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Abstract: A general overview of the biodiversity of the marine fauna during the Tertiary period is de-
veloped in the context of the biogeographical evolution of the European realm. This study combines a
reappraisal of the literature with a unique first-hand source of data on the richest marine group (the
gastropods) from over a 25 million year period (Early Oligocene to Late Miocene). In total the French
deposits have yielded more than 10,000 species from the Eocene to the Upper Miocene. Evidence of
significant bias in the fossil record is pointed out for the Palaeocene (Danian) and Upper Eocene (Pria-
bonian). For the period considered (Palaeocene to Late Miocene, ca 50 million years) the second
highest diversity is reported in the Late Oligocene. This study reveals also the importance of pre-Mioce-
ne extinctions of genera. The Oligocene was when the latitudinal differentiation of the faunas was grea-
test. The local generic gastropod richness ranges from 59 (Rupelian of Belgium) to 494 (Chattian of
Aquitaine). A clear trend towards homogenization appears in the Late Oligocene which leads to the de-
velopment of a vast biogeographical region named Euro-West Africa. This faunal evolutionary pattern
has never been demonstrated before and is a novel feature of the biogeography of the Eastern-Atlantic
region.
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Résumé : Evolution temporelle et latitudinale de la biodiversité des faunes de gastéropodes
(Mollusca) du Cénozoique atlantique européen. Une base pour I'histoire des provinces bio-
géographiques.- Une revue globale de la biodiversité des faunes marines du tertiaire est proposée
dans le cadre de I'évolution biogéographique du domaine européen. Cette étude est fondée sur une re-
vue critique de la littérature et une source unique de données sur le groupe marin le plus riche (les
gastéropodes) examinés durant une période de 25 millions d'années (Oligocéne inférieur a Miocéne su-
périeur). Au total, les dépots francais renferment plus de 10 000 espéces dans l'intervalle Eocéne a
Mioceéne supérieur. Des biais importants dans les archives fossiles sont soulignés pour le Paléocene
(Danien) et I'Eocéne supérieur (Priabonien). La richesse générique locale s'étire de 59 genres (Rupélien
de Belgique) a 494 genres (Chattien d'Aquitaine). Pour la période considérée (Paleocéne a Moicéne
supérieur, environ 50 Ma), la seconde plus grande diversité (richesse spécifique) est relevée pour I'Oli-
gocéne supérieur. L'Oligocéne inférieur est la période durant laquelle la différentiation latitudinale des
faunes est la plus grande. Une nouvelle tendance apparait a I'Oligocéne supérieur qui conduit a la for-
mation d'une vaste région biogéographique nommée Euro-Ouest Africaine. Cette évolution faunistique
n'avait jamais été démontrée avant et apparait comme un nouveau schéma dans la biogéographie des
faunes Est-Atlantiques.
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Introduction

Located where the North Sea and tropical
Tethyan faunas converge, the French Atlantic
Cenozoic domain outranks all others in Europe
with its particularly rich molluscan faunas. The
preservation of fossil molluscs is also exceptio-
nal, being the finest in the World for the Eocene
(the famous Lutetian malacofauna of the Paris
Basin), the best in the Tethyan realm for the
Lower Oligocene (Rupelian = Stampian stage)
and the Upper Oligocene (Chattian stage), and
one of the best for the Lower and Middle Mio-
cene.

Because molluscs dominate Cenozoic marine
fossils (KowALEwsKI et al., 2002) and outnumber
all other macro-invertebrate taxonomic groups,
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they provide one of the prime sources of infor-
mation on the history of the biosphere. Para-
doxically we do not know how many species of
molluscs occurred in the Cenozoic of the French
Atlantic. Therefore, I propose estimates based
on two approaches. The first is for Eocene de-
posits and is founded principally on revised
bibliographic data but includes new data and
personal research. The second, a more detailed
approach, is for the Oligocene and Miocene
deposits, with a new generic and species
synthesis based on a huge quantity of partly
unpublished material collected in the Aquitaine,
Loire and Paris basins (Lozouet, 1997). Finally,
a comparison of families' specific richness
should provide insight into the global evolution
of the malacofauna.
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The paleobiogeography (provincialism) of
French Atlantic Cenozoic molluscan faunas was
based on qualitative observations (CAVELIER,
1979; BReEBION, 1974, 1988), using restricted
sources of data. This new review is the first
general overview on the basis of a larger col-
lection of data personally verified (Appendix
Table 3) using a multivariate analysis at the
generic level. Several questions may then be
addressed: How much have the faunas changed
after the eastward closure of the Tethys Sea?
Was the latitudinal gradient of specific richness
reinforced after the closure? Did the faunas
affected by long-term global cooling evolve
towards more marked provincialism?

Study area, geological and
palaeobiogeographic setting

The geographical area taken into account in-

cludes the Paris Basin, the Aquitaine Basin and
the Loire, Brittany, and Cotentin (Normandy) in
France and the southern North Sea Basin (Bel-
gium, Denmark and Germany), the Late Burdi-
galian/Middle Miocene of the Netherlands, and
the Upper Oligocene of Hungary (Paratethys ex-
tension) (Fig. 1).

For the comparison of global species
richness we used data from the Palaeocene and
Paleogene (Eocene and Oligocene) of the Paris
Basin, Miocene of the Loire Basin and Oligocene
and Miocene of the Aquitaine Basin (Fig. 1). On
the other hand the paleobiogeographic recon-
structions for the Oligocene and the Miocene
are based on the generic distribution and are
limited to malacofaunas from the Lower
Oligocene of Belgian and Germany, the Upper
Oligocene of Belgian, Germany and Hungary
and the Middle Miocene of the Netherlands.
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Figure 1: Locations of the faunas analyzed in the Cenozoic of the Eastern Atlantic coast basins and its North Sea ex-

tension.
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Global palaeobiogeography

During the Palaeogene, the composition of
marine molluscan faunas of the Atlantic coasts
is determined mainly by the influences of the
Nordic realm (warm temperate waters) and the
Tethyan realm (tropical and subtropical). The
presence or absence of an isthmus between the
North Sea Basin and the Paris Basin plays a
major role in local biogeographic changes. The
Middle Lutetian uplift of the Artois axis interrup-
ted communication between the London-Belgian
basins and the Atlantic. The Artois isthmus re-
opened only much later, after the Miocene,
when exchange was again possible via the En-
glish Channel. Meanwhile, we called the sudden
invasion of the Paris Basin of molluscs of sou-
thern Tethyan origin a "Mesogean bubble" (Lo-
ZOUET, 2012). The best example is provided by
the upper part of the Paris Basin Stampian (Lo-
wer Oligocene, Rupelian Stage) where a signifi-
cant part of the Pierrefitte Sands fauna, before-
hand known only in the latitude of the Aquitaine
Basin, appeared suddenly (ca. 30 Ma).

Much later, in the latest Oligocene (Chattian)
to Middle Miocene (Langhian and Badenian
ages), the progressive closure of the eastern
Tethyan seaway and its brief re-opening were
the main palaeogeographical events. According
to PILLER et al. (2007) this intermittent connec-
tion was definitively sealed during the middle
Badenian (approx. 14-15 Ma).

The severe cooling during middle Miocene
time (Serravallian age) is the first reliable evi-
dence of a global change in the climate, sug-
gested to be an incipient glaciation. The "green-
house period" was definitely over (PROTHERO,
1994). However, before this time, a significant
change occurred: the appearance and develop-
ment of a new Eastern Atlantic faunistic provin-
ce, during the Early Neogene (BReBION, 1983,
1988). DoLLFus (1888, 1909) first pointed out
the similarity between European Neogene mol-
luscan faunas and modern faunas of the West
African biogeographical province. He considered
that the changes were caused by an invasion of
West-African species during the Early Miocene.
In fact, this suggestion is speculative as DOLLFus
(1888, 1909) did not have access to a body of
data that was adequate to address the relation-
ships of Oligocene-Upper Miocene faunas of the
French basins to their North Sea domain Euro-
pean counterparts. Only selected genera or
species have been considered.

