VRIE UNIVERSITEIT

LARGER FORAMINFERA AS MARINE ENVIRONMENTAL INDICATORS

ACADEMISCH PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN
DE VRIJE UNIVERSITEIT AMSTERDAM,
OP GEZAG VAN DE RECTOR MAGNIFICUS
PROF. DR. T. SMINIA,
IN HET OPENBAAR TE VERDEDIGEN
TEN OVERSTAAN VAN DE PROMOTIECOMMISSIE
VAN DE FACULTEIT DER AARD- EN LEVENSWETENSCHAPPEN
OP MAANDAG 9 DECEMBER 2002 oM 10.45 UUR
IN HET AUDITORIUM VAN DE UNIVERSITEIT,

DE BOELELAAN 1105

DOOR
WILLEM RENEMA

GEBOREN TE APELDOORN



Promotor: prof.dr. J.E. van Hinte
Copromotor: dr. S.R. Troelstra
dr. C.F. Winkler Prins



Larger foraminifera as marine environmental indicators

Willem Renema

Renema, W. Larger foraminifera as marine environmental indicators. — Scripta Geol., 124: 1-260, 114
figs., 13 pls; Leiden, November 2002.

Willem Renema, Nationaal Natuurhistorisch Museum, PO Box 9517, 2300 RA Leiden, The Netherlands;
Renema@naturalis.nl

Key words — Foraminifera, Spermonde Shelf, Sulawesi, Cabilao, Philippines, Recent, Palaeogene,
diversity.

Contents
1. General introduction and abstract ... 3
2. Larger benthic foraminifera and their distribution patterns on the
Spermonde Shelf, South SUIAWeSI ... 9

- Renema, W., Hoeksema, B.W. & Hinte, J.E. van: Zoologische Verhandelingen
Leiden 334 (2001): 115-150.
3. Larger foraminifera distribution on a mesotrophic carbonate shelf in
SW Sulawesi (INAONESIA) ...........coovvooioee e 40
- Renema, W. & Troelstra, S. R.: Palacogeography, Palaeoclimatology,
Palaeoecology 175 (2001): 125-146.
4. Thanatofacies of larger benthic foraminifera on the Spermonde Shelf

(Southwest Sulawesi, INAONESTIA) .......c...cooovoiivrireecee e 57
5. Larger foraminifera from Cabilao Island (Bohol, Philippines) ... 88
6. Palaeogene nummulitids (Foraminiferida) from the Indonesian Archipelago:

@ TEVIEW ..o 110

- Renema, W., Racey, A. & Lunt, P.: accepted in Cainozoic Research 2 (2) (2002)

7. Palaeogene larger foraminiferal generic diversity in southeast Asia as
compared to the western Tethys ...

8. Synthesis

9. REFETOINCES ... 213
10. Groot foraminiferen als milieu-indicatoren ... 226
11 DANKWOOIA ... 235
12. Curriculim VITA ..o, 236

1. General introduction and abstract

“Larger benthic foraminifera” are large, single celled organisms living under simi-
lar conditions as zooxanthellate corals, in shalllow tropical seas. Just like other reef
associated taxa the diversity of larger benthic foraminfera is highest in the border
region between the Pacific and Indian Ocean, the Indo-West Pacific IWP).

Since foraminifera have calcareous tests and occur in huge numbers, they fossilise
easily. Other taxa on which stratigraphical schemes have been built, e.g., planktonic
foraminifera and nannoplankton, are not as abundant in tropical shallow marine car-
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bonates and in these settings larger foraminfera have been used for stratigraphical

purposes.

The Recent distribution of larger foraminifera has mainly been studied in pristine
areas with a deep photic zone. Distribution of larger foraminfera in such areas proba-
bly differs from those on mesotrophic carbonate shelfs. The latter are also more likely
to preserve and dominate carbonate production during the Cenozoic in tropical south-
east Asia (Wilson, 2002).

The present thesis aims at:

- Describing the Recent distribution over various reefs and carbonate platform.

- Identifying the most important parameters that determine the occurrence of species
of larger benthic foraminifera.

- Determining whether the distribution of empty tests of larger benthic foraminifera
reflects the distribution of the living protists, and determining whether the occur-
rence of larger benthic foraminifera can be used for palaeoenvironmental analysis.

- Use these models to interpret the fossil record.

Two main groups of foraminifera, differing in test structure, house symbionts,
lamellar perforate foraminifera and imperforates. Hyaline shells have a higher trans-
parency because the calcite crystals have their longest crystallographic axis perpendic-
ular to the outer test wall. Transparency of the test is much lower in imperforate
foraminifera, in which the crystals are randomly oriented with an outerlayer with the
crystal axis parallel to the outer test wall (Haynes, 1965, 1981; Hallock, 1999). In order
to profit from photosynthesising endosymbionts, the symbionts need to be irradiated
through the test wall.

In this introduction I will first give a summary of the parameters determining larg-
er benthic foraminiferal distribution over reefs and carbonate platforms and their
strategies to cope with these conditions. The second part of the introduction compris-
es of a brief summary of the chapters.

The material is deposited in the National Museum of Natural History (Leiden, The
Netherlands) with registration numbers prefixed RGM.

Parameters

The distribution of larger benthic symbiont-bearing foraminifera is determined by
a complex set of often inter-related parameters Fig. 1.1 summarises these parameters
and the way they interact with foraminifera.

Two parameters limit the geographical distribution of larger benthic foraminifera
occurrence, these are temperature and nutrient availability, of which the latter is
affected by the first. Housing symbionts is only profitable in conditions where organic
matter is concentrated in particles (Hallock, 1981c). The host collects and digests par-
ticulate organic matter, and the symbiont feeds on the waste product of the host.
Excess energy produced by the symbiont is again used by the host (Hallock, 1981c).
Laboratory experiments show that 10-90% of the energy of larger symbiont-bearing
foraminifera is provided by the symbionts (ter Kuile, 1991).

The role of photosynthesis in calcification is not clear. Ter Kuile (1991) holds that
photosynthesis consumes CO,, producing CO;* and thus enhances calcification.
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Fig. 1.1. Schematic representation of the environmentalparameters influencing the distribution of larg-
er foraminifera and properties of the foraminfera to deal with these conditions.

McConnaughley (1989) and McConaughley & Whelan (1997) have proposed the
reverse interpretation, though. They postulate that lack of CO, limits photosynthesis
in warm, shallow aquatic environments and that calcification provides protons that
make CO, readily available (Hallock, 2001).

Carbon cycling in perforate foraminifera supplies 10% of the carbonate incorporat-
ed in the skeleton, while feeding is mainly used as a source for nutrients (ter Kuile et
al., 1987; ter Kuile & Erez, 1987; ter Kuile, 1991). In imperforate foraminifera the car-
bon uptake for calcification and photosynthesis occurs in two separate flows, and thus
one does not affect the other (ter Kuile, 1991). The dependence on light for their sym-
bionts limits larger benthic foraminifera to the photic zone.

In warm water, the metabolic rate of larger foraminifera is higher than in cool
water. In invertebrates metabolic rate doubles with a 10 degrees increase in tempera-
ture. Thus it is more likely to find sufficiently oligotrophic conditions in tropical than
in temperate seas. Larger symbiont-bearing foraminifera are restricted to a climatic
belt limited by the 16°C isotherm in the coldest month (Langer & Hottinger, 2000).

In most studies on the distribution of larger foraminifera depth is the most impor-
tant directly measurable environmental parameter. However, depth only affects the
distribution of foraminifera indirectly (Fig. 1.1). At first, light intensity decreases with
depth dependent on the transparency of the water column. Transparency in its turn is
influenced by nutrient availability and terrestrial influx. In areas with high terrestrial
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influx, transparency will be lower because of the higher concentration of both inor-
ganic and organic particles. The nutrients discharged over the coastal zone increase
the abundance of planktonic organism, thus decreasing transparency.

Furthermore, both temperature and hydrodynamic energy decrease with depth. So
far, the geographic distribution has mainly been studied in relation to sea surface tem-
perature (SST). Hollaus & Hottinger (1997) interpreted the truncation of the occur-
rence of Amphistegina lessonii as due to temperature requirements of the symbionts.

Hydrodynamic energy both directly and indirectly affects the occurrence of larger
foraminifera (Fig. 1.1). In areas with continuous battering of high waves or strong cur-
rents, larger benthic foraminifera are swept away or broken into pieces. In soft sedi-
ment areas, waves disturb the sediment too often, so that foraminifera are not able to
stay on top of the sediment and thus no longer profit from their symbionts. On reef
slopes with coral growth, waves break down coral colonies creating open patches
with coral rubble, which serves as a protective substrate for foraminifera. Some species
are more affected by wave (or current) energy. For example, the robust Palaeonum-
mulites venosus occurs on sandy substrate below the fair weather wave base in Japan,
while the paper thin and friable Cycloclypeus carpenteri only occurs below the storm
wave base on the same slopes.

Strategies

Larger benthic foraminifera have several ways to deal with the environmental con-
ditions. Since larger benthic foraminifera are a polyphyletic group, there is a wide
variety in shell structure and morpholgy. The occurrence of several types of sym-
bionts in taxa further affects the distribution of species. Imperforate foraminifera are
generally restricted to shallower depth than perforate (Hottinger, 2000). Furthermore,
in perforate tests gas-exchange is enhanced by small pores in the outer test wall. Sym-
bionts are positioned below the inner pore mouth to fully profit from these pores
(Hottinger, 2000).

There are four main types of endosymbionts recorded in larger foraminifera. Each
of them is found in a limited set of taxa which usually houses only one type of sym-
biont. The perforate nummulitids, amphisteginids and calcarinids and the imperforate
alveolinids all house diatoms. Peneroplids house rhodophytic algae, most soritids
have dinoflagellate symbionts and Parasorites and Laevipeneroplis house chlorophytes.
Because each symbiont type uses its own range of the light spectrum, the foraminifera
hosts are restricted in their depth distribution. Chlorophytes (using orange light) are
restricted to the shallowest areas, diatoms and dinoflagellates can live in the deepest
settings. For example, the chlorophyte Fragilaria shiloi was rarely isolated from hosts
collected at more than 25 m depth (Lee & Anderson, 1991). Although most specimens
from which the symbionts were identified harboured only one species at a time, in
many foraminiferal species several symbiont species have been identified (Lee &
Anderson, 1991). The symbionts were also depth limited. By hosting different species
of endosymbiont, a larger foraminifera species can occur in a large depth range and
still optimally profit from its symbionts.

Both within and between species test shape varies in response to environmental
parameters. Test shape is a compromise between hydrodynamic energy resistance
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and light and metabolic requirements (Haynes, 1965; Hallock et al., 1991b). In shallow
water irradiation levels are too high, and the light intensity reaching the symbiont has
to be reduced. This can either be done by moving the symbionts towards less iradiat-
ed places within the test or by thickening of the test wall. On the other hand, in deep
water light intensity reaches very low levels and the host has to find a way to con-
centrate the light on the symbionts. This is done by flattening of the shell and the pro-
duction of interseptal piles. These interseptal piles increase the strength of the shell
(allowing even further thinning) and serve as lenses to concentrate the available light
on the symbionts (Hottinger, 1997; 2000). These very thin shells are prone to breakage
and can only live under very calm conditions, while more robust shells can occur in
areas with higher hydrodynamic energy, where a foraminifera should not break and
not be swept away or buried by sediment. Breakage is prevented by a more robust
test, while removal is guarded against by developing ways to increase the potential to
stick to the surface. This can either be by developing a protoplasm sheath (Heterostegi-
na depressa), pseudoplasm plugs at the end of spines (calcarinids) or changes in mor-
phology of the apertural faces (amphisteginids).

The Spermonde Archipelago

In Chapters 2 and 3 the occurrence of larger benthic foraminifera at the Spermonde
Shelf is described. The Spermonde Shelf is a mesotrophic carbonate shelf, with consid-
erable terrestrial influence because of run-off of the river Jene Berang in the south of
the area. Water depth increases offshore untill the barrier at the edge with the Makas-
sar Strait. Sand cay reefs occur all over the shelf (Fig. 2.1). Twenty species of larger
foraminfera were found in the living fauna, occurring in six assemblages. One of these
assemblages was geographically limited to the most nearshore area, while the others
occurred in all other zones, but at increasing depth going offshore. In the reefbase
assemblage more species were present in the outershelf zone. This pattern was ex-
plained by including, next to nutrient availability and irradiation level, environmental
variability cq. predictability as an important parameter determining the occurrence of
larger benthics at the Spermonde Shelf.

Chapter 4 compares the occurrence of living larger benthics with the distribution
of empty tests in the sediment. In general, the distribution of dead tests and living
foraminifera is similar. Foraminifera living at the reef base (and especially members of
the Nummulitidae) have a higher preservation potential and their distribution over
the shelf fits the models best. The empty tests of solid substrate dwelling species have
been found only in samples taken on the reef itself. The distinction between leeward
and exposed assemblages as found in the living assemblages was obscured because
species living at the exposed slope are transported to the leeward slope after death.

In Chapter 5 the distribution on a reef in the Phillipines (Cabilao, near Bohol and
Cebu) is described and compared with the Spermonde Archipelago. The reefs around
Cabilao are markedly different from the reefs at the Spermonde Shelf. Some habitats,
such as unlithified sediment below the fair weather wavebase are (almost) absent or
limited in extend. Other habitats, such as sheltered reef flats with macroalgae were
abundant at Cabilao, but have not been found at the spermonde Archipelago. Apart
from many similarities, there are some marked differences in the larger foraminiferal
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fauna. For example, at Cabilao the highest density was found at the reef flat, whilst at
the Spermonde Shelf the reef flat was usually barren and the highest densities were
found at the reef base. The reef base assemblage found in the Spermonde, was totally
absent. Also, for example, the distribution of Calcarina spengleri shows that a different
combination of environmental parameters can result in a shift in habitat of a species.

The fossil record

The second part deals with fossil settings. The genus Nummulites has been studied
intensively in the former Tethys Ocean west of the Arabic peninsula. Allthough many
species in this genus have been described from Indonesia, the last overview of occur-
rences of Nummulites in Indonesia was published in 1932 (Doornink, 1932) and dealt
only with Java. New insights in taxonomy, stratigraphy and accurate descriptions of
European occurrences of simple chambered nummulitids made it possible to make a
revision of the genera Nummulites, Palaeonummulites, Assilina and Pseudocamerinoides
in Indonesia.

Of over 70 species have been placed in these genera 16 are considered valid. Taxa
previously recorded as Assilina orientalis, A. leymeriei, A. granulosa, A. spira, A. exponens
and A. umbilicata are reassigned to Planocamerinoides whilst Nummulites taballarenis, N.
pengaronensis, N. beaumonti, N. crasseornatus and N. variolarius are reclassified to Palaeo-
nummulites. Six species of Nummulites, three of Planocamerinoides and seven of Palaeo-
nummulites, including two new taxa, Palaeonummulites nov. spec., and Nummulites nov.
spec. are described and illustrated from Eocene-Oligocene strata of the Indonesian
Archipelago.

Biogeographic implications of these changes are that previous records of the gen-
era Assilina and Ranikothalia turned out to be erroneous and that the genera Num-
mulites, Palaeonummulites and Pseudocamerinoides are much less speciose than else-
where in the Tethys Ocean.

This notion was built upon in Chapter 7, in which the diversity in southeast Asia
was compared to that in Europe, north Africa and Oman. These regions were chosen
since revisions of the above mentioned genera were available for these regions (Schaub,
1981; Racey, 1995). Both species number as morphologic diversity turned out ot be
much lower in southeast Asia than any of the other regions. Similar patterns were
found in other Eocene groups, such as Alveolina and orthophragminids.

This was further documented by comparing the generic diversity of Cenozoic larg-
er benthic foraminifera between Europe and Southeast Asia. The generic diversity
was in accordance with the previously described pattern: during the Eocene diversity
was low in Southeast Asia and much higher in Eurpe. Diversity in the Indo-Malayan
region steadily increased from the end of the Eocene onwards. The Eocene-Oligocene
boundary shows an increased turnover of larger benthic foraminifera in Southeast
Asia, with a net increase in the number of genera during the Oligocene. Followed by a
rapid decrease from the Early Miocene onward in Europe, and from the Middle
Miocene onward in the Indo-Malaysian region.

However in Europe, net extinction occurred at the Eocene-Oligocene boundary and
was followed by a steady decrease in genus number during the Oligocene to Miocene.
The larger foraminiferal data support those shown by corals, but also show that diver-
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sity steadily increased from the Eocene onwards in the Indo-Malayan region. The
combination of low diversity and relatively little morphological variation suggests
that environmental conditions were not optimal for larger foraminifera.

In the final chapter, all results are combined and are used to correlate patterns as
seen in the fossil record with known tectonic, oceanographic and climatologic events.
From this it can beconcluded that:

Distribution patterns of larger foraminifera show that diversity and distribution is
limited by an interplay of temperature and nutrient availability, fine tuned by sealevel
fluctuations. The Eocene-Oligocene faunal turnover can mainly be attributed to oceano-
graphical/climatological related changes (SST, nutrient availability), while with the
extinction of the Miocene faunas tectonics related factors (availability of shallow marine
habitat and increased terrestrial run off) play a more important role.

The faunal turnover around the Eocene-Oligocene boundary was driven by an
increased fertility of surface waters, increased upwelling rates and increased transport
of terrestrial dust into surface waters. Both upwelling and the input of wind-blown
terrestrial dust have a pronounced seasonal component, resulting in a more variable
system, thus limiting the opportunities for K-selected species.

Cenozoic larger foraminifera faunas can be divided into three periods of high
diversity, characterized by increased adult dimorphism. The time interval in which
these three faunas occur differ between the west and east Tethys. The increase in adult
dimorphism and species diversity occurred more than 10 million years earlier (in the
Palaeocene) in Europe than in Indonesia. The extinction of the Late Oligocene-Early
Miocene fauna happened later in Indonesia than in Europe and the Recent fauna is
not present at all in Europe (Fig. 8.5).

In the Eocene, the Indonesian fauna was characterised by immigration of genera
from the west, that sometimes locally evolved into new species, but hardly any lin-
eages of species are recognisable.

The opening of the Makassar Strait, starting in the middle Lutetian, was an impor-
tant event for the evolution of a diverse shallow marine fauna in the Indo-Malayan
region. From this time large shallow marine environments away from upwelling
zones became available for colonisation, thus increasing the potential habitat for larg-
er foraminifera.

2. Larger benthic foraminifera and their distribution patterns on the
Spermonde shelf, South Sulawesi

Willem Renema & Bert W. Hoeksema, Nationaal Natuurhistorisch Museum, PO Box 9517, 2300 RA Lei-
den, The Netherlands; Jan E. van Hinte, De Laraissestraat 78-I, 1071 PH Amsterdam, The Netherlands.
Previously published as:

Renema, W., Hoeksema, B.W. & Hinte, ].E. van, 2001. Larger benthic foraminifera and their distribution
patterns on the Spermonde shelf, South Sulawesi. Zoologische Verhandelingen Leiden 334: 115-149.

Introduction

During most of the Cenozoic, larger benthic foraminifera contributed much to the
carbonate production on tropical shelves (Hallock, 1981b; 1997). At the Great Barrier
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Reef, sediment contained up to 35% dry weight of larger foraminifera in the inter-reef
and reef sediments (Scoffin & Tudhope, 1985; Yamano et al., 2000). By volume, Ceno-
zoic limestones may consist of up to 80% larger foraminifera (Hallock, 1981b). Mod-
ern-day equivalents to the depositional setting of these environments can be found on
shallow carbonate platforms with a barrier reef system, such as the Spermonde Archi-
pelago, South Sulawesi, Indonesia.

Due to their symbiotic nature, larger foraminifera are restricted to areas within the
photic zone that are low in nutrients (Hallock, 1987). Large, benthic foraminifera har-
bour four main types of symbionts: chlorophytes, rhodophytes, diatoms and dinofla-
gellates. Each species houses only one of these four types. Because each symbiont type
uses its own range of the light spectrum, the foraminifera hosts are restricted in their
depth distribution. Chlorophytes (using green light) are restricted to the shallowest
areas, diatoms and dinoflagellates can live in the deepest settings.

Some of the diatom- and dinoflagellate-bearing foraminifera have a very open
host-symbiont relationship. One foram species may host up to 20 different diatom
species at a time, but this number is restricted to only one in a certain population in a
particular depth range (Lee & Anderson, 1991). Since, each diatom species has its own
depth preference, switching between various symbionts enables the host species to be
less restricted in depth range.

Larger foraminifera can regulate the amount of light reaching their symbionts in
two ways, finding shelter in shaded areas (for example between sea grass or macro-
algae leaves) or by moving their symbionts inside the shell away from the light. The
latter method requires a dark non reflecting surface, such as rubble covered by algae
or sea grass leaves (Hottinger, 1997).

Hydrodynamic energy and light intensity may both be reflected in the shell
morphology of the benthic forams (Hallock et al., 1991b). Foraminifera build more
robust shells in high energy environments, whereas in quiet environments thin-
walled shells dominate. Especially in miliolids, which show an opaque porcelaneous
wall structure, thick-walled species produce structures like windows and pores to
enhance light penetration through the shell (Hallock et al., 1991Db).

Both water turbulence and light level tend to reduce with depth. In order to utilise
low light intensities, deep living symbiont-bearing foraminifera tend to maximise the
surface to volume ratio. Complex internal structures improve both test strength and
light availability for the symbionts and are found in many, but not all, species of larger
foraminifera (Hallock, 1985; Hallock et al., 1991b).

Because of their long life span, larger foraminifera favour stable conditions. The
association with symbionts increases the metabolic rate and calcification of larger
foraminifera in periods that light is available to the symbionts. Light penetration into
the water column varies annually with the season. During the dry season, larger fora-
minifera might receive enough light, whereas during the wet monsoon, light pene-
trates less deep into the photic zone. In such situation, the symbiont is not profitable
anymore to the host, since it demands energy and shelter but gives nothing in return.

Recent studies on ecological parameters affecting the distribution of larger symbio-
tic foraminifera have been focused on oligotrophic reef areas. These are characterised
by low terrestrial influx, low nutrient levels and consequently little plankton in the
water column and a relatively deep photic zone.
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Hottinger (1977a, 1983) showed that the distribution of larger foraminifera in the
Gulf of Aqgaba, is determined by sediment structure, light intensity, water energy and
food availability. Hohenegger (1994) and Hohenegger et al. (1999) studied the occur-
rence of 21 species of larger foraminifera near Okinawa (Ryukyu islands, Japan) in
terms of light intensity, water movement and substrate type. They found that each
species showed its own characteristic distribution with respect to these parameters.

At both areas a depth zonation pattern was found for larger foraminifera. Other
studies dealing with ecological parameters of living larger foraminifera were only
done at Palau and Hawaii (Hallock, 1984) and Palau (Hohenegger, 1996). A few other
studies dealt with only a limited number of species. For example, Lipps & Severin
(1986) described the occurrence of Alveolinella quoyii in Madang lagoon.

Hallock (1987, 1988) indicated the importance of nutrient levels on the diversity
and distribution of larger foraminifera in both time and space. She showed that the
absence of a deep euphotic assemblage in the Caribbean and at some areas in the
Indo-Pacific is related to relatively high nutrient levels. Species specialised in oligo-
trophic conditions are large, with a high surface to volume ratio. To reach such a size,
a long growth period (possibly several years) of favourable circumstances is needed.
Oligotrophic regions show more stable conditions, allowing the occurrence of spe-
cialised deep water species. In contrast, in coastal areas with much fluvial run off,
which is an important nutrient source the deepest part of the photic zone is usually
not available for large, long-living foraminifera due to the light limitations during the
wet monsoon.

Cenozoic strata rich in larger foraminifera that have been deposited in coastal
areas with some terrigenous run-off such as the Tonasa-formation in Sulawesi (Wil-
son, 1996; Wilson & Bosence, 1996) and the Eocene deposits of Nangullan on Java make
up an important part of Cenozoic deposits in the tropics.

However, no recent equivalents to these areas have been studied with regard to
the occurrence of larger benthic foraminifera. In the present study, the larger, symbiont-
bearing foraminifera occurring on a mesotrophic shelf are described. Their cross-shelf
depth distributions are compared with published data.

Area

The Spermonde Archipelago is situated on a shallow carbonate shelf bordered in
the east by the south-western peninsula of Sulawesi and in the west by the Makassar
Strait. The shelf is approximately 40 km wide and increases gradually in depth until a
maximum depth of about 60 m is reached just before the discontinuous barrier (Fig.
2.1). Cay-crowned reefs and shoals occur in rows parallel to the coast. In the outershelf
area these reefs remain submerged and do not develop cays. Cay crowned reefs
develop in seas with high hydrodynamic energy. Reef debris is swept on the reef flat,
usually forming shingle ramparts, bordering a shallow reef flat at the exposed side,
and an island on the leeward side (Guilcher, 1988). The reef flat in between the coral
rubble rampart and island usually is very shallow (not more than 0.5 m at low tide).
The reef flanks at the windward side are covered with dense coral growth, while the
leeward reef slope consists of a sandy slope (Fig. 2.2).

At the Spermonde Archipelago, the shape of the reefs is determined by a monsoon
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Fig. 2.1. Map of the research area showing all islands that have been visited during this study.
Zone 1a: Southern Near Shore, 1b: Northern Near Shore; 2: Mid Shelf; 3+4: Outer Shelf

system with the highest hydrodynamic energy during the wet north-west monsoon
from November until March; in this period the wave energy is combined with oceanic
swell coming from the Pacific (Umbgrove, 1929, 1930; de Klerk, 1983). In the dry sea-
son, south-eastern winds are weaker because the area is sheltered by the mainland
and the influence of oceanic swell is less (Hoeksema, 1990).

Two major rivers flow onto the southern part of the Spermonde shelf, i.e. the Maros
in the north and the Jene Berang in the south. The discharge of the Jene Berang is the
largest of the two, and it does not only contain erosion products from the volcanic
drainage area, but also waste of the sewer system of Makassar, a city with over a million
inhabitants. The Maros is much smaller and its discharge is mainly derived from a car-
bonate rich drainage area. Fluvial influence on the shelf is restricted to a zone extending
four kilometres from the coast (Storm, 1989). In this zone, nutrient levels, silt and sand
content are higher, limiting visibility measured by secchi discs to only 5 m depth in the
dry and 2.5 m in the wet season (Erftemeijer, 1993). Salinity is slightly lower during the
dry season in this zone (31-32%. compared to 35-36 %o in the outer shelf areas (Erftemeij-
er, 1993)). During the rainy season, coastal salinity decreases with 10-15%o in the surface
water and the nutrient levels are about 2-3 times higher than during the fair weather
season (Erftemeijer, 1993). The waters outside this first shelf zone all show comparable
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Fig. 2.2. Schematic section through a typical sand cay reef as found in the Spermonde Archipelago.
Elements used in the text are indicated. Scale differs for each island and area. Grey area is a projection
of the coral cover on the northern and southern side of the reef. The coral cover reaches till about 24 m
depth in the Outer Shelf Zone, but only till 6 m dept in the Southern Nearshore Zone.

nutrient levels that do not vary throughout the year (Erftemeijer, 1993).

Further than four kilometres offshore, the sediments contains 75-85% carbonate,
increasing to 85-95% around the barrier (Verheij, 1993). Secchi depth increases going
off shore, reaching its maximum value (30 m) during the dry season around Langkai,
on the barrier reef at the shelf margin (Erftemeijer, 1993). During the wet season high
turbidity and terrigenous input decreases light penetration, with secchi depth half
those of the in dry season (Verheij, 1993).

Coral rubble and sandy substrates are the most important substrates for larger
benthic foraminifera in the Spermonde Archipelago. Areas with a dense cover of sea
grass and macroalgae, which are an important substrate for larger foraminifera in
other Indo-Pacific areas are rare. Coral rubble covered by coralline algae is the main
substrate on the western slopes of the reef, where it is found in between living corals.
At some places, rubble avalanches, caused by the seasonal storms and the oceanic
swell provide abundant substrate for larger foraminifera. Especially at reefs in the
outershelf, living coral cover can be very dense at 12-24 m, and very little illuminated
substrate is available for larger foraminifera. Sandy substrate is present on the reef
flat, the leeward reef slope and the reef base. On the reef flat, sand pockets between
patches of living corals usually show wave ripples. These moving sands are not suitable
substrate for larger foraminifera because of continuous burying, breakage and trans-
port out of the area.

On the basis of geography, geomorphology and distance to the shore, the Sper-
monde was divided into four shelf zones (van Vuuren, 1920). These zones differ in
biotic and abiotic parameters (de Klerk, 1983; Moll, 1983; Hoeksema, 1990; Erftemeier,
1993). Not all authors use the same zonation. Moll (1983) ignored the first zone,
whereas Verheij (1993) combines the second and third zone. Hoeksema (1990), using
free-living corals, recognises all four zones. In the present study a slightly modified
zonation is used, clarifying the terrestrial impact on the distribution of larger forami-
nifera. In order to compare results, the classification of the shelf zones resembles those
given by van Vuuren (1920) and Hoeksema (1990). Zone 1A (Southern Nearshore
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Table 2.1. Samples taken in the Spermonde area, 0 = sample taken, but did not contain larger fora-
minifera, 1 = sample taken containing larger foraminifera, 2 = two samples taken containing larger
foraminifera.
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Zone) is bounded by the 20 m isobath and within 4 km from the shore, while zone 1B
(Northern Nearshore Zone) is also bordered by the 20 m isobath, but the islands are
more than 4 km from the shore. Zone 2 (Mid Shelf Zone) has a maximum depth
between 20 m and 30 m, all other islands were situated in the combined zone 3+4
(Outer Shelf Zone).

Methods

Foraminifera samples were taken (August-November 1997), by hand during
SCUBA diving down to a depth of 33 m. All suitable substrate was collected from a
circular sampling area of 1000 cm? and taken to the laboratory. The samples were sun-
dried after which the foraminifera were detached from their substrate. All samples
were sieved over a 0.5 mm sieve before sorting. We counted the larger foraminifera
that were sampled alive. They could easily be recognised as being alive at the moment
of sampling since they differed from dead tests by their symbiont colour.

Hundred and eighty six samples have been collected at the leeward (east) and sea-
ward (west) sides of 13 reefs (named on Fig. 2.1) at 3 m depth intervals. Of these sam-
ples, 182 contained living larger foraminifera. Three islands were sampled in the
Southern Nearshore, Northern Nearshore and Mid Shelf Zones, and four islands
where sampled in the Outer Shelf Zone (Table 2.1).

Presence/absence data are used to determine ecological preferences of species. A
species is considered present if at least five specimens occur in a sample of 200-300
specimens. The presence/absence data are compared with the random distribution in
all samples on the parameters leeward slope vs seaward slope and firm vs. sandy sub-
strate using a chi? test.
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Fig. 2.3. Bar diagram showing the average density of larger benthic foraminifera on the exposed and
leeward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

In addition, grab samples have been taken in three transects over the Spermonde
shelf. These samples often showed a disturbed sediment-water surface, and therefore
could not be used to obtain quantitative data. However, during sampling the presence
of large species on top of the grabs has been recorded. This provided additional infor-
mation on the maximum depth at which some of the species occur.

Results

On both the leeward and exposed sides of zone 3+4 reef slopes, densities were
slightly higher than in the other areas (Fig. 2.3), reaching up to 6 foraminifera cm™.
Except for the Southern Nearshore Zone (1A), highest densities were found in the
deepest (reef base) samples. Due to depth variations of the shelf bottom around reefs,
this pattern is not clear in the Mid Shelf Zone (2). Reef base samples contain 4-6
foraminifera cm-2, slope samples 1-3 specimens cm™.

At the Northern Nearshore (1B), Mid Shelf (2) and Outer Shelf (3+4) zones, the
maximum depth at which larger foraminifera were observed, was in the deepest sam-
ples taken of the transects (15 m at the Northern Nearshore, 24-27 m at the Mid Shelf
and 33 m at the Outer Shelf Zone). The Outershelf area grab samples showed that the
maximum depth at which larger foraminifera lived was 40 m. In the Southern Near-
shore area larger foraminifera were only observed in the shallowest samples (down to
6-9 m), and were absent on the reef base (samples taken down to 12 m).

In total 21 larger foram species have been found. They will be discussed systemati-
cally in the following section. Per species, a short description with the most important
characters and symbiont type will be presented, with remarks on occurrence at the
Spermonde Shelf and comparative distribution data from other areas reported in the
literature.
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Table 2.2. Chi? values and the falsification change of the null hypothesis that the samples in which a
species occurred was the same as the total set of samples analysed. The fourth and seventh column
gives an indication which slope direction (E = Exposed, L = Leeward) or substrate type (H = solid, Z =
soft) is over-represented.

soort chi-square P E<>L  chi-square P H<>Z
Operculina ammonoides 2 1.0 <0.001 V4
Nummulites venosus 11.7 <0.005 z
Alveolinella quoyii

Amphistegina papilosa 5.43 <0.05 E 8.10 <0.005 V4
Elphidium craticulatum 9.39 <0.005 E

Dendritina ambigua 4.45 <0.05 z
Parasorites orbitolitoides 27.0 <0.001 V4
Calcarina gaudichaudii 42.0 <0.001 E 21.8 <0.001 H
C. hispida

Baculogypsinoides spinosus 25.6 <0.001 E

Peneroplis pertusus

Spirolina arietina

Neorotalia calcar 229 <0.001 L

Peneroplis planatus 19.9 <0.001 L

Laevipeneroplis proteus

Amphisorus hemprichii 33.9 <0.001 E 35.0 <0.001 H
Amphistegina radiata 64.0 <0.001 E 33.5 <0.001 H
Heterostegina depressa 40.5 <0.05 E 35.0 <0.001 z

Sorites orbiculus

Systematic account

Suborder Miliolina
Family Peneroplidae
Peneroplis planatus (Fichtel & Moll, 1798)
Pl 1, figs. a-b.

Description — Test very thin and flat, planispiral and involute. Chambers in last
whorl rapidly increase in width with nearly constant height, giving test flaring
appearance. Last whorl shows some derolment, which in some specimens even may
cause loss of contact with the former whorl in the last few chambers. Chambers with
fine striae on outer surface.

Affinities — The much rarer Peneroplis pertusus (Forskal, 1775) is evolute, with a
marked umbilicus and no widening in the last whorl. The striae on the chamber walls
are coarser. Both species differ from Dendritina species by the linear arrangement of
multiple circular to oval apertures.

Symbiont type — Rhodophyte, Porhyridium purpureum (Lee & Anderson, 1991;
Leutenegger, 1984).

Distribution — P. planatus is the most abundant peneroplid of this study with den-
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Fig. 2.4. Bar diagram showing the average density of Peneroplis planatus on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

sities up to 0.7 cm™. It occurred significantly (chi? test, p < 0.001, Table 2.2) more abun-
dant on the leeward reef slopes than on the exposed slopes. P. planatus did not show a
clear preference for substrate type. Samples with a high abundance of this species
were often taken in the vicinity of the sea grass Halophilus ovalis. Although no speci-
mens were seen living on sea grass leaves, some were found attached to its root sys-
tem. The highest densities have been found at 3-12 m depth in the Northern
Nearshore and Mid Shelf area (Fig. 2.4), in the Outer Shelf Zone, the maximum depth
at which P. planatus was found is 30 m.

Discussion — Just like at the Spermonde (Fig. 2.4), at Okinawa, life specimens were
found at 0-30 m depth, with the highest density in the upper 10 m (Hohenegger et al.,
1999), but Hallock (1984) observed it at Palau from 1-5 m depth only.

Hohenegger (1994, 1996) recorded this species living attached to fine algal mats on
solid substrates, where they find shelter against turbulence. The high light require-
ments and position of the apertures in the shell prevent P. planatus to live attached to
large macroalgae (Hohenegger, 1994). Hohenegger et al. (1999) state that ‘sandy sub-
strates are clearly avoided’, because P. planatus can not attach to the sediment and will
be buried or swept away. In this study substrate preference is markedly different from
that at Okinawa.

Troelstra et al. (1996) found abundant peneroplids (P. pertusus and P. planatus) on
reefs in the Outer Shelf Zone, where they lived preferentially epiphytic on algae and
sea grasses from 1-21 m. Due to the unavailability of the preferential habitat known
from other areas, Peneroplis planatus occurs in a different habitat at the Spermonde
Archipelago.
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Fig. 2.5. Bar diagram showing the average density of Dendritina ambigua on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Dendritina ambigua (Fichtel & Moll, 1798)
PL 1, figs. c-d.

Description — Test planispiral and involute. Dendritina differs from Peneroplis by its
dendritic aperture. Test surface very finely striate with small pores in depressions
between the striae, the striae are slightly oblique to the sutures. The shell is involute,
sometimes showing a very small umbilical depression. In large specimens, last 2-4
chambers flaring.

Affinities — The congeneric D. zenghae Ujuiie at the Spermonde Archipelago is
more evolute, always showing a clear umbilicus and a smooth surface. Last whorl in
large specimens is flaring, increasing in size and arched, so that it has a flattened
periphery. Large specimens of Dendritina can be mistaken for Laevipeneroplis proteus
(d’Orbigny, 1839), which has a larger umbilicus, a row of pores on the aperture sur-
face and chlorophytic symbionts (Leutenegger, 1984) (P1. 1, figs. e-f).

Symbiont type — Rhodophyte, Porhyridium purpureum (Lee & Anderson, 1991;
Leutenegger, 1984).

Distribution — On the Spermonde Shelf, D. ambigua showed a significant prefer-
ence for sandy sediments (chi? test, p <0.05, Table 2.2) as well, but no preference for
either leeward or seaward slope was found. D. ambigua is found at depths ranging
from 10-30 m in reef base samples and in some shallower samples on the leeward
side around reefs all over the shelf, except in the southern Nearshore area (Fig. 2.5).
It usually occurred in areas on the shelf bottom where organic detritus and algae
accumulated.
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Fig. 2.6. Bar diagram showing the average density of Parasorites orbitolitoides on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

D. zhengae was only found in two samples in very low densities. It was photo-
graphed at the reef base of several Mid Shelf and Outershelf reefs, together with Oper-
culina ammonoides and Parasorites orbitolitoides (Fig. 2.20d, e).

L. proteus was found in one sample taken at the west side of the outer shelf reef
Langkai at 2 m depth, where it co-occurred with Amphisorus hemprichii on macroalgae
that were attached to coral rubble in a very highly hydrodynamic setting.

Discussion — Next to P. planatus, the only other abundant peneroplid in the Sper-
monde Archipelago is D. ambigua. Both Dendritina species have previously only been
reported alive from Okinawa, where D. zhengae occurred at 10-50 m and D. ambigua at
10-30 m with a maximum density at 20 m. At Okinawa D. ambigua showed a signifi-
cant preference for sandy substrates as well (Hohenegger, 1994; Hohenegger et al.,
1999).

The depth distribution at the Spermonde Archipelago is similar to that at Oki-
nawa. This species lives predominantly on stable sands in relatively quiet areas at the
reef base. On the higher parts of the reef slopes and reef flat, the substrate is to regu-
larly disturbed.

Family Soritidae
Parasorites orbitolitoides (Hofker, 1930)
Pl 1, figs. g-h.

Description — Test round, flat, and smooth. Its height hardly increases towards the
periphery. First few chambers peneropline, later chambers annular. All chambers
divided into chamberlets. Small, round apertures occur in one or two rows in a groove
at the periphery (Loeblich & Tappan, 1987).
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Affinities — Because of its green colour and delicate appearance, this species is
easily distinguished from other Soritidae.

Symbiont type — Chlorophytic algae (Hallock & Peebles, 1993).

Distribution — In the Spermonde area, a similar distribution pattern as for D.
ambigua is found. P. orbitolitoides has a significant preference for soft substrate (Table
2.2). The chlorophyte symbionts limit the depth distribution to shallow areas.

All samples in which P. orbitolitoides was found were taken at the reef base, with
highest densities in the Northern Nearshore and Mid Shelf Zones (Fig. 2.6). Here it
occurred most abundantly at places with organic detritus accumulations, which occa-
sionally covered the sides of the foraminifera (Fig. 2.20f). In the Outer Shelf Zone, off
Langkai, P. orbitolitoides was also found on a gently declining leeward slope.

Discussion — Unlike at the Spermonde, P. orbitolitoides has been reported from both
solid and sandy substrates. Hohenegger et al. (1999) found a significant preference for
sandy substrates at Okinawa, where P. orbitolitoides was found at 10-70 m depth. Hal-
lock & Peebles (1993) found P. orbitolitoides living on coral rubble at 15-30 m depth in
the Florida Keys. In the Gulf of Aqaba this species lives at 0-50 m on hard substrates
and epiphytic on macroalgae (Hottinger, 1977a). Due to its chlorophyte symbionts, P.
orbitolitoides needs rather high light intensities. With its thin test walls and fragile test
this species can not stand in high energy settings, but it can live in relatively deep
water compared to other chlorophyte bearing species. At the Spermonde Shelf, this is
only in areas without coral cover, restricting this species to soft substrate.

Sorites orbiculus (Forskal, 1775)
Pl. 2, figs. a-b.

Description — Discoidal test, initial few chambers planispiral evolute, at an early
stage succeeded by annular ones. Aperture form a single row of openings with pro-
truding rims and 8-shaped apertures resulting from cross like oblique stolons (Loeb-
lich & Tappan, 1987).

Affinities — Superficially similar to Amphisorus hemprichii. The test is thinner and
the apertural face differs (see description of both species). The test of Sorites orbiculus
is much smaller than that of Amphisorus hemprichii. Underwater, S. orbiculus is greyish
brown, while A. hemprichii has a greenish blue colour. Dried specimens of A. hemprichii
are dark red-brown, while S. orbiculus remains greyish brown.

Symbiont type — Dinoflagelate, Symbodinium spec. (Leutenegger, 1977; Lee &
Anderson 1991).

Distribution — S. orbiculus was found regularly, but always in very low densities at
the Spermonde Archipelago (usually 1-5 specimens per sample). S. orbiculus did not
show any preference for substrate type or slope direction (Table 2.2). Troelstra et al.
(1996) found this species living abundantly on Enhalus sea grass-leaves, especially on
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the reef flat. Furthermore they state that this species is hardly found on solid sub-
strates. The low abundance of Enhalus on the reef flat during the present study,
explains why we found much lower numbers of S. orbiculus than Troelstra ef al. (1996).

Discussion — This species has been reported as epiphytic on sea grasses and
macroalgae (Hohenegger, 1996; Troelstra et al., 1996), usually in shallow water (0-30
m, Hohenegger, 1994).

Unlike some other species, this species is not able to shift to another substrate
when its preferred habitat is not present. According to Hohenegger et al. (1999) S.
orbiculus prefers more structured surfaces when it occurs on solid substrates. The coral
rubble at the Spermonde show rather smooth surfaces. This might explain the abun-
dance of A. hemprichii (preferring smooth surfaces) over S. orbiculus on coral rubble.

Amphisorus hemprichii Ehrenberg, 1839
Pl 2, figs. c-d.

Description — A. hemprichii is the largest soritid found at the Spermonde Archipel-
ago, reaching almost 1.5 cm in diameter. Test biconcave with thickened rims, aperture
of numerous pores on the peripheral margin, elongated across the margin, and
aligned in two alternating rows (Loeblich & Tappan, 1987). The test usually shows
some radial lining on the test, especially in larger specimens.

Affinities — See Sorites orbiculus.
Symbiont type — Dinoflagellate, Symbiodinium spec.

Distribution — A. hemprichii significantly prefers solid substrates (chi? test, p<0.001,
Table 2.2) and the exposed reef slopes (chi? test, p <0.001, Table 2.2) in the Spermonde
Archipelago. It was observed attached to large boulders by a protoplasm sheath to
prevent detachment and breakage (Fig. 2.20h). Around the margin, sediment grains
were found stuck to this sheath. Large specimens occasionally occurred on soft sub-
strate at the reef base. Its depth distribution depends on the distance to the shore (Fig.
2.7); the more offshore, the deeper the range of the reef slope and the deeper the low-
est depth limit of the species. In the Southern Nearshore area, in the proximity of large
river outlets, it does not occur despite the availability of suitable substrate. Around
reefs in the Northern Nearshore Zone, A. hemprichii only occurred in the shallowest
samples. At the Mid Shelf and Outer Shelf Zones A. hemprichii occurs alsmost as deep
as the maximum depth of the suitable substratum (18 m at the west side of Langkai),
or over 20 m depth (e.g., 22 m at Karang Kassi reef, 21 m at Bone Tambung reef). In
the Northern Nearshore Zone, large specimens of A. hemprichii were also found at the
reefbase, in between sea grass (Halophilus).

Discussion — This species has been reported from firm substrate, irrespective of
depth from the reef crest until 60 m depth (Hohenegger, 1994; Hohenegger et al., 1999;
Troelstra et al., 1996). Hohenegger (1996) reported A. hemprichii from Palau at 0-10 m
depth only.
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Fig. 2.7. Bar diagram showing the average density of Amphisorus hemprichii on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Troelstra et al. (1996) found this species in high density on solid substrate in shal-
lower water, often in places with high wave energy. At the Gulf of Aqaba, Hottinger
(1977a) found A. hemprichii living from 0-20 m mainly epiphytic on Halophilus leaves
and various algae.

In general, the habitat of this species can best be typified as highly illuminated
regions in the uppermost slope and fore reef crest (Hohenegger et al., 1999). The distri-
bution at SW Sulawesi is rather similar to that at other areas. At Okinawa it did not
occur at the highly energetic upper reef crest, where Marginopora vertebralis was more
abundant. The latter species does not occur on the Spermonde Shelf. A. hemprichii is
found on solid substrates in the upper reef crest as well, and also in the very wave-
exposed slope of Langkai. In these areas, irregularly shaped tests occur (fused, cork
screw-shaped tests, test with parts perpendicular to the main disc). Toler & Hallock
(1998) found high frequencies of shell mall formations in stressed populations of
Amphistegina. The irregular shaped tests might indicate that Amphisorus lives at the
limits of its potential at the shallow exposed side of Langkai.

Family Alveolinidae
Alveolinella quoyii (d’Orbigny, 1826)
Pl 2, fig. e.

Description — Large fusiform miliolid (up to 1.5 cm) with many small, round pores
on apertural face.

Affinities — It is distinguished from all other foraminifera in the Spermonde by its
fusiform shape. Specimens of Borelis, the only other extant alveolinid genus, have a
single row of apertures on the apertural face.
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Symbiont type — Diatoms, Fragliaria shiloi and other species (Leutenegger, 1984,
Lee & Anderson, 1991).

Distribution — A. quoyii is a rare species at the Spermonde Archipelago. A. quoyii
was regularly seen at the reef base and base of slope area, usually in low densities on
sandy substrates at 18-24 m depth.

Discussion — A. quoyii has been found living on highly structured firm substrates
in well illuminated, high energy settings at 3-12 m depth (Lipps & Severin, 1986).
Hohenegger (1994) and Hohenegger et al. (1999) report a wider distribution of this
species, down to 50 m depth on both sandy and solid substrates. It is often observed
in high energy environments, where it lives in sheltered crevices in boulders and rub-
ble, as well as in low energy environments on sandy substrates below the wave base
(Hohenegger ef al., 1999). A. quoyii has been found in a wider environment outside the
Spermonde Archipelago than within the Spermonde, where it does not occur in shal-
low water settings on solid substrates. This might be because the solid substrate in
this area is not as structured and the coral rubble does not provide enough shelter
during storms.

Suborder Rotalida
Family Amphisteginidae
Genus Amphistegina

The genus Amphistegina is characterised by a low trochospiral, lenticular and
inequeally biconvex test, that can be bi-involute or partially evolute on the spiral side.
Chambers are strongly arched at the periphery (Loeblich & Tappan, 1987).

Amphistegina lessonii d’Orbigny, 1826
Pl 2, fig. f.

Description — Test flat involute trochospiral. Umbilical side thicker than the spiral
side (Hohenegger, 1999). Dorsal septa radial, curving backwards at about 2/3 of shell
radius. Ventral septa sinusoidal.

Affinities — A. lessonii is most easily confused with A. lobifera. This latter has lobate
septa, visible on both sides of large specimens, but difficult to see in smaller speci-
mens (Hohenegger et al. 1999). A. lobifera is more globular and its margins are round,
while the periphery of A. lessonii is angular.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species
(Leutenegger, 1984; Lee & Anderson, 1991).

Distribution — A. lessonii is the most abundant larger foraminifera in the area. It
occurs in almost all samples, but the highest densities have been found on shallow,
soft substrates (down to 25 m depth) (Fig. 2.8). The maximum depth at which A.
lessonii occurred varied from 9 m at Lae Lae to 30-33 m around the Mid Shelf reefs
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Fig. 2.8. Bar diagram showing the average density of Amphistegina lessonii on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

(Fig. 2.8). This pattern is similar to what Troelstra et al. (1996) reported, but they found
much higher densities on the reef flat.

Discussion — A. lessonii shows a very broad depth range in the Indo Pacific from 0-
90 m (Hohenegger et al., 1999), with highest densities around 10-25 m (Hallock, 1984;
Hohenegger, 1996). It has been reported to have either a preference for sandy (Hal-
lock, 1984) and solid substrate (Hollaus & Hottinger, 1997). Hansen & Buchardt (1977)
found A. lessonii (empty shells and living specimens combined) from 0-85 m in the
Gulf of Aqaba.

In the Spermonde, A. lessonii has no preference and is found on all substrates.
Compared to other species, the shell shape of A. lessonii is adapted to living on sandy
substrates that are moved by waves (Hohenegger et al., 1999). On the soft substrate at
the leeward slope, A. lessonii is the most common species.

Amphistegina lobifera Larsen, 1976
Pl 2, fig. h.

Description — A. lobifera is very similar to Amphistegina lessonii, from which it is dis-
tinguished because of its lobate septa. This is especially clear in large specimens, and
more difficult to see in smaller specimens (Hohenegger et al., 1999). Axial sections of
this species are more rounded than in A. lessonii.

Affinities — See A. lessonii.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species
(Leutenegger, 1984; Lee & Anderson, 1991).
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Fig. 2.9. Bar diagram showing the average density of Amphistegina lobifera on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Distribution — A. lobifera was the rarest Amphistegina-species found. It only occurred
in the shallowest samples, on both the eastern and western reef sides (Fig. 2.9). No
specimen was recorded from deeper than 12 m. The depth range of this species does
not vary much between the four shelf zones, where it was found on both solid and
soft substrates. On coral rubble, this species occurs below larger boulders covered
with red algae. Here, A. lobifera occurred mainly on the sides, the largest specimens
living closer to the boulder edges than small specimens.

Discussion — The highest densities of A. lobifera have been found at very shallow
depths (Hallock, 1984; Hohenegger, 1994; Hohenegger, 1996; Hohenegger et al., 1999).
Because of its thick shell, this species can live in the highest light-energy levels of all
species of Amphistegina (Hallock, 1981a). A. lobifera had the best ability to attach to solid
surfaces in order to withstand high hydrodynamic energy (Hallock, 1981a; Hohen-
egger et al., 1999). Similar to Hohenegger (1994) we did not find A. lobifera (or any
other larger foraminifera) in high energy sands on the reef flats. A. lobifera was found
on sheltered sandy substrates and in sheltered places between coral rubble covered by
algae.

Amphistegina radiata (Fichtel & Moll, 1798)
PL 2, fig. g.

Description — Large biconvex tests, both sides showing radial orientation of the
septa, turning backwards at about 2/3 of chamber height (Hohenegger et al., 1999).

Affinities — The most similar species in the Spermonde Archipelago is A. papillosa,
which is much smaller and flatter.



26 Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002)

Zone 1A Zone 1B Zone 2 Zone 3+4

.
g 3
o

o 124 |
) 154
© 18 4
© 214
= 24 4
(0] 27
o 30 4
334
3
Q 6
(@) 9
7) 12
15
o 5
N =2
o 521
% o 27
© S
B a3

02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0
density (cm™)

Fig. 2.10. Bar diagram showing the average density of Amphistegina radiata on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species
(Leutenegger, 1984; Lee and Anderson, 1991).

Distribution — In the Spermonde Archipelago this species is found at 2-33 m depth
(Fig. 2.10). A. radiata significantly (Table 2.2) preferred both firm substrates and the
western slope of the reefs. At shallow depths specimens occur hidden between coral
rubble, especially the smaller ones. A. radiata does not replace A. lessonii with depth,
but is rather characteristic for solid substrates. A. radiata is more abundant in the 2-30
m depth range on solid substrate, while A. lessonii is dominant on soft substrates at
the same depths.

Discussion — A. radiata has been recorded from intermediate depths at solid sub-
strates (Hohenegger et al., 1999; Troelstra et al., 1996). Hohenegger et al. (1999) explained
its absence in shallow waters at the reef crest by its lesser ability to attach to the sub-
strate than A. lessonii and A. lobifera because of small apertural fields. In the same area,
Hohenegger (1994) found A. radiata on both solid and soft substrates in the shallow
part of the range, and predominantly on soft substrates at greater depths. At Palau
Hallock (1984) found that A. radiata replaced A. lessonii with depth.

At the Spermonde shelf, A. radiata and A. lessonii are found in the same depth
range. A. radiata is found on the exposed side, while A. lessonii occurs both on the
leeward side and the exposed side. Especially larger specimens of A. radiata are
found abundantly on the surface of coral rubble (Fig. 2.20a). A. lessonii was always
found in cryptic, sheltered places (when it was found at the exposed side). In deep
areas, with no solid substrates, A. radiata was present, but A. papillosa was more
common.
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Fig. 2.11. Bar diagram showing the average density of Amphistegina papillosa on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Amphistegina papillosa Said, 1949
Description — Small, very flat biconvex Amphistegina species.

Affinities — The test surface is more pustulous on the ventral side than that of A.
radiata. In living specimens, the septa are not as clearly visible as in A. radiata.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species
(Leutenegger, 1984; Lee & Anderson, 1991).

Distribution — In this study A. papillosa was the deepest living representative of its
genus, occurring on the reef base in all zones, except for the Southern Nearshore Zone
(Fig. 2.11). It was found at 6-15 m depth around Lankadea reef, 15-24 m around
Samalona reef and 27-33 m (maximum depth of sampling) around Bone Tambung and
other reefs in the outer shelf zone. It does not show a preference for slope orientation.
A. papillosa has a significant preference for sandy substrates (chi® test, p <0.005, Table
22).

Discussion — Of the amphisteginids found on the Spermonde Shelf, A. papillosa is
the deepest living species. It has been reported from down to 120 m depth in the Gulf
of Eilat (Hansen & Buchardt, 1977), but these authors made no differentiation between
dead and living specimens. At Okinawa it has been reported alive from more than 100
m depth (Hohenegger, 1994). No substrate preference has been reported. Though the
maximum depth at which A. papillosa is found in the Spermonde is much shallower,
this species shows a similar distribution pattern as in other regions.



28 Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002)

Zone 1A Zone 1B Zone 2 Zone 3+4
3
o) 61
o 94
o 124
(7] 159
'E 184
214
g 244
[0 274
[} 30 1
- 334
34
(0] 64
Q ol
(_D 124
wn 154 1
kel |
o _ 3l
O E 21
>Q<. < 274 L
o 304
O D5

0.2 0.42 0.6 0.2 0.4 0.6 0.2 04 0.6 0.2 0.4 0.6
density (cm™)

Fig. 2.12 Bar diagram showing the average density of Neorotalia calcar on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Family Calcarinidae
Neorotalia calcar (d’Orbigny, 1839)
PL 3, figs. e-f.

Description — Trochospirally coiled test, involute on umbilical side. More or less
biconvex in side view. Each chamber in last whorl with one short, triangular spine
almost in equatorial plane (10-14 in adults). Test surface smooth, showing some pores
and no spikes.

Affinities — This species is most easily misidentified with Calcarina hispida, the test
of which is entirely covered with small spikes and usually has not as many spines as
N. calcar.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species
(Hottinger & Leutenegger, 1980; Lee & Anderson, 1991)

Distribution — N. calcar occurs on the reef edge and has no preference for substrate
type in the Spermonde Archipelago. It lives in shallow water and is usually restricted
to the upper 10 m (Fig. 2.12). N. calcar is significantly more abundant on the leeward
slope than on the exposed slope (chi? test, p <0.001). On the leeward slope, it may
occur in deeper water (down to 30 m, Fig. 2.12).

Discussion — The occurrence of this species on the Spermonde Shelf is different
from that in other regions from where it has been reported. Instead of having its high-
est density in the shallowest part of the reef flat, it is more abundant around the reef
edge on the leeward side, where the highest densities in zone 1B, 2 and 3+4 are found
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Fig. 2.13. Bar diagram showing the average density of Calcarina hispida on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

down to 3, 6 and 18 m (Fig. 2.14), respectively. This species has been found in shallow
water on thalli of macroalgae and on firm substrates in the beach region (Hallock,
1984; Hohenegger, 1994, 1996). Hohenegger et al. (1999) found a significant preference
for solid substrates in two transects off Okinawa. Troelstra ef al. (1996) found this
species in very shallow water as well but with a much higher density on reef flats.

The reef flat of the reefs on the Spermonde Shelf do not show abundant macroal-
gae growth, due to wave-driven sand movements. This sandy substrate is also not
suitable for N. calcar. Wave ripples were observed down to about three meter (during
fair weather), N. calcar becomes more abundant in the areas without wave ripples.

Calcarina hispida Brady, 1876
PL 3, figs. a-b.

Description — Test globular, trochospirally coiled. Tuberculate surface in the
umbilical area and lateral chambers and spines covered by small spikes. Spines either
short and straight or long and bifurcated.

Affinities — Hohenegger et al. (1999) distinguished two morphotypes. In this study,
C. hispida {. defrancii (long spines) was very rare, and is not considered separately. The
short spined form (C. hispida f. spinosa) of this species resembles N. calcar, which has a
spine on every chamber and no small spikes, while C. hispida has 4-6 spines only.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species (Lee
& Anderson, 1991).

Distribution — In our study C. hispida was the most abundant calcarinid foram. It
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occurred around reefs in most zones (Fig. 2.13), and was found in 2/3 of the samples.
Only A. lessonii was found in more samples. C. hispida showed no preference for either
substrate type or exposed/leeward side of the reefs. In most areas it occurred down to
the maximum sampling depth at the reef base while the highest densities occurred at
the lower part of the reef slope (Fig. 2.13).

C. hispida occurred in high densities in the southern Nearshore Zone, where this
was the most abundant species on sandy substrate. Low densities were found on the
Mid Shelf reefs (Fig. 2.13). On reefs in the Northern Nearshore and Outer Shelf Zone,
C. hispida is abundant at both the leeward and exposed reef slope. On the leeward
slope, it occurs on top of barren sediment.

Discussion — C. hispida is reported from 0 to 70 m at Okinawa (Hohenegger, 1994;
Hohenegger et al., 1999), where the morphotype spinosa is the shallowest one of the two
at 0-30 m depth (Hohenegger ef al., 1999). At Okinawa it was found to have a prefer-
ence for firm substrates (Hohenegger et al., 1999). Rottger & Kriiger (1990) found this
species living on algae covering the sediment in sea grass meadows.

C. hispida is the most abundant calcarinid, the occurrence of C. hispida around the
reefs in zone 1A indicates that it is more tolerant to fluctuations in the environment
than the similar N. calcar. Hohenegger et al. (1999) explain the higher abundance of
calcarinids in their northern transect by the higher availability of nutrients. The high
density of C. hispida in the Southern Nearshore Zone supports this hypothesis.

Calcarina spengleri (Gmelin, 1791)
Pl 3, fig. d.

Description — Test large, flat, and trochospiral with thick chamber walls giving rise
to circular contours (Hohenegger et al., 1999). In our study specimens with only few
spines are more angular with usually only a limited number of long, rounded spines
(4-6), showing some parallel striae. Test surface smooth with very small pores. The
last chambers often are large with relatively deep sutures, especially at the spiral side.

