set of diagnostic
characters within a larger suite of characters used in previous morphometric work on fossil and
living species of Montastraea (Budd 1991, 1993), a closely related genus which shares almost all of
the same features (Table 1). In this previous work, morphometric species recognized using methods
similar to those in the present study were found to correspond well with biological species
recognized using molecular data. A few previously used morphometric characters of Montastraea,
including several measurements related to skeletal density, spacing and trabecular thickness, could
not be measured in the present study because of inadequate preservation. These measurements are
sometimes taken more accurately in longitudinal section. Characters measured in the present study
that are unique to Tarbellastraea include the dimensions of the columella tubercle (CL1, CL2), the
thickness of the parathecal wall (T2) and costa length (T1).

The measurements and counts used in the present study are similar to those used by Chevalier
(1962). However, again, as mentioned above, because of inconsistencies in preservation, not all of
ithe characters treated by Chevalier (1962) could be measured, and analysed statistically. No
measurements could be made of calical relief, or of the structure and development of the endo- or
exotheca. Similarly, no measurements were made of overall colony size or shape. These characters
are, however, treated qualitatively in the species descriptions.

Moreover, on some corallites, only some of the 12 characters (Text-fig. 3) could be measured, due
to inadequate preservation. This is especially true of colonies from SP and SR, on which
measurements of septal thickness (ST1, ST2) could not be reliably obtained. Because of missing data
in these cases, morphological clusters were first distinguished by analysing only data from well-
preserved material. Data from less well-preserved material were subsequently compared statistically
with these initial morphological clusters.

In sum, the characters measured and statistically analysed in the present study are not the only
characters that can be used to distinguish the species studied. They merely represent the characters
with high species diagnostic potential based on previous work, and characters that could most easily
and consistently be measured on the largest number of colonies in the assembled material.

Statistical analyses

In order to recognize morphometric species, we used two major types of multivariate statistical
procedures: (1) average linkage cluster analysis (UPGMA) and (2) canonical discriminant analysis.
First, we analysed the measurement and count data for well-preserved colonies from each of the two
stratigraphical levels and distinguished morphological clusters within each level. Then we compared
less well-preserved colonies with the resulting morphological clusters. Finally we compared clusters
between stratigraphical levels to recognize morphometric species. Our protocol is described in detail
by Budd and Coates (1992) and Budd et al. (1994); the analyses were performed using the SAS
version 609 for UNIX statistical procedures.

The first step involved performing average linkage cluster analysis on colonies from each of the
two stratigraphical levels. In this initial cluster analysis, in order to prevent unknowingly assigning
excessive weight to any one aspect of morphology, we selected a set of well-preserved, geometrically
independent characters, with low Pearson’s correlation coefficients (i.e. significantly less than 0-60).
In the Upper Oligocene to Lower Miocene level, the characters consisted of NS, CD-MIN, NND,
CL2, T1, T2. In the Middle to Upper Miocene level, the characters consisted of these six characters
plus primary septum thickness (ST1). In the upper stratigraphical level, two ratios were also
included: (1) the ratio between CD-MIN and CD-MAX (‘CD-RAT’) and (2) the ratio between ST2
and ST1 (*ST-RAT"). The first ratio served as an estimate of corallite ellipticity; the second served
as an estimate of equality of the primary and secondary septa. Because the selected characters were
found to have little or no correlation with corallite size (CD-MIN), no further transformations were
made.
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TABLE 3. Correlations between characters (Text.-fig. 3) and canonical variables (CV) in three final canonical
discriminant analyses. Logarithms were taken in characters derived from linear measurements. *Heavily
weighted characters.

Character Cvl1 CV2 Cv3
1. Late Oligocene to Early Miocene (well preserved colonies only)
NS 0.903* —0-162 —0015
CD-MIN 0-379 —0345 —0261
CD-RAT —0-297 0-253 0-363
NND —0-246 0-579* -0-227
Tl 0-324 0-562* 0-379
T2 —0-507 —0-017 0-491*
CLW —0-036 —0-365 0-465*
Percentage variance explained 523 377 5-54
2. Mid to Late Miocene
NS -0117 —0-141 0-316
CD-MIN —0-672* 0-520 —0-179
CD-RAT 0-280 0-315 —0-178
NND —0-426 0-650* 0-531
Tl 0-326 0-725* 0-514
T2 0-267 —0-032 0-804*
CLW —0044 —0-084 —0-330
Percentage variance explained 454 387 159
3. Late Oligocene to Early Miocene (SP, SR unclassified)
NS 0-900* 0-343 0-250
CD-MIN 0-513 —0-044 0-469*
NND —0-464 0-527* 0-489*
T2 —0438 —0257 0-544*
Percentage variance explained 63-8 311 33
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TEXT-FIG. 4. Plots of scores on the first three canonical variables in the canonical discriminant analysis of well-
preserved Upper Oligocene to Lower Miocene colonies. Each point represents a colony mean. Symbols for
each point refer to the cluster to which the colony was assigned. Dashed lines outline the range of variation
within each cluster. Letters refer to morphometric species to which these clusters were later assigned. *,
holotype of T. carryensis (MNHN, LP.-R10521); 4, holotype of T. aquitaniensis (MNHN, LP.-R10518); +,
topotypes of T. ellisiana (MNHN, LP.).
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TEXT-FIG. 5. Transverse thin sections of four of the five statistically recognized species in the Upper Oligocene

to Lower Miocene. A, cluster 1 (morphometric species A), SUI-84718-A ; B, cluster 2 (morphometric species B),

SUI-51257-D; c, cluster 3 (morphometric species C), SUI-84765-C; D, cluster 5 (morphometric species E),
MNHN, LP., AFB4# 135-C. All x11.

Because ecophenotypic plasticity is high in colonial scleractinians and corallites within colonies
are highly variable (see Budd et al. 1994 for discussion), we used Mahalanobis distances when
performing cluster analyses, in order to reduce variational noise and to emphasize differences among
colonies rather than within colonies, when recognizing species quantitatively. To establish a cut-off
for cluster recognition on the cluster analysis dendrograms, we arbitrarily subdivided the corallites
for each colony into two groups of ‘colony halves’ in colonies, and calculated Mahalanobis
distances among all halves within each stratigraphical level. Only colonies with more than five
measured corallites were subdivided. Cut-offs for cluster recognition were established where: (1) the
highest number of clusters could be recognized, and (2) more than 85 per cent. of the two halves
of each colony belonged to the same cluster. In the Upper Oligocene to Lower Miocene level, a total
of 60 halved and four unhalved colonies (localities = NE, EG, DX, LP) were included in the initial
analysis, and eight clusters were recognized using a cut-off, in which the halves of only three of the
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TEXT-FIG. 6. Plots of scores on the first three canonical variables in the canonical discriminant analysis of well-

preserved Middle to Upper Miocene colonies. Each point represents a colony mean. Symbols for each point

refer to the cluster to which the colony was assigned. Dashed lines outline the range of variation within each
cluster. Letters refer to morphometric species to which the clusters were later assigned.

60 colonies (SUI 84735, 84764; MNHN, L.P.-AFB4# 132) belonged to different clusters. In the
Middle to Upper Miocene level, a total of 46 halved and five unhalved colonies (localities = TO,
GR, BL, LD, SI, AL, MA) were included in the initial analysis, and seven clusters were recognized
based on a cut-off in which the halves of only six of the 46 colonies (SUI 84704, 84652, 84658,
IPUM 24884; MNHN, LP.-AFB+# 043, 179) belonged to different clusters.

Differences among the recognized clusters within each level were then examined using canonical
discriminant analysis on data for each corallite. Logarithmic transformations were used for
measurement data when performing these analyses, because sample sizes in different clusters were
not equal and because measurement data in some clusters were skewed toward larger values. In the
analyses, unhalved colonies and colonies whose halves belonged to different clusters were left
unclassified. In the Upper Oligocene to Lower Miocene level, study of Mahalanobis distances
among clusters and canonical discriminant plots suggested that three of the eight clusters were not
significantly different from the other clusters. They were therefore combined, yielding a total of five
clusters. In the Middle to Upper Miocene level, three of the seven clusters were not significantly
different from the other clusters, and were therefore combined, yielding a total of four clusters.

Posterior probabilities were then used to assign unassigned colonies to one of the clusters in both
data sets, and a series of iterative discriminant analyses was run using colony means. In the series,
misclassified colonies were reassigned to different clusters until the highest percentage of colonies
was classified correctly. In the Upper Oligocene to Lower Miocene level, 96:9 per cent. of the 64
colonies were classified correctly. In the Middle to Upper Miocene level, 100 per cent. of the 51
colonies were classified correctly.

The results of the final canonical discriminant analyses for the two levels are shown in Text-
figures 4-7, and correlations between the original characters (Text-fig. 3) and the canonical variables
are given in Table 3. In the Upper Oligocene to Lower Miocene (Text-fig. 4), number of septa per
corallite (NS) was most strongly correlated with the first canonical variable (Table 3) which
distinguished clusters 1, 2 and 4 from cluster 3 and, to a lesser degree, cluster 3 from cluster 5.
Characters related to distance between corallites (NND, T1) were most strongly correlated with
canonical variable 2 (Table 3) which distinguished cluster 1 from cluster 2, and cluster 3 from cluster
5. These differences among clusters in number of septa and distance between corallites were clearly
seen in thin sections (Text-fig. 5). Furthermore, theca thickness (T2) and size of corallite centre
(CLW) were correlated most strongly with canonical variable 3 (Table 3) which distinguished cluster
1 from cluster 4.
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In the Middle to Upper Miocene (Text-fig. 6), corallite diameter (CD-MIN) was correlated most
strongly with the first canonical variable (Table 3), which distinguished cluster 4 from clusters 1 and
2, and clusters 1 and 2 from cluster 3. Characters related to distance between corallites (NND, T1)
were correlated most strongly with canonical variable 2 (Table 3) which distinguished cluster 2 from
cluster 1. The differences among clusters in corallite diameter and distance between corallites are
clearly seen in thin sections (Text-fig. 7). Furthermore, theca thickness (T2) was correlated most

TEXT-FIG. 7. Transverse thin sections of the four statistically recognized species in the Middle to Upper

Miocene. A, cluster 3 (morphometric species A), SUI-84673-H; B, cluster 2 (morphometric species D), SUI-

84671-G; c, cluster 1 (morphometric species I), SUI-84703-E; D, cluster 4 (morphometric species J), SUI-
84659-A. All x11.

strongly with canonical variable 3 (Table 3) which distinguished clusters 1 and 2 from clusters 3 and
4

.'Ihe next step in our protocol for recognizing morphometric species involved comparing
statistically the canonical discriminant results above, with data from less well preserved colonies
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collected at SP and SR. Measurements and counts on these colonies, similar to those in the analyses
above, could only be made for four characters (Text-fig. 3): CD-MIN, NND, T2, NS. It is
important to note, however, that these four characters were found to be the most important in
distinguishing clusters in the analyses above. To make the statistical comparisons, a series of
canonical discriminant analyses was run with data for the 64 Upper Oligocene to Lower Miocene
colonies above, eight colonies from SP, and four colonies from SR. This analysis was run using four
characters (CD-MIN, NND, T2, NS) and five groups (the five Upper Oligocene to Lower Miocene
clusters in Text-fig. 4). The 12 newly added colonies were left unclassified. The results (Text-fig. 8)

5

CANONICAL VARIABLE 2
>

_10 . L ] L 1 1
4 0 4 8

CANONICAL VARIABIE 1

TEXT-FIG. 8. Plot of scores on the first two canonical variables in the canonical discriminant analysis of Upper

Oligocene to Lower Miocene colonies including SP and SR. Each point represents a colony mean. Symbols for

each point refer to the cluster to which the colony was assigned. Dashed lines outline the range of variation
within each cluster. Letters refer to morphometric species to which these clusters were later assigned.

showed that the 12 newly added colonies did not lie within the margins of any of the five Upper
Oligocene to Lower Miocene clusters recognized earlier. Instead, seven of the colonies from SP
formed a separate group with high values on CV1, which was correlated most strongly with number
of septa per corallite (NS) (Table 3). Similarly, the four colonies from SR formed a group with low
values on CV2, which was correlated most strongly with distance between corallites (NND) (Table
3). A single colony from SP had exceedingly low values on CV2 and CV3, which were correlated
most strongly with distance between corallites (NND) and size (CD-MIN) respectively (Table 3).
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TEXT-FIG. 9. Plot of scores on the first two canonical variables in the canonical discriminant analysis of three

Upper Oligocene to Lower Miocene clusters and four Middle to Upper Miocene clusters. Each point represents

a colony mean. Symbols for each point refer to the cluster to which the colony was assigned. Dashed lines

outline the range of variation within each cluster. Letters refer to morphometric species to which these clusters
were later assigned.