With respect to terminology we should note
that the terms Boreal province (see KOWALEWSKI
et al., 2002), Nordic realm, Northern province
(e.g., CAVELIER, 1979), Atlantic-Boreal Biopro-
vince (ROGL & STEININGER, 1984), Boreal-Celtic
province (SILvA & LaNnDAU, 2007) and North Sea
Basin designate roughly the same geographic
and palaeogeographic area. Nevertheless, pa-
laeoclimatological ambiguity exists in that the
subtropical Boreal Miocene province is not equi-
valent to the modern cool-temperate Boreal-

Celtic province. In contrast, the Mesogean
realm (for example CAVELIER, 1979) is strictly
equivalent to Tethyan realm. In fact Mesogean
is routinely used in French geology as equiva-
lent to Mediterranean or Tethyan.

Material and methods

The main taxonomic dataset used is the spe-
cies-level data derived from material collected
by the author. For basins for which I have little
of my own data, the data result from a critical
compilation from the literature (Appendix S1).
Over the course of 25 years I (alone or with
collaborators) have described about 300 new
species, but 500-1000 or more, principally of
small size, are still undescribed. In the
database these species are labelled as "sp.".
From a taxonomic point of view these "sp." can
be considered as "morphospecies" or
"Operational Taxonomic Units" (OTUs). These
informal units are here taken to represent
specific-level taxa, equivalent to formal
"species". During sampling, special attention
was given to fragile gastropod specimens and,
in particular, to shells with well preserved
protoconchs, because this part of the shell
contains diagnostic characters. Identification of
almost all molluscs was done or checked by the
author.

The terms "outcrops" or "sites" are used for
sections a few metres in extent. For example,
the famous outcrop of Saucats, "Le Peloua"
(Burdigalian of Aquitaine; National Geological
Reserve of Saucats-La Bréde), is the outcrop of
a single layer about 40 cm thick. Generally,
sampling was conducted in just one homoge-
neous layer (the richest), which rarely exceeds
2 m in thickness (1 m is the mean value). The
lateral extent of outcrops is also generally limi-
ted, in the order of a few metres. Conversely, in
the Aquitanian of Meilhan, the huge quarry of
"Vives" has been extended considerably since
1990 (Lozouet et al., 2001b), allowing three
separate samples to be taken. The extreme
opposite facies consists of very thin detrital
layers (4 cm thick) isolated in marl deposits but
considered as "outcrops" because they are the
only displaced representatives of the shallow-
water molluscan fauna at a given time. In sum-
mary, almost all outcrops are entities restricted
to a limited area (generally less than 20 m wide
and 5 m thick), in contrast to the "regional" ga-
thering of most earlier biodiversity studies. A
total of 112 outcrops were investigated of which
104 were used to estimate species richness
(Table 1). The Oligocene and Lower Miocene
outcrops are the best represented.

All the outcrops of the Paris Basin (Paleo-ge-
ne), the Cotentin (Paleogene), the Loire Basin
(Miocene) and the northern part of the Aquitai-
ne (Oligocene and Miocene) consist of very
shallow-water deposits. Nearshore calcareous
facies characterise the Lutetian of the Paris Ba-
sin and Cotentin and the Stampian of the
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Aquitaine Basin. Rupelian (PLAziAT & LozOUET,
2012) and other Palaeogene and Eocene depo-
sits of the Paris Basin are represented mostly
by sandy facies. Marly facies occur in the sou-
thern part of the Aquitaine basin comprising the
deeper deposits (circalittoral to upper bathyal
for the Upper Oligocene; circalittoral for the Lo-
wer and Middle Miocene). True coral reefs are
absent from all deposits but large coral colonies
(metre-scale) of the zooxanthellate corals have
been observed in the Oligocene (particularly
Ru-pelian) and in the Lower Miocene Adour sub-
basin.

In an attempt to examine more precisely the
results for generic richness, the distances bet-
ween the main faunas reliably recorded from
the Lower Oligocene to the Upper Miocene have
been analyzed using multivariate corresponden-
ce analysis (CA). The data were transformed
into a presence-absence table (Appendix Table
3). Multivariate techniques permit an explora-
tion of the structure of the dataset. In contrast
to other multivariate techniques such as princi-
pal component analysis (PCA), CA allows simul-
taneous analysis of variables (columns: malaco-
faunas) and observations (rows: genera). This
method can be employed for datasets that con-
tain numerous zero values in the original
matrix. The software package PAST [PAleon-
tological STatistics (HAMMER, 2013)], developed
for structural study of palaeontological data,
was used. The rarefaction curve and estimates
of species richness were made using the soft-
ware, EstimatesS 8 (CoLweLL, 2006).

Change in species richness
in Atlantic basins during the Cenozoic
(Palaeogene and Neogene)

It is a truism to say that early study of the
French Cenozoic was central to the develop-
ment of geology as a science. Among the 18
Century pioneers, Jean-Etienne  GUETTARD
(1715-1786) was the first to publish a
geological monograph and to draw a map,
which included the fossiliferous deposits of the
Stampian (Rupelian), south of Paris. It is also at
this time that the young A.L. LAvoOISIER (1743-
1794), destined to become famous in
chemistry, prepared the first geological section
in the modern style (ELLENBERGER, 1989;
Lozouet, 2012). However, it is on the molluscan
faunas that the main contributions to early
reconstruction of Earth history were founded.

During the 19th Century Jean-Baptiste Pierre
Antoine de MoONET, chevalier de LAMARCK (1744-
1829) and Gérard-Paul DEsHAYES (1796-1875)
described the faunas collected from the Eocene
and Oligocene deposits of the Paris Basin. Du-
ring the same period Barthélémy de BASTEROT
(1800-1887) and Jean-Pierre Sylvestre de GRra-
TELOUP (1782-1861) described the molluscs of
the Aquitaine Basin and Félix DuiarDIN (1801-

1860) those of the Loire Basin (Touraine). Jac-
ques Raoul TOURNOUER (1822-1882) and Gusta-
ve Frédéric DoLLFus (1850-1931) later published
monographs on the faunas of the Eocene,
Oligocene and Miocene of smaller basins
opening on the Atlantic Ocean. Crowning these
contributions, Maurice CossMANN (1850-1924)
was the most prolific author in paleomalacolo-
gy. He described and revised thousands of
species and published some memorable
monographs (e.g., CossMANN & PissArRO, 1904-
1913). Albert PeYrROT (1860-1939) continued the
work of CossMANN concerning the Oligocene and
Neogene of the Aquitaine Basin and described
the Neogene fauna of the Loire Basin. Maxime
GLIBERT (1905-1984) later reviewed the faunas
of the Miocene basin of the Loire. More recently
Louis GOUGEROT (1915-1985) and Jacques LE RE-
NARD undertook the description of many small
species of the Parisian Eocene disregarded until
the mid 20" Century (exactly 924 species,
according to LE RENARD, 19991).

With such a long and rich history, one might
expect that these faunas were fully inventoried.
However, this is not the case, because complete
stratigraphic sequences have not been studied
in all cases (e.g., in the Priabonian and the Up-
per Oligocene of the Aquitaine Basin) and "mi-
cro-molluscs" are still relatively neglected. As
we shall see, the unexpected richness of the
fauna of the Upper Oligocene of the Adour
Basin revealed by Dockery and LozoueT (2006)
is a good illustration of the likelihood of future
discovery of many more species.