Affinities — Easily identified by its spines, large size and smooth, round contours.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species (Lee
& Anderson, 1991).

Distribution — This species shows a significant preference for both the exposed
slopes of the reefs and solid substrates (Fig. 2.20a). Its maximum abundance was at
the middle of the slope (9-24 m in the zone 3+4, 3-12 m in zone 2, Fig. 2.14), where it
lived below large boulders of rubble or in crevices. The density of this species decreases
rapidly as soon as the substrate type at the exposed slope changes from coral rubble
into sand. The maximum depth at which it has been recorded is 30 m.

Discussion — This species is characteristic for high hydrodynamic energy, shallow
water (Rottger & Kriiger, 1990). Hallock (1984) found this species in the upper 5 m
(maximum density at 1 m), as did Rottger & Kriiger (1990) and Rottger et al. (1990).
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Fig. 2.14. Bar diagram showing the average density of Calcarina spengleri on the exposed and leeward
slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Hohenegger (1994) and Hohenegger et al. (1999) found it in slightly deeper water, of
0-20 m depth, while their maximum density was in crest pools at 0-10 m depth, where
it was associated with algae.

Troelstra et al. (1996) found this species to be most abundant on ‘eutrophic’ reefs,
and less abundant, but conspicuously present on ‘oligotrophic’ reefs. Re-examining of
their samples revealed that they erroneously identified C. hispida as C. spengleri.

The shift in habitat as observed in C. spengleri is similar to Neorotalia calcar. Con-
trary to the latter species, the absence of suitable substrate (macroalgae or rubble in
quiet areas) in shallow water urges C. spengleri to occupy habitats in deeper water.
With its robust spines C. spengleri can attach strongly to the substrate and is able to
withstand higher hydrodynamic energy than Neorotalia calcar (Hohenegger, 1994).

Baculogypsinoides spinosus Yabe & Hanzawa, 1930
Pl 3, fig. c.

Description — Large calcarinid test globular to tetrahedal in outline and covered
with large pustules. Its 3 or 4 large, blunt spines covered with short spikes and in

some specimens with a few parallel striae on the spines.

Affinities — Living specimens are greenish grey around the spines and whitish at
the centre, compared to an even brownish-green colour in C. spengleri.

Symbiont type — Diatoms, Nitzschia frustulum var. symbiotica and other species (Lee
& Anderson, 1991).

Distribution — This large calcarinid occurs in a few samples, most of them on the
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Fig. 2.15. Bar diagram showing the average density of Baculogypsinoides spinosus on the exposed and
leeward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

seaward slope of the reefs (Fig. 2.15). It occurs at the upper part of sandy reef bases
just below the coral cover on the base of slope, where it lives attached just below the
edges of large pieces of coral rubble (e.g., dead mushroom corals) covered by algae
(Fig. 2.20b). This pattern is very similar to what Troelstra et al. (1996) found (listed as
Baculogypsina sphaerulata (Parker & Jones, 1860)).

Discussion — B. spinosus is a relatively deep living calcarinid. It has been reported
from up to 80 m with maximum densities at 40-50 m, where it tends to have a prefer-
ence for solid substrates (Hohenegger, 1994, 1996). This is the same habitat as in which
B. spinosus was observed in the Spermonde Archipelago, apart from the shallower
maximum depth of occurrence.

Family Rotalidae
Elphidium craticulatum (Fichtel & Moll, 1798)
PL. 3, figs. g-h.
Description — Test lenticular, planispiral involute. 22-28 chambers in final whorl
are perforate, with rectangular pores parallel to sinuous septa. Umbilical plug perfo-
rate.

Affinities — Misidentification impossible.

Symbiont type — This species does not house symbionts, but shows chloroplast
husbandry instead (Reiss & Hottinger, 1984; Lee & Anderson, 1991).

Distribution — This species occurs all over the shelf. The highest densities were
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Fig. 2.16. Bar diagram showing the average density of Elphidium craticulatum on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

found around nearshore reefs (zone 1A) where they co-occurred with A. radiata
attached to algae on coral rubble and in the deepest samples taken in between the
reefs (Fig. 2.20c). E. craticulatum can be found at any depth, and seems to occur
mostly in conditions at the limits of the range of symbiont-bearing foraminifera (Fig.
2.16). This is related to the fewer restrictions of chloroplast husbandry over sym-
biont housing.

Discussion — Hollaus & Hottinger (1997) found this species to replace Amphistegina
lessonii below the thermocline at Crete.

In nutrient-rich water, symbiosis is less advantageous to both the symbiont and
the host than in oligotrophic water (Hallock, 1985). In chloroplast husbandry, as
shown by E. craticulatum, symbionts do not reproduce within the host, but have to
be digested continuously (Lopez, 1979). The chloroplasts are left intact for several
days and provide the host with energy. This is advantageous in variable environ-
ments in which during large parts of the year unfavourable condition for true sym-
biosis prevail, or in areas within the photic zone, but not warm enough for true
symbiosis.

On the Spermonde Shelf, Elphidium craticulatum shows the highest densities in the
most variable environments, in zone 1A and in the deepest area. In zone 1A large sea-
sonal variation occurs in the nutrient level and the visibility. Seasonal fluctuations
have a relatively larger impact at larger depth. Because of the logarithmic decrease in
light intensity, the deepest part of the photic zone in the fair weather season the light
intensity is too low for species with true symbionts (Chapter 3, below). E. craticulatum
is less sensitive and lives at this depth in zone 1B to 3+4.
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Fig. 2.17. Bar diagram showing the average density of Heterostegina depressa on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Family Nummulitidae
Heterostegina depressa d’Orbigny, 1826
Pl 4, fig. a.

Description — Shell large, involute, planispirally coiled. Long chambers partitioned
in chamberlets and with a marginal cord. Chambers increasingly elongate, but never
annular. Small specimens robust; larger specimens with thin and flat outer whorls.

Affinities — In the present study, this is the only hyaline-walled species showing
chamber partitioning by septules. Others have not been found alive. H. operculinoides
Hofker is the nearest relative and it has an evolute test with pustules in the centre.
Operculina heterosteginoides Hofker, only found as an empty shell, is also evolute and
its septules do not reach further than half the chamber width.

Symbiont type — Diatom, Nitzschia panduriformis and other species (Leutenegger,
1984).

Distribution — H. depressa is common in the Spermonde Archipelago (Fig. 2.17),
with a significant preference for seaward slope sides (chi? test, p <0.05, Table 2.2) and
for solid substrates (chi? test, p <0.001, Table 2.2). The highest densities occur on the
exposed slopes, and this species shows a marked increase in depth range going from
the Southern Nearshore Zone to the Northern Nearshore Zone (Fig. 2.17). It is found
hidden in sheltered places on coral rubble covered with coralline algae (Fig. 2.20b). On
the sandy leeward sides and on sandy reef bases it occurs in very low densities (Fig.
2.17). Here, very large microspheric specimens were observed, some of which were
found attached to echinoids.
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Fig. 2.18. Bar diagram showing the average density of Operculina ammonoides on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

Discussion — As in the Spermonde Archipelago, H. depressa occurs predominantly
on solid substrate in all other areas (e.g., Hottinger, 1977a; Vénec-Peyré, 1991), and
shows a great depth range: 0-100 m (Hallock, 1984), 0-80 m (Hohenegger ef al., 1999).
The maximum depth at which H. depressa has been found is much shallower though.

Operculina ammonoides (Gronovius, 1781)
PL 4, figs. b-c.

Description — Large operculinid, almost round in umbilical view. Coiling semi-
involute to evolute planispiral in the last whorls. Size of the central test region covered
with pustules varies with depth (Hohenegger ef al., 1999).

Affinities — No misidentification possible with other species occurring on the Sper-
monde Shelf. In the West Pacific two other species occur (Hohenegger et al., 1999): 1)
Operculina discoidalis (d’Orbigny) has involute first whorls, narrow chambers and a
large hyaline umbonal plug. 2) Operculina cf complanata (Defrance) has a complete evo-
lute test with folded septal flaps (Hohenegger ef al., 1999). The expansion rate of the
whorls increases going from O. discoidalis to O. ammonoides to O. cf complanata.

Symbiont type — Diatom, Nitzschia panduriformis and other species (Leutenegger,
1984).

Distribution — At the Spermonde Archipelago, this is the most abundant species,
occurring on various sandy substrates, to which it has a significant preference (Table
2.2), especially in patches at reef bases, except those at the Southern Nearshore area
(Lae Lae, Baranberingan, Fig. 2.18). It was found dead in grab samples from < 54 m
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Fig. 2.19. Bar diagram showing the average density of Palaeoummulites venosus on the exposed and lee-
ward slope of reefs in four zones of the Spermonde Archipelago. Shaded area was not sampled.

depth E of Langkai, and alive from not deeper than 45 m just west of Kudinkareng-
keke. It occurred at slightly shallower depths on sandy leeward reef slopes (Fig. 2.18;
2.20 e, f). The minimum depth at which it has been found varies from 9 m in zone 1B
to 21 m in zone 3+4 (Fig. 2.18).

Discussion — In previous studies this species has been reported from various
habitats, with highest densities usually recorded from sandy substrates varying in
depth from 6 m (Troelstra et al., 1996) to 150 m (Hottinger, 1977a). More restricted
depth ranges were reported from Palau (27-60 m, Hohenegger, 1996, and 20-30 m,
Hallock, 1984). According to Hohenegger et al. (1999), this species prefers lower energy
environments with medium light intensities, which is confirmed by our observa-
tions.

Nummulitids that prefer even lower light intensities do not occur in the Sper-
monde Archipelago. Empty tests of Operculina heterosteginoides have been found, but
Heterostegina operculinoides and Cycloclypeus carpenteri Brady are not present.

Palaeonummulites venosus (Fichtel & Moll, 1798)
Pl 4, figs. d-e.

Description — Large, rather thick planispiral, and involute test with a thick margin-
al cord. Septa curve backwards at periphery. Outer surface smooth.

Affinities — In outer appearance this species is similar to Heterostegina depressa,
from which it differs by the absence of septules in the chambers.

Symbiont type — Diatom (Leutenegger, 1984).
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Distribution — At the Spermonde Archipelago, P. venosus is one of the species
showing a preference for soft substrates at the reef base(chi? test, p <0.001, Table 2.2).
P. venosus was collected in low densities at the deepest SCUBA sample depths (Fig.
2.19). It was not found around islands in the Southern Nearshore Zone. Palaeonum-
mulites venosus was found nearest to the shore around Bone Baku (zone 2). Highest
densities were recorded at the reef base around the outer shelf reefs (Bone Tambung,
Kudinkarengkeke).

Discussion — Palaeonummulites venosus lives slightly deeper than Operculina ammo-
noides (20-90 m) and has a significant preference for sandy substrates (Hohenegger et
al., 1999). At the Spermonde Archipel, its maximum depth is limited by the extent of
the photic zone (most probably that of the wet season).

Elsewhere this species is found in the same habitats, but in much deeper water.

Discussion

Two important parameters influence the distribution of larger foraminifera over

the Spermonde Shelf.
1. The varying influence of terrigenous influx by rivers. Larger foraminifera occur at
greater depth in zone 1B than in zone 1A. Both areas are shallower than 20 m, and dif-
fer only in the distance to the mainland shore. In zones 1B, 2 and 3+4 the maximum
depth at which foraminifera have been found increases in offshore direction, together
with parameters like maximum depth and the maximum depth of coral cover on reef
slopes and the transparency of the water (secchi depth).

In zone 1A, only a limited number of species is capable of dealing with the highly
variable conditions through the year. On the leeward reef slopes in this zone, these
species are Calcarina hispida, Amphistegina lessonii and Elphidium craticulatum. Other
species, like Peneroplis planatus and Neorotalia calcar, found in shallow water on the lee-
ward reef sides in zone 1B to 3+4 were not found in this zone.

On the exposed sides, the shallowest samples were similar to those in the other
zones, but Elphidium craticulatum occurred in higher densities. The samples at 6-9 m
contained E. craticulatum, Amphistegina radiata and A. lessonii. Heterostegina depressa was
absent. All species occurring in samples taken at the reef base in the other three zones,
were absent from this zone as well.

Hohenhegger et al. (2000) reported that several Nummulitidae at the reef slopes

around Okinawa showed a similar response to low transparency. Though predicted
by models (Hallock, 1987, 1988), it has not yet been demonstrated that species disap-
pear in response to changing environmental parameters.
2. Exposed slope vs leeward slope. Species occurring on reef slopes can be divided
distinctly into two groups, with very little overlap. Calcarina spengleri, Baculogypsi-
noides spinosus, Amphisorus hemprichii, Heterostegina depressa and Amphistegina radiata
occur predominantly on exposed slopes, while Neorotalia calcar and Peneroplis planatus
occur predominantly on leeward slopes. Apart from A. radiata, the exposed slope
species have all been reported to prefer to live on solid substrates in other areas as
well (Hallock, 1984; Hohenegger, 1994; Hohenegger et al., 1999).

Neorotalia calcar and Peneroplis planatus are both shallow water species living
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Fig. 2.20a: Amphistegina radiata on coral rubble covered by coraline algae (KKW®6). b: Heterostegina depres-
sa, Baculogypsinoides spinosus (background Amphistegina lessonii and Calcarina spengleri) on dead coral
fragment covered by (coralline) algae (KKW18). c: Elphidium craticulatum on coral rubble covered by
red algae (BBW6). d: Soft sediment assemblage with Operculina ammonoides and Dendritina ambigua
(PLW30). e: Soft sediment assemblage with Dendritina ambigua, Alveolinella quoyii, Operculina ammonoides
and Amphistegina papillosa (SW27). f: Soft sediment assemblage with Operculina ammonoides and Para-
sorites orbitolitoides (SE21). g: Soft sediment assemblage with Alveolinella quoyii and Operculina
ammonoides (SW24). h: Amphisorus hemprichii attached to a large boulder of dead coral (LKW6).
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attached to algal mats or solid substrate (Hohenegger, 1994). Both species live on soft
substrates at S. Sulawesi. A habitat like that described by Hohenegger (1994) for N.
calcar and P. planatus is not present in the Spermonde Archipelago at shallow depth.
The observations at the Spermonde Shelf show that these two species are plastic in
their habitat preferences.

Other species that were found in the same habitat in Okinawa (for example Baculo-
gypsina spaerulata and Calcarina defrancii) have not been found in the Spermonde Arch-
ipelago and do not have the plasticity to live in the conditions on the Spermonde.

Many of the larger foraminifera occurring in the Spermonde Archipelago have
been found in other habitats (Neorotalia calcar, Peneroplis planatus, Calcarina spengleri), a
narrower range (for example Alveolinella quoyii and Parasorites orbitolitoides) or a wider
range of habitats (Calcarina hispida) than previously reported. Differences in local envi-
ronmental parameters force larger foraminifera to adapt their way of living. Competi-
tion between groups can also influence these choices. In the more variable conditions
at the Spermonde Archipelago compared to those at Okinawa, species with a short
generation time will have an advantage.

Though it is not possible to quantify seasonal variations in the density of fora-
minifera in the Spermonde Archipelago, the influence of seasonally changing environ-
mental parameters is large. In the samples taken from the reef base, Elphidium craticu-
latum is an important component of the foram fauna. This species shows chlorophyte
husbandry and is thus capable of dealing with adverse, dark conditions better than
symbiotic species.

Conclusions

1. Next to already known parameters like substrate type, depth and hydrodynamic
energy (Hottinger 1983; Hohenegger, 1994; Hohenegger ef al., 1999), another impor-
tant parameter for the distribution of larger foraminifera is nutrient concentration.
This latter parameter is influenced by the distance to the shore and terrestrial run off
by rivers over the shelf area. Calcarina hispida, Amphistegina lessonii, A. radiata and
Elphidium craticulatum can withstand these conditions better than the other species.
2. In tropical areas away from the equator, the climate is often monsoonal with a dry
and a wet monsoon. Seasonal changes in fluvial discharge over the shelf influences
nutrient concentration (increasing the concentration of organic particles) and inorgan-
ic particle concentration nearshore. This seasonal variation also affects the distribution
of larger foraminifera over the Spermonde Shelf.
3. The very different set of environmental parameters from other areas were the dis-
tribution of living larger foraminifera have been studied, shows that some species are
not as critical as others. Neorotalia calcar, Calcarina spengleri and Peneroplis planatus
have been recorded at the Spermonde shelf at both different substrates and greater
depth than in previous studies.

The absence of habitats forces the species otherwise living in these habitats to
occupy other habitats or to be absent.
4. In mesotrophic conditions, Elphidium craticulatum is an important faunal component.
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Introduction

The geographical distribution of symbiont-bearing larger foraminifera is limited
by two parameters i.e., nutrient flux and water temperature (Langer & Hottinger,
2000). Larger foraminifera can maintain themselves only in oligotrophic environ-
ments because they are housing symbionts (Hallock, 1985). Symbiosis is advanta-
geous in oligotrophic conditions where radiant energy is abundant, growth-limiting
nutrients are scarce and concentrated in particulate organic matter, and much energy
must be expended to capture this organic matter (Hallock, 1981c). The symbionts use
the metabolic waste products of the host that feeds on particulate organic matter
otherwise unavailable to the symbiont. Any carbon fixed in excess of the metabolic
and growth requirements of the symbiont is potentially available to the host (Muller-
Parker & d’Elia, 1997).

Larger foraminifera are restricted to warm water. Their occurrence is limited to a
climatic belt bounded by the 15-20°C winter isotherm of the surface water (Murray,
1991; Langer & Hottinger, 2000). In the Mediterranean, Hollaus & Hottinger (1997)
found that the occurrence of symbiont-bearing benthic foraminifera (Amphistegina)
was truncated by the thermocline, while elphidiids (showing chloroplast husbandry)
occurred until the maximum depth of the photic zone.

In a biogeographical study, Langer & Hottinger (2000) showed that the distribu-
tion of larger foraminifera is constrained by the effective temperature minima tolerated
by individual taxa. Of the studied taxa Operculina heterosteginoides, Alveolinella quoyii,
Heterostegina operculinoides and Palaeonummulites venosus have the lowest tolerance to
low sea surface temperatures. Because of the thermal gradient, it is more likely that
the minimum temperature is sufficient in high sea surface temperature areas. They
occur in a climate belt limited by the 25°C winter isotherm (Langer & Hottinger, 2000).
Sorites orbiculus and Amphistegina sp. show the widest temperature tolerance of the
taxa studied by Langer & Hottinger, as their occurrence is limited by the 14°C iso-
therm of seawater in the coldest month of the year (Langer & Hottinger, 2000). Within
their geographical range, larger foraminiferal density and distribution is determined
by a set of environmental parameters, such as light intensity, hydrodynamics, water
temperature, salinity, food availability, and substratum, which correlate with depth
(Hottinger, 1983).

Hallock (1987, 1988) presented a model in which the community structure of sym-
biont-bearing benthic foraminifera is described as a function of nutrient flux, directly
influencing euphotic zone depth. Light penetration into the water column is limited
by turbidity which is a function of plankton densities and fluvial influx of dissolved
organic matter and suspended sediments. Besides suspension by water turbulence,
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Fig. 3.1. Two possible ways larger foraminifera could react to decreasing transparency due to higher
nutrient availability.

a: Schematic representation of Hallock’s (1987) model. The species occurring in the deepest biotopes in
oligotrophic conditions do not occur in more eutrophic conditions.

b: All species always occur in the same irradiation range (for example, the deepest species occurs
always if irradaition is 1-10% of the surface irradiation).

increasing nutrient supply promotes an increase in densities of planktonic organisms
and a decrease in transparency.

Furthermore, in eutrophic environments variability on a seasonal time scale is
higher than in oligotrophic conditions (Hallock, 1987). Tropical climates away from
the equator are often monsoonal, with high river discharge during the wet period. The
latter causes several months with higher nutrient fluxes, higher particle concentration
in the water column and higher turbidity resulting in a shallower euphotic zone.

Hallock’s model predicts that species that are highly specialised to certain levels of
light availability, can respond to some loss of water transparency by compressing their
depth ranges. However, if water transparency is reduced too much, most will probably
disappear, especially if less specialised species are available (Fig. 3.1a; Hallock, 1987).

However, Hohenegger (1995) and Hohenegger et al. (2000) presented a model in
which the proportions of Nummulitidae were used in a function to estimate water
depth at the sampling site (Fig. 3.1b). This model is based on the assumption that
organisms tolerate a gradually increasing environmental parameter only within a cer-
tain range. In this model, species will occupy increasingly deeper habitats in response
to the gradient (increasing transparency) if all other parameters remain the same.
Thus, all species will occur in a narrower depth ranges with decreasing transparency.
Hohenegger et al. (2000) show that an important parameter affecting (and often limit-
ing) this shift into shallower habitats is the high hydrodynamic energy in the upper
part of the water column.

The most oligotrophic conditions prevail in oceanic gyres. Many earlier studies
have dealt with niche partition of larger foraminifera in areas where oceanic gyres
wash ashore (Hottinger, 1983; Reiss & Hottinger, 1984; Hohenegger et al., 1999). Under
these conditions living larger foraminifera have been found down to 120 m (Reiss &
Hottinger, 1984; Hallock, 1984; Hohenegger et al., 2000).

Much less attention has been paid to the distribution of larger foraminifera in areas
where rivers enter shallow tropical shelves (e.g., Troelstra ef al., 1996). Such areas dis-
play relatively high nutrient levels and a shallower euphotic zone, limiting the occur-
rence of larger foraminifera to shallow depths.

This study describes the distribution of larger foraminifera assemblages living
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around patch reefs on the Spermonde Shelf influenced by seasonally changing river
discharge. Hallock’s model (1987) was developed using hypothetical species. We use
our data to test this model on a mesotrophic carbonate shelf setting.

Our data are also compared to the distribution of the larger foraminifera in more
oligotrophic conditions within the same biogeographical province to further assess
the influence of food availability and water transparency on the distribution of larger
foraminifer communities.

The Spermonde Archipelago

The Spermonde Archipelago is an island group in the Makassar Strait west of
Sulawesi. The islands lie to the west and northwest of Makassar (formerly Ujung Pan-
dang), the capital of the Indonesian province Sulawesi Selatan (Fig. 2.1). The archipel-
ago is situated on a broad carbonate platform and is separated from open marine set-
tings by a discontinuous barrier reef on its western side.

The islands and shoals of the Spermonde Archipelago developed during the
Holocene sealevel rise on top of Pleistocene topography (de Klerk, 1983) and are
roughly situated on ridges parallel to the coast. The shelf depth increases gradually
off shore to reach a maximum of 60 m just east of the barrier, then gradually shallows
towards the barrier, which is about 15-20 m deep, with some islands and several
shoals on it. In front of the barrier, depth increases rapidly to over 200 m in the
Makassar Strait.

South of Makassar the river Jene Berang flows onto the Spermonde Shelf, carrying
terrigenous sediments, which cause a shallowing of the euphotic zone. The Jene
Berang also discharges nutrients and fresh water over the shelf, resulting in higher
nutrient levels and lower salinity nearshore, compared to the rest of the shelf. The
dominant current direction in the Makassar Strait and over the shelf is southward, so
most of the terrigenuous input is deflected towards the south. Some smaller rivers
north of Makassar have smaller discharge and have a limited effect on the distribu-
tion of nutrients over the shelf. During the wet season, the northwestern edge of the
plume of the Jene Berang can reach as far as the island Samalona. South of the Jene
Berang’s mouth, no patch reefs occur for about 40 km. Maximum tidal amplitude in
the study area is 1.2 m. Sea surface water temperature is 28.5°C, and decreases to
about 26°C at 20 m depth (Storm, 1989). Salinity is about 33 %o, except for the surface
layer near the mouth of the Jene Berang, where it can be as low as 20%. during peri-
ods of high river discharge.

Four ecological zones, based on marine plants and stony corals have been recog-
nised in the Spermonde Archipelago (Moll, 1983; Hoeksema, 1990). These zones rough-
ly parallel the isobaths on the shelf.

The nearshore zone is bordered by the 20 m isobath. This zone has the highest
nutrient and clay/silt content (Erftemeier, 1993). Secchi depths around Lae Lae are
0.5-2.5 m during the wet season and 2.5-5 m during the dry season. The chlorophyll «
concentration in the dry season was 2.9 + 1.5 ug/1 (Erftemeier, 1993). This zone shows
the lowest diversity in stony corals (Hoeksema, 1990).

The Mid Shelf Zone is between 20 m and 30 m depth. Nutrient levels are similar to
the third and fourth zone, as is the silt content. Chlorophyll o concentration in the dry
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season was 0.5 + 0.2 ng/1 (Erftemeier, 1993). Secchi depths vary from 1-5 m in the wet
season to 10-17 m in the dry season.

The Outer Shelf Zone comprises the shelf deeper than 30 m except for the outer
rim. In the third zone the secchi depth varies between 7.5-20 m in the wet season and
10-30 m in the dry season. Chlorophyl a concentration in the dry season was 1.0 + 0.1
pg/1 (Erftemeier, 1993). This zone is the most diverse zone based on stony corals
(Hoeksema, 1990)

The outer rim zone is formed by the barrier itself. The secchi depth is similar to the
outer shelf zone, but the hydrodynamic energy is higher. Chlorophyll o concentration
in the dry season was 0.7 = 0.1 pg/1 (Erftemeier, 1993)

We used a similar division of the Spermonde Shelf roughly corresponding to the
zones mentioned above (Fig. 3.2). The first zone, approximately limited by 20 m depth
isobath, is further differentiated into two areas, the Northern Nearshore Zone (1b) and
the Southern Nearshore Zone (1a). The parameters mentioned above are valid for the
Southern Nearshore Zone.

Reef geometry and shelf depth are comparable in zone 1a and 1b, but in the latter
the terrestrial influence is less. Transparency is higher and allows hermatypic corals to
grow at depths down to 13 m, compared to only 7 m in zone 1a. Chlorophyll « con-
centration just off a reef in the Northern Nearshore Zone was 1.1 + 0.1 pg/1 (Erfte-
meijer, 1993).

The second zone (Mid Shelf) is similar to that of Moll (1983), but his zones 3 and 4
(Outer Shelf and Outer Rim) are combined in this study (Outer Shelf, zone 3+4, Fig. 3.1).

The reefs in the Spermonde Archipelago all are cay crowned reefs (Fig. 3.3, Umb-
grove, 1929, 1930; Guilcher, 1988). The west side is exposed to oceanic swell during
especially the rainy season and covered by coral. The east slope of the reef consists of
carbonate sand (average grain size 0.5-0.25 mm) with isolated patches of coral growth.
A rampart built of coral rubble borders the shallow reef flat to the west. The reef flat
itself consists of barren carbonate sand (showing current/wave ripples) with some
patchy corals, but hardly any sea grass.

The reef base consists of very coarse carbonate sand (average grain size 0.5-1 mm).
At places there is rather diverse life, with solitary corals (both symbiont-bearing
Fungiidae as non symbiont-bearing), sea pens and soft corals. Up to 70% of the sedi-
ment consists of empty foraminifera tests.

Methods

Fieldwork was carried out from August to November 1997 Fig. 2.2 shows the loca-
tion of the investigated islands. The sampling sites were selected on the basis of maxi-
mum variation in parameters which may affect the distribution of larger foraminifera
on the Spermonde shelf, such as distance to the coast and the river mouth and depth
of the surrounding shelf. We sampled at 3 m depth intervals on both the west and east
side of the islands by SCUBA diving. Due to restrictions in diving time and depth, the
sample depths do not exceed 33 m.

In addition, bottom samples from the deeper parts of the shelf were taken with a
van Veen grab. These samples were not suitable for quantitative analysis, but have
been used to assess the presence and maximum depth of occurrence of living larger
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foraminifera. For each sample a circular surface area of 1000 cm? was collected. This
could either be (calcareous) sand, coral rubble or (rarely) sea grass. On sand, macro-
algae and sea grass substratum, it was possible to sample at every selected site. How-
ever, due to the dense coral cover on the seaward reef slope, the sampling was
restricted to areas with coral rubble. On some outer shelf reefs (e.g., Bone Tambung
and Kudinkareng Keke) it was very difficult to find suitable substrate for larger
foraminifera on the seaward slope and samples have been taken as near as possible to
the 3 m depth interval levels. The reef flats have been searched for foraminifera as
well, but only around Langkai have larger foraminifera been found in water shallow-
er than 2 m below low tide.

The samples were collected in bags, and taken to the laboratory, where the
foraminifera were detached from the coral rubble and all samples were sun-dried.
After sieving with a 0.5 mm sieve, the foraminifera that were alive when collected
were separated from empty tests based by their symbiont colours.

Only the symbiont-coloured specimens were counted. Besides species belonging
to the symbiont-bearing Nummulitidae, Amphisteginidae, Calcarinidae, Rotalidae,
Peneroplidae, Soritidae and Alveolinellidae, Elphidium craticulatum was counted,
because this well preserved tests show colouring. Elphidium craticulatum does not
house symbionts but sequesters chloroplasts from algal food sources and utilises
photosynthate produced by those chloroplasts (Reiss & Hottinger, 1984; Lee & Lanners,
1988; Lee & Anderson, 1991).

During the dives the most recognisable and conspicuous species were photo-
graphed. This adds information not only on how living species are positioned, but
also on the presence of (rare) species which are underrepresented in the quantitative
counts. Photographed species include Operculina ammonoides, Dendritina ambigua,
Amphistegina lessonii, Amphistegina radiata, Heterostegina depressa, Parasorites orbitoli-
toides, Amphisorus hemprichii and Calcarina spengleri.

Species identifications follow Hohenegger (1994) and Hohenegger ef al. (1999). For
the generic subdivision we follow Loeblich & Tappan (1987). However, Hottinger et
al. (1991) have shown that Neorotalia is not synonymous with Pararotalia. Additionally,
Johann Hohenegger (pers. com.) identified some of the calcarinids. Our taxonomy dif-
fers somewhat from that by Troelstra ef al., (1996, see Chapter 2, above).

Cluster-analysis (squared Euclidean-distance, Ward’s method) was carried out on
a data matrix determined by samples and species densities (Figs. 3.2 and 3.3). A log
transformation of the data was performed (y = log [y+1]) in order to diminish
extreme differences in abundance prior to analysis. The outcome of the cluster analy-
sis was used for indicator species analysis by the method of Dufréne & Legendre
(1997), resulting in an indicator value for each species, ranging from 0-100. The indi-
cator value for species x is calculated as a product of relative abundance in a cluster
(average abundance of a given species in samples forming a cluster over the average
abundance of the species in all samples) and the relative frequency of species x in a
cluster (percentage of samples in a cluster in which species x is present). This value is
calculated for each cluster, and the indicator value of a species is the maximum value
calculated for any of the clusters. The Indicator value of a species is calculated using
the following formulas:
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Aij: Nij/ N;
By=M;;/M;
IV;= Ajx Byx 100
In which
Aj; = mean abundance of species i in samples compared to all clusters
Nj = mean number of individuals of species i across samples of cluster
N; = sum of the mean numbers of individuals of species i over all clusters
B; = relative frequency of occurrence of species i in cluster j
M; = number of samples in cluster j where species i is present
MV = total number of samples in cluster j

Furthermore, a Montecarlo randomisation test is performed to test the significance
of the observed indicator value.

Indicator value analysis was done first by assigning only 2 clusters with a cut-off
level of 40, p<0.05. Species with an indicator value higher than 40 (p<0.05) are shown
in the cluster diagram (Fig. 3.2) as typical for that cluster. Ultimately indicator species
were determined for 6 clusters. Statistical calculations were done using PC-ORD ver-
sion 4 (McCune & Mefford, 1999).

Results

The maximum depths at which larger foraminifera occur in the Spermonde area
range from 6-9 m around coastal reefs to about 40 m around reefs in the Outer Shelf
Zone (Tables 3.1; 3.3). The highest densities (up to 6 cm™) were found in reef base sam-
ples, followed by samples from the seaward oriented slope of the reefs (up to 3 cm™).

A very few living foraminifera have been found on the reef flats. The few samples
that did contain foraminifera showed very low densities, confirming the results
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Table 3.1. Ecological parameters of the species of larger foraminifra found on the Spermonde shelf. For
a more detailed discussion of these data see Chapter 2.

) Hohenegger et al., 1999, 2 Hohenegger, 1994, 3 Hallock, 1984, ¥ Troelstra et al., 1996, ¥ Rottger &
Kriiger, 1990, ® Hohenegger, 1996, 7 Hottinger, 1977a, ¥ Vénec-Peyré, 1991.

* value in brackets was found in grab sample.

Species Symbiont  Substrate Substrate  Exposed Depth Depth
Type Preference  Preference  to swell Spermonde published
Spermonde  Literature
Peneroplis planatus Red algae No preference solid ! Not exposed ~ 0-20m, max 0-30 m"
at3-12m  1-5m?¥
Dendritina zhengae Red algae sand sand V) No preference 3-30 m 10-50 m V2
Parasorites orbitolitoides Chlorophyte sand sand V) No preference 6-24 m 1070 m 2
Amphisorus hemprichii  Dinoflagellate solid solid V24 Exposed 0-20 m 0-40m Y
Amphistegina lessonii ~ Diatom No preference No preference 0-33 (40) m* 0-90m V%
0-30m?
535m ¥
Amphistegina lobifera Diatom No preference No preference 0-12m 0-30m?¥
0-20m?
Amphistegina radiata Diatom solid solid ¥ Exposed 0-33m 0-60m 2
sand ¥ 0->30m ¥
Neorotalia calcar Diatom No preference solid "?3  No preference 0-18 (30) m* 0-10m?
0-5m?
0-12 (1) m¥
Calcarina gaudichaudi ~ Diatom solid solid ! Exposed 0-33m 0-5m 39
0-20m D2
Calcarina hispida Diatom No preference solid No preference 0-33 m 0-70m V-2
Baculogypsinoides spinosus Diatom No preference solid D2 Exposed 6-30 m 20-80 m D26
Elphidium craticulatum No preference No preference 0-33 m
Heterostegina depressa ~ Diatom solid solid V478 Exposed 0-33 m 0-100m ¥
0-80m Y
Operculina ammonoides ~ Diatom sand No preference 9-33 m 27-60m ©
20-30m ¥
6-20m ¥
Palaeonummulites venosusDiatom sand sand No preference 15-33 (40)m  30-80 m 12

Table 3.2. Some ecological parameters of clusters defined in Fig. 3.2. Observed and expected number
of samples (between brackets) per categories in the groups found in the cluster analysis. Observed
number of samples that deviate substantially from expected are printed in bolt. The last column shows
the average depth of the samples in the cluster, together with their standard deviation.

cluster East West Southern Northern mid Outer Average
facing facing Near Near shelf shelf depth (m)
Shore shore
Reef base 15 (11.8) 9 (122) 0 (2.0) 2 (3.5 6 (6) 16 (12.8)  26.6+5.6
Shallow seeward slope 3 (10.4) 18 (10.6) 1(1.7) 53.3) 2(5.1) 13 (10.8) 3.3+4.0
Deep seeward slope 5(20.8) 37 (21.2) 0 (3.5) 6 (6.7) 11 (102) 25 (21.7) 147471
Shallow leeward slope 27 (13.8) 1 (14.2) 1(2.3) 6 (4.6) 10 (7.0) 12 (14.9) 49+5.2
Deep leeward slope 30 (22.7) 16 (234) 0 (4.3) 10 (8.4) 15 (12.8) 28 (274) 14.5x82
Southern near shore 3 (3.5 4 (3.5) 13 (1.1) 0.1 0(3.1) 0 (6.7) 6.1+2.8

Total 83 85 15 29 44 94
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Table 3.3. Indicator values of 18 species of larger foraminifera in six assemblages as recognised in Fig.
3.3. The first six columns show the indicator value of the species for the six assemblages. The max
group column shows the assemblage with the highest indicator value for each species, species with
p<0.05 are printed in bold. The randomised indicator value and standard error of randomised indica-
tor value shows the value obtained after 1000 runs with the samples randomly divided into 6 groups
with the same number of cases in each group. The p-value shows the proportion of randomised trials
with indicator value equal to or exceeding the observed indicator value.

number of cases 29 22 12 42 53 24 standard
Species SLS SSS SNZDSS DLS RB maxgroup IV~ randomized error of p
v randomized
IV value

Calcarina hispida 24 7 14 8 12 3 SIS 242 178 3.07 0.0340
Calcarina gaudichaudii 0 21 0 4 4 0 DSS 463 14.0 3.54 0.0010
Neorotalia calcar 67 0 0 0 7 0 SLS 66.5 13.8 4.66 0.0010
Baculogypsinoides spinosus 0 0 0 15 2 11 DSS 151 89 3.35 0.0580
Amphistegina lessonii 24 18 2 15 22 18 SLS 244 202 1.90 0.0290
A. lobifera 41 49 0 0 0 0 SsS 4990 126 3.00 0.0010
A. papillosa 0 0 0 2 7 5 RB 519 115 3.76 0.0010
A. radiata 0 21 2 51 4 4 DSS 508 16.5 3.33 0.0010
Operculina ammonoides 0 0 0 3 5 88 RB 88.3 16.6 3.87 0.0010
Heterostegina depressa 2 12 0 59 10 2 DSS 59.1 169 3.35 0.0010
Palgeonummulitesvenosus 0 0 0 0 0 73 RB 735 86 3.67 0.0010
Elphidium craticulatum 2 4 53 8 18 SNZ 533 188 323 0.0010
Peneroplis planatus 47 2 0 2 24 4 SLS 46.9 16.6 3.55 0.0010
Dendritina ambigua 0 0 0 0 9 23 RB 234 79 321 0.0020
Alveolinella quoyii 0 0 0 0 2 21 RB 211 65 322 0.0080
Laevipeneroplis proteus 2 4 0 0 0 0 SSS 44 36 1.99 0.2870
Amphisorus hemprichii 0 45 0 13 4 0 SSS 445 111 3.54 0.0010
Parasorites orbitolitoides 0 0 0 3 9 29 RB 294 103 3.44 0.0030

obtained by visual inspection. An exception is the western part of the reef flat of
Langkai where high densities of larger foraminifera were found. Here, they occurred
living attached to coral rubble at 0.5 m and deeper below the low tide level. The sub-
stratum on the other reef flats consisted either of clean sands showing wave ripples or
patches of, usually living, corals. Neither substrate was favourable for larger forami-
nifera occupation.

On the reef flat of Langkai two samples were taken from Enhalus meadows, how-
ever no epiphytic foraminifera were found. In total, the research area yielded 20 larger
symbiont-bearing species and Elphidium craticulatum. Of these, Peneroplis pertusus and
Laevipeneroplis proteus were found in only a very few samples. Laevipeneroplis proteus
was found on the reef flat around Langkai, where it occurred abundantly on sandy
patches between the corals. P. pertusus occurred in very low numbers in two samples
on sandy substrate.

The distribution of the most important species has been summarised in Table 3.1,
and is discussed in more detail in chapter 2. All species exhibit an increasing lower
depth limit offshore. In the Southern Nearshore Zone, living larger foraminifera have
only been found on the top of the reef slope, the reef base was devoid of larger
foraminifera. In the three other zones, the reef base showed the highest density (up to
6 cm?).
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The Q-mode cluster analysis shows a grouping into 6 clusters (Fig. 3.2). The results
of the indicator value analysis provides additional information on the ecological dif-
ference between the clusters. Based on the reef geometry, the samples can roughly be
divided into three groups: shallow reef slope, deep reef slope and reef base. Samples
collected both at the shallow parts of the reef slope and the deep reef slope can be dif-
ferentiated into subclusters with samples taken at the seaward oriented reef slope and
samples collected at the leeward oriented reef slope. A third subcluster is recognised
within the deep slope group, comprising only samples that show a co-occurrence of
E. craticulatum, A. radiata and C. hispida. For these six clusters, some environmental
parameters (slope orientation, position on the shelf, and depth) characterising these
clusters are summarised in Table 3.2. This confirms the pattern described above.

Based on the cluster analysis, no differences can be observed between the North-
ern Nearshore, Mid Shelf and Outer Shelf zones. Five clusters occur around the reefs
sampled in these areas. The depth at which they occur increases gradually though,
especially for the reef base and deep seaward slope cluster. In the Southern Nearshore
Zone, the reef base assemblage is absent, and the reef slope is occupied by the South-
ern Nearshore Zone cluster. The shallow seaward slope cluster is found at 2-3 m
water depth in this zone.

The indicator values of the species in each of the six clusters are shown in table 3.3.
Note that there are no species indicative of the deep leeward slope assemblage. In the
reef base cluster, three species have very high indicator value, and another three
species have moderately high indicator values, but have hardly been found in sam-
ples in other clusters.

The R-mode cluster analysis indicates three assemblages (Fig. 3.3). Generally
speaking, these are the ammonoides- papillosa assemblage, characteristic for the reef
base-, the depressa- radiata assemblage, predominantly occurring on the exposed reef
slope- and the lessonii-lobifera assemblage, predominantly on the leeward reef slope.

Most sample clusters contain species from at least two assemblages (Fig. 3.3). The
clusters can not be expressed as simple mixing of two assemblages, since they usually
do not contain all species from each assemblage, indicating gradual transitions
between the assemblages. For example, the shallow seaward slope cluster contains
species from the lessonii-lobifera assemblage and the depressa-radiata assemblage, but
Peneroplis planatus, Neorotalia calcar and Baculogypsinoides spinosus are absent. In the
following part we summarise the distribution of the species over the Spermonde Shelf.

Amphisteginidae

Two species groups can be recognised in this family, the A. lessonii group and the
A. radiata group. The amphisteginids occurring in the Spermonde Archipelago occupy
similar niches as in other areas (Table 3.1). Amphistegina lobifera Larsen has its highest
densities in samples taken at 3-6 m, but is found in much lower densities on the reef
flat. The depth range hardly increases going off shore. A. lessonii is the most common
larger foraminifer, occurring in all samples collected by SCUBA diving. The highest
densities were found on the reef slopes and less at the reef base.

A third species in this group, A. bicirculata Larsen , was not found in the Sper-
monde Archipelago. Elsewhere (Red Sea; Hansen & Buchardt, 1977, Hawaii; Hallock,
1984, and Okinawa; Hohenegger, 1994, 2000) this amphisteginid species occupies
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deep habitats.

Amphistegina radiata (Fichtel & Moll) is found predominantly on the west slope of
the reefs, were it co-occurs with A. lessonii attached to coral rubble. A. papillosa Said is
found to live below the zone with coral cover in reef base samples, irrespective of
exposure.

Nummulitidae

Operculina ammonoides (Gronovius) is the most abundant foraminifera in the reef
base assemblage in the Spermonde Archipelago. It is found on rather coarse sedi-
ments, in densities exceeding 3cm? The maximum depth at which it has been found
alive is 45 m (in a grab sample, 33 m was the largest depth for samples that have been
counted) in the Outer Shelf Zone. This species was only present in samples taken at
the reef base, which lies between 12-15 m in the Northern Nearshore Zone, 21-27 m in
the Mid Shelf Zone and between 30-33 m on the Outer Shelf Zone (Fig. 2.18). It did not
occur in the Southern Nearshore Zone.

Palaeonummulites venosus (Fichtel & Moll) is mainly found together with O. ammo-
noides. It only occurs in samples taken at the reef base, usually in the deepest samples.
It has not been found in the Northern Nearshore Zone.

The other nummulitid in the Spermonde Archipelago is Heterostegina depressa
d’Orbigny. This species is found at the exposed reef slopes in all four zones. It is rare
in the Southern Nearshore Zone, where it is only found at the highest part of the
slope. In the other three zones, H. depressa is found all over the exposed slope.

Operculina discoidalis (Cushman) has been recorded from Okinawa and Palau
(Hohenegger, 1996; Hohenegger et al., 2000), but not in the Spermonde Archipelago.
O. discoidalis is found at similar depths to Operculina ammonoides, but is typical for
muddy substrates in very calm water (Hohenegger et al., 2000), a habitat which is not
present in the Spermonde within the photic zone.

Operculina complanata (Defrance) and O. heterosteginoides Hofker are very rare in
some grab samples from 35-45 m in the Outer Shelf Zone, and are more common in
Okinawa (Hohenegger et al., 2000).

Palaeonummulites cummingii (Carpenter), Cycloclypeus carpenteri Brady, and H. oper-
culinoides Hofker have not been found in the Spermonde. Elsewhere, all three reach
their highest density in samples taken at larger depth than P. venosus (Hohenegger et
al., 2000; Hohenegger, 2000).

Calcarinidae

Studies dealing with the habitat use of calcarinids usually show that they live
attached to algae and are well adapted to high hydrodynamic energy levels
(Hohenegger et al., 1999). The calcarinid species of the seaward reef flat cluster of
Palau (Hallock, 1984) and the upper slope at Okinawa (Hohenegger, 1994; Hoheneg-
ger et al., 1999) are also present in our samples (except for Baculogypsina sphaerulata
(Parker & Jones) and Calcarina defrancii d’Orbigny). Calcarina hispida Brady (Fig. 2.13)
and Neorotalia calcar (d’Orbigny) show their highest abundance in samples in the lee-
ward upper slope cluster, while Calcarina spengleri (Gmelin) (Fig. 2.14) has its highest
abundance in samples in the lower seaward slope cluster. Here C. spengleri lives
attached to coral rubble covered by red algae. Neorotalia calcar and C. hispida are abun-
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dant in samples taken on sandy substrate, where they live on top of the sediment,
forming dense patches. C. hispida also occurred abundantly in the Southern Nearshore
Zone. At the leeward slope, this was the most common larger foraminifera next to
Amphistegina lessonii. Since it prefers quiet water C. hispida is most abundant on the
upper slope, but avoids the reef edge and the reef crest (Hohenegger, 1994, 1996, 2000)
in Okinawa. These three species occupy different habitats than observed in Okinawa
and Hawaii (Hallock, 1984; Hohenegger, 1994), where C. spengleri and N. calcar occurred
predominantly on the reef flat. Only the deepest living calcarinid, Baculogypsinoides
spinosus Yabe & Hanzawa, is observed in habitats similar to Okinawa (Hohenegger,
1994; Hohenegger et al., 1999), but this species occurs at shallower depth in the Sper-
monde Archipelago (maximum at 27 m in the Outer Shelf Zone, compared to the max-
imum at 55 m in Okinawa).

Peneroplidae

Peneroplis planatus (Fichtel & Moll) is the most abundant peneroplid. It is the charac-
teristic species for the upper leeward slope assemblage. Here it occurs on sandy sub-
strates. It has its maximum occurrence in the shallowest samples, but is found down
to 30 m in the Outer Shelf Zone. The maximum depth is similar to that in Okinawa
(Hohenegger et al., 1999), where the highest density is also reached in the shallowest
samples. P. planatus is said to avoid soft substrates (Hohenegger ef al., 1999). At Oki-
nawa, this species lives attached to ‘fine algal mats’ where it finds shelter against high
turbulence.

Dendritina ambigua (Fichtel & Moll) is the other regularly occurring peneroplid. It is
found in reef base samples, together with O. ammonoides and P. venosus. D. zenghae
Ujiie, Peneroplis pertusus Forskal and Laevipeneroplis proteus (d’Orbigny) were found in
only a few samples. Hallock (1999) argued that the high Mg calcite tests of porcela-
neous foraminifera might account for part of the distributional limitations.

Soritidae

On the Spermonde Shelf, Amphisorus hemprichii Ehrenberg is found living attached
to large boulders of coral rubble at the highest energy sites, as well as at more shel-
tered places.

Marginopora vertebralis (Quoy & Gaimard) is the largest soritid, living in very shal-
low water in the frontal and central region of the reef moat and on the upper reef
slope in high hydrodynamic settings (Hohenegger, 1994). Amphisorus hemprichii was
found in the same areas, but in more sheltered places (Hohenegger, 1994). We found
Sorites orbiculus Forskal in only a few samples on solid substrate. Parasorites orbitoli-
toides (Hofker), the only regularly occurring larger foraminifer in the Spermonde
housing chloroplast symbionts, is encountered at the reef base in all but the Southern
Nearshore Zone. In Okinawa it is living in sheltered sandy places (Hohenegger, 2000).

Alveolinidae

We found only one species of alveolinid, Alveolinella qouyii (d’Orbigny) at the Sper-
monde. This species lives in very low densities at the reef base laying on top of coarse
sand. It was often seen during diving, but it hardly occurred in collected samples. This
is a species of solid, well structured habitats outside the Spermonde (Lipps & Severin,
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1986, Hohenegger 1994, Hohenegger et al., 2000). Here they find shelter against high
hydrodynamic energy in shallow water. Hohenegger (1994) and Hohenegger et al.
(1999) found this species also in a wider habitat range at Okinawa.

Elphidium craticulatum (Fichtel & Moll)

This species shows a similar distribution to Operculina ammoinoides, except for its
occurrence in the Southern Nearshore Zone (Fig. 2.16). Here Elphidium craticulatum
occurs abundantly on the reef slopes, while O. ammonoides is not present. In the other
three zones, E. craticulatum reaches its highest density in the deepest samples.

Discussion

The species richness of larger foraminifera in the Spermonde region is much lower
than in the Hawaii, Palau and especially Okinawa carbonate environments. About
seven lamellar-perforate and three porcelaneous species are absent, while several of
the other species are very rare.

The reefs in the Northern Nearshore, Mid Shelf and Outer Shelf Zones all show a
very similar larger foraminiferal fauna. Samples taken around the reefs group in one
reef base cluster and four reef slope clusters. The depth at which the cluster samples
are found gradually increases in an off shore direction, associated with the increasing
depth of the photic zone.

The southern nearshore cluster is the only cluster with a limited distribution over
the shelf. The samples in this cluster have been taken where in the other zones the reef
base and both deep slope clusters are found. Terrestrial input affects the Southern
Nearshore area very directly and therefore only those species with a high tolerance to
a seasonally varying environment occur.

In both deep and shallow water the largest species are absent. Large size is espe-
cially advantageous in stable, oligotrophic conditions. Seasonal variation in climate
conditions affects the environment in which larger foraminifera are living. Symbiont-
host systems are vulnerable to periodically low light levels, since the metabolic rate is
higher than in asymbiotic foraminifera. Seasonally high nutrient fluxes cause a period
of several months each year in which the conditions are unfavourable for symbiont-
bearing foraminifera, although during the rest of the year the conditions may well be
suitable.

A long generation time is advantageous to a foraminifer when the survival rate is
strongly size dependent (Hallock, 1985). In this situation large parents have high
fecundity with relatively large agamonts that have a higher chance of survival. The
generation time of Cycloclypeus carpenteri is 11-13 months (Kriiger et al., 1996), that of
Marginopora vertebralis 1-2 years (Ross, 1972), while the generation time of Amphisorus
hemprichii is only 4 months (Zohary et al., 1980) and that of Heferostegina depressa and
Amphistegina 4-12 months (Rottger, 1974; Hallock, 1981c; Hallock et al., 1986). For long
living species the suitable substrate should be continuously present during their full
live span (Hottinger, 1990). In the Spermonde Archipelago habitat disruption occurs
by periods of high hydrodynamic energy during the rainy season, by strong oceanic
swell and storms (Storm, 1989). During these periods, coral rubble on the ramparts and
seaward reef slope is moved. Locally, the reef slopes become unstable and avalanches
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Fig. 3.4. Schematical representation of the irradiation levels (I) in the Spermonde Archipelago. During
the fair weather season transparency is twice as high as during the rainy seeason. For convenience it is
assummed that the transition from fair to rainy weather season and vice versa is abrupt. The shaded
area indicates the depth with suitable irradiation levels.

a: A species that lives at larger depth and tolerates I = 1-5% surface irradiation

b: A species that lives at shallower depth and tolerates I = 10-50% surface irradiation

of reef debris (5-20 m wide) are caused. Larger foraminifera with long life cycles will
not reproduce in this environment.

Another environmental parameter that varies year round is the water transparen-
cy. The limited extent of the euphotic zone during the wet season is less favourable for
the deep living species. A simple model can explain why species that can survive in
low irradiation levels are more susceptible to seasonal variation than shallow living
species. In this model the first assumption is that all species have the same response
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function to irradiation level. For example, a shallow living species has a range of 10-
50% of the surface irradiation level, a deep living species 1-5%. The only figures
available are those provided by Hohenegger et al. (2000). These figures show that
deep living species like Operculina heterosteginoides and Heterostegina operculinoides
have similar ranges to the shallower living species such as Operculina ammonoides or
Heterostegina depressa. The second assumption is that populations are not able to move
into deeper/shallower habitats seasonally.

Larger foraminifera can only maintain their large cell mass because of the energy
provided by their symbionts. During longer periods of adverse conditions, maintain-
ing symbionts will not be profitable anymore. Thus, larger foraminifera will only be
able to live in places where the conditions will be favourable yearlong. In seasonal
conditions, transparency is reduced during part of the year. The hypothetical depth at
which the foraminifer species can live thus becomes shallower (Fig. 3.4a, b). A species
can only survive at a locality, otherwise favourable, when the irradiation level is suffi-
cient yearlong. This condition is more likely to be met for shallow living species than
for deep living species (Fig. 3.4a).

In the Spermonde Archipelago the difference between the transparency in the fair
weather and rainy weather season decreases with increasing distance off shore. This
increases the chance that yearlong profitable irradiation levels are present for deeper
living species (Fig. 3.4b).

The Spermonde Archipelago has a very shallow photic zone limiting the depth at
which symbiont-bearing foraminifera can live. They are absent in coastal waters and
gradually appear in deeper waters offshore. On reefs in the Southern Nearshore Zone
such as Gusung, Lae Lae and Barang Beringan, larger foraminifera have only been
found on the reef slope and reef crest down to 9 m. The reef base and shelf around
these islands are devoid of living larger foraminifera. In this zone E. craticulatum is an
important faunal component on the lower and upper reef slope. In the northern
nearshore strip, high densities of larger foraminifera occur both on the reef slope and
the reef base which is only 15 m deep here. The deepest living larger foraminifera in
the Outer Shelf Zone have been found in a grab-sample from 40 m depth. In deeper
samples no living larger foraminifera were observed. This pattern compares with the
change in the secchi depth over the shelf and shows that light is the most important
parameter in limiting the occurrence of larger foraminifera on the shelf.

Hallock (1984) performed a comparative study on samples from Palau and Hawaii.
She found that for the Palau samples, depth was the most important property affect-
ing the position in a cluster of a species. Her study revealed four clusters, a cluster
characteristic of seaward reef flats, one for more protected shoals, one for shallow
slopes (5-20 m) and an assemblage containing typical deeper dwelling species. On
Oahu (Hawaii) the seaward reef flat cluster was absent. The samples were divided
into a shallow and a deep cluster (Hallock, 1984).

Our observations from Spermonde are a combination of the Palau and Hawaii pat-
terns. We found that depth related parameters such as light and hydrodynamic energy
are the most important variable, but a reef flat cluster is absent. Furthermore the deep
and shallow reef slope clusters can be divided into seaward and leeward components.

Our data show that depth of occurrence is dependent on light intensity. Both species
and assemblages occur in deeper water when transparency is higher. Fauna composi-
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tion is only affected in areas with direct fluvial influence where seasonal variation in
nutrients, transparency and salinity directly influence the occurrence of larger fora-
minifera. Under these variable conditions, the Reef Base cluster is not present at all,
and the reef slope is inhabited by a characteristic assemblage for this region.

In the Northern Nearshore, Mid Shelf and Outer Shelf Zones, annual variation in
nutrient level and salinity has not been recorded. Transparency increases going offshore,
and is lower in the wet season than in the dry season (Erftemeijer, 1993; Verheij, 1993).

Hallock’s (1987, 1988) trophic resource continuum model has been designed to ex-
plain diversity differences, both in time and between regions. In this model the diver-
sity of larger foraminifera is related to nutrient levels (Fig. 3.1a). On a regional scale,
faunas in oligotrophic areas show the largest maximum depth of occurrence and high-
est diversity. In less oligotrophic conditions light penetration is limited by higher
plankton concentrations in the water column. The maximum depth at which larger
foraminifera are found is thus less. As predicted by Hallock (1987), in areas with
mesotrophic conditions and seasonal variation, such as the Spermonde Archipelago,
the habitat for deep living species is not available. We noticed that in the deepest sam-
ples, near the bottom of the photic zone the density of Elphidium increases. This
species is less sensitive to periods of adverse conditions since it does not keep sym-
bionts but retains chloroplasts out of digested algae (chloroplast husbandry, Lopez,
1979). This implies that foraminifera take up and retain free undamaged chloroplasts
from their food under natural conditions which show active photosynthesis for at
least several days. The foraminifera utilise products of the photosynthesis by their
chloroplasts (Lopez, 1979). There is a continuous turnover of the chloroplasts, with a
turnover time varying from days to weeks (Lopez, 1979; Lee & Anderson, 1991).
When there is no light available the foraminifer can digest chloroplasts and does not
have to provide metabolic energy to the symbionts. A similar pattern was observed by
Hollaus & Hottinger (1997) near Crete. Here E. craticulatum replaced A. lessonii below
the thermocline, again showing that E. craticulatum is less vulnerable to conditions
that are not favourable for larger foraminifera.

Conclusion

Variations in nutrient concentration do not directly affect the distribution of all
larger foraminifera, and only a limited number of species of larger foraminifera are
able to live in an area with high seasonal variations in nutrients and salinity. In the
mesotrophic, seasonally variable Spermonde Archipelago, the largest species with the
longest life-cycles are absent.

Seasonal variation in transparency of the water in the Northern Nearshore, Mid
Shelf and Outer Shelf Zones limits the maximum depth of occurrence of larger
foraminifera to depths above the deepest part of the photic zone in the fair weather
season.

All species were living in deeper water further from shore than nearshore, rendering
it impossible to estimate the depth at which a sample is taken by looking at its living
foraminifera content alone. The same assemblage (for example Operculina ammonoides,
Amphistegina papillosa and Parasorites orbitolitoides) can be found at 14 m on the reef base
of nearshore islands, and at for example 40 m around offshore islands. If you find these
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three species in a fossil sample, you can not see whether it was deposited at 14 or 40 m,
unless you find other indications of depositional environment.

The larger foraminiferal fauna of the Spermonde Archipelago is characterised by a
relatively low diversity and a shallow lower depth limit. Apart from a near coastal
zone, we could not distinguish the zonation based on Scleractinia (Moll, 1983) and
marine plants (Verheij, 1993). The most important parameters determining larger
foraminiferal distribution are light intensity, fluvial influence, hydrodynamic energy,
and related parameters like reef geometry.

Because of specific features such as exposure to oceanic swell, bathymetry, and flu-
vial influence, not all habitats observed in Okinawa and Palau are present. However,
not all species typical for these habitats are absent from the Spermonde Archipelago.
Some, like Neoratalia calcar and Peneroplis planatus, have been found in habitats charac-
terised by other parameters. Thus, the habitat preferences of these species are broader
than previous studies have shown.

As a consequence of assigning the maximum depth of occurrence to nutrient level,
the Hallock model predicts that species that live in the deepest habitats under oligo-
trophic conditions are the first to disappear when nutrient concentration increases.
Shallower living species will occur at shallower depth and exhibit the smallest depth
variation. Generally speaking, these predictions are met in the mesotrophic Sper-
monde Archipelago. However, differences are seen between various families of larger
foraminifera.

The distribution of members of the families Nummulitidae and Amphisteginidae
most closely match the predictions of this model. Large, deep living taxa have not
been found in the Spermonde, while shallow living taxa occur hardly deeper in the
Outer Shelf than Northern Nearshore Zone. A tolerant species like Operculina ammo-
noides is found in the Northern Nearshore, while Palaeonummulites venosus is found
only in the Outer Shelf Zone.