We therefore interpret the two groups and the one odd colony to represent three distinct clusters,
yielding a total of eight clusters in the Upper Oligocene to Lower Miocene.

In the final step of our protocol for recognizing species, we compared the eight clusters in the
Upper Oligocene to Lower Miocene with the four clusters in the Middle to Upper Miocene level
using another series of canonical discriminant analyses. An initial analysis showed that no overlap
occurred between Upper Oligocene to Lower Miocene clusters 3 and 5-8, and the four Middle to
Upper Miocene clusters. Therefore, a separate analysis was run with only Upper Oligocene to
Lower Miocene clusters 1, 2 and 4 and the four Middle to Upper Miocene clusters. A total of 78
colonies and seven characters (NS, CD-MIN, CD-RAT, NND, Tl, T2, CL2) was used in the
analysis. The results showed that differences between cluster 1 in level 1 and cluster 3 in level 2 are
insignificant, and differences between cluster 4 in level 1 and cluster 2 in level 2 are insignificant
(Text-fig. 9). These clusters were therefore linked.

The results of the final statistical analyses suggest that a total of 10 morphometric species of
Tarbellastraea lived in the investigated basins during the Late Oligocene to Late Miocene. For the
remainder of our discussion, these statistically recognized morphometric species will be referred to
as ‘A’ to ‘J’. The relationships between the ten morphometric species and the statistically
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recognized clusters are: morphometric species A = cluster 1 in level 1 and cluster 3 in level 2;
morphometric species B = cluster 2 in level 1; morphometric species C = cluster 3 in level 1;
morphometric species D = cluster 4 in level 1 and cluster 2 in level 2; morphometric species E =
cluster 5 in level 1; morphometric species F = cluster 6 in level 1; morphometric species G = cluster
7 in level 1; morphometric species H = cluster 8 in level 1; morphometric species I = cluster 1 in
level 2; morphometric species J = cluster 4 in level 2. Means and standard deviations for the 12
measured characters (Text-fig. 3), NS, CD-RAT, and ST-RAT in the ten statistically recognized
morphometric species are given in Appendix 1.

"COMPARISON WITH TYPE SPECIMENS

Selection of type specimens

In order to assign names to the statistically recognized morphometric species, information was
assembled about the primary types of all species and varieties that have previously been assigned
to the genus Tarbellastraea. Primary types of species of the other seven genera in Table 1 were also
considered, if they were collected in the regions that we considered in our study and if they strongly
resembled Tarbellastraea. The final list of species is given in Table 4.

The calical surfaces of the type specimens of all species and varieties in Table 4 were first
examined to determine if they possessed the diagnostic characteristics of Tarbellastraea given in
Table 1. Two type specimens in Table 4 (Leptastraea anomala and Orbicella eggenburgensis) had a
spongy columella (Text-fig. 10) and therefore clearly did not belong to Tarbellastraea. Another
(T. bliosi) had paliform lobes, and therefore also did not belong. Three others (A4strea astroites =
T. organalis Barta-Calmus, 1973, Phyllocoenia ovalis and T. ukrainica) had very large calices
(> 5 mm) and four or more cycles of septa, and thus also did not belong. The remaining 25 species
in Table 4 possessed the diagnostic characteristics of Tarbellastraea, and were therefore considered
when determining names for the statistically recognized species.

Synonymies

Where possible, three measurements (NS, CD-MIN, NND) were made on calical surfaces of the
types of the 25 species and varieties (Appendix 2). In two cases (P. carryana and T. aquitaniensis),
thin sections were available of the holotype, so measurements were made directly from these and
included in the original canonical discriminant analysis (Text-fig. 4). In one case (Explanaria
crassa), the preservation was extremely poor, so no measurements could be made. In four other
cases (7. distans, A. ellisiana, T. edwardsi, T. ellisiana var. manthelanensis), the type specimens were
either lost or unavailable for measurement. For T. distans, measurements of the holotype were taken
from Barta-Calmus (1973). For T. edwardsi and T. ellisiana var. manthelanensis, no measurements
of the holotype exist in the literature; therefore, only a qualitative assessment could be made (see
species descriptions of T. profundata and T. bragai below). For A. ellisiana, the holotype is lost,
and the neotype designated by Alloiteau (1957, pl. 8, figs 4, 15; MNHN, I. P. R10933) could not
be located. Therefore, measurements .were made directly on thin sections of ten ‘topotype’
specimens in the general collections in Paris (MNHN, 1. P., AFB4# 129, 131, 133-140) labelled as
‘Tarbellastraea ellisiana (Defrance, 1826)° from Mérignac, Gironde (Aquitaine, France), and
included in the original canonical discriminant analysis (Text-fig. 4). These specimens were amongst
the material studied by Alloiteau (1957) in designating his neotype, and were also studied by
Chevalier (1962). We hesitate to designate another neotype for T. ellisiana, as long as the potential
exists for Alloiteau’s (1957) neotype to be found.

In the remaining 18 types, the three measurements (NS, CD-MIN, NND) were made on the
calical surfaces of holotypes. As with the 13 localities (Table 2), one of us (FRB) determined the
geological age dates for the type locality of each of the 25 species and varieties of Tarbellastraea by
consulting with specialists on the local geology of the area, and by conducting a thorough review
of the most recent literature (Table 5). As mentioned earlier, problems in age determination are to
be discussed in fuller detail in a second paper.
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TEXT-FIG. 10. Calical surfaces of holotypes of two species that have been previously assigned to Tarbellastraea
but do not belong in this genus. A, Astrea astroites Catullo, 1856 (= Tarbellastraea organalis Barta-Calmus,
1973); MPUP-8261. B, Leptastraea anomala Michelotti, 1871; MPUR-3302. Both x 5.

In the three cases where thin section measurements were made (7. aquitaniensis, P. carryana,
A. ellisiana), the type specimens for these species were assigned to the statistically recognized species
as part of the canonical discriminant analyses, and synonymies between the statistical species and
these type specimens were determined on the basis of the results of this analysis (Text-fig. 4). In this
procedure, T. aquitaniensis was only synonymized questionably with statistical species D, because
of the large distance of its holotype from the centre of that cluster. The type specimen for
P. carryana clearly lay in the centre of statistical species C, and the topotypes for A. ellisiana
definitely belonged to statistical species E. Therefore, synonymies for these two species were made
without question.

In the remaining 19 cases (including T. distans) where measurements were made on calical
surfaces of holotypes (Appendix 2), bivariate plots were constructed for number of septa (NS) vs
distance between corallites (NND), and for corallite diameter (CD) vs distance between corallites
(NND) using the same two major stratigraphical levels as in the canonical discriminant analyses:
(1) Upper Oligocene to Lower Miocene and (2) Middle to Upper Miocene (Text-fig. 11). On each
plot, type specimens (labelled 1-21) were considered to be synonymous with a given statistically
recognized morphometric species (labelled A-J), if they lay near the statistical species on both of
the two plots. In two cases (type 13 with morphometric species E in the Upper Oligocene to Lower
Miocene; type 21 with morphometric species I in the Middle to Upper Miocene), only questionable
synonymies were made because of the large distance between the type specimen and the statistical
species. A questionable synonymy was also made for type 6 with morphometric species F, because
of difference in structure of the columella and wall. Two groups of types (1, 3, 9, 11 in the Upper
Oligocene to Lower Miocene; 5, 15 in the Middle to Upper Miocene) formed clusters separate from
any of the statistical species, and therefore were considered to be distinct morphometric species
unrepresented in the statistical analyses. A summary of the results of these comparisons is given in
Table 6.

In general, a total of 12 species of Tarbellastraea was found to have lived in the investigated
European and Mediterranean regions during the Late Oligocene to Late Miocene. The
distinguishing characteristics for these 12 species are summarized in Table 7, and formal
descriptions are provided in the section below on systematic palaeontology. Although the overall
number of species is similar to that recognized by Chevalier (1962), nine of his 19 species and
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TABLE 6. List of species found to be synonymous by examination of measurements made on type specimens,
as shown in Text-figure 11.

Name assigned

Code Species found to be synonymous
Statistical species A
20 Explanaria tenera Reuss, 1847 Tarbellastraea tenera
7 Heliastraea conoidea Reuss, 1872 (Reuss, 1847)
19 Tarbellastraea siciliae Chevalier, 1962
Statistical species B
8 Tarbellastraea distans Chevalier, 1962 Tarbellastraea distans
(Chevalier, 1962)
Statistical species C
4 Phyllocoenia carryana d’Orbigny, 1852 Tarbellastraea carryensis
: (d’Orbigny, 1852)
Statistical species D
16 Astraea raulini Milne Edwards and Haime, 1850 Tarbellastraea raulini
14 Astraea prevostiana Milne Edwards and Haime, 1850 (Milne Edwards
2 ?Tarbellastraea aquitaniensis Chevalier, 1962 and Haime, 1850)
18 Tarbellastraea reussiana var. echinulata Chevalier, 1962
Statistical species E
— Astrea ellisiana Defrance, 1826 Tarbellastraea ellisiana
13 ?Tarbellastraeca mimbastensis Chevalier, 1962 (Defrance, 1826)
Statistical species F
6 ?Tarbellastraea carryensis var. minor Chevalier, 1962 Tarbellastraea chevalieri sp. nov.
Statistical species G Tarbellastraea russoi sp. nov.
Statistical species H Tarbellastraea salentinensis sp. nov.
Statistical species 1
17 Astraea reussiana Milne Edwards and Haime, 1850 Tarbellastraea reussiana
12 Solenastraea manipulata Reuss, 1872 (Milne Edwards and Haime, 1850)
21 0rbicella transsylvanica Kiihn, 1925
Statistical species J Tarbellastraea bragai sp. nov.
10 Tarbellastraea eggenburgensis var. formosa Kiihn, 1925 Tarbellastraea abditaxis
1 Tarbellastraea abditaxis Chevalier, 1962 (Chevalier, 1962)
3 Tarbellastraea aquitaniensis var. termofurae Chevalier,
1962
9 Tarbellastraea cf. eggenburgensis Chevalier, 1962
11 Tarbellastraea eggenburgensis var. andalousiensis
Chevalier, 1962
15 Astrea profundata Catullo, 1856 Tarbellastraea profundata
5 Tarbellastraea carryensis var. major Chevalier, 1962 (Catullo, 1856)

varieties are synonymized, and two new species are recognized from the Oligocene of Italy. Thus,
our results suggest that some of Chevalier’s (1962) species and varieties can be synonymized, but
certainly not all, as advocated by Best et al. (1984).

In general, early during the evolution of the genus (Late Oligocene to Early Miocene), species
exhibited a wider range of morphologies (Text-fig. 11). Number of septa per corallite (NS) ranged
from 18 to 38, and corallite diameter (CD-MIN) ranged from 1-7 mm to 3-5 mm. In contrast,
during the Mid to Late Miocene, number of septa per corallite (NS) ranged from 24 to 26, and
corallite diameter (CD-MIN) ranged from 1-4 mm to 2:5 mm. Therefore, Tarbellastraea exhibited
a striking decrease in overall morphological disparity through geological time.
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TEXT-FIG. 11. Plots of mean measurements made on type specimens and statistically recognized species. Dashed
lines enclose species that are interpreted to be synonymous. Numbers refer to codes given in Table 8; letters
refer to statistically recognized species shown in Text-figures 4, 6 and 8-9. Measurement data for statistically
recognized species are given in Appendix 1; measurement data for type specimens are given in Appendix 2.