General result

The richness of the reliably described faunas
of the Eocene, Oligocene and Miocene (Fig. 2)
of the French Atlantic coast ranges from 197
species of gastropods (in the Rupelian of the
Paris Basin) to 1800 species in the Lutetian of
Paris Basin (Pacaubp, 2008, indicated "only"
1550 referenced species).

The most diverse faunas are:

Lutetian of the Paris Basin 1800

Upper Oligocene of the Aquitaine Basin 1285

Bartonian of the Paris Basin 1000
Lutetian of the Cotentin 1000
Lutetian of the Loire Basin 850
Lower Burdigalian of Aquitaine 722
Aquitanian of Aquitaine 700
Ypresian of the Paris Basin 600
Upper Burdigalian of Aquitaine 534
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It is especially important to point out the low
number of species recorded in the Priabonian
(Ludian) and the Danian of the Paris Basin and
other Atlantic outcrops, which deserves ecolo-
gical explanation. The Danian sea includes the
Paris area and the adjacent Mons Basin in Bel-
gium (see PLAzIAT, 1981, Fig. 21). The Danian
fauna of the Paris Basin (PAcauD et al., 2000) is
mainly known from identifications based on
limestone moulds in a subreefal facies from a
single outcrop ("Montian" of Vigny, France) and
from a core sampling near Mons (type of the
abandoned Montian stage), Belgium, 200 kilo-
metres north of Vigny. Only 240 species of
gastropods have been recorded (GLIBERT, 1973).

In the case of the late Eocene (Priabonian
stage), the "Ludian" facies of the Paris Basin is
also poor in molluscs. Marine sand and mud
deposits with a well preserved fauna are restric-

ted to a single somewhat brackish environment
outcropping only in the Vexin. The index fossil
is a potamidid, Potamidopsis vouastensis (Bous-
sac, 1905). Similar Potamidopsis communities
were also developed in the Middle Eocene
(Lutetian, Bartonian) and Oligocene of the Paris
Basin. In the Bartonian Potamidopsis crispia-
censis (Boussac, 1906) community (Morte-
fontaine Sands, Loisy) as well as in the Pria-
bonian Potamidopsis community (Chavengon
outcrop, Oise), I recorded a very similar bio-
diversity (20 and 22 gastropod species, respec-
tively) compared with the 60 species recorded
by CAaveLlIErR (1979) for the whole Priabonian
fauna of the Paris Basin. The dramatically
reduced species biodiversity in the Paris Basin
near the end of the Eocene therefore appears to
be an ecological and sampling bias (CAVELIER,
1979) and should not be ascribed to global
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climatic or other factors. This has been clearly
demonstrated by the presence of a rich fauna of
molluscs in Priabonian sections of Northern Eu-
rope: CAVELIER (1979) estimated that there are
at least 732 species of molluscs at Latdorf.

In the Aquitaine Basin, Priabonian outcrops
have recently become accessible in the sou-
thern Adour sub-basin. Thin detrital layers in-
tercalated in bathyal marls harbour a rich fauna
of Priabonian age (NP19/20; NoLF et al., 2002).
Samples from just one outcrop have yielded at
least 480 gastropod species. By comparison,
one of the richest outcrops of the Middle Eocene
of the Paris Basin (the Bartonian Baron quarry;
DoLIN et al., 1980) has produced 500 species of
gastropods following intensive sampling.

The evidently very incomplete malacofaunal
record of the Danian and Priabonian suggests
that it should not be incorporated into a study
of the rate of regional change in the Atlantic
European basins. In North America where the
two most diverse Eocene molluscan faunas of
the Gulf Coast are Early and Middle Bartonian in
age (respectively 495 and 580 species, LOZOUET
& Dockery, 2001), rather than Lutetian, the
Priabonian faunas of the Jackson Group are also
relatively rich (426 species according to
Dockery & Lozouer, 2006). It is therefore not
appropriate to accept the Paris Basin Danian
and the Priabonian malacofaunas as a reliable
basis for a study of the evolution of bio-
diversity.

Oligocene and Miocene malacofaunas

The number of confirmed species, 3845, for
the Oligocene and Miocene deposits of France is
founded principally on my own data. For the
Neogene of Aquitaine I identify 1500 species
whereas CossMANN and PEYROT (1909-1924) and
PeyrROT (1925-1935) documented 1337 species
(from a total of 1459, erroneously including 122
Chattian species). We conclude that the Neoge-
ne faunas of Aquitaine have been relatively well
known for a long time. This is not the case for
the Oligocene faunas, with the exception of the
Stampian (Rupelian) of the Paris Basin, for
which we have added only 21 species (LOZOUET
& MAESTRATI, 2012) to the 176 species docu-
mented by Cossmann (1892, 1893). In the
Stampian of the Aquitaine Basin, VERGNEAU
(1967a, 1967b, 1968) recorded only 180-190
species, whereas my dataset contains 471 spe-
cies.

I have identified 1285 species of gastropods
in the Upper Oligocene of the southern Aquitai-
ne Basin in stark contrast to the 142 species re-
ported by CossmMANN and PeyrRoT (1909-1924)
and PeyroT (1925-1935) for this interval and a
dozen species described or reported by MAGNE
and VERGNEAU-SAUBADE (1971, 1974), MAGNE and
SAUBADE (1970, 1975), SAuBADE (1969) and SAu-
BADE and CaHuzACc (1978). By comparison, the
modern Mediterranean Sea, considered a biodi-
versity hotspot of exceptional planetary value

(CoLL et al., 2010), has only 1221 species (SaA-
BELLI & TAVIANI, 2014). Rich bivalve material has
also been collected in the Chattian of the Adour
outcrops but has been only very partially stu-
died. A review of Glycymerididae (MAESTRATI &
Lozouet, 1996) revealed the presence of at
least seven species, whereas only two were
recorded by CossMANN and PeEYroT (1909-1924).
In a preliminary, unpublished inventory, P. Ma-
ESTRATI recorded 330 species of Bivalvia. Given
the number of small species studied only briefly
until now, it is possible to estimate the actual
richness of the bivalves as between 350 and
450 species. Altogether, the entire Upper Oligo-
cene malacofauna of the Adour Basin probably
contains between 1700 and 1800 or more
molluscan species. This high number of species
contrasts with the much lower number indi-
cated in the Oligocene of the Mediterranean-
Iranian Province by HArRzHAUSER (2007, Fig. 5:
> 300 species) and deserves explanation.

This discrepancy is the result of a strong
bias in the fossil record due to poor
preservation of molluscs throughout the entire
Mediterranean region in the Oligocene. One of
the effects is, for example, the poor
representation or lack of micro-molluscs in the
dataset. Poor representation due to small size is
a classic problem in palaeontology (COOPER et
al., 2006). Studies of modern faunas show that
molluscs smaller than 10 mm constitute more
than 50% of the species. By contrast,
macromolluscs larger than 41 mm account only
for 8% of the total (BoucHET et al., 2002).

This unexpected richness greatly modifies
our perception of trends in the evolution of bio-
diversity in the malacofaunas in the European
Cenozoic. The biogeographical consequences
are far from being fully identified. However, Do-
LIN and LozoueT (2004) have already noted that
many phyletic innovations described as charac-
teristic of the Miocene (within Cypraeoidea in
KAy, 1996; Nassariidae in CERNOHORSKY, 1984;
Coninae in KoHN, 1990) appeared during the
Late Oligocene. In the same way, some
molecular phylogenic studies reveal an increase
in the rate of cladogenesis of some unrelated
tropical marine gastropod genera in the Indo-
West Pacific (IWP) in Late Oligocene or Early
Miocene times (WiLLiaMs & Duba, 2008).