The calcarinid species, except for Baculogypsinoides spinosus do not react to the
environmental parameters as predicted by the model. Some of the shallowest living
species are absent, while the highest density of other species have been found in
deeper water than in more oligotrophic areas like Okinawa and Japan. This shows
that C. spengleri and N. calcar are more eurytopic than Baculogypsina sphaerulata and
Calcarina defrancii.

Of the Peneroplidae, Peneroplis planatus shows a pattern similar to N. calcar and
C. spengleri. Because the habitat it prefers at Okinawa is not present, P. planatus is
found in a different habitat in the Spermonde Archipelago. The maximum depth at
which P. planatus is found, however, is similar to that at Okinawa (Hohenegger, 1994).

The soritids do not form an exception to Hallock’s model. The only difference is
that the largest species is absent, and Amphisorus hemprichii is found at all hydrody-
namic energy levels, while at Okinawa A. hemprichii is not found at the most exposed
sites where M. vertebralis is found.

Alveolinella quoyi shows a broad habitat spectrum at Okinawa, and is found in the
Spermonde Archipelago only in the deepest part of the range it occupies at Okinawa.
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4. Thanatofacies of larger benthic foraminifera on the Spermonde Shelf
(Southwest Sulawesi, Indonesia)

Introduction

In modern day tropical marine environments larger foraminifera are important
carbonate producers (Hallock, 1981b; Scoffin & Tudhope, 1985; Yamano et al., 2000).
On the Pater Noster platform at the west side of Makassar Strait the sediment mass
consists for more than 33% of larger foraminifera (Boichard et al., 1985). Calcarinids
were found only in samples near two shallow areas, while Operculina occurred in the
deeper parts. Alveolinella and Heterostegina were present near islands as well, but had
their maximum further away from the islands (Boichard et al., 1985).

A sedimentological study of the Great Barrier Reef showed that over the whole
area larger foraminifera were the most important sand producers (Scoffin & Tudhope,
1985; Tudhope & Scoffin, 1988). Benthic foraminifera sands dominated the bulk of the
shelf area. Seven facies along a transect from the inner shelf to outer shelf were recog-
nised. The most important foraminifer contributing to the sediment was Operculina sp.
(Tudhope & Scoffin, 1988).

Yamano et al. (2000) found that larger benthic foraminifera were the single most
important contributor to the sediment production that maintain the sand cay reefs.
They found high production of foraminifera associated with algae on the reef flat of
the island they investigated. The most important producers were Calcarina hispida,
Baculogypsina sphaerulata and Amphistegina lessonii.

Symbiont-bearing larger foraminifera live within the photic zone, both on reefs
and on carbonate platforms. The most important environmental parameters influenc-
ing the distribution of living larger foraminifera on modern day reefs are temperature,
light intensity, substrate type and nutrient availability, all interrelated with depth
(Hottinger, 1977a, b; Hallock, 1981b; Hohenegger, 1994; Hohenegger et al., 1999, 2000).
Larger foraminifera only occur in warm water with a minimum temperature higher
than 16°C in the coldest month (Murray, 1991; Langer & Hottinger, 2000). Different
types of symbiont, shell structure and shell morphology determine the preferred
depth at which larger foraminifera species occur. Generally speaking, light trans-
parency of the shell is less in imperforate compared to lamellar perforate foraminifera,
restricting the former to shallower habitats.

In order to increase the surface-to-volume ratio deep living larger foraminifera
have flatter shells than shallow living larger foraminifera (e.g., Hallock, 1981c; Hallock
et al., 1991b). Microstructures on the test serve to increase strength and to focus light
to get maximum profit from their symbionts (Hallock ef al., 1991b; Hottinger,1997).
Species that live in shallow water have to deal with higher hydrodynamic energy and
illumination levels. These species are more robust, or are capable of strongly attaching
to the substrate.

Another important parameter is substrate type. The main types of substrate are sea
grasses or macroalgae, solid substrates and sandy substrate (Hohenegger, 1994).
Foraminifera live attached to solid substrates to find shelter in high energy environ-
ments. Shallow living foraminifera can move their symbionts in response to light
intensity. In this way they can regulate the light intensity to which the symbionts are
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exposed. In order to do so they need a dark substrate, such as coral rubble covered by
coralline algae or sea grass (Hottinger, 1997). Larger foraminifera attach to solid sub-
strate by means of a sheath of protoplasm (for example Amphisorus) or by their
pseudopodia (like Amphistegina or calcarinids). When they die, they detach from the
substrate because of the decay of the protoplasm and can easily be transported.

Larger benthic foraminifera can make up to 80% of tropical Cenozoic carbonates,
and are often important contributors to marly sediments as well. Foraminifera are
widely used for stratigraphical reasons. However, the use of larger benthics as palaeo-
environmental indicators is limited. In palaeoenvironmental reconstructions, larger
foraminifera are often associated with bioherms, usually with barrier or fringing reef
settings (Hottinger, 1983; van Gorsel, 1988). Larger foraminifera are used to discrimi-
nate between (deep and shallow) fore reef and back reef settings. For example, abun-
dant occurrences of imperforate foraminifera (including alveolinids) are interpreted as
typical for back reef settings, while the predominant occurrence of large flat disco-
cyclinids, lepidocyclinids or Cycloclypeus are indicators for deep fore reef settings
(Hottinger, 1997).

The most common use is as indicator for depositional depth. Turnover events
changed the composition of larger benthic foraminifera communities during the Ceno-
zoic. In each of these periods, species did specialise to live in restricted parts of the
euphotic zone. For example Discocyclina (during the Eocene) and Lepidocyclina and Cyclo-
clypeus (during the Oligocene and Miocene) live in the deepest parts of the photic zone.
In an overview of the use of shallow benthic foraminifera for depth estimations, Hot-
tinger (1997) concludes that within each unit of evolutionary community maturation the
depth zonation of larger foraminifera species should be considered separately. Before
using larger foraminifera in palaeoenvironmental reconstructions, it is necessary to know
whether the dead assemblage is a good representation of the living fauna. Are the empty
shells of the species only found where they lived, or can they be found all over the area?

In this study the distribution of empty shells of larger foraminifera in 208 samples
taken in three transects over the Spermonde Shelf has been compared with the distri-
bution of living larger foraminifera, in order to improve their use as palaeoenviron-
mental indicators.

Area

The Spermonde Archipelago (Fig. 4.1) is located on a shallow carbonate platform
off SW Sulawesi (Indonesia) in the Makassar Strait. Water depth increases gradually
going offshore until the platform reaches its maximum depth of 60 m on the Outer
Shelf (Fig. 4.2). The shelf edge is not marked by continuous reef growth. The rim is
about 20 m deep over most of its length, but some reefs occur on the shelf edge (e.g.,
Langkai). To the south, the research area is bordered by the outflow of a river (the
Jene Berang) which discharges sand and silt on the Spermonde Shelf.

After the last Pleistocene sealevel lowstand, the platform was flooded and sand-
cay type reefs formed on top of an ancient relief (de Klerk, 1983). Island-topped reefs
occur on shore-line parallel ridges. Between 0-15 km off the mainland shore, most
reefs are island topped, while beyond this most reefs are submerged.

The Western (exposed) slope of a typical reef in the Spermonde Archipelago has a
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Fig. 4.1. Map of the study area, SW Sulawesi, Indonesia. A-A’ cross section of fig. 4.2.

dense coral cover (Fig. 4.3). The deepest part of the western slope is not covered by
corals, but by debris and very coarse sand. The coral cover reaches a shallower depth
going towards the South or North of the island, and is not present on the Eastern
slope (Fig. 4.3). The Eastern (leeward) slope consists entirely of carbonate sand, with
some sea grass (Halophilus) patches. These patches never reach large sizes nor high
densities. Around the reefs the slope gradient decreases and grades into the reef base.

The main current through the Makassar Strait (and over the Spermonde Shelf) is
flows southward, providing a relatively well mixed and constant environment all
over the shelf. Transparency is minimal during the SW monsoon, but nutrient levels
are rather stable. Previous studies have shown that the Spermonde Archipelago can
be divided into four biozones (Moll, 1983; Hoeksema, 1990). The first zone extends
from the mainland shore to the 20 m isobath, the second from the 20 m to the 30 m
isobath. The third and fourth zones comprise the Outer Shelf (depth larger than 30 m)
and the barrier, respectively. In chapters 2 and 3 the nearshore zone was divided into
two. Zone 1A (Southern Nearshore zone) is the area shallower than 20 m and near the
mainland shore, while zone 1B (Northern Nearshore zone) is found within the same
depth interval, but at more than 4 km from the shore. In zone 1A variability in nu-
trient and chlorophyll a concentration is higher than elsewhere on the shelf where
nutrient and chlorophyll a concentration are two to three times higher during the SW
monsoon than during the NW monsoon (Verheij, 1993). In the other zones, these con-
centrations are more constant year-round.



60 Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002)

Kapo- Kudingaren- Lae
WNW Lankai dasang  keke Samalona Lae ESE

Fig. 4.2. Cross section over the Spermonde Shelf, showing the bathymetry

The carbonate content of the sediment varies from 0.1% near the mouth of the Jene
Berang to about 45% off Laelae. Further from the coast the carbonate content is between
70 and 95%. The non carbonate component near the Jene Berang consists mainly of
very fine quartz sand to clay. All over the shelf a small silliciclastic silt to clay fraction
is found.

The climate is dominated by a SW-NE monsoonal system. The SW monsoon blows
from November until April, when oceanic swell and storms cause high hydrodynamic
energy on the west side of the reefs. During the SW monsoon the discharge of the Jene
Berang is high, and its plume can extend over 6 km to just South of Samalona.

Sand cay reefs are typical for areas with a high hydrodynamic energy (Guilcher,
1988). On the exposed side the reef slope is covered by coral growth. During storms
(carbonate) sand is swept over the islands, changing the reef cay into a more elongat-
ed shape during the SW monsoon. In the fair weather season the roundish shape is
restored again (de Klerk, 1983). Overall, large volumes of sediment are move over as
well as around the island.

In the Spermonde Archipelago 20 species of living larger foraminifera have been
found. Of these, four species have been found predominantly on soft substrates at the
reef base. Operculina ammonoides, Palaeonummulites venosus, Dendritina ambigua and
Parasorites orbitolitoides live on sand and especially O. ammonoides can reach high den-
sities (up to 4 cm?).

Some other species show a preference for solid substrates at the exposed slope of
the reefs. Amphisorus hemprichii occurs mainly on the upper part of the exposed reef
slope. Heterostegina depressa, Calcarina spengleri and Amphistegina radiata can be found at
all depths on coral rubble. Baculogypsinoides spinosus lives on the lowest part of the
exposed slope, at coral rubble in between or just below the deepest zone of coral cover.

Other species did not show a preference for substrate type and were found living
on both the exposed and leeward slopes of the reefs. Calcarina hispida and Amphistegi-
na lessonii occur in most samples taken on the reef slopes. Life A. lessonii is found in
samples taken at the reef base as well, but in very low density.

Neorotalia calcar and Peneroplis planatus occur predominantly on the leeward reef
slope on soft substrate.The last species that ought to be mentioned is Elphidium craticu-
latum. This species does not house symbionts but sequesters chloroplasts from algal
food sources and utilises their photosynthates (Lopez, 1979; Lee & Anderson, 1991;
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Table 4.1. Species of living larger foraminifera as found in six assemblages on the Spermonde Shelf by
Renema and Troelstra (chapter 3). X: species is characteristic for the assemblage, - species has been
found, but is not characteristic for the assemblage.

Species Shallow  Shallow  Deep Deep Reef Near
Exposed Leeward Exposed Leeward base Shore
cluster cluster cluster cluster cluster cluster

Calcarina hispida - - - - - -

C. spengleri - X -

Neorotalia calcar X -

Amphistegina lessonii - - - - - -

A. lobifera X X

A. papillosa - -

A. radiata -

Operculina ammonoides - -

Heterostegina depressa - -

Palaeonummulites venosus X

Elphidium craticulatum - - - - - X

Peneroplis planatus - X - -

Dendritina ambigua - -

Alveolinella quoyii - -

Laevipeneroplis proteus - -

Amphisorus hemprichii X - -

Parasorites orbitolitoides - - -

> X
Ll 1
X X

Lee & Lanners, 1988). Chloroplast retention is less sensitive to adverse conditions
since symbiosis is not hampered but symbionts can not reproduce in these conditions
(Hollaus & Hottinger, 1997). E. craticulatum lives in highest densities in the nearshore
area and in the deepest parts of the other areas of the shelf. These are also the areas
nearest to the depths at which no symbiont housing foraminifera have been found.

Based on the abundance of living larger foraminifera, the samples can be divided
into six clusters (Chapter 3, above): reef base, deep exposed slope, shallow exposed
slope, deep leeward slope, shallow leeward slope and nearshore cluster (Table 4.1).
The most important environmental parameters determining the composition of these
six clusters were depth related parameters like light intensity and exposure to hydro-
dynamic energy.

Most clusters have been found all over the Spermonde Archipelago. No difference
could be detected between the zones 1B, 2 and 3+4, while zone 1A had a very differ-
ent fauna composition (Chapter 3, above) with the absence of the reef base cluster,
and a limited number of species occurring on the reef slope (samples clustering in the
nearshore cluster). The average depth of the samples in the clusters increases going off
shore and a very gradual transition from zone 1B into 2 and 3+4 was found.

Methods

Fieldwork was carried out in August-November 1997. Around reefs 120 samples
were taken at 3 m depth intervals at both the west (exposed) and the east (leeward)
sides to collect dead and living specimens. Additionally, 88 samples for dead assem-
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blages were collected with a van Veen grab along three transects over the Spermonde
Shelf (Fig. 4.1). The transects have been chosen to represent a section directly off the
river mouth and two at an increasing distance from the river.

The reefs around which samples have been taken are shown in Figure 4.1. Samples
from the east slope of the islands all contained empty foraminiferal tests. Coral rubble
samples on the west side of the reefs often only contained living foraminifera, hardly
any empty tests were found in these high energy areas. Data on foraminifera from the
shallow west sides of reefs are derived from sand pockets occasionally present
between the high coral cover. Below the coral cover (deepest 6-9 m of the west slopes)
empty tests of foraminifera were abundant.

All samples have been sieved over a 0.5 mm sieve and from a split all dead
foraminifera have been counted. Juveniles of most species, but especially of the small-
er amphisteginids, calcarinids and Elphidium are thus not included in the counts. The
used split was chosen so that each sample contained 250-320 foraminifera. From the
same samples taken around the reefs all living foraminifera have been picked and
counted as well (Chapters 2 and 3, above).

After sorting, identifying and counting a log transformation was performed on the
data matrix to eliminate large differences in abundance between species. With the
resulting data-matrix several analyses were performed. First a cluster analysis was
done, using Sorensens distance measure and flexible b (8 = -0.75) method of clustering.
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Figs. 4.3-4.21. Occurrence of empty larger foraminifera tests (>0.5 mm) in four zones over the Sper-
monde Shelf. 1A: Southern Nearshore Zone, 1B: Northern Nearshore Zone, 2: Mid Shelf Zone, 3+4
Outer Shelf Zone. Shaded area has not been sampled. E: leeward slope, W: exposed slope, no indica-
tion means that the sample is taken too far from an island to indicate slope direction.

Note the deepening of the reef base in offshore direction. Percentages are percentages of total fauna.
Note differences in scale between figures.
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The results were used for Indicator Value analysis (Dufréne & Legendre, 1997). The
second analysis performed was non-metrical multi-dimensional scaling (NMS), also
using Sorensens distance measure. All calculations were done using PC-ORD
(McCune & Mefford, 1999).

Results

Sixty foraminifera species were recognised, of which 19 larger benthic foraminifera.
This study deals only with larger benthic foraminifera and the small benthic species
Elphidium craticulatum. Most species have a wide distribution and often occur in sam-
ples all over the shelf. The most common species, Elphidium craticulatum and Amphiste-
gina lessonii are present in 90% of the samples. The rarest species, Laevipeneroplis proteus
and Operculina heterosteginoides were found in 1% and 5% of the samples respectively.

Up to 80% of the dry sediment mass consists of larger foraminifera. Samples in the
nearshore areas had a low larger foraminifera content, and those tests present are poor-
ly preserved, often showing dark coloration within the test. Samples taken on the reef
slope also contain a lower amount of larger foraminifera, on average 10-25% of the dry
sediment mass. On the west side, coarse fragments of coral rubble are important con-
tributors to the sediment, while on the east slope coral remains are usually much small-
er sized. On the east slope of Langkai, Halimeda remains are abundant as well.

The preservation state of Operculina increases going offshore in transect I, and the
type of test damage changed from deposition of dark minerals to breakage/abrasion.
No dark shells were found beyond PD2312 in transect I and PD2815 in transect III,
both roughly corresponding with the transition of zone 2 into zone 3+4. Some of the
deepest samples taken in zone 3+4 have a very low foraminifera content as well.
Preservation is very good in those samples though.
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Nummulitidae

Operculina ammonoides (Gronovius) is the most abundant species in both samples
taken from the reef base and the basin floor (>60-90%, Fig. 4.3). It is found in only a
small percentage of samples taken on the reef slopes and then it occurs in low densi-
ties (<5% of the total assemblage). In the Southern and Northern Nearshore zone they
occur in high abundance from about 10 m down, while in the Mid Shelf and Outer
Shelf zones the increase in density of O. ammonoides is down from 20 m and 30 m.

Living O. ammonoides has been found at the reef bases all over the shelf except in
the Southern Nearshore zone, with a maximum depth of 40 m in the Outer Shelf zone
(Chapters 2 and 3, above).

Palaeonummulites venosus (Fichtel & Moll) has a similar distribution over the Sper-
monde Shelf (Fig. 4.4), but occurs in lower abundance than O. ammonoides (Fig. 4.3). It
has only been found in the Mid Shelf and Outer Shelf zone. In the Outer Shelf zone it
has a maximum abundance at about 30-35 m depth. Both below and above this depth
the abundance decreases.

Living P. venosus occurs preferentially at the reef bases in the Mid Shelf and Outer
Shelf zones. Its maximum abundance was found at similar depths as O. ammonoides,
but it is found less in shallower samples.

The rarest nummulitid is Operculina heterosteginoides Hofker, which is found only
in low abundance in some grab samples in the Outer Shelf zone, usually at more than
40 m (Fig. 4.5). In one sample it makes up more than 20% of the total assemblage. This
species has not been found alive. Preservation state is generally well.

In contrast to the above nummulitids, Heterostegina depressa d’Orbigny is found
mainly in samples taken from 30 m and shallower (Fig. 4.6). It does not occur in the
Southern Nearshore zone, and the maximum depth at which it has been found
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increases from 15 m to 25 m to 35 m in respectively the Northern Nearshore, Mid
Shelf and Outer Shelf zones. The abundance is slightly (but not significantly) higher
on the exposed slope than on the leeward slope.

In the living fauna H. depressa has a significant preference for the seaward slopes
and solid substrates. It has been found in all zones, except for the Southern Nearshore
Zone (Chapters 2 and 3, above).

Amphisteginidae

Amphistegina lessonii d’Orbigny is the most abundant larger foraminifera on the
Spermonde Shelf. In the dead assemblage it is found in all samples on the exposed
and leeward slopes of the reefs (Fig. 4.7). It is rare in samples taken at greater depth.
Its abundance does not differ between the exposed and leeward slope. A. lessonii is not
as common in the Southern Nearshore zone, where it constitutes only up to 20% of the
total fauna, whereas in the other zones it is often 40-70% of the total fauna.

In the living fauna A. lessonii occurs in most samples, but reaches highest densities
on shallow soft substrates. It lives down to 9 m in the Southern Nearshore zone
increasing to 30 m around Outer Shelf reefs (Chapters 2 and 3, above).

In samples taken at shallow depth A. lobifera Larsen accompanies A. lessonii. A. lob-
ifera is found in all zones down to rather the same depth (9 m in the Southern
Nearshore zone, 10 m in the Mid Shelf and Outer Shelf zones, Fig. 4.8).

Living A. lobifera does not show a preference for either substrate type or slope ori-
entation of the reefs (Chapter 2, above). It was found at depths down to 12 m in the
Outer Shelf zone and down to 6 m in the Southern Nearshore zone.

Amphistegina radiata (Fichtel & Moll) has a similar distribution as Heterostegina
depressa, where it occurred mainly on the reef slopes, and has, contrary to H. depressa,
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a preference for the exposed reef slope (Fig. 4.9). It is found down to 8 m in the South-
ern Nearshore Zone, increasing to 35 m at the exposed slope and 45 m at the leeward
slope in the Outer Shelf zone. At the leeward slope, this species reaches its highest
abundance at the lower part of the slope, while at the exposed slope abundance is
about the same all over the slope.

Living A. radiata prefers exposed slopes and solid substrate (Chapter 2, above). It is
living on and between coral rubble. It is found alive down to 6 m in the Southern
Nearshore zone, increasing to 33 m in the Outer Shelf zone.

The fourth amphisteginid occurring on the Spermonde Shelf is Amphistegina papil-
losa Said, which occurred in the dead assemblage in the deepest samples (Fig. 4.10).
Like O. ammonoides it is not found at the reef slopes. It occurs down from 10 m in the
Northern Nearshore zone, 20 m in the Mid Shelf zone and 30 m in the Outer Shelf
zone. In the Southern Nearshore zone it has only been found near the mouth of the
Jene Berang, where the tests were very poorly preserved.

Living A. papillosa shows a preference for soft substrates at greater depth. It is not
found alive in the Southern Nearshore zone, and lives at depths from 6-15 m in the
Northern Nearshore (exposed side only), from 18-27 m in the Mid Shelf zone and
from 24-33 m in the Outer Shelf zone.

Calcarinidae

Neorotalia calcar (d’Orbigny) is found mainly on the leeward reef slope. It is most
abundant in the Outer Shelf zone but has not been found as empty tests in the South-
ern and Northern Nearshore Zones. The maximum depth at which it has been found
is 20 m in the Mid Shelf and 35 m in the Outer Shelf Zone (Fig. 4.11).
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N. calcar has been found alive on the leeward slopes of reefs in the Northern
Nearshore, Mid Shelf and Outer Shelf zones. In the Mid Shelf zone it is found on the
exposed slope as well. N. calcar has a preference for soft substrates on the leeward
slope of the reefs (Chapter 2, above).

The distribution of Calcarina spengleri (Gmelin) in the dead fauna is the reverse to
that of N. calcar. It is found in the highest frequencies on the exposed slope of the reefs
(Fig. 4.12) and occurs in low abundance (up to 10%) on the leeward slope. It is found
down to 15 m in the Northern Nearshore Zone and down to 30 m at the exposed slope
in the Outer Shelf Zone. The deepest record comes from a grab sample taken in the
Outer Shelf Zone (39 m).

C. spengleri has been found living on the exposed slopes of the reefs. It has a prefer-
ence for solid substrates (Chapter 2, above). The depth at which it has been found
alive increases from 3 m in the Southern Nearshore zone, to 30 m in the Outer Shelf
zone (Chapter 2, above).

Calcarina hispida is the second common species after A. lessonii. It occurs on both
the leeward and exposed slopes, with slightly higher frequencies on the leeward slope
than on the exposed slope (Fig. 4.13). The high abundance in samples taken at the
exposed slope in the Southern Nearshore area deviates from this pattern.

Living C. hispida is found homogeneously over the Spermonde Shelf on the reef
slopes. It occurs down to 33 m in the Outer Shelf zone, but only to about 6 m in the
Southern Nearshore zone. Together with A. radiata and Elphidium craticulatum this
species can stand the changes in nutrient level and salinity best (Chapter 3, above).

Baculogypsinoides spinosus Yabe & Hanzawa occurs on the lowest parts of the reef
slopes, in all zones except for the Southern Nearshore zone (Fig. 4.14). It reaches its
highest abundance at the exposed slope, but is also found on the leeward slope.
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Alive, B. spinosus is found in highest density on the deepest part of the seaward
slope, especially in the Outer Shelf, but also in the Mid Shelf and Northern Nearshore
zone. The greatest depth at which it has been found alive was 30 m.

Rotalidae

Elphidium craticulatum (Fichtel & Moll) is found evenly all over the Shelf. In all
reefs, it has the highest abundance at larger depth (Fig. 4.15). This species reaches its
highest frequencies in the Southern Nearshore zone, where it makes up more than
20% of the total fauna in most samples. In the other zones, it comprises usually just
over 10%.

In the living fauna E. craticulatum reaches its highest density in the southern
Nearshore zone, and in samples taken at the reef base (Chapter 2, above). In the shal-
low samples (3-6 m respectively 3-21 m) E. craticulatum is rare.

Soritidae

The largest soritid in the Spermonde Archipelago is Amphisorus hemprichii. In the
dead assemblage it is a rather rare species. It is either found in very low numbers
(often broken individuals) in samples taken at either the leeward or exposed slope
(Fig. 4.16). On the exposed slope samples taken in pockets between coral sometimes
contain more abundant A. hemprichii. The deepest samples in which it was found were
taken at 20 m depth.

It has a preference for solid substrate and the exposed slope of the reefs (Chapter 2,
above). In the Mid Shelf zone it also occurred attached to sea grasses at the reef base
of some reefs. The maximum depth at which A. hemprichii has been found attached to
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coral rubble is 6 m in the Mid Shelf and increases to 18 m in the Outer Shelf zone. It
was not found in the Southern Nearshore Zone.

Sorites orbiculus (Forskal) is rare in samples taken on the upper reef slopes in the
Northern Nearshore, Mid Shelf and Outer Shelf Zones (Fig. 4.17). It occurs for more
than 5% in one sample only.

In the living fauna this species was rare as well. It did not show a preference for
slope orientation or substrate type (Chapter 2, above).

Parasorites orbitolitoides (Hofker) occurs regularly in low numbers in samples taken
at both the exposed and leeward slopes (Fig. 4.18), being more abundant in the latter.
It was not found in the Southern Nearshore zone, and the maximum depth at which it
has been found increases from 12 m in the Northern Nearshore to 40 m in the Outer
Shelf zone.

Living P. orbitolitoides was observed on reef slopes all over the Spermonde Shelf.
Densities were generally low, though. Highest densities were reached in samples
taken at the reef base.

Peneroplidae

Dendritina ambigua (Fichtel & Moll) was mainly found in samples taken at larger
depth. It hardly occurred in samples taken at the reef slopes (Fig. 4.19). D. ambigua
reached its highest abundance in the Mid Shelf zone at about 25-30 m and in the Outer
Shelf zone from 30-40 m. D. ambigua was found in all four zones. Preservation state of
the test of D. ambigua often was poor. Especially at greater depth in the Southern
Nearshore Zone, the chamber walls were dissolved leaving only the centre of the shell
and the septa.
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Living D. ambigua was found at the reef bases in the Northern Nearshore, Mid
Shelf and Outer Shelf reefs. It was living preferentially on soft substrate, but did not
show a preference for slope orientation.

In the dead assemblage Peneroplis planatus (Fichtel & Moll) is only found at reefs in
the Mid Shelf and Outer Shelf Zone (Fig. 4.20). It is extremely rare on the exposed
slopes. On the leeward slopes its highest density 5%. The maximum depth at which it
has been found is just over 20 m in the Mid Shelf Zone and just over 40 m in the Outer
Shelf Zone.

P. planatus was not found living in the Southern Nearshore Zone. In the other
three zones it was found to have a preference for the leeward slopes of the reef, but
did not show a preference for substrate type. It is found down to 30 m in the Outer
Shelf Zone, generally the highest density was found in the upper part of the reef
slope.

Alveolinellidae

The spindle shaped Alveolinella quoyii (d’Orbigny) occurs regularly, but in low fre-
quency at greater depth at both the exposed and leeward slopes (Fig. 4.21). It was not
found in the Southern Nearshore zone, and is found in samples taken at respectively
12-15 m and 19-27 m in the Northern Nearshore and Mid Shelf zone. The depth range
is larger in the Outer Shelf zone, but it did not occur in the deepest samples.

In the living assemblage, A. quoyii was rare (Chapter 2, above). It was found in
very low density at the reef base of reefs in the Mid Shelf and Outer Shelf area.
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Assemblages

Cluster analysis in combination with indicator species analysis shows that a divi-
sion into five clusters has the highest resolution and that all five clusters can be char-
acterised by species with high indicator values. The cluster analysis (Fig. 4.22) sepa-
rates at the first level between samples rich in Amphistegina papillosa (cluster 1) and
those rich in Amphistegina lessonii (cluster 2). Two other species, Elphidium craticulatum
and Operculina heterosteginoides have their highest indicator values in cluster 1 as well
(Table 4.2). O. heterosteginoides is restricted to samples in cluster 1, but occurs in only a
few samples, resulting in a low indicator value. Elphidium is found in 90% of the sam-
ples, but the highest numbers are found in samples from this cluster.

Cluster 2 can be divided into two sub-clusters, the second level sub-cluster 2a char-

Table 4.2. Indicator values of species and environmental parameters of samples characterised by a
division of the dataset into three clusters in the dead assemblage. Indicator values for species charac-
terising a cluster are printed in bold. Depth indicates the average depth at which the samples in the
cluster are found, together with the standard deviation.

Leeward and exposed slope refer to samples taken in the vicinity of islands, on the leeward respec-
tively the exposed sides. Samples taken in between islands are referred to as none. The table gives the
observed number of samples in a category and in brackets the number that is expected in a random
sample of the total data set is given.

Species Cluster 1  Cluster 2a Cluster 2b
Amphistegina lobifera 0 52 0

A. lessonii 7 44 45

A. radiata 0 8 76

A. papillosa 73 0 8
Operculina ammonoides 65 1 28

O. heterosteginoides 14 0 0
Palaeonummulites venosus 33 0 16

Heterostegina depressa 0 27 45
Calcarina spengleri 0 17 33
C. hispida 6 43 21
Neorotalia calcar 1 45 1

Baculogypsina spinosus 1 1 32
Elphidium craticulatum 49 11 30

Amphisorus hemprichii 0 22 20
Parasorites orbitolitoides 2 10 15
Sorites orbiculus 0 26 0
Alveolinella quoyii 3 0 28
Peneroplis planatus 1 34 3
Dendritina ambigua 50 0 8
Laevipeneroplis proteus 0 6 0

N 71 60 77
Depth 38+10m 13+9m 22+11lm
Distance to nearest reef 1.93km 0.20km 0.596km
Leeward slope 1(24) 37 (21) 28 (26)
Exposed slope 5(16) 6 (14) 39 (18)

None 64(30)  8(26) 20 (33)




78 Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002)

Table 4.3. Indicator values of species and environmental parameters of samples characterised by a
division of the dataset into five clusters in the dead assemblage. Indicator values for species character-
ising a cluster are printed in bold. Depth indicates the average depth at which the samples in the clus-
ter are found, together with the standard deviation.

Leeward and exposed slope refer to samples taken in the vicinity of islands, on the leeward respec-
tively the exposed sides. Samples taken in between islands are referred to as none. The table gives the
observed number of samples in a category and in brackets the number that is expected in a random
sample of the total data set is given.

Species  Cluster 1 Cluster 2a-1 Cluster 2a-2 Cluster 2b-1 Cluster 2b-2
Amphistegina lobifera 0 83 1 2 0

A. lessonii 4 23 25 25 21

A. radiata 0 3 8 42 34

A. papillosa 58 0 0 0 29
Operculina ammonoides 45 0 3 7 36

O. heterosteginoides 14 0 0 0 0
Palaeonummulites venosus 22 0 0 0 42
Heterostegina depressa 0 11 17 38 9
Calcarina spengleri 0 5 8 49 3

C. hispida 3 24 20 6 16
Neorotalia calcar 0 13 30 0 0
Baculogypsinoides spinosus 0 1 0 7 36
Elphidium craticulatum 31 5 10 16 26
Amphisorus hemprichii 0 28 5 20 2
Parasorites orbitolitoides 1 5 16 1 11
Sorites orbiculus 0 0 0 19 7
Alveolinella quoyii 2 0 0 1 59
Peneroplis planatus 1 18 17 1 1
Dendritina ambigua 34 0 1 1 24
Laevipeneroplis proteus 0 8 1 0 0

N 71 20 40 41 36
Depth 38 = 10m 4 +3m 18 £7m 16 £ 7m 30 = 10m
Distance to reef 1.9km 0.20km 0.20km 0.23km 1.0km
Leeward slope 1(24) 17 (9) 20 (9) 10 (14) 19 (16)
Exposed slope 5(16) 0(5) 6 (6) 27 (9) 12 (10)
none 64 (30) 8 (11) 0 (11) 4 (18) 15 (20)

acterised by Neorotalia calcar and Amphistegina lobifera is separated from sub-cluster 2b
characterised by Amphistegina radiata (Fig. 4.22, Table 4.2).

The N. calcar — A. lobifera sub-cluster (2a) can be further divided into two sub-
clusters, one characterised by A. lobifera (cluster 2a-1) and another characterised by
N. calcar (cluster 2a-2) respectively (Fig. 4.22, Table 4.3).

The radiata-cluster (2b) is divided into sub-cluster 2b-1 characterised by Heteroste-
gina depressa together with Calcarina spengleri and sub-cluster 2b-2 characterised by
Alveolinella quoyii, Baculogypsinoides spinosus and Palaeonummulites venosus (Table 4.3).
In cluster 2b-2 Operculina ammonoides and Amphistegina papillosa also occur.

Comparison between observed parameters in the five clusters shows the environ-
mental parameters determining the distribution of larger foraminifera over the Sper-
monde Shelf (Tables 4.2, 4.3).
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Fig. 4.23. Occurrence of the clusters over the transect over the Spermonde Shelf

Cluster 1 does not show a dominance of any reef side; it consists mainly of samples
taken at a larger distance from islands, and has the highest average depth of the five
clusters (Table 4.3). The environment where this cluster is collected will be indicated
with basin floor (Fig. 4.23). In surface area, this is the largest area in the Spermonde
Archipelago. The samples that group in cluster 1 are mainly samples taken in the three
grab transects. Note that the depth at which this assemblage is found increases from
15-20 m in between Lae Lae and Samalona, to 45-50 m just east of Langkai.

Cluster 2a-1 is found on the leeward slope, but also almost as often as expected on
the exposed side of the island. The average depth at which this cluster has been found
is 5 m. This cluster is mainly found on the reef flat on both sides of the islands.

Cluster 2a-2 is mainly found in samples taken on the leeward sides of the reefs, in
moderately shallow water. Samples grouping in this cluster are collected in the direct
neighbourhood of islands. This cluster is characteristic for the leeward slope (Table 4.3).

Cluster 2b-1 is found almost three times more often than expected on the exposed
(West) sides of the islands. The average depth is similar to cluster 2a-2, about 16 m.
Most samples in this cluster have been taken on the exposed slope of the reefs, but
some samples come from the leeward slope.

The number of samples taken on either the exposed or leeward sides of the reefs in
cluster 2b-2 do not show much deviation of the expected value. The distance to the
nearest island and the average sampling depth is higher than in the two slope clusters
(2b-1 and 2a-2), but lower than in cluster 1. Cluster 2b-2 consists of samples taken in
the reef base environment. The average depth of the samples is slightly shallower
than that of cluster 1. The average distance to the nearest reef is much smaller than for
cluster 1.

To obtain a data set that is directly comparable with that in the living assemblage
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Table 4.4. Environmental parameter characteristics for the species of larger foraminifera as found on

the Spermonde shelf in the living and dead fauna.

Species Depth East/West Substrate Depth Exposure

Living Living Living Dead Dead
Calcarina hispida No preference
C. spengleri up to 27m in zone 3+4 West Solid West
Neorotalia calcar Mainly on the higher

part of the slope East East
Baculogypsinoides spinosus ~ Only in the deepest

slope samples West reef base
Amphistegina lobifera Shallow No Shallow  No

preference preference
A. lessonii No preference Around
islands

A. radiata No depth preference ~ West Solid West
A. papillosa Reef base West Soft Deep
Operculina ammonoides Reef base Soft Deep
O. heterosteginoides Not found Deep
Heterostegina depressa West Solid West
Palaeonummulites venosus ~ Deep Soft Deep
Elphidium craticulatum Near shore and deep

samples West Deep
Peneroplis planatus Highest density in

upper slope samples  East East
Dendritina ambigua Reef base Soft Deep
Alveolinella quoyii Reef base Soft Deep
Laevipeneroplis proteus
Amphisorus hemprichii Upper slope West Solid Shallow ~ West

and slope

Parasorites orbitolitoides Soft

(in which the grab samples were not used), another cluster analysis was performed
without the grab samples. The results of this analysis had a higher heterogeneity, as
shown by MRPP (Multi-Response Permutation Procedures, A=0.22 for four clusters,
the chance of obtaining a similar or higher A, p<0.000). In this analysis for A=1 all items
in each cluster are identical, for A=0 the heterogeneity within the groups is as large as
would be expected by chance. The MRPP result for the complete data set was much
higher (A=0.45, p<0.000). Values resulting from indicator value analysis show that the
four clusters in the reduced database are the same as those in the total data set.

The main environmental parameter characterising the clusters is depth, followed
by exposure. Within the leeward and exposed slope clusters no differentiation can be
made, but a shallow cluster with no preference for exposure is present.

Similarity and differences with the living larger foraminifera fauna
The distribution of living larger foraminifera over the Spermonde Shelf is discussed

in Chapters 2 and 3. In the next part the biocoenosis is compared with the thanato-
coenosis.
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Fig. 4.24. Comparison of the cluster dendrograms of clusters found in the living and dead faunas

Twenty species of living larger foraminifera were found on the Spermonde Archi-
pelago (Chapters 2 and 3, above). Two of them, the rare Peneroplis pertusus and Den-
dritina zenghae were not found in the dead fauna. Operculina heterosteginoides was
found in several samples taken at the deepest places in the area between Kudin-
garengkeke and Langkai, but was not found in the living fauna. Although Elphidium
craticulatum is not a larger symbiont-bearing foraminifera, it is a characteristic species
in the living fauna and has been used during the analyses for both the living and the
dead fauna.

Unlike more areas with very gradual transitions in the most important environ-
mental parameters, the occurrence of species is partly determined by the presence or
absence of essential elements in the habitat for a species. If there is no solid substrate
in an area, for example Calcarina spengleri will have a hard time colonising the area.
The transition between the assemblages co-occurs with transitions in environmental
parameters. The reef base assemblage (in the living fauna) occurs around reefs on
places where the steepness of the reef slope decreases and below the storm wave base.
The exposed slope assemblage occurs in areas with solid substrate. Only the Southern
Nearshore zone assemblage is an exception, since it is found in areas where further off
shore the exposed slopes assemblages would be present.

Some of the species occurring in the reef base assemblage are more abundant in
the thanatofacies than in the biofacies. Operculina ammonoides was not found alive in
the Southern Nearshore zone, but occurs there in the dead fauna. The preservation
state of the shells in those samples is worse than that of samples taken in the other
three zones. Many shells are corroded and part of them are filled with glauconite.

The rank order of the 19 species occurring in both data-sets differed significantly
(Kendall’s coefficient of rank correlation, 1=1.23 p<0.05). Amphistegina lobifera and Pen-
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Table 4.5. Maximum observed depth of some species in both the living and dead assemblage.

Species Max depth alive =~ Max depth empty
Heterostegina depressa 33m 48m
Operculina ammonoides 40m 54m
Palaeonummaulites venosus 40m 54m
Neorotalia calcar 30m max 0-18m  54m
Calcarina spengleri 27m 44m
Baculogypsinoides spinosus 30m 50m
Peneroplis planatus 20m max 3-12m  5Im
Amphistegina radiata 33m 48m
A. lobifera 12m 34m
A. lessonii 40m 54m

eroplis planatus occur less in the dead assemblage than in the living assemblage, while
Dendritina ambigua and Amphistegina papillosa are more common in the thanatocoeno-
sis than in the biocoenosis. This is probably because the dead data set contains rela-
tively more samples taken at depth (two shallow living species are under-represented,
while two deep dwelling species are over-represented).

In the dead fauna only five clusters can be recognised, compared with six in the
living fauna (Fig. 4.24). Three of these clusters compare well with those found in the
living assemblages. The shallow leeward and shallow exposed slope clusters in the
living fauna, compare best with the cluster 2a-1 (A. lobifera) in the thanatocoenosis.
Neorotalia calcar, characteristic for the shallow leeward slope assemblage in the living
fauna, is in the dead assemblage characteristic for samples found lower on the lee-
ward slope (cluster 2a-2). In the living fauna the latter samples occur in the deep lee-
ward cluster.

In the dead fauna samples taken nearshore and offshore cluster together in cluster
1 (characteristic species: A. papillosa). The environmental characteristics of this cluster
are a high average depth of deposition and a large distance to the nearest island. This
implies that, solely based on larger foraminifera content of samples from a palaeo-car-
bonate platform, it is not possible to discriminate between nearshore and off shore set-
tings on the platform.

All foraminifera were found dead in deeper water than alive (Table 4.5). Species
occurring predominantly in the reef base and basin floor assemblages have hardly
been found on the reef slopes or reef flat. Thus most of the sediment involved in
changing the shape of the reefs during the monsoonal cycle is derived from the reefs
and their slopes, not from the area surrounding the reefs.

Transport down slope was not the only transport of foraminifera shells in the
system however. Some of the samples taken on the leeward slope actually cluster
together with samples taken on the exposed sides of the reefs (Table 4.2). Most of
these are rather shallow samples. No samples taken on the exposed side of the islands
were found in the leeward slope cluster (Table 4.2). This indicates that at least part of
the shells produced on the exposed side of the island end up at the leeward slope, as
is expected following the main sediment transport around the islands. The reef base
assemblage only rarely contains shells of species that have been found predominantly
on the exposed slope.
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Post-mortem processes affecting larger foraminifera

In order to understand the relation between the biocoenosis and the thanatocoeno-
sis of foraminifera the post mortem fate of a foram shell has to be known. The thana-
tocoenosis is the result of the processes accounting for the production and loss of
shells in the system. Comprehensive models have been published showing all
processes that affect the translation of the biocoenosis into the thanatocoenosis for
molluscs (Kidwell, 1991; Kidwell & Flessa, 1996) (Fig. 4.25).

Life processes affecting the incongruence between the living and dead assem-
blages are differences in production rate between species (Murray, 1991). In the ideal
dead assemblage, the proportion of all species is the same as in the living assemblage.
However, due to differences in production rate between species, the dead assemblage
differs from the living assemblage. Long living species will tend to produce fewer
tests than short living species. This can not be quantified in this study, since all sam-
ples were taken at one moment.

Major post mortem sources of bias for foram assemblages are out of habitat trans-
port, selective destruction of species at the accumulation site and mixing with non-
contemporaneous material.

LIVING COMMUNITY

different )
production time )
rates between species averaging

DEAD COMMUNITY

] breakage
\x prseesfrf/t;;n ! J/ dissolution

transport into the system

transport out of the system

Fig. 4.25. Taphonomic pro-
cesses affecting the transla-
tion of the living community
into the dead assemblage
(modified after Kidwell &
Flessa, 1996)
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Larger foraminifera are relatively small and light organisms that are prone to
transport (Martin, 1999). Maiklem (1968) studied the settling of bioclastic carbonate
grains, including larger foraminifera. He found that round particles with the same
mass (for example calcarinids) settle in a smooth path directly to the bottom. Plate like
grains, like for example soritids, zig-zagged back and forth while settling, showing a
much longer settling time than spheres. Furthermore, platy forms have a lower drag
coefficient than spheres and especially cylindrical shapes (Alexander, 1983; Hohen-
egger & Yordanova, 2001). A weaker current is needed to carry away particles with a
lower drag coefficient, given that all other conditions are similar. This implies that
soritids have a higher transport potential than calcarinids. This process includes both
removal and addition of tests to assemblages. Hohenegger & Yordanova (2001) found
that three factors influence the depth transport of larger foraminifera tests; 1) traction
caused by storms and off shore currents, 2) slope steepness, and 3) differences in test
buoyancy between species. Due to the depth position of living populations, the com-
bination of these three factors leads to varying displacement intensities and mixing of
empty tests (Hohenegger & Yordanova, 2001). The reef geometry on the Spermonde
Shelf is quite different from the study area of Hohenegger & Yordanova (2001), where
the distribution of larger foraminifera species could be described in terms of coeno-
clines on, steep or gentle, reef slopes (e.g., Hohenegger, 2000). The foraminifera occur
along a gradient and the maximum density of each species differs along this gradient.
Individual species showed marked differences between the maximum density in the
living individuals and the empty tests. All species were transported down slope, but
the solid substrate preferring Baculogypsinoides spinosus showed a smaller difference
than Alveolinella quoyi, Amphisorus hemprichii or Heterostegina depressa. Palaeonum-
mulites venosus was found dead at approximately the same depth as alive, especially
on the gentle slope. The deeper living Cycloclypeus carpenteri was transported over a
much larger distance. In the Spermonde Archipelago most species have been found at
similar places dead or alive, apart from the species preferring solid substrate which
were either transported down slope or swept over the reef towards the leeward side
of the reefs.

The overall similarity between the distribution patterns found in living and dead
larger foraminifera shows that out of habitat transport of tests is a minor component
in determining the empty test found in an area. On the exposed slope only a small
fraction is derived from the exposed slope, usually not more than 3-5%. The reef
base and basin floor assemblages are found around all reefs, and the dead reef base
assemblage is characterised by some shallower living species and the rare occur-
rence of species living on the reef slopes (Baculogypsinoides spinosus). On the other
hand, typical reef base species are very rare on the reef slope. Thus, the reefs all
maintain themselves by autochthonous production of carbonate by corals and
foraminifera.

The reef slope assemblages show that transport occurs on the reefs. Samples taken
on coral rubble hardly contain any empty tests. Cluster 2b-1, characterised by Calcari-
na spengleri and Heterostegina depressa contains samples taken on the exposed slope as
well as samples taken on the leeward slope, indicating transport of shells from the
exposed to the leeward side of the island. No samples taken on the leeward slope
group into cluster 2b-1, the exposed slope cluster.
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Destruction of shells includes both abrasion and dissolution of tests. Laboratory
studies did not show much difference in resistance to abrasion in 12 taxa of reef
dwelling foraminifera, except for Planorbulina, a very fragile species (Kotler ef al.,
1989). These results were obtained after a 1000 hour laboratory experiment. Wetmore
& Plotnick (1992) did experiments to quantify the crushing strength of some species of
larger foraminifera, but did not find a difference between species. The variation in
crushing strength was higher between populations found in exposed than in sheltered
areas. Kotler ef al. (1989) concluded that once produced, foraminiferal tests can persist
for a long time in pure carbonate environments, based on the marked abrasion and
surface degradation seen on larger foraminifera on the sediment surface. However,
Martin (1999) showed that there was a similar range in the C ages of foraminifera
with highly abraded tests and in fresh-looking foraminifera.

Apart from abrasion and breakage, dissolution is another way of removing fora-
minifera from the assemblage. The dissolution potential is higher for prismatic
shells than for hyaline shells. This effect is amplified since shells with prismatic car-
bonate often incorporate more organic tissue in the shell (Kidwell & Flessa, 1996).
Imperforate foraminifera have their shells built with prismatic carbonate grains.
Especially of the deep dwelling foraminifera the opaque tests of this group have a
lower transparency and to cope with the low light intensity at depth, they have to
decrease the test thickness. In the Spermonde Archipelago, most Dendritina and Pen-
eroplis have dissolved chamber walls. Further dissolution will make them not recog-
nisable.

Sediment accumulation rates are generally much lower than biological generation
rates, so most assemblages are time averaged to some extent (Kidwell & Flessa, 1996).
Generalised, sediment mixing can occur in two ways: 1) bioturbation and 2) wave
action and sediment reworking during storms. Kidwell & Flessa (1996) suggest that
assemblages from reefs and carbonate platforms are time averaged over a hundreds-
to-thousands years range. This is confirmed by “C data on larger foraminifera from
such a setting gathered by Martin (1999), who found a 2000 year age range for
foraminifera shells. The occurrence of tests filled with glauconite might indicate that
these tests are derived from older, reworked sediment. These tests are found either
nearshore, or in deeper parts of the shelf near steeper slopes. This would explain the
high abundance of species found alive predominantly in the reef base assemblage in
the dead assemblage in the Southern Nearshore zone.

Despite all processes that change the living assemblage during the process of
burial, studies performed so far showed a high fidelity between living and death
assemblages in molluscs (Kidwell & Flessa, 1996). 80-95% of the individuals in the
dead assemblage was documented to live in the same habitat. Exotic species generally
account for few individuals, even if they make up a large part of the species list. Most
exotics are derived from immediately adjacent environments (Kidwell & Flessa, 1996).
In 12 out of 14 environments rank order did not differ significantly between the living
and death assemblage for molluscs. Other marine organisms with more fragile tests
show lower fidelity (Kidwell & Flessa, 1996).
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Larger foraminifera as indicators for environmental parameters

In both the living and dead faunas depth-related parameters are important in
determining the fauna composition. However, it is not possible to distinguish
between samples taken at 15 m just west of the Jene Berang and a sample taken at 40
m just west of Bone Tambung. The presence of Operculina heterosteginoides in samples
taken at large depth around Kudingarengkeke distinguishes these samples, but this
species is not found at similar depths around Bone Tambung, and only in one very
deep sample East of Langkai. In cluster 1, samples containing this species were not
collected at a significantly greater depth than samples without this species (Welch
approximate t-test, t=1.2, P>0.05).

Hottinger (1997) evaluated the use of, mainly larger, foraminifera for palaeoenvi-
ronmental analysis as depth-indicators. Most, if not all of the studies on recent larger
foraminifera were performed in areas low in nutrients and with a very deep lower
limit of the photic zone. For example, Hottinger (1997) divided the photic zone into
three compartments, reaching down to 120 (140) m depth. In shallow nearshore car-
bonate platforms with rivers discharging terrigeneous sediment, the euphotic zone
may extent for only a few metres to 50 m, or the extent can vary following seasonal
changes in sediment input by the river. Some of the species indicated by Hottinger
(1997) to be indicative of a water depth of 80-120 (140) m were found at less than 40 m
in the Spermonde Archipelago.

Water depth influences the fauna composition indirectly, since light penetration
through the water column diminishes with depth. Hohenegger et al. (2000) could fit
the distribution of several species of Nummulitidae to the same function, but with dif-
ferent values for transparency of the water column.

Comparison with other areas shows that most species found in the Spermonde
occur in shallower water than in previously published studies (Chapter 3, above). In
palaeoenvironmental studies it is needed to evaluate the setting of the area where the
samples have been collected.

Larger foraminifera can reach large sizes in response to long, stable conditions
poor in nutrients. The permanent scarceness of nutrients as decisive limiting factor
enforces the constant recycling of organic matter produced by the organisms by
symbionts (Hottinger, 1997). In areas with seasonally changing food supply, the
depth of the photic zone changes accordingly. Symbiont housing species that are
found in the photic zone can not survive long periods without light, because they
not only have to provide energy for their own metabolism, but also for their sym-
bionts (Hallock, 1988). Deep living species are more vulnerable for seasonal changes
in transparency because of the logarithmic decrease in light intensity. The window
in which suitable light intensities occur for deep living species moves in a way that
there is no depth range in which year round suitable occur. For shallow living
species there is a larger chance that this will be a depth range with favourable condi-
tions all year (Chapter 3, above).

Imperforates, and especially the smaller forms, are better capable of dealing with
high water temperatures and salinity (Hallock, 2000). In carbonate settings these con-
ditions are often related to a lagoonal setting. In the Spermonde Shelf Amphisorus and
Peneroplis occur, both dead and alive, only in areas with a normal marine setting.
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Empty shells are found down to large depths, but highest densities occur in sediments
collected at less than 20 m depth. Alveolinella and Dendritina occur in the quoyii assem-
blage, an assemblage found at rather large water depth in the direct proximity of
reefs. These two groups, easily distinguished on morphological characters, can be
used as indicators for the proximity of reefs in a carbonate platform setting.

Fossil settings

What do these data teach us about the habitat use of larger foraminifera in, say, the
Miocene or Eocene? During the Cenozoic several faunal turnovers have taken place
(e.g Adams, 1984; Adams et al., 1990; Hottinger, 1997). During these turnovers, the
fauna composition changed markedly. During the Eocene, orthophragminids, num-
mulitids and alveolinids dominated the larger foraminifera faunas, while during the
Miocene Cycloclypeus, lepidocyclinids and miogypsinids were important groups.
Some of the extant genera have a long fossil record. The first Operculina occurs in the
Thanetian or Ypresian (Hottinger, 1977b; Serra-Kiel ef al., 1998), Heterostegina is found
from the Lutetian onwards. All orthophragminids, lepidocyclinids and miogypsinids
are extinct however.

In both the Paleogene and Neogene faunas the species living on the shelf floor
make up most of the fossil assemblages. In the Eocene Nummulites, Assilina and ortho-
phragminids can make up large packets of limestones, while taxa typical of living on
solid substrates occur much more localised. The same holds for the Neogene. In the
Spermonde Archipelago, most of the shelf is occupied by the basin floor, followed by
the reef base. The reef related habitats make up about 10% of the total surface area.
The foraminifera content is much lower in the reef sediments compared with the reef
base and basin floor sediments.

Most depth estimations are done by analogues with extant relatives. Hottinger
(1997) evaluates several morphological adaptations in foraminifera shells in order to
use them as depth indicators. Both inter- and intra-specific variations occur that are
related to variations in depth. Species and populations tend to have a lower volume/
surface ratio with depth. Hallock (1988) relates the trophic level with differentiation in
larger foraminifera. During periods of low oceanic recycling, few nutrients are added
to the surface ocean and (as a response) the photic zone extends into deeper water.
Foraminifera diversify along the light gradient and during periods of lowest trophic
gradient larger foraminifera diversity (both taxonomic as morphologic) is highest
(Hallock, 1988). This model is further extended to regional scale as well (Hallock,
1988).

The Spermonde Archipelago is richer in nutrients and has a shallower photic zone
than most previously studied areas. Living larger foraminifera occur to 45 m (Chap-
ters 2, 3, above), compared to 100 m or more in Okinawa (Hohenegger ef al., 2000).
Several of the deepest living species in Okinawa do not occur in the Spermonde
where the species shift their occurrence to shallower water (Chapter 3, above). The
Nummulitidae behave according to this model, but for example the Calcarinidae do
not. In the thanatocoenosis Assilina and Nummulites occur all over the shelf, except on
the reefs, but Operculina heterosteginoides occurs only in basin floor samples.

In the dead tests, this is reflected in the depth of clusterl from 15-30 m nearshore
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to 40-55 m near the barrier. Apart from the shifting depth distribution, most empty
tests of species are found in deeper water than the living specimens. The occurrence of
a species or a community can not be used to estimate the depth during the time of
deposition but rather is indicative of being deposited in a certain part of the light gra-
dient in the water column.

Conclusions

The thanatocoenosis is a good reflection of the species living in the area. The rela-
tive frequency has shifted towards species living in the reef base assemblage. Empty
tests of all species living on the exposed slope are found on both the exposed and lee-
ward slope, but no empty tests of species living exclusively on the leeward slope are
found on the exposed slope.

The five groups recognised in the thanatocoenosis correspond with four of those
recognised in the biocoenosis. The samples taken in the nearshore assemblage cannot
be differentiated from samples taken at larger depth further offshore. The shallowest
assemblages in the living fauna, can not be differentiated into a leeward and exposed
cluster in the dead assemblage. Cluster 1 (basin floor) has no equivalent in the living
fauna.

For living larger foraminifera, light is the most important parameter determining
the distribution of their tests over the shelf, followed by hydrodynamic energy (expo-
sure). This is directly reflected in the dead fauna.

In carbonate platform settings the presence of Alveolinella and Dendritina indicates
a near reef setting, if Peneroplis and soritids are present, the samples have been taken
in reef slope conditions. Amphistegina lobifera is only found in reef flat situations.

Absolute depth of deposition is difficult to estimate, based solely on larger
foraminifera species, but their relative depth can be estimated from their position in
the light and energy gradients.

5. Larger foraminifera from Cabilao Island (Bohol, Philippines)
Introduction

Transparency, nutrient availability, hydrodynamic energy and substrate type
determine the distribution of larger foraminifera over reef and shelf areas (Hottinger,
1983; Hallock, 1984; Hohenegger, 1994; Chapter 3, above). In a study on the distribu-
tion of larger benthic foraminifera over the Spermonde Shelf (SW Sulawesi), Renema
& Troelstra (Chapter 3, above) showed that stability of the ecosystem is another im-
portant parameter.

In areas nearest to the shore no larger foraminifera occurred at the reef base, while
at increasing distance from the shore the reef base was inhabited by a rich and diverse
assemblage. The reef base assemblage and its characteristic species occurred at
increasing depth going off shore in the Spermonde Archipelago (Chapter 3, above),
whilst the long-living species were absent in nearshore areas.

Due to seasonal changes in water transparency combined with the logarithmic
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decrease of light intensity in the water column, there is no depth at which, for deep-
living species, the light conditions are suitable the year round (Chapter 3, above). The
distribution of species living at the reef base, and especially that of nummulitids pre-
ferring soft substrate, matches this model in the Spermonde Archipelago, but also
other long living species are affected.

Not all species of larger foraminifera respond in the same way to changes and dif-
ferences in environmental parameters. Calcarinids (except Baculogypsinoides spinosus)
did not occur in highest density on the reef flat in the Spermonde, as they did at Oki-
nawa (Hohenegger 1994, 2000; Hohenegger et al., 1999), but on the reef slope, either on
the exposed (Calcarina spengleri) or on the leeward side (Neorotalia calcar), whilst Calca-
rina hispida did occur on both sides of the reefs. On the reef flat of sand cay type reefs
of the Spermonde Archipelago a lot of moving, clean sands were present and no
macroalgae or sea grass meadows were found, whilst at Okinawa, high densities of
the before mentioned species were found living in between the algae on the reef flat
(Hohenegger 1994, 2000; Hohenegger ef al., 1999).

In the present study I compare the distribution of shallow living larger fora-
minifera around Cabilao and Sandigan Island with the distribution around reefs in the
Spermonde Archipelago. The main objective was to look for variability in habitat use
in response to varying environmental parameters.
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Fig. 5.1. Map of the central Visayas
(Central Filippines), showing the
geographic position of the research
area. Inset refers to Fig. 5.2.
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Fig. 5.2. Map of the research area (inset of Fig.
5.1). Sampling stations are numbered and sym-
bols show the transects in which they group
together. Sites 1, 2 and 3 are positioned outside
the area shown on this map.

Research area

The research area is located just west of Bohol in the Cebu Strait (fig. 5.1). Eleven
dive-sites were sampled along three composite transects at each side of the triangular
island Cabilao and one transect just off Sandingan Island, which in fact is a peninsula
off the mainland coast of Bohol (fig. 5.2). Each composite transect comprises two or

three dive-sites.

The North (transect B, fig. 5.3) and West side (transect A, fig. 5.4) of Cabilao consist
of a reef flat and a steep reef slope. The reef flat is dominated by large macroalgae on a
rocky substrate with hardly any carbonate sand in between (inner reef flat, figs. 5.3, 5.4)
but has a zone lacking vegetation that consists of patches of corals with crevices with
patches of clean, moving sands, often showing wave ripples in between (outer reef flat,
figs. 5.3, 5.4). The inner reef flat usually starts at 1.5-2 m depth. The deepest part of the
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flat reef flat

| | . |
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coral colonies. Behind this
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patches of macroalgae between
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Fig. 5.3. Sketch of the vertical
reef profile showing the biotopes
in transect B.
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Fig. 5.4. Sketch of the vertical reef
profile showing the biotopes in
transect A.

outer reef flat usually is about 3-4 m deep. In the more exposed transect A, the outer reef
flat is broader than in transect B. From 4 m down there is a very steep, almost vertical
reef slope, covered by sponges, algae and corals, showing many crevices and small
ridges on which coral rubble and sand accumulate. The upper part of the slope and the
transition from reef slope into outer reef flat is densely grown by corals.