STRATIGRAPHICAL AND GEOGRAPHICAL DISTRIBUTIONS OF SPECIES

To examine evolutionary patterns within Tarbellastraea, we tabulated numbers of colonies of the
12 species occurring in the 13 collecting localities (Table 2) and other type localities (Table 5), and
used the results (Table 8) to determine the stratigraphical ranges of species (Text-fig. 12). The genus
as a whole appears to have ranged from the Oligocene (Rupelian) to the Early Messinian. Although
some authors have suggested that the genus may have originated in the Eocene (e.g. Barta-Calmus
1973; Kuzmicheva 1987), our work clearly shows these earlier occurrences do not belong to the
genus Tarbellastraea and that the genus most probably originated in the Early Oligocene, as
suggested by Chevalier (1962). However, the ranges of most species extend between two or more
stages of geological time, and they therefore cannot be considered diagnostic of any one stage (Text-
fig. 12; cf. Chevalier 1962). Three possible exceptions are Tarbellastraea russoi and T. salentinensis
which are restricted to the Middle Chattian, and T. ellisiana which is restricted to the Lower
Burdigalian.
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TABLE 8. Occurrences of species of Tarbellastraea in the 13 collecting localities used in the morphometric
analysis. Locality abbreviations are given in Table 2. Numbers indicate number of non-type colonies examined
(Including topotypes). Numbers with ‘T’s indicate number of primary types examined. E., Early; M., Mid; L.,
Late.

Locality abditaxis  bragai carryensis  chevalieri distans ellisiana profundata

MA — 1 — — — —

AL et 3 i — —— —_

SI — — C— —— — —

LD P i s s S —_— —— —

BL — e o - — -

GR — . T LT - — —

TO 3T Nt — et 1T -

EG 1T o — —_— — —

LP - — — 2 — 8 10,1T —

DX — — — —_ — 10 —

SR Wt - — 4 —_— — —

NE T — 15,1T nT e T 1T

SP L — — — - —

Other 1T 1T — — NnT —_ 1T
(Granada) (Touraine) (Vienna) (Vicentin),

21T (Gaas)

Locality raulini reussiana  russoi salentinensis  tenera Geological age

MA — — — —_ 4 L. Tortonian—?Messinian

AL e ') P = — L. Tortonian

SI 1 — T == - 1,1T L. Tortonian

LD 1 12 i — —_ — Langhian

BL 6 4 — S 1 Langhian

GR — 5 — — — Langhian

TO = 1 — = 4 Burdigalian-Langhian

EG — — S~ — 10 E.-M. Burdigalian

LP 7,2T,NT == — i — E. Burdigalian

DX — — — b e E. Burdigalian

SR — Ll — g — L. Chattian—Aquitanian

NE —_ — — — — L. Chattian

Sp — — 7 1 — M. Chattian

Other 1T 2T,NT — — 2T —
(Malta) (Vienna) (Vienna)

Except in the Rupelian, Aquitanian and Messinian, the number of species of Tarbellastraea
living in the investigated areas during any one time stage ranged from five to seven. Originations of
species were concentrated during two time intervals, the Chattian and Burdigalian; while
extinctions appear more evenly distributed through time (0-3 species per interval, except the
Tortonian). The increase in originations during the Burdigalian was also detected by Chevalier
(1962) in his study of the entire reef coral fauna of the western Mediterranean Miocene (86 species,
39 genera), and may have been related to a relatively high global thermal optimum during the
Burdigalian (Adams et al. 1990; Cahuzac and Chaix 1993; Lauriat-Rage et al. 1993; McCall et al.
1994). However, unlike Chevalier’s (1962) results for the western Mediterranean reef coral fauna as
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SPECIES RUPELIAN CHATTIAN {AQ.| BURDIGAL. |LAN.[SERRAV.| TORT. {ME.

Tarbellastraea bragai SR — I L ocmmomw I __1-?

TR TS
Tarbellastraea raulini ) ) !

Tarbellastraea tenera o ' o ?

Tarbellastraea reussiana

Tarbellastraea abditaxis L I SR A PR ) P

Tarbellastraea distans ’ : IR (.
y R . -

Tarbellastraea ellisiana ' [ #

Tarbellastraea carryensis

Tarbellastraea chevalieri e

Tarbellastraea russoi i ——

Tarbellastraea salentinensis i—

Tarbellastraea profundata |- - - - c ¢ e oo alec e e mama

total no. of species 1 5 2 7 6 5 H 1

no. of originations 1 4 0 6 1 0 0 0

no. of extinctions [} 3 1 2 1 0 4 1

TEXT-FIG. 12. Stratigraphical range chart summarizing the range interpreted for each species. Solid lines

indicate ranges determined by canonical discriminant analysis of thin section measurements. Dashed lines

indicate extensions of ranges based on qualitative study of calical surface measurements of primary types.
Column width is proportional to the time duration of each stage.

a whole, our study indicates that there was not a progressive increase in species extinctions and
decline in species diversity within Tarbellastraea as a result of progressive cooling between the
Burdigalian and Tortonian. Instead, the species extinction rate remained relatively constant until the
latest Miocene (Late Tortonian to Messinian), when five of the 12 species in the genus became
extinct within a relatively short interval of time, and Mediterranean reefs became dominated by
Porites (Esteban 1979; Pomar 1991; Riding et al. 1991). Thus, the extinction rate increased in
Tarbellastraea only after a minimum temperature threshold had been reached as cold Atlantic
waters entered the Mediterranean (Esteban 1979).

Cursory examination of the geographical distributions of each species suggests that, although
possibly restricted during the Oligocene, the distributions of most species included more than one
locality within each time interval, and they were therefore relatively widespread. The oldest
occurrence of the genus was Tarbellastraea profundata in the Early Oligocene (Rupelian)
Castelgomerto Limestone of the Vicentin Southern Alps, the rich coral fauna and 200 m thick
barrier reef-lagoonal complex of which have been studied intensively by numerous authors (Pfister
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1980; Frost 1981; Bosellini 1988; Bosellini and Russo 1988; Bosellini and Trevisani 1992). During
the Late Oligocene (Chattian), four new species arose in the central and western Mediterranean.
Like T. profundata, the geographical distributions of these four species appear to have been
restricted. One of the species (7. carryensis) spread to the Aquitaine Basin on the Atlantic coast of
France by the Burdigalian, where as many as three new species may have originated. One of the
three (T distans) also occurred in the Torino region of Italy, which together with the Vienna Basin
also contained three or four new species. The two centres of high diversity in the Aquitaine Basin
and Torino region during the Burdigalian were also detected in Chevalier’s (1962) study of the
whole fauna, in which he reported 96 reef coral species in Aquitaine Basin and 91 reef coral species
in Torino. However, it should be noted that reefs in neither of these two regions were thick or well-
developed.

During the Mid to Late Miocene, many of the species that arose during the Burdigalian expanded
their distributions, especially across the Paratethys as it widened. During the latest Miocene,
Tarbellastraea was concentrated in the central and western Mediterranean. One new species,
T. bragai, an important reef-framework builder, may have extended from France to southern Spain.

SYSTEMATIC PALAEONTOLOGY

As described in previous sections, species have been distinguished in the present study by
performing multivariate statistical analyses on measurements of colonies in thin sections that were
collected at 13 scattered localities across the northern Mediterranean region (Table 2). As described
earlier, these collections were made by: (1) A. F. Budd (deposited at SUI), (2) F. R. Bosellini
(deposited at IPUM), (3) J. C. Braga (deposited at SUI), and (4) A. Russo (deposited at IPUM).
Several additional colonies in the collections of Chevalier and d’Orbigny (deposited at MNHN,
I.P.) were also measured in thin section. All of these measured colonies are listed in the * Material’
sections below. Where applicable, localities for colonies listed in the ‘Material’ sections are
abbreviated as given in Table 2. In some instances, additional unmeasured colonies are also listed
in the * Material’ sections. Type specimens (Table 4) have been assigned qualitatively to statistically
distinguished species by visual examination and by consideration of a few cursory measurements on
calical surfaces (Appendix 2). In the two cases where thin sections of holotypes were available
(i.e. T. carryensis (MNHN, 1.P.-R10521) and T. aquitaniensis (MNHN, 1.P.-R10518)), thin section
measurements have been used to assign type specimens to statistically distinguished species. Except
in a few rare instances, only specimens given in Table 4 are listed in synonymies.

The characters treated in ‘ Diagnosis’ and ‘ Description’ sections are summarized in the chart in
Table 7. Except in the cases of T. abditaxis and T. profundata, all descriptions and measurements
of corallite level characters are based on examination of thin sections. In general, the range of values
given is equal to the overall corallite mean for each species+one standard deviation. The total
number of corallites measured for each species is given in Appendix 1. The range of values given
for columella thickness represents an approximate total range of thickness for this feature. In the
qualitative description of dissepiments, ‘ well-developed’ is defined as having a ring of dissepiments
extending across more than half a corallite as seen in thin section.

Abbreviations of repository institutions. BSPHGM, Bayerische Staatssammlung fiir Paldontologie und
Historische Geologie, Munich, Germany; IPUM, Istituto di Paleontologia, Universitd di Modena, Italy;
KME, Krahnletz Museum, Eggenburg, Austria; MGU, Moscow State University, Russia; MNHN, LP.,
Muséum National d’Histoire Naturelle, Institut de Paléontologie, Paris, France; MPUP, Museum dell’Istituto
di Geologia e Paleontologia, Universitd di Padova, Italy; MPUR, Museo di Paleontologia, Universita di
Roma, Italy; NHMW, Naturhistorisches Museum Wien, Vienna, Austria; SUI, Department of Geology,
University of Iowa, Iowa City, USA.
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Genus TARBELLASTRAEA Alloiteau, 1950

Type species. Astrea ellisiana Defrance, 1825, p. 382.

Diagnosis. Plocoid colonies with small, cylindrical or subcylindrical corallites. Septothecate, or
partially parathecate in larger corallites. Septa in 3—4 cycles; first cycle distinct, lacking paliform
lobes. Columella generally lamellar at calicular surface, sublamellar to lamellar below. Weakly
costate with tabulo-vesicular endotheca and exotheca. Endotheca consisting of thin dissepiments
arranged in one or two concentric circles near wall.

Remarks. Alloiteau (1950) established Tarbellastraea and designated Astrea ellisiana Defrance as
the type species of the genus. Subsequent detailed diagnoses of the genus appeared in Alloiteau
(1952, 1957). The diagnosis used in the present study is essentially the same as that given by
Alloiteau (1952, 1957), except that the condition of the corallite wall in the genus is predominantly
septothecal in the sense of Vaughan and Wells (1943) and Wells (1956). The holotype of T. ellisiana
(Defrance) was collected at St-Paul-lés-Dax, and was reported by Alloiteau (1957) as lost. Alloiteau
(1957, pl. 8, figs 4, 15) designated a neotype (MNHN, I.P.-R10933), which could not be located at
the MNHN, LP. (S. Barta-Calmus, pers. comm. 1994). Because the potential still exists for this
neotype to be found, we hesitate to designate another neotype, and thus base our concept of
T. ellisiana (Defrance) on the study of 10 ‘topotype’ specimens in the general collections in Paris
(MNHN, LP., AFB# 129, 131, 133-140) labelled as ‘ Tarbellastraea ellisiana (Defrance, 1826)’
from Mérignac, Gironde, France. These specimens were amongst the material studied by Alloiteau
(1957) in designating his neotype, and were also studied by Chevalier (1962).

As noted above, species included in Tarbellastraea are most similar to those in the genus
Antiguastrea. They can generally be distinguished by their more clearly plocoid form, their smaller
corallite size and fewer septa. Also, in species of Tarbellastraea the first cycle of septa is commonly
distinctly thicker and longer than the second cycle, while in Antiguastrea the first and second cycles
of septa are subequal. Antiguastrea species also tend to possess a better developed endotheca than
species of Tarbellastraea, though this is probably a factor of the generally larger corallite size in
Antiguastrea.