Moreover, the recent recognition of the rich-
ness of the Upper Oligocene fauna of the Adour
Basin is an excellent illustration that serious mi-
sinterpretations result from incomplete know-
ledge of the taxonomic composition of certain
deposits. The negative implications are ma-
gnified where this gap in reliable data pertains
to the stratigraphic record of France a cradle of
historical geology, and a country where the fos-
sil record has been regarded as well-known.
This is reminiscent of the relative neglect of the
Cenozoic molluscs of Westland (New Zealand)
as pointed out by MaxweLL (1988).
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Table 1: Stratigraphic distribution and numerical age (from the GeoWhen Database) of 104 outcrops sampled for
estimation of species richness (see Fig. 3):

Loire Basin
Number of
outcrops

Paris Basin
Number of
outcrops

Aquitaine Basin
Number of
outcrops

Stage and numerical age

How many species really were
there in the Oligocene and Miocene
basins of the French Atlantic Coast?

We propose a more precise estima-
tion of the species richness from the
data recorded in 104 outcrops that ran-
ge from the Oligocene to the Upper
Miocene of the French Atlantic coast
(Table 1). Poorly sampled outcrops
(with fewer than 500 specimens) are
excluded. We retain 29 Lower Oligo-
cene outcrops, 26 Upper Oligocene, 32
Lower Miocene, 15 Middle Miocene and
only 2 Upper Miocene. A total of
275,000 specimens representing 3472
species have been examined.

A cumulative species curve was con-
structed using EstimatesS 8 (COLWELL,
2006) with 50 randomisations (Fig. 3).
We also used the estimators "jacknife-
1" and "jacknife-2", calculated with
EstimatesS, in order to evaluate the
potential species richness. The
cumulative curve is far from saturated
and estimator curves indicate a
possible numbers of at least 4748
species (Jacknife-1) and up to 5330
species with Jacknife-2. It is interesting
to compare these numbers with the
2187 species of gastropods in the
modern tropical fauna of New Caledonia
collected in a single peri-reefal locality
(BOucHET et al., 2002), and with the
estimate proposed for a more diverse
region of 15,000 hectares at Panglao in
the central Philippines (BoucHer, 2009)
of between 4000 and 14,000 species
(note the magnitude of uncertainty!).

6000 — Jack2 estimator
5330 species

species

5000 -

Jack1 estimator

4000 4748 species

3000
Cumulation curve
3472 species

2000

1000

104 outcrops from Lower Oligocene to Upper Miocene

Figure 3: Cumulative species curves based on EstimatesS 8
(CoLWELL, 2006) and Jacknife 1 (Jackl) and Jacknife 2 (Jack2)
richness estimators. One hundred and four selected sites vyiel-
ding 3472 species from Lower Oligocene to Upper Miocene
have been included. The dataset comprises 3845 species for
this interval.

Thus the total of 5330 gastropod species (high-end
prediction) estimated for French Atlantic coastal depo-
sits of the Oligocene to Miocene, representing an inter-
val of about 25 million years, seems realistic.

Global estimation

From the data presented here, I suggest that the Pa-
laeogene and Neogene basins of the French Atlantic
coast contain at least 10 000 species of gastropods
(about 4000-5000 or more for the Eocene; 5000 for the
Oligocene and Miocene). In comparison, 4500 species of
molluscs (Bivalvia plus Gastropoda) were reported by
Beu and MaAxXweLL (1990) and Beu (1990) in the Cenozoic
of New Zealand. However, BEu (2006) considered that
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"in the best-preserved New-Zea-
land Cenozoic molluscan faunas,
only 43% of the total preservable
fauna is retained" (based on Coo-
PER et al., 2006), a proportion pro-
bably similar for French localities.
More recently, MAxweLL (2009)
presented an estimate of 6000
species in New Zealand extrapo-
lated from 3396 described species
and only 2437 gastropod species.
Also for New Zealand, A. BEu
reappraisal (pers. comm., 2011)
estimates an "eventual" total of
7000 species for the entire Ceno-
zoic (including about 5000 gastro-
pods). DARRAGH (1985) indicated
that 1600 species of molluscs had
been described from the Tertiary
of Australia, but several hundred
more are yet to be described. Do-
CKERY (1984, 1986) and DOCKERY
and Lozouer (2006) reported
about 3000 species of molluscs
(Gastropoda and Bivalvia) from
the Palaeogene of the northern
Gulf Coastal Plain (Alabama-Mis-
sissippi). Thus, even if we consi-
der that these estimates of
regional specific richness are
highly underestimated, it may be
suggested that no other region in
the world has as rich a Palaeogene
and Neogene fossil record as the
French Atlantic coast.

Patterns of species richness
according to families from the
Oligocene and the Miocene.
Comparison with Middle
Eocene and modern faunas

Based on the above reappraisal
of West European fossil gastropod
richness I selected the five fami-
lies with the highest number of
species from the dataset. Then I
did the same for the faunas from
the following six stratigraphic
units: (1) Lower Oligocene and (2)
Upper Oligocene of the Aquitaine
Basin; for the Lower Miocene of
the Aquitaine Basin: (3) Aquita-
nian, (4) Lower Burdigalian, (5)
Upper Burdigalian; and the Lan-
ghian of the Loire Basin
represents the Middle Miocene (6).
In these faunas, the eight richest
families (in decreasing order) are
Turridae (sensu lato), Pyrami-
dellidae, Nassariidae, Cerithiidae,
Rissoidae, Muricidae, Cypraeidae
and Eulimidae. Figure 4 shows the
change over time of species
numbers in these families.
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Figure 4: Species richness of the eight most diverse families of
Gastropoda in seven selected intervals compared with one modern
example. For each fauna, the number of species is given according to
the new dataset. Turridae (sensu lato) and Pyramidellidae are gene-
rally best represented, followed by Muricidae and Rissoidae. Among
the eight most diverse families represented for the modern site of
New Caledonia (Koumac), four (in black) are under-represented in
the fossil faunas.

In all faunas, the Turridae and Pyramidellidae occupied
the first and second places; the Rissoidae and Muricidae
generally shared the third and fourth places. Cerithiidae are
better represented in the Lower Oligocene, while the
Eulimidae are most numerous during the Upper Oligocene
and the Cypraeidae in the Lower Miocene. In the Upper
Burdigalian and in the Middle Miocene, Nassariidae are
especially diverse. The Turridae (sensu lato), including the
families (or subfamilies according to different authors)
Conidae, Turridae and Drilliidae, are unquestionably the most
diverse group of marine molluscs (BoucHeT et al., 2009).
However, the number of species in the parasitic family
Pyramidellidae is generally underestimated, probably
because hosts have a patchy distribution and the shells of
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the Pyramidellidae are small and are not iden-
tified adequately (BoucHer, 2009). The high
number of species of Muricidae recorded in the-
se Cenozoic deposits is surprising because this
family is generally considered to have a
relatively low species richness. This may be a
bias due to the attractiveness of the Muricidae
because of their larger size and varied morpho-
logy, permitting easy identification.

When we compare this distribution of fossil
malacofaunas with that of the sub-reefal mo-
dern fauna of Koumac (New Caledonia), we find
that the most species-rich family is also the
Turridae (sensu lato), Triphoridae second, Euli-
midae third, Pyramidellidae fourth, Cerithiop-
sidae fifth and Muricidae sixth (BoucHeT et al.,
2002). The main difference between European
mid-Cenozoic faunas and modern warm-water
faunas is the modern diversification of highly
specialized families such as the Triphoridae and
Cerithiopsidae, perhaps a peculiarity of coral-
reef environments of the Indo-West Pacific.