At about 20 m depth the reef slope is inclined and at around 30-40 m depth the
slope becomes more gentle, with sand patches and localised coral colonies, though
still remaining rather steep. At this depth, coral rubble covered by coralline algae
accumulate, providing abundant suitable habitat for larger foraminifera.

The southeastern slope of Cabilao Island (transect C) and the northern slope off
Sandingan Island (transect D, Fig. 5.5) are more gentle, consisting of a shallow part
covered by corals (6-9 m), and a deeper part of the slope with coral rubble, sand patches
and local coral colonies. The reef flats consist of moving sand and coral patches all the
way towards the island, and is slightly deeper than the reef flat of transect B and A. At
none of the visited localities in section D a reef flat comparable to that in sections A and
B is present. At the deeper part of the reef flat, sea grass (Halophilus) are growing.

Methods

During SCUBA diving, samples were taken at least at intervals of 3 m depth, and
sometimes in between these depths if suitable sampling sites were present. Samples
were coded with C followed by the number of the dive site and the depth at which it
was taken (for example C05-7.5 stands for a sample taken at station 5 at 7.5 m depth).
At some stations several samples were taken from several substrate types.

A sample of all suitable substrates represents a surface area of 100 cm?. In some
cases a larger surface area was sampled because of the nature of the substrate, but
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Fig. 5.5. Sketch of the vertical reef profile showing the biotopes in transects C and D.

then the surface area was noted. The samples were sun dried. Foraminifera were
washed from the substrate and subsequently sieved over a 0.5 mm mesh size. From
the reside, specimens living at the time of sampling, recognised by their symbiont
colour, were sorted and identified up to species level.

The data-base of 68 samples and densities of 16 taxa were converted using a loga-
rithmical transformation (y= log (densitypyeces x+ 1).-With the resulting database subse-
quently cluster analysis (Sorensens distance measure and Flexible  (=-0.75)) and
indicator analysis (Dufréne & Legendre, 1997) was performed. Additionally a DCA
(detrended principal component analysis) was run. All statistical analyses were run
using PC-ORD (McCune & Mefford, 1999).

Distribution of larger foraminifera over the Cabilao reef

Among all samples, the highest density, over 13 specimens cm?, of larger
foraminifera was found on the inner reef flat (Fig. 5.6). The outer reef flat and upper
part of the reef slope were almost barren with larger foraminifera, while lower on the
slope the density was maximally 4 cm?, and gradually decreasing from 8 m down-
wards in transects A and B. The more gently sloped transects C and D showed a maxi-
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Fig. 5.6. Total density of larger foraminifera along four transects around Cabilao (Bohol, Filippines).
Samples are marked by a dot on the scale bar.

mum on the reef slope, apart from one station in transect C which had a reef flat com-
parable to those in transects A and B.

In total 18 species of larger benthic foraminifera have been found, one of which
was separated into two morphotypes. Five species were very rare, three of these were
found in less than five samples and have not been included in the analysis. These
were Dendritina ambigua, Peneroplis pertusus and Palaeonummulites venosus. Elphidium
craticulatum was also present in too few samples to be included in the analysis.

Below, all species and densities of species encountered are given. Species defini-
tions are as in chapter 2 and Hohenegger (1994), in which all of the mentioned have
been figured. Some additional plates are provided for the Calcarinidae.

Family Peneroplidae
Genus Peneroplis
Peneroplis pertusus (Forskal, 1775)

Peneroplis pertusus was recorded in five samples, but always with only one speci-
men per sample. The deepest record is from 36 m, the shallowest from 0.5 m.

Peneroplis planatus (Fichtel & Moll, 1798) (Fig. 5.7)

Peneroplis planatus is the most abundant imperforate foraminifer in our samples
next to A. hemprichii. The maximum density of P. planatus is almost 1.0 cm™. It reach-
es its highest density on the reef flat, but is also found (in much lower density) on
the upper part of the reef slope, extending down to 30 m. Like C. hispida, P. planatus
lives hidden between the macroalgae on the inner reef flat and was not seen on the
leaves of the algae.

Genus Dendritina
Dendritina ambigua (Fichtel & Moll, 1798)

Dendritina ambigua was found in only two samples, both at 18 m on a small ridge
on the steep reef slopes in transects A and C. On these ridges foraminifera lay on flat
surfaces which are usually covered with coralline algae.
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Figs. 5.7-5.22. Density of larger foraminifera (specimen cm?) along four transects around Cabilao
(Bohol, Philippines. Samples marked by dot on vertical scale line. Note scale difference in horizontal
scale. A sample represents 100 cm?.
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Fig. 5.8: Laevipeneroplis proteus.

Genus Laevipeneroplis
Laevipeneroplis proteus (d’Orbigny, 1839) (Fig. 5.8)

A rare species recorded in 10 samples and living attached to macroalgae. It was
found mainly in the upper 10 m, but also in two samples at 18 m.

Family Soritidae
Genus Parasorites
Parasorites orbitolitoides (Hofker, 1930) (Fig. 5.9)

This is a rare species around Cebu. P. orbitolitoides was found in only seven samples.
In one sample a density of 0.18 cm? was found, while the six other samples contained
only 1-3 individuals. All specimens found were living attached to coral rubble, most of
them in very shallow water.

Genus Sorites
Sorites orbiculus (Forskal, 1775) (Fig. 5.10)

Another rare species but recorded in more samples than P. orbitolitoides. No clear
pattern can be distinguished in the records of this species. Most specimens were
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attached to coral rubble, but also to thalli of macroalgae. They have been found at

depths ranging from 0.5-24 m, but always in extremely low density.

Amphisorus hemprichii Ehrenberg, 1839 (Fig. 5.11)

Genus Amphisorus

The highest densities have been found on the reef flats of transects A, B and C,
where it was recorded in the inner reef flat only, living attached to macroalgae and
sea grasses (Halophilus). However, A. hemprichii is not restricted to the reef flat, and
can be found down to 20 m, found attached to coral rubble covered by coralline algae,
but densities higher than 1.0 cm™ are restricted to the upper 10 m of the water column.
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Family Amphisteginidae
Genus Amphistegina
Amphistegina lessonii d’Orbigny, 1826 (Fig. 5.12)

Amphistegina lessonii is the only species present in all samples in which larger
foraminifera have been found. Its density is also rather constant in all samples, vary-
ing between 0.1-1.5 cm2. Highest densities have been found in areas covered by algae.
Especially on the steep reef slopes, A. lessonii is found on ridges and in small cavities
where rubble accumulates on which algae can grow.

Amphistegina lobifera Larsen, 1976 (Fig. 5.13)

This is a species that mainly occurs in very shallow samples taken on the inner and
outer reef flat. In the latter it is found on coral patches, but not in the clean moving
sands between these patches. The highest density of this species is just over 1.0 cm™.
Amphistegina radiata Fichtel & Moll, 1798 (Fig. 5.14)

Amphistegina radiata is hardly found on the reef flat, but is found in most samples
on the reef slope. Its occurrence is rather patchy, high densities have been found
below protruding pieces of coral rubble and on ridges. It is often found in cryptic
places not directly exposed to light. On more gentle reef slopes in transects C and D
the distribution was more evenly spread over the entire slope, and the highest den-
sity was reached at 25-30 m depth, whilst low densities were found on soft sub-
strate.
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Fig. 5.12: Amphistegina lessonii.
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Fig. 5.13: Amphistegina lobifera.
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Family Calcarinidae
Genus Neorotalia
Neorotalia calcar (d’Orbigny, 1839) (Fig. 5.15)

N. calcar has a distribution very similar to Calcarina hispida, but the density in
which N. calcar has been found is much lower. The highest density in which N. calcar
has been found is 0.5 cm™.

Genus Calcarina

The taxonomy of the genus Calcarina is not yet satisfactory resolved. Most species
are very variable and often two or more (ecopheno)types can be recognised within a
species.

The two types of C. hispida have been described as two forms by Hohenegger ef al.
(1999) and subsequently as two species by Hohenegger (2000). I will follow the latter
concept, with the long spined, less hispid species being referred to as C. mayori, while
the shorter spined and more hispid species is referred to as C. hispida.

Morphological variation is more gradual in C. spengleri, but almost the same differ-
entiation can be made in specimens from Cabilao. C. spengleri sensu lato can be recog-
nised by the parallel striae on the spines and the absence of very short hispid spines.
Within C. spengleri s.1., spine morphology and the presence of tubercles on the central
part of the shell can be used to distinguish the two types, C. spengleri sensu stricto and
C. spengleri type A. Of the two morphotypes C. spengleri s.s. has more robust spines and
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the transition of the spines into the central part of the test is gradual, while it has hard-
ly any tubercles on the test. In C. spengleri type A the spines are more clump shaped
and do not grade into the central part of the test, which has large tubercles roughly
placed in a spiral. Although transitional forms are not known from Cabilao and sur-
roundings, in the Spermonde Archipelago all specimens of C. spengleri show mixed
characters and thus these forms are interpreted as morphotypes rather than species.

Calcarina hispida Brady, 1876 (Fig. 5.16; P1. 5, figs. 7-8)

This species was predominantly found on the inner reef flat, its density regularly
exceeding 1.0 cm?, and could get as high as 3.8 cm™. On the reef flat it was found
hidden deeply between thalli of macroalgae near the sediment surface. Its occurrence
extends down to the upper reef slope on the west side of Cabilao. It was not found on
the gentle reef slope of Sandingan (transect D). On the reef slope it was found on high-
ly structured coral rubble covered by coralline algae.

Calcarina mayori Cushman, 1924 (Fig. 5.17; P1. 5, figs. 5-6)

Calcarina mayori occurred in fewer samples than C. hispida. C. mayori was always
found on the reef slope, never on the reef flat. It was most numerous on pieces of coral
rubble. The two samples showing the highest density of C. mayori, C09-36 and C12-36,
were taken on places with large pieces of rubble covered by algae. Most individuals

were not attached to the algae but to a piece of rubble.
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Calcarina spengleri (Gmelin, 1791) sensu stricto (Fig. 5.18; P1. 5, figs. 1-2)

This morphotype is only recorded in the inner reef flat in between large macro-
algae. Contrary to C. hispida this species lives stacked up in between the well struc-
tured macroalgae, not necessarily near the sediment surface. It was not seen attached
to the vertical, free moving macroalgae thalli. The highest densities have been found
on the west side of Cabilao. In transect D no area with abundant macroalgae was pre-
sent. The reef flat is entirely made up of instable sandy substrates and patches with
coral growth without C. spengleri.

Calcarina spengleri (Gmelin, 1791) type A (Fig. 5.19; P1. 5, figs. 3-4)

Just like C. mayori, this species is mainly found on the reef slope, were it occurs in
many samples, but usually in low density (up to 1.0 cm?). In three samples it is found
in higher density, two of these are located on the upper slope, one at 30 m depth.
Specimens were usually found attached to coral rubble covered by coralline algae.

Genus Baculogypsinoides
Baculogypsinoides spinosus Yabe & Hanzawa, 1930 (Fig. 5.20)

This calcarinid species is predominantly found in the deepest samples. In transect
D it occurred in all samples from 15 m downward, reaching its highest density at 33-
36 m depth. The highest density is recorded at 28 m depth in transect B. Baculogypsi-

transect D

transec B transect C

transect A

2 4 6 2 4 6 2 4 6 2 4 6
density (cm?)
Fig. 5.18: Calcarina spengleri s.s.
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noides spinosus is always found below and between coral rubble, usually attached to
the sides of large pieces of rubble covered by coralline algae.

Family Rotalidae
Genus Elphidium
Elphidium craticulatum (Fichtel & Moll, 1798)

This non-symbiont-bearing species is very rare, and recorded in only four samples,
all except one in transect D. Densities are low.

Family Nummulitidae
Genus Heterostegina
Heterostegina depressa d’Orbigny, 1826 (Fig. 5.21)

Heterostegina depressa occurs mainly on the reef slopes. On the steep reef slopes of
transects A and B it occurred abundantly attached to short algae on the surface of the
reef wall, where it usually was the only living foraminifera. On these sites, they are
directly exposed to light and currents. Heterostegina depressa was hardly found on the
upper reef slope from 4-8 m. It reached its highest density at about 10-15 m depth,
was found abundant down to the deepest sites visited. On the more gentle slopes of
transects C and D, H. depressa was more abundant than in the other transects, and
occurred on and between coral rubble, to which it is attached.
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Fig. 5.20: Baculogypsinoides spinosus.
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Fig. 5.21: Heterostegina depressa.
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Genus Operculina
Operculina ammonoides (Gronovius, 1781) (Fig. 5.22)

This species has been found in almost half of the samples, but always in very low
numbers. On the gentle slope of transect D it occurred in somewhat higher densities.
On sand pockets in between coral rubble the highest density found is 0.4 cm™. O. ammo-
noides was also found on solid substrates.

Genus Palaeonummulites
Palaeoummulites venosus (Fichtel & Moll, 1798)

The only other nummulitid that has been found is a single specimen of P. venosus
in C12-36 at 36 m depth. This is on the same gentle reef slope where most of the speci-
mens of O. ammonoides has been found.

Assemblages

Q-mode cluster analysis shows a very strong division into two clusters (Fig. 5.23).
Indicator analysis shows that cluster 1 is characterised by the occurrence of Amphiste-
gina radiata and Heterostegina depressa (Table 5.1). In about a quarter of the samples
these two are the only species found (sub-cluster 1b), while the remaining samples are
divided into a sub-cluster with additionally species that otherwise have their highest
indicator value in cluster 2 (sub-cluster 1-a) and a cluster with additionally Baculo-
gypsinoides spinosus and Operculina ammonoides (sub-cluster 1-c, Table 5.1). The subdi-
vision of this cluster, especially the differentiation between sub-clusters 1-a and 1-b, is
very weak, omitting a few samples results in a different cluster arrangement.

Samples in cluster 2 are characterised by the occurrence of Calcarina hispida, Neoro-
talia calcar and Peneroplis planatus. Other frequently occurring species are Amphisorus
hemprichii and Amphistegina lobifera and Calcarina spengleri s.s. (Fig. 5.23, Table 5.1).

Since especially the samples in cluster 1 show a gradual decrease in similarity, a
DCA (detrended principal components analysis) was performed as well. This analysis
supports the pattern found by the cluster analysis (Fig. 5.24). Samples clustering in the
clusters 1 and 2 are separated by a small gap along the first axis. Sub-cluster 1-c plots
separately from sub-clusters 1a and 1b, but the samples clustering in 1la and 1b show
some overlap.

The first axis explains 75% of the total variance in the data set and plots parallel to
the direction of the depth at which the samples have been taken. The second axis
explains 13% of the total variance, only.

An r-mode cluster analysis shows that there are two well separated assemblages,
which both can be subdivided into two groups (Fig. 5.25). Together with the percent
perfect indication values as given in Table 5.1, one assemblage can most easily be
characterised by the dominating occurrence of Heterostegina depressa and Amphistegi-
na radiata. In some samples these are associated with other species, like Operculina
ammonoides and Baculogypsinoides spinosus.

The other assemblage is dominated by a group of species that all occur on the
inner reef flat. These are Peneroplis planatus, Neorotalia calcar, Amphisorus hemprichii,
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Table 5.1. Percentage perfect indication for the species at a division into four clusters

Species Cluster 1-a  Cluster 1-b  Cluster 1-c ~ Cluster 2 % samples
Heterostegina depressa 28 30 32 8 94
Amphistegina lessonii 31 22 23 23 100
A. radiata 32 30 37 0 78
Operculina ammonoides 15 0 54 19 50
Baculogypsinoides spinosus 1 0 85 1 22
Calcarina mayori 11 1 25 1 24
C. spengleri type A 23 7 24 5 51
Amphisorus hemprichii 29 4 0 55 66
Calcarina hispida 5 4 0 58 44
C. spengleri s.s. 11 1 0 64 24
Ampbhistegina lobifera 17 4 0 47 50
Peneroplis planatus 6 0 9 66 47
Neorotalia calcar 3 0 0 61 24
Sorites orbiculus 0 0 0 34 13
Parasorites orbitolitoides 6 0 2 6 9
Laevipeneroplis proteus 9 0 0 20 15

Calcarina hispida, Calcarina spengleri s.s., and Amphistegina lobifera. The first two species
are nearly exclusive for the reef flat, the others have occasionally been found on the
upper slope as well.

Habitat preference of the species found around Cabilao and
the Spermonde Archipelago

Of the 22 species of larger benthic foraminifera found in the Spermonde Archipel-
ago, 17 have been found around Cabilao as well (Dendritina zhengae, Alveolinella quoyii,
Amphistegina papillosa, Operculina complanata and O. heterosteginoides are absent at
Cabilao). D. zhengae was very rare at the Spermonde, but the other species were com-
mon at the base of several reefs in the Spermonde (Chapters 2 and 3, above). Two of
the rare species in Cabilao are also rare in the Spermonde (i.e. Laevipeneroplis proteus
and Peneroplis pertusus). Key environmental parameters and the occurrence of all
species recorded either at the Spermonde Archipelago or at Cabilao are summarised
in Table 5.2.

Peneroplidae

In Cabilao, Peneroplis planatus was living at the reef flat in between the thalli of the
macroalgae, where it is sheltered from the highest hydrodynamic energy, similar to Oki-
nawa, where it has been recorded from the upper slope, hiding in small filamentous
algae (Hohenegger, 1994). In the absence of macroalgae, at the Spermonde Shelf this
specimens of this species was mainly living at soft substrate on the upper leeward slope.

Soritidae
Around Cabilao Parasorites orbitolitoides is rare and always attached to solid sub-
strates on the upper slope at Cabilao which is a totally different habitat from that of
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the Spermonde Archipelago, where it occurred preferentially on soft substrate at the
reef base. In Cabilao it was recorded in low density. At Sesoko Island, Hohenegger et
al. (1999) found P. orbitolitoides at both substrate types, but in significant higher densi-
ty on soft substrate. They (op cit.) found that P. orbitolitoides “clearly avoided” the
upper reef slope. The discoidal tests are easily transported from relatively high energy
environments, unless they attach to the substrate.

The main substratum of Amphisorus hemprichii is formed by thalli of macroalgae on
the reef flat, yet it was also found attached to sea grasses, coral rubble and large solid
surfaces. The most important substratum of A. hemprichii in Okinawa (Hohenegger,
1994; Hohenegger et al., 1999, 2000) and the Spermonde Archipelago (Chapter 2,
above) is coral rubble. In higher energy settings Marginopora vertebralis occurred on
the reef crest in Sesoka Island (Hohenegger, 1994). A. hemprichii is predominantly an
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epiphytic species (on both macroalgae and sea grass), but can also occur on soft sub-
strates (Langer & Hottinger, 2000; Hohenegger et al., 1999). Another soritid, Sorites
orbiculus used only a limited number of macroids, which are characterised by flat,
bare surfaces to which it may semi-permanently adhere (Fujita & Hallock, 1999). The
seagrass leaves in the Spermonde all were covered by epiphytic algae, providing no
suitable substrate for soritids to live on.

Amphisteginidae

The three amphisteginids show a very similar habitat preference in the Spermonde
Archipelago and around Cabilao. Amphistegina lessonii and A. lobifera do not show any
clear preference for substrate type, in both the Spermonde and Cabilao both species
occur in many samples. A. lobifera is restricted to shallow water, and is only occasion-
ally found below 15 m depth. In the depth range sampled in this study, A. lessonii is
the most common amphisteginid in other areas as well (Hansen & Buchardt, 1977;
Hallock, 1984; Hohenegger, 1994; Hohenegger ef al., 1999; Chapter 2, above). Amphiste-
gina radiata has hardly been found in the shallowest samples. Because of its smaller
apertural field compared to A. lessonii and A. lobifera, A. radiata is not able to withstand
the highest hydrodynamic energy regimes (Hohenegger, 1994). It has a preference for
solid substrate (Hohenegger ef al., 1999) and it often lives cryptic between coral rubble
in order to avoid high energy regimes (Chapter 2, above).

Calcarinidae

Neorotalia calcar has a rather different distribution pattern in the two areas. In the
Spermonde N. calcar predominantly occurred on the upper leeward slope of the reefs,
while around Cebu it was predominantly found at the inner reef flat. On the more
gentle slopes of transects C and D it was not found on the reef slope as well. This dis-
tribution pattern is more similar to that in other areas (Hallock, 1984; Hohenegger,
1994, 1996). According to Hohenegger et al. (1999) N. calcar prefers solid substrates in
the upper part of the reef slope (<20 m). In Cabilao and Hawaii (Hallock, 1984) this
species occurs between thalli of macroalgae, whilst at the Spermonde Archipelago N.
calcar was predominantly found on sandy substrate.
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In the Spermonde Archipelago no C. hispida was found on the reef flat, but it is
present on either side of the reefs down to 30 m depth. At Cabilao C. hispida is associ-
ated with an epiphytic lifestyle on macroalgae, while C. mayori is mainly found on a
substrate of coral rubble. Hohenegger (1994) found a similar morphological gradient
on the reefs around Okinawa. On the reef moat, C. hispida was globular with short
spines and long spikes, similar to those found on the reef flat of Cabilao. However,
Hohenegger et al. (1999) found this form (which they called C. hispida forma spinosa)
never on the reef flat, but preferred the upper reef slope (maximum at 10 m depth).
On the reef slope C. hispida became increasingly flattened, with longer spines and
shorter spikes (Hohenegger, 1994; see also Hohenegger et al., 1999).

The shell and spines of C. mayori are more fragile than the shell of C. hispida, and ren-
der poorer capabilities to attach to substrate in high hydrodynamic energy. C. mayori
lives predominantly attached to coral rubble covered by algae in low energetic environ-
ments, a similar environment as in Okinawa (Hohenegger, 1994; Hohenegger et al., 1999).

Calcarina spengleri occurs in high density on the relatively sheltered inner reef flat.
The smooth form (C. spengleri s.s.) occurs mainly on the reef flat, while C. spengleri
type A is more abundant on the reef slopes. An intermediate form (with the spines of
C. spengleri s.s. and the pustules of C. spengleri type A) occurs on the Spermonde Shelf.
There it is found on the exposed slope of the reefs in between coral rubble, and shal-
low living C. spengleri is absent. The shape of C. spengleri is very variable and highly
dependent on environmental parameters, C. spengleri living on the reef flat has a more
robust, thick shell that protects the animal from damage by UV light (Hottinger, 1997).
This is enhanced by the shade provided by the thalli of the macroalgae. Robust shells
are stronger, and the more robust spines provide stronger attachment to the algae.
Calcarina spengleri, for example, occurs in more sheltered parts of the reef flat and
below the fair weather wave base. Above the fair weather wave base, no cryptic habi-
tats are available and C. spengleri does not occur in this area. In the Spermonde Archi-
pelago coral rubble on the exposed slope provides shelter for waves and C. spengleri is
found there below larger pieces of rubble.

Baculogypsinoides spinosus is one of the most consistent species in habitat prefer-
ence. It occurs at larger depth on coral rubble (Hohenegger, 1994, 1996; Hohenegger et
al., 1999; Chapter 2, above).

A striking difference in abundance is seen in Elphidium craticulatum. This species
is present in almost all samples taken from the Spermonde Archipelago, where it
constitutes on average about 1/10 of the total number of specimens in the samples,
and in samples taken at larger depth and nearshore even more, but is almost absent
from Cabilao. Elphidium craticulatum does not house symbionts, but retains chloro-
plasts from otherwise digested algae. These chloroplasts produce photosynthetates
that are used by the foraminifera. Retention of chloroplasts is profitable in places
where otherwise the housing of symbionts is not profitable. This can be either in
areas too cold or too rich in nutrients (Lopez, 1979; Hollaus & Hottinger, 1997). The
conditions at the Spermonde Archipelago, especially in the deeper parts, are at the
margin of the window in which endo-symbiosis is profitable for both symbiont and
host. In Cabilao conditions fall well within this window and Elphidium craticulatum
is hardly found.
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Table 5.3. Comparison between assemblages found at the Spermonde Archipelago (Chapter 3) and
Cabilao.

Spermonde Archipelago Cabilao environment
Calcarina spengleri Amphistegina radiata exposed reef
Amphistegina radiata Heterostegina depressa slope
Heterostegina depressa
Baculogypsinoides spinosus Baculogypsinoides spinosus deep reef
Amphisorus hemprichii Operculina ammonoides slope
Amphistegina papillosa reef base

Palaeonummaulites venosus

Operculina ammonoides

Amphistegina lobifera Amphistegina lobifera upper reef
Neorotalia calcar Neorotalia calcar slope
Peneroplis planatus

Peneroplis planatus

Amphisorus hemprichii inner reef flat
Calcarina hispida
C. spengleri s.s.

Nummulitidae

Heterostegina depressa is one of the better studied larger foraminifera species. Its
habitat preference is consistent between all areas. It is found in a large depth range
on solid substrates, but is occasionally found on soft substrates as well (Hottinger,
1977a; Hallock, 1984; Vénec-Peyré, 1991; Hohenegger, 1994, 1995,1996; Hohenegger
et al., 1999; Chapter 2, above).

Hottinger (1977a) and Pecheux (1995) describe two ecophenotypes of Operculina
ammonoides, a semi-involute and an evolute form. The more robust semi-involute
form prefers shallow soft substrates (and is rarely found in the Spermonde Archi-
pelago), while the evolute specimens predominantly occurred on coarse sand and
rubble. Hohenegger et al. (1999) found a third form with elevated septal traces,
which occurred on muddy substrate. All specimens from Cabilao were of the semi-
involute type, but were rather loosely coiled compared to the coiling rate given by
Hohenegger et al. (2000). Hohenegger et al. (2000) found this morphotype between
well-structured coral rubble too (as well as on coarse sand). The specimens from
Cabilao have been found on soft substrate in transect D, at similar depths as in the
Spermonde Archipelago, but also attached to coral rubble on the reef slopes.

The assemblages from Cabilao and the Spermonde are rather comparable. In
both areas there is a cluster which is characterised by the co-occurrence of Heteroste-
gina depressa and Amphistegina radiata. In the Spermonde these two species are often
accompanied by Calcarina spengleri. In both areas, Baculogypsinoides spinosus occurs
together with these two species in deeper samples. Though not shown in Table 5.2,
Amphisorus hemprichii occurs in both areas together with H. depressa and A. radiata in
the upper slope samples (with solid substrate, Table 5.1).

Also both areas host an assemblage with Amphistegina lobifera, Neorotalia calcar
and Peneroplis planatus which lives on the upper slope on the leeward side of reefs in
the Spermonde Archipelago, while in Cabilao it is found on the reef flat between
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macroalgae. Amphisorus hemprichii, Calcarina hispida, and C. spengleri s.s. were often
found together with the above mentioned species.

The Spermonde reef base assemblage, including species that have a preference
for soft substrates, is almost absent at Cabilao. Only one species that is characteristic
for this cluster, Operculina ammonoides, has been found around Cabilao. It is found in
another assemblage however.

Conclusion

The distribution and assemblage composition of larger foraminifera respond to
several environmental parameters, like light intensity (directly related to depth and
transparency), hydrodynamic energy, substrate type and environmental stability.
However, some species show always similar habitat preferences, whilst others are
more flexible and occur in other habitats in response to different combinations of
environmental conditions, resulting in large variations in habitat in which species
occur (within and between regions).

Calcarinids (except Baculogypsinoides spinosus) and soritids are groups that show
large differences in habitat preference between regions, while nummulitids, amphis-
teginids and Baculogypsinoides spinosus occur in similar habitats in all regions exam-
ined.

The largest difference in fauna characteristic between the Spermonde Archipel-
ago and the Cebu islands is the almost total absence at the latter of Elphidium craticu-
latum, which is the second most whidespread species in terms of sample number
and the most abundant in terms of number of individuals in the Spermonde Archi-
pelago. The most important ecological trait that characterises Elphidium craticulatum
with respect to larger symbiont-bearing foraminifera is that they are not obligate
algal-host systems but show chloroplast retention. Chloroplast retention is profitable
in systems where light is still available, but due to adverse conditions endosymbiosis
is not profitable for either host or symbiont (Lopez, 1979; Hollaus & Hottinger,
1997). Because chloroplast retention is a non-obligate system, Elphidium is also able
to survive during longer periods of conditions in which endosymbiosis is not profitable
anymore.
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6. Palaecogene nummulitids (Foraminiferida) from the Indonesian Archipelago:
areview

Willem Renema; Andrew Racey, BG Group, 100 Thames Valley Park Drive, Reading, Berkshire, RG6
1PT, England; Peter Lunt, Coparex Blora b.v., Jalan H.R. Rasuna Said, Kav. X-2, No 1, Jakarta 12950,
Indonesia.

In press: Cainozoic Research 2 (2).

Introduction

Larger foraminifera, especially of the genera Nummulites and Assilina, have a long
history of being used for stratigraphy, starting with De la Harpe (1877). More recently,
Blondeau (1972) and Schaub (1981) have summarised the stratigraphic and geograph-
ic distribution of numerous species of these genera. Blondeau’s work covered the
Tethys, Indo-West Pacific and North and South Americas, occasionally referring to
Indonesia, Japan, and the West Pacific whilst the much more elaborate review by
Schaub (1981) dealt with species from around the Mediterranean and Europe. Racey
(1995) described nummulitids from Oman, an area located at the boundary between
two of the main Cainozoic larger foraminiferal faunal provinces, i.e., the Mediter-
ranean and Indo-Pacific, and integrated these with Schaub’s zonal scheme.

Schaub (1981) proposed a series of biozones for the Palaeogene based on species of
Nummulites and Assilina, which were combined with the biozones proposed by Hot-
tinger (1960) for Alveolina and calibrated against nannoplankton data. These zonations
were eventually integrated into the shallow benthic zones (SBZ) covering the
Palaeocene to Eocene of the Mediterranean region by Serra-Kiel et al. (1998). All this
work was based mainly on the western Tethys. The most recent revisions of Num-
mulites and Alveolina from Indonesia were by Doornink (1932; the genus Nummulites
in Java) and Bakx (1932; Alveolinidae in Indonesia). The principal objective of the pre-
sent study is to improve the correlation of the Eocene strata from Indonesia with the
timescale of Berggren et al. (1995). This could only be satisfactorily attempted when
coupled with a revision of the taxonomic status of the various nummulititids previ-
ously recorded from the region. Many of these taxa are, by modern standards of tax-
onomy, inadequately described and, in many cases, poorly illustrated in the original
publications. Our work, in part, rectifies these omissions.

In Indonesia, Martin (1881) originally followed the Lyellian method of European
biostratigraphy, which was based on the ratio between extant and extinct molluscs,
including selected foraminifera. Direct comparison between Europe and Indonesian
outcrops led to different conclusions, based either on the occurrence of larger fora-
miniferal genera or the extant/extinct ratio. The extant/extinct molluscan ratio resulted
in an Oligocene age being assigned to the Nanggulan section, though the abundant
occurrence of non-reticulate Nummulites suggested an Eocene age (e.g., Martin, 1881).
However, Martin’s view was blurred by the fact that the samples he received from the
Nanggulan section comprised a mixture of Eocene to Miocene samples from the near-
by Djonggranan beds. When he collected samples himself in 1910, he immediately
revised his view to Eocene.

Discrepancies in molluscan biostratigraphy led the Geological Survey in the then
Netherlands East Indies to use larger benthic foraminifera for correlation, which
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resulted in the application of van der Vlerk & Umbgroves (1927) letter stages. Origi-
nally there were six letter stages (Ta-Tf), which later increased to eight (Ta to Th). A
total of 16 subzones were also included, of which 7 zones and 13 subzones were based
on larger foraminiferal ranges (Leupold & van der Vlerk, 1931). The number of letter
stages was then revised back to six (Ta-Tf) again by van der Vlerk (1955). The most
recent revision of the letter stages for the entire Cainozoic was by Adams (1970),
whilst the Oligocene to Pliocene was revised again by Boudagher-Fadel & Banner
(1999). The Palaeogene is covered by letter stages Ta to lower Te. The Ta and Tb stages
cover the Palaeocene and Eocene, when compared with the European sequence
(Adams, 1970). The Ta stage is subdivided into three parts, Ta, ;3 corresponding broad-
ly to the Late Palaeocene, Early Eocene and Middle Eocene, respectively. The Tb-stage
is equivalent to the Late Eocene. However, the subdivision of the Eocene and
Palaeocene in Southeast Asia is mainly based on sections in India (Adams, 1970).

The use of planktonic biostratigraphy has improved the correlation between Euro-
pean and Indonesian stratigraphic units, leading, for example to a more detailed
stratigraphic scheme proposed by Boudagher-Fadel and Banner (1999) for the Neo-
gene. To date, the application of planktonic biostratigraphy to the Eocene and Lower
Oligocene deposits of Indonesia and strontium isotope dating for the Oligocene has
been restricted to in-house studies by some oil companies, published here for the first
time.

This paper addresses several taxonomic problems regarding nummulitids in
Indonesia and discusses their revised stratigraphic ranges following new age data for
the various studied sequences, leading to an improved correlation with European
deposits.

Morphology of Nummulites

Nummulite morphology has been discussed previously by Blondeau (1972),
Schaub (1981) and Racey (1995). Their terminology is applied herein and briefly sum-
marised below. Additonal discussion on morphological characters and their relative
value in classification can be found in Adams (1988), Haynes (1988), Racey (1992) and
Haynes et al. (in press). Figure 6.1 shows the most important features of Nummulites
and related genera. The terminology outlined below is also used for Planocamerinoides
and Palaeonummulites in the present paper.

Septa and chambers

The septum forms a bilamellar, canaliculate, but primarily apertureless curved plate
(partition) between successive chambers. A basal foramen, formed by the secondary
resorption of wall-material at the base of the apertural face of the penultimate
chamber, is almost invariably visible in accurately oriented equatorial sections. Other
secondary pores may also be present near the peripheral margin (Adams, 1988). Septa
may be regularly and closely spaced as in N. boninensis or widely and more irregularly
as in some parts of Nummulites djokdjokartae. Several chamber and septa shapes are
illustrated in Fig. 6.3. Although septa and chamber shape is affected by food availability
and temperature, they nevertheless constitute reliable characters for the discrimina-
tion of species since abberations from the norm are easily recognised (Racey, 1992).
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Fig. 6.1. Structure and elements of Nummulites test, based on a macrospheric generation (modified
from Racey, 1995).

Septal filaments

Extension, sometimes thread-like, of a septum over the lateral surface of the test
between the spiral laminae (Adams, 1988). The traces of the septa and septal filaments
can often be observed on the test surface. Adams (1988) described the use and taxo-
nomic significance of septal filaments and septal traces and distinguished the follow-
ing forms:

1. Radial: straight or slightly curved, extending from the pole to the periphery. All
septal filaments are necessarily slightly curved at the peripheral margin.

2. Sigmoidal: curved forwards at the periphery and backwards near the pole. If there
is no polar twist, the shape is described as falciform.

3. Meandrine: appearing to wander haphazardly over the lateral surface of the spiral
sheet.

4. Subreticulate: uniting to form a crude network within the spiral cavity, and show-
ing as septal and filament traces on the outer surface of the spiral wall. Usually associ-
ated with pillars.

5. Reticulate: forming a complex network of filaments in which the individuality of
the primary filaments is largely or completely lost.

In species with radial and sigmoidal septal filaments and septal traces, these
become crowded towards the poles, where they terminate against a central pillar or
boss (long septal filaments) or sometimes against a preceding septal filament (short
septal filaments). Secondary septal filaments comprise the distal walls of the blister-
like chamberlets which form over the lateral surfaces of the test (Adams, 1988). On the
outside of a test, secondary filaments are recognised because they run from one (pri-
mary) septal filament to another.
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Fig. 6.2. Equatorial section of Nummulites showing the method of measurement of the radius per
whorl. A: Macrospheric generation (A-form), B: microspheric generation (B-form).

Septal filaments change ontogenetically and may show some variation with envi-
ronmental parameters (Racey, 1992). Quantitative use (number of septal traces, long/
short septal traces, secondary septal traces etc.) is highly variable and thus unreliable
for species discrimination, but in adult specimens presence/absence criteria serve
well to discriminate between speciesgroups.

Spiral shape

The shape of the spire is important in distinguishing species of Nummulites. The
spire may be regularly or irregularly coiled, open or tightly coiled and may show tri-
partition, doubling and/or reversals (Racey, 1995).

In tight whorls, the same radius contains more whorls than in open whorls. Fol-
lowing Schaub (1981) and Racey (1995) the radius of each whorl has been measured
(fig. 6.2), and not the number of whorls in a certain radius (e.g., Henrici, 1934) or the
radius to a certain number of whorls (e.g., Doornink, 1932) or the number of whorls
contained in onethird, twothirds or the full spire (e.g., Blondeau, 1972). The slope and
shape of the coiling diagram provides additional information (Racey, 1995). Errors
may occur in counting of whorls at the centre (especially in B-forms), since it is diffi-
cult to section large, undulating specimens through the proloculus, and/or because
the first whorls are often poorly preserved and/or are difficult to see clearly (Racey,
1995).

Regular whorls are even in height and chamber shape, whilst irregular whorls
show widely varying chamber heights. The opening rate is the ratio of the diameter
of whorl x over whorl x-1 and is expressed as, e.g., 1.5d. In this example the next
whorl has a diameter that is 1.5 times larger. Therefore, higher values indicate more
rapidly opening spires.

Tripartite spires show a threefold subdivision, each division being characterised
by a marked change in tightness, which always follows the sequence tight-loose-tight.
No Indonesian species shows this feature. Nummulites javanus comes nearest to this
character, but the first whorls gradually increase in height, instead of showing a more
or less abrupt change as seen in N. perforatus or N. deshayesi from the western Tethys.

Intercalatory whorls can form through the bifurcation of the spire by splitting of
the marginal cord, so that two whorls are created simultaneously (Racey, 1995). This
character usually involves thinning of the marginal cord. In Indonesian species this
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Fig. 6.3. Chamber and septum shape of nummulitids. Arrow
indicates growth direction.

a: chambers numerous, small equidimensional (N. gizehensis).
b: chambers higher than long, septa oblique, curved in the
peripheral 1/4 (P. crasseornata).

c: Chambers longer than high, septa perpendicular, almost
straight (N. fichtelii).

d: Chambers equidimensional, septa oplique, curved (P. vario-
larius).

d 0.1mm

character is rather rare and is only seen in Nummulites djokdjokartae and N. nov. spec.,
in which the intercalatory whorls generally occur after the 7th-9th whorl, and are
usually incomplete. Nummulites boninensis from Indonesia and Japan sometimes
shows one or two intercalatory whorls.

Temporary reversals in the coiling direction (often associated with doubling, i.e.,
growing two whorls simultaneously) were not observed in any of the Indonesian
species.

The spiral shape is summarised in a coiling diagram for the A and B form. In the
coiling diagram the range of diameter of the studied specimens is shown for each
whorl, as well as the average when more than one specimen was measured.

The character of the spire (especially in the early and middle part of the speci-
men) is generally constant and is considered to be a feature of diagnostic importance
in identifying to which species group a species belongs. Abnormalities in the spire,
however, are common and are usually caused by environmental influence (e.g., high
hydrodynamic energy resulting in breakage) and are thus of no taxonomic value.
Damaged animals usually quickly heal the broken part in order to get back to the
normal growth character.

Marginal cord

The marginal cord forms a thickened, imperforate equatorial rim, containing a
three-dimensional network of canals that communicate between the chambers. The
thickness of the marginal cord (absolute or relative to the chamber height) can be used
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as a species character (Schaub, 1981). Tightening of the later whorls as seen in, e.g., N.
djokdjokartae is often caused by the thinning of the marginal cord or its replacement by
the spiral sheet. Several of the lineages as defined by Schaub (1981) show similar
trends in the thickness of the marginal cord.

Proloculus size in macrosphere

Proloculus size in the macrosphere is often regarded as an important character for
species discrimination. However, proloculus size is shown to vary widely within po-
pulations (Khan & Drooger, 1970; Drooger et al., 1971; Racey, 1992). Successive popu-
lations show an increase in proloculus size with time (Drooger et al., 1971). Racey
(1992) concluded that proloculus size was affected by temperature, water depth and
food supply, and that variation was marked, resulting in poor reliability for species
discrimination, especially when used on its own.

Pillars

The presence and size of pillars (seen as granules or pustules) on the exterior of the
test is important, as are their size and arrangement with respect to the septal fila-
ments, filamental traces and the spire as a whole (Racey, 1995). Two main types of pil-
lars occur in Nummulites: textural and inflational (Racey, 1995 and references therein).
Textural pillars are produced by local changes in the texture of the laminae and are
visible in axial thin sections, but usually do not reach the surface of the test. Inflational
pillars are produced by local thickening of the laminae by lamellar superposition.
Such pillars may reach the surface to form granules/pustules. Possible pillar arrange-
ments are:

1. arranged so that they form a spire on the outer surface.
2. Scattered “randomly” all over the test surface either

a. on septal filaments (Fig. 6.1), or

b. on and between septal filaments (Fig. 6.1).

3. Concentrated at the poles to form a large polar pillar (Fig. 6.1).

The intensity of pillar development is strongly affected by environmental para-
meters in extant populations of Operculina ammonoides and correlates with depth and
substrate type (Pecheux, 1995; WR, pers. obs.). Pillar location and shape characters
(e.g., extending to test surface or not) varies less within populations and may thus
constitute valid characters for species discrimination.

Test shape
The test shape was defined as a diameter/thickness (D/T) ratio as follows:
Diameter/thickness  shape

15-25 inflated lenticular
2.5-45 lenticular

45-7 flattened lenticular
>7 flat

Some species show a highly undulose periphery, whilst others have inflated polar
regions and/or variations in the shape of the test margin. Test shape is influenced by
environmental parameters and is, as such, of limited taxonomic use (Racey, 1992).
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Review of previous work

Indonesia

Sumatra — Very few fossiliferous Eocene and Oligocene deposits are known from
Sumatra. There are scattered reports of Nummaulites bearing deposits in North Sumatra
(e.g., Verbeek et al., 1881; Tobler, 1923). The only specimens studied herein were col-
lected by Schroder from Nias (Fig. 6.4, nol) and described by Douvillé (1912b, Table
6.1) and are deposited in the National Museum of Natural History in Leiden (The
Netherlands, NNM). Most samples comprise very coarse packstones assigned to Ta
(Taz of Adams), equivalent to the Lutetian or earliest Bartonian (Fig. 6.5).

Java — The Palaeogene deposits of Java are the best-studied in Indonesia (Fig. 6.4,
no 2, 3, 4; Fig. 6.5) and are consequently covered in more detail. Early workers, such
as van Dijk (1872), surveying for coal at Nanggulan, recognised the importance of the
Nummulites they found. Verbeek (1891) and Verbeek & Fennema (1896) located nearly
all the now known nummulites-bearing outcrops on Java, of which Nanggulan is the
most famous because of its exceptional preservation.

Nanggulan, just west of Yogyakarta and type location of N. djokdjokartae (Martin)
(Table 6.2) was first dated as Oligocene (Martin, 1881). Martin collected new samples
himself in 1910 (Martin, 1915) and concluded a Late Eocene age. Even this age was not
easily acquired, and Martin followed with many papers suggesting that the Cainozoic
faunas of the Indo-Pacific had developed separately from those of Europe, and there-
fore the European stratigraphic scheme could not be used in the Far-East. This was the
fundamental reason for development of the Indonesian Letter Stages that appeared in
1927 (van der Vlerk & Umbgrove, 1927). Most recent studies have shown the Nanngu-
lan section, and certainly all the locations that have yielded larger foraminifera, are of

100°E 140°E
10°N ‘ ‘ —

equator

10°S

Fig. 6.4. Map showing the localities of studied samples (closed symbol) and known from literature
only (open symbol). 1: Nias, 2: Banten/Bantam, 3: Wirosari area, 4: Nanggulan and Jiwo area, 5: SE
Borneo, 6: Mangkalihat, 7: Tidoengsche landen, 8: Boeloengan, 9: Melinau Gorge, 10: Tonasa lime-
stone, 11: Donggala, 12: Palossi, 13: Sumba, 14: Timor, 15: Chimbu Lst, 16: New Britain, 17: Poh, 18:
Buru, 19: Seram, 20: Misool, 21: Sabang, West Irian 22: Lorentz River, West Irian, 23: Putri Adri, West
Irian.
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Middle Eocene age, well within zones P 12 — P 14, with the planktonic foraminiferal
genera Morozovella, Acarinina and Truncorotaloides present throughout. More detailed
work, including a revision of the nannofossil data of Okada (1981), has shown that the
Nummulites-bearing sections are from the upper part of NP16 (early part of Okada’s
CP14), with Helicosphaera salebrosa and Cribrocentrum reticulatum occuring to the centre
of the anticline (Lunt, 2000b). This narrow age range straddles the Lutetian-Bartonian
stage boundary (Berggren et al., 1995). A selection of clasts from the Ta Nummulites
fauna described above have been analysed for #Sr/%Sr ratios. These appear to give
consistent results, but it must be stressed that sea-water calibration curves in Middle
Eocene times have such a low gradient that the error in calibrating a %Sr/%Sr ratio to
GPTS age is very high. An exceptionally well preserved, on apparently pristine, glassy
tests of Nummulites djokjokartae from a mudstone sample also containing nacrous ara-
gonitic mollusc fragments, from 12 m deep in a core at the centre of the Nanggulan
anticline yielded a %Sr/#Sr ratio = 0.707722; 2 sem (%) 0.000017, age 38.8 (37.6-41.5)
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Fig. 6.5. Ages of the studied deposits. Localities with deposits of Oligocene age on Java and Sulawesi
are not shown.
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Table 6.1. Previously published records of Nummulites and Assilina from Nias.

Nias Douvillé, 1912b reinterpretation

N. bagelensis X oblique section of a striate species

N. lamarcki X A-form of Nummulites djokdjokartae
N. laevigatus X B-form of Nummulites djokdjokartae
N. pengaronensis X Palaeonummulites pengaronensis

N. kelatensis X Palaeonummulites beaumonti

A. orientalis X Planocamerinoides orientalis

A. granulosa X Planocamerinoides spec 1

Ma. All Sr isotope ratios used in this paper were done by the same laboratoy using the
following parameters:

87Sr /86Sr ratios normalised to 8Sr/#Sr = 0.1194

87Sr /86Sr ratios normalised to NBS987 8Sr /#Sr = 0.710235

Measured NBS987 8Sr /#Sr = 0.710251 + 0.0020% (+0.000014) (95% confidence lim-
its). The sea water calibration curve of Howard & McArthur (1997) (SIS look-up table
version 3, oktober 1999) is used for age calibration to the GPTS of Berggren et al.
(1995). The given error range is larger than the range resulting from the look-up table
since errors in the measurement and the nearest linkage method for calibration of the
ages has been taken into account.

Other Nummulites-bearing localities in Java include sections with a history as old
as Nanggulan, such as the several outcrops around Karangsambung and Lukulo, and
areas to the north in the district of Bagelen, type location of N. bagelensis and the Jiwo
Hills west of Yogyakarta, a primary site for N. javanus. In the Bagelen areas, apart
from Karangsambung, a very soft scaly clay dominates (but rarely outcrops because
of its softness). New samples from Verbeek’s Kali Gua are from here and yielded the

Table 6.2. Previously published records of Nummulites and Assilina from Nanggulan. Records pub-
lished originally as Camerina are shown as Nummulites.

Nanggulan reinterpretation

N. cf lamarcki X A-form of Nummulites djokdjokartae

N. djokdjokartae  x X X

N. djokdjokartae X pars Nummulites djokdjokartae, pars Nummulites
nov. spec. (A-form)

N. laevigatus X X pars Nummulites djokdjokartae, pars Nummulites
nov. spec. (B-form)

N. spec indet X B-form of Nummulites djokdjokartae

N. vredenburgi X Nummulites djokdjokartae

N. nanggoelani X B-form of Palaeonummulites pengaronensis

N. pengaronensis ~ x
N. pustulosa

N. variolarius

N. orbignyi

N. irregularis

N. cf lucasana

Palaeonummulites pengaronensis
Palaeonummulites songoensis
Palaeonummulites taballarensis
Palaeonummulites crasseornatus
Palaeonummulites crasseornatus

no material available, not sufficiently well
figured by Doornink

N. semiglobula X Palaeonummulites variolarius

X X X X X X




Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002) 119

Table 6.4. Previously published records of Nummulites and Assilina from Central Java, excluding
Nanggulan. Records published originally as Camerina are shown as Nummulites.

Central Java Verbeek, 1891,  Doornink, reinterpretation

(excluding Verbeek & 1932

Nanggulan) Fennema, 1896

N. javanus X pars Nummulites javanus pars Nummulites boninensis
N. bagelensis X X pars Nummulites javanus A form,

pars Palaeonummulites variolarius

N. perforatus X Nummulites javanus
N. gizehensis X Nummulites boninensis
N. laevigatus X B-form of Nummulites nov. spec.
N. pengaronensis X Palaeonummulites pengaronensis
N. intermedia X B-form of Nummulites fichteli
N. pustulosa X Palaeonummulites nov. spec.
N. densa X Palaeonummulites beaumonti
N. cf lucasana X no material available,
not sufficiently figured by Doornink
N. semiglobula X Palaeonummulites variolarius
A. spira X X Planocamerinoides spec. 1
A. leymeriei X X Planocamerinoides spec. 1

N. boninensis, examined for this paper. These specimens were from very large boul-
ders, although coin-like loose specimens are common in the soil here. While the slight-
ly argillaceous limestone was found to be of NP16 age based on associated nannofos-
sils, with a consistent Sr date from a Nummulites clast (see below), the host scaly mud-
stone is corellated with similar lithologies nearby and also a few kilometres away at
Worowari, Kali Bongbong and at Sigugur, where planktonic foraminfera, nannofossils
and Sr dating all point to an Early Oligocene age for the scaly clay olistotrome.

In the main Karangsambung section the short publication of Paltrinieri ef al. (1976)
did not extend down to the nummulitic limestone upon which the LIPI geological
field camp is built. Below this limestone are conglomerates and silts, but a short way
above are open marine mudstones containing diverse planktonic foraminifera includ-
ing Chiloguembelina cubensis (P12 to mid P21), Morozovella lehneri (no younger than
P14), Truncorotaloides and Acarinina (no younger than P14), and species of the Turboro-
talia cerroazulensis lineage in the range of the pomeroli — cerroazulensis subspecies
which characterise P12-13. Nannofossils suggest the older part of this range (P12 over-
lapping with upper NP15) as based on Helicosphaera seminulum, Cruciplacolithus dela,
Blackites gladius, and others (nannofossils; A. Baky, by permission of Coparex Banyu-
mas b.v.). There is no sign of scaly clay in the Eocene in Karangsambung. The Jati-
bungkus limestone at the top of the Karangsambung section is at least a laterally dis-
continuous olistolith several hundred metres wide and 50-70 m thick, set within later
Middle Eocene turbidites. Work has not been concluded on this anomalous bed, of
which the age is still unclear.

The survey of Verbeek & Fennema (1896) detailed several localities in the west
Java Banten (Bantam) area with both Eocene sedimentary rocks and younger strata
characterised by reticulate Nummulites. The geologist W.C.B. Koolhoven (1933) col-
lected specimens which were made available to Doornink for inclusion in his 1932
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review of Javan nummulitids. Doornink (1932) described seven new species, and
argued that N. javanus was closely related to both N. perforatus and, in part, N. gizehensis.
Among his new species was N. densa, the A-form of N. subbrongniarti. He also dis-
cussed the taxonomic status of N. subbrongniarti and argued that that species was
synonymous with N. intermedius (now the B-form generation of N. fichteli).

From the nummulites-bearing strata in the Watu Perahu locality at Jiwo Hills, dis-
tinct Morozovella planktonic forams can be recognised in the limestones and subse-
quent processing of weathered limestone in soil yielded loose specimens from this
genus, as well as ?Acarinina. The brown mudstones that overlie the Watu Perahu
javanus-limestone yielded sparse nannofossils including Helicosphaera compacta and H.
seminulum, indicating an upper NP15 through NP16 age, but no planktonic forams
have been found in this mudstone. About 600 m south of Watu Perahu is a short dry
valley (Pendul section) known for its abundant loose N. javanus as well as metre-size
boulder of dark gray javanus-limestone, often containing large Planocamerinoides.
Another 400 m south is the Gamping village location famous for loose Discocyclina
tests to several centimeters released by the thousand into the brown soil, as well as
rarer N. pengaronensis. This facies is mapped as the Gamping Formation, and is tradi-
tionally considered Late Eocene on no specific evidence. The Pendul section contains
clasts from centimetre to meter size suspended in the grey mudstone, and the num-
mulitids to be a major part of those clasts (along with fragments of basement). The
Nummulites-bearing sediment here is a pebbly mudstone or olistotrome. Low grade
metamorphism from the nearby volcanic intrusion hampers age determination but a
concerted recent effort appears to have confirmed a general Eocene age (Lunt and
Baky, pers. obs.) and therefore contrasts with the olistostrome from the Bagelan area
in which “N. javanus” limestone and other boulders are in a mud matrix of Early
Oligocene age. The Gamping Beds at Jiwo (a few hundred metres south of Watu Pera-
hu), and traditionally considered Late Eocene, have been re-dated as Middle Eocene,
NP15-16 (based on the presence of Acarinina sp.and the nannofossils Discoaster cf.
saipanesis, Helicosphaera dineseenii, Pemma sp. in a poor assemblage).

Outcrops of other Eocene localities are less geographically and stratigraphically
extensive and less complete. Several isolated occurrences have also been dated using
nannofossils and dinoflagellates. The new Kali Gua samples, containing N. boninensis,
examined for the present paper, was found to be of NP16 age based on associated
nannofossils. Note, however, that these northern Lukolo sites (Kali Gua, Worowari,
Kali Bongbong and at Sigugur) are characterised by boulders of limestone embedded
in a mudstone which is currently under investigation as a possible scaly clay melange
of Early Oligocene age, which contains olistoliths of basement and Eocene lithologies.

The survey of Verbeek & Fennema (1896) detailed several localities in the west
Java Banten area (Bantam district in the obsolete administrative terminology) with
both Eocene sediments, as well as slightly younger strata characterised by reticulate
Nummulites. The geologist W.C.B. Koolhoven collected specimens which were made
available to Doornink for inclusion in his 1932 review of Java nummulitids. Of the
Eocene samples some of the best came from a small section in the Cicarucup Beds (Tji
Karang location of Doornink). Samples from this location contained common Pel-
latispira as well as Doornink’s Nummulites gerthi (considered here synonymous with
N. pengaronensis). The type, and only other, location for N. gerthi is the Gamping
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Barat or Gunung Gamping location east of Yogya (not to be confused with Gamping
village and beds at Jiwo). The Gamping Barat location was lost (quarried away), but
has been re-located for this paper. Here N. pengaronensis is seen with abundant Pel-
latispira suggesting a younger Eocene age than the other Javanese faunas described
above. In the xenoliths brought to surface by the mud volcano at the core of the San-
giran Dome are some head-size boulders of very similar Pellatispira-rich limestone
with N. gerthi / N. pengaronensis as well as frequent planktonic foraminifera including
Porticulosphaera semiinvoluta (P15 restricted).

Also in Banten, West Java, are some of the better preserved Tertiary C localities,
made famous by Tan Sin Hok in his 1932 monograph on Cycloclypeus, and containing
an appendix on the heterostegines of this area. This, plus nearby sections at Cikalong
(Cimandiri) and Gunung Walat contain locally abundant Nummulites fichteli and N.
subbrongniarti. These classic Lower Oligocene sites have almost no plankton, just
sparse nannofossils, and have also been dated using Sr isotopic analysis. Overlying
mid-Oligocene, Td, samples from this area have been treated similarly, as have other
Td sites from eastern Java, records of which have not been published before (Pelang
and Kujung locations). These Sr analyses are on picked Nummulites tests from mud-
stone or whole rock, and while slight diagensis is likely (especially the whole rock
samples) the data seems highly consistent between samples. All three Tc samples
have %Sr/%Sr ratios that fall in a range from 0.707787 34.1 (33.9-34.4) Ma, Cihara,
0.707792 33.9 (33.7-34.2) Ma, Cikalong, to 0.707832 33.2 (32.7-33.7) Ma, Cimanggu.
The Td sample from Ciapus is from just above the first appearance of Eulepidina (the
first appearance of which defines the Tc-Td boundary) and has the lowest 8Sr/#Sr
ratio from this Letter Stage, 0.707892 corresponding to 32.0 (31.8-32.2) Ma. In eastern
Java there are five Td data points, four from the same Kujung area, known from a
nearby oil well (Kujung-1) shown to be well above the base Td, and possibly near its
upper limit. These, plus the small Pelang outcrop 150 km west, all share Sr/8Sr
ratios between 0.707955 to 0.708084, corresponding to 30.4-27.1 Ma. Of these samples
the near basal Td sample from Ciapus has been dated as the lower part of NP24,
based on the co-occurrence of Helicosphaera recta, H. bramlettei, H. compacta and Sphe-
nolithus pseudoradians. The samples from within (possibly later) Td, in the Kujung
area are of a very similar age, zone P21 (lower part) by the presence of Globigerina
angulisuturalis and Chiloguembelina cubensis. Work is still in progress on the Tc-Te
transitions, and details are outside the scope of the present paper.

The Nummulites material studied herein includes samples collected by van Dijk,
Doornink, Martin and Verbeek deposited in the NNM. Samples containing isolated
specimens of N. javanus from West Java (Bantam, Fig. 6.4, no. 2), were also studied
together with new samples collected from the Eocene at Nanggulan, Jiwo Hills and
Karangsambung and the Kali Gua area (Fig. 6.4, nos 3, 4). There are a total of 25 sam-
ples from various nummulites-bearing Oligocene sites including Cijengkol and
Cinagnang in southern Bantam, and the nearby Cikalong (also called Cimandiri) sites
in the old Prianger district.

Borneo — Borneo has many deposits of Eocene to Oligocene age. Verbeek (1871,
1874) was the first to describe Nummulites from the area around Banjarmasin, describ-
ing several new species of Middle Eocene to Early Oligocene age, including P. pen-
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Table 6.5. Previously published records of Nummulites and Assilina from Borneo. Records published
originally as Camerina are shown as Nummulites, records originally publishes as Nummulites (Assilina)
are recorded as Assilina.
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N. javanus X  Nummulites javanus
N. bagelensis X Palaeonummulites variolarius
N. sp (striate) x 7
N. striatus X A-form of Nummulites beaumonti
N. biaritzensis X B-form of Nummulites beaumonti
N. pengaronensis X X Palaeonummulites pengaronensis
N. kelatensis X Palaeonummulites beaumonti
N. nutalli X Palaeonummulites taballarensis
N. thalicus X Palaeonummulites taballarensis
N. mamilla X Palaeonummulites variolarius
N. variolarius X Palaeonummulites variolarius
N. cf divina A-form of Nummulites
subbrongniarti
N. subbrongniarti X
N. fichteli X X pars A-from of Nummulites
fichteli, pars A-form of
Nummulites subbrongniarti
N. fichteli X
N. intermedius X B-from of Nummulites fichteli
A. orientalis X Planocamerinoides orientalis
A. granulosa X Planocamerinoides spec. 1

garonensis and N. subbrongniarti (Fig. 6.4, no 5; Table 6.5). Subsequent studies on
Eocene deposits by van der Vlerk are summarised in his 1929 paper in which he
described samples from the area between Sangkuliran and Tarakan (NE Borneo),
which contained abundant Numimulites comprising nine species (Fig. 6.4, nos 6-8).
However, he named the A and B forms of each species separately and two of his
species (N. thalicus and N. nuttalli) are now referred to Palaeonummulites taballarensis.
The strata studied range in age from early Lutetian to Oligocene. These samples,
together with additional material from field surveys, are filed in the NNM.