Tarbellastraea abditaxis Chevalier, 1962
Plate 1, figures 1-2; Text-figures 11-12

1925  Orbicella eggenburgensis var. formosa Kiihn, p. 7, pl. 1, fig. 3.

1962  Tarbellastraea abditaxis Chevalier, p. 204, pl. 6, fig. 10; pl. 23; fig. 8.

1962  Tarbellastraea aquitaniensis var. termofurae Chevalier, p. 202, pl. 8, figs 17-18.

1962  Tarbellastraea cf. eggenburgensis (Kithn); Chevalier, p. 202, pl. 6, fig. 3; pl. 24, fig. 9.

1962  Tarbellastraea eggenburgensis var. andalousiensis Chevalier, p. 203, pl. 9, fig. 13; pl. 23, fig. 9.

Holotype. MNHN, 1.P.-R10525; Sciolze, Torino (Italy); Burdigalian—Langhian.

EXPLANATION OF PLATE |

Figs 1-2. Tarbellastraea abditaxis Chevalier, 1962; Burdigalian-Langhian, Sciolze, Torino (Italy), calical
surfaces. 1, holotype, MNHN, LP.-R10525. 2, synonym, MNHN, I. P. (original figured specimen of
Tarbellastraea cf. eggenburgensis Chevalier, 1962, pl. 6, fig. 3, and pl. 24, fig. 9). Both x 5.

Figs 3-4. Tarbellastraea bragai Stemann and Budd sp. nov.; holotype, SUI-84664, Upper Tortonian,
Purchena, Almeria (Spain). 3, calical surface; x 7. 4, transverse thin section; x 11.

Figs 5-6. Tarbellastraea carryensis (d’Orbigny, 1852); holotype, MNHN, L.P.-R10521, Upper Chattian, Carry-
le-Rouet, La Nerthe, Bouches-du-Rhone (France). 5, calical surface; x 5. 6, transverse thin section; x 11.



PLATE 1

BUDD et al., Tarbellastraea
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" Material. None, other than the type specimens for the five species given in the synonymies above (see Table
4 for museum catalogue numbers).

" Diagnosis. Massive colonies with intermediate-sized, closely spaced corallites bearing a thick wall.

Description. Colony form massive. Corallite round, diameter 1-5-2-3 mm, centres spaced 2-2-3-0 mm apart with
23-25 septa per centre. Length of first cycle septa < 1-1 mm. Largest costae moderately long. Corallite wall
septothecal and 0-15-0-25 mm thick. Columella strong or weak, apparently tied to septa, and < 0-08 mm thick.
Endotheca weak or absent. Exotheca exhibits no distinct density banding.

Remarks. None of the collections in our study contains specimens of T. abditaxis. This species is
closest morphologically to T. chevalieri and T. reussiana (Text-fig. 6). It can be distinguished from
the former by its more closely spaced corallites and from the latter by its smaller corallite diameter
and its higher number of septa per corallite. This species appears similar to what has been called
‘T. eggenburgensis’ by some past authors (e.g. Chevalier 1962). However, the syntypes of Orbicella
eggenburgensis Kiithn, 1925 (pl. 1, figs 1-2) at the KME have a large, spongy columella and clearly
belong to Solenastrea as defined in Table 1. We interpret the name Orbicella eggenburgensis var.
formosa to be infrasubspecific, because Kiihn (1925) originally described this variety as caused by
environmental variation and not by geographical variation. Following Article 45 of the International
Code of Zoological Nomenclature (Ride et al. 1985, p.85), the valid name is, therefore,
Tarbellastraea abditaxis Chevalier, 1962.

Occurrence. Lower-Middle Burdigalian, Eggenburg (Austria); Burdigalian-Langhian, Torino (Italy);
Tortonian, Granada (Spain).

Tarbellastraea bragai Stemann and Budd sp. nov.
Plate 1, figures 3—4; Text-figures 6-7, 9, 11-12
21962  Tarbellastraea ellisiana var. manthelanensis Chevalier, p. 195, pl. 5, fig. 4 [not seen).

Derivation of name. In honour of Juan C. Braga (Departamento de Estratigrafia y Paleontologia, Universidad
de Granada, Spain).

" Holotype. SUI-84664; Purchena, Almeria (Spain); Upper Tortonian.
Paratypes. SUI-84658, 84659; Purchena, Almeria (Spain); Upper Tortonian.

" Material. 9 SUI colonies (AL), 3 measured: SUI-84658-84659, 84664 ; one measured IPUM specimen (MA):
IPUM-24880. i

" Diagnosis. Laminar, columnar or branched colonies with intermediate-sized, widely spaced
corallites.

Description. Colony form laminar, columnar or branched palmately. Corallite shape irregular,
diameter 1-8-2-3 mm, centres spaced 3-4-4-7 mm apart with 23-25 septa per centre. Length of first
cycle septa 0-87-1-11 mm. Length of largest costae 0-39—0-53 mm. Corallite wall septothecal and
0-09-0-19 mm thick. Columella strong or weak, tied to septa, and 0-05-0-13 mm thick. Endotheca
weak or absent. Exotheca exhibits dense, horizontal layering.

Remarks. One specimen of T. ellisiana var. manthelanensis from Manthelon (France) in the
d’Orbigny collection at MNHN, L.P. (R10509) belongs to this species, but it does not match the
photograph of the type given by Chevalier (1962, pl. 5, fig. 4), nor do measurements made in the
present study match those given for this variety by Chevalier (1962). Therefore, T. ellisiana var.
manthelanensis is only questionably synonymized. T. bragai is closest morphologically to T raulini
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and to 7. reussiana (Text-fig. 6). It can be readily distinguished from these two species by its more
widely spaced corallites, and its growth form.

Occurrence. Langhian, Manthelan, Touraine, Indre-et-Loire (France); Upper Tortonian, Almeria
(Spain); Upper Tortonian-?Lower Messinian, Mallgrca (Spain).

Tarbellastraea carryensis (d’Orbigny, 1852)
Plate 1, figures 5-6; Text-figures 4-5, 8, 11-12
1852  Phyllocoenia carryana d’Orbigny, p. 147.

Holotype. MNHN, LP.-R10521. Carry-le-Rouet, La Nerthe, Bouches-du-Rhéne (France); Upper Chattian.
Thin section measured.

Material. 69 SUI colonies (NE), 14 measured; SUI-84764-84765, 84767-84768, 84782, 84786, 8478884790,
84795, 84797, 84804, 84807-84808. Two non-type specimens (Mérignac, Gironde, France) at MNHN, L.P.
measured (AFB# 130, 132). One topotype (La Nerthe, Bouches-du-Rhone, France) in the Chevalier collection
at MNHN, I.P. measured (AFB3 171).

7Diagnosis. Irregularly shaped colonies with large, widely spaced corallites.

Description. Colony form massive-columnar. Corallite shape irregular, diameter 2-1-2-9 mm, centres spaced
3-1-4-1 mm apart with 26-33 septa per centre. Length of first cycle septa 0-86-1-16 mm. Length of largest costae
0-42-0-62 mm. Corallite wall septothecal or partially parathecal and 0-02-0-16 mm thick. Columella strong or
weak, tied to septa, and < 0-14 mm thick. Endotheca well-developed forming 1-3 rings. Exotheca exhibits no
distinct density banding.

Remarks. T. carryensis is closest morphologically to T. raulini and T. ellisiana (Text-fig. 4). It can
be distinguished from the former primarily by its higher number of septa per corallite and from the
latter by its larger corallite size, its reduced costae, and its slightly fewer number of septa per
corallite.

Occurrence. Upper Chattian, La Nerthe, Bouches-du-Rhéne (France); Lower Burdigalian, Bordeaux (France).

Tarbellastraea chevalieri Bosellini sp. nov.
Plate 2, figures 1-2; Text-figures 8, 11-12
91962  Tarbellastraea carryensis var. minor Chevalier, p. 198, pl. 10, figs 3, 9-10.
Derivation of name. In honour of the late J. P. Chevalier (MNHN, LP.).

7Holotype. IPUM-24876; Dolianova, Sardinia (Italy); Upper Chattian-Aquitanian.
7Paratypes. IPUM-24877-24879; Dolianova, Sardinia (Italy); Upper Chattian-Aquitanian.

Material. 4 IPUM colonies (SR), 4 measured: IPUM-24876-24879; plus type specimen of T. carryensis var.
minor (MNHN, 1.P.-R10522).

Diagnosis. Massive colonies with small, intermediately spaced corallites bearing a thick wall.

Description. Colony form massive. Corallite shape round-irregular, diameter 1-6-2-4 mm, centres spaced
2:5-3-4 mm apart with 19-25 septa per centre. Length of first cycle septa 0-66-0-94 mm. Largest costae
relatively short. Corallite wall septothecal and 0-09-0-29 mm thick. Columella weak or absent, tied to septa,
and 0-05-0-09 mm thick. Endotheca weak or absent. Exotheca exhibits no distinct density banding.
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Remarks. The specimens from Sardinia have a distinctively thicker wall and more reduced columella
than Tarbellastraea carryensis var. minor Chevalier, 1962. Thus, the Sardinian specimens and
T. carryensis var. minor are only questionably synonymized. Furthermore, following Article 16 of
the International Code of Zoological Nomenclature (Ride ez al. 1985, p. 38), a scientific name
proposed for a variety after 1960 is excluded from zoological nomenclature. A new name is
therefore assigned to the species. The reduced costae of the Sardinian specimens suggest that this
species may be allied with Solenastrea. However, because of its reduced columella, the species is
assigned to Tarbellastraea, until a more thorough phylogenetic study can be performed.

T. chevalieri is extremely close morphologically to T. abditaxis and is distinguished primarily by
its more widely spaced corallites (Text-fig. 11). More samples from the Torino region of Italy need
to be evaluated in order to determine whether T. chevalieri and T. abditaxis are truly distinct.
T. chevalieri is also close morphologically to 7. tenera (Text-fig. 8) from which it differs primarily in
its larger, more narrowly spaced corallites.

Occurrence. Upper Chattian, La Nerthe, Bouches-du-Rhéne (France); Upper Chattian—Aquitanian, Sardinia
(Italy).

Tarbellastraea distans Chevalier, 1962
Plate 2, figure 6; Text-figures 4-5, 9, 11-12

71847  Explanaria crassa Reuss, p. 18, pl. 3, fig. 1.
1962  Tarbellastraea distans Chevalier, p. 208, pl. 5, fig. 9 [not seen).

Holotype. MNHN, L.P.-R55165; Albugnano, Torino (Italy); Burdigalian—Langhian (could not be found).

Material. 7 SUI colonies (LP), 6 measured: SUI-51236, 51243, 51251, 51255, 51257-51258. Two non-type
specimens (Le Peloua, Gironde, France) in the Chevalier collection at MNHN, L.P. measured (AFB# 117,
160). Holotype of Explanaria crassa (NHMW-1832.1.1368).

Diagnosis. Massive colonies with small, very widely spaced corallites bearing long costae.

Description. Colony form massive. Corallite round, diameter 1-7-2-1 mm, centres spaced 4-1-5-2 mm apart with
23-26 septa per centre. Length of first cycle septa 0-68—0-84 mm. Length of largest costae 0-49-0-79 mm.
Corallite wall septothecal and 0-05-0-21 mm thick. Columella weak, free or tied to septa, and < 0-08 mm thick.
Endotheca well-developed forming one ring. Exotheca exhibits strong density banding.

Remarks. Explanaria crassa is only questionably synonymized with this species, because of the poor
preservation of its holotype (NHMW-1832.1.1368). T. distans differs from all other members of

EXPLANATION OF PLATE 2

Figs 1-2. Tarbellastraea chevalieri Bosellini sp. nov. 1, holotype, IPUM-24876; Upper Chattian—Aquitanian,
Dolianova, Sardinia (Italy); transverse ‘thin section; x 10. 2, possible synonym, MNHN, I.P.-R10522
(holotype of Tarbellastraea carryensis var. minor Chevalier, 1962); Upper Chattian, Carry-le-Rouet, La
Nerthe, Bouches-du-Rhéne (France); calical surface; x 5.