In the intensively studies Lutetian of the
Paris Basin (PAacaup, 2008), the number of spe-
cies of Triphoridae and Cerithiopsidae is low,
about 20 (GouGerROT & LE RENARD, 1980, 1981).
The most diverse family is the Turridae (sensu
lato) with some 200 species. The other highly
diverse families are Marginellidae (46 species),
Cerithiidae (44 species), Volutidae (41 species),
Pyramidellidae (39 species), Epitoniidae (36
species), Turritellidae (35 species) and Bucci-
nidae (34 species). We may therefore question
the extreme diversity of the Turridae (sensu
lato), the low number of Pyramidellidae and the
expanded numbers of the "top eight" families
(Marginellidae, Cerithiidae, Volutidae, Turri-
tellidae, Buccinidae). Are they features specific
to the Paris Basin during the Lutetian, or is it a
global Eocene pattern? The low number of Pyra-
midellidae is probably an artefact resulting from
an underestimate of their species number (LE
RENARD, pers. comm., 2011; GOUGEROT, 1969,
1970; LE RENARD & PAcAuDp, 1995). By compari-
son, in the quarry at Baron (Bartonian, Paris
Basin), DoLIN et al. (1980) documented more
than 500 species of gastropods (half of the re-
corded gastropods of this sub-stage). The Turri-
dae (sensu lato) comprise only 47 species,
while the second group is the Pyramidellidae
and the Volutidae, with 21 species each;
Cerithiidae and Buccinidae follow, with 16
species. In this locality, there are only three
species of Triphoridae and seven species of
Cerithiopsidae. Additional data are necessary
before we can state with confidence that the
hegemony of Neogastropoda (Turridae sensu
lato, Volutoidea, Buccinidae), highlighted by the
Lutetian and Bartonian record of the Paris
Basin, is a general (global) characteristic of the
Eocene.

Finally, Oligocene faunas are more similar,
in their general composition, to those of the
Miocene than those of the Eocene. If we

compare the Oligocene and Miocene faunas with
a well studied rich European modern
malacofauna from the Mediterranean Sea
(Spain, Andalusia, Goras et al., 2011), we note
that the richest families (in decreasing order)
are the same: Pyramidellidae, Rissoidae,
Turridae (sensu lato), followed by the
Trochidae, Eulimidae, Nassariidae and
Muricidae. Such close family biodiversity simi-
larity suggests that the modern Atlantic-Medi-
terranean biogeographical province has a
history reaching back to the Oligocene. Howe-
ver the usefulness of this parameter, intrafami-
lial species richness, as a proxy for global com-
parison seems limited, and it reveals only the
main trend of the various basins.

Oligocene to Upper Miocene
palaeobiogeographical reconstructions
based on analyses of generic
distributions

The genus is the standard category for this
type of biogeographical analysis because fossils
are not always well enough preserved for iden-
tification. The modern molluscan provinces
were initially based on generic distribution
(WoobwarD, 1866;  FiscHER, 1880-1887).
However since BRIGGS (1974) a criterion of at
least 10% endemic species is generally
employed in the recognition of modern
provinces (BRiGGs & BoOweN, 2012). These
authors divided the continental shelf into a
series of large biogeographic regions that, in
turn, contain smaller provinces. As a
consequence, some very tiny islands may be
recognized as a distinct province (e.g., the
Eastern Atlantic Region, consisting only of St
Helena Island). Otherwise the identification of
the warm-temperate provinces is questionable
and they are now included with tropical pro-
vinces in larger warm regions (BRIGGS & BOWEN,
2012). The endemism rate in the fossil deposits
is generally poorly known and particularly diffi-
cult to determine at a specific level. In fact,
such estimations depend so much on the pre-
servation of the fossils that they must be used
cautiously. Consequently, I focus here on signi-
ficant trends in the evolution of the biogeogra-
phical regions (using analysis at generic level),
rather than distinguish and describe the various
provinces.

Generic richness

The gastropod basinal faunas may be com-
pared in terms of richness. Generic richness va-
ries from 32 (Rupelian of Brittany) to 494
(Chattian of the Adour Basin) with a mean of
220 and a median of 198. Brittany's (Rennes
Basin, France) low diversity reflects poor sam-
pling (only three ancient collections are availa-
ble) but also the uniqueness of this semi-enclo-
sed little basin. New, perfectly preserved mate-
rial obtained from a drill-hole shows a deposi-
tional environment close to anoxic.

However, the low number of genera in the
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Rupelian of Belgium (59) compared to 139 in
the Mainz Basin, 138 in the Paris Basin and 304
in the Aquitaine Basin mainly reflects a latitudi-
nal gradient in species richness, which is parti-
cularly clear during the Lower Oligocene.

The richest fauna is in the Chattian of the
Aquitaine Basin (open to the tropical Atlantic
domain which is connected to the Tethys
Realm). It includes 494 genera whereas, in the
Upper Oligocene of the Nordic Basin, only 198
genera have been recognized giving a ratio of
2.5 (494/198). In the Lower Oligocene the ratio
is higher (5.2, with 304 genera in the Aquitaine
Basin, and 59 genera in the North Sea Basin).
On the other hand, in the Middle Miocene fau-
nas, the ratio between the Loire Basin (256 ge-
nera) and the Nordic faunas (173) decreases to
1.5. It is only 1.2 between the more
ecologically diverse Langhian of the Aquitaine
Basin and the North Sea Basin (Fig. 5). The
Upper Oligocene (Chattian) peak in southern
Aquitaine gastropods is consistent with the
generic richness of the zooxanthellate corals (z-
corals) observed in the Aquitaine Basin
(CaHuzAC & CHAIX, 1996). However BOSELLINI and
PERRIN (2008) pointed out that this highest
generic diversity of Chattian z-corals s
exceptional compared to the Paleogene and

Neogene coral faunas listed in the
Mediterranean Region (including the Aquitaine
Basin).
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Figure 5: The ratios between number of genera in
the Aquitaine basin or the Loire Basin and the North
Sea Basin express a strong latitudinal gradient of di-
versity in the Oligocene, and its progressive re-
duction.

Changing latitudinal gradient of
biodiversity in Oligocene to Upper
Miocene: Global pattern from
correspondence analysis of gastropod
genera (Figs. 6-7)

The CA analysis involved 16 malacofaunas
from which 4000 species were distinguished re-
sulting in the identification of 761 genera (Ap-
pendix Table 3). The data were transformed in-
to a presence-absence table, where each cell is
quoted O if the genus is absent and 1 if the ge-
nus is present (Appendix Table 3). The two
axes (first plane) represent 36.7% of the total
variability (information) of the global samples.

The first axis distinguishes, on the positive side,
the malacofaunas from Oligocene basins and,
on the negative side, malacofaunas from
Miocene basins. Axis 2 partly discriminates the
North Sea Basin faunas (positive side) from the
Aquitaine Basin faunas. The grouping of the 16
main discrete malacofaunas in homogeneous
time-period clouds (Figs. 6-7) reveals the long-
term changes recorded in the malacofaunas of
the European Atlantic coasts, from the
Oligocene to the Late Miocene.

The Rupelian cluster is the widest while the
Chattian cloud is reduced. During the Miocene,
the size of the clouds was more or less restric-
ted. These results may be expressed alongside
the ratios of richness in genera, demonstrating
a stronger latitudinal gradient of diversity
within the Lower Oligocene (Tethyan Region
opposed to the Nordic Region) and its
progressive reduction during and after the
Upper Oligocene. Although some genera and
families, such as the Strombidae, did not reach
the Nordic Sea Basin or are poorly represented
(Cypraeidae) in Miocene deposits, it appears
unequivocal that the Miocene faunas of
northern Europe and southern Europe are closer
than their Oligocene counterparts.