Adams (1965) described the Ta through Te (basal Bartonian to Chattian), succes-
sion in the Melinau Gorge, Sarawak, one of the few places with a continuous Middle
Eocene to Oligocene section, though around the Eocene-Oligocene boundary the sedi-
ments are poorly fossiliferous (Fig. 6.4, no. 9, Table 6.5).

Sulawesi — Previously, little attention has been paid to the Nummulites fauna of
Sulawesi. Dollfus (1917) briefly examined the fossil content of carbonates found on
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Table 6.6. Previously published records of Nummulites and Assilina from Sulawesi. Records published
originally as Camerina are recorded here as Nummulites.
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N. javanus X 1 1 1 pars Nummulites javanus,
pars Nummulites boninensis
N. elegans 0 Palaeonummulites variolarius
N. heeri 0 Palaeonummulites variolarius
N. guettardi 0 Palaeonummulites variolarius
A. umbilicata X Planocamerinoides umbilicata
N. djokdjokartae X
N. laevigata X Nummulites nov. spec.
N. bagelensis X pars Nummulites javanus,
pars Nummulites boninensis
N. kelatensis X Palaeonummulites beaumonti
N. cf globula X Palaeonummulites spec. 1

Sulawesi. Crotty & Engelhardt (1993) studied the larger foraminifera and paly-
nomorphs in the Tonasa II quarry, whilst Wilson (1995) studied the sedimentology of
the Tonasa Formation in south-west Sulawesi. Several of Wilson’s localities were visit-
ed and sampled in 1997, and some of these samples have been dated using dinoflagel-
lates by H. Brinkhuis (University Utrecht, pers. com.) as approximately late Lutetian
to Priabonian. In the Ralla area nummulites-bearing deposits range from at least
upper Lutetian to Priabonian in age, with abundant isolated specimens in the P15-P17
interval (stratigraphic data in Wilson, 1995; Fig. 6.4, no. 10).

Osimo (1908) described a Priabonian fauna from Donggala (North Sulawesi, Fig. 6.4,
no. 11) though these specimens have not been re-studied. Other specimens studied
herein comprise Eocene larger foraminifera from several localities in central and east
Sulawesi (Kalossi and Poh) that have not been published, but are deposited in the
NNM. Based on the nummulitids found, these strata range from middle Lutetian to
Bartonian in age (Fig. 6.4, no. 12). The previously published records of Nummulites
and Assilina from Sulawesi are summarised in Table 6.6.

In the Institut fiir Paldontologie, Universitat Bonn samples collected and published
by Wanner (1912) from the eastern branch of Sulawesi were available for study. These
contain numerous thin sections and rock samples.

From location 257, Bach Pang 5 thin sections of a small miliolid-algal bioclastic
packstone were available for study. These contained numerous Alveolina timorensis, a
large and a small species of Alveolina. Also present were P. variolarius, P. cf. pengaro-
nensis, N. javanus A form, and a discocyclinid resembling Discocyclina timorensis.

Samples labelled “250 Liangbolo” and “251 Liangbolo nach Tuhan” contained P.
variolarius, P. pengaronensis, Borelis, large Discocylina and Spiroclypeus, a typical Pri-
abonian assemblage. Wanner (1907) gives a different species list (the same large alve-
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Table 6.7. Previously published records of Nummulites and Assilina from Sumba. Records published
originally as Camerina are recorded here as Nummulites.

Sumba Caudri, 1934 reinterpretation
A. aff granulosa-exponens X Planocamerinoides spec. 1 and /or Planocamerinoides umbili-
cata
A. orientalis X Planocamerinoides orientalis
N. bagelensis X not described, nor figured
N. borneensis X Palaeonummulites taballarensis
N. discoidea X Planocamerinoides spec.
N. djokdjokartae X
N. fichteli X pars A-from of N. fichteli,
pars A-form of Nummulites subbrongniarti
N. aff irregularis X Palaeonummulites crasseornatus
N. javanus var alfa X B-form of Nummulites boninensis
N. javanus var beta X B-form of Nummulites javanus
N. kemmerlingi X see remarks Palaeonummulites crasseornatus
N. kelatensis X Palaeonummulites beaumonti
N. pengaronensis X Palaeonummulites pengaronensis
N. aff taballarensis X Palaeonummulites taballarensis
N. cf variolaria X Palaeonummulites variolarius

olinids as recorded in Bach Pang, together with miliolids, unidentified nummulitids
and Lithothamnium).

Sumba — Caudri (1934) studied the larger foraminifera from Sumba and described
faunas of Ta, Tb, Tc, Td and younger, with definitions consistent with modern usage
(Ta being undivided except into fossiliferous and unfossiliferous parts, equivalent to
Ta3 of Adams 1970). Because N. taballarensis and N. borneensis were later reassigned to
Ranikothalia, a genus restricted to the Late Palaeocene and earliest Early Eocene, Ta of
Caudri (1934) is sometimes interpreted as Early Eocene, but there is no evidence for
assigning this age to these rocks.

There is probably a hiatus at the end of the Eocene with much of the Priabonian
missing, which would correlate with new biostratigraphic work on Java, at Nanggu-
lan and Karangsambung. Nummulites were found in Middle Eocene to Oligocene
deposits (Table 6.7). Some of these samples were deposited in the NNM, and these
have been restudied (Fig. 6.4, no. 13).

Moluccas — The Eocene of the Molucas is poorly known. Wanner (1907, 1910,
1922) published on the general geology of the islands of Buru, Misool and Seram. On
Buru and Seram, Eocene deposits are rare. In Wanner’s collections at the Institut fiir
Paldontologie, Universitit Bonn, thin sections comprise a small miliolid packstone
with some alveolinids, together with P. cf. variolarius (thin sections labelled 118, 119).
No isolated specimens were available for study to verify this identification. Thin sec-
tions (labelled 170, Kamaka Wallar) from another locality contained numerous P. var-
iolarius, large Discocyclina, Borelis, Operculina and Pellatispira, a typical Late Eocene
assemblage.
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Table 6.8. Previously published records of Nummulites and Assilina from Timor. Records published
originally as Camerina are recorded here as Nummulites.

Timor Henrici, 1934 reinterpretation

N. perforata X Nummulites javanus

N. bonleonensis A-form of Nummulites javanus

N. bagelensis Palaeonummulites variolarius

N. guettardi A-form of Palaeonummulites spec. 1
N. variolaria Palaeonummulites variolarius

N. cf globula Palaeonummulites spec. 1

N. pengaronensis Palaeonummulites pengaronensis

N. kelatensis Palaeonummulites beaumonti

N. crasseornata Palaeonummulites crasseornatus

X X X X X X X X

All Eocene samples available for study from Misol and Ceram comprise small
miliolid packstones, with alveolinids, rare N. javanus A-forms and N. boninensis A-
forms (sample labelled Wai Sasifu).

Timor — The only work concerning Eocene larger foraminifera of Timor is the the-
sis of Henrici (1934), who reported nine (after revision five) species of Nummulites
(Table 6.8). These range in age from lowest Lutetian to Priabonian. His original sam-
ples are deposited in the Geologisch Museum (Technische Universiteit Delft) and the
Institut fiir Paldontologie, Universitdt Bonn, and these have been restudied (Fig. 6.4,
no. 14). This led to the recognition of some species previously unrecorded from Timor,
among which N. boninensis (several localities in the Molengraaff Collection), and N.
nov. spec.(only from Uwaki, collected by Wanner).

Samples labelled Bonleo, Miomaffo and Harmeno, contained the planktonic
foraminifera Cibrohantkenina cf. inflata, and are of probable P16 age. All three samples
have a very similar larger benthic foraminiferal fauna with P. variolarius, Discocyclina
and Borelis. Other species present are P. pengaronensis in samples from Miomaffo and
Harmeno and Orthocyclina soeroeanensis and Pellatispira only from Miomaffo, a typical
Tb, Priabonian assemblage. A sample (labelled Uwaki) contained the planktonic fora-
minifera Morozovella lehneri and Acarinina sp.of P12-P14 age, together with N. javanus
and Alveolina timorensis.

West Papua — Several samples from the Birds Head, Lorentz River and Bibis
River collected by Wanner are present in the collection from the Institut fiir Paldon-
tologie, Universitdt Bonn. Most of these samples are of Middle Eocene age. A sample
labelled 142 from ‘Arguni Bai, Abfall Gusi Gebirges’ (Fig. 6.4, no. 21) contains
Lacazinella and P. variolarius, another sample (labelled 24) from the same area con-
tains N. javanus (A-form) and N. boninensis (A-form, identified as N. bagelensis by
Wanner).

In samples from Pulau Adi (Fig. 6.4, no. 22) P. pengaronensis together with N.
javanus were observed, whilst samples from Etna Bai (Fig. 6.4, no. 23) contained several
specimens of N. djokdjokartae (A and B forms, identified as N. cf. laevigatus by Wan-
ner). The single recognisable species from another sample is P. variolarius.
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Around Indonesia

Philippines — Very little is known about the occurrence and distribution of larger
foraminifera, especially Nummulites in the Philippines. Douvillé (1911) reported on
larger foraminifera, but did not describe any Palaeogene deposits. During 1978-1985
several papers by a group of Japanese scientists (Hashimoto & Matsumaru, 1978,
1981b,c, 1984; Hashimoto et al., 1978a-c, 1979) describing the larger foraminifera
from the Philippines appeared, which in part dealt with Eocene and Oligocene
deposits. Their specimens were not available for restudy. Moreover, their figured
specimens often comprise oblique sections or fragments of specimens, which do not
allow positive identification. Cosico et al.. (1989) described larger foraminifera from
the Visayas Islands, central Philippines and summarised the history of larger
foraminiferal research in the Philippines. The oldest unit they described was the
Late Eocene Pellatispira zone, which did not contain any Nummulites. The only
species of Nummulites they recorded is N. fichteli from the overlying Early Oligocene
biozone.

Papua New Guinea — Binnekamp (1973) and Bain & Binnekamp (1973) comprise
the main studies dealing with the Cainozoic (mainly Palaeogene) larger foraminifera
from Papua New Guinea. Several other studies have been undertaken mainly dealing
with Upper Oligocene to Miocene deposits. Binnekamp (1973) found Palaconummulites
pengaronensis co-occurring with Pellatispira, indicating a probable Priabonian or late
Bartonian age. In Bain & Binnekamp’s (1973) study a larger stratigraphical interval
was covered, and they found Nummulites javanus and N. fichteli together with the only
published record of N. vascus known from the Indo-West Pacific. Their N. vascus spec-
imens resemble P. pengaronensis, but lack an axial plug. However, the presence of an
axial plug is highly variable in P. pengaronensis which led Doornink (1932) to separate
N. semiglobulus from P. pengaronensis based on the presence of an axial plug in the lat-
ter. Doornink’s specimens of P. semiglobulus show the beginning of the development
of an axial plug as do the specimens of P. vascus figured by Bain & Binnekamp. Their
specimens were not available for study.

West Pacific — Numerous studies have been undertaken on atolls in the West
Pacific, but Palaeocene-Eocene sedimentary rocks are generally lacking. Cole &
Bridges (1953) and Cole (1954, 1956, 1957, 1963) described the larger foraminifera from
various boreholes in Saipan, Eniwetok and Bikini. Cole described N. saipanensis in
Cole & Bridges (1953), and recorded N. djokdjokartae on Saipan (Cole, 1954). On Bikini,
Cole (1954) recorded P. pengaronensis, and in his synonymy of this species, he includ-
ed N. saipanensis. Hanzawa (1957) described the foraminifera from Micronesia includ-
ing Saipan, recording P. pengaronensis, N. bagelensis (= N. javanus) and P. striatus. In his
opinion the latter is a senior synonym of N. saipanensis. Deprat (1905) described the
larger foraminifera from New Caledonia, comprising N. djokdjokartae, N. nangoulani (=
P. pengaronensis), N. bagelensis (= N. javanus) and Palaeonummulites variolarius (recorded
as N. variolarius).

Japan — Studies on Japanese Nummulites are mainly from the Bonin Islands. Han-
zawa (1947) described N. boninensis whilst Matsumaru (1984, 1994, 1996) restudied
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these specimens as well as additional material. Matsumaru (1996) subdivided N. boni-
nensis into five species. Matsumaru (1996) described the complete Eocene larger
foraminifera fauna from the Bonin Islands dividing the fauna into three assemblages,
two of which contain Nummulites. The nummulites-bearing part of the Eocene on the
Bonin islands can be assigned a P12-P14 age, based on the occurrence of planktonic
foraminifera (Morozovella sp., Acarinina sp. and Turborotalia cerroazulensis, Morozovella
sp. and hantkenids; Matsumaru, 1996), and is thus contemporaneous with the Nang-
gulan section on Java.

The oldest assemblage comprises N. boninensis, N. javanus and P. pengaronensis,
and is assigned a late Ta; (late Lutetian) age. The middle assemblage comprises
mainly P. pengaronensis and N. javanus, and is assigned a Bartonian age. The upper-
most assemblage contained no in sifu Nummulites and was assumed to be late Barton-
ian or earliest Priabonian in age on the basis of the presence of planktonic
foraminifera.

Systematic palaeontology

Order Foraminiferida
Suborder Rotaliina Delage & Hérouard
Superfamily Nummulitoidea de Blainville
Family Nummulitidae de Blainville
Subfamily Nummulitinae de Blainville

Diagnosis — Test planispiral, involute or evolute with numerous median chambers
which may be simple or divided into chamberlets, with or without lateral chamber-
lets; complex canal system of septal, marginal and axial canals; aperture an arched slit
over the apertural face (after Loeblich & Tappan, 1987).

Discussion — The family Nummulitidae occurs from the Palaeocene to Recent
(Loeblich & Tappan, 1987) in dominantly tropical marine environments. The family
contains 16 genera, 11 of which have been found in the Indo-Pacific. Of these, only
those with simple undivided chambers are relevant to the present study.

The generic descriptions in the following sections are based on Haynes (1988) and
Haynes et al. (in press).

Genus Nummulites Lamarck
Type species — Camerina laevigata Bruguiere, 1792.

Diagnosis — Test discoidal to globular, commonly large, up to 12 cm in diameter in
B-form. Dimorphism pronounced in larger species. Planispirally, rather tightly coiled,
involute. Primary septa straight, curved or undulate. Secondary septa present. Cham-
bers undivided with a distinct, fine to moderately thick marginal cord. Pillars often

present and may appear as pustules on the outer test surface.

Range — Palaeocene to mid Oligocene in the Tethys.
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Discussion — Most records of Nummulites from the Caribbean, North and South
Americas should be reassigned to Palaeonummulites (see Blondeau, 1972; Haynes,
1988). Large species showing marked dimorphism are especially common in the Mid-
dle Eocene. The group comprises numerous lineages in the Eocene, with only a few
species extending into the Oligocene.

Nummulites boninensis Hanzawa, 1947
Fig. 6.6; PL. 9, figs. A-C.

*1891 Nummulites javanus var o Verbeek — p. 105.
1896 Nummulites javanus var o Verbeek, 1891 — Verbeek & Fennema, p. 1096.
1915 Camerina gizehensis (Forskal, 1775) — Rutten in Waterschoot van den Gracht,
p 54.
1926a Camerina gizehensis (Forskal, 1775) — Nuttall, p. 139.
1931 Camerina gizehensis (Forskal, 1775) — Umbgrove, p.50.
1932 Camerina gizehensis (Forskal, 1775) — Doornink, p. 272.
*1947 Nummulites boninensis Hanzawa, p. 254, pls 39-40.
1970 Nummulites gizehensis (Forskal, 1775) — Adams, p. 122.
1995 Nummulites boninensis Hanzawa — Racey, p. 36.

Material — Over 25 specimens from Kali Gua (central Java) including 5 axial sec-

tions and 5 equatorial sections of A forms and 2 axial and 5 equatorial sections of B-
forms (RGM 202020). Over 25 specimens from Sungai Ular (Southwest Sulawesi),
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Fig. 6.6. Coiling diagram of Nummulites boninensis Hanzawa.
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including 5 equatorial and 1 axial sections of B-forms, and 4 equatorial sections of A-
forms (RGM 202016-202017).

Five specimens from Timor, including one axial section of an A-form, and 4 equa-
torial sections of B-forms (Geologisch Instituut, TU Delft).

A-form — Test lenticular with a sharp margin, diameter up to 7 mm, thickness up
to 2.5 mm. D/T = 3. Septal filaments radiating, and strongly curved with granules
over entire test surface on and between septal filaments, becoming denser and larger
towards the poles. Spire comprises five whorls, the first two rather high, the latter
more tightly coiled (Fig. 6.6). Chambers initially 1.5-2 X higher than broad becoming
isometric in the later whorls. Marginal cord 1/4 of chamber height. In axial section,
pillars are concentrated in the polar region occasionally reaching the test surface. Pro-
loculus large, 0.55-1.0 mm in diameter.

Whorl number 1 2 3 4 5
Radius (mm) 0.8 1.4 1.9 2.2 2.5
Chambers 7 12 21 23 -

B-form — Test discoidal, with an undulose, sharp periphery, diameter 26 to 45 mm,
thickness up to 6 mm. D/ T = 6.5 (5.8-9.1). Numerous granules occur on and between
the meandriform septal filaments over the entire test surface, but are more common in
the polar region. In equatorial section the spire opens regularly, tightening in the last
few whorls (Fig. 6.6) and consisting of up to 40 whorls. Chambers higher than broad
in the initial whorls, 1.5-2 X broader than high in the final whorls. Septa oblique,
straight. Marginal cord thick, half the chamber height in the outer whorls. In axial sec-
tion, there are numerous pillars, some reaching the surface of the test.

In axial section with many very fine pillars, especcially in the polar region, of
which most do not reach the outer surface. Spiral laminae thick in the peripheral
region, but very thin in the polar region.

Whorl number 1 2 3 4 5 6 7 8 9 10 11 12 13
Radius (mm)-Java 0.16 036 0.58 0.80 1.1 1.4 1.8 229 262 3.1 35 40 45
Radius (mm)-Sulawesi 0.17 0.31 0.48 0.63 0.92 1.28 155 1.86 2.23 2.69 3.05 3.44 3.94

14 15 16 17 18 19 20 21 22 23 24 25 26
Radius (mm)-Java 50 57 64 70 76 80 86 92 99 105 11.0 11.7 122
Radius (mm)-Sulawesi 4.48 4.75 5.16 558 6.12 6.46 6.88 7.48 8.00 8.53 8.98 9.37 10.0

27 28 29 30 31 32 33 34 3 36 37 38 39
Radius (mm)-Java 129 135 14.0 144 149 155 16.1 16.6 169 172 175 - -
Radius (mm)-Sulawesi 10.5 11.0 11.4 11.7 12.2 12.7 13.0 13.5 139 143 15 156 159

40 41 42 43 44 45
Radius (mm)-Java - - - - - _
Radius (mm)-Sulawesi 16.0 16.1 16.2 16.3 164 16.4

Remarks — Some of the specimens used in the type-description of Nummulites
javanus Verbeek are actually referable to N. boninensis. For example, though N. javanus
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var a and b of Verbeek (1891) are slightly smaller than the specimens found at Kali
Gua and on Sulawesi, they have the same internal structure and surface ornaments
and should be included in N. boninensis. Nummulites bagelensis Verbeek was also
described as comprising several variations and N. bagelensis I Verbeek is very similar
to the A-form of N. boninensis.

The type description of N. boninensis refers to a species in which the B-form differs
from N. gizehensis (Forskél) by its sharper periphery, more regular coiling without
intercalatory whorls, thicker marginal cord (equalling chamber height, versus half of
chamber height in N. gizehensis). In axial section, the pillars are more pronounced than
in N. gizehensis. The specimens from Sulawesi exactly match this description although
the maximum size of the specimens is less (diameter up to 40 mm vs 60 mm in Oga-
sawara Island).

Matsumaru (1984, 1996) restudied N. boninensis and concluded that specimens
described under this name from Ogasawara Island, Japan would be better attributed to
three different taxa, N. aturicus Joly & Leymerie, N. aturicus-perforatus, and N. perforatus
(Montfort) in 1984. In 1996, Matsumaru recognised four larger Nummulites species: N.
aturicus, N. gizehensis (Forskal), N. millecaput (Boubée) and N. perforatus (Montfort).

The species mentioned by Matsumaru as ‘N. gizehensis” , does not fit the descrip-
tion given by Schaub (1981, 1995) and Racey (1995) in that it lacks intercalatory whorls
(1-11 in the specimens of Schaub (1981, 1995) and Racey (1995)), have a thicker mar-
ginal cord and a thicker test. These characteristics are sufficient to distinguish N. boni-
nensis from N. gizehensis.

Geographic distribution — Indonesia: Ralla (SW Sulawesi), Kali Gua (central Java)
and several localities in Timor. Elsewhere: Hillsborough Island (Japan) and Oman
(Racey, 1995).

Stratigraphic range — Bartonian in Sulawesi (nannoplankton (NP17) and dinofla-
gellate age (H. Brinkhuis, pers. com.). Bartonian (P13-P14) in Hillsborough Island
(Hanzawa, 1947; Matsumaru, 1996) and together with N. perforatus and N. lyelli in
Oman, suggesting an early Bartonian age (SBZ17, Serra-Kiel et al., 1998).

The stratigraphic range in Indonesia is interpreted to be Middle Eocene, Ta3 or
Bartonian.

Nummulites djokdjokartae (Martin, 1881)
Fig. 6.7; Pl. 6, figs. A-B, G-J; P1. 7, figs. D-E.

*1881 Nummulina djokdjokartae Martin, p. 109.
1891 Nummulites jogjakartae [sic] Martin, 1881 — Verbeek p. 116.
1896  Nummulites jogjakartae[sic] Martin, 1881 — Verbeek & Fennema, p. 1106.
1896  Nummulites javanus var 3 Verbeek & Fennema, p. 1098.
1899  Nummulites djokjokartae [sic] Martin, 1881 — Newton & Holland, p. 255.
1905 Nummulites jogjakartae [sic] Martin 1881 — Deprat, p. 495.

*1906 Nummulites douvillei Vredenburg, p. 79 .

*1908 Nummulites vredenburgi Prever in Vredenburg, p. 239 (new name for

N. douvillei).
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1908 Nummulites djokjokartae [sic] Martin, 1881 — Osimo, p. 33.
1912a Nummulites vredenburgi Prever, 1908 — Douvillé, p. 280.
1912a Nummulites djokdjokartae Martin, 1881 — Douvillé, p. 283.
1915 Nummulites djokdjokartae Martin, 1881 — Martin, p. 194.
1917  Nummulites djokjakarta [sic] Martin, 1881 — Dollfus, p. 973.
1917  Nummulites laevigatus Lamarck var vredenburgi Prever — Dollfus, p. 972.
1926a Nummulites acutus (Sowerby, 1840) — Nuttall, p. 133.

1929  Nummulites vredenburgi Prever, 1908 — Gerth, p. 598.

1932 Camerina djokdjokartae Martin, 1881 — Doornink, p. 281-282.
1957  Camerina djokdjokartae (Martin, 1881) — Cole, p. 329.

1959  Nummulites acutus (Sowerby, 1840) — Nagappa, p. 145-192.

Material — Numerous individuals, comprising 18 equatorial sections of A-forms,
and 15 of B-forms plus five axial sections of A forms and 5 axial sections of B-forms
from Nanngulan (Java). RGM 47196, 3320, 3334). Two equatorial sections of B-forms
from Poh (Sulawesi, Geologische Institut, Universitit Bonn) and five equatorial sec-
tions of A-forms and 5 of B-forms from Banten (Java, RGM 202021).

A- form — Lenticular with rounded periphery. Diameter up to 5 mm, thickness up
to 2.2 mm. D/T = 1.6-2.4. Trace of septal filaments radiating, S-shaped, occasionally
branching with coarse granules on and between the septal filaments, granules concen-
trated on, but not limited to the central part of the test.

In equatorial section, spire regular consisting of 4 1/2 to 6 whorls (Fig. 6.7) with
the first whorl wider than subsequent whorls. Marginal cord thick, 1/4 - 1/3 of cham-
ber height. Chambers rectangular, initially almost isometric, becoming 1 1/2 X as
broad as high. Septa perpendicular to marginal cord, curving backwards.

In axial section, pillars occur over entire test surface from centre to periphery, and
often reach the test surface to form granules. Proloculus 0.6-0.9 mm in diameter.
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Fig. 6.7. Coiling diagram of Nummulites djokdjokartae Martin.
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Whorl number 1 2 3 4 5 6
Radius (mm) 097 1.36 1.70 2.06 2.19 3.32
Chambers 8 17 23 26 22 -

B-form — Test flat lenticular, with sharp to rounded periphery. Test diameter up to
25 mm, thickness up to 6 mm with D/ T = 3.5-4.5. Septal filaments meandriform, with
large granules on and between them. In equatorial section, spire regularly increasing
in width, up to the 6-8th whorl (Fig. 6.7), after which the spire becomes irregular, with
partial intercalatory whorls developed. Marginal cord thick in the first 6-8 whorls
(about 1/4 of chamber height), equally thick (0.15-0.2 mm) and thinner (or absent) in
remaining whorls. Chambers 2-6 X as high as long in first 4 whorls (on average 3, s.d
=1.4), 1.5 to 3 X higher than long in whorl 5-6 (8), about 1.5-2 X longer than high in
the later whorls. Septa straight, sharply curved backwards at the peripheral margin,
perpendicular to marginal cord in first whorls and curved in later (>8) whorls, irregu-
larly spaced.

In axial section, chamber height increases in height towards margin. Spiral laminae
thickest near marginal cord, then much thinner, lateral splitting of the spiral laminae
is common, sometimes into 3 thin laminae, but usually only into 2. Splitting occurs
near the marginal cord. Alar prolongations very narrow. Pillars of varying size and
shape, distributed from pole to periphery. Most pillars do not protrude up to the sur-
face, i.e. they are buried.

Whorl number 1 2 3 4 5 6 7 8 9
Radius (mm) 0.16 0.54 091 1.5 2.18 3.08 3.60 3.96 4.65
Chambers 8 14 24 30 32 36 40 44 -
Whorl number 0 11 12 13 14 15 16 17 18
Radius (mm) 5.30 5.82 641 698 7.49 8.04 841 8.73 9.16
Chambers

Whorl number 19 20 21 22

Radius (mm) 9.49 10.0 104 111

Chambers

From the 9th whorl onwards the chamber number was unclear, due to irregularities in the spire.

Remarks — This is a species that has been subject to a lot of confusion in the litera-
ture. The A-form was described as N. djokdjokartae by Martin in 1881, and in the same
year Verbeek reported N. cf. laevigatus (B-form) and N. cf. lamarcki (A-form) from the
same area (Verbeek, 1891). In 1896 Verbeek & Fennema recorded only N. laevigata (B-
form) and N. djokdjokartae (A-form).

In 1840 N. acutus (Sowerby) was described from Lakhpat (Cutch) in India. In the
same area Vredenburg (1906) found another species that he described as N. douvillei.
Prever pointed out to him that this name was pre-occupied and proposed the name
“N. vredenburgi Vredenburg” (Vredenburg, 1908; Samanta, 1982). Since Prever pub-
lished this, the name formally is N. vredenburgi Prever. Many later authors synonymised
N. acutus, N. vredenburgi and N. djokdjokartae. Although N. acutus is the oldest available
name, the (youngest) name N. vredenburgi is used for this taxon as well.

The intial whorls of N. vredenburgi are quite tight, but the 4th to 7th whorl are
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wider and the chambers are 2-3 times higher than wide, and the marginal cord thins
after the 10th-12th whorl (said in description, not visible in figured specimens). In
axial section, the spiral laminae split frequently into two-three thin laminae, a character
also seen in the Indonesian specimens (Samanta, 1982). The measurements provided
by Samanta (1982) for N. vredenburgi all fall within the range of the Indonesian speci-
mens, although his A-forms are generally slightly flatter.

We agree with Samanta (1982) that the type specimen of N. acutus is morphologi-
cally distinct from N. vredenburgi and N. djokdjokartae. Samanta did not discuss the
similarities and differences between N. vredenburgi and N. djokdjokartae, though as dis-
cussed above, they are very similar in nearly all characters and we consider them to
be synonymous, with the name N. djokdjokartae having priority over N. vredenburgi.

The B-forms figured by Nagappa (1959) as N. acutus have all the characters in com-
mon with N. djokdjokartae, and, therefore, should be re-assigned to N. djokdjokartae.
Some small specimens of N. djokdjokartae (B-forms, diameter 9-11 mm) in the NNM
collection (RGM 3334), identified by Douvillé as N. vredenburgi, turned out to have
exactly the same coiling pattern as N. djokdjokartae for the first six whorls, but do not
have intercalatory whorls or the very thin marginal cord in the latter whorls. These
specimens are otherwise similar to N. djokdjokartae and probably are juveniles of N.
djokdjokartae.

Geographic distribution — Indonesia: Central Java, West Java, Sulawesi, Sumba,
Nias and West Papua. Elsewhere: West India (Vredenburg, 1906, 1908; Nagappa,
1959), New Caledonia (Deprat, 1905) and Saipan (Cole, 1956).

Stratigraphic range — Known from upper Middle Eocene sediments (later P12 /
NP16, latest Lutetian / earliest Bartonian) in Nanggulan. The Harudi Formation from
which N. vredenburgi was described is assigned an P12 age (Samanta, 1982). The strati-
graphic range in Indonesia is interpreted as late Lutetian to early Bartonian (P12).

Nummulites fichteli Michelotti, 1841
Fig. 6.8; Pl. 12, figs. D-E.

*1841 Nummulites fichteli Michelotti, p. 44.
1905 Nummulites subbrongniarti Verbeek, 1871 — Douvillé, p. 439.
1909 Nummulites fichteli Michelotti, 1841 — Provale, p. 92.
1909  Nummulites intermedia d”Archiac, 1846 — Provale, p. 93.
1929  Nummulites intermedius d”Archiac, 1846 — van der Vlerk, p. 18.
1929  Nummulites fichteli Michelotti, 1841 — Gerth, p. 598.
1929  Nummulites intermedius d”Archiac — Gerth, p. 598.
1931 Camerina fichteli (Michelotti, 1841) — Umbgrove, p. 49.
1931 Camerina intermedius d’Archiac, 1846 — Umbgrove, p. 50.
1932 Camerina intermedia (d’Archiac) — Doornink, p. 285.
1934  Camerina fichteli (Michelotti, 1841) — Caudri, p. 72.
1970 Nummulites fichteli Michelotti, 1841- Adams, p. 122.
1973 Nummulites fichteli Michelotti, 1841- Bain & Binnekamp, p. 8.
1981c Nummulites fichteli Michelotti, 1841 [pars] — Hashimoto & Matsumaru, p. 75.
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1993 Nummulites fichteli Michelotti, 1841- Crotty & Engelhardt, p. 77.
1995 Nummulites fichteli Michelotti, 1841- Racey, p. 44.

Material — Over 30 specimens from Sungai Mesalai and Sungai Taballar (Kaliman-
tan), including 2 axial and 5 equatorial sections of A-forms, and 2 axial and 5 equatorial
sections of B-forms (RGM 19061-19070, RGM 19115-19120).

A-form — Test flat lenticular, diameter 2.5-5.5 mm, thickness 1-1.5 mm and D/T =
2.0-3.5. Septal filaments strongly reticulate. In equatorial section spire regular, fairly
uniform and tightly coiled (Fig. 6.8). Chambers initially isometric, in the last few
whorls 3 X as broad as high. Septa straight, inclined to the marginal cord. Marginal
cord 1/5 of the chamber height in the first whorls, 1/3 in the last whorls. In axial sec-
tion pillars from the median layer do not reach the surface of the test. Proloculus 0. 25-
0.30 mm in diameter.

Whorl number 1 2 3 4 5 6 7 8
Radius (mm) 045 072 1.1 14 17 20 23 27
Chambers 7 12 15 18 22 22 24 -

B-form — Test flat lenticular, diameter 8-14 mm, D/T = 3.5-4.5. Septal filaments
reticulate with occasional very fine granules on and between the septal filaments,
especially towards the polar region. In equatorial section spire is uniform and fairly
tightly coiled (Fig. 6.8). Marginal cord 1/2-1/3 of the chamber height. Chambers
increasing in length from the inner towards the outer whorls, becoming up to 3 X
longer than high in outer whorls. Septa slightly inclined in the inner whorls, more
inclined in the outer whorls.
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Fig. 6.8. Coiling diagram of Nummulites fichteli Michelotti.
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Whorl number 1 2 3 4 5 6 7 8 9 10 11

Radius (mm) 0.13 0.22 0.34 048 0.65 0.83 1.09 1.37 1.68 2.03 2.37
Chambers - 16 18 22 24 24 23 24 26 28 28

Whorl number 12 13 14 15 16 17

Radius (mm) 2.74 3.30 3.56 3.33 3.86 4.05

Chambers 30 - - - - -

Remarks — The Indonesian A-forms of this species are somewhat more tightly
coiled than the European and Omani specimens figured by Schaub (1981) and Racey
(1995), respectively. The B-forms match the European specimens, although the Indone-
sian specimens fall in the lower range of the variation shown in the coiling diagrams
of Schaub (1981) and Racey (1995), i.e. they show less variation and are more tightly
coiled than the western Tethyan specimens.

In addition to N. fichteli and N. subbrongniarti, Doornink (1932) recognized a third
species of reticulate Nummulites, N. absurda Doornink (p. 299-300) from Java, distin-
guished from the other reticulate species by its larger and more irregular shaped of
the proloculus and the form of spire. So far this species is only known from one locali-
ty where it is found with “typical’ N. fichteli so that it can not be excluded that this is
an ecophenotypic variant of N. fichteli. The predecessor of this species in Europe, N.
fabianii Prever, 1905 has not been found in Indonesia, though it is widespread and
often abundant in the Priabonian of Europe and the Middle East (Schaub, 1981; Racey,
1995 and references therein).

Geographic distribution — Indonesia: Java, Sumatra, Borneo, Sulawesi, Sumba and
Irian Jaya. Elsewhere: Widely distributed throughout the Tethys. For records on distri-
bution see Blondeau (1972), Schaub (1981) and Racey (1995). There are additional eastern
Asiatic records from Mindanao (Hashimoto & Matsumaru, 1984), Mindoro and Luzon
(Philippines; Cosico et al., 1989) and Papua New Guinea (Bain & Binnekamp, 1973).

Stratigraphic range — Characteristic species of Tc and Td (Early Oligocene) in the
East Indian Letter Classification (Adams, 1970). The last appearance of this species is
in zone P21a in the Kujung area of NE Java (dated as 29.4 Ma using strontium iso-
topes). A single younger Sr date of 28.4 Ma has been obtained from the Pelang lime-
stone of central Java, but at this locality there are no independent planktonic
foraminiferal data. The interpreted stratigraphic range is Letter Stage Tc to Td,
Rupelian.

Nummulites javanus Verbeek, 1891
Fig. 6.9; PL 8, figs. A-F.

1891 Nummulites javanus var vy,d Verbeek, p. 105-106.

*1891 Nummulites bagelensis Verbeek, p. 107.
1896  Nummulites javanus Verbeek, 1891 — Verbeek & Fennema, p. 1096.
1896  Nummulites bagelensis Verbeek, 1891 — Verbeek & Fennema, p. 1101.
1905 Nummulites bagelensis Verbeek, 1891 — Deprat, p. 493.
1912a Nummulites bagelensis Verbeek, 1891 — Douvillé, p. 262.
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1929  Nummulites bagelensis Verbeek, 1891 — van der Vlerk, p. 18.

1929  Nummulites javanus Verbeek, 1891 — Gerth, p. 598.

1929  Nummulites bagelensis Verbeek, 1891 — Gerth, p. 598.

1931 Camerina javana Verbeek, 1891 [sic] — Umbgrove, p. 50.

1931 Camerina bagelensis (Verbeek) — Umbgrove, p. 49.

1932 Camerina perforata Denys de Montfort, 1808 — Doornink, p. 273.

1932 Camerina bagelensis Verbeek, 1891 — Doornink, p. 277.

1934 Camerina javana (Verbeek, 1891) — Caudri, p. 64.

1934 Camerina bagelensis Verbeek, 1891 — Henrici, p. 25.

1934 Camerina perforata Denys de Montfort, 1808 — Henrici, p. 21.

1948 Camerina perforata Denys de Montfort, 1808 — van Andel, p. 1013.

1979  Nummulites perforatus (Denys de Montfort, 1808) — Hashimoto et al., p. 155.

1981b Nummulites perforatus (Denys de Montfort, 1808) — Hashimoto & Matsumaru,
p. 67.

1993  Nummulites javanus Verbeek, 1891 — Crotty & Engelhardt, p. 77.

1995  Nummulites javanus Verbeek, 1891 — Racey, p. 50.

Material — Over 30 specimens including 5 equatorial and 3 axial sections of B-
forms, and 10 equatorial and 2 axial sections of A forms from Karangsambung (Cen-
tral Java; RGM 202019, RGM 202022). Over 30 specimens including 10 equatorial and
3 axial sections of B-forms from Banten (West Java, RGM 202023). Twenty specimens,
including 5 equatorial sections of B-forms from Jiwo Hills (Central Java, RGM 202018,
RGM 202024). Ten equatorial and 3 axial sections of B-forms and 4 equatorial and 2
axial sections of A-forms from several localities on Timor (Institut fiir Paldontologie,
Universitdt Bonn).
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Fig. 6.9. Coiling diagram of Nummulites javanus Verbeek.
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A-form — Lenticular with a rounded periphery, diameter up to 4.5 mm, thickness
up to 2 mm and D/T = 1.8 (1.5-3.1). Septal filaments gently, curved radiating from the
centre with granules on and between septal filaments. In equatorial section spire regu-
lar, comprising 4-5 whorls (Fig. 6.9). First two whorls fairly lax tightening in the 3rd-
4th whorl. Septa oblique, curving gently in the proximal part, distally straight. Mar-
ginal cord 1/5 of chamber height. Chambers equidimensional to broader than high.
Proloculus 0.55-0.8 mm in diameter.

Whorl number 1 2 3 4 5
Radius (mm) 06 1 1.6 19 22
Chambers 7 12 23 25 -

B-form — Test lenticular, up to 30 mm in diameter, maximum thickness 9 mm with
D/T = 3.1 (2.6-5.2). Septal filaments meandriform with fine granules on and between
them, especially over the polar region. In equatorial section, spire regularly opening,
tightening in the last whorls in some specimens giving it a tripartite appearance (Fig.
6.9). Septa slightly oblique, straight to gently curved in the distal part. Chambers
higher than broad in the first whorls, becoming 2-3 X as broad as high in the outer
whorls. Marginal cord thick, 1/3-1/2 of the chamber height.

In axial section, strongly pillared with thin pillars, especially over the centre of the
test, with most pillars not reaching the test surface.

Whorl number 1 2 3 4 5 6 7 8 9 10 11 12 13
Radius (mm) 0.18 047 07 097 1.2 16 21 26 30 35 415 57
Whorl number 14 15 16 17 18 19 20 21 22 23 24 25 26
Radius (mm) 63 70 78 86 92 97 103 108 11.3 11.8 12.112.412.6

Due to flexure of the shell, the number of chambers could not be counted.

Remarks — Initially, all Indonesian ‘larger” Nummulites were grouped under the
name N. javanus. In his original description, Verbeek (1891) had already described 4
varieties, a, b, g and d. a and g are the largest forms, a has a rounded periphery, whilst
g is more flattened and has a sharp periphery; b and d are smaller, b is a thick form
with a rounded periphery, whilst d is a small, flat form with a very sharp periphery.
Subsequently there has been a lot of discussion about these species. Doornink (1932)
suggested that the two forms with the sharp periphery should be included in N. gize-
hensis (Forskal), whilst the specimens with the rounded periphery, i.e., var d and var
b, should be included in N. perforatus (Montfort). The present study confirms that the
large sized Nummulites from Indonesia belong to two species, N. boninensis (equiva-
lent to var a of Verbeek) and N. javanus (equivalent to var g of Verbeek).

The smaller variety with the blunt edge has subsequently been identified as N. lae-
vigatus (Bruguiere) by Douvillé (1912a); a transitional form between N. laevigatus and
N. perforatus by Dollfus (1917); N. obtusus Sowerby by Gerth (1929) and, N. perforatus
(Denys de Montfort) by Doornink (1932). Racey (1995) discussed the status of the
smaller specimens with the blunt edge. The B-forms of N. perforatus have a tripartite
spire, which is not seen in the Javanese specimens. In the middle, looser, part of the
spire N. perforatus also has occasional intercalatory whorls. Nummulites javanus has a
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gradually opening spire, with some very tight last whorls (usually three, sometimes
up to five). In none of the specimens of N. javanus are intercalary whorls present (own
obs; Racey, 1995). The spire of N. obtusus (Sowerby) is also tripartite, but always has 3-
4 intercalary whorls, features absent in the Javanese specimens. Nummulites laevigatus
has a gradually opening spire, which does not tighten in the outer whorls, and has a
flatter test with sinuous septal filaments and can thus be differentiated from N.
javanus.

Geographic distribution — Indonesia: Karangsambung and Jiwo (Central Java, the
type locations), Bayah (West Java), Ralla, Tonasa (SW Sulawesi), Batu Gading, Melinau
Gorge (Sarawak) and several localities at Sumba, Timor and West Papua. Elsewhere:
Oman (Racey, 1995) and Papua New Guinea (Bain & Binnekamp, 1973).

Stratigraphic range — Nummulites javanus is assigned a Ta; age (Middle Eocene in
Adams, 1970; Lutetian in Haak & Postuma, 1975), though Bartonian was not recog-
nised in these studies. In Oman, Racey (1995) found N. javanus together with N. perfora-
tus and N. brongniarti in the “Biaritzian”, equivalent to the upper Lutetian to Bartonian
(SBZ 17 in Serra-Kiel et al. 1998, top P12-P14). Outcrops in Karangsambung, Java, con-
taining N. javanus could not be dated directly, though samples taken just above them
have yielded planktonic foraminifera and nannoplankton indicative of a Middle
Eocene, late Lutetian to early Bartonian (P12, upper NP15) age. Limestones with N.
javanus and Pellatispira from Jiwo Hills (Watu Perahu) were successfully dated as P14
or older based on the presence of Morozovella sp. Overlying mudstones were also dated
as Middle Eocene on nannofossils (see earlier notes). Samples from Ralla containing
both N. javanus and Pellatispira were dated as Bartonian on the basis of associated
dinoflagellates (H. Brinkhuis pers. com. to WR). Crotty and Engelhardt (1993) also
found samples containing pollen indicative of Bartonian age immediately above N.
javanus bearing sedimentary rocks. The suggested stratigraphic range for this species in
Indonesia is therefore considered to be Middle Eocene, late Lutetian to early Bartonian.

Nummulites spec. nov.
Fig. 6.10; PL. 6, figs. C-E; P1. 7, figs. A-C.

1881 Nummulites cf. lamarcki d’Archiac & Haime, 1853 — Verbeek et al., p. 39.
1881 Nummulites cf. laevigata Lamarck, 1801 [sic] — Verbeek et al., p. 39.

1891 Nummulites laevigatus Lamarck, 1801 [sic] — Verbeek, p. 117.

1896 Nummulites laevigata Lamarck, 1801[sic] — Verbeek & Fennema, p. 1104.
1912b Nummulites vredenburgi Prever, 1908 — Douvillé, p. 260.

1932 Camerina laevigata Bruguiere, 1792 — Doornink, p. 279-280.

1934 Camerina djokjokartae (Martin, 1881) — Caudri, p. 67.

1972 non Nummulites acutus (Sowerby, 1840) — Blondeau, p. 149.

1995  Nummulites acutus (Sowerby, 1840) — Racey, p. 30.

Material — Numerous individuals from Nanggulan (Java), comprising 12 equatori-
al sections of A-forms, and 10 of B-forms plus five axial sections of A forms and 5
axial sections of B-forms.
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One equatorial section from Uwaki, West Timor (Institut fiir Paldntologie, Univer-
sitdt Bonn).

Type locality — Kali Puru, Nanggulan, Central Java, Indonesia.

Type horizon — Djokdjokartae beds of the Nanggulan Formation, later Middle
Eocene (uppermost Lutetian or basal Bartonian).

Diagnosis — Medium sized Nummulites, septal filaments meandriform, densely
covered by granulae. Spiral laminae infrequently split in the polar region, not near the
marginal cord. Coiling regular up to the 8-10t whorl, then more irregular with thin-
ing marginal cord. A-forms are difficult to distinguish from N. djokdjokartae, except
that they are smaller and have fewer whorls.

A- form — Lenticular with rounded periphery. Diameter up to 4.5 mm, thickness up
to 2.5 mm. D/T= 1.6-2.0. Trace of septal filaments radiating, S-shaped, occasionally
branching with coarse granules on and between the septal filaments. In equatorial sec-
tion, spire regular consisting of up to 4-4 1/2 whorls (Fig. 6.10), with the first whorl
wider than subsequent whorls. Marginal cord thick, 1/4-1/3 of chamber height.
Chambers rectangular, initially almost isometric, becoming 1 1/2 X as broad as high.
Septa perpendicular to marginal cord, curving backwards. In axial section, pillars
occur over entire test surface from the centre to the periphery, and often reach the test
surface to form granules. Proloculus 0.48-0.7 mm in diameter.

Whorl number 1 2 3 4
Radius (mm) 0.97 1.36 1.69 1.88
Chambers 8 17 22 -

B-form — Test flat lenticular, with sharp to rounded periphery. Test diameter up to
18 mm, thickness up to 6 mm with D/ T = 3.5-4.5. Septal filaments meandriform, with
large granules on and between them. In equatorial section, spire regularly increasing
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Fig. 6.10. Coiling diagram of Nummulites spec. nov.
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in width, up to the 8-10th whorl (Fig. 6.10), after which the spire becomes irregular,
with partial intercalary whorls developed. Marginal cord thick in the first 8-10 whorls
at about 1/4 of chamber height and thinner in remaining whorls. Chambers 2 X high-
er than long in the first 4 whorls, about 1.5-2.0 X higher than long in whorl 5-8 (10)
and finally 1.5-2 X longer than high in the later whorls. Septa straight, sharply curved
backwards at the peripheral margin, perpendicular to marginal cord in first 8-10
whorls and curved in later whorls.

In axial section, chamber height increases in height towards margin. Spiral laminae
thickest near marginal cord, then much thinner, but lateral splitting of the spiral lami-
nae is rare, occurring nearer to the central axis of the test than to the marginal cord.
Alar prolongations very narrow. Pillars of varying size and shape, distributed from
pole to periphery. Most pillars do not protrude to the surface of the test.

Whorl number 1 2 3 4 5 6 7 8 9
Radius (mm) 021 047 090 1.3 21 30 39 488 585
Chambers 9 12 22 27 27 33 38 48 64
Whorl number 10 11 12 13 14 15 16

Radius (mm) 6.22 6.55 7.02 7.78 825 855 9.04
Chambers 68 70 76 92 90 92 -

Remarks — The A-form typically has 4-4.5, the B-form 14-17 whorls. In the Nanggu-
lan (Java) section, A-forms are abundant, whilst B-forms are rare. Nummulites spec. nov.
differs from N. djokdjokartae in that it is slightly more loosely coiled, the chambers are
isometric to twice as high as long (2-3 times as high as long in N. djokdjokartae) and the
lateral laminae thin, but do (usually) not split. If they split, it is in the polar egion,
whilst in N. djokdjokartae they split near the periphery. Additionally, the maximum size
of N. spec. nov. is 16-18 mm, while N. djokdjokartae can get as large as 25 mm.

In India and Indonesia, three species of the N. laevigatus-lineage (N. acutus, N.
djokdjokartae and N. vredenburgi) have been described, which have been confused dur-
ing the last century. The types of Nummulites acutus, mixed A- (which Sowerby re-
garded as juveniles) and B-forms are lost, except for the largest specimen that is pre-
served in NHM (London). Samanta (1982) resampled the type area and studied the
remaining type specimen of N. acutus and the type specimens of N. vredenburgi and
discussed the differences between these two species, that both were synonymised
together with N. djokdjokartae by Umbgrove (1931).

Samanta (1982) showed that N. acutus and N. djokdjokarte (= N. vredenburgi) are two
distinct species that often have been confused. Samanta (1982) did not find new speci-
mens of N. acutus, so his description of that species is solely based on the type speci-
men. This specimen reaches only 10 mm in diameter, the coiling pattern is tighter than
the Indonesian specimens and the marginal cord does not thin or disappear, thus not
justifying the synonymy between N. acutus and N. djokdjokartae.

Blondeau (1972) described and figured specimens under the name N. acutus that fit
the description of Sowerby precisely. The maximum diameter is 13 mm, with only 12
whorls, all chambers isometric or only slightly higher than long, marginal cord not
thinning in the outermost whorls, whilst the maximum diameter in Indonesia is 18 mm,
specimens have up to 17 whorls and the initial chambers are higher than long.
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Blondeau shows Indonesian A-froms (N. djokdjokartae) as the accompanying macro-
spheric generation, but the microspheric forms shown by him originate from Mada-
gascar and differ from the Indonesian B- forms.Thus, N. acutus (Sowerby) is a differ-
ent species, warranting the small Indonesian specimens to be described as a new
species.

The A and B forms shown by Racey (1995) as N. acutus are similar to N. spec. nov.
in size, coiling pattern and number of whorls, as well as external characters, and
should be included in this species.

Geographic distribution — Indonesia: Central Java; Timor. Elsewhere: Oman (Racey,
1995).

Stratigraphic range — In Oman, Nummulites spec. nov. (recorded as N. acutus) was
found in middle Lutetian deposits, which are approximately equivalent to zone P11.
In Indonesia it is found in the oldest sedimentary rocks containing larger foraminifera
from the Nanggulan section, that have been dated as upper P12 (Lunt 2000a,b), but
also in the Nummulite beds 2, thus the range of N. spec. nov. overlaps with the range
of N. djokdjokartae.

The stratigraphic range in Indonesia is interpreted as Letter Stage Ta (P11-P12),
correlating with the Lutetian Stage.

Nummulites subbrongniarti Verbeek, 1871
Fig. 6.11; PL. 12, figs. A-C.

*1871 Nummulites sub-brongniarti Verbeek, p. 6.
1874 Nummulites subbrongniarti Verbeek — Verbeek, p. 152-155.
1929  Camerina fichteli Michelotti — van der Vlerk, p. 18.

*1932 Camerina divina Doornink, p. 299-300.
1934 Camerina divina Doornink — Caudri, p. 78.

Material — Fifteen specimens including 1 equatorial section of a B-form and 5
equatorial and one axial section of A-forms from Sungai Seilor (Borneo, RGM 10949,
RGM 19051-19060). Five specimens including 5 equatorial sections of A-forms from Tji
Dengkol (Java, RGM 202025).

A-form — Lenticular test with a sharp margin, diameter 3.5-5.0 mm, thickness 1.6-2.4
mm and D/ T = 2.1 (1.8-2.5). Septal filaments reticulate comprising a rather coarse mesh.
The equatorial section comprises 7-9 compact whorls of almost equal height (Fig. 6.11).
Marginal cord 1/3 of chamber height in initial whorls and approximately 1/2 chamber
height in later whorls. Chambers 1.5 X broader than high in the initial whorls, becom-
ing 3-5 X broader than high in the outer 3-4 whorls. In axial section fine pillars diverge
from the equatorial plane to the outer whorl. Proloculus 0.2-0.36 mm in diameter.

Whorl number 1 2 3 4 5 6 7
Radius (mm) 0.6 0.78 098 1.19 1.42 1.67 1.89
Chambers 8 9 0 11 13 14 -
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B-form — Description based on the type description of Verbeek (1871) and figures
in Hashimoto et al. (1973), together with data from one thin section present in the
NNM collection.

Test flattened lenticular, with a subrounded, often undulated periphery. Diameter
up to 28 mm (commonly 14 mm), thickness up to 6 mm and diameter/ thickness = 4-
5. Septal filaments reticulate. In equatorial section, comprises up to 50-60 whorls in a
diameter of 14 mm (Fig. 6.11), with a large variation in both the diameter and the
number of whorls. Marginal cord in the inner whorls as high as the chamber height, in
the latter whorls about 1/3 of the chamber height. Chambers up to 4 times longer than
high, especially in the outer whorls. Septa slightly inclined and straight.

Whorl number 1 2 3 4 5 6 7 8 9 10
Radius (mm) 01 02 03 05 06 07 09 11 13 15
Whorl number 1 12 13 14 15 16 17 18 19 20
Radius (mm) 1.6 19 23 26 31 35 37 39 42 44
Whorl number 21 22 23 24 25 26 27 28 29 30
Radius (mm) 47 49 52 55 58 61 63 65 68 71
Whorl number 31 32 33 34 35 36 37 38 39 40
Radius (mm) 73 75 76 78 80 82 84 86 87 89
Whorl number 41 42 43 44 45 46 47 48 49

Radius (mm) 90 91 93 94 95 96 97 98 10

Due to flexure of the test, number of chambers could not be counted.

Remarks — Nummulites subbrongniarti differs from N. brongniarti d’Archiac & Haime
in being more tightly coiled in both the A and B-forms. Furthermore N. subbrongniarti
lacks granules on the surface of the test and has reticulate rather than subreticulate
septal filaments.
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Fig. 6.11. Coiling diagram of Nummulites subbrongniarti Verbeek.
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Much confusion has arisen following the type description by Verbeek in 1871.
His drawings were not clear, and though he mentioned that the proloculus was
small, but visible, this species was subsequently interpreted as an A-form. However,
Verbeek’s specimens are clearly B-forms, based on their size and the number of
whorls. Starting with Douvillé (1905), several authors have regarded N. subbrong-
niarti as the Indonesian representative of N. intermedius-fichteli. Doornink (1932)
restudied the Javanese Nummulites and acknowledged the existence of more than
one species among the Oligocene reticulate Nummulites, describing two new species
and discussing the status of N. subbrongniarti. He did not recognise N. subbrongniarti,
but described N. divina Doornink from Java, which is an A-form similar to the A-
form of N. fichteli, but has broader chambers (3-5 X as broad as high) in the outer
whorls and has whorls of similar height. The reticulate septal filaments (mesh) on
the test surface are coarser than in N. fichteli (see Caudri, 1934). Specimens figured
and collected by van der Vlerk (1929) match Doornink’s description. Verbeek (1871)
distinguished N. subbrongniarti from N. fichteli by its tighter coiling, larger number
of whorls and longer chambers. He also mentioned the coarse mesh on the outer
surface. The similar character distinguishing N. divina and N. subbrongniarti from N.
fichteli indicate that these are in fact A and B forms of a single species, i.e., N. sub-
brongniarti. Nummulites divina must therefore be considered a junior synonym of N.
subbrongniarti.

Hashimoto ef al. (1973) restudied many reticulate nummulitids to examine the rela-
tionship between N. subbrongniarti and N. fichteli. Although they looked at many char-
acters, they did not take the form of the spire into account and their fig. 6.11 clearly
shows all the characters of N. subbrongniarti.

Nummulites subbrongniarti is closely related to N. fichteli. In India, Pakistan and Egypt
two other species occur that also are as closely related to N. fichteli: N. sublaevigatus and
N. cf. fichteli (Sen Gupta, 2000), showing a radiation of the reticulate Nummulites lineage
after the Eocene-Oligiocene boundary, but terminated prior to the Chattian.

Geographic distribution — Indonesia: Cijengkol (Java, Doornink, 1932), Sungai Seilor.
Antjam, Borneo (van der Vlerk, 1929), Pengaron, SE Kalimantan (Verbeek, 1871; Hashi-
moto ef al., 1973) and East Sumba (Caudri, 1934). Elsewhere: Mindoro (the Philippines).

Stratigraphic range — Co-occurring with N. fichteli and P. pengaronensis in SE Bor-
neo in Tc faunas (Rupelian). Suggested stratigraphic range: Lower Rupelian, Tec.

Genus Palaeonummulites Schubert
Type species — Nummulina pristina Brady, 1874.

Diagnosis — Planispiral, involute, semi-compressed to globular; spire moderately
tightly coiled; whorls relatively few, generally no more than four or five in the A-
form; coiling tight; chambers up to twice as high as long in equatorial section; primary
septa and extensions (“filaments”) only; septal sutures radial to sigmoidal; marginal
cord finely to moderately strong developed. Mid-Palaeocene to Recent with a Cos-
mopolitan distribution.
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Discussion — Distinguished from Nummulites by its simple septal filaments that are
straight to sigmoidal. In Nummulites secondary septal filaments are present.

Palaeonummulites beaumonti (d’Archiac & Haime, 1853)
Fig. 6.12; P1. 11, figs. A-D.

*1853 Nummulites beaumonti d’ Archiac and Haime, p. 133.
1874  Nummulites biarritzensis d’ Archiac and Haime, 1853 — Verbeek, p. 155.
1874 Nummulites striata d’Orbigny var f — Verbeek, p. 157.
1912a Nummulites kelatensis Carter, 1861 — Douvillé, p. 262.
1929  Nummulites kelatensis Carter, 1861 — van der Vlerk, p. 19.
1929  Nummulites kelatensis Carter, 1861 — Gerth, p. 598.

*1932  Camerina densa Doornink, p. 295.

*1932  Camerina hoogenraadi Doornink, p. 297.
1934 Camerina kelatensis (Carter?) Douvillé — Caudri, p. 53.
1934 Camerina kelatensis Carter, 1861 sensu Douvillé — Henrici, p. 30.
1940 Nummulites beaumonti d’Archiac and Haime — Davies, p. 206.
1972 Nummulites beaumonti d’Archiac and Haime — Blondeau, p. 149.
1981 Nummulites beaumonti d”Archiac and Haime — Schaub, p. 135.
1995 Nummulites beaumonti d’Archiac and Haime — Racey, p. 34.

Material — Five specimens from Nias including one equatorial section of a B-form
(RGM 202026). Four specimens from Taballar including three equatorial sections and
one axial section of B-forms (RGM 19112-19114). Five specimens, including three
equatorial and one axial section of B-forms from Timor (Institut fiir Paldontologie,
Universitdt Bonn).

A-form — Not found.

B-form — Test lenticular, with rounded margin. Test diameter 6.5-9.0 mm, thick-
ness 3.5-4 mm, D/T ratio = 2.1-3.1. Septal filaments straight, radiating and curving

radius (mm)

15

whorl number
microspheric generation

Fig. 6.12. Coiling diagram of Palaeonummulites beaumonti (d’Archiac & Haime).
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around a polar pillar. In equatorial section, spire regularly opening (Fig. 6.12). Cham-
bers numerous, uniform, rectangular, 1.5-2.0 as high as long in the initial whorls,
equidimensional to slightly higher than broad in the outer whorls, with almost straight
septa. Marginal cord about 1/4-1/5 of the chamber height. In axial section alar pro-
longations thin, spiral laminae all of the same thickness. Fine pillars reach about half
way to the exterior, maily concentrated over the polar region and often buried.

Whorl number 1 2 3 4 5 6 7 8 9 10 11 12
Radius (mm) 0.11 0.26 0.59 0.93 1.25 1.67 2.21 259 3.07 3.55 3.974.33
Chambers - 21 26 30 34 40 42 48 55 57 60 65

Remarks — According to Davies (1940) and Blondeau (1972), P. kelatensis Carter is
in part synonymous with P. beaumonti (d’Archiac & Haime). Davies (1940) redescribed
P. kelatensis from topotypes, whilst Racey (1995) restudied these and concluded that P.
kelatensis is a smaller species with fewer whorls than P. beaumonti. Furthermore, in the
description of P. kelatensis Davies stated that the septal filaments are clearly twisted,
while the septal filaments are nearly straight and only curved around the polar region
in P. beaumonti. The buried pustules in the polar region are a good features to help dis-
tinguish P. beaumonti from other species.