Figs 3-5. Tarbellastraca tenera (Reuss, 1847); calical surfaces. 3, synonym, NHMW-1854.XXXV.500
(holotype of Heliastraea conoidea Reuss, 1872); Badenian (Langhian), Enzesfeld (Austria); x 5. 4, synonym,
MNHN, I.P.-R10522 (holotype of Tarbellastraea siciliae Chevalier, 1962); Upper Tortonian, Landro, Sicily
(Italy); x 5.5, holotype, NHMW-1872.XI11.61; Badenian (Langhian), Kostel, Vienna Basin (Austria); x 6.

Fig. 6. Tarbellastraea distans Chevalier, 1962; non-type, MNHN, LP., AFB4# 117; Lower Burdigalian, Le
Peloua, Bordeaux (France); transverse thin section; x 11.
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Tarbellastraea in its extremely widely spaced corallites (Text-fig. 5). It is closest morphologically to
T. raulini.

Occurrence. Lower Burdigalian, Bordeaux (Gironde, France); Burdigalian-Langhian, Torino (Italy);
?Langhian, Vienna (Austria).

Tarbellastraea ellisiana (Defrance, 1826)
Plate 3, figures 1-2; Text-figures 1, 4-5, 8, 11-12

1826  Astrea ellisiana Defrance, p. 382 [holotype lost].
1957  Tarbellastraea ellisi (Defrance, 1926); Alloiteau, p. 128, pl. 8, fig. 4, 15 [neotype designated, not
seen].
21962  Tarbellastraea mimbastensis Chevalier, p. 199, pl. 5, fig. 3; pl. 23, fig. 1.

Neotype. MNHN 1.P.-R10933; Mérignac, Gironde, Bordeaux (France); Lower Burdigalian (could not be
found).

Material. 10 SUI colonies (DX), all measured: SUI-84734-84743. Ten topotypes (Mérignac, Gironde, France)
at MNHN, 1.P. measured (AFB# 129, 131, 133-140). Holotype of T. mimbastensis (MNHN, I.P.-R10529).

Diagnosis. Massive colonies with intermediate-sized to large, intermediately spaced, irregularly
shaped corallites bearing numerous septa.

Description. Colony form massive. Corallite shape irregular, diameter 1-9-2-5 mm, centres spaced 2:9-3-9 mm
apart with 27-35 septa per centre. Length of first cycle septa 0:69-1:01 mm. Length of largest costae
0-47-0-77 mm. Corallite wall septothecal or partially parathecal and 0-01-0-20 mm thick. Columella strong,
tied to septa, and 0-1-0-2 mm thick. Endotheca well-developed forming 1-3 rings. Exotheca exhibits strong
density banding and dense coenosteum.

Remarks. The holotype is lost, and the specimen that was figured in Alloiteau (1957, pl. 8, fig. 4,
15) and used in Alloiteau’s original description of the genus Tarbellastraea is considered to be the
neotype [S. Barta-Calmus, pers. comm. 1994). The neotype could not be found at the MNHN, L.P.
for our study; however, ten topotypes that are morphologically similar to Alloiteau’s (1957)
description and photograph were measured in thin section and included in the statistical analyses.
As explained in the main text, 7. mimbastensis is only questionably synonymized because of its
slightly smaller corallite diameter and fewer number of septa. T. ellisiana is very close
morphologically to T. carryensis (Text-fig. 4), but can be distinguished by its smaller corallite size,
more numerous septa per corallite, and better developed costae.

Occurrence. Lower Burdigalian, Saint-Paul-les-Dax, Landes and Bordeaux, Gironde (France).

EXPLANATION OF PLATE 3

Figs 1-2. Tarbellastraea ellisiana (Defrance, 1826); Lower Burdigalian. 1, topotype, MNHN, L.P.; Mérignac,
Gironde, Bordeaux (France); transverse thin section; x 11. 2, possible synonym, MNHN, L.P.-R10529
(holotype of Tarbellastraca mimbastensis Chevalier, 1962); Mimbaste, Bordeaux (France); calical surface;
x 5.

Figs 3-6. Tarbellastraea profundata (Catullo, 1856); calical surfaces. 34, holotype, MPUP-8142, Rupelian,
Montecchio, Vicenza (Italy). 5, synonym, MNHN, I.P.-R10523 (holotype of Tarbellastraea carryensis var.
major Chevalier, 1962); Upper Chattian, Carry-le-Rouet, La Nerthe, Bouches-du-Rhéne (France). 6,
possible synonym, MNHN, 1.P.-M00787 (non-type specimen of Tarbellastraea edwardsi Chevalier, 1956 (=
Phyllocoenia archiaci Milne Edwards and Haime, 1848)), Stampian, Gaas, Landes (France). All x 5.
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Tarbellastraea profundata (Catullo, 1856)
Plate 3, figures 3-6; Text-figures 11-12

1856  Astrea profundata Catullo, p. 56, pl. 11, fig. 6.
1955  Tarbellastraea edwardsi Chevalier, p. 390, pl. 3, fig. 4 [= Phyllocoenia archiaci Milne Edwards
/ and Haime 1848, p. 303].

1962  Tarbellastraea carryensis var. major Chevalier, p. 198, pl. 7, fig. 8.

1980  Tarbellastraea anomala (Michelotti); Pfister, p. 78, pl. 12, figs 1-2.
71985  Tarbellastraea cf. profundata (Catullo); Pfister, p. 197 [not seen).

Holotype. MPUP-8142; Montecchio, Vicenza (Italy); Rupelian.

Material. None other than the type specimens for the first three species given in the synonymies above (see
Table 4 for museum catalogue numbers), and Pfister’s (1980) specimen of ‘7. anomala’ (Pfister collection,
Naturhistorisches Museum Bern, Switzerland, Pf-SL 12/1-2).

Diagnosis. Irregularly shaped colonies with very large, widely spaced corallites bearing numerous
septa.

Description. Colony form massive-digitate. Corallite shape round, diameter 3-3-3-5 mm, centres spaced
4-8-5-0 mm apart with 36-39 septa per centre. Length of first cycle septa 1-2—-1-6 mm. Largest costae moderately
long. Corallite wall septothecal and < 0-1 mm thick. Columella strong, tied to septa, and < 0-13 mm
thick. Endotheca well-developed forming 1-2 rings. Exotheca exhibits no distinct density banding.

Remarks. None of the collections in our study contains specimens of 7. profundata. This species can
be distinguished easily from all other members of the genus by its extremely large corallite diameters
and extremely high number of septa per corallite (Text-fig. 11). A photograph of one type specimen
(Pl. 3, fig. 6) of T. edwardsi from the Stampian of Gaas (Landes, France) has been examined
(S. Barta-Calmus, pers. comm. 1993), but it does not match the photograph given in Chevalier
(1955, pl. 3, fig. 4), nor does the photo correspond with measurements given by Chevalier (1955).
Therefore, T. edwardsi is only questionably synonymized pending examination of more material
from Gaas.

Pfister’s (1980) specimen of ‘7. anomala’ from San Luca (Vicenza, Italy) has a sublamellar
columella and weakly developed paliform lobes, two diagnostic features of Tarbellastraea (Table 1),
and differs considerably from the holotype of Leptastraea anomala Michelotti, 1871 (MPUR 3302),
which has a well-developed spongy columella (Text-fig. 10). It has a corallite size and spacing similar
to those of T. profundata. Therefore, we synonymize it with T. profundata. Pfister (1985) also
described one colony of T. cf. profundata from the Rupelian near Cairo Montenotte (Liguria, Italy);
however, this specimen is reported to have significantly smaller calices (2—2-5 mm) and can therefore
only be questionably assigned to T. profundata.

Occurrence. Rupelian, Vicenza (Italy); Upper Chattian, La Nerthe, Bouches-du-Rhéne (France).

EXPLANATION OF PLATE 4

Figs 1-4. Tarbellastraea raulini (Milne Edwards and Haime, 1850); Lower Burdigalian, Le Peloua, Bordeaux
(France). 1, holotype, MNHN, LP.-M01281; calical surface; x5. 2, possible synonym, MNHN, LP.-
R10518 (holotype of Tarbellastraea aquitaniensis Chevalier, 1962); calical surface; x 5. 34, synonym,
MNHN, I.P.-M01184 (holotype of Tarbellastraea prevostiana (Milne Edwards and Haime, 1850)). 3, calical
surface; x 5. 4, transverse thin section; x11.

Figs 5-6. Tarbellastraea reussiana (Milne Edwards and Haime, 1850); calical surfaces. 5, holotype, NHMW-
1846.37.967; Badenian (Langhian), Mattersdorf, Vienna Basin (Austria). 6, figured specimen (Reuss 1872,
pl. 9, fig. 2), NHMW-1863.XV.A; Badenian (Langhian), Niederleis, Vienna Basin (Austria). Both x 5.
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Tarbellastraea raulini (Milne Edwards and Haime, 1850)
Plate 4, figures 1-4; Text-figures 4, 6-9, 11-12

1850  Astrea raulini Milne Edwards and Haime, p. 110.
1850  Astrea prevostiana Milne Edwards and Haime, p. 110.
7962  Tarbellastraea aquitaniensis Chevalier, p. 201, pl. 9, fig. 12; pl. 23, fig. 2.
1962  Tarbellastraea reussiana var. echinulata Chevalier, p. 206, pl. S, fig. 18; pl. 24, fig. 7.

Holotype. MNHN, 1.P.-M01281; Le Peloua, Gironde (France); Lower Burdigalian.

Material. 12 SUI colonies, 10 measured (4LP, 6BL): SUI-51234, 51247-51248, 51253, 84667-84668,
84670-84672, 84674. Three topotypes (Le Peloua, Gironde, France) in the Chevalier collection at MNHN, I.P.
measured (AFB4# 116, 169, 177). Three non-type specimens (two from Sicily; one from Seriége, France) in the
Chevalier collection at MNHN, L.P. measured (AFB4# 127, 164, 111). Type specimens for the four species
given in the synonymies above (see Table 4 for museum catalogue numbers).

Diagnosis. Massive colonies with small to intermediate-sized, widely corallites bearing a thin wall.

Description. Colony form massive. Corallite shape regular, diameter 1-6-2-3 mm, centres spaced 3:0-4-2 mm
apart with 23-25 septa per centre. Length of first cycle septa 0-75-0-97 mm. Length of largest costae
0-39-0-63 mm. Corallite wall septothecal and 0-04-0-12 mm thick. Columella weak, tied to septa, and 0-05 mm
thick. Endotheca well-developed forming 1-2 rings. Exotheca exhibits sparse density banding.

Remarks. T. aquitaniensis is only questionably synonymized because of its more closely spaced
corallites with high numbers of septa. T. raulini is closest morphologically to T. tenera and
T. carryensis (Text-fig. 4). It can be distinguished from the former by its more widely spaced
corallites, and from the latter by its smaller corallites and fewer septa per corallite. T. aquitaniensis
is only questionably indicated in synonymy with 7. raulini because its holotype lies within the
margin of overlap between T. raulini and T. carryensis. Because the holotype of 7. aquitaniensis lies
closer to the centre of the T. raulini cluster (Text-fig. 4), it more probably belongs to T raulini than
to T. carryensis.

Occurrence. Lower Burdigalian, Bordeaux, Gironde (France); Langhian, Pleven (Bulgaria), Languedoc
(France); Upper Tortonian, Sicily (Italy); Upper Tortonian—Lower Messinian, Malta.

Tarbellastraea reussiana (Milne Edwards and Haime, 1850)
Plate 4, figures 5-6; Plate 5, figures 1-12; Text-figures 6-7, 9, 11-12

1847  Explanaria astroites (Goldfuss, 1826); Reuss, p. 17, pl. 2, figs 7-8.

1850  Astraea reussiana Milne Edwards and Haime, p. 110.

1872  Solenastraea manipulata Reuss, p. 243, pl. 8, fig. 2.

1872  Heliastraea reussana Milne Edwards and Haime; Reuss, p. 240, pl. 9, fig. 2; pl. 18, fig. 4.
71925  Orbicella transsylvanica Kiihn, p. 4.