The Oligocene transition and pre-Miocene
extinction

The genera listed in Table 3 reveal that so-
me classic Tethyan groups of genera, common
in the Lower Oligocene of the Paris Basin, such
as Ampullinidae (Ampullinopsis, Deshayesia),
Potamididae (Potamidopsis), Pseudomelaniidae
(Bayania) and Brachytrematidae (Benoistia),
are unknown from the Belgian Basin. But most
of these genera are common in the Mainz
Basin. Conversely, tropical groups of genera
comprising the Trochidae (Lesperonia),
Turbinidae  (several species of Turbo),
Angariidae (Angaria), Seraphsidae (Seraphs),
Strombidae (Oostrombus, Strombus), Cassidae
(Cassis), Pickworthiidae (Mareleptopoma),
Cerithiidae (Gourmya), Potamididae
(Serratocerithium), Vasidae (Vasum) and
Harpidae (Morum, Eocithara), are unknown in
the Paris Basin but common in the Aquitaine
Basin and most also occur in Italy. The
development of coral patches several metres
across in the Aquitaine Basin contrasts strongly
with the total lack of hermatypic corals in the
Stampian of the Paris Basin (CHAlx, 2012).
During the Late Oligocene, some Tethyan
groups reached the North Sea Basin, such as
the Campanilidae (Campanile), the Harpidae
(Morum), and the Olividae (Oliva), while some
groups previously common in the Nordic Region
also reached the Tethys Region (Nassariidae:
Keepingia; Cassidae: Galeodea, etc.). In both
domains, some modern genera of Nassariidae
(Nassarius) and Turridae (sensu lato) (Perrona)
appeared, whereas emblematic genera of the
Palaeogene disappeared.

282



Temperate/Warm temperate

t : L e : .«
* e . . North Sea Basin . . . .
o * . (Netheriands, Miste) L. .« - ® :
® e L Lower/Middle Miocene: « -4« sneaueannn. North Sea Basin ... 2 @
— . . . . -
g_ - ° - '® North Sea Basin . &
g Lqrre Basin . . (Belgium, Germany) . @
o Middle to Upper Miocene Paratethys e . . ! g.
‘é’ (Messinian - Langhian) (Hungary) . | : S
P R a8 Egerian ---.---:.----'-- AT SRR | ~
T Aquitaine Basm\b 7 Ma : e, b . ' E
§ Middle Miocene' ;13 Ma Ree®i® |7 )* i __——~Mainz Basin : 5
S (Serravallian s .' s 25 Ma Yoo Z . . =
" - Langhi L X .
E and 52)- ! J‘Ma ¢/ /‘ s* ! Pans Basin ..
) . S VA ) 29:32 Ma :
= Aquitaine Basin 7, LR VLT L Ry e b sme e <0
'g Upper Burdigalian%g/m M; y {(\\}/o.. - : . '
w Lower Burdlgallan . | ‘ 0 . ' !
< o, :
.......... .‘...-'...‘g'....‘.T.z.‘!;?‘?."'!a...... o
LI : 30-32 Ma~— : C T
s S ® Aquitaine Basin ! \ !
' = . (Adour Basin) ' ' Loire Basin . t:
* . e = ¢ ' i (Rennes Basin)
. ' 3 ' Aquitaine Basin ' [Rupelian] <
Axis 1 | | | 1 2
-1 0 1
Tropical/Subtropical

Figure 6: Diagram showing the relationships of Rupelian to Messinian faunas on the French Atlantic coast basins and
those of the North Sea basins (Boreal Province) based on multivariate analysis (correspondence analysis) at the ge-
neric level.

The first factorial plane (F1 and F2) is used, representing 36.7% of the total variability (information) of the global
sample. The dataset contains 761 genera recorded from the Oligocene to the uppermost Miocene. The four clusters
show a clear evolution, especially in the relationship between the Nordic Basin and the Aquitaine Basin. Compare the
greater extension of the Rupelian cluster (white) on axis 2, in contrast to the focusing of the Middle Miocene (black).
Black dots represent the position of molluscan genera.
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Figure 7: Interpretative diagram based on Figure 6, showing the spatio-temporal distribution of Lower Oligocene to
Upper Miocene faunas (based on the distribution of 761 genera). For the area considered, three main biogeographical
domains can be clearly identified. For the Lower Oligocene we recognized a Boreal Region comprising the North Sea
basin, the Western Tethys Region comprising the Aquitaine Basin and a Transitional subunit (Mainz basin, Rennes
basin and Paris Basin). Compare the distance between North Sea Basin and Aquitaine Basin during the Lower
Oligocene (32 Ma), during the Upper Oligocene (25 Ma) and during the Miocene; the smallest cluster matches the
interval 7 to 16 Ma. The North Sea basins and the Aquitaine Basin became a single biogeographical unit, the Euro-
West African Region, during the Miocene.

283



Carnets de Géologie [Notebooks on Geology] - vol. 14, n° 14




4 Figure 8: The Rupelian "losers". All species are from the Paris Basin (except F, I and O, from the Aquitaine Basin,
Landes). These species belong to genera coming to extinction during the Oligocene epoch but particularly common in
the Paris Basin Stampian (30-40% of the gastropod fauna from the data of GITTON et al., 1986) in the Lower Oligo-
cene. The genera Ampullinopsis (I) and Oostrombus (J) contain giant Tethyan species reaching respectively 20 and

25 cm.

A-B, Bayania corrugata (LAMARCK, 1804). (A) from Auvers-Saint-Georges, 27 mm, (B) Pierrefitte, Saint-Hilaire, 20 mm.
C, Potamidopsis trochleare (typical morphotype) from Morigny Sands, "Trou a coquilles", Morigny-Champigny 28 mm.
D, Globulocerithium intratentatum (DESHAYES, 1864). 1-2: Auvers-Saint-Georges, 26.5 mm.

E, Benoistia boblayi (DESHAYES, 1824). Auvers-Saint-Georges, 18 mm.

F, Lesperonia trochoides (FucHs, 1870). "Lesperon”, Dax, 10 mm.

G, Keepingia gossardii (NYsT, 1836). "Trou a coquilles", Morigny-Champigny, 31 mm.

H, Deshayesia cochlearia (BRONGNIART, 1823). "Brunehaut", Morigny-Champigny, 29 mm.

I, Oostrombus auricularius (GRATELOUP, 1834). "Espibos", Gaas, 140 mm.

J, Raulinia alligata (DESHAYES, 1824). Auvers-Saint-Georges, 8.3 mm.

K, Ampullinopsis crassatina (LAMARCK, 1804). "Brunehaut", Morigny-Champigny, 70 mm.

L, Praerosaria stampinensis (SAcco, 1894). "Pierrefitte", Saint-Hilaire, 18 mm.

M, Glibertturricula vervoeneni CADEE & JANSSEN, 1985. Core of the "Station de Pompage", Ormoy-La-Riviere, 20 mm.
N, Editharus heberti (MAYER, 1864). "Pont Royal", Etréchy, 17.5 mm.

O, Serratocerithium stroppus (BRONGNIART, 1823). "Espibos", Gaas, 42 mm.

Finally, the pre-Neogene extinction of groups
that were particularly common in the Early Oli-
gocene or Late Oligocene deserves to be noted
(Fig. 8). In the Rupelian (Lower Stampian sands
of Jeurre and Morigny) of the Paris Basin, 11
samples analysed (size fraction > 4 mm) yiel-
ded a total of 6358 specimens (GITTON et al.,
1986). Thirty-three percent of the shells belong
to the genera Bayania, Benoistia and Potami-
dopsis which become extinct at the end of the
Oligocene (Fig. 8). Thus, this was subject to
extinctions that greatly changed the composi-
tion of the European mollusc communities. At
least 64 genera disappeared at the mid-latitude
of Europe and from the Mediterranean realm
before the Lower Miocene (Table 2). This result
may be compared with the disappearance of 94
taxa from southern Europe (including the Medi-
terranean realm) during the Late Oligocene to
Early Pliocene (VERMED, 2011).