The specimens from all localities in Indonesia match the description of P. beaumon-
ti in nearly all characters, and should therefore be included in that taxon, though they
have previously been reported as N. kelatensis (see references in synonymy list).

Geographic distribution — Indonesia: Nias, Borneo, Java, Sumba and Timor, but rare
in all localities. Elsewhere: Oman (Racey, 1995), Senegal, Libya (Blondeau, 1972), Egypt
(De la Harpe, 1883), India (Nuttall, 1926a, b) and Pakistan (Davies, 1940).

Stratigraphic range — In Nias P. beaumonti is found together with Alveolina ovicula
and Planocamerinoides sp. 1, indicating a (late) Lutetian age. In Timor it co-occurs with
N. javanus and planktonic foraminifera indicating a P12-P14 age. In Oman it is restrict-
ed to the late Lutetian (Racey, 1995), while in the western Tethys it is found in the late
Lutetian- Bartonian (Serra-Kiel et al., 1998). The stratigraphic range in Indonesia of this
species is therefore suggested to be upper Lutetian-Bartonian.

Palaeonummulites crasseornatus (Henrici, 1934)
Fig. 6.13; Pl 13, figs. A-B, H-J.

1932 Camerina irregularis Deshayes, 1838 — Doornink, p. 290.
1932 Camerina orbignyi (Galeotti) — Doornink, p. 289.

*1934 Camerina crasseornata Henrici, p. 32.
1934 Camerina aff. irreqularis Deshayes, 1838 — Caudri, p. 62.

Material — Ten specimens including four equatorial sections of B-forms from
Nanggulan. Over 30 specimens including five equatorial and three axial sections of
both A and B-forms from Timor (Geologisch Instituut, TU Delft). Two specimens
including 1 axial section of a B-form from Jatibungkus (RGM 202032).
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A-form — Diameter up to 3 mm, thickness 1.5 mm. Involutely coiled with a pro-
nounced marginal cord. From the coarsely granulated (70-130 mm) centre straight
septal filaments radiate. In equatorial section, spire regular, fairly constant in width
(Fig. 6.13). Chambers rectangular with rounded tops. Septa thin, perpendicular to the
marginal cord, with intraseptal canal visible, slightly bent backwards. In axial section,
a small umbilical plug is visible. The marginal cord is thick, and coarsely canalised.
Proloculus 0.20-0.32 mm in diameter.

Whorl number 1 2 3 4
Radius (mm) 042 093 1.7 26
Chambers 13 16 19 25

B-form — Diameter up to 8 mm, thickness 1.7 mm and D/T = 3.4 (2.5-4.4). Test
lenticular, involute. The centre of the test has a large number of coarse pillars, out of
which 30-35 S shaped septal filaments radiate. In equatorial section the spire is irregu-
lar, showing large differences in whorl height within and between whorls (Fig. 6.13).
Test outline often elongated. Chambers rectangular, slightly bent backwards with
rounded tops. Septa thin, perpendicular to the marginal cord and distally curved
backwards, in outer whorls with intraseptal canal visible. Chambers higher than
broad (up to 3 X). In axial section an umbilical plug (pillar) is visible. The marginal
cord is swollen and coarsely canalised.

Whorl number 1 2 3 4 5 6
Radius (mm)- Java 0.29 0.58 098 146 1.92 2.1
Chambers- Java 7 15 24 30 34 39

Remarks — There have been several records of N. irregularis Deshayes or related
taxa from Tb strata in Indonesia, many of which should be assigned to other genera in
our opinion. For example, the specimens figured by Provale (1908) as N. heeri De la
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Fig. 6.13. Coiling diagram of Palaconummulites crasseornatus (Henrici).
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Harpe and N. sub-heeri De la Harpe, are, in fact, Operculina, based on the rapidly open-
ing spire and lack of alar prolongations, features which do not occur in Nummulites
and are characteristic for Operculina.

Doornink (1932) first reported this species from Indonesia as N. orbignyi (Galeotti),
referring to a more complete description of N. elegans (Jones, 1887), which includes N.
prestwichianus (Jones), and N. elegans Sowerby. However, Jones (1887) showed that
some of the specimens described by Sowerby as N. elegans were juveniles of N. planu-
latus Lamarck. In both the descriptions of N. elegans and N. prestwichianus, no granula-
tions in the centre of the test are mentioned, nor on their plates. Jones (1887) shows N.
prestwichianus as lacking granulations and having a poorly developed umbo in the
centre of the test. In the Indonesian specimens no umbo is present, and in many speci-
mens a polar depression is observed. Thus, neither N. elegans nor N. prestwichianus are
identical with the Indonesian specimens. Boussac (1911) synonymised all these species
under N. orbignyi, but did not give any supporting illustrations, though his descrip-
tion matches the previous description. Blondeau (1972) separated N. orbignyi and N.
prestwichianus (= N. elegans) as distinctive species. Both species differ from the Indone-
sian specimens by either the absence of granulations and the presence of an evolute
last whorl (N. orbignyi) or by having a more robust test (N. prestwichianus).

Schaub (1981, p. 160) mentioned that the granulated specimens from the the Isle of
Wight, southern England, are N. aquitanicus Benoist, 1889 (previously described as N.
orbignyi var granulosa Jarzeva) though according to Schaub (1981), N. aquitanicus is much
larger and more regularly coiled than N. orbignyi).

Doornink (1932) described specimens from Central Java as N. irreqularis because of
their similarity to N. irregularis material from India. His description refers to granules,
a common morphological character of the Nummulitidae. However, Nummulites irreg-
ularis does not have granules (Schaub, 1981; Racey, 1995). Granules are present in the
Javanese specimens, and are formed by small pustules, comparable to those in Recent
Operculina ammonoides. The Javanese specimens, therefore, cannot be assigned to N.
irregularis Deshayes. The description given by Caudri (1934) is similar to that of the
above-mentioned specimens. Although she did not give any measurements, she stat-
ed that the coiling is tighter than that of the Indian and European specimens.

The Javanese specimens studied herein exactly match the type specimens of Came-
rina crasseornata Henrici. In equatorial section, the septa are thinner and the chambers
higher than in P. taballarensis. They are larger than both Palaeonummulites thalicus and
P. taballarensis, have a more inflated test and more numerous coarse pillars over the
poles. In the largest B-forms the last whorl is evolute and the coarse marginal cord
forms a ridge that is visible on the test surface, which is otherwise only seen in
Ranikothalia. Unlike Ranikothalia, the alar prolongations do not extend towards the
poles in axial section and are much higher.

Nummulites kemmerlingi Caudri (1934, p. 60-62) was recognised by Caudri from
only seven specimens. It is very similar to P. crasseornatus but larger (8.5-15 mm). No
specimens could be relocated in museum collections and the specimens shown by
Caudri (1934) are only slightly larger than the largest P. crasseornatus B-form described
herein. Thus, N. kemmerlingi is regarded herein as synonymous with P. crasseornatus.

Geographic distribution Indonesia: Java (Nanggulan, Jatibungkus Lst), Timor (Henrici,
1934), Sumba (Caudri, 1934) and Sulawesi (Ralla bridge section). Elsewhere: specimens
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from Pinugay Hill, Luzon, the Philippines (Hashimoto et al., 1978c) resemble P. crasseor-
natus though the figures provided are insufficient to allow positive identification.

Stratigraphic range — Recorded from Timor together with Alveolina ovicula Nuttall
and N. javanus Verbeek (Ta stage). In Java P. crasseornatus is found in the Discocyclina
layers at Nanggulan (upper P12, upper NP16), from the Lutetian- Bartonian boundary.
In the Jiwo Hills area they are dated as P12-14, upper NP15-16 age, i.e., latest Lutetian
to earliest Bartonian. Letter Stage Ta and in the Middle Eocene. Palaconummulites crasse-
ornatus is found in Sumba together with P. beaumonti, P. taballarensis and Planocameri-
noides orientalis, indicative of an upper Lutetian age. The stratigraphic range in Indone-
sia is therefore considered to be Middle Eocene, Ta, late Lutetian — Bartonian.

Palaconummulites pengaronensis (Verbeek, 1871)
Fig. 6.14; P1. 10, figs. A-E.

*1871 Nummulites pengaronensis Verbeek, p. 3.
1874 Nummulites pengaronensis Verbeek, 1871 — Verbeek, p. 145-148.
*1891 Nummulites nanggoelani Verbeek, p. 161.
1896 Nummulites nanggoelani Verbeek, 1891 — Verbeek & Fennema, p. 1105.
1896 Nummulites pengaronensis Verbeek, 1871 — Verbeek & Fennema, p. 1107.
1905 Nummulites nanggoulani Verbeek, 1891 — Deprat, p. 494.
1912b Nummulites pengaronensis Verbeek, 1871 — Douvillé, p. 284.
1929  Nummulites pengaronensis Verbeek, 1871 — van der Vlerk, p. 6-7.
1929  Camerina nanggoelani Verbeek, 1891 — Gerth, p. 598.
1931 Camerina pengaronensis Verbeek, 1871 — Umbgrove, p. 50.
1932 Camerina pengaronensis (Verbeek, 1871) — Doornink, p. 283.
1932 Camerina pustulosa Douvillé, 1919 — Doornink, p. 286.
*1932 Camaerina gerthi Doornink, p. 296.
1934  Nummulites cf. pengaronensis Verbeek, 1871 — Caudri, p. 52.
1934  Camerina pengaronensis (Verbeek, 1871)- Henrici, p. 29.
1949  Nummulites pengaronensis Verbeek, 1871 — Rutten in van Bemmelen, p. 85.
1968 Nummulites pengaronensis Verbeek, 1871 — Samanta, p. 677-680.
1973  Nummulites pengaronensis Verbeek, 1871 — Binnekamp, p. 10.
1979  Nummulites pengalonensis [sic] Verbeek, 1871 — Hashimoto et al., p. 155
1981b Nummulites cf pengaronensis Verbeek, 1871 — Hashimoto & Matsumaru, p. 68.

Material — Ten specimens including 5 equatorial and 2 axial sections of B-forms
from Pengaron (Borneo). Fifteen specimens, including 5 equatorial sections of B-forms,
and 4 equatorial and 1 axial section of A-forms from Nanggulan (Central Java, RGM
202026). Numerous specimens from Sangiran, including 10 equatorial and 1 axial of A-
forms and 1 B-form (RGM 202027). Ten specimens, including 4 equatorial sections of
A-forms and 4 equatorial sections of B-forms from Nias. Three equatorial and 2 axial
sections of B-forms from Timor (Institut fiir Paldontologie, Universitdt Bonn).

A-form — Test biconical, with a sharp to rounded periphery, 3.1-4.1 mm (average
3.6 mm) in diameter and up to 3.2 mm thick with a D/T = 1.8 (1.3-2.4) Septal filaments
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radiating, straight to slightly S-shaped. Polar usually pillar present. In equatorial sec-
tion, up to 5.5 whorls with a regularly opening spire (Fig. 6.14) and has a thick mar-
ginal cord (1/3-1/4 of chamber height). Chambers slightly longer than high to equidi-
mensional. Septa thin, perpendicular to marginal cord, curving backwards. Test is dis-
tinctly diamond shape in axial section, with an umbilical plug (pillar) which is poorly
developed in some specimens. Alar prolongations narrow. Proloculus small, 0.18-0.28
mm in diameter.

Whorl number 1 2 3 4 5
Radius (mm) 05 063 1.0 14 17
Chambers 8 14 19 24 30

B-form — Exterior similar to A-form with test diameter up to 9 mm, thickness up to
3mm and D/T =2.5(1.8-3.2).

Spire gradually opening, uniform (Fig. 6.14) with marginal cord thin, about 1/5 of
chamber height. Chambers higher than broad to isometric in the outer whorls. Septa
perpendicular to the marginal cord, strongly curving backwards in the distal half.
Biconical in axial section, with umbilical plug (pillar), alar prolongations narrow.

Whorl number 1 2 3 4 5 6 7 8 9
Radius (mm) 015 04 06 083 1.4 19 26 34 394
Chambers - 23 27 35 33 46 - - -

Remarks — There has been confusion about whether the type specimen of P. pen-
garonensis was A-form or a B-form (see Doornink, 1932). The types were not available
for study though topotypes collected by Verbeek were examined. The diameter of the
B-forms is 6-9 mm, which is similar to the diameter of the types. The co-occurring A-
forms are much smaller, being up to 4 mm in diameter. Both have a similar external
morphology and chamber shape. The holotype is probably a B-form, as originally noted
by van der Vlerk (1929), who probably saw the type specimens. In subsequent
descriptions the A- and B-forms have often been confused. Palaconummulites pengaro-
nensis is very similar to N. striatus d’Orbigny, but is smaller with a smaller proloculus
in the A-form. The fourth and fifth whorls are more tightly coiled in the A-forms. Both
species have an axial pillar and a distinctive diamond shaped test in axial section.
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Fig. 6.14. Coiling diagram of Palaconummulites pengaronensis (Verbeek).
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Doornink (1932) described P. gerthi from Gamping, and noted that “owing to the
special character of this form, it is very dificult to name a species which may be relat-
ed to it”. We found a similar facies (rich in Pellatispira, some Sylvestriella, Discocyclina,
Asterocyclina and rare Heterostegina and N. pengaronensis B-form) in Sangiran, with
abundant globular Palaeconummulites, very similar to the figures of Doornink. In all
measurements these are similar to P. pengaronensis, and thus P. gerthi is regarded as a
junior synonym of P. pengaronensis.

Geographic distribution — Indonesia: West, Central and East Java, Sumba, Borneo,
Sulawesi, Timor and Nias (Sumatra). Elsewhere: Assam (Eastern India, Samanta, 1968);
New Caledonia (Deprat, 1905), Papua New Guinea (Binnekamp, 1973) and Saipan
(Cole, 1954; 1957).

Stratigraphic range — Most abundant in the (?latest Bartonian and) Priabonian, that
is, Tb, Late Eocene, after the extinction of Ta forms. Van der Vlerk (1929) reported P.
pengaronensis with N. fichteli and Heterostegina reticulata in Borneo which would indi-
cate an Early Oligocene age. Palaeonummulites pengaronensis is also found together
with N. javanus in Java and in Timor associated with Cibrohantkenina and P. variolarius,
indicating a Late Eocene P16 age. The stratigraphic range in Indonesia is assumed
therefore to be late Middle Eocene through Early Oligocene, Ta to Tc, Lutetian -
(early) Rupelian.

Palaconummulites spec. nov.
Fig. 6.15; P1. 13, figs. C-G.

1932 Camerina pustulosus Douvillé, 1919 — Doornink, p. 286-287.

Material — Twentyfive individuals including 10 equatorial and 4 axial sections of
B-forms from Nanggulan.

Type locality— Kali Songo, Nanggulan, Central Java, Indonesia.

Type horizon — Discocyclina beds of the Nanggulan Formation, Middle Eocene,
uppermost Lutetian or basal Bartonian.

Diagnosis — A small tightly coiled Palaeonummulites, with all whorls involutely
coiled. Septa curved with large granules in the centre of the test. Marginal cord thick,
1/3 of the chamber hight. Differs from P. taballarensis in being more loosely coiled. It
is less irregularly coiled than P. crasseornatus which has straight to slightly curved
septa.

A-form — Test lenticular with a flattened periphery. Diameter 3-4 mm, thickness
1.5-2.5 mm, diameter/thickness 1.5-2.4. Septal filaments slightly curved, radiating.
Lateral surface covered by coarse pustules, concentrated in the umbonal region. In
equatorial section spire gradually opening (Fig. 6.15). Septa thin, perpendicular to
slightly inclined, straight and bent backwards in their basal part. Chambers 3-4 X
higher than broad. In axial section pillars occur mainly over the umbonal region. Pro-
loculus 0.2-0.3 mm in diameter.
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Whorl number 1 2 3
Radius (mm) 05 11 17
Chambers 7 18 26
B-form — Test lenticular, involute throughout, sometimes with an umbonal

depression. Diameter 4 to 6 mm, thickness up to 2 mm, diameter/thickness = 1.7-3.2
(12 measured specimens). Umbonal region covered by coarse pustules, 90-210 mm in
diameter. The number of granules and the surface area covered by these granules is
variable. The granules mainly occupy the centre of the test and are arranged in a spi-
ral in the outer half of the test.

Smoothly curved septal filaments are mainly seen at the outer half of the test (PL
13, fig. E). In equatorial section, the spire opens slowly, occasionally with some irregu-
larities (Fig. 6.15). Septa are thin, straight, and bent backwards in their upper part.
Intraseptal canal clearly visible. Chambers 2-3 X higher than broad, except in areas
showing relatively low whorl height. In axial thin section, densely packed pillars
occur over the umbonal region. Marginal cord thick, coarsely canalised.

Whorl number 1 2 3 4 5 6

Radius (mm) holotype 0.36 0.55 0.83 1.12 149 1.97

Chambers 8 17 26 31 32 39

Radius (mm) average 0.29 0.58 098 146 192 21

Chambers average 7 15 24 30 34 39

Number of measured 5 5 5 5 3 1
specimens

Remarks — Doornink (1932) first reported this species as N. pustulosus Douvillé,
1919. The European specimens of N. pustulosus show a superficial resemblance in
external appearance, though the B-form is much larger, as is the proloculus size in the
A-form and the chamber shape is much more regular than in N. pustulosus. The
Javanese specimens show all the characteristics of the genus Palaeonummulites, though
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Fig. 6.15. Coiling diagram of Palaeonummulites spec. nov.
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their marginal cord is more strongly developed and coiling is more open than in the
diagnosis of this genus provided by Haynes (1988). It has thin, straight septa with a
relatively thick marginal cord. Especially where the chambers are very high, the septa
are bent backwards in their topmost quarter.

Geographic distribution — Known only from Central Java: Jiwo, Kali Songo (“Kali
Semah”) (Doornink, 1932, as Camerina pustulosa). Additional specimens have been
found in Kali Songo (RGM20200) and “Kali Semah” (B8718).

Stratigraphic range — The few known localities have been dated as zone P12, late
NP16, Middle Eocene, latest Lutetian or earliest Bartonian (Lunt, 2000a and herein).

Palaeonummulites sp. 1
Fig. 6.16; PL. 10, figs. F-G.

1908 Nummulites guettardi d’Archiac & Haime, 1853 — Osimo, p. 30.
1908 Nummulites guettardi d’Archiac & Haime, 1853 — Provale, p. 82.
1934 Camerina guettardi d’Archiac & Haime, 1853 — Henrici, p. 26-27.
1934 Camerina cf. globula Leymerie1846 — Henrici, p. 28.

Material — Ten specimens from Timor, including 4 equatorial and 3 axial sections
of A-forms and 2 equatorial sections of B-forms (Institut fiir Paldontologie, Universitat
Bonn).

A-form — Test lenticular, small with rounded periphery. Diameter up to 4 mm,
thickness up to 2 mm and D/T on average 2.1. Polar pillar small with septal filaments
radiating straight. In equatorial section the spire is tight and regularly coiled (Fig.
6.16). Chambers are higher than broad to equidimensional with marginal cord 1/10 of
chamber height. Septa perpendicular, curved backwards. In axial section a weak sin-
gle polar pillar is present. Proloculus small 0.09-0.18 mm in diameter.

Whorl number 1 2 3 4 5
Radius (mm) 03 0.62 0.78 1.02 1.4
Chambers 9 14 21 24 28

2 4 6 3 4 6 8 10
whorl number whorl number
macrospheric generation microspheric generation

Fig. 6.16. Coiling diagram of Palaeonummulites spec. 1.
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B-form — Test lenticular, small with rounded periphery, diameter up to 6 mm,
thickness up to 3.5 mm and D/T on average 2.0. Polar pillar small with septal fila-
ments curving radially outwards from the polar area and straightening towards the
margin. In equatorial section, spire compact, regular (Fig. 6.16). Chambers higher than
broad, with rounded tops. Septa curved backwards, almost perpendicular to marginal
cord at base. Marginal cord thin, about 1/10 of chamber height. In axial section a
weakly developed polar pillar is present.

Whorl number 1 2 3 4 5 6 7 8 9
Radius (mm) 0.08 0.16 0.28 0.52 0.90 1.34 2.1 265 3.6
Chambers 12 18 24 26 30 34 38 - -

Remarks — This species is most similar in appearance to P. globulus from which it
differs in having more and slightly tighter coiled whorls with fewer chambers in the
A-form. The microspheric form is slightly larger and flatter than that of P. globulus.

Geographic distribution — Indonesia: Timor (Henrici, 1932), Sumba (Caudri, 1934),
Java, and Borneo.

Stratigraphic range — In Borneo and Timor it was found together with Orbitolites
complanatus. These deposits are interpreted as lower Lutetian in age. Suggested strati-
graphic range in Indonesia: the older part of the Middle Eocene, Letter Stage Tal-2.
?Ypresian - lower Lutetian.

Palaeonummulites taballarensis (Caudri, 1934)
Fig. 6.17; PL. 13, figs. K-M.

1929 Nummulites nutalli Davies, 1927 — van der Vlerk , p. 10.
1932 Nummulites variolarius Lamarck, 1804 — Doornink, p. 287.
*1934 Camerina borneensis Caudri, p. 56.
*1934 Camerina taballarensis Caudri, p. 59.

Material — Numerous specimens including 8 equatorial and 3 axial sections of A-
forms, plus 4 equatorial sections of B-forms from Sungai Taballar (Borneo, RGM
19126-19141).

A- form — Test involute, small, diameter 2.2-3.2 mm, thickness 1.5-2.1 mm, D/T=
1.5. In the centre of the test, a cluster of pillars (usually fewer than 10) forms an umbo,
with 24-25 straight septal filaments radiating towards the margin (often becoming
slightly curved near the margin). In rare cases some pillars that are arranged in a spi-
ral over the polar region. Whorls open gradually (Fig. 6.17) and are slightly tighter
than in P. thalicus Davies. Thick marginal cord, about 0.3-1 X chamber height. Cham-
bers rectangular with rounded top, on average 1.25 X as high as broad. Septa straight,
thick with a clearly visible intraseptal canal oriented obliquely to the marginal cord.
Proloculus 0.35-0.5 mm in diameter.
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Whorl number 1 2 3 4
Radius (mm) 0.62 0.97 1.37 1.88
Chambers 9 18 23 -

B-form — Test lenticular, involute, last whorl partly evolute. Diameter up to 5 mm,
thickness 2.3 mm, D/T = 2. Chamber walls in the last whorl are almost parallel, with a
well-developed marginal cord. Large polar pillar and several smaller ones, arranged
more or less in a spiral over the centre of the test. Spire opening gradually (Fig. 6.17).
Marginal cord about 0.2 X chamber height in axial section. Septa straight with an
intra-septal canal clearly visible. Chambers are about 1.5-2 X higher than broad and
have rounded tops.

Whorl number 1 2 3 4 5 6 7 8
Radius (mm) 015 03 05 08 12 16 21 26
Chambers 8 9 13 19 25 33 34 40

Remarks — The A-form differs from Ranikothalia nuttalli Davies in having thicker
and straighter septa, higher chambers, tighter coiling and a larger proloculus. The B-
form is characterised by its tighter spire, smaller number of chambers per whortl, less
elongate chambers and a marginal cord which does not stand out in relief as strongly
as is typical in B forms of R. nuttalli.

There is a lot of confusion about the occurrence of this species outside the Indian
subcontinent, especially in Indonesia. Van der Vlerk (1929) identified Nummulites nut-
talli (B-form) and N. thalicus (A-form) from East Borneo. Davies described the B-form of
N. nuttalli and the A-form N. thalicus from India. Later these were considered a species
pair and Caudri (1934) used N. nuttalli as the type species of the genus Ranikothalia.

The A-form of R. nuttalli, as given by Racey (1995) is more similar to Palaeonum-
mulites thalicus Davies, suggesting that R. nuttalli and P. thalicus Davies do not belong
to the same genus (Racey, 1995). The same pairing is also reported to occur in samples
from E Borneo by van der Vlerk (1929).

Caudri (1934) restudied van der Vlerk’s samples from Borneo and concluded that
the B-forms were different from R. nutalli in being smaller and more tightly coiled and
described these as Camerina (= Nummulites) borneensis Caudri. Adams (1970) restudied
paratypes of R. nuttalli (from India) and concluded that these are different from those
found in Indonesia, and agreed with Caudri (1934) in erecting R. borneensis.
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Fig. 6.17. Coiling diagram of Palaeonummulites taballarensis (Caudri).



Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002) 155

After comparing the figured specimens of van der Vlerk and other specimens of
Ranikothalia B-forms in Racey (1995), Caudri (1934) and Davies (1927), and studying
topotypes of C. borneensis, we conclude that the B-form illustrated by van der Vlerk is
not Ranikothalia nuttalli and should be reassigned to Palaeonummulites.

Caudri (1934) reassigned the A-form from Borneo (N. thalicus Davies sensu van der
Vlerk) to Camerina (= Nummulites) taballarensis whilst Adams (1970) agreed with the
original identification of N. thalicus by van der Vlerk. Racey (1995) re-examined the
records of R. nuttalli and considered the A-forms of C. borneensis (including C. tabal-
larensis) as synonymous with R. nuttalli. However, because of the larger proloculus
and tighter coiling of the Indonesian specimens, we do not agree that C. faballarensis
(the A-form accompanying C. borneensis) is the same as P. thalicus Davies. Thus, we
conclude that both microspheric and macrospheric specimens should be assigned to a
species other than P. thalicus. Although Caudri (1934) described C. borneensis first, it is
more appropriate to use the name P. taballarensis Caudri (published in the same publi-
cation, but some pages later), since most of the species are macrospheric forms and the
microspheric forms are extremely rare. From the above it is clear that the only illustra-
ted and documented record of Ranikothalia from the Indonesian region is erroneous
and that these specimens should be reassigned to Palaeonummulites.

In the type sample from Sungai Taballar one specimen (an axial section) has been
found that has a much smaller proloculus and more pronounced pustules extending
over a larger part of the test. It resembles P. cuwillieri Sander, 1962 from Oman (Racey,
1995), a species that is abundant in India in strata of similar age (Saraswati et al., 2000).
Since it is only one specimen, and we have not been able to find more specimens to
obtain equatorial sections, consequently we do not report P. cuvillieri from Indonesia
in this paper.

Geographic distribution — Only known from Borneo (Sungai Taballar; van der
Vlerk, 1929) and Sumba (Caudri, 1934). The fact that the only previously published
records of Ranikothalia from the Indonesian region are now reassignable to a different
genus (i.e., Palaeonummulites) has important palaeobiogeographic indications in that it
lends support to the idea that the genus Ranikothalia is restricted to the Indian Subcon-
tinent and the Middle East (see also Racey, 1995; Haynes et al., in press).

Stratigraphic range — In Borneo this species is found together with P. beaumonti and
P. wvariolarius indicating a middle to late Lutetian age. The stratigraphic range in
Indonesia is interpreted as Lutetian.

Palaeonummulites variolarius (Lamarck, 1804)
Fig. 6.18; PL. 11, figs. E-H.

*1804 Lenticulites variolaria Lamarck, p. 187.
1829  Nummularia variolaria (Lamarck, 1804) — Sowerby, p. 76.
1875 Nummulina variolaria Lamarck, 1804 — Sowerby, p. 533.
*1891 Nummulites bagelensis var Ib, Ilc and 1Id Verbeek, p. 67.
1896 Nummulites bagelensis var. Ib, Ilc and IId Verbeek, 1891 — Verbeek & Fen-
nema, p. 1101.
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1905 Nummulites variolarius Sowerby, 1829 — Deprat, p. 495.

1912b Camerina variolaria (Sowerby, 1829) — Douvillé, p. 256.

1929  Nummulites variolarius Sowerby, 1829 — van der Vlerk, p. 21.

1929  Nummulites bagelensis Verbeek, 1891 — van der Vlerk, p. 18.
*1932  Camerina semiglobula Doornink, p. 292.

1932 Camerina mamilla Fichtel and Moll, 1798 — Doornink, p. 290.

1934 Camerina bagelensis Verbeek — Henrici, p. 25.

1934  Camerina variolaria Sowerby — Henrici, p. 27.

non
1932 Nummulites variolarius (Lamarck, 1804) — Doornink, p. 287-288
(= P. taballarensis Caudri)

Material — More than 40 specimens, including 10 equatorial and 5 axial sections
of both A- and B-forms from Nanggulan (Central Java, RGM 20129). Over 40 speci-
mens, including 10 equatorial and 5 axial sections of both A and B-forms from Ralla
(Sulawesi, RGM 20130). Twenty specimens including 5 equatorial sections of A-
forms and 10 equatorial sections of B-forms from Sungai Seilor and Taballar (RGM
19076-19105).

A-form — Small, biconical test up to 2.5 mm in diameter and up to 1.7 mm thick,
diameter/thickness ratio average of 1.6. Septal filaments straight to S-shaped, radiat-
ing from a polar pillar occasionally developing secondary filaments. In equatorial sec-
tion, tightly coiled, comprising up to 5 whorls that open very regularly (Fig. 6.18).
Chambers as high as broad or slightly higher than broad. Septa perpendicular to mar-
ginal cord, strongly curving backwards in their distal part. Marginal cord about 1/5
or less of the chamber height. In axial section a clear umbilical pillar is present. Pro-
loculus very small, 0.05-0.15 mm in diameter.

Whorl number 1 2 3 4 5
Radius (mm) 02 043 072 0.95 1.25
Chambers 7 1 13 16 20

1,51

0,51

radius (mm)

2 4 6

whorl number whorl number
macrospheric generation microspheric generation

Fig. 6.18. Coiling diagram of Palaconummulites variolarius (Lamarck).
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B-form — Similar to the A- form, though slightly larger, up to 4 mm in diameter
and up to 2.5 mm thick with D/T of 2.1 on average. Septal filaments straight to S-
shaped with polar pillar. In equatorial section comprises of up to 6 whorls, that open
gradually (Fig. 6.18). Marginal cord quite thick, irregular. Septa oblique and curved in
their distal part. Chambers in the first whorls higher than broad, isometric in the last
whorls. Marginal cord 1/6 of the chamber height. In axial section the polar pillar is
more pronounced than in the A-form.

Whorl number 1 2 3 4 5 6
Radius (mm) 0.1 030 045 075 1.2 1.8
Chambers 8 12 14 18 26 30
Remarks — This species may be confused with P. globulus (Leymerie) which

Blondeau (1972) suggests was the precursor of P. variolarius. Both A and B-forms are
smaller than P. globulus and in axial section the polar pillar is less pronounced than in
b. globulus. Furthermore, the A-form of P. variolarius is more tightly coiled and has
fewer chambers in each whorl than P. globulus. The B-form of P. globulus has more
whorls and is much larger than the B-form of P. variolarius.

The taxonomic status of this species is unclear. It was described by Lamarck (1804)
without an accompanying illustration or type locality. Lamarck (1804) placed it in the
genus Lenticulites, although he had erected the genus Nummulites just three years ear-
lier (Lamarck, 1801). Sowerby (1829) who referred in his record to the description of
Lamarck (1804) was the first to figure this species. Blondeau (1972) mentioned P. vario-
larius from a broad range of localities including England, the Paris Basin, the
Aquitaine basin, northern Africa, the former Soviet Union and New Caledonia.

Specimens of N. bagelensis Ib, Ilc and IId of Verbeek in the NNM collections all
belong to this species, as do specimens identified as N. bagelensis from Borneo by van
der Vlerk (1929).

Geographic distribution — Indonesia: widely distributed throughout Indonesia,
Java, Borneo, Timor, Sulawesi, Nias, and Sumba. Elsewhere: only rarely included in
studies dealing with the Nummulitidae (see above). Blondeau (1972) reports it from
England, France, Belgium, the former Soviet Union, Egypt, Somalia, Mozambique and
New Caledonia.

Stratigraphic range — The oldest occurrences are in association with N. djokdjok-
artae, or P12, whilst the youngest record on Java is from the Discocyclina layers in the
Nanggulan section, dated as later Middle Eocene (P12, late NP16), lowermost Barton-
ian (Lunt, 2000a,b). On Sulawesi (Ralla) it is found in P15-P17 sediments, and in Timor
in P16 sediments. Blondeau (1972) suggested a range from the Lutetian to Bartonian.

The stratigraphic range in Indonesia is estimated to be Middle-Late Eocene (Ta3-
Tb: middle Lutetian — Priabonian).
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Genus Planocamerinoides Cole
Type species — Nummularia exponens Sowerby, 1840.

Diagnosis — Test planispiral, compressed often with an inflated polar region and
marked central depression; spire tightly and uniformly coiled, many whorls, quasi
—evolute, i.e. alar prolongations pinched off though spiral sheet extends towards the
poles; opening rate less than 1.5d; chambers regular more than 1.5 X as high as broad,
marginal cord finely developed and generally <1/4 chamber height. In axial cross-sec-
tion chambers are triangular, often increasing in height towards the periphery. A pro-
nounced difference in diameter between the B-form and the A-form generation is usu-
ally noted in larger Eocene species.

Stratigraphic range — Common from the Late Palaeocene to Middle Eocene.

Discussion — Assilina d’Orbigny, 1826 (type species Assilina depressa d’Orbigny,
1850) differs from Planocamerinoides in having a completely evolute, flat to flatly lentic-
ular test, often with a central depression, a more rapidly opening spire (approximately
2d) spire and a thicker marginal cord.

The taxa described below have traditionally been assigned to Assilina which was
broadly divided by Schaub (1981) into two main groups, the A. exponens and A. spira
groups. All forms described below from Indonesia have been reassigned to Plano-
camerinoides as defined above following Haynes (1988) and Haynes et al. (in press).
Planocamerinoides broadly encompasses most of the species previously assigned to the
Assilina exponens group by Schaub whilst Assilina is used mainly for species previous-
ly assigned to the Assilina spira group by Schaub (1981).

Planocamerinoides is a rare genus in Indonesia, confined to a limited number of
localities, and usually occurs in indurated solid carbonates, making it difficult to iso-
late and describe. One of the species discussed herein is included though the authors
have not seen specimens, but the unique morphology warrants recognition (P. umbili-
cata Rutten in van Waterschoot van der Gracht).

Another species that, if proven valid, should be called P. discoidea (Caudri) is not
included because of its current uncertain status. Specimens similar in appearance to P.
discoidea, described by Caudri from Sumba, have also been found on Borneo (as Assili-
na granulosa d’Archiac var minor Heim; Yabe, 1921) and at Kali Worowari (Java). It is a
small, macrospheric Planocamerinoides without umbonal depression but with parallel
sides. It co-occurs with P. spec. 1 and it probably should be assigned to Operculina
instead of Planocamerinoides.

Planocamerinoides orientalis (Douvillé, 1912b)
Fig. 6.19; P1. 12, fig. F.

*1912b Assilina orientalis Douvillé, p. 263.
1921 Assilina orientalis Douvillé, 1912b — Yabe, p. 105.
1934 Assilina orientalis Douvillé, 1912b — Caudyri, p. 83.
cf. *1953  Assilina laminosa Gill, p. 76-86.
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cf. #1953 Assilina sublaminosa Gill, p. 76-86.
cf. 1999 Assilina laminosa Gill — Akhtar & Butt, p. 136.

Material — One axial section of an A-form from Nias (holotype) and several
oblique sections from the same locality (RGM 11879).

A-form — Test inflated lenticular with a sharp edge, diameter 5-5.8 mm, thickness
1.5-2.2 mm and D/T = 1.5-2.5. Some specimens show a poorly developed granulated,
umbo (e.g., Caudri, 1934, pl. II, fig. 1). The lateral surface of the test is generally
smooth, while radiate, slightly curved septa are visible as a septal ridges.

In equatorial section (Doornink, 1932, text-figs 17-18) spire tight, opening very
gradually. Chambers equidimensional, septa perpendicular, slightly recurved towards
their tops. Marginal cord 1/4 of chamber height. In axial section, a very thick spiral
sheet extends towards the poles and coarse pillars occur in the central part of the test
which reach the lateral surface of the test. Chambers in axial section have a strongly
tapering, arrow head shape. Proloculus 0.15-0.25 mm in diameter.

Whorl number 1 2 3 4 5
Radius (mm) 05 09 14 19 23
Chambers 9 21 24 ? ?

B-form — Not found.

Remarks — Easily recognised in axial section by the very robust appearance with
thick spiral sheet and coarse pillars in the polar region. The Indonesian specimens are
larger than P. sublaminosa (Gill, 1953), from the lower Eocene of Pakistan (Gill, 1953;
Akhtar & Butt, 1999), which reaches only 2-3.6 mm diameter and are otherwise simi-
lar. P. sublaminosa may be the predecessor of P. orientalis.

Geographic distribution — Indonesia: Borneo, Java, Nias and Sumba. Elsewhere: NW
Pakistan (Gill, 1953).

radius (mm)

2 4 6
whorl number Fig. 6.19. Coiling diagram of Planocamerinoides ori-
macrospheric generation entalis Douvillé
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Stratigraphic range — Occurs with P. beaumonti on Nias (Douvillé, 1912b) with Alve-
olina ovicula and P. beaumonti on Sumba (Caudri, 1934); with Palaconummulites tabal-
larensis and Discocyclina javana (small form) on Sumba (Caudri, 1934), and with P. pen-
garonensis on Borneo (Yabe, 1921). The suggested range for this species based on the
associated microfauna in Indonesia is Letter Stage Ta, Middle Eocene, middle to
upper Lutetian to possibly basal Bartonian.

Planocamerinoides sp. 1
Fig. 6.20; PI. 12, figs. G-K.

1896  Assilina spira de Roissy, 1805 — Verbeek & Fennnema, 1896;
p- 1102-1103.

1896 Nummulites (Assilina) leymeriei d’ Archiac & Haime, 1853 — Verbeek
& Fennema, p. 1103-1104.

1912b Assilina granulosa d’Archiac, 1847 — Douvillé, p. 263.

cf. 1921 Assilina granulosa d’ Archiac var minor Heim- Yabe, p. 105.

1932 Assilina granulosa d’Archiac — Doornink, p. 301-303.

1932 Assilina spira de Roissy — Doornink, p. 303.

1934 Assilina spec. granulosa-exponens (pars) — Caudri, p. 34-39.

Material — Rare species, 5 specimens from Jiwo, including 2 equatorial sections of
B-forms and 1 of an A-form (RGM 20214).

A-form — Test lenticular to flattened lenticular with a subrounded periphery,
diameter 5-7 mm, thickness 1.5-2 mm, D/T = 3.2-4.0. Granules in central part of the test
which is occasionally slightly depressed. Septal ridges are visible in relief in the outer
part of the test. In equatorial section comprises up to 4.5 whorls of similar height.
Chambers regularly spaced of similar length in all whorls, slightly higher than broad.
Marginal cord 1/3-1/4 of chamber height. In axial section quasi-evolute with the alar
prolongations pinched off by the spiral sheet which extends towards the poles in all
whorls. Lateral sides of the test are parallel, without a polar depression. Proloculus
0.3-0.55 mm in diameter.

Whorl number 1 2 3 4
Radius (mm) 11 16 21 27
Chamber 11 20 24 32

B-form Test flat with a sharp periphery, with spire and septa visible as ridges on the
test surface. Test diameter up to 20 mm, thickness 1.5-2.5 mm and D/T = 4.8-5.2. Polar
region finely pillared. In equatorial section the spire opens regularly, and has rectangu-
lar chambers which are 1.5-2 X as high as broad. Septa straight, perpendicular to
slightly inclined, arcuate in the outermost part. Marginal cord 1/4 of chamber height.
In axial section the spiral sheet extends towards the poles, whilst the alar prolongations
are pinched-off. Lateral surface of the test parallel, without a polar depression.

Whorl number 1 2 3 4 5 6 7 8 9 10
Radius (mm) 02 05 07 11 15 22 28 37 49 63
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Remarks First reported by Verbeek & Fennema (1896) as Nummulites (Assilina)
leymeriei (A-form), which was assigned to Assilina granulosa by Doornink (1932).
Schaub (1981) discussed the synonymy of Assilina laxispira De la Harpe, 1926, which
included Assilina granulosa. However, A. laxispira is fully evolute and the spiral sheet
is pinched off on the previous whorl. In the Indonesian specimens labelled as Num-
mulites (Assilina) granulosa and figured by Verbeek & Fennema (1896, fig. 93), the spi-
ral sheet is not pinched off and clearly reaches towards the poles. The Indonesian
specimens should therefore be reassigned to Planocamerinoides.

The drawings and descriptions of Verbeek & Fennema (1896) represent the only
data available on the microspheric generation of this species in Indonesia. In both
figures and description it is clear that this species, originally recorded as Assilina spira,
should be reassigned to Planocamerinoides. Assilina spira has no extending spiral lami-
nae and is fully evolute, thus the Indonesian specimens should be reassigned to
another species. All measurements and figures resemble P. exponens, though the size is
in the lower part of the range given by Racey (1995). Schaub (1981) suggests that P.
exponens is replaced by P. cancellata in the eastern Tethys. However, P. cancellata is
even larger than P. exponens and more tightly coiled (Racey, 1995). The Indonesian
specimens are rather small and have a slightly looser spire than P. exponens. Some of
the specimens shown by Caudri (1934) match this species, for example her figures 6
and 7. At all localities the A- and B-forms occur together and are therefore inferred to
represent a microspheric-megalospheric pair.

Geographic distribution — Indonesia: Java, Borneo, Nias and Sumba.
Stratigraphic range — Occurs with Nummulites javanus at some Middle Eocene

localities in East and Central Java correlating to the late Lutetian or early Bartonian
stages.
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Fig. 6.20. Coiling diagram of Planocamerinoides spec. 1.
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Planocamerinoides umbilicata (Rutten in van Waterschoot van der Gracht, 1915)
Fig. 6.21; P1. 12, figs. L-P.

*1915 Nummulites (Assilina) umbilicata Rutten in van Waterschoot van der Gracht, p. 60.
1934 Assilina spec. granulosa-exponens type (pars) — Caudri, p. 34.

non:
*1938 Assilina umbilicata de Cizancourt, p. 23.

Material — No specimens were available for study and consequently the descrip-
tion below is based on the drawings provided by Rutten in van Waterschoot van der
Gracht (1915). On p. 60 (ibid.) an equatorial and an axial section of a microspheric
form and an axial section of a macrospheric form are shown (reproduced as PI. 12 figs.
M-P).

A-form — Not mentioned in the type description, apart from the remark that some-
times the first chamber is rather large. However, a figure of an A-form was provided
(p. 60, fig. 6.36) on which the following description is based.

Test lenticular with a polar depression and sharp periphery, diameter cannot be
measured, thickness 2.1 mm, D/T unknown. The spire consists of six fairly tightly
coiled whorls. In axial section the spiral sheet extends over the previous whorl,
though after the third whorl, the spiral sheet does not reach the central part of the test.
Proloculus 0.25 mm in diameter.

Whorl 1 2 3 4 5 6
Radius (mm) 03 07 11 17 24 28

B-form — Test lenticular to flattened lenticular with a distinct polar depression and
sharp periphery, diameter up to 11 mm, thickness up to 2.5 mm and D/T = 4.4. Gran-
ulated in centre, with granules aligned along straight, radiating (septal) ridges in the
peripheral part of the test. In equatorial section very uniformly coiled, with chambers

radius (mm)

2 4 6
whorl number
macrospheric generation

2 4 6 8 10

Fig. 6.21. Coiling diagram of Planocamerinoides umbi- whorl number
licata (Rutten in van Waterschoot van der Gracht). microspheric generation
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2 X broader than high to equidimensional. Septa straight, perpendicular. Up to 9
whorls in figured specimens and 11 whorls in the written description.

Whorl 1 2 3 4 5 6 7 8
Radius (mm) 04 06 1 14 21 27 32 41
Chambers 8 17 22 24 31 34 37 38

Remarks — Apart from the description by Rutten (in van Waterschoot van der
Gracht, 1915), little is known about this species. The clear umbilical plug is not seen in
any other Indonesian species of Planocamerinoides and it might well be a distinct
species. Some of the specimens described by Caudri (1934) match the description of
this species though she did not provide any illustrations against which this can be
confirmed. Caudri (1934) discussed the taxonomy of Indonesian assilinids, and con-
cluded that the specimens from Java and Sumba probably comprised a group of very
similar species. The main characters she used were; the test shape in axial section,
chamber shape and, number of chambers in each whorl. Her primary conclusion was
that none of the specimens studied could be matched with P. exponens or A. granulosa
(= A. laxispira) and that these species could not therefore be identified in the Indone-
sian specimens, a conclusion supported by the present study.

In 1938, de Cizancourt described the A and B-form pair Assilina umbilicata-A. sub-
umbilicata from the Early Eocene of Afghanistan. As Schaub (1981) discussed, the
species of Rutten (in van Waterschoot van der Gracht, 1915) has priority and the
species described by de Cizancourt (1938) should be called P. subumbilicata (de Cizan-
court, 1938). It has many characteristics in common with P. umbilicata, is notably
smaller with a maximum diameter of about 5.5 mm in the microspheric generation.

Planocamerinoides umbilicata Rutten falls in the group of P. reicheli as described by
Schaub (1981, p 215-218), which is characterised by a spiral sheet which extends over
the previous whorl, but does not reach the centre of the test. None of the species in
this group figured by Schaub (1981) show such a clear umbilical depression as seen in
P. umbilicata. This very characteristic test-shape and coiling mode is the main reason
why we regard this species as a valid species, without seeing any new specimens.

Geographic distribution — Indonesia: Sulawesi and probably Sumba.

Stratigraphic range — In Sulawesi this species co-occurs with P. variolarius (van
Waterschoot van der Gracht, 1915) whilst in Sumba it was found in association with
Nummulites beaumonti and Assilina orientalis (Caudri, 1934) suggesting a Middle Eocene,
Ta; age, late Lutetian age).

Stratigraphy

The occurrence of a certain species is not always due to its stratigraphical range,
but due to facies control. Although contemporaneous, it is remarkable that N. djokd-
jokartae and N. javanus never have been found co-occurring in one sample. A range
chart for the taxa in this study is given in Figure 6.18 and has been composed from the
co-occurrence of species in the various sections shown in Figure 6.5. Independent age
dermination of some localities using nannoplankton, planktonic foraminifera, dinofla-
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gellates and, in the Oligocene stable strontium isotopes have been used in this age cal-
ibration. The species limits in Figure 6.18 reflect current knowledge and are likely to
change as more data become available. As with the occurrence of studied sequences
(Fig. 6.5), the boundaries are chosen to coincide with the boundaries of the Letter
Stages, as units of faunal stability. The interval of greatest uncertainty is the Ypresian
to lower Lutetian due mainly to a lack of sequences containing larger foraminifera.
However, modern geological models (cf. Netherwood, 2000) suggest most sedimenta-
ry basins in Southeast Asia only came into existence from the middle Middle Eocene
onwards (middle Lutetian) so lower Lutetian and older sections may not be present,
or rare and would be overlain by a major unconformity. In East Indonesia / Papua
New Guinea where there are older Eocene and Paleocene sedimentary rocks, but they
are invariably in deep marine facies and tend to lack larger foraminifera.
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Fig. 6.22. Stratigraphic ranges of the species of the genera Nummulites, Palaconummulites and

Planocamerinoides in Indonesia.



Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002) 165
Conclusions

1. Having reviewed available records of Nummulites, Assilina and Ranikothalia from the
Indonesian Archipelago including the sampling and analysis of several additional
localities it is concluded that seven species of Nummulites, seven of Palaeonummulites
and three of Planocamerinoides are valid. These are redescribed and illustrated, many
for the first time.

2. Many of the taxa described and illustrated herein have their age ranges significantly
refined through the integration of new data from associated planktonic foraminifera,
nannofossils, dinoflagellates and Sr-isotopes (in the Oligocene only). These data have
been integrated to produce a revised zonation which is shown in Fig. 6.22.

3. Far fewer Paleogene nummulitids are known from the Indonesian Archipelago than
from the western Tethys. Moreover, unlike the western Tethyan region, there are no
verifiable records of nummulitids older than Middle Eocene in the Indonesian Archi-
pelago. Published records of Nummulites, Assilina and Ranikothalia suggested that up
to 70 species may be present. After reviewing the records, we conclude that only
about 16 of these are valid and we have tabulated the various reinterpretations of the
“original” 70 taxa by geographic area in Tables 6.1-6.8.

4. The Indonesian Nummulites and Palaeonummulites show more limited morphologi-
cal variation than their coeval forms from the western Tethys. For example, the maxi-
mum size of the Middle Eocene Indonesian forms is about 45 mm, whilst in the west-
ern Tethys some species attain test diameters of up to 120 mm (Schaub, 1981). Tripar-
tition of the spire and reversals in the direction of coiling, features which are relatively
common in western Tethyan Middle Eocene species, have not been observed in the
material studied. Intercalatory whorls (common in Middle Eocene Tethyan species)
were only rarely observed in Indonesian material, being noted in N. djokdjokartae, N.
nov. spec. and N. boninensis. Likewise, the species of Planocamerinoides recorded from
the region show far lower diversity and morphological variation than their western
Tethyan counterparts.

5. Several species previously described as Nummulites are reassigned to Palaeonum-
mulites. These include N. beaumonti, N. crasseornatus, N. pengaronensis and N. variolar-
ius. Palaeonummulites taballarensis was previously assigned to Ranikothalia, whilst one
new species of Palaeonummulites is described. The first record of Nummulites sensu stricto
in Indonesia is in the mid Middle Eocene, equivalent to the middle Lutetian stage.

6. All Indonesian species previously assigned to the genus Assilina from the Indone-
sian Archipelago, for which material and/or illustrations were available, are reas-
signed to Planocamerinoides. It is tentatively concluded that Assilina sensu stricto (as
defined in Haynes et al., in press) is not therefore present in the Indonesian Archipel-
ago and is therefore restricted to the Mediterranean, Middle East and Indian subconti-
nent. This may reflect absence of strata of pre-mid Middle Eocene age in the region, as
mentioned above.

7. Records of Ranikothalia, especially of the species “nuttalli” from the Indonesian
Archipelago are considered suspect and it is suggested that the genus is not in fact
present in the region; previous records are reassigned to Palaeonummulites. Ranikothalia
is therefore considered, restricted, to the Indian subcontinent and the Middle East (see
Haynes ef al., in press), for stratigraphic rather than palaeogeographic reasons.
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7. Palaeogene larger foraminiferal generic diversity in southeast Asia as
compared to the western Tethys

Introduction

Scleractinian corals, several families of benthic molluscs and other taxa living in shal-
low marine, tropical conditions have their highest current diversity in the Indo-West
Pacific (IWP) region (Paulay, 1997). Diversity within the IWP region peaks in Indo-
Malaysia, is relatively even across the Indian Ocean, and falls gradually eastward across
the western and central Pacific (Paulay, 1997). Other, less diverse, faunal provinces are
the East Pacific, West Atlantic (including the Caribbean) and the East Atlantic. Of
these, the West Atlantic is the most diverse (Paulay, 1997). Larger symbiont-bearing
foraminifera also show this biogeographical pattern (Hottinger, 1983; Langer & Hot-
tinger, 2000). The main faunal provinces are the Caribbean and the IWP. Some gen-
era/species have a circum-tropical distribution (e.g., Heterostegina depressa, Sorites
orbiculus), while others are restricted to the Caribbean (e.g., Cyclorbiculina compressa;
Langer & Hottinger, 2000). The Caribbean Province houses only about 60% of the
number of genera compared to the IWP. Within the IWP, there are faunal differences
between the West Pacific (including South Japan, the Philippines and Indonesia) and
East Africa (including the Red Sea and the East African coast). For example, the genus
Calcarina occurs in the IWP, but is absent from East Africa and the Red Sea, whilst for
Heterocyclina tuberculata holds the opposite.

Three parameters determine the occurrence of larger foraminifera, temperature,
oligotrophy and life history. Symbiosis is only profitable (for both host and symbiont)
in high temperatures (Hallock, 1987; Hollaus & Hottinger, 1997). The distribution of
larger symbiont-bearing foraminifera is restricted to a world-wide climatic belt bor-
dered by the 15-20°C minimum temperature range (Adams et al., 1990; Langer & Hot-
tinger, 2000), similar temperature limits have been observed for zooxanthellate corals
(Adams et al., 1990; Veron, 1995). All species have a different sea surface water tem-
perature limit in the coldest winter month, the area showing highest diversity is the
area with the highest sea surface temperature (Langer & Hottinger, 2000). Amphistegi-
na has the largest tolerance (>14°C in the coldest month), while Operculina heterostegi-
noides and Alveolinella quoyii have the most limited temperature tolerance (>26°C in
the coldest month).

The biogeographic distribution of living larger foraminifera is controlled by the
extent of oligotrophic watermasses (Langer & Hottinger, 2000). The geometric delimi-
tation of faunal provinces does not reflect an important role of the surface currents as
the main agents for the distribution and propagation of shallow benthic species. More
over, the main faunal provinces are now bounded by the extent of landmasses and
upwelling zones (Langer & Hottinger, 2000). On a smaller scale, the input of terrestrial
run off affects the distribution patterns of species on a regional or local scale (Langer
& Hottinger, 2000; Chapter 3, above).

Larger foraminifera are K-strategists with relatively long life-cycles that favour sta-
ble conditions (Hallock, 1987; Hottinger, 1990; Chapter 3, above). Larger foraminiferal
species richness is highest in oligotrophic regions of the modern day oceans. However,
the largest part of shallow marine seas (<100 m depth) are coastal areas influenced by
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terrestrial run off. Going offshore there is a gradient from eutrophic to oligotrophic
and also a gradient in species diversity of larger foraminifera (Chapter 3, above). The
influence of seasonal changes in environmental parameters is also affected by distance
to shore. Stable oligotrophic conditions allow larger foraminifera to become highly
specialised to specific levels of light availability (Hallock, 1987). In less oligotrophic
conditions, these specialised forms disappear due to habitat loss and increased sea-
sonal variability (Hallock, 1987; Chapter 3, above). Larger foraminifera tend to adapt
to increasing water depth by increasing their surface area to volume ratio. Large flat,
deep living species have very long generation times (Purton & Brasier, 1999) and are
therefore extremely vulnerable to periods of adverse environmental conditions. The
deep and long living species are generally absent in areas with more seasonal influ-
ences in either nutrient availability (transparency) or hydrodynamic energy (Hallock,
1987, 1988; Chapter 3, above).

The broadscale distribution of larger foraminifera is controlled by the same limiting
environmental parameters as zooxanthellate corals (Adams et al., 1990) and in modern
day distribution patterns can in part be explained by environmental conditions (Paulay,
1997). However, as for the examples of Wilson & Rosen (1998) and Renema (Chapter 4,
above) showed in fossil respectively Recent setting, scleractinian corals and larger ben-
thic foraminifera are found in different facies types on reefs and carbonate platforms.

In both groups, the Indo-West Pacific (IWP) is the richest in the world, followed by
the Caribbean; hardly any larger benthic foraminifera or zooxanthellate corals are
found in the Mediterranean. Within the IWP diversity is highest in the Indo-Malayan
area (Paulay, 1997). This diversity pattern can in part be explained by modern day
conditions. The surface area of reefs and carbonate platforms, that is the biotope in
which larger foraminifera production and preservation potential is highest, in the
Indo-Malayan region is the largest in the world. Furthermore, oceanographic condi-
tions differ markedly between the regions, and constrain community structure and
habitat diversity (Hallock, 1988; Hubbard, 1997).

However, present day conditions alone can not explain all differences in taxonomic
diversity and uniqueness. Biogeographical patterns are the result of three categories
of biological processes, related to, respectively, maintenance, distributional change
and origination (Rosen, 1988). Maintenance are those processes by which an organism
maintains its presence in a particular area. Extinction can be seen as the failure of an
organism to maintain itself. Distributional change represents those processes by
which an organism survives in response to changing environmental conditions by
shifting its geographical range, for example, in following the most suitable habitat.
Origination is related to the evolution of new taxa (Rosen, 1988). The larger the geo-
graphical and stratigraphical scale, the more influence tectonic, climatologic and
oceanographic changes have on the observed patterns. Changing positions of land-
masses can create or remove barriers, whilst climatologic changes directly affect the
range of latitudes at which larger foraminifera can be expected to occur. However,
within this zone differences in seasonality and rainfall (among other parameters) in-
fluence the distribution of taxa. Therefore, palaeogeographic and palaeoceanographic
changes in the geologic history should be considered as well in order to understand
present day biogeographical patterns.

Larger foraminifera, which are essentially circumtropical in distribution, have long
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played an important role in discussions on Cenozoic climate optima. Changes in lati-
tudinal range are easily recognised. Generic diversity is greatest in the tropics and de-
creases rapidly when, in the coldest months of the year sea-surface temperature (SST)
falls below 25°C; larger foraminifera disappear when temperatures drop below 16°C
(Adams et al., 1990; Adams, 1992; Langer & Hottinger, 2000). Analogous to the Recent
distribution, expansions and contractions in the latitudinal range of larger benthic
foraminifera, have been used to indicate epochs with relatively high (sub)tropical SST
(Adams et al., 1990; Adams, 1992; McGowran & Li, 2000). For regional comparison of
diversity patterns, however, Palaeocene-Eocene records are relatively rare from Indo-
Malaysia, and the Neogene, especially the Middle-Late Miocene has been understudied
in previous work (Adams et al., 1990; Adams, 1992).

The configuration of reefs as found in the present-day ocean did not start to devel-
op before the Oligocene. During most of the Palaeogene, reefs mainly occupied shal-
low epi-continental seas, whilst today they are concentrated along the western side
of oceanic basins along continental margins (Kiessling et al., 1999). Larger benthic
foraminifera occur both on the reef sensu stricto and in fore and back reef settings, as
well as on carbonate shelves lacking reefal structures (Arni, 1965; Reiss & Hottinger,
1984; Chapter 3, above). Preservation potential is higher for species living around the
reefs on carbonate platforms (or even carbonate platforms without reefs) than for larger
foraminifera living on the reef. Reefs, as biologically produced rigid structures that
stand topographically high above their surroundings, increase the habitat diversity
and thus the number of species (genera) occurring in the area. On the Recent Sper-
monde shelf (southwest Sulawesi), seven out of 19 species, occur only on the reefs
(Chapter 2, above). In the empty larger foraminiferal tests found on the basin floor sur-
rounding the reefs, all species that live only attached to solid substratum were present.
However, some were very rare and were only found next to the reefs (Chapter 4,
above). Thus, to get a realistic view of the foraminiferal diversity in an area it is impor-
tant to study as many habitats as possible.

The Cenozoic history of the diversity patterns seen in the Recent fauna is poorly
known for the IWP. Wilson & Rosen (1998) have shown that high diversity assem-
blages of zooxanthellate corals, did not appear in the Indo-Malayan region until the
start of the Neogene. During most of the Palaeogene, zooxanthellate coral diversity
was much higher in the western Tethys, especially in Europe. However, Palaeogene,
and especially pre-Chattian, corals are rare in the IWP and unevenly spread through
time. They are found in several (Middle) Eocene assemblages, but the Late Eocene to
Early Oligocene is poorly represented in their data set. Wilson & Rosen (1998) argued
that the IWP was not a centre of diversity for zooxanthellate corals during the Palaeo-
gene. Instead, this centre was positioned within the western Tethyan realm in Europe.
With the Australian plate moving northward into warmer areas during the Oligocene
to Miocene, the isolation of the Indo-Pacific area decreased and diversity of zooxan-
thellate corals increased (Wilson & Rosen 1998). In the meantime in Europe, zooxan-
thellate coral diversity increased until the Burdigalian, and then gradually decreased.
At the end of the Messinian zooxanthellate corals went extinct in the Mediterranean
(Wilson & Rosen, 1998; Rosen, 1999)

For most of the Cenozoic, and especially the Palacogene, the larger foraminiferal
fauna from the Caribbean (Fig. 7.1) differed markedly from the European and South-
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east Asian faunas (Adams, 1973, 1983, 1992; Adams et al., 1990), the latter being very
similar at generic level during the Palaeogene. After the collision of Africa with Eur-
asia, marking the closure of the Tethys Ocean during the Miocene, the Indo-Pacific
faunal elements were no longer able to reach Europe (Adams, 1973).