Holotype. NHMW-1846.37.967; Mattersdorf (Austria); Badenian (Langhian).

EXPLANATION OF PLATE 5

Figs 1-2. Tarbellastraea reussiana (Milne Edwards and Haime, 1850); calical surfaces. 1, synonym, NHMW-
1872.X111.56 (holotype of Orbicella transsylvanica Kiihn, 1925); Badenian (Langhian), Lapugy, Vienna
Basin (Austria). 2, figured specimen (Chevalier, 1962, pl. 10, fig. 1; pl. 24, fig. 4); MNHN, 1.P., Langhian,
Autignac, Languedoc (France). Both x 5.

Figs 3—4. Tarbellastraea russoi Bosellini sp. nov. ; holotype, IPUM-24869; Middle Chattian, Castro Limestone,
Vitigliano, Salento (Italy); transverse thin sections; x 10.

Figs 5-6. Tarbellastraea salentinensis Bosellini sp. nov.; holotype, IPUM-24868; Middle Chattian, Castro
Limestone, Vitigliano, Salento (Italy); transverse thin sections; x 10.
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Material. 48 SUI colonies, 26 measured (4BL, 11LD, 5GR, 6AL): SUI-84651-84652, 84655, 84662-84663,
84665-84666, 84675, 84677-84680, 84683, 84687-84688, 84690-84691, 84696, 84702-84706, 84709, 84711,
84715. Two non-type specimens (one Autignac, France; one Sciolze, Italy) in the Chevalier collection at
MNHN, I.P. measured (AFB# 100, 179). Type specimens for the four species given in the synonymies above
(see Table 4 for museum catalogue numbers) and a specimen figured by Reuss (1872, pl. 9, fig. 2, NHMW-
1863.XV.A).

“Diagnosis. Irregularly shaped colonies with small, closely spaced corallites bearing a thin wall and
short costae.

Description. Colony form massive, knobby. Corallite shape round-irregular, diameter 1-7-21 mm, centres
spaced 2-5-3-3 mm apart with 23-25 septa per centre. Length of first cycle septa 0-67—0-87 mm. Length of
largest costae 0-32-0-47 mm. Corallite wall septothecal and 0-04-0-14 mm thick. Columella weak, free or tied
to septa, and 0-08 mm thick. Endotheca weak. Exotheca exhibits no distinct density banding.

Remarks. Milne Edwards and Haime (1850) based their description of T. reussiana on Reuss’ (1847)
specimen of Explanaria astroites (Goldfuss) which is currently deposited at NHMW. Orbicella
transylvanica is only questionably synonymized because of its relatively large corallite diameter.
T. reussiana is most similar morphologically to T. fenera but can be distinguished by its larger, more
closely spaced, thin walled corallites (Text-fig. 6).

Occurrence. Burdigalian-Langhian, Torino (Italy); Langhian, Leibnitz and Vienna (Austria), Pleven
(Bulgaria), Languedoc (France); Upper Tortonian, Almeria (Spain).

Tarbellastraea russoi Bosellini sp. nov.

Plate 5, figures 34; Text-figures 8, 11-12

Derivation of name. In honour of Antonio Russo (Istituto di Paleontologia, Universita degli Studi di Modena,
Italy).

Holotype. IPUM-24869; Vitigliano, Salento (Italy); Middle Chattian.
Paratypes. IPUM-24870-24875; Vitigliano, Salento (Italy); Middle Chattian.
Material. Seven IPUM measured colonies (SP): IPUM-24869-24875.

Diagnosis. Irregularly shaped colonies with large, intermediate- to widely spaced corallites bearing
numerous septa.

Description. Colony form massive, knobby. Corallite shape round-irregular, diameter 2:3—3-3 mm, centres
spaced 2:7-4-1 mm apart with 30-37 septa per centre. Length of first cycle septa 0-88—1-24 mm. Length of
largest costae moderately long. Corallite wall septothecal and 0-05-0-13 mm thick. Columella strong, tied to
septa or free, and < 0-15 mm thick. Endotheca well-developed forming two rings. Exotheca exhibits strong
density banding.

Remarks. T. russoi is similar morphologically to 7. carryensis, but can easily be distinguished by its
larger corallites and its more numerous septa (Text-fig. 8).

Occurrence. Middle Chattian, Salento (Italy).
Tarbellastraea salentinensis Bosellini sp. nov.

Plate 5, figures 5—6; Text-figures 8, 11

Derivation of name. After the Salento Penninsula, the type locality.
Holotype. IPUM-24868; Vitigliano, Salento (Italy); Middle Chattian.

Material. One measured colony (SP): the holotype.
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Diagnosis. Irregularly shaped colonies with intermediate-sized, closely spaced corallites bearing very
few septa.

Description. Colony form massive-digitate. Corallite shape irregular, diameter 1-8-2-5 mm, centres spaced
2:6-2-8 mm apart with 15-22 septa per centre. Length of first cycle septa 0-70-0-86 mm. Length of largest costae
relatively short. Corallite wall septothecal and 0-04-0-07 mm thick. Columella weak or absent, free or tied to
septa, and 0-06-0-09 mm thick. Endotheca absent. Exotheca exhibits dense, horizontal layering.

Remarks. T. salentinensis is clearly distinct from all other members of the genus in its reduced
number of septa per corallite and its more narrowly spaced corallites (Text-figs 8, 11).

Occurrence. Middle Chattian, Salento (Italy).

Tarbellastraea tenera (Reuss, 1847)
Plate 2, figures 3-5; Text-figures 4-9, 11-12

1847  Explanaria tenera Reuss, p. 18, pl. 3, fig. 2.
1872  Heliastraea conoidea Reuss, p. 240, pl. 10, fig. 3.
1962  Tarbellastraea siciliae Chevalier, p. 207, pl. 7, fig. 10; pl. 23, fig. 7.

Holotype. NHMW-1872. XIIL61; Kostel (Austria); Badenian (Langhian).

Material. 19 SUI colonies (EG), 11 measured: SUI-84673, 84716-84720, 84724-84725, 84727, 84731-84732;
4TPUM specimens (MA), 4 measured : IPUM-24881-24884. Five non-type specimens (four from Torino, Italy;
one from Sicily) in the Chevalier collection at MNHN, 1.P. measured AFB# 43, 161163, 165. Type specimens
for the three species given in the synonymies above (see Table 4 for museum catalogue numbers).

Diagnosis. Columnar colonies with small, intermediately spaced corallites bearing a thick wall.

Description. Colony form massive columnar. Corallite shape round irregular, diameter 1:6-2-0 mm, centres
spaced 2-7-3-7 mm apart with 23-25 septa per centre. Length of first cycle septa 0-63-0-79 mm. Length of
largest costae 0-42-0-78 mm. Corallite wall septothecal and 0-08-0-26 mm thick. Columella strong, tied to
septa, and 0-06-0-15 mm thick. Endotheca weak to well-developed forming one ring. Exotheca exhibits some
density banding.

'Remarks. T. tenera is closest morphologically to T. raulini and T. reussiana (Text-fig. 6). It can
readily be distinguished from these two species by its slightly smaller corallites and its thicker wall.

Occurrence. Lower Burdigalian, Eggenburg (Austria); Burdigalian-Langhian, Torino (Italy); Langhian,
Pleven (Bulgaria); Upper Tortonian, Sicily (Italy); Upper Tortonian-?Lower Messinian, Mallorca (Spain).

"CONCLUSIONS

Our study has shown that:

1. The stratigraphical distribution of Tarbellastraea is from the Oligocene (Rupelian) to the Early
Messinian. Previously reported pre-Oligocene occurrences of the genus do not belong to
Tarbellastraea.

2. Of the 25 species and varieties of Tarbellastraea previously described, only ten appear to be
distinct. Of these ten, two have previously been described only as varieties, and are therefore
assigned new names. In addition to these ten, two previously undescribed species have been
discovered in the Middle Chattian of the Salento Peninsula of Italy. Thus, a total of 12 species of
Tarbellastraea appears to have existed in the investigated Mediterranean and European regions
during the Oligocene and Miocene. : .

3. The stratigraphical ranges of nine of the 12 species extend through two or more stages, and they
therefore cannot be considered diagnostic of any one stage. However, the two new species from
the Salento Peninsula of Italy appear restricted to the Middle Chattian, and T. ellisiana is
restricted to the Lower Burdigalian of the Aquitaine Basin of France.



554 "PALAEONTOLOGY, VOLUME 39

4. Although species richness did not change significantly during the evolution of Tarbellastraea,
overall morphological disparity among species decreased in the genus through time. Early in the
evolution of the genus, numbers of septa per corallite ranged from 18-38. Later in its evolution,
this range dropped to 24-26. A similar trend can be detected in corallite diameter.

5. Species origination rates appear to have been highest in the genus during the Burdigalian, when
high diversity centres may have developed in the Aquitaine basin and Torino regions.

6. Species extinction rates remained relatively constant until the extinction of the entire genus in the
latest Miocene. The biggest increase occurred over a relatively short time interval during the
latest Tortonian to Messinian, when the genus became extinct and Porites dominated the reef-
building coral fauna (Esteban, 1979; Pomar, 1991; Riding et al. 1991).

7. At the onset of the evolution of Tarbellastraea, species had relatively restricted geographical
distributions. However, throughout much of the Miocene, all but one species (7. ellisiana) were
widespread.

Acknowledgements. We are especially grateful to B. R. Rosen for reviewing the manuscript, to S. Barta-Calmus
(Paris) for help with the Chevalier collections, to A. Russo (Modena) for valuable discussions, to J. Braga
(Granada) for specimens, and to J. Golden (Iowa City) for help with SUI specimens. Additional help with
museum material was provided by O. Schultz (Vienna), J. Maréchal (Paris), T. Pfister (Bern), and B. Tompkins
(Iowa City). We thank M. Best (Leiden), G. Boekshoten (Groningen), H. Holzer (Graz), T. Pfister (Bern), F.
Steininger (Vienna), and V. Zlatarski (Sofia) for assistance with fieldwork; J. Braga (Granada), B. Cahuzac
(Bordeaux), M. Catzigras (Marseille), C. Chaix (Paris), R. Mazzei (Siena), M. Pedley (Hull), L. Pomar
(Mallorca), J. Saint-Martin (Marseille), F. Steiniger (Vienna), and J. Suc (Montpellier) for locality in-
formation; M. Verbeck (Paris), G. Leonardi and C. Gentilini (Modena), and D. Czeck and R. Petrick (Iowa
City) for technical assistance; G. Klapper (Iowa City) for advice on nomenclature; and M. Gelfand (Iowa
City) for Russian translations. D. Serrette and L. Merlette (Paris) provided numerous exquisite photos of
specimens from the Chevalier collection. This research was supported by a postdoctoral fellowship from the
US/France Co-operative Science Program to AFB, a grant from the US National Science Foundation (BSR
8605277) to AFB, and a grant from the Consiglio Nazionale delle Richerche (n° CT 05 9301058) to Antonio
Russo.

REFERENCES

ADAMS, C. G., LEE, D. E. and ROSEN, B. R. 1990. Conflicting isotopic and biotic evidence for tropical sea-surface
temperatures during the Tertiary. Palaeogeography, Palaeoclimatology, Palaeoecology, 77, 289-313.

ALLOITEAU, J. 1950. Types et echantillons de polypiers de I’ancienne collection Defrance. Mémoires Muséum
National Histoire Naturelle, Série C, 1 (2), Paris, 105-148.

1952. Madréporaires post-paléozoiques. 539-684. In PIVETEAU, J. Traité de Paléontologie. Masson, Paris,
782 pp.
-1957. Contribution a la systématique des madréporaires fossiles. Centre National de la Recherche
Scientique, Paris, 1, 462 pp. '

BARTA-CALMUS, 8. 1973. Reévision de collections de madréporaires provenants du Nummulitique du sud-est de
la France, de I'Italie et de la Yougoslavie septentrionales. Thése, C.R.N.S. A. O 8295, Paris, 695 ppP-

BEST, M. B., BOEKSHOTEN, G. J. and OOSTERBAAN, A. 1984. Species concept and ecomorph variation in living and
fossil Scleractinia. Palaeontographica Americana, 54, 58-69.