The Tethys Region and emergence of a
Euro-West African Region

All the authors consider that the Aquitaine
Basin was part of the Western Tethys Region
during the Early and Late Oligocene. However
HARZHAUSER et al. (2002, 2007) distinguished an
Eastern Atlantic Province for the Oligocene of
the Aquitaine and Iberia basins and a Mediter-
ranean/Iranian Province for the Mediterranean
to Iran basins, these palaeobiogeographic pro-
vinces being subunits of the Western Tethys
Region. This opinion is not founded on a critical
analysis of the whole fauna but on selected spe-
cies. In fact, apart from the exceptional preser-
vation of the molluscan faunas in the Oligocene
of the Aquitaine Basin, there is no reason to
separate them, for example, from their Italian
counterparts. All the species cited by HArz-
HAUSER et al. (2002) as characteristic
gastropods of the Mediterranean/Iranian
Province also occur in the Aquitaine Basin. I
therefore suggest that this separation is not
justified on grounds of endemism.

Although the opinion of CAvELIER (1979) that
the same Mesogean/Tethyan tropical region ex-
tended from the Aquitaine basin to Iran needs
to be reassessed in the light of new faunal
discoveries, this remains the best hypothesis.
My recent collecting in the classic Italian out-
crops (Rupelian of Castelgomberto Hills, Vicen-
tin) confirms the views of the classical authors
(e.g., FucHs, 1870), who recognized the same
faunas in Italian and Aquitanian deposits. In
Iran, HARzZHAUSER (2004) identified 42 genera of
gastropods from the Abadeh deposits (Lower to
Upper Rupelian). For the time being only two
(Pseudophasianus and Rimella) are not known
from the Lower Oligocene of the Aquitaine
basin. However, Pseudophasianus occurs in Ita-
ly, while other genera, although shared bet-
ween the Aquitaine Basin and Iran [Strombus
(Tricornis), Peasiella, Astralium], are absent.

The Paris and Mainz basins, being at the
same latitudinal position but apparently without
direct inter-communication, are situated in a
transitional province, intermediate between
warmer subtropical and temperate waters, as
expressed by their position in the factorial dia-
grams (Figs. 6-7). The absence in these basins
of "megathermic" mollusc groups as Strombi-
dae, Vasidae and Cassis and the rarity of z-co-
rals suggest that this subtropical to warm-tem-
perate malacofauna should be included in the
large Western Tethys Region as a transitional
subunit. In the Paris Basin the endemism (at
the specific level) was estimated by Lozouer
and MAESTRATI (2012) at about 6%. If we follow
BRIGGSs and Bowen (2012), this rate is too low to
consider this area as a separate province. For
the Early Oligocene (Rupelian) northern Europe
is generally placed in another biogeographical
domain (CAVELIER, 1979), generally named the
Nordic or Boreal Province or Region (Fig. 9).
From my dataset of the Belgian Rupelian the
gastropods share only 45% of species with the
Paris Basin and 52% with the Mainz Basin,
which also opened onto the palaeo-North Sea.
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Figure 9: Reconstruction of European seas during the Early Oligocene (Late Rupelian, 32 - 29 Ma) with location of
the main biogeographical areas. The main Rupelian localities are in red. Z-corals= zooxanthellate corals (LOzOUET,
ed., 2012, modified after MEULENKAMP et al., 2000).

4 Table 2: Genera with last European/Mediterranean occurrence in the Oligocene: extinct in the Oligocene; Recent
occurrence in the Indo-West Pacific (IP); Recent occurrence in the Western Atlantic (AW).
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We have shown that homogenization in the
biogeographical distribution of gastropod
genera began on the European Atlantic coasts
during the Late Oligocene. This trend was
amplified during the Miocene, possibly as a
consequence of the tectonic connection
between African and Eurasian littoral biotopes
at the Oligocene/Miocene transition. This
confirms the early intuitive conclusions of
BREBION (1974, 1988) who claimed that, at that
time, a large but somewhat homogeneous
tropical to subtropical Eastern Atlantic faunal
province succeeded the Palaeogene (pan-
tropical) Tethys Province. This Eastern Atlantic
Province  probably extended from the
Netherlands to Angola in the south (LozoueT &
GOURGUES, 1995). These authors coined the
term Euro-West African Province in order to
designate this new European/African marine
biogeographic area because it has consisted in
part of modern West African genera since the
Early Miocene.

The close relationship between the modern

West African biogeographical province (Tropical
Eastern Atlantic province [TEA] of BRIGGS,

1974) and our Neogene Euro-West African
paleoprovince is confirmed by generic affinities
(LE LoEurF & CosEL, 1998). BReeION (1974, 1988)
preferred the term Mediterranean Province (or
Senegal Province, Guinean Province), and HARz-
HAUSER et al. (2007) coined Proto-Mediterranean
Atlantic Region for the same concept.

In the same way, KowaALEwsKI et al. (2002)
used multivariate analyses at the species level
in a study of the relationships between Parate-
thys and Boreal malacofaunas for the Middle
Miocene. The Aquitaine Basin was separated by
KowaALEwskl et al. (2002) and placed in a
distinct SE North Atlantic Province, but they ad-
mitted, following F. STRAUCH (pers. comm. cited
by KowaALEwskI et al., 2002), that a direct con-
nection between Boreal Sea and southeastern
North Atlantic is strongly supported by a very
close correspondence of the concurrent Miocene
faunas from the Aquitaine basin and the North
Sea basin. In their demonstration they used a
sample from Miste (the Netherlands) as a
landmark of species distribution in the Late
Burdigalian/Middle Miocene of the North Sea
domain. In my analysis, using the same data
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from Miste (but at the generic level), the
multivariate distance between this extremely
rich Nordic outcrop (more than 350 species of
gastropods, JANSSEN, 1984a) and the Middle
Miocene faunas of the Loire and Aquitaine
basins is very short, implying that they belon-
ged to the same or very close biogeographical
domains. The absence of "megathermic" taxa
such as Strombus in the North Sea basin seems
to justify the distinction of this region as a sub-
province. Strombus disappeared from the
French Atlantic Coast during the Middle/Late
Miocene and from the Iberian Atlantic Coast
during the Pliocene (LanDAu et al., 2011).
However the recent discovery in the North Sea
basin (Germany) of new thermophilous taxa
such as Melongena and Cabania (MoTHS et al.,
2010) suggests that the greatest care must be
taken in making a final conclusion.

SiLva and LanpbAau (2007) and LanDAu et al.
(2011) proposed a reconstruction of the evolu-
tion of the Euro-West African region (or Provin-
ce) from the Pliocene to the present. In the
Pliocene the European Atlantic Coast (excluding
the Nordic Basin) belonged to a French-Iberian
Province, whereas the Mediterranean Sea and
the West African Coast were part of a
Mediterranean-West African Province. For the
modern biogeography Goras et al. (2011)
distinguish the Lusitanian region for the area
extending from the English Channel to Maurita-
nia (with two sub-provinces, the Mediterranean
and the Mauritanian), with the West African re-
gion south of Cap Blanc and the Boreal-Celtic
region north of Brittany (Fig. 10).