Southeast Asian Palaeogene carbonates are dominated by larger foraminifera and
coralline algae. The foraminiferal genera Nummulites and Palaeonummulites occurred
abundantly within the western Tethyan realm. In the present study, diversity patterns
and species occurrences of these genera from the Palaecogene of Europe, Oman and
Southeast Asia are compared. The patterns of species distribution within these genera
are then compared with the generic diversity pattern of larger foraminifera in the
Cenozoic of Southeast Asia and Europe, so as to evaluate Palaeogene geologic events
in relation to (geographical) diversity patterns.

Palaeogeographic events influencing the distribution of larger foraminifera

The distribution of larger foraminifera is influenced by changes in the geography
and distribution of habitats in time. In the Cenozoic the following major changes in the
palaeogeography occurred.

During the Palaeocene and Eocene the Tethys Ocean still existed and formed a more
or less continuous passageway at low latitudes (Fig. 7.1). Extensive shallow marine
areas, including large carbonate platforms existed in the central Tethys and flanked
the northern coast of the African continent.

The Indo-Malayan region is comprised of a complex pattern of several subduction
zones (Hall, 1996; Fig. 7.1). Carbonate platforms did not cover large areas and shelf
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Fig. 7.1. Palaeogeography of the Tethys Ocean during the Lutetian. The map is mainly based on recon-
structions by Dercourt et al. (1993), with additional information from Hall (1996) concerning the East-
ern Tethys. The position of India is arbitrary, other reconstructions (e.g. Kiesling et al., 1999 and Par-
rish & Curtis, 1982) show a smaller or larger gap in between India and Eurasia. The areas of upwelling
(curved arrows) are indicated after Parrish & Curtis (1982). IM = Indo Malaysia, E = Europe, C =
Caribean, ] = Java, B = Borneo, WS = West Sulawesi, ES = East Sulawesi, M = Mindoro.

Black = land, dark grey = shallow marine carbonates, light grey = shallow marine clastics.
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edges were comparatively steep, leaving only few shallow margins. The largest shal-
low water areas were positioned between southwest Sulawesi and Kalimantan in In-
donesia and at Mindoro in the Philippines. Between Australia and the Indo-Malaysian
region a large oceanic basin existed. Around the equator some shallow seas and islands
existed on crustal fragments that nowadays belong to the Philippines. The position of
these shallow carbonate platforms in Fig. 7.1 is inferred from the relative position of
parts of the Philippines and palaeoenvironmental information (Hall, 1996, 1998; Wil-
son & Rosen, 1998), and my own observations on southern Luzon, Mindoro and Min-
danao in the Philippines.

With the continuing rotation of Africa, and the northward movement of India and
Australia the palaeogeographic conuration changed markedly. The most important
change was the final collision of Africa with Eurasia, resulting in the definite closure
of the connection between the Indian Ocean and the Mediterranean in the Serraval-
lian, but the first moment of closure was during the Burdigalian (Rogl, 1998).

During the Chattian to Burdigalian, the extent of shallow seas (and carbonate plat-
forms) in the western Tethys decreased. The reverse was the case for the IWP. Aus-
tralia moved northwards and started to collide with Indo-Malaysia in the Chattian
(Fig. 7.2). The extent of shallow seas, and especially carbonate platforms, increased
markedly during the Chattian and Early Miocene (Wilson & Rosen, 1998), providing
more suitable habitats for larger foraminifera. Deposits bearing larger foraminifera
from this time interval are found over large parts of Java, Borneo and Sulawesi, in the
southern Philippines and over large areas on the Australian block in New Guinea.

Methods

To compare the diversity in Europe and Indo-Malaysia, comparisons were made at
two taxonomic levels. Firstly, species diversity of the genus Nummulites in Europe,
Oman, and Indonesia and the Philippines have been used. The Nummulites data from
Europe and Oman are obtained from reviews of Nummulites by Schaub (1981) and
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Fig. 7.2. Post-Tethyan palaeogeography during the Burdigalian. The map is mainly based on recon-
structions by Dercourt et al. (1993), with additional information from Hall (1996) concerning the East-
ern Tethys. See Fig. 7.1 for legend.
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Racey (1995) supplemented byl stratigraphic information from Sierra-Kiel et al. (1998).
The data on Southeast Asian nummulitids are from Renema ef al. (Chapter 6) who
gathered and critically reviewed earlier records and collections. In Schaub (1981) and
Racey (1995), all involute numulitids with undivided chamberlets were placed in the
genus Nummulites, but Haynes (1988), Haynes et al. (in press) and Renema et al.
(Chapter 6) have shown that the forms with simple radiate septa should be assigned
to Palaeonummulites. In the present study species counts include all species of both
Nummulites and Palaeonummulites in an area per time-slice, as given in the above men-
tioned publications. Additional data from later publications were not taken into
account, in order to prevent a bias to better studied areas, and differing species and
taxonomic concepts between authors.

Secondly, the generic diversity of 11 time slices through the Cenozoic has been
compared between these areas. To evaluate diversity at the generic level, a database
was constructed including as much published data on larger foraminifera as possible,
focussing solely on illustrated records which could be verified. If generic affiliation of
a specimen could not be determined the record was not included. For example, when
only the microspheric generation of Lepidocyclina s.I. was found it is not possible to
establish whether this represented Eulepidina, Lepidocyclina or Nephrolepidina, and the
record was omitted.

Larger foraminifera are a polyphyletic group, recognised mainly by their size and
complex internal structure. Only families showing characters indicative of algal sym-
biosis were included. Such characteristics include stolon systems to facilitate the trans-
portation of symbionts responding to irradiation levels; flosculisation of the lateral
wall; the development of cups and chamberlets within the chambers, and the develop-
ment of lateral chamberlets and pillars to regulate the amount of light getting to the
symbionts.

In general, all genera belonging to the superfamilies (Table 7.1) Nummulitoidea,
Soritoidea and Alveolinoidea are included. It is more difficult within the superfami-
lies Rotaloidea, Asterigerinoidea and Orbitoidoidea (Table 7.1), where not all families
clearly had symbionts. Austrotrillinidae (Milioloidea) are included because of their
alveolate walls indicating a zooxanthellate life habit (Adams, 1968).

Though there still are many problems of classification associated with the defini-
tion of these taxa, no systematic revision has been attempted. This reduces the applic-
ability on the database for the study of provinciality and migrational pathways.

The generic definitions of Loeblich & Tappan (1987) have been used, except where
a more recent revision of a family, subfamily or group of genera was available. Excep-
tions are the genera Lepidocyclina, Nephrolepidina and Eulepidina. Although Boudagher-
Fadel & Banner (1997) proposed a new genus-group classification, the generic subdi-
vision of the Lepidocyclinidae proposed by Sirotti (1982) is used, in which Nephrole-
pidina and Lepidocyclina are considered to have evolved in separate lineages from a
common ancestor, and therefore are separate genera, with Eulepidina evolving from
Lepidocyclina (Sirotti, 1982). The differences can only be observed in A-forms, and thus
all B-forms cannot be identified at the generic level.

The taxonomy of the Soritoidea is not yet resolved. Hottinger (2001) (re)described
several Caribbean genera based on several (mainly) internal morphological characters.
That study showed that generic and higher taxonomy in this group is far from
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Table 7.1. Superfamilies and families included in the database on larger foraminifera occurrences.
Note that the nominate taxa of the families Lepidocyclinidae, Meandropsinidae and Lepidorbitoididae
are not included in this table since they have not been recorded in the studied area.

Superfamily

Families included

Genera included

Milioloidea Ehrenberg

Austrotrillinidae Loeblich & Tappan

Austrotrillina Parr

Alveolinoidea
Ehrenberg

Soritoidea Ehrenberg

Alveolinidae Ehrenberg

Fabulariidae Ehrenberg

Meandropsinidae Henson

Alveolinella Douvillé
Rhabdorites Fleury
Glomalveolina Hottinger
Flosculinella Schubert
Bullalveolina Reichel
Borelis de Montfort
Alveolina d’Orbigny
Praebullalveolina Sirel & Acar
Pseudolacazina Caus
Periloculina Munier-Chalmas &
Schlumberger
Lacazina Munier-Chalmas
Fabularia Defrance
Lacazinella Crespin
Hottingerina Drobne

Peneroplidae Schultze

Soritidae Ehrenberg

Reulina Lamarck

Archiacina Munier-Chalmas
Spirolina Lamarck

Dendritina d’Orbigny
Peneroplis de Montfort
Opertorbitolites Nutall
Orbitolites Lamarck
Praerhapydionina van Wessem
Pseudotaberina Eames
Archaias de Montfort

Sorites Ehrenberg

Globoflarina Fleury
Marginopora Quoy & Gaimard
Cyclorbiculina Silvestri
Parasorites Seiglie & Rivera
Amphisorus Ehrenberg

Asterigerinoidea
d’Orbigny

Amphisteginidae Cushman
Boreloididae Reiss
Lepidocyclinidae Scheffen

Amphistegina d’Orbigny
Boreloides Cole & Bermudez
Nephrolepidina Douvillé
Eulepidina, Douvillé

Rotaloidea Ehrenberg

Calcarinidae Schwager

Miogypsinidae Vaughan

Rotaliidae Ehrenberg (pars)*

Silvestriella Hanzawa

Calcarina d’Orbigny

Baculogypsina Sacco

Baculogypsinoides Yabe & Hanzawa

Miogypsina Sacco

Miogypsinoides Yabe & Hanzawa

Miolepidocyclina Silvestri

Miogypsinoidella Boudagher-Fadel,
Lord & Banner

Lepidosemicyclina Rutten

Neorotalia Bermudez

Pararotalia Le Calvez
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Orbitoidoidea Linderinidae Loeblich & Tappan Linderina Schlumberger
Schwager Eoannularidae Ferrandez-Cafiadell & Eoannularia Cole & Bermudez
Serra-Kiel
Lepidorbitoididae Vaughan Actinosiphon Vaughan
Daviesina Smout
Nummulitoidea Asterocyclinidae Bronnimann Orbitoclypeus Silvestri
de Blainville Asterocyclinag Glimbel
Discocyclinidae Galloway Discocyclina Glimbel
Nembkovella Less
Miscellaneidae Sigal Miscellanea Pflender
Nummulitidae de Blainville Assiling d’Orbigny
Cycloclypeus Carpenter
Grzybowskia Bieda

Heterostegina d’Orbigny
Katacycloclypeus Tan
Nummulites Lamarck
Nummulitoides Abrard
Operculina d’Orbigny
Palaeonummulites Schubert
Planocamerinoides Cole
Radiocycloclypeus Tan
Ranikothalia Caudri
Spiroclypeus Douvillé
Tansinhokella Banner & Hodgkinson
Pellatispiridae Hanzawa Pellatispira Boussac
Biplanispira Umbgrove

* Only the subfamily Pararotalinae, with the genera Neorotalia and Pararotalia. The extant genus Neoro-
talia houses symbionts. Loeblich & Tappan (1987) regarded these genera as synonymous, but Hot-
tinger et al. (1991) have shown sufficient morphological difference to warrant generic distinction.

resolved in the Tethys region, for a large part because of lack of well preserved free-
specimens. Furthermore, specimens of the Soritoidea usually make up only a very
small fraction of the total assemblage and occur patchily.

Although the use of higher level taxonomy increases the problems of interpreta-
tion (Hottinger, 1990), the generic level is used since the taxonomy at species level is
poor within the regions used, as shown by the decrease in species recorded in Indone-
sia from 60 to 14 species in the genera Nummulites and Palaconummulites following a
revision of existing records in Indonesia (Chapter 2, above).

Hottinger (1990) found that there was a non-linear relationship between generic
and species diversity, observing that the lower the number of species in a sample, the
higher the proportion of genera. However, in nearly all samples generic diversity in-
creased with an increasing number of species. According to these findings, comparisons
of diversity between different areas are only useful within the same taxonomic level.

The most basic taxonomical problem is that even within the same family, different
concepts of generic classification have been used by different authors. This problem
cannot be resolved completely. For example, historically there have been researchers
using mainly numerical data for taxonomy (e.g., in Lepidocyclinidae, Discocyclinidae
and Miogypsinidae), while others used typological defined species (in, e.g., Num-
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mulitidae and Alveolinidae). Also, there is no consensus about the value of coiling
patterns for generic classification.

Another problem to deal with is that of stratigraphy. Overviews of the Palaecogene
larger foraminiferal fauna of the Western Tethys (Serra-Kiel et al., 1998) have been
combined with data on planktonic and larger benthic foraminiferal ages. Cahuzac &
Poignant (1997) have done the same for the Oligocene to Miocene of the European
basins, whilst Boudagher-Fadel & Banner (1999) have revised the Oligocene to Miocene
part of the East Indian Letter Classification for the Cenozoic of the Indo-Pacific.
Together with the revision of nummulitids, the stratigraphy of the Palaeogene in the
Indo-Malayan region has been revised (Chapter 6, above.). For localities on Java,
Sulawesi and Luzon, additional stratigraphic data were gathered using planktonic
foraminifera and nannoplankton, and all sections have been calibrated to the chronos-
tratigraphy published by Berggren et al. (1995).

Pliocene data are rare, so the diversity for this period might be lower than repre-
sented in the faunal diagrams. Little attention has been paid to long ranging taxa in
publications dealing with stratigraphy. European faunas include localities from Spain,
France, Italy, former Yugoslavia, and Greece, but exclude Turkey (Fig. 7.1). Indo-
Malaysia (IM) consists of records from Indonesia (without Irian Jaya), Malaysia and
the Philippines (Fig. 7.1), but does not include New Guinea or other areas on the Aus-
tralian plate. The denomination Indo-Malaysia is chosen in preference to Southeast
Asia, since the region studied is smaller than that used by Wilson & Rosen (1998).
However, it is emphasised that it is used as a geographical term and that no biogeo-
graphical implications are intended.

The geochronology used in this paper is based on Berggren et al. (1995). Serra-Kiel
et al. (1998) divided the Palaeocene to Eocene in 20 biozones, based on data from the
Western Tethys (Shallow Benthic Zones, SBZ1-20). The Ypresian comprises SBZ 6-12,
the Lutetian SBZ 13-16 and the Bartonian SBZ 17 and 18. The divisions used in the
present paper have been chosen in a way that most time-slices are of similar length
and that correlation between Europe and the Southeast Asian region is still possible.
The shortest unit used is the Priabonian (3.2 Ma), the longest the Lutetian (7.6 Ma).
For the species level, the Ypresian was divided into three parts, early (SBZ7-9, approx-
imately P6), middle (SBZ9-10, P7-8) and late (SBZ11-12, P9), as was the Lutetian in
which early Lutetian comprises P10 (5BZ13), middle Lutetian comprises P11 (SBZ14)
and late Lutetian comprises most of P12 (SBZ15, 16).

Southeast Asian Palaeogene nummulitid-bearing deposits

During most of the Cenozoic, Southeast Asia consisted of several small, tectonical-
ly controlled basins. Many of these basins experienced rapid subsidence or uplift.
Often, the occurrence of larger foraminiferal species is not determined by replacement
with younger species, but by facies changes (Racey, 1995). Composite sections and iso-
lated samples cover most of the Ypresian to Priabonian in Southeast Asia.

Unfortunately, no reliable Palaeocene to earliest Ypresian records deposits yield-
ing of larger foraminifera bearing deposits are known from Indo-Malaysia. At the
Kudat Peninsula (Sabah), a mixed assemblage of reworked Late Palaeocene and in situ
Early Miocene foraminifera has been found (van der Vlerk, 1951). Hashimoto & Mat-



Renema. Larger foraminifera as marine environmental indicators. Scripta Geol., 124 (2002) 175

sumaru (1981a) interpreted the interval without Miocene foraminifera as in situ Upper
Palaeocene sedimentary rocks. Although undoubtedly Thanetian (or possibly Ypre-
sian) sedimentary rocks were deposited in this area, these have now been reworked
into younger deposits and an exact stratigraphic age for them can not be determined
(van der Vlerk, 1951).

Ypresian deposits are also quite rare, and can only be confirmed from Sumba and
Halmahera. On Halmahera these consist of deep marine sedimentary rocks, whilst on
Sumba it is not clear which part of the Ypresian is present. An age could not be
assigned to the oldest Cenozoic deposits found on Sumba, since no age-diagnostic fos-
sils have been found in these strata. The basal Lutetian is rare, and has only been
found on Timor, Sumba, East Sulawesi, Mindoro and Luzon. For a more complete dis-
cussion see Chapter 6.

Middle Lutetian to Bartonian sedimentary rock are the most widespread Eocene
deposits in Indo-Malaysia. These having been found at 10-14 localities throughout the
archipelago (Chapter 6, above).

Deposits of Early Priabonian age are quite common as well. On Java and South-
west Sulawesi these are of similar marly facies and contain numerous large (up to 3
cm diameter) Discocyclina, Operculing and small Palaeonummulites. Sedimentary rocks
of Late Priabonian age are, however, rare and have only been found in the Melinau
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Fig. 7.3. Stratigraphic ranges of the species of Nummulites (N.) and Palaeonummulites (P.) in Indo-
Malaysia (after Renema et al. (Chapter 6, this thesis).
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Limestone (Sarawak), a carbonate platform deposited from the Bartonian to Early
Miocene (Adams, 1965). The boundary interval between the uppermost Priabonian
and Rupelian is present, but does not contain larger bentic foraminifera. Other deposits
of late Priabonian age have been recorded from Sumba (Caudri, 1934), Sulawesi
(Osimo, 1908) and Luzon (personal observation) and a reworked boulder on Java. For
a more extensive discussion of Indonesian Eocene deposits see Chapter 6.

Species of Nummulites

Pringgoprawiro et al. (1998) reported about 60 species of Nummulites s.I. from
Indonesia. After eliminating synonyms, only seven species of Nummulites are believed
to be valid (Fig. 7.3; Chapter 6, above). Seven additional Indo-Malayan species that
have previously been included in Numimulites should be reassigned to Palaeonum-
mulites (Chapter 6, above.).

The number of nummulitid species per time slice in Indo-Malaysia increased from
two in the late Ypresian to six in the late Lutetian and Bartonian, and dropped back to
two in the Priabonian. In the Rupelian three species were present (Fig. 7.4).

In Europe, North Africa and Oman (data from Schaub, 1981 and Racey, 1995), the
number of species in the Ypresian was higher, in the early Ypresian varying from 2-15,
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Fig. 7.4. Number of species of the genera Nummulites and Palaconummulites per time slice in four
regions of the Tethys. Data for Europe and Northern Africa are from Schaub (1981), those for Oman
from Racey (1995) and those for Indo-Malaysia from Renema et al. (Chapter 6, this thesis). High
species numbers in the Ypresian are artificial because of accumulation of short ranging species.
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in the late Ypresian from 10-30. During the Lutetian to Bartonian, species richness in
Europe, North Africa and Oman are fairly constant, around 17-18 in Europe, and 9-10
in North Africa and Oman. In the Priabonian species number reduced to 10 in Europe,
and 3-4 in North Africa and Oman. The very high species richness in Europe, especial-
ly in the Ypresian, is due to a very detailed zonation and thus an artificially high diver-
sity achieved by oversplitting. Furthermore, the relatively high numbers in the Lutet-
ian and Bartonian can in part be explained by biogeographic provinces within Europe
(West Europe, South Central Europe, East Europe; Hottinger, 1990). Thus, the species
richness patterns are very similar between the four areas, but the number of species is
much lower in the Indo-Malaysian region, especially in the Ypresian and Lutetian.

In Indo-Malaysia test size was largest in the Bartonian, with a maximum test-
diameter of 37 mm. The large species all went extinct at or before the Bartonian-Pri-
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Age (Ma)

Letter Classification*1)

Stage names

Orbitolites
Alveolina
Palaeonummulites *2)
Asterocyclina
Discocyclina
Lacazinella
Assilina *3)
Planocamerinoides
Nummulites
Operculina
Pellatispira *4)
Biplanispira
Heterostegina
Silvestriella *5)
Linderina *5)
Orbitoclypeus
Grzybowskia
Spiroclypeus
Borelis *6)
Parasorites
Praerhapydionina
Tansinhokella
'Archaias’
Austrotrillina *7)
Eulepidina
Cycloclypeus
Amphistegina
Neorotalia
Miogypsinella
Miogypsinoides
Amphisorus
Nephrolepidina
Miolepidocyclina
Flosculinella
Katacycloclypeus
Pseudotaberina
Lepidosemicyclina
Miogypsina *8)
Miogypsinodella
Peneroplis
Radiocycloclypeus
Sorites
Marginopora
Alveolinella
Baculogypsina
Calcarina
Baculogypsinoides
Dendritina
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abonian boundary. In the Priabonian maximum size is 10 mm, but in the Rupelian the
maximum diameter increased to 25 mm (Fig. 7.5).

In the three western Tethyan areas the largest species occurred in the Lutetian, but
the average test size increased.

The size distribution through the Palaeocene and Eocene is very similar between the
four areas (Fig. 7.5). The average test diameter in the B-forms of Nummulites increased
from the Palaeocene to late Lutetian. The maximum size decreased after the Bartonian,
except for a slight decrease at the end of the late Lutetian in Oman. In the Bartonian the
maximum size was still large, but the average decreased into the lower part of the box
containing 50% of the data, indicating a relative higher abundance of small sized
species. In Northern Africa, as in Indonesia, maximum diameter of Nummulites in-
creased again in the Rupelian, with N. sublaevigatus reaching a diameter of 25 mm.

Cenozoic generic diversity

During the Eocene, larger foraminifera were important contributors to carbonate
production in the shallow marine realm of Indo-Malaysia (Wilson & Rosen, 1998). Yet,
compared to Europe, the species diversity within the most important genera of larger
foraminifera is lower. But is the generic diversity also lower in the Indo-Malaysian

<« Fig. 7.6. Range chart of Indo-Malayan larger foraminifera. *1) ‘East Indian Letter Classification” as
used in the present study. Within Southeast Asia it is possible to, for example, subdivide Tf into Tf1-3
(or even more) subunits, but it is not yet possible to correlate these datum planes to the Cenozoic
timescale of Berggren et al. (1995). *2) see Chapter 6. Palaeonummulites is an extant genus, limited to the
West Pacific and easternmost Indian Ocean. Although not often reported, Palaconummulites is regular-
ly recorded in Miocene to Pliocene sediments (e.g. Whitakker & Hodgkinson, 1979; pers. obs. Bulu Lst,
Middle Miocene, Central Java). *3) Assilina has not been observed from Indonesia, and thus not
included in Renema et al. (Chapter 6, this thesis). There is a published record of a specimen that proba-
bly should be assigned to Assilina from the Philippines (Hashimoto et al., 1979). *4) The earliest record
of Pellatispira is several localities were it co-occurs with N. javanus and planktonic foraminifera indica-
tive of P12-P14 (see Renema et al., Chapter 6, this thesis). *5) There are two documented records of Lin-
deria and one of Silvestriella from the region. Osimo (1908) and Provale (1909) provide two records
(Central Sulawesi and East Borneo) for both genera, but all figured specimens of Silvestriella are from
Sulawesi. In a sample from Sangiran (Central Java) collected by Peter Lunt numerous Silvestriella and
Linderina were observed. This sample was collected from a boulder with abundant Pellatispira sp., Dis-
cocyclina sp. and Orbitoclypeus sp., all indicative of a Tb , Late Eocene age. *6) Records older than Tb,
Priabonian of Borelis (e.g. Bakx, 1932; Henrici, 1934) have all been reassigned to other alveolinid gen-
era. Borelis is most common in the Upper Oligocene to Lower Miocene strata, with rare records in the
Upper Miocene and Pliocene. *7) see Adams (1968) and Adams (1970). Co-occurring with Orbulina
universa in the youngest records, thus of Middle Miocene age (Adams, 1970). Youngest record in Tf1,
equivalent to the Langhian. *8) Adams (1992) doubted the validity of records of Miogypsina in the Mid-
dle Miocene, since all records he knew of either could be proven to be reworked or wrongly dated, or
“there was no evidence that they had not been reworked”. Boudagher-Fadel & Banner (1999) place the
extinction of Miogypsina in N12. In Leupold & van der Vlerk (1931) the top Tf2 (about middle Middle
Miocene) was defined by the extinction of, among others, Miogypsina. In the Bulu Limestone (Central
Java), Miogypsina co-occurs with Katacycloclypeus annulatus, a species typical for Tf2. The youngest
records of Miogypsina are with Globorotalia fohsi, in N11-12 (Peter Lunt, pers. com.), thus confirming
the extinction age of Boudagher-Fadel & Banner (1999).
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Globoflarina
Miscellanea
Periloculina
Cyclorbiculina
Hottingerina
Ranikothalia
Nummulitoides
Daviesina
Lacazina
Opertorbitolites
Glomalveolina
Pseudolacazina
Planocamerinoides
Alveolina
Orbitoclypeus
Assilina
Discocyclina
Spirolina
Nummulites
Operculina
Asterocyclina
Nembkovella
Orbitolites
Neorotalia
Pararotalia
Renulina
Rhabdorites
Silvestriella
Dendritina
Praerhapydionina
Amphistegina
Eoannularia
Fabularia
Grzybowskia
Biplanispira
Peneroplis
Borelis*)1
Heterostegina
Pellatispira
Praebullalveolina
Linderina
Spiroclypeus
Archiacina
Bullalveolina*2)
Cycloclypeus*3)
Nephrolepidina*4)
Eulepidina*4)
Austrotrillina
Miogypsina*5)
Miogypsinoides
Miolepidocyclina
Calcarina
Pseudotaberina
Sorites
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region?

In the Indo-Malayan Ypresian only three genera have been recorded, increasing to
ten in the Lutetian and Bartonian and fifteen in the Priabonian (Figs. 7.6, 7.8). The
generic diversity continued to increase until a maximum was reached in the Early and
Middle Miocene (24 genera). At the end of the Middle Miocene the number of genera
decreased rapidly from 24 to 14 genera in the Late Miocene (Fig. 7.6). The generic
diversity per million year shows a similar pattern (Fig. 7.7), only the Priabonian is rel-
atively rich in genera, compared with the other Eocene periods.

The oldest Cenozoic occurrences of larger symbiont-bearing foraminifera in
Europe are from the Selandian, in which three genera occur (Figs. 7.7; 7.8). Thanetian
generic diversity was already much higher with 20 genera. Nineteen and 22 genera
have been recorded from the Ypresian and Lutetian respectively, while the diversity
maximum was reached in the Bartonian with 27 genera. From the Bartonian onwards
generic diversity decreased in Europe. In the Priabonian 22 genera were found. Other
large drops in generic diversity were at the end of the Early Miocene (15 to 9 genera)
and at the end of the Late Miocene (7 to 1 genera). Generic diversity per million year
shows a very similar trend, although the Ypresian and Lutetian are less diverse than
the Thanetian and Bartonian/Priabonian.

Even rarefaction of the data set by random elimination of approximately 10% of
the genera from the database (5 out of 53 respectively 48) does not change the general
pattern, but only decreases the generic diversity per time slice (Fig. 7.8).

Most of the genera that have been found in the Indo-Malaysian Ypresian to Lutet-
ian interval are the genera represented by the largest number of species in Europe in
the same period (Assilina, Nummulites, Alveolina, Orbitolites, Planocamerinoides, Discocy-
clina and Asterocyclina). Lacazinella (with records from Mindoro and Timor) is the only
genus that has not been found in Europe. This genus occurs only on remnants of the
Australian craton in Indonesia (Lunt, 2000b), but has also been found in Oman and
other parts of the Middle East (White, 1994)

The faunal character changed markedly at the Eocene-Oligocene transition (Adams,
1973). The genera mentioned above were the most important genera during the
Eocene, while from the Oligocene onwards Nephrolepidina, Eulepidina, Cycloclypeus and
to a lesser extent miogypsinids dominated the fauna. The extinction at the end of the
Eocene was not a rapid one, but took place in several steps, starting in the Bartonian
and with the last extinctions at the Priabonian-Rupelian boundary.

<« Fig. 7.7. Range chart of larger foraminifera genera in Europa. *1) see Romero et al., 1999. *2) Although
known from the entire Oligocene, I known of no Early Miocene records of Borelis in Europe. In Indo-
Malaysia, the Early Miocene is the interval in which Borelis is most abundant. *3) Bullalveolina charac-
terises the Rupelian (Cahuzac & Poignant, 1997). *4) Although known from the Rupelian to Recent in
Indo-Malaysia, Cycloclypeus is restricted to the Chattian in Europe. *5) Like in Indo-Malaysia, Eulepidi-
na has not been recorded from the earliest part of the Rupelian. Cahuzac & Poignant (1997) define
their zone boundary SB21- SB22 on the first occurrence of the Eulepidina and Nephrolepedina. Unlike
Indo-Malaysia, Nephrolepidina has been recorded in the European Rupelian, while in Indo-Malaysia
the oldest record is from the Chattian. *6) The last occurrence of Miogypsina in Europe is within the
Early Miocene (Cahuzac & Poignant, 1997), while in Indo-Malaysia it extends into the Middle
Miocene.
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In Europe, at both the Bartonian-Priabonian and the Priabonian-Rupelian bound-
aries, about half of the existing genera went extinct (fig. 7.9) and the number of first
occurrences (FO) in the succeeding period is similar to those in earlier stages, result-
ing in a net loss in generic diversity. In Indo-Malaysia the extinction at the Bartonian-
Priabonian boundary was less pronounced. In the Bartonian one out of ten genera
went extinct, but five genera had their FO in the Priabonian, resulting in a net increase
in generic diversity over the Bartonian-Priabonian boundary (Figs. 7.9, 7.10). At the
end of the Priabonian the nine genera went extinct, but in the Rupelian ten genera had
their first occurrence, again resulting in a net gain over the Priabonian-Rupelian
boundary. Some contributing patterns should be noted, however:

1. Four genera are restricted to the Priabonian, whilst Spiroclypeus had its FO in the
Pribonian, went locally extinct at the end of the Priabonian and did not return until
the Chattian. This increased the number of FOs and LOs in the Priabonian by five.

2. Although the generic diversity increased in the Bartonian to Rupelian, the faunal
composition had completely changed. In the Thanetian-Bartonian, Priabonian and
Rupelian- Late Miocene the most important genera were the same in Europe and
Southeast Asia.

3. Since it is not possible yet to correlate the FOs of newcomers in the Rupelian of
Indo-Malaysia and Europe, no distinction is made between Tc and Td faunas in the
present study. When this had been done, the Tb-Tc (Priabonian-Rupelian) boundary
would also have shown a drop in generic diversity, since most of the FOs in the
Rupelian of Indonesia occur in Td (or at the Tc-Td boundary), a couple of million
years later than the Tb-Tc boundary, which is defined as the FO of Eulepidina.

After the Priabonian-Rupelian boundary, the differences in the patterns of first
occurrences and last occurrences (LO) between Europe and Indo-Malaysia increased
even more. In Europe, there were many FOs in the Rupelian and less in the Chattian.
In the Early, Middle and Late Miocene there was only 2, 2 and 0 FO respectively (Fig.
7.10). The number of LOs was relatively high during most of the Oligocene to Mio-
cene, with maxima at the end of the Early and Late Miocene (Fig. 7.10). The pattern in
the number of FO and LO per million year does not deviate from the pattern in the
absolute numbers (Figs. 7.9, 7.10).

In Indo-Malaysia, there are many FOs in the Rupelian to Early Miocene (9 in the
Rupelian, 8 in the Early Miocene, 5 in the Chattian, Fig. 7.10). In the Middle Miocene
to Pliocene, there were not as many FOs. The number of LOs increased gradually
from the Rupelian (3) to the Middle Miocene (11).

Nummulites species diversity

Before discussing the diversity at both genus and species level, it is necessary to
exclude the possibility that the observed differences are only an artefact of different
fauna compositions and/or of the amount of strata outcropping. Nummulite-bearing
deposits are much more abundant in Europe and North Africa than in Indo-Malaysia.
Since nummulitids show hardly any endemism within the Indo-Malayan basins, the
number of species found is believed to be a true reflection of the diversity within the
Palaeogene rather than a sampling artefact.

Stratigraphic resolution is more refined in the Western Tethys and, especially in
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the average number of genera after 5 genera have been removed from the data set at random.

the Ypresian, many short ranging species are present. The stratigraphy in Indonesia is
not so well resolved and, because species counts have been used, these are artificially
high in the three Tethyan regions, especially in the Ypresian. Typical species numbers
in a SBZ zone are about 15 in Europe and 10 in North Africa and Oman (all early-
middle Lutetian), which is still considerably higher than the maximum of six species
in one (longer) time slice in Indonesia.

In Europe, Indo-Malaysia, North Africa and Oman the Lutetian-Bartonian-Pri-
abonian transitional period is not only characterised by a marked decrease in number
of species (fig. 7.4), but also by a decrease in the maximum diameter in the species
present (see also Hottinger, 1960; Schaub, 1981; Brasier, 1995; Racey; 1995; Fig. 7.5).
The Indo-Malayan Nummulites fauna is much less diverse (Fig. 7.4), but showed a sim-
ilar pattern, although the maximum diameter was much smaller than in the western
Tethys. Since morphologic diversity is directly related to taxonomic diversity in
Recent faunas (Hallock, 1988; Chapter 2, above), it seems unlikely that the low species
richness is an artefact of the limited attention that has been paid to Indo-Malayan
nummulitids.

The number and extent of Palaeogene outcrops in Europe is much greater than in
Indo-Malaysia. A more appropriate comparison between species numbers can be
made with the Palaeogene of Oman, where a similar amount of Palaeogene strata is
outcropping (Racey, 1995). Oman has a much smaller area than the Indo-Malaysian
region. A larger area enhances the chance of endemism, thus with all things being
equal, in a large area more species would be expected to occur. The Ypresian is better
represented in Oman, though in the Lutetian and Bartonian almost twice as many
species have been found in Oman than in Indo-Malaysia.

The problem of the area of outcrop can be circumvented by looking at species
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diversity by localities, which shows the same pattern as that noted at the regional
level. In a typical Eocene locality in Indonesia, two or three species of Nummulites are
found, while in Europe and Oman up to 10 species can co-occur (Schaub, 1981; Racey,
1995). This is in accordance with diversity patterns seen at the regional level.

In brief, despite the limited amount of attention paid to the Indonesian Middle
Eocene Nummulites fauna, it can be concluded that this fauna is less diverse than con-
temporaneous faunas in the Western Tethys. Both in Indonesia and the other regions,
the largest species did not survive the Lutetian-Bartonian-Priabonian transitional peri-
od. Indonesian diversity decreases less dramatically than in other regions over the Pri-
abonian-Rupelian boundary.

Tethyan generic diversity

Much more effort has been put into studying the European fossil record than any
other place. Also, the number of especially Palaecogene outcrops is much larger in
Europe than in Indo-Malysia. The combination of these facts can have a marked effect
on the diversity patterns found. To test for this sampling bias, several tests were per-
formed. The amount of strata (deposited in a suitable habitat for larger benthics) out-
cropping in the Neogene is comparable between the two areas.

First, the number of records per genus is similar between Europe and Indo-
Malaysia, apart from the Eocene. In the Eocene the number of records per genus is
higher in Indo-Malaysia by almost by a factor 2. The larger benthic foraminifera fauna
in Indo-Malaysia is characterised by few, but abundant genera, while in Europe also
rare genera occur. During the Neogene the number of records per genus is similar
between Europe and Indo-Malaysia.

The last evidence that the observed patterns are not resulted from research intensi-
ty of amount of strata comes from the average generic diversity per locality. Although
it is not always possible to extract locality data from all references, the available data
could be evaluated. The number of genera per locality is significantly higher in the
European Eocene than in the Indo-Malaysian Eocene (p<0.01, Kolmogorov-Smirnov
two sample test).

All these data show that the Cenozoic generic diversity can be compared between
the two areas and that the observed results are unlikely to be an artefact of sampling
and research intensity.

Palaeocene- Eocene

Whether the Indo-Malayan fauna was more or less diverse in the Palaeogene does
not depend on the number of species per genus. The faunal assemblages could be
entirely different in Western and Eastern Tethys. The generic composition of the
assemblages from the Palaeogene of Europe and Indo-Malaysia is very similar
(Adams, 1992; Renema, unpublished data). The dominant taxa in both regions are
Nummulites, Palaconummulites and Alveolina, together with rarer orthophragminids,
Orbitolites and Planocamerinoides and other even less frequent genera. Assilina and
Planocamerinoides are more abundant in Europe than in Indo-Malaysia.

In the Priabonian, orthophragminids constituted a more important part of the fauna.
Nummulites and Palaeonummulites were less abundant in the Priabonian than in the
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other part of the Eocene. Furthermore, there are some genera restricted or nearly
restricted to the Priabonian, such as Silvestriella and Linderina.

Eocene diversity at the genus level is much lower in Indo-Malaysia than in Europe.
All but one genus is found in Indo-Malaysia have been found in Europe as well and
the most important genera are more speciose in Europe. Wilson & Rosen (1998) found
similar results for the diversity of zooxanthellate corals in Europe and southeast Asia.

Oligocene-Recent

In the Rupelian and Chattian the faunas in Indo-Malaysia and Europe both show
many FOs (Fig. 7.10) after the extinctions during the Priabonian. Fauna composition
and generic diversity is similar between Europe and Indo-Malaysia (Fig. 7.8). The
generic diversity of Indo-Malaysia and Europe start to differ in the Chattian to Early
Miocene, and this difference increased in the Middle Miocene. Looking at the FO/LO
pattern, Europe and Indo-Malaysia show a marked difference. In Europe, a high
extinction rate is observed at the end of the Early Miocene and at the end of the Late
Miocene, while in Indo-Malaysia there is a large extinction (12 out of 24 genera) at the
end of the Middle Miocene.

The number of European FOs is much lower during the Neogene, and especially
during the Miocene, than in Indo-Malaysia. Increased isolation because of the closure
of the Tethyan seaway might have prevented immigration of genera from the eastern
Tethys to Europe, and thus have a significant effect on the diversity of European larg-
er benthic foraminifera.

A similar pattern is found in zooxanthellate corals (Wilson & Rosen, 1998; Rosen,
1999). Rosen (1999) found that zooxanthellate coral diversity in the Mediterranean
region matched fairly well with the isotope temperature curve in the early and late
Miocene, but not in the middle Miocene. This anomaly might at least partly be caused
by an increasing isolation of the Mediterranean in this time. Like generic diversity,
occurrences of species of larger benthic foraminifera also show a decrease in diversity
(species number) from the Rupelian to Langhian in nearly all regions, except southeast
Asia and the Pacific (Jones, 1999). The generic diversity drops in Indo-Malaysia at the
end of the Middle Miocene, at a time that average global temperature decreased as well.

Morphology

In Recent larger foraminifera morphologic variability is directly related to environ-
mental parameters (Hallock et al., 1991b; Hottinger, 2001). Areas with a deep photic
zone and stable conditions have a higher diversity of euphotic habitats, allowing
foraminifera to diversify and specialise in these conditions (Hallock, 1987).

The pattern of morphologic variability in the Eocene suggests that more oligotrophic,
shallow marine habitats were present in Europe than in Indo-Malaysia. Not only species
numbers were lower in Indo-Malaysian nummulitids, but morphologic variability was
less than in the European faunas as well. In the Ypresian the B-forms are generally small,
then an increase occurred with the largest species occurring in the late Lutetian and early
Bartonian (N. maximus, N. millecaput), and a distinct drop around the Bartonian-Priabon-
ian boundary. This is in accordance with the findings in Indo-Malaysia. Brasier (1988,
1995) showed that, using the data of Blondeau (1972), the largest diameter of Nummulites
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(140 mm) is reached at the end of the Lutetian, after which a marked size decrease occurs
to less than 10 mm in the Bartonian and Priabonian.

Alveolinidae and orthophragminidae are two other families that are very abundant
in Eocene shallow water limestones. Generally, they are considered to have lived in
environments different to those of Nummulites. Whereas Nummulites is associated with
shallow water fore reef habitats, alveolinids are more often found in back reef to even
restricted settings whilst orthophragminids are more typical of deep-water fore-reef
settings (van Gorsel, 1988). Larger foraminifera are not necessarily associated with reef
habitats, however, and can occur in high density on shallow marine carbonate plat-
forms. On carbonate platforms, alveolinids live in the shallow and coastal parts, num-
mulitids in intermediate depth ranges, while orthophragminids occupy the deepest
areas, as long as they remian in the photic zone.

The orthophragminids become extinct at the Eocene-Oligocene boundary, whilst
Alveolina, Planocamerinoides and Assilina become extinct at the end of the Bartonian.
Borelis, another alveolinid genus, first occurred in the Priabonian and is still extant
(Hottinger, 1960; Fleury & Fourcade, 1990).

Both alveolinids and orthophragminids have a higher species diversity within the
European realm than in Indo-Malaysia. At least seven species of alveolinids have been
reported ranging from Ypresian to Bartonian in Indonesia (Pringgoprawiro ef al., 1998),
but the occurrence of this genus in southeast Asia needs revision (Adams, 1970). In a
revision of the Indonesian alveolininds, Bakx (1932) reported only five species in the
Ypresian to Lutetian.

In the European realm more than 80 species of the genus Alveolina have been
reported ranging from Middle Palaeocene to Bartonian (Hottinger, 1960). The alve-
olinids reached their largest diameter in the middle Lutetian, but their elongation
(diameter/axial length) increased until the end of the Lutetian (up to 20; Brasier, 1988;
1995). The size of the Indonesian species reported by Bakx (1932) range between 7 and
10 mm and their elongation is between 2.5 and 3. Also, Indonesian species show less
internal morphological variation; all five species reported by Bakx (1932) belong to the
Alveolina oblonga group of Hottinger (1960).

Orthophragminids have been reported in a similar number of species to the alve-
olinids from Indo-Malaysia, while more than 60 occurred in Europe (Less, 1987, 1998;
Serra-Kiel et al., 1998). However, no reasonably complete review has been published
on the Indo-Malayan orthophragminids, making a comparison between the regions
very difficult. The maximum diameter of Indonesian Bartonian Discocyclina is about 3
c¢m, and up to 1.5 cm in the Priabonian.

No complete compilations of morphological diversity in the post-Eocene Cenozoic
is available. Large sized lepidocyclininds occur in the Chattian of Europe and Indo-
Malaysia, and at least the Early Miocene and possibly the Middle Miocene of Indo-
Malaysia.

Habitat structure and trends in other taxa
Palaeogeographic reconstructions incorporating palaeoenvironmental data show

that the amount and nature of shallow marine deposits changed markedly during the
Cenozoic in southeast Asia (Hall, 1998; Wilson & Rosen, 1998). During the Eocene
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shallow water carbonates were not widespread. Their geographic extent increased
gradually so that they covered a large area by the end of the Oligocene and beginning
of the Miocene. During this time the composition of their dominant faunal assem-
blages changed from larger foraminifera and algae in the Eocene to zooxanthellate
corals associated with algae and larger foraminifera n the Miocene (Wilson & Rosen,
1998). Carbonates dominated by larger foraminifera and algae also continued to occur
in the Oligocene-Miocene. Wilson & Rosen (1998) suggested that the fragmentation of
Southeast Asia, because of the collision with (fragments of) the Australian plate in-
creased the available habitat for zooxanthellate corals. The number of reefal structures
also increased during this period (Kiessling et al., 1999). The presence of reefs also
increased the habitat diversity for larger foraminifera and thus has a positive effect on
larger benthic foraminifera diversity. However, the most abundant larger foraminifera
of the entire Cenozoic did not live on the reefs sensu stricto, but on the sediment
around reefs or on carbonate platforms devoid of reefs. As shown by Hottinger (1990),
these are the most stable environments in shallow carbonate shelf systems. Genera
whose preferred habitat comprised solid substrates show a more localised distribu-
tion (Reis & Hottinger, 1984; Chapter 4, above).

In larger benthic foraminifera, test shape is partly related to the habitat availabili-
ty. Species with a high diameter/thickness ratio are characteristic of areas with a
deep euphotic zone and generally are absent from areas with a shallower euphotic
zone (Hallock, 1987, 1988; Chapter 3, above). In Nummulites the morphological vari-
ability is higher in Europe than in southeast Asia. Moreover, the highest diversity of
Nummulites in the Eocene of Europe is found within the oligotrophic subtropical gyre
of the central Western Tethys (Hottinger, 1990), illustrating the relationship between
diversity and nutrient availability.

The higher morphological diversity observed in Europe during the Eocene sug-
gests that the coeval low diversity in southeast Asia was not only caused by its isolat-
ed position, but also by environmental factors restricting the number of available
habitats, especially an increased differentiation in the photic gradient. The combined
shift in both generic and morphologic diversity hints at a change in oceanographic
currents (related to changes in palaeogeography). Analogous to the modern day bio-
geographic patterns, the Eocene larger benthic foraminifera diversity patterns sug-
gest that the Western Tethys was more oligotrophic and warmer than the Eastern
Tethys. With changing palaeogeography and palaeoceanography, the Western
Tethys became isolated, cooled and may have become more eutrophic than the East-
ern Tethys.

The Indo-Malaysian increase in the number of genera may already have started in
the Priabonian, but is obscured by the Priabonian-Rupelian faunal turnover. Chang-
ing ocean currents and tectonic conuration facilitated migration into the region and
create more available habitats for larger foraminifera in Southeast Asia. The fauna
turnover at the Eocene-Oligocene boundary was not very rapid, but a gradual
process spanning the Lutetian to Priabonian.
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Conclusions

1. In the Palaeogene, the larger foraminifera genus Nummulites developed more
species and larger in the Western than in the Eastern Tethys.

2. This pattern is not unique for Nummulites, with Alveolina and orthophragminids
being less diverse in the Eastern Tethys as well.

3. Morphological data for these three groups shows that variability is smaller in
Indo-Malaysia than in Europe. Diversity during the Eocene, at both species and genus
level, was higher in the European realm, in prallel to patterns found by Wilson &
Rosen (1998) for zooxanthellate scleractinian corals.

4. The Bartonian-Priabonian-Rupelian period of global cooling affected the European
fauna more severely than the Indo-Malaysian. In both areas the identity of the faunas
changed completely, but the generic diversity increased over this period in Indo-
Malaysia, while the maximum diversity in Europe was in the Bartonian, and de-
creased ever since.

5. Generic diversity already started to increase during the Priabonian in Indo-
Malaysia, but the Priabonian- Rupelian extinction obscured this pattern.

6. The number of genera decreased rapidly in Europe during the Miocene, due to the
collision between Arabia and Eurasia, which closed the connection with the tropical
eastern Tethys, and also caused a decrease in area with a suitable habitat, due to tec-
tonics and climate cooling in Europe.

8. Synthesis

In this chapter I will summarise the current knowledge of environmental parame-
ters affecting the distribution of larger foraminifera in tropical seas. I further discuss
the recognition and nature as well as biogeographic relevance of diversity in the fossil
record. Finally, the diversity patterns in the Cenozoic fossil record are discussed and
related to climatic and tectonic events on global and regional scale.

The Recent situation

The main environmental parameters that discriminate between habitats of species
of larger benthic foraminifera are light intensity, hydrodynamic energy, substrate type
and nutrient availability. All these parameters are related in a complex way (Fig. 1.1).
The distribution of species along a depth gradient is determined by their differing tol-
erance in illumination levels and hydrodynamic energy. Based on this principle
Hohenegger (1995) proposed to use transfer functions for depth estimation based on
the density of larger foraminifera species.

The same species occur in much shallower water in the Spermonde Archipelago
than in Okinawa, since the transparency of the water is higher in Okinawa than in the
Spermonde. For example, the depth range at which Operculina ammonoides has been
recorded in Okinawa is 30-100 m depth, with a maximum abundance at 60 m
(Hohenegger, 1994; 1995), whilst in the Spermonde O. ammonoides occurs at 6-12 m in
zone 1B and its depth range increases to 21-33 m (40 m in grabsamples) in zone 3+4.
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Furthermore, some of the species living at greater depth in Okinawa have not been
found in the Spermonde Archipelago.

In Chapter 3 (see above) a model was presented based on the life history of species
and seasonally varying conditions in the Spermonde Archipelago (Fig. 3.4). Species
that can survive in low irradiation levels are more susceptible to seasonal variation
than shallow living species because of the logarithmic decrease in light intensities. In
this model the first assumption is that all species have the same range in tolerance to
irradiation level. For example, a shallow living, species tolerant to high irradiation
levels has a range of 10-50% of the surface irradiation level, whilst a deeper living
species, not tolerating high irradiation levels has a range of 1-5%. Data presented by
Hohenegger et al. (1999) are congruent with this assumption. The second assumption
is that species are not able to move into deeper/ shallower habitats seasonally.

Larger foraminifera can only maintain their large cell mass because of the energy
provided by their light dependant symbionts. During longer periods of adverse condi-
tions, maintaining symbionts will not be profitable anymore and even cost extra ener-
gy because of the higher nutrient demands for the entire cell. In seasonal conditions,
transparency is reduced during part of the year. The hypothetical depth at which the
foraminifer species can live thus becomes shallower (Fig. 3.4a, b). A species can only
survive at a locality, otherwise favourable, when the irradiation level is within its criti-
cal limits during its entire life. This condition is more likely to be met in species that
live in high light levels than in species living in low light levels (Fig. 3.4a).

Environmental predictability is an important factor controlling the distribution
especially of longer living species. Because of their large size, larger foraminifera often
have long generation times. In Recent larger foraminifera, it takes the agamont of
Cycloclypeus carpenteri six months to reproduce; thus the much larger sized gamont
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Fig. 8.1. Modification of Hottinger’s (1990) model
relating diversity to environmental predictability,
adjusted to the situation of the Spermonde Archi-
pelago. Highest diversity is reached in the range
with least disturbance. The wave base is deeper at
the West side of the shelf due to the decreasing
60 influence of oceanic swell.
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will reproduce after a much longer period (Kriiger et al., 1996). Purton & Brasier (1999)
showed that the B-forms of Eocene Nummulites planulatus could live for up to six years
before reproducing. If during this period the conditions move outside the critical lim-
its for the species for too long a period (the length of this time is not yet known), it
will die before reproduction. If this happens on a more or less regular basis, the
species will not be able to maintain itself in the area.

Hottinger (1990) also made a large-scale model concerning the interaction between
habitats, life history and cyclical dynamics in environmental parameters. He made a
cartoon showing factors affecting benthic foraminifera diversity in the upper part of
the water column. This cartoon I modified into Figure 8.1, by adding a zone in which
species preferring low light intensities cannot occur. To apply this figure to the occur-
rence of (larger) benthic foraminifera in the Spermonde, it should be slightly modi-
fied. The (storm) wave base is shallower in the eutrophic part of the Spermonde Shelf,
because of the effect of oceanic swell on the seaward (west) side of the shelf. The
depth should be re-scaled as well.

The occurrence of a species within a biotope does not necessarily mean that the
environmental conditions are optimal at that specific locality, but that the environ-
mental parameters are within the critical limits for that species. Since all species in a
comunity have different tolerance to relevant environmental parameters, it is not nec-
essary that in all regions or reefs species occur in the same assemblage. Changing
combinations of environmental parameters between areas can result in a biotope shift.
In Table 8.1 the distribution of species found in the Spermonde Archipelago (Chapters
2,3, above) and Cabilao (Chapter 5, above) are summarised, and compared to observa-
tions in other areas within the Indo-West Pacific, from which only in a limited number
of areas are comparable data available. Sesoko Island is the most extensively studied
area, with studies by Hohenegger (1994, 1995, 2000) and Hohenegger et al. (1999). The
study by Hohenegger et al. (1999) is most comparable to the studies in this thesis,
since only the upper reef slope (<50 m depth) was investigated. Hallock (1984) and
Hohenegger (1996) published on the occurrence of larger foraminifera from Palau.
Several other studies dealth with a limited number of taxa only.

The distribution of Nummulitidae over the Spermonde Shelf best fits the proposed
models, in both the living fauna and the thanatocoenosis. Operculina ammonoides is the
most tolerant species, followed by Palaconummulites venosus, Operculina complanata and
Operculina heterosteginoides. Species which have been found at even larger depths out-
side the Spermonde (e.g., Cycloclypeus carpenteri and Heterostegina operculinoides) have
not been found on the Spermonde Shelf.

The largest difference in faunal characteristic between the Spermonde Archipelago
and Cebu Island is the almost total absence of Elphidium craticulatum in the >0.5 mm
size fraction at the latter, whilst in the Spermonde Archipelago E. craticulatum is the
second most abundant species in terms of sample number and the most abundant in
terms of number of individuals. The most important ecological trait that distinguishes
Elphidium craticulatum from larger symbiont-bearing foraminifera is that it shows
chloroplast retention and is not an obligate algal-host system. Chloroplast retention is
not a symbiotic relationship, since it is lethal to the algae: E. craticulatum feeds on and
digests the diatoms, but the chloroplasts are left intact and functioning (Correia & Lee,
2000). A model of nutrient flows in a host-symbiont system for chloroplast-husbandry
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shows that in the latter the nutrient supplies of the foraminifera and the chloroplast
are decoupled, whilst in symbiont-bearing foraminifera this flow is coupled. Chloro-
plast retention is profitable for the foraminifera in systems where dissolved nutrients
are abundant and light is still available. It is observed in a much wider range of condi-
tions, from cold fjords in Norway to tropical reefs in Indonesia, than symbiosis. The
algae (symbionts) do not need the hosts to make nutrients available for their metabo-
lism. There are no experimental data available whether or not chloroplast husbandry
is obligate in Elphidium. Possibly the energy provided by the chloroplasts is not essen-
tial, but photosynthesis might enhance calcification and thus be profitable to the
foraminifera.

Particuarly if chloroplast husbandry is not obligate, Elphidium will be able to cope
better with changing conditions than species that are obligate symbiotic. Living at a
depth where conditions allow photosynthesis for only a couple of weeks a year, the
opportunistic Elphidium takes benefit from this by not completely digesting the chloro-
plasts, whilst the obligate symbiotic species cannot maintain itself long enough for
reproduction. The increase in abundance of Elphidium towards the depth limit of the
photosymbiotic species as seen in the Spermonde Archipelago favours this explana-
tion, but testing in a laboratory is required.

Nutrient availability, sea surface temperature and diversity

Shallow tropical marine ecosystems are characterised by high diversity and low
net productivity (Hallock & Schlager, 1986). This paradox can be better understood
by distinguishing different aspects of biological productivity (Hallock & Schlager,
1986). The term “nutrients” refer to fixed nitrogen or phosphate ions required by all
organisms to synthesize proteins and nuclear material cell maintenance, growth, and
reproduction. In shallow oligotrophic ecosystems primary productivity (the rate at
which energy is fixed into organic carbon) can be very high, but the fixed energy is
mainly used for respiration, thus net productivity is low (Hallock & Schlager, 1986)
and limited by the availability of nutrients. The high respiration rates promote sym-
biotic associations between primary producers (algae, photosynthetic bacteria) with
‘predators’ capable of capturing particulate organic matter (mixotrophs; Hallock,
1985). In very oligotrophic environments the primary production is by animal-plant
symbionts (Birkeland, 1985; Hallock, 1987). Furthermore, the length of the food web
increases in oligotrophic environments. In oligotrophic environments water trans-
parency is higher, allowing a larger depth range at which symbiont-host systems
can photosynthesise (Hallock, 1987). Oligotrophic areas occur in regions with no or
very limited terrestrial influx, thus transparency is entirely determined by the
plankton concentration, which is inturn determined by nutrient availability (Hal-
lock, 1987).

In contrast, in eutrophic conditions short living r-selected organisms support a
short food chain (Hallock, 1987). In less eutrophic environments, the food chain starts
to get increasingly complex.

Hallock (1987, 1988) proposed a model that described the potential utilisation of
the photic zone by symbiotic larger benthic foraminifera as a function of nutrient
availability. This model predicted that in relatively eutrophic environments, taxa occur
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unspecialised in respect to light. In more oligotrophic conditions these unspecialised
taxa, given enough time, are replaced by more specialised species with respect to light
intensity, resulting in less interspecific competition (Fig. 3.4b; Hallock, 1987). Zona-
tions of many specialised species only occur in highly transparent areas that are suffi-
ciently stable. One of the conditions that determine where the most specialised species
cannot occur is in more variable conditions in areas richer in nutrients (Hallock, 1987).

The distribution of all high-temperature dependent, shallow water organisms
should be governed by climate and ocean currents, with the strongest response to
temperature, nutrient availability and variability (Adams et al., 1990; Hallock, 1987;
this thesis). Using global distribution maps, Langer & Hottinger (2000) found lower
temperature limits for many species, but they did not find an upper temperature limit
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for any larger foraminifera. However, in local situations high water temperature can
be limiting to the distribution of larger foraminifera. For instance, on the shallow reef
flat behind the rampart in the Spermonde during several months each year with
extreme low tide, water temperature rise to >32°C and no larger benthic foraminifera
are found here. Yet, larger benthic foraminifera occur on the reef flat of Lankai, which
is as shallow and at least as highly energetic as the other reef flats of the Spermonde
Archipelago, but the temperature of the water is lower because it is regularly flushed
by water from the cooler Makassar Strait. Laevipeneroplis proteus, restricted to this very
shallow environment, is only found here.

On the other hand, the poikiliothermal larger benthic foraminiferal metabolic rate
doubles with a 10°C temperature rise. Thus, with the same nutrient concentration, twice
as many nutrients are needed to maintain the foraminifera. Temperature decreases
with depth, and thus it is more likely that the bottom temperature at deep places is
below the upper temperature limit of deep dwelling species in high SST areas.

Taking these considerations in mind, I developed a theoretical productivity-tem-
perature graph, predicting diversity (Fig. 8.2). For this graph I constructed a produc-
tivity- temperature function, in which diversity (D) is the product of predicted
diversity based on productivity (D) and predicted diversity based on temperature
(D). In this function both D) and Dy, are expressed as a fraction of maximum diversi-
ty, i.e. D(5) = Dopsp)/ Dimax @and D) = Dibg(t)/ Dimax, in which D) is the observed diver-
sity at nutrient availabilty p within the range of maximum diversity with respect to
temperature, D is the observed diversity at temperature t in the most oligotrophic
condition, and D,,,, is the maximum observed diversity. In the shown graph, I used
maximum diversity at 28-32°C and a linear relationship between nutrient availabili-
ty and diversity. For example, at a locality halfway the nutrient availability spec-
trum and with a SST of 24°C, D(,) = 4/8= 0.5, Dy = 5/8 = 0.63 and Dg5 24= 0.5X0.63
=0.3.

Which areas are most diverse?

With all these requirements and restrictions on the distribution of (larger) benthic
foraminifera we would like to know which areas have the highest potential diversity.
Before we can proceed with this question we should decide how diversity best can be
expressed. The easiest way is ‘simple diversity’ or species richness, the number of spe-
cies recorded in a sample or area. Though it is tried to sort out a similar number of spe-
cimens from a sample (200-300), sample sizes do differ. Species do not occur in similar
abundance in samples as well, and, for example a sample with eight species in similar
abundance can be regarded as more diverse than a sample containing predominantly
one species and rare specimens of seven others.

I have used the Spermonde data set to get an impression of the dependence of
diversity on sample size. Species number (S), Shannon diversity (H=In p/p;) and
evenness (E=H/In S) show a similar relationship with sample size. Large samples
never have a low value for either S, H, or E, but the highest measures of S, H, and E
are found in intermediate sample sizes (Figs. 8.3a-c). Thus, the largest samples are not
necessarily the richest samples. Also, S and H are positively correlated (Anova, F=
225, p< 0.005).
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Since larger benthic foraminifera genera contain only a limited number of species
and can be actively searched during field research, the best (and easiest) way to
express their diversity is by species number. Also, using standardisation would not
alter the patterns found.