BLAINVILLE, H. M. de 1830. Dictionnaire des sciences naturelles. Zoophytes. Paris, 297-364.

BONSIGNORE, G., BORTOLAMI, G., ELTER, G., MONTRASIO, A., PETRUCCI, F., RAGNI, U., SACCHI, R., STURANI, C. and
ZANELLA, E. 1969. Note illustrative della Carta Geologica d’Italia (1 : 100.000). Fogli 56 e 57 Torino—Vercelli.
Poligrafica and Cartevalori Ercolano, Naples, 96 pp.

BOSELLINI, F.R. 1988. Oligocene corals from Monte Bastia (Vicentin Lessini Mountains, N. Italy). Atti e
Memorie Accademia Nazionale di Scienze Lettere e Arti di Modena, 5, 111-157.

— -and RUSSO, A. 1988. The Oligocene Actinacis coral community of the Southern Alps (Italy): temperature
vs. terrigenous control. Proceedings of the 6th International Coral Reef Symposium, Townsville, 3, 385-391.

-1992. Stratigraphy and facies of an Oligocene fringing reef (Castro Limestone, Salento Peninsula,
Southern Italy). Facies, 26, 145-166.



"BUDD ET. AL.: TERTIARY CORAL 555

BOSELLINI, F. R. and TREVISANI, E. 1992. Coral facies and cyclicity in the Castelgomberto Limestone (Early
Oligocene, Eastern Lessini Mountains, Northern Italy). Rivista Italiana di Paleontologia e Stratigrafia, 98,
339-352.

BRAGA, J. C., MARTIN, J. M. and ALCALA, B. 1990. Coral reefs in coarse-terrigenous sedimentary environments
(Upper Tortoman Granada Basin, southern Spain). Sedimentary Geology, 66, 135-150.

BUDD, A. F. 1990. Longterm patterns of morphological variation within and among species of reef-corals and
their relationship to sexual reproduction. Systematic Botany, 15, 150-165.

——1991. Neogene paleontology in the northern Dominican Republic. 11. The family Faviidae (Anthozoa:
Scleractinia). Part 1. Bulletins of American Paleontology, 101, 5-83.

——1993. Variation within and among morphospecies of Montastraea. Courier Forschungs-institut
Senckenberg, 164, 241-254.

— and COATES, A.G. 1992. Non-progressive evolution in a clade of Cretaceous Montastraea-like corals.
Paleobiology, 18, 425-446.

——— JOHNSON, K. G. and POTTS, D. C. 1994. Recognizing morphospecies of colonial reef corals. I. Landmark-
based methods. Paleobiology, 20, 484-505.

——— STEMANN, T. A. and STEWART, R.H. 1992. Eocene Caribbean reef corals: a umque fauna from the
Gatuncillo Formation of Panama. Journal of Paleontology, 66, 570-594.

CAHUZAC, B. 1984. Les faunes de Miogypsinidae d’Aquitaine méridionale (France) Second International
Symposium Benthic Foraminifera (Benthos *83), Pau, 117-129.

—and POIGNANT, A. 1992. Les foraminiféres benthiques intéressant la limite Oligocéne-Miocéne en
Aquitaine (sud-ouest de la France). Comparaisons avec la Mésogée occidentale. Paleontologia i Evolucio,
24-25, 15-28.

—— and CHAIX, C. 1993. Les faunes de coraux (Anthozoaires Scléractiniaires) de la fagade atlantique francaise
au Chattien et au Mioceéne. Ciéncias da Terra, 12, 57-69.

CATALANO, R. 1979. Scogliere ed evaporiti messiniane in Sicilia. Modelli genetici ed implicazioni strutturali.
Lavori dell Istituto de Geologia dell’ Universita di Palermo, 18, 1-21.

CATULLO, T. A. 1856. Dei terreni di sedimento superiore delle Venezie e dei fossili Bryozoari, Antozoari e
Spongiari. Angelo Sicca, Padova, 88 pp.

CAVELIER, C., KUNTZ, G., LAUTRIDOU, J. P., MANIVIT, I., PAREYN, C., RASPLUS, L. and TOURENQ, J. 1980. Miocéne
et Pllocene In MEGNIEN, C. (ed.). Synthese geologlque du bassm de Paris. Mémoires Bureau de Recherches
Géologiques et Miniéres, 101, 415-436.

CHERCHI, A. and MONTADERT, L. 1984. II sistema di rifting oligo-miocenico del Mediterraneo occidentale e sue
conseguenze paleogeografiche sul terziario sardo. Memorie della Societa Geologica Italiana, 24, 387-400.
CHEVALIER, J. P. 1955. Les Polypiers anthozoaires du Stampien de Gaas (Landes). Bulletin de la Société

d Histoire naturelle de Toulouse, 90, 375-410.

—1962. Recherches sur les madréporaires et les formations récifales miocénes de la Méditerranée
occidentale. Mémoires de la Societé Géologique de France, 93, 562 pp.

CLARI, P., DELA PIERRE, F., NOVARETTI, A. and TIMPANELLI, M. 1994. La successione oligo-miocenica del
Monferrato occidentale: confronti e relazioni con il Monferrato orientale e la collina di Torino. At#i Ticinesi
di Scienze della Terra, Serie Speciale, 1, 191-203.

DANA, J. D. 1846. Zoophytes. United States Exploring Expedition 1838—1842, Philadelphia, 7, 1-120, 709-720.

DEFRANCE, J. L. M. 1826. Polypiers. Dictionnaire des Sciences Naturelles, 42, 377-398.

DUNCAN, P. M. 1863. On the fossil corals of the West Indian Islands. Part 1. Quarterly Journal of the Geological
Society, London, 19, 406-458.

ESTEBAN, M. 1979. Significance of the Upper Mlocene coral reefs of the western Mediterranean.
Palaeogeography, Palaeoclimatology, Palaeoecology, 29, 169-188.

FRIEBE, J. G. 1991a. Carbonate sedimentation within a siliciclastic environment: the Leithakalk of the
Weissenegg Formation (Middle Miocene, Styrian Basin, Austria). Zentralblatt fiir Geologie und
Paliiontologie, 1, 1671-1787.

——1991b. Middle Miocene reefs and related facies in Eastern Austria. II) Styrian Basin. Sixth International
Symposium on Fossil Cnidaria including Archaeocyatha and Porifera. Excursion guidebook, B4, 29-47.

FROST, S.H. 1981. Oligocene reef coral biofacies of the Vicentin, Northeast Italy. Society of Economic
Paleontologists and Mineralogists, Special Publication, 30, 484-539.

GIANNELLL L. and SALVATORINI, G. 1975. I foraminiferi planctonici dei sedimenti terziari dell’arcipelago maltese.
I1. Biostratigrafia di: ‘Blue Clay’, ‘Greensand’ e ‘Upper Coralline Limestone’. Atti della Societa Toscana
di Scienze Naturali, Memorie, Serie A, 82, 1-24.



556 "PALAEONTOLOGY, VOLUME 39

GINGERICH, P. D. 1979. The stratophenetic approach to phylogeny reconstruction in vertebrate paleontology.
41-77. In CRACRAFT, J. and ELDREDGE, N. (eds). Phylogenetic analysis and paleontology. Columbia University
Press, New York, 233 pp. :

GOLDFUSS, G. A. 1826. Petrefacta Germaniae. Disseldorf, 70 pp.

GRAsSSO, M. and PEDLEY, H.M. 1988. The sedimentology and development of Terravecchia Formation

~ carbonates (Upper Miocene) of North Central Sicily: possible eustatic influence on facies development.
Sedimentary Geology, 57, 131-149.

GREGORY, J. W. 1900. The corals. Jurassic fauna of Cutch. Palaeontologica Indica, Series 9, 2, 1-195.

GUMBEL, C. W. von 1861. Geognostische Beschreibung des bayrischen Alpengebirges und seines Vorlandes. Gotha,
700 pp.

KNOWLTON, N., WEIL, E., WEIGT, L. A. and GUZMAN, H. M. 1992. Sibling species in Montastraea annularis, coral
bleaching, and the coral climate record. Science, 255, 330-333.

KOJUMDGIEVA, E., MARINESCU, F., MOTAS, L. C. and POPESCU, G. 1978. Le Badénien en Roumanie et en Bulgarie.
105-108. In PAPP, A., CICHA, 1., SENES, J. and STEININGER, F. (eds). M,BADENIEN. Chronostratigraphie und
Neostratotypen. Miozin der Zentralen Paratethys, 6. Verlag der Slowakischen Akademie der Wissenschaften,
Bratislava, 594 pp.

KUHN, 0. 1925. Die Korallen des Miozins von Eggenburg. In SHAFFER, F. X. Das Miozin von Eggenburg.
Abhandlungen der Geologischen Bundesanstalt, 22, 3-20.

KUZMICHEVA, E. J. 1987. Upper Cretaceous and Paleogene corals of the USSR. Nauka, Moscow, 187 pp.

LANG, J. C. 1984. Whatever works: the variable importance of skeletal and of non-skeletal characters in
scleractinian taxonomy. Palaeontographica Americana, 54, 18—44.

LAURIAT-RAGE, A., BREBION, P., CAHUZAC, B., CHAIX, C., DUCASSE, O., GINSBURG, L., JANIN, M. C., LAZOUET, P.,
MARGEREL, J. P., NASCIMENTO, A., PAIS, J., POIGNANT, A., POUYET, S. and ROMAN, J. 1993, Palacontological data
about the climatic trends from Chattian to present along the Northeastern Atlantic frontage. Ciéncias da
Terra, 12, 167-179.

MAGNE, J. 1978. Etudes microstratigraphiques sue le Néogéne de la Méditerranée nord-occidentale. Le Néogeéne
du Languedoc mediterranéen. Laboratoire de geologie méditerranéenne, Université Paul Sabatier, Toulouse.

MARTIN, J. M., BRAGA, J. C. and RIVAS, P. 1989. Coral successions in Upper Tortonian reefs in SE Spain. Lethaia,
22, 271-286.

McCALL, G. J. H., ROSEN, B. R. and DARRELL, J. G. 1994. Carbonate deposition in accretionary prism settings:
early Miocene coral limestones and corals of the Makran mountain range in southern Iran. Facies, 31,
141-177.

MICHELOTTL G. 1871. Animaux. Types Protozoaires et Célentérés. In SISMONDA, E. Matériaux pour servir a la
paléontologie du terrain du Pi¢mont. Memorie dell’ Accademia delle Scienze di Torino, Classe Scienze fisiche
matematiche, 25, 257-361.

MILNE EDWARDS, H. and HAIME, J. 1848. Recherches sur la structure et la classification des polypiers récents et
fossiles. Quatriéme mémoire. Monographie des astréides. Annales des Sciences Naturelles, Série 3, 10,
209-320.

—— 1850. Recherches sur la structure et la classification des polypiers récents et fossiles. Sixiéme mémoire.
Monographie des fongides. Annales des Sciences Naturelles, Série 3, 15, 73-144.

—— 1857. Histoire Naturelle des Coralliaires ou Polypes proprement dits. Librairie encyclopédique de Roret,
Paris, 1, 326 pp.; 2, 633 pp.

MONLEAU, C., ARNAUD, M. and CATZIGRaS, F. 1988. L’Oligocéne supérieur marin de la Nerthe (Bouches-du-
Rhéne): nouvelles données sédimentologiques et paléogéographiques, dans le cadre de la géodynamique de
la Méditerranée occidentale. Comptes Rendus de I Académie des Sciences, Série 2, 306, 487—491.

NURY, D. 1994. Relations géométriques entre carbonates e évaporites. Exemple de I’'Oligocéne terminal de la
région marseillaise. Interim Colloguium R.C.M.N.S., Miocene reefs and carbonate platforms of the
Mediterranean, Marseille, 43-44 (abstract).

ORBIGNY, A. C. V. D. d’ 1852. Prodrome de paléontologie stratigraphique universelle des animaux mollusques &
rayonnés, faisant suite au cours élémentaire de paléontologie et de géologie stratigraphiques, 3. Victor Masson,
Paris, 191 pp.