Conclusions

In order to understand the marine faunal
history of a region, it is necessary to
discriminate between biodiversity changes that
may result simply from variations in the quality
of the fossil record and genuine evolution linked
to climatic or other changes. The diversity
estimates are greatly affected by several
factors: the number of faunas that have been
studied, how well studied the faunas are,
diversity of sampled biotopes (over-represented
or absent), taxonomic uncertainty, and the
tyranny of a high number of specimens
(including demonstration of the species identity
of taxa and the difficulty of comparison among
such large faunas). Thus, we can say that the
present report is an aspirational outline.
However, with estimates of the number of
gastropod species greatly exceeding 10,000 in
the Eocene to Miocene deposits of the French
Atlantic region (4000-6000 for the Eocene;
more than 5300 estimated species for the
Oligocene and Miocene) this first
comprehensive synthesis characterizes the
exceptional diversity of this region with greater
accuracy than before, while highlighting the
requirement for further studies of these faunas.

Despite the unquestionably high species

richness, some faunas remain only superficially
known or unstudied (especially the Upper
Eocene and Upper Oligocene molluscs). It is
also clear that a continuous record of Oligocene
and Miocene marine faunas is not preserved in
all parts of Western Europe. On the other hand,
when the local species richness of fossil
molluscs is compared with the number of
species now living along the modern French
Atlantic coast, the drastic change must be
underlined. About 240 species of shelled
Gastropoda are recorded in the living fauna (S.
GoOFAs, pers. comm., 2010; see Fig. 2), differing
markedly from the 1300 species recorded in the
Upper Oligocene deposits of the Adour sub-
basin or the 350 species listed in the Upper
Miocene (Redonian) of the Loire Basin.
However, even if the peak of diversity in the
Upper Oligocene is overstated (due to a large
bathymetric range), we cannot consider that
the Miocene was a period of higher biodiversity
than the Oligocene. Figure 2 indicates, rather, a
gradual tendency towards impoverishment of
the North Atlantic faunas during Miocene time.
In fact, there is no clear peak in biodiversity.

Changes in the distribution of genera during
the Oligocene to Late Miocene reveal a stronger
latitudinal gradient in biodiversity within the
Early Oligocene Atlantic domain (from the
Tethyan region to the North Sea region). During
the Early Oligocene (Rupelian) a transitional
subtropical area (included to the vast Western
Tethys region) is suggested around the
latitudes of the Loire, Paris and Mainz basins. At
this time, the North Sea Basin clearly belonged
to another warm temperate region generally
known as the Boreal region. The reduction of
the latitudinal gradient during the Late
Oligocene and the Miocene led to the
development of an enlarged Euro-West African
Province (Fig. 10). The closure of the Tethys
seaway at the end of the Badenian (early
Middle Miocene) favoured this process with the
development of longitudinal exchanges instead
of latitudinal exchanges. Indeed the segmented
Tethys Ocean parallel to the equator gave birth
to a Mediterranean Sea open to the Atlantic
Ocean. This Tethys successor was a melting pot
and a source of novelty, but cannot be
compared with the enormous faunal reservoir
preserved in the Eastern Tethys which became
the Indo-West Pacific region in the Middle
Miocene; its exceptional richness resulting from
very long stability. Some sporadic links have
been pointed out between European faunas and
the new Indo-West Pacific region during the
early Middle Miocene optimum (Badenian stage)
through the Paratethys realm. This is indicated
by the development of a particularly rich fauna
and well expressed by the gastropod family
Pickworthiidae  (JANsseN, 2004) and the
echinoderm fauna (KroH, 2007). This underlines
the long-lasting importance of the Tethys (or its
Indo-West Pacific heir) as a reservoir of
malacological biodiversity. The depressed
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Miocene diversity in the Atlantic realm is
reinforced during late Neogene times by other
climatic events linked with global step-by-step
cooling leading to the late Pleistocene "ice-
house" period.

Last we note the extinction of groups that
were particularly common in the Early
Oligocene (Rupelian) or in the Late Oligocene.
Thus the Oligocene suffered from extinctions
that have greatly changed the composition of
molluscan communities.
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Appendix
Source of data and main literature compiled

The major part of the datasets analyzed in this study were assembled through field work by the author and collabo-
rators. The overall sampling effort may be gauged from the 113 person-days allocated to fieldwork in an Aquitaine
quarry at Meilhan (LOzZOUET et al., 2001b). The samples were sieved systematically, generally in fresh water. Items
larger than 3-4 mm were sorted in the field while the finer fractions (3-0.5 mm) were sorted in the laboratory with
the aid of a dissecting microscope. Considerable time was spent in sorting the finer fractions. For basins for which
limited data have been collected by the author, the data are augmented from a critical compilation from the literatu-
re. "Personal collecting data" denotes exclusive use of personal data, "From literature and personal data" indicates
both sources are used, "From literature" denotes exclusive use of bibliographic datasets. "Literature" contains the
main publications for the faunas indicated.

Lower Oligocene:
Personal collecting data: Aquitaine Basin (France), Paris Basin (France).

Literature: CossMANN (1892, 1893), VERGNEAU (1967a, 1987b, 1968), GITTON et al. (1986), LozouEeT (1985, 2011),
LOZOUET & MAESTRATI (1982).

From literature and personal data: Belgian, Mainz Basin (Germany) [GLIBERT & HEINZELIN de BRAUCOURT, 1954; Kus-
TER-WENDENBURG, 1973; GURS, 1995; GURS & MOTHS, 2002; MARQUET et al., 2008].

Upper Oligocene:
Personal collecting data: Aquitaine Basin (Adour Basin).

Literature: MAGNE & VERGNEAU-SAUBADE (1974), SAUBADE (1969), SAUBADE & CAHUZzAC (1978), LozoueT (1998, 1999,
2004).

From literature and personal data: Chattian of Germany and Denmark; Egerian (Hungary)

[GLIBERT, 1957; JANSSEN, 1978a, 1978b, 1979; SCHNELTER, 1985; SCHNELTER & BEYER, 1987, 1990; BALDI, 1973; JANS-
SEN, 1984b]

Lower Miocene:

Personal collecting data: Aquitanian (Aquitaine Basin), Lower Burdigalian (Aquitaine Basin), Upper Burdigalian (Aqui-
taine Basin).

From literature: CossMANN & PEYROT (1909-1924), PeYyROT (1925-1932), LozOUET et al. (2001a, 2001b), LOZOUET
(2011).

Middle Miocene:
Personal collecting data: Langhian (Aquitaine Basin); Langhian (Loire Basin); Serravallian (Aquitaine Basin).

From literature: Langhian (Loire Basin) [PEYROT, 1938; IvOLAS & PEYROT, 1900; GLIBERT, 1952, 1954]; North Sea Ba-
sin, Hemmoorian (Lower/Middle Miocene: Miste, Netherlands; Werder, Germany) [JANSSEN, 1984a; MOTHS et al.,
2010]

Upper Miocene:
Personal collecting data: Redonian (Loire Basin, France).

From literature: BREBION (1964).

Table 3: Datamatrix of genera used for multivariate analysis (correspondence analysis). Data transformed into a
presence-absence table, where each cell has a 0 if the genus is absent and a 1 if the genus is present:
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Lower Oligocene: [LOBP] Basin of Paris, [LOAQ] Aquitaine Basin, [LONE] North Sea basin, [LOMA] Mainz Basin, [Ren-
nes Basin]. Upper Oligocene: [UOA] Aquitaine (Adour) Basin, [UPN] North Sea basin, [UPPA] Paratethys; Lower Mio-
cene: [LMAA] Aquitanian of Aquitaine Basin, [LMLB] Lower Burdigalian of Aquitaine Basin, Upper Burdigalian of Aqui-
taine basin [LMUB]; Middle Miocene: [MMLT]: Loire Basin, [MMLA] Langhian of Aquitaine basin, [MMSA] Serravalian
of Aquitaine Basin, [MMSA] Middle Miocene of North Sea basin (Miste); Upper Miocene [MLB] (Messinian) of Loire
Basin.
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