OOSTERBAAN, A.F. 1988. Early Miocene corals from the Aquitaine Basin (SW France). Mededlingen van de
Werkgroep voor Tertiaire en Kwartaire Geologie, 25, 247-284.

PEDLEY, H.M. 1989. Controls on Cenozoic carbonate deposition in the Maltese Islands: review and
reinterpretation. Memorie della Societa Geologica Italiana, 38, 81-94.

PFISTER, T. 1980. Systematische und paldodkologishe Untersuchungen an oligozéinen Korallen der Umgebung
von San Luca (Provinz Vicenza, Norditalien). Schweizerischen Paldontologischen Abhandlungen, 103, 121 pp.



'BUDD ET. AL.: TERTIARY CORAL 557

—— 1985. Coral fauna and facies of the Oligocene fringing reef near Cairo Montenotte (Liguria, northern
Italy). Facies, 13, 175-226.

PILLER, W. E. and KLEEMANN, K. 1991. Middle Miocene Reefs and related facies in Eastern Austria. I) Vienna
Basin. Sixth International Symposium on Fossil Cnidaria zncludmg Archaeocyatha and Porifera. Excursion
guidebook, B4, 1-28.

POIGNANT, A. and PUJOL, C. 1978. Nouvelles données micropaléontologiques (foraminiféres planctoniques et
petits foraminiféres benthiques) sur le stratotype bordelais du Burdigalien. Géobios, 11, 655-712.

POMAR, L. 1991. Reef geometries, erosion surfaces and high-frequency sea-level changes, upper Miocene Reef
Complex, Mallorca, Spain. Sedimentology, 38, 243-269.

——1993. High-resolution sequence stratigraphy in prograding Miocene carbonates. 389—407. In LOUCKS,
R. G. and SARG, J. F. (eds). Carbonate sequence stratigraphy. Recent developments and applications. Memoir
of the American Association of Petroleum Geologists, 57, 545 pp.

REUSS, A. E. 1847. Die fossilen Polyparien des Wiener Tertiéirbeckens. Naturwissenschaftliche Abhandlungeri W.
Haidinger, 2, 1-109.

——1872. Die fossilen Korallen des osterreichisch-ungarischen Miocins. Denkschriften der Kaiserlichen
Akademie der Wissenschaften, 31, 197-270.

RIDE, W. D. L., SABROSKY, C. W., BERNARDI, G. and MELVILLE, R. V. 1985. (eds). International code of zoological
nomenclature. 3rd edition. University of California Press, Berkeley, 338 pp.

RIDING, R., MARTIN, J. M. and BRAGA, J. C. 1991. Coral-stromatolite reef framework. Upper Miocene Almeria,
Spain. Sedimentology, 38, 799-818.

STEININGER, F. F., BERNOR, L. B. and FAHLBUSCH, V. 1990. European Neogene marine/continental chronologic
correlations. 15-46. In LINDSAY, E. H., FAHLBUSCH, V. and MEIN, P. (eds). European Neogene mammal
chronology. Plenum Press, New York, 658 pp.

and senes, J. 1971. M1 Eggenburghien. Die Eggenburger Schichtengrupp und ihr Stratotypus.
Chronostratigraphie und Neostratotypen. Miozédn der Zentralen Paratethys, 2, Vydavatelstvo Slovenskej
akadémie vied Bratislava, 827 pp.

VAUGHAN, T. W. 1907. Recent Madreporaria of the Hawaiian Islands and Laysan. Bulletm of the U.S. National
Museum, 59, 222 pp.

——1919. Fossil corals from Central America, Cuba, and Porto Rico with an account of the American
Tertiary, Pleistocene, and Recent coral reefs. Bulletin of the U.S. National Museum, 103, 189-524.

—— and WELLS, J. W. 1943, Revision of the suborders, families, and genera of the Scleractinia. Special Paper
of the Geological Society of America, 104, 363 pp.

WEIL, E. and KNOWLTON, N. 1994. A multi-character analysis of the Caribbean coral Montastraea annularis
(Ellis & Solander, 1786) and its two sibling species, M. faveolata (Ellis & Solander, 1786) and M. franksi
(Gregory, 1895). Bulletin of Marine Science, 55, 151-175.

WELLS, J. W. 1956. Scleractinia. F328-443. In MOORE, R. C. (ed.). Treatise on invertebrate paleontology, Part F.
Coelenterata. University of Kansas Press, Lawrence, Kansas, 498 pp.

ANN F. BUDD

Department of Geology
University of Iowa
Iowa City, Iowa 52242, USA

FRANCESCA R. BOSELLINI

Dipartimento di Scienze della Terra
Via Universita n° 4
41100 Modena, Italy

THOMAS A. STEMANN

Department of Geology
Typescript received 23 March 1995 University of Iowa
Revised typescript received 7 December 1995 TIowa City, Iowa 52242, USA



#ST0) TILO (s0£-0) 0TL0 (5€2:0) 10L-0 (¥£2-0) 6890 (15€0) ZoL0 IVi-1S
(L10:0) Z¥0-0 (010-0) 0£0-0 (¥20-0) 850-0 (600-0) 0£0-0 (£L10-0) 8£0-0 (AR
(£L200) €90-0 (610:0) 9%0-0 (¥£0-0) 980-0 (110:0) S¥0-0 (920-0) 6500 11S
(€1-0) TSH0 (021-0) 0£4-0 (621-0) 0050 (LLO-0) STE0 (011-0) Y00 €1
(8L1-0) 81L0 (TST1-0) 9690 (1€1-0) S18:0 (901-0) 6190 (£60-0) 0LS-0 71
(691-0) £98-0 (ZT11-0) ¥98-0 (#€1-0) 0860 (¥80-0) 79L-0 (#80:0) ZIL0 11
(201-0) ¥60-0 (L80-0) L600 (990-0) L60-0 (280-0) ¥£1-0 (S60-0) 881-0 L
(841-0) 290 (ZT€1-0) $55+0 (001-0) LIS0 (0S1-0) €90 (T€1-0) 9¥5-0 1L
(S01-0) THP 0 (801-0) ¥010 (660:0) LLY-0 (560:0) ¥1t-0 (Z01-0) 190 710
(8£0-0) 0820 (s600) 8920 (7800) 720 (0L0-0) 0620 (060-0) 91€-0 '
(9L£0) 6671 (06%-0) 619-1 (66€-0) vOE-T (0£5-0) 88L-C (¥2H0) T6€ 1 aNN
(0L0-0) 8880 (#50-0) S06:0 (290-0) 6.80 (8v0-0) S16:0 (050-0) 9060 1vid—ad
(78€-0) 88¢-T (992-0) LbT-T (SLE0) 168-T (002-0) 0T (9€7:0) ¥10-C XVIN-AD
(05€-0) 11T (L¥T0) 2€0-C (87€-0) TLTT (TL1-0) 9981 (60Z-0) TT8'1 NIN-aD
(TL-©) 9p-1€ (L6:0) $6-€T (99-€) Lv-6T (8¢-1) THvT (L8-0) 61vT SN
(soeI09 JO JOqUUNU)
(881) 02 (8¥1) 91 (Lo1) 81 (8L)8 (osp) o1 S3IUO[0D JO ISQUINN
(vuvisyya 1) (nanoa 1) (s1suadavd ") (suvisip 1) (vaouay 1) Iereq)
q a D | Vv

PALAEONTOLOGY, VOLUME 39

558

‘uonearssaid £q paserq aq Aew ¢, ‘sowads omewoydiow 10] (SUONBIASD PIEPUEIS) SUBIN

I XIANdddV



559

BUDD ET. AL.: TERTIARY CORAL

SLZ2EOVAAZT  (LL10 790 (SPT0) TIL0 — — — IVY-1S
LHAA<IVEAL<D 100 €00 (1100) L£00O — s o AR
LAQI<VA<I<D G200 100 (L10-0) 0500 — — — 11S

AH<VLI<add <D —  (z60-0) 8PE0  (ZT0-0) 0610  (b81-0) 1250  (860-0) L8T-0 €1
VIDdd 2 dd < DD —  (€€1-0) 6850  (6L0-0) 0090  (091-0)S680  (9€1-0) ¥19-0 71
VEHIHZAdA <D <D — (010 ¥LL0  (480-0) 08,0  (081-0) 1901  (b¥1-0) 908-0 11
HZo[@Dadr<vd &so0) 1#10  (s50-0) €600  (€10:0) 4500 (9€0-0) 1600  (960-0) 681-0 L
I<f<ova<dad (@L00est0  (£L0-0) 86£0 — — — IL
LHAGEAIVO <H <D @00yt G110 €500 (SvT0) 0090  (€92:0) #9906 (#91-0) TOH-0 14
HLZ2qad <Iv0  (9500) 8¥Z-0  (9L0-0) 9670 — — — ligfe)
HO<AdIZdD<Eva<r<d (9s0vL61  (#S€0) 9901  (S02-0) 0TS0 (995-0) SLS-0  (681-0) 8¥60 aNN
r<odr€avd (ss00) 1580  (1500) 1680 — — — IvVi—ao
val<a<dar<d zoewre  (6TT0) LOIT — — — XVIN-AD
vAIZ€AAr < ) <D (092:0) 2907 (1070 ¥L81  (67€-0) 091  (b6v-0) 98LT  (06€-0) S10-T NIN-aD
H<A<AIvVId<)D<g<Do (TL0) 14T (68-0) 96-€C (85-€) Ob-81 (1v-€) €T€¢ (96-7) 8812 SN

(s1]1eI09 JO JoquUnu)
- (7437 8T ©i (337 (C10R $9IUOJ0D JO IAQUINN
sjynsax (v3v4q ") (vuvissnai [) (sisusuppuaios L) (qossns 1)  (12ypaayo “ ) 13108104

189) suedun(y f I H D |




560 PALAEONTOLOGY,; VOLUME 39

APPENDIX 2

Means (standard deviations) for primary types in Table 4. *, measured in thin section. **, holotype not seen;
measurements after Barta-Calmus (1973).

Number of
Code Species corallites NS CD-MIN NND

1 abditaxis 7 26-0 (1-9) 161 (0-11) 0-56 (0-05)
*2 aquitaniensis 5 23-4 (09) 1622 (0-160) 0817 (0-119)

3 var. termofurae 7 24-2 (0-8) 1-41 (0-08) 0-90 (0-10)
*4 carryensis 2 310 (7-1) 2-391 (0-369) 1-348 (0-184)

5 var. major 4 360 (1-6) 3-29 (0-11) 1-:50 (0-29)

6 var. minor 7 242 (2-4) 1:76 (0-19) 1-00 (0-35)

7 conoidea 10 252 (19) 1-93 (0-18) 1-26 (0-27)

**g8 distans — 24 (—) 16 (—) 29(—)

9 cf. eggenburgensis 7 26'1 (0-7) 1-80 (0-12) 0-67 (0-16)
10 var. formosa 10 22:5(2-1) 1:71 (0-18) 0-64 (0-11)
11 var. andalousiensis 7 24-2 (0-8) 1-83 (0-13) 0-83 (0-14)
12 manipulata 10 24-0 (0-0) 2:05 (0-27) 1-19 (0-47)
13 mimbastensis 7 287 (3-3) 1-88 (0-23) 0-80 (0-18)
14 prevostina 7 24-0 (00) 2-14 (0-10) 1:36 (0-43)
15 profundta 8 38-5(53) 3-46 (0-23) 1-46 (0-53)
16 raulini 7 237(1-2) 1-75 (0-12) 1-58 (0-32)
17 reussiana 10 24-0 (0-9) 2-40 (0-17) 0-80 (0-34)
18 var. echinulata 7 242 (0-7) 2-00 (0-10) 1-54 (0-27)
19 siciliae 7 252 (1-7) 1-66 (0-14) 1-60 (0-36)
20 tenera 10 24-0 (0-0) 171 (0-11) 1-17 (0-23)
21 transsylvanica 10 24-0 (0-0) 2:47 (0-12) 129 (0-31)