Taking into account the larger benthic foraminifera only, the Indo-West Pacific,
and especially East Indonesia, the Philippines and Japan, are the richest areas (Hal-
lock, 1988; Langer & Hottinger, 2000). Calcarinids, except for Neorotalia calcar, are
restricted to the Indo-West Pacific, and also more species of nummulitids have been
recorded here. Not all sites in this area are equally diverse. Areas with a deep photic
zone and moderate hydrodynamic energy have the highest potential for housing high
numbers of species, since along the depth gradient (light intensity) species specialised
to narrow ranges of light intensities can occur. A deep photic zone may protrude well
beyond the storm wave base where species with very friable and easily transported
tests can safely occur.

Battering of waves regularly disturbs the coral cover on the upper reef slope pro-
viding habitat for species preferring solid substrate. However, too frequent storms
disturb the substrate too often for species with a long generation time to reproduce
and those will be absent there.

A wide reef flat also promotes diversity. From the reef edge onwards the reef flat
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first has an area showing very low larger foraminifera density, because of continuous
high wave energy. Sand in this region shows wave ripples and larger foraminifera
will not be able to stay on top of the sediment to take advantage of their symbionts.
Further from the reef edge, the reef flat is sheltered from swell originating from out-
side the system, and is only affected by high hydrodynamic energy caused by local
storms. Here enough suitable habitat is present to find shelter against too high illumi-
nation levels and hydrodynamic energy. Crest pools and deeper areas also diversify
the number of available biotopes, and, thus, the number of species on the reef flat.

The Spermonde Archipelago can serve as the test case for a model that explains
what happens when conditions deteriorate for larger benthic foraminifera. Along a
gradient with decreasing terrestrial influence, species number increased from 7 in the
most nearshore area (SNZ, Chapters 2 and 3) to 15, 17 and 18 in the Northern Near-
shore, Mid Shelf and Outer Shelf Zones, respectively, at increasing distance from the
shore. Including species of which only empty shells have been found enhances this
pattern, since two species are added in the outer shelf zone. This pattern compares
very well with the model proposed by Hallock (1987, 1988; Fig. 3.4a). Also on a
regional scale, nutrient availability affects diversity directly.

The tropical realm is discontinuous because of some barriers that prevent or at least
limit communication between areas (Langer & Hottinger, 2000). The faunal provinces
are confined to trophic gradients in longitudinal regions. In the present day, three
faunal provinces can be recognised.

The Indo-West Pacific Province reaching from the Maldives to Hawaii, with a cen-
tral region (East Indonesia, Philippines and South Japan) that has some additional
species.

The Western Indian Ocean Province which is limited by the east coast of Africa to
the West and the circum India high nutrient zones to the East. This province has many
similar species as the Indo-Pacific province, but is characterised by the occurrence of
Heterocyclina tuberculata as a substitute for Cycloclypeus carpenteri and the absence of
calcarinids (Langer & Hottinger, 2000).

The Caribbean Province has an entirely different fauna and is isolated from the
Indian and Pacific Ocean by the landmasses of Africa and America (Langer & Hot-
tinger, 2000; Paulay, 1997).

Diversity in the fossil record

Larger benthic foraminifera show a strong correlation between morphology and
environmental parameters (Figure 1.1; Hallock ef al., 1991; Hottinger, 1997; 2000). In
the fossil record, similar test architecture occurs repeatedly in phylogenetically unre-
lated taxa (Hottinger, 1997). As a result of extant taxa constituting only a limited part
of Cenozoic assemblages, and a large faunal turnover at the Eocene-Oligocene bound-
ary, the depth gradient is occupied by a set of different species during the Palaeocene-
Eocene, the Oligo-Miocene and the Pliocene-Recent. In the modern day ocean, the
highest diversity can be related to the most oligotrophic areas, limited by oceano-
graphic boundaries. Diverse areas are characterised by a long light gradient and stable
conditions, so that species can differentiate along this gradient. This differentiation is
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not only in species, but also in morphology. For instance, in the Indo West-Pacific fau-
nal province the deepest living species are (on soft substrate) Palaconummulites
venosus, Operculina ammonoides, Cycloclypeus carpenteri, Heterostegina operculinoides and
Operculina heterosteginoides (Hohenegger et al., 1999). The last two species only occur in
the most diverse part of the faunal province. These nummulitids all show a phenotypic
increase in diameter/thickness ratio.

The most diverse samples in the thanatocoenosis of the Spermonde are found
around the reefs (Chapter 4). Here species living on the reef slope and at the reef base
are mixed. Because of the high-energy environment, preservation potential on the reef
slope and reef flat is low, and empty tests of species living there were only found dis-
placed in the reef base samples. This does not directly affect estimates of diversity, but
should be taken into account during palaeoenvironmental reconstructions.

Parameters affecting the diversity distribution act on temporal and spatial levels.
First there is the worldwide recognizable subdivision of the Cenozoic into three or
four faunas, the Palaeocene-Middle Eocene, the Late Eocene, the Late Oligocene to
Middle Miocene, and the post-Miocene fauna, which occur as interactions with global
events (Hottinger, 1997). Secondly, there is interaction with regional and local para-
meters that attenuates these global patterns into local and regional patterns.

Large scale palaeoenvironmental processes influencing the
palaeobiogeography of larger foraminifera

Sea surface temperature (SST)

Geologic plate conurations, and the presence and absence of either Antarctic or
Arctic polar ice-caps, resulted in changing ocean circulation patterns and global cli-
matic conditions, i.e., in latitudinal contractions and expansions of the high sea sur-
face temperature (SST) belt (e.g., Adams ef al., 1990). Throughout the Cenozoic,
ocean circulation patterns and basin conurations lead to high temperatures at the
western sides of oceans. Indo-Malaysia was always positioned on or near the equa-
tor, within the warmest regions on earth. Due to the collision of Australia with
Eurasia and the narrowing of the Indo-Pacific gateway, the Pacific Warmpool
moved gradually eastward during the Miocene (Wang, 1994; Hall, 1998). Europe,
positioned at the northern margin of the Western Tethys, laid at considerably higher
latitude, around 30°N, and was thus more affected by changes in the temperature
gradient.

All other parameters remaining constant, a prediction based on SST would show a
high diversity in Indonesia throughout the Cenozoic, and at all times a lower and
decreasing diversity from the early Eocene onwards in Europe.

Palaeoceanography and ocean circulation rates

Several studies have linked larger foraminifera diversity to planktonic foraminifer-
al diversity by the trophic resource continuum model. The Trophic Resource Continu-
um (TRC) in euphotic waters of the world’s ocean is the spectrum of conditions from
the richest runoff and upwelling to the most nutrient deficient subtropical seas (Hal-
lock, 1987). Though at first developed to predict larger foraminiferal diversity and dis-
tribution in Recent oceans, the model can also be used to explain diversity trends
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through time (Hallock, 1987, 1988; Hallock et al., 1991; Boersma et al., 1998; McGowran
& Li, 2000).

Changes in ocean circulation rates influence the global nutrient gradient in surface
waters. Reduced rates of circulation result in an expanded nutrient gradient and a
higher potential diversity, while higher mixing rates contract the nutrient gradient
and has a lower potential diversity (Hallock, 1987; Hallock et al., 1991a). During peri-
ods of strong oceanic mixing the deep photic zone assemblage, with species adapted
to living in very low light levels, disappear resulting in both a taxonomic and mor-
phologic lower diversity (see also Fig. 3.1).

Eustacy

Apart from the effect of direct causes of eustatic sealevel change (predominantly
produced by the waxing and waning of ice caps and changes in rate of sea floor
spreading), an obvious result of high sealevels is the flooding of continental margins
leaving more potential habitats for shallow marine fauna like larger foraminifera.
During periods with low sealevels the base level of erosion is lowered and, according-
ly, erosion rates will be higher, thus supplying more nutrients and sediment to the
coastal zone, further deteriorating the environment for larger benthic foraminfera.

Faunal characteristic

The distribution and diversity of Recent larger foraminifera is, apart from histori-
cal factors, also determined by abiotic parameters in the surrounding ocean and ter-
restrial realm. On a global scale, the Indo-West-Pacific faunal province is divided into
two parts by the outflow of the Indus and Ganges rivers from the Indian continent,
supplying abundant nutrients and mud to the marine environment (Langer & Hot-
tinger, 2000). Obvious parameters affecting larger foraminiferal distribution are the
presence and extent of tropical shallow marine seas. Other important parameters are
interactions with the terrestrial realm, especially the amount of run off. This is affected
by precipitation rate, topography, vegetation cover and drainage systems.

In order to compare these parameters, palaecoenvironmental maps provided by
Hall (1998) have been used (reproduced here as Fig. 8.4). Mapping terrestrial environ-
ment and physiography of former land area is difficult because periods of uplift, ero-
sion and emergence are mainly recorded by negative evidence, such as unconformi-
ties and stratigraphic incompleteness (Hall, 1998). However, it should be kept in mind
that especially the position of mountainous areas are indirectly inferred and that esti-
mates of surface area of mountainous terrains are typically quite rough.

The Cenozoic can be divided into three or four periods with high diversities, the
Early-Middle Eocene, the Late Eocene, the Miocene and the Pliocene to Recent sepa-
rated by three periods of larger foraminiferal turnover, the Thanetian (LFT1), the Late
Eocene-Early Oligocene (LFT2) and the Middle-Late Miocene (Hottinger, 1997).

The Eocene

In the Ypressian to Lutetian models predict a 20-24°C temperature at 37 m depth
(Bice, pers. com). The highest temperature in this model was found off the east coast
of Africa, around the Palaeoequator (Bice, pers. com.). The most recent combined cli-
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mate and ocean circulation models show tropical SSTs that are somewhat higher than
present day values (30-36°C) in the Ypresian, with highest temperatures on the west-
ern sides of the ocean basins (Bice, Norris, Pearson, pers. com.).

The situation within the Lutetian and Bartonian is less clear. Deep waters in the
world’s ocean and surface water at high latitude cooled strongly after the very warm
early Eocene. Early Eocene surface waters at the poles were estimated to have 15-17°C,
while at some time during the Bartonian or Priabonian at least partial ice sheets devel-
oped on Eastern Antarctica (Prentice & Matthews, 1988; Thomas, 1992 and references
therein). This suggests a stronger equator to pole temperature gradient and less effective
transport of heat from the equator to the pole, which suggests higher equatorial temper-
atures. The latitudinal gradient increased during the Late Eocene and Early Oligocene,
while tropical temperatures remained similar to today’s values (Zachos ef al., 1994).

In a review of biotic evidence, Adams et al. (1990) showed that the fossil record of
mangroves, zooxanthellate corals and larger foraminifera suggests that a considerable
part of the world oceans has experienced tropical (>25°C) sea surface temperatures
and that a larger area surrounding the tropical zone had experienced subtropical
(20°C-25°C) sea-surface temperatures; this area expanded and contracted during peri-
ods of global climatic warming and cooling since the late Cretaceous. Subsequent
compilations of 380 data from planktonic foraminifera more or less confirmed this
pattern for the Palaeogene (Zachos ef al., 1994; Pearson et al., 2001).

In general, the onset of glaciation in Antarctica marked a period of changing ocean
circulation patterns. Circum-tropical transport became increasingly difficult with the
collision of India to Eurasia, and even more so because of Africa approaching Arabia.
Throughout Palaeogene times, continental connections progressively loosened be-
tween Antarctica and Australia, although the presence of small units in the Tasman
Sea area prevented the establishment of a deep water gateway until ~40 Ma (Lawver
et al., 1992). Similarly, between South America and the Anarctic Peninsula, the Drake
Passage remained closed to deep circulation until slightly later; but by ~30 Ma, deep
and shallow circumpolar circulation had been established and the thermal isolation of
Antarctica was complete (Lawver et al., 1992; Dingle & Lavelle, 2000). The most
important effect of this change was that ocean circulation was driven by differences in
temperature and to a lesser extent by salinity during the Palaeocene, whilst in the new
(post-Oligocene) situation salinity became more important, resulting in larger density
differences between watermasses and thus faster circulation, at least in the Southern
Ocean (Diester-Haass, 1995; Salamy & Zachos, 1999).

Faster ocean circulation rates result in increased upwelling, thus increasing surface
water productivity (Salamy & Zachos, 1999). The Palaeogene thermal isolation of
Antarctica and mountain building in the Himalayas also resulted in seasonally more
variable conditions; the first evidence for a monsoonal climate around the equator
came from this time (Morley, 2000). In a monsoonal climate the seasonality increased,
decreasing predictability of the environment and reducing the availability of suitable
conditions for long living specialists. In the dry period of monsoons dust is blown
over coastal seas. Nowadays this is the most important source (together with ice-raft-
ed debris) of limiting micro-nutrients (e.g., Fe) to the Southern Ocean (Salamy &
Zachos, 1999). Together, these changes will have noticeably increased the productivity
of the world oceans (Salamy & Zachos, 1999). This increase in productivity occurred
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stepwise, with three periods of marked increase in productivity at 41.6-43.1 Ma, 36.9-
35 Ma and 35-33 Ma (Diester-Haass, 1995).

At the close of the Palaeocene the first larger foraminifera turnover (LFT1) took
place, characterized by a considerable differentiation at the species level and an in-
creased adult dimorphism, i.e., a difference in size between the microspheric and
macrospheric generation (Hottinger, 1998; Orue-Etxebarria et al., 2001; Fig. 8.5). In the
Western Tethys (Europe to Pakistan) LFT1 is readily recognizable at one level (SBZ5
in Serra-Kiel et al., 1998). In Indonesia LFT1 is not recognized at the same level, but
occurred in the Middle Lutetian (Fig. 8.5). The Ypresian and early Lutetian fauna is
still characterized by small forms, few genera and low adult dimorphism; adult
dimorphism and generic as well as species diversity increased from the middle Lutet-
ian onwards.

The highest diversity of larger foraminifera was reached within the Lutetian to
Bartonian (Adams et al., 1990; Brasier, 1995; above). At this time not only specific and
generic, but also morphologic diversity, was highest (with a possible exception for the
Oligocene to Early Miocene). Langer & Hottinger (2000) showed that modern day
diversity coincided with regions of high SST.

Although only limited data are available for Early Eocene larger foraminiferal
diversity in the East Tethys, it was much higher in the Western Tethys than in Indo-
Malaysia (IM). Morphological data confirm this observation. In the IM only (relative-
ly) small larger foraminifera occur, while in Europe and northern Africa large spe-
cimens occur commonly. A very large sized Nummulites (N. luterbachi Boukhary,
Bassiouni & Hussein-Kamel) in the Early Eocene of Egypt occurred on the edge of the
zone of highest SST, while maximum diameter elsewhere in the West Tethys was
much lower (Wielandt, 1999).

As is shown in figure 8.2, there are two explanations to this incongruence between
the fossil and Recent pattern possible, which do not exclude each other:

- there is an upper limit to larger benthic temperature tolerance.

- there are no sites with upwelling in the Western Tethys or Caribbean (Bice et al.,
2000). Furthermore, mountainous vegetation types made up a large part of the Sunda-
land flora and, together with the humid climate, terrestrial run off is probably high
(Morley, 2000). Both factors lead to high productivity and few opportunities for larger
foraminifera. High productivity is confirmed by the planktonic foraminifera assem-
blage from the Nanggulan Formation (Java: Pearson, pers. com.). Hottinger (1990)
showed that the highest diversity in the Western Tethys was reached in a subtropical
gyre, isolated from nutrient input from land and from upwelling.

The Eocene-Oligocene transition

The larger foraminiferal turnover around the Eocene-Oligocene transition (LFT2)
occurred simultaneously, and in the same sequence all over Tethys (Fig. 8.5). Genera
containing species that obtain large diameters disappeared stepwise. Assilina and
Pseudocamerinoides had obtained their largest diameter (though never as large as Num-
mulites) already at the end of the Lutetian, and disappeared completely in the Bartonian.

In Nummulites the largest species disappeared before the Bartonian-Priabonian
boundary, and four out of seven species in the latest Bartonian are early species in lin-
eages that diversified in the Priabonian or Rupelian (Schaub, 1981; Serra-Kiel et al.,
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Fig. 8.5. Compilation of diversity measures and palaeogeographic and palaeoenvironmental events.

A: generic diversity in Europe (broken line) and Indo- Malaysia (solid line). The thin line indicates
diversity in letter stages that can be recognised in Indo-Malaysia, but so far cannot be correlated to
recognisable units in Europe.

B: percentage of genera in time slice that has its (local) last occurrence at the end of that time slice.
lines as above.

C: percentage of genera in time slice that has its (local) fist occurrence at the beginning of that time
slice. lines as above.

D: dark line indicates the absence of ever wet forests in Southeast Asia (from Morley, 2000, and Mor-
ley pers com).

E: presence of Arctic icesheets (solid: permanent, broken ephemeral) (Zachos et al., 2001).

F: presence of Antarctic icesheets (solid: permanent, broken ephemeral) (Zachos et al., 2001).

G: opening of the circum Antarctic current system (Dingle & Lavelle, 2000).

H: collision of Africa to Eurasia.

I: Global average temperature during the Cenozoic, simplified after Zachos et al. (1994).

J: Third order sea level curve of Haq et al. (1987)

K: larger foraminiferal events in the West Tethys: I first occurrence of species with pronounced adult
dimorphism (LFT1), II: interval of maximum adult dimorphism and global diversity, III: transition-
al period with low diversity faunas with reduced adult dimorphism (LFT2), IV: interval of maxi-
mum diversity and adult dimorphism, V: Miocene extinctions (LFT3), VI: recovery in the Pleis-
tocene to Recent of Indo-Malaysia.

L: larger foraminiferal events in the East Tethys (for explanation of numbers, see K).
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1998). Note that many of the species occurring in the early part of the Bartonian had a
large geographic range, that provincialism was reduced at that time. In Indonesia
stratigraphic resolution is not yet detailed enough to see whether the largest forms
disappeared at or before the Bartonian-Priabonian boundary.

Priabonian ‘chronofauna’

The Priabonian fauna, characterized by the occurrence of large Discocylina, and Pel-
latispira, in the absence of typical Middle Eocene genera like Assilina and Alveolina and
large representatives of Nummulites, has been recognized as a separate chronofauna
(Hottinger, 1997). Most assemblages from this age are characterized by relatively large
orthophragminids and Operculina. However, instead of being a separate chronofauna,
the distinct nature of the Priabonian fauna could also be a response to environmental
conditions causing the presence of more algal overgrowth on the substrate.

Genera that are typical for this ‘chronofauna’ have their first occurrence in the
Lutetian or Bartonian. Four genera have their only occurrence in this time slice, Grzy-
bowskia, Sylvestriella, Linderina and Orbitoclypeus. The morphology of these genera is
very similar to the exposed slope assemblages at the Spermonde Archipelago (Grzy-
bowskia vs Heterostegina depressa, Sylvestriella vs Baculogypsinoides and Linderina vs
Amphisorus).

Unlike in Europe, diversity increased over the Bartonian- Priabonian boundary in
Indo-Malaysia. According to Figure 8.2, diversity decreases either when productivity
increases or when temperature rises, if we do not take high temperature as a limiting
factor for diversity. Oceanographic evidence given above, however, shows that the
Priabonian was colder and richer in nutrients than the Lutetian-Bartonian. The local
rock record also does not provide evidence that the Indo-Malaysian environment
deviated from the global trend. This provides circumstantial evidence that the diversi-
ty in the Lutetian and Bartonian is limited by too high a temperature. Speculating
even further, the Priabonian fauna need not be a k-selected fauna, despite some char-
acters of a specialized, k-selected fauna. The presence and extinction of large discocy-
clinids (with a marked adult dimorphism) should be seen in the line of ‘progressive’
extinctions of the largest species of genera (or complete genera) at the end of the
Lutetian (Assilina and Pseudocamerinoides) and the Bartonian (Nummulites). The other
genera, such as Spiroclypeus and Heterostegina, are typically forms living on a solid
substrate instead of a soft substrate like the previously mentioned genera. Solid sub-
strate inhabited by larger foraminifera is usually covered by algae, and an increase in
genera preferring solid substrate in the Priabonian thus hints at an increased nutrient
level.

Range extension versus phyletic speciation

Schaub (1981) proposed a phylogenetic relationship for most of the species treated
in his overview, reproduced here (Fig. 8.6) against linear time using the stratigraphic
ranges provided by Serra-Kiel ef al. (1998). The species from Oman and Indonesia not
yet known to Schaub (1981) have been included where possible.

The interpretation of the genus Palaeonummulites in this thesis, results in a poly-
phyletic genus Nummulites, since only the ancestral species of the burdigalensis, laeviga-
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tus, and the leupoldi-groups are included in Palaeonummilites. A revision at the generic
level of the genus Nummulites is outside the scope of this thesis, however.

Most lineages show a very consistent geographic distribution (Fig. 8.7). Many lin-
eages are restricted to west and central Europe, with an occasional species migrating
into a larger geographic area. In the contrast, in the east Tethys most species occur as
isolated taxa, with some uncommon lineages. In particular, the abundant, long rang-
ing species in Europe have migrated to the East and sometimes evolved into separate
species.

From this pattern, it is concluded that speciation occurred mainly in Europe, with
species migrating to the east. After arrival in India or Indonesia, some species differ-
entiated into local endemics, which were than replaced by new immigrant species
from Europe, an example of range extension speciation. Note, that this migration is
counter current, since the main current systems are from east to west.

The reticulate nummilitids were abundant and widespread in the Priabonian of
Europe, but absent in Indo-Malaysia, where N. fichteli arrived in the Rupelian. Dur-
ing Tc, the early Rupelian, N. fichteli evolved into several species in the east Tethys,
but these derived species have not been found in Europe. In the Indonesian
Rupelian, there are more examples of lineages in the Lepidocyclinidae, Mio-
gypsinidae and other genera within the Nummulitidae. In Europe, similar lineages
have been found (e.g., Drooger, 1993). These lineages have not been independently
dated yet, so it is impossible to determine whether species evolved at similar rates
all over the Tethys or if speciation was limited to a ‘centre of origin” out of which
species migrated.

Other taxa

High latitude deep-sea benthic foraminifera show a similar pattern of stepped
extinctions at the end of the Lutetian, the Bartonian and the beginning of the Rupelian
(Thomas, 1992). Low-latitude planktonic foraminiferal populations experienced a major
faunal turnover between the late Middle Eocene and the early Late Oligocene (Keller
et al., 1992). This turnover involved over 80% of planktonic foraminiferal species. The
overwhelming majority of species becoming extinct were surface-dwelling forms that
were replaced by more cold-tolerant, subsurface dwelling species (Keller et al., 1992).
The majority of extinctions took place at the Middle-Late Eocene boundary and Early-
Late Oligocene boundary (Keller et al., 1992).

On land, global climate deterioration started at the end of the Eocene and resulted
in a change in vegetation throughout the region, and a major retraction of megather-
mal rain forest (Morley, 2000). Lowland rainforests were largely replaced during the
Oligocene and earliest Miocene by seasonal climate (monsoonal) vegetation types. With
cooler climates, montane forests with frost tolerant conifers became common in the
upland areas (Morley, 2000 and pers. com.). Major events at this transition are global
cooling resulting in the development of first small ephemeral ice-sheets and subse-
quently the first permanent glaciation in the Antarctic region (Fig. 8.5; Salamy &
Zachos, 1999; Zachos et al., 2001).

The faunal change did not necessarily reflect cooling, but can also be attributed to
a change in zonation of photic biotopes (Hallock et al.,1991a). The appearance of full
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scale continental ice-sheets on east Antarctica intensified ocean circulation and up-
welling of nutrients into oceanic surface water, thus shallowing the photic zone and
increasing seasonality, both resulting in a decreased diversity of more k-type species.

There are three possible reasons why LFT2 in the Indo-Malayan region was less
pronounced than in Europe, each of them not excluding the other:

The equatorial position of Indo-Malaysia, while the northern margin of the west
Tethys (Europe) was at about 30°N. Together with the position at the west side of the
Pacific Ocean, the late Eocene-Oligocene cooling in Indo-Malaysia was less severe
than in Europe. It might even have increased opportunities for larger benthic fora-
minifera if, during the Middle Eocene, diversity was limited by high temperatures.

The reduction of mountainous area in Indo-Malaysia around the Eocene/Oligocene
transition and the dryer climate reduced the terrestrial influx to Indo-Malaysian mar-
ginal seas. This resulted in a (relative) increase in the depth of the photic zone and
more opportunities for specification in the area.

Changing basin conurations could result in a local decrease in the intensity of
upwelling, or in an upwelling zone further away from shallow marine areas. In the
Lutetian, southwest Sulawesi started to separate from Borneo, resulting in a carbonate
platform that is not directly flanked by an upwelling zone (Moss & Wilson, 1998). This
resulted in a smaller regional nutrient stress and lower extinction rates in the Barton-
ian. The early part of the Priabonian is represented by a characteristic marly facies
over much of the region (southwest Sulawesi, north Sulawesi, west Java and several
localities on Borneo), indicating that nutrient levels increased at this time. In a large
part of Indonesia the Priabonian-Oligocene boundary falls within a hiatus, but where
present algae are a dominant component of carbonates, e.g., Borneo (Adams, 1965),
Java and Sulawesi (this thesis), indicating nutrient stress increased on the carbonate
platforms (Adams, 1965).

Early to Middle Miocene diversity

From the Oligocene onwards, there have been continental ice-sheets on east-
Antarctica. In the Rupelian and early Chattian these were permanent, but were
ephemeral from the late Chattian to Middle Miocene these were ephemeral (Zachos et
al., 2001). The late Chattian to early middle Miocene was a period with warmer condi-
tions, with the highest temperatures at the Middle Miocene climatic optimum (16 Ma;
Fig. 8.5). The Middle Miocene saw a major climatic revolution. The early stage of this
climatic revolution from ~16 Ma to 14.8 Ma was marked by major short term varia-
tions in global climate, East Antarctic Ice Sheet (EAIS) volume, global sealevel and
deep ocean circulation (Flower & Kennett, 1994). In the later stage from 14.8-12.9 Ma
climatic developments involved major growth of the EAIS, a distinct increase in the
meridional temperature gradient, a sealevel fall and increased production of Antarctic
bottom water, increasing the ocean circulation rates (Flower & Kennett, 1994). From
10 Ma increasing restriction of surface water flow through the Indonesian seaway led
to piling up of warm surface waters in the western equatorial Pacific (Gasperi & Ken-
nett, 1993).

After the low diversity of larger foraminifera in the early Rupelian (East Indian
Letter stage Tc; Fig. 8.5), larger foraminifera started to diversify in both Europe and
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Indonesia (late Rupelian, Td). No complete compilation of maximum diameter is avail-
able at this moment for the Tethys assemblages, but in the Chattian and Early
Miocene especially Nephrolepidina and Eulepidina reached large diameters (up to 12 cm
in Indonesia). In the Caribbean largest diameter of lepidocyclinids was reached at the
end of the Chattian, and species diversity in larger foraminifera dropped at the Aqui-
tanian-Burdigalian boundary (Brasier, 1995). In Europe a similar diversity drop
occurred, but in Indonesia large Nephrolepidina was present in the Middle Miocene,
together with relatively large Cycloclypeus. Also in Australia, large lepidocyclinids
have been found in the Middle Miocene (McGowran & Li, 2000).

A more detailed look at the larger foraminiferal diversity drop in the Middle Mio-
cene shows that was not as abrupt as the thick line in Figure 9.5 suggests. Ranges of
genera with a first occurrence in Tf, or Tf; count as being present during the entire
Middle Miocene, whilst the same holds for species with a last appearance at the end
of Tf; or Tf,. The thin unbroken line in Figure 8.5 represents the generic diversity
when these more detailed ranges are used. This shows a continuous decline in diver-
sity throughout the Middle Miocene, following the diversity maximum of the Early
Miocene.

The high diversity of larger foraminifera in the Early Miocene in Indo-Malaysia
was coincident with optimal conditions in two parameters:

a) The late Early and earliest Middle Miocene was the warmest period of the Mio-
cene (Flower & Kennett, 1994; Zachos et al., 2001). During the Early and Middle
Miocene, the widespread expansion of humid climates resulted in the expansion of rain
forests across most of the region. Tropical rain forests reached their greatest expansion
in the early Middle Miocene (Langhian), because of warm and moist climates in periods
of sealevel highstands (Morley, 2000). At the same time mangroves were widespread
(Adams et al., 1990). During periods with lower sealevel there was a corresponding
expansion of vegetation adapted to seasonal climates (Morley, 2000). After the Langhian
climate deteriorated and the latitudinal expansion of tropical rain forest decreased.

b) At the same time as the larger foraminiferal maximum diversity, upland vegeta-
tions were much reduced from the Chattian onward (Morley, 2000). At the end of the
Rupelian (30 Ma) the only mountainous area was at the southeast tip of Sumatra and
northwest of Java, while land was only present on the Sunda block, extending over a
large part of Borneo (Hall, 1998). Carbonate platforms were extensive in the Chattian-
Burdigalian, covering south Borneo, and a large part of the Java Sea and parts of
northeast Borneo, while large carbonate platforms were present on southwest Sulawe-
si, Mindanao and Palawan- Mindoro (Hall, 1998). This pattern started to change in the
Middle Miocene, when a larger part of the Sunda block was flooded and mountain
building started in Borneo (Hall & Nichols, 2001)

Unlike the Lutetian-Rupelian events, the Miocene extinctions (LFT3) occurred
diachronously, with many last occurrences during the Early Miocene in Europe (and
the Caribbean), but many first occurrences in Indo-Malaysia. The increase in diversity
in Indo-Malaysia occurred concurrently with a sealevel rise and the start of the colli-
sion of the Australian and Eurasian plates, with island arcs in between. Both processes
resulted in the increase of shallow marine habitats in Indo-Malaysia. Because of tec-
tonic events no immigration was possible of newly evolved genera to the Mediter-
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ranean region. Rosen (1999) found an increasing anomaly between isotope predicted
temperatures and diversity of zooxanthellate corals related to the increased isolation
of the Mediterranean basin.

After the relatively cold period during most of the Oligocene, in the latest Chattian
temperatures rose, and the Early and especially Middle Miocene temperatures were
relatively high. With the onset of permanent ice sheets on the Antarctic (around the
Middle/Late Miocene boundary) temperatures became lower again. At the same time
the collision between Australia and Eurasia intensified, resulting in high mountains
on Borneo and much terrestrial run off over the shelves, reducing the area of potential
larger benthic foraminiferal habitat (Hall, 1998; Hall & Nichols, 2001). Erosion rates
were very high and large deltas started to develop from the drainage systems. These
deltas decreased the surface area of carbonate platforms on the Sunda shelf, but exten-
sive carbonate platforms were still present on East Sulawesi, Mindanao and Halma-
hera (Hall, 1998; Hall & Nichols, 2001; Fig. 8.4).

The effect of these events was enhanced, because of the shallower photic zone and
the reduced depth stratification of the habitats. Over large parts of Java (pers. obs. and
Lokier and Wilson, pers. com.) carbonate platforms were dominated by onkolitic reefs
at the end of the Middle Miocene (planktonic foraminfera zone N12). Other shallow
marine, warm water taxa such as corals show a similar pattern (Wilson & Rosen, 1998).

The termination of the Chattian-Miocene larger foraminiferal fauna occurred earli-
er in Europe than in Indonesia. Possible causes of this pattern could be:

a) The collision of Africa with Eurasia, which shut of the possiblitiy of exchange
with areas with a more diverse larger foraminiferal population, limiting the possibili-
ties of repopulation after extinctions, allthough conditions improved.

b) The geographic position of Indo-Malaysia at the equator. With increased glacia-
tion, the latitudinal gradient in the oceans increased, having more effect in the
Mediterranean basin than in the equatorial Pacific. The collision of Africa to Eurasia
also prevented warm surface waters to enter the Mediterranean, resulting in an in-
creased cooling in the Mediterranean, causing extinction.

The main extinctions in Indo-Malaysia occured several million years after the cli-
matic optimum, at the same time when planktonic foraminifera adapted to living at
intermediate depths went extinct as well (Hodell & Vayavanada, 1993). This time was
characterized by a shift in dominance of provenance of oceanic deep water from the
east Tethys to high latitudes, increasing ocean circulation rates and nutrient flux to the
oceanic surface waters (Flower & Kennett, 1994).

This pattern is enhanced by increased terrestrial run off because of mountain
building in Borneo and a sealevel fall, the latter two both leading to fewer oligotroph-
ic habitats in the area.

Late Miocene to Recent diversity

Sulawesi emerged from the Late Miocene onwards, and from 5 Ma uplift increased
relief and the emergence of many Indonesian islands, like Sumatra, Java, Sulawesi,
Papua New Guinea, Timor, and Ceram (de Smet ef al., 1989). At this time carbonate
platforms occurred mainly around the palaeoequator, off east Java, the southwest,
east and northeast arms of Sulawesi and southeast Borneo. The presence of Late
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Miocene pollen of alpine trees in Southeast Asia, providing an indication of the moun-
tainous area in the region, shows a similar pattern in the Neogene, with a return of
alpine floras from 5 Ma onwards. Thus, at about 5 Ma a second plate tectonic reorga-
nization occurred, mainly related to the onset of collision between the continents of
Eurasia and Australia, instead of the island arcs and oceanic crust (Hall, 1998).

In the Late Miocene, although there were periods with widespread representation
of rain forests, dry climates coinciding with periods of marked sealevel lowstand were
intermittently widespread (Morley, 2000). During the Pliocene moist climates were
widespread within Kalimantan, but dry vegetations were established on Java with the
development of the monsoonal climate. During this period, montane vegetation types
were more extensive and made up a larger part of the pollen association. With the
build up of the Indo-Pacific warm pool SST increased in the region, allowing for a
larger number of photic habitats in Indo-Malaysia. Global temperature was highest in
the early Pliocene (5-4 Ma), and decreased with the onset of glaciation in the Arctic.

Glacial-Interglacial cycles severely affect the habitat of larger benthic foraminifera.
Most of the Recent reefs and carbonate platforms are flanked by steep margins, leav-
ing very limited surface area available as a suitable habitat for larger foraminifera
(and other reef associated biota) during glacial lowstands. Further, increased terrestri-
al run off during glacials aggravated this pattern. Especially on the Sunda, but also on
the Sahul shelf, rivers with large catchment areas were present during glacial times
(Molengraaff & Weber, 1919; Voris, 2000).

Today at least 18 genera occur within the Indo Pacific realm, and diversity is
even higher if the species of the Nummulitidae dwelling on unlithified sediment are
divided into Planostegina and Planoperculina, as suggested by Hohenegger et al.
(2000). The fauna is characterized by several genera that originate in the early Ceno-
zoic. The first occurrence of Operculina and Palaeconummulites was already within the
Early Eocene or even Palaeocene, while Borelis originated in the Middle/Late
Eocene and Alveolinella, Cycloclypeus and Amphisorus evolved from ancestors in the
Miocene. The five calcarinid genera have a much sparser fossil record and appear
mainly in the Pliocene.

Summary of events in the Cenozoic

1. During the Lutetian to Bartonian the diversity of larger benthic foraminiera
diversity did not change in southeast Asia, but global temperatures dropped. Diversi-
ty might have been more limited by high water temperatures rather than by high
nutrient availability.

2. The Bartonian-Priabonian transition was marked by global cooling and higher
nutrient availability due to increased ocean circulation rates. Nevertheless, diversity
increased in the Indo Malaysian region.

3. During the Chattian to Early Miocene global temperatures rose, and ocean circu-
lation rates were slowed down again. This resulted in an increase in habitats, leading
to a diversity maximum, coincident with the late Early Miocene climate optimum.

4. During the middle Miocene ocean circulation rates increased again and temper-
atures decreased. This resulted in a lower diversity in the Late Miocene, but the Tf;-
Tf; diversity also fits in this trend.
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5. During the Pliocene diversity slightly increased again, despite globlal cooling.
Recent diversity is even higher, but that is probably related to taphonomical factors.

Conclusions

Distribution patterns of larger foraminifera show that diversity and distribution
is limited by an interplay of temperature and nutrient availability, fine tuned by
sealevel fluctuations. The Eocene-Oligocene faunal turnover can mainly be attributed
to oceanographical/climatological related changes (SST, nutrient availability), while
with the extinction of the Miocene faunas tectonics related factors (availability of
shallow marine habitat and increased terrestrial run off) play a more important role.

The faunal turnover around the Eocene-Oligocene boundary was driven by an
increased fertility of surface waters, increased upwelling rates and increased transport
of terrestrial dust into surface waters. Both upwelling and the input of wind-blown
terrestrial dust have a pronounced seasonal component, resulting in a more variable
system, thus limiting the opportunities for K-selected species.

Cenozoic larger foraminifera faunas can be divided into three periods of high
diversity, characterized by increased adult dimorphism. The time interval in which
these three faunas occur differ between the west and east Tethys. The increase in adult
dimorphism and species diversity occurred more than 10 million years earlier (in the
Palaeocene) in Europe than in Indonesia. The extinction of the Late Oligocene-Early
Miocene fauna happened later in Indonesia than in Europe and the Recent fauna is
not present at all in Europe (Fig. 8.5).

In the Eocene, the Indonesian fauna was characterised by immigration of genera
from the west, that sometimes locally evolved into new species, but hardly any lin-
eages of species are recognisable.

The opening of the Makassar Strait, starting in the middle Lutetian, was an impor-
tant event for the evolution of a diverse shallow marine fauna in the Indo-Malayan
region. With the opening of the Makassar Strait large shallow marine environments
away from upwelling zones became available for colonisation.
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10. Groot foraminiferen als milieu-indicatoren

Groot foraminiferen zijn, zoals hun naam al doet vermoeden, grote, eencellige or-
ganismen. Ze komen voor in vergelijkbare omstandigheden als rifbouwende koralen,
te weten in ondiepe, warme zeeén. Aangezien ze afhankelijk zijn van de energie die
algjes waarmee ze samenleven (symbionten) uit fotosynthese produceren zijn ze be-
perkt in hun voorkomen tot de fotische zone. Net als andere rif geassocieerde
groepen, zijn groot foraminiferen het meest divers in het grensgebied tussen de Indi-
sche Oceaan en het westelijke deel van de Stille Oceaan (IWP).

Alle Recente groot foraminiferen produceren een kalkskeletje dat, als ze doodgaan,
bewaard kan blijven als fossiel. Op zowel Recente als fossiele riffen en carbonaat plat-
formen in Zuidoost-Azié spelen groot foraminiferen een belangrijke rol in de kalkpro-
ductie, waarvan zij soms wel 80% voor hun rekening nemen. Omdat andere groepen
die veel gebruikt worden voor ouderdomsbepalingen (biostratigrafie) op carbonaat-
platformen niet zo veel voorkomen, of niet bewaard blijven, worden in deze setting
vaak groot foraminiferen voor de ouderdomsbepaling gebruikt.

Het onderzoek waarvan in dit proefschrift verslag wordt gedaan heeft als doelen:

- Het beschrijven van de verspreiding van levende groot foraminiferen in verschil-
lende rifsystemen.

- Het herkennen van de belangrijkste parameters die de verspreiding van groot
foraminiferen beinvloeden.

- Het vergelijken van de verspreiding van lege skeletjes van groot foraminiferen met
die van de levende eencelligen, zodat kan worden nagegaan of het voorkomen van
bepaalde soorten foraminiferen kan worden gebruikt voor het reconstrueren van
omgevingsomstandigheden in het verleden.

- De resultaten hiervan gebruiken voor het interpreteren van vondsten in de fossiele
overlevering.

Om beter te begrijpen wat groot foraminiferen nu eigenlijk precies zijn, geef ik hier
eerst een korte inleiding over groot foraminiferen in het algemeen.

Groot foraminiferen zijn een informele groep. Meestal wordt als maat een cel volu-
me van meer dan 0.5 mm? gebruikt. Daarnaast moet een foraminifeer afhankelijk zijn
van symbionten om tot de groot foraminiferen gerekend te worden. Tijdens de
ontwikkeling van de groep (het houden van symbionten) is dit kenmerk meermalen
opgetreden. Dientengevolge komen groot foraminiferen Recent voor in twee orders
van de foraminiferen, de perforate en imperforate foraminiferen. De samenstelling
van het kalkskelet van deze groepen verschilt op een aantal punten, o.a. in de door-
laatbaarheid van licht.

Milieuparameters die van belang zijn voor groot foraminiferen

De verspreiding van groot foraminiferen wordt bepaald door een groot aantal
parameters die vaak met elkaar gecorreleerd zijn. Figuur 10.1 vat deze parameters en
de interactie met de foraminiferen samen.

Het deel van de oceanen waarin groot foraminiferen voorkomen wordt begrensd
door watertemperatuur in de koudste maand en de beschikbaarheid van nutriénten. Ook
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Omgeving
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skelet vorm ‘7
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Fig. 10.1. Schema dat de omgevingsparameters die de verspreiding van groot foraminiferen bepalen
en aanpassingen daaraan weergeeft.

deze twee parameters zijn gecorreleerd, aangezien de metabolische activiteit toeneemt
als het water warmer wordt en ze dus meer energie nodig hebben om in leven te blijven.

Symbiose is alleen maar voordelig voor zowel de symbiont als de gastheer als
deeltjes organische stof (POC) zeldzaam zijn. In deze omstandigheden voedt de gast-
heer zich met dit POC, terwijl de symbiont de afvalproducten van de gastheer
gebruikt, tezamen met energie uit fotosynthese. De overtollige energie wordt dan
weer gebruikt door de gastheer (Hallock, 1981c). Laboratorium experimenten hebben
uitgewezen dat sommige groot foraminiferen wel 90% van hun energie van hun sym-
bionten betrekken (ter Kuile, 1991). Het houden van symbionten beperkt het voor-
komen van groot foraminiferen dus tot het voorkomen in de fotische zone.

De metabolische activiteit verdubbelt met iedere temperatuur stijging van 10 gra-
den. De kans om voldoende voedselarme omstandigheden aan te treffen neemt dus
toe met een hogere watertemperatuur. Groot foraminiferen zijn dan ook beperkt tot
het gebied met een oppervlakte temperatuur in de koudste maand van hoger dan
16°C (Langer & Hottinger, 2000).

Hoewel vaak als belangrijkste parameter aangeduid, bepaalt diepte slechts indi-
rect de verspreiding van groot foraminiferen. Erg belangrijk is dat met diepte de
hoeveelheid licht, en de frequentie van het licht afneemt. Hoe snel dit gebeurt (de
helderheid van het water) wordt beinvloed door de beschikbare hoeveelheid voed-
sel en landinvloed. Beide parameters verhogen de hoeveelheid deeltjes (organisch
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dan wel sediment) in het water en verminderen dus de helderheid.

Daarnaast neemt de hydrodynamische energie en de temperatuur af met diepte.
Hydrodynamische energie vertaalt zich zowel direct als indirect in het voorkomen
van groot foraminiferen. Als er continu hoge golven breken op een deel van het rif,
moeten de foraminiferen zich goed kunnen verankeren en niet snel breken om te kun-
nen overleven. Ook op niet verkitte sedimenten verstoren golven foraminiferen omdat
ze steeds bedolven worden onder het sediment en er dan geen licht meer bij hun sym-
bionten komt. Overigens zijn er ook soorten die zich juist gedeeltelijk bedekken met
zand om zich zo tegen te hoge lichtintensiteit beschermen en dus ondieper leven dan
anders mogelijk zou zijn.

Soorten reageren verschillend op golfenergie. Palaeonummulites venosus komt
bijvoorbeeld alleen maar voor dieper dan de mooi weer golfbasis, terwijl Cycloclypeus
carpenteri alleen maar onder de storm golfbasis voorkomt.

Aanpassingen van groot foraminiferen aan de omgeving

In Figuur 10.1 worden in de onderste helft een aantal tactieken genoemd die groot
foraminiferen gebruiken om zich aan te passen aan de omgeving waarin ze leven. Alle
soorten hebben een geheel eigen combinatie van grenzen waarbinnen de milieu para-
meters moeten blijven om voor te kunnen komen. Deze combinatie wordt bepaald
door een aantal eigenschappen van de foraminifeer.

1. Samenstelling en opbouw van het kalkskeletje. De structuur van de kalk in het
skeletje van imperforate foraminiferen is minder transparant dan die van perforate
foraminiferen. Daarnaast zitten er kleine porién die de licht doorval ook verbeteren in
de kalkwanden van perforate foraminiferen. Dientengevolge kunnen perforate fora-
miniferen dieper voorkomen dan imperforate foraminiferen.

2. Het type symbiont. Er komen vier groepen algen voor als symbiont in fora-
miniferen: groene en rode algen, diatomeeén en dinoflagellaten. Iedere groep gebruikt
zijn eigen golflengte bereik en de gastheer wordt daardoor beperkt in het voorkomen.
Groenalgen gebruiken oranje licht, en dat wordt als eerste door het water geabsorbeerd.
Hierom komen Parasorites en Laevipeneroplis die groenalgen als symbiont hebben alleen
ondiep voor. Bij Nummulitidae en Amphisteginidae is een andere aanpassing vast-
gesteld: ze veranderen het soort symbiont. Hoewel ze wel gebonden zijn aan een
bepaald type (in beide gevallen diatomeeén) kunnen ze hun diepte bereik uitbreiden
door als ze dieper voorkomen een andere soort diatomee op te pikken dan ondiep.

3. Vorm van het skeletje. Zowel binnen als tussen soorten is de vorm afhankelijk
van de omgeving. Dieplevende soorten zijn platter dan ondiep levende. Enerzijds
kunnen ze zich dit veroorloven omdat er minder hydrodynamische energie is en de
kans op breken dus geringer is, anderzijds hebben ze op die manier een grotere
oppervlakte en kunnen beter profiteren van de geringere hoeveelheid licht die op die
grotere diepte aanwezig is. In ondiep water is de lichtintensiteit te hoog en wordt het
skeletje dikker, waardoor de kans op breken door golven ook kleiner wordt. Ook wor-
den er pilaartjes gevormd die dienen ter versteviging, maar ook als lensjes fungeren
en dan het licht bij de symbionten concentreren.

4. Er zijn allerlei mechanismen ontstaan om te voorkomen dat golven of stroming
het huisje wegspoelen. Amphisorus hemprichii, die op de onstuimigste plekken voor-
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komt, cementeert zich vast aan het substraat. Calcarina’s houden zich vast door middel
van een prop protoplasma aan hun stekels. Amphistegina ontwikkeld het deel van het
skelet rond de mondopening zo dat ze zich beter kunnen verankeren aan het substraat.

De Spermonde Archipel

Een groot deel van het onderzoek is uitgevoerd op de Spermonde Archipel (hoofd-
stukken 2 t/m 4). Dit is een ondiepe kustzee (maximaal 70 m diep) die door een bar-
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Fig. 10.2. Model dat laat zien dat diep levende soorten gevoeliger zijn voor veranderingen in milieupa-
rameters (en dan vooral helderheid van het water) dan ondiep levende soorten. Het grijze blok geeft
de lichtintensiteit aan waarin de soort kan leven. Omdat aangenomen wordt dat een groot
foraminifeer als hij zich eenmaal gevestigd heeft niet meer kan verplaatsen, moeten de goede
omstandigheden een jaar lang aanwezig zijn om te kunnen overleven.

A: diep levende soort I =1-5% lichtintensiteit aan de oppervlakte

B: ondiep levende soort I = 10-50% lichtintensiteit aan de oppervlakte
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riere van de Straat van Makassar wordt afgeschermd (Fig. 2.1). In het Zuidwesten
mondt een grote rivier, de Jene Berang, uit en wordt er veel sediment en voedingsstof-
fen over de Spermonde gespoeld (vooral in het natte seizoen). Riffen komen voor ten
noorden van de Jene Berang op variabele afstand van de kust. Deze riffen zijn bemon-
sterd door middel van SCUBA duiken, terwijl er ook drie transecten met een bodem-
happer bemonsterd zijn.

In totaal zijn er 20 soorten levende obligate symbionthoudende soorten en een fa-
cultatieve chloroplast onderhoudende soort (Elphidium craticulatum) aangetroffen.
Deze 21 soorten kwamen in zes assemblages voor. Eén hiervan was beperkt tot het
deel het dichtst bij de kust, terwijl de andere vijf in de overige gebieden voorkwamen.
Hoe verder je van de kust kwam, hoe dieper deze assemblages voorkwamen.

Dit patroon is te verklaren als je naast voedselrijkheid en lichtintensiteit ook sta-
biliteit van het ecosysteem (voorspelbaarheid) meeneemt bij het verklaren van deze
patronen. Stabiliteit is belangrijk omdat groot foraminiferen een lange generatietijd
hebben voor ze zich voortplanten (dit doen ze door zich op te delen, en daarna is de
ouder dus dood). Diep levende soorten worden groter en hebben een langere genera-
tietijd (Cycloclypeus carpenteri die wel 12 cm groot kan worden, heeft een generatietijd
van 1-4 jaar). Gedurende deze hele tijd moeten de omstandigheden goed genoeg zijn
om te overleven. Dit betekent dat de hoeveelheid licht gedurende die hele tijd binnen
de tolerantiegrenzen moet blijven. Omdat lichtintensiteit logaritmisch afneemt met
waterdiepte, heeft een afname in de helderheid vooral op grote diepte grote gevolgen,
en hebben vooral de diep levende soorten last van seizoensveranderingen in bijvoor-
beeld run off (Fig. 10.2).

Het gevolg hiervan is dat in zeer voedselarme condities er een grotere differentiatie
met de diepte optreed. De soorten zijn meer gespecialiseerd op een bepaald bereik in
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Fig. 10.3. Weergave van het habitat gebruik van groot foraminiferen (naar Hallock, 1987). In voedsel-
arme omstandigheden komen groot foraminiferen dieper voor, en zijn ze soorten en vormen rijker.
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lichtintensiteit. Een van de aanpassingen hieraan is hun vorm. Dieplevende soorten (en
dieper levende individuen van dezelfde soort) zijn platter dan ondiep levende soorten.
Juist deze platte, dieplevende soorten ontbreken in voedselrijkere situaties, waardoor
daar zowel de soortenrijkdom als de vormenrijkdom minder is (Fig. 10.3).

In hoofdstuk 4 wordt de verspreiding van lege skeletjes vergeleken met die van de
levende foraminiferen. Over het algemeen komt deze verspreiding erg mooi overeen,
maar er zijn toch een aantal verschillen. Soorten die op niet-verkit sediment leven
onder de riffen gedragen zich het meest zoals het model voorspelt, tot deze groep
horen onder andere de Nummulitidae. Soorten die op de riffen zelf voorkomen daar-
entegen hebben een veel geringere kans op preservatie. Ze worden alleen maar
gevonden in monsters die op of erg dichtbij een rif genomen zijn. Daarnaast is het
onderscheid tussen monsters die aan de lijzijde en de loefzijde van de riffen genomen
zijn vervaagd, hetgeen duidt op transport van de lege skeletjes door golf energie van
de west naar de oostzijde van het rif.

In het vijfde hoofdstuk worden de groot foraminiferen op een rif in de Filippijnen
bekeken (rond Cabilao), en de resultaten vergeleken met de Spermonde situatie en
gepubliceerde waarnemingen. Veel soorten komen op vergelijkbare plekken voor,
maar er zijn ook weer een aantal opmerkelijke verschillen.

In de Spermonde komen de hoogste dichtheden voor op de rifbasis, en wordt het
rifvlak nauwelijks door (groot) foraminiferen bewoond omdat hier te veel los zand ligt
in combinatie met altijd aanwezige golven. Het eerste deel (gezien vanaf zee) van het
rifvlak in de Spermonde is vergelijkbaar, maar op het tweede deel groeien grote algen
die beschutting bieden aan de foraminiferen. Op Cabilao is de dichtheid hier het
hoogst. Hier komen een aantal soorten voor die in de Spermonde veel dieper
voorkomen, terwijl op Cabilao ze dieper juist afwezig zijn. De algemeenste soort
(zeker in aantal) op de Spermonde, Operculina ammonoides, is zeldzaam rond Cabilao,
en hij komt hier ook tussen ‘coral rubble” voor, terwijl hij in dat habitat op de Sper-
monde juist niet voorkomt.

Fossielen

In het tweede deel, de hoofdstukken 6 en 7, komen fossiele voorkomens juist meer
aan bod. Uitgaande van de constatering dat vormenrijkdom en diversiteit aan elkaar
gerelateerd zijn, is de diversiteitsontwikkeling in het Cenozoicum van Zuidoost-Azié
vergeleken met die in Europa.

Om dit te kunnen doen moest in eerste instantie de ouderdomsbepaling in het
oudste deel van het Cenozoicum verbeterd worden. Tot nu toe werd het Eoceen in
Zuidoost-Azié onderverdeeld in vier eenheden, Ta;; en Tb. Hiervan was eigenlijk
alleen Tb goed te onderscheiden en te correleren met andere delen van de toenmalige
Tethys Oceaan (die zich uitstrekte langs de zuidgrenzen van Azié, Europa en Noord-
Amerika). Om dit doel te bereiken was een revisie van een belangrijke groep gidsfos-
sielen, nummulieten, in Zuidoost-Azié noodzakelijk.

Deze revisie vormt hoofdstuk 6 van dit proefschrift, en zal ook verschijnen in
Cainozoic Research, waarin de nieuwe soorten een formele naam zullen krijgen. Het
resultaat van de revisie is dat van de meer dan 70 namen die in deze groep gebruikt
zijn in de afgelopen 150 jaar, er slechts 16 geldig zijn, waarbij dan ook twee soorten
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zitten die nog nooit eerder herkend en benoemd waren. Van deze 16 soorten is de
stratigrafische verspreiding afgegrensd, zodat ze voor ouderdomsbepalingen gebruikt
kunnen worden (Fig. 10.4).

Een bijkomend resultaat was dat het geslacht Assilina, zeer talrijk aanwezig in het
Midden Eoceen van Europa, niet in Indonesié voorkwam. Ook komen er maar drie
soorten (ook nog zeer zeldzaam) voor van het zeer nauw verwante geslacht Plano-
camerinoides. Een ander geslacht (Ranikothalia) dat ook vermeld was uit het Midden
Eoceen in Indonesié, bleek ook een misidentificatie te betreffen. Elders in het versprei-
dingsgebied is Ranikothalia beperkt tot het Vroeg Eoceen, en het voorkomen in het
Midden Eoceen zou dan ook een grote verrassing zijn.

Bovengenoemde resultaten zijn in hoofdstuk 7 gebruikt om diversiteitspatronen in
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Fig. 10.4. Stratigrafische verspreiding van de soorten in de genera Nummulites, Palaeonummulites en
Planocamerinoides in Indonesie.
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het Eoceen (soortsniveau) en Cenozoicum (genusniveau) te bekijken. Uitgangspunt
hierbij waren de vragen:

- Was gedurende het Eoceen Zuidoost-Azié inderdaad soortenarmer dan Europa
of andere delen van de Tethys?

- Als dit zo is, wanneer ontstaat dan het huidige diversiteitspatroon, waarin de
IWP wel het meest diverse gebied is?

Als we kijken naar het aantal soorten in het genus Nummulites, dan is Zuidoost-
Azié inderdaad veel armer dan Europa. Europa is echter veel groter, beter bestudeerd
en dus zou er wel eens een waarnemers effect op hebben kunnen treden. Er zijn echter
ook vergelijkbare data bekend uit Oman (Racey, 1995) en Noord-Afrika (Schaub, 1981).
Deze twee gebieden komen qua oppervlakte (Noord-Afrika), en Oman qua hoeveel-
heid ontsloten Laat-Midden Eocene afzettingen beter overeen met Indonesié. Oman is
wel veel kleiner dan Indonesi€, dus de kans op endemische soorten is daar wel kleiner.

De soortaantallen van de nummulieten zijn in alle tijdvakken (vroeg, midden, laat
Lutetien en Bartonien) van het Midden Eoceen veel lager dan in de drie overige
gebieden (Fig. 10.5). In hoofdstuk 4 was gebleken dat morfologische variabiliteit ook
gerelateerd is aan taxonomische diversiteit. Daarom is, als verdere controle, ook de vor-
menrijkdom vergeleken en die bleek eveneens veel lager te zijn in Zuidoost-Azié. Ter-
wijl in Europa de grootse diameter van Nummulites meer dan 10 cm bedraagt is de
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Fig. 10.5. Aantal soorten in de genera Nummulites en Palaconummulites in vier delen van de Tethys
Oceaan. De hoge aantallen soorten in het Ypresien van Europa is een overschatting van de werke-
lijkheid, omdat hier veel soorten met een erg korte stratigrafische verspreiding voorkomen, die bij
elkaar opgeteld worden in de langere periodes die hier gebruikt worden.
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grootste Indonesische soort slecht 4,5 cm. De maximum diameter wordt wel op het-
zelfde tijdstip bereikt, namelijk in de eerste helft van het Bartonien (Fig. 10.6).

Opvallend is dat veel van de soorten die in Europa een belangrijk deel van de
assemblages vormen en een langere stratigrafische range hebben ook in Indonesié
voorkomen (soms zonder te veranderen, soms net genoeg veranderd om tot een
andere soort gerekend te kunnen worden). Opvallend is daarbij dat N. fabiani niet in
Zuidoost-Azié is aangetroffen, terwijl zijn opvolger, N. fichteli, wel talrijk vertegen-
woordigd is in Zuidoost-Azié. Dit is een duidelijk voorbeeld van een immigratie
gebeurtenis na de Eoceen-Oligoceen grens.

Ook in de generieke diversiteit is Zuidoost-Azié veel armer dan Europa in het
Eoceen (Fig. 10.7). De faunaverandering op de Eoceen-Oligoceen overgang (die gelei-
delijk plaatsvindt over ongeveer 8 Mj) heeft een minder groot effect in Zuidoost-Azié
dan in Europa. In Europa neemt de diversiteit af, terwijl in Zuidoost-Azié een veel
sneller herstel optreedt en de diversiteit ondanks enkele extincties toeneemt. In hoofd-
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Fig. 10.6. Mediane (middenwaarde van de opgegeven minimale en maximale diameter) diameter van
de microsfere vorm van soorten uit het genus Nummulites en Palaeconummilites in vier deelgebieden
van de Tethys-oceaan (met gebruik van gegevens van Schaub, 1981 en Racey, 1995).
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Fig. 10.7. Aantal genera in het Cenozoicum van Europa en Zuidoost-Azié

stuk 8 wordt beargumenteerd dat dit mogelijk komt door de afkoeling die op dit tijd-
stip plaatsvond. Mogelijk was de Eocene fauna gelimiteerd door de erg hoge zeewater
temperaturen, terwijl deze temperaturen in het koelere Priabonien (Laat Eoceen) en
Rupelien wel weer in het optimale bereik vielen.

Vanaf het Chatien (Laat Oligoceen) is Zuidoost-Azié het rijkste gebied op aarde,
hoewel de fauna samenstelling nog sterk afwijkt van de Recente fauna. Door het bot-
sen van Afrika met Eurazié wordt Europa afgesloten van de IWP, en vond daar geen
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verbeterende klimaat.
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Plate 1

a-b. Peneroplis planatus (Fichtel & Moll, 1798) KKW-6 (RGM 214609 and RGM 214610).
c-d. Dendritina ambigua (Forskal, 1775) KKW 27 (RGM 214611 and RGM 214612).

e-f. Laevipeneroplis proteus (d’Orbigny, 1839) LW 2 (RGM 214613 and RGM 214614).

g-h. Parasoritoides orbitolitoides (Hofker, 1930) SE 21 (RGM 214615 and RGM 214616).
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Plate 2
a-b. Sorites orbiculus (Forskél, 1775) KKW 9 (RGM 214617 and RGM 214618).

c-d. Amphisorus hemprichii Ehrenberg, 1839 LKW 18 (RGM 214619 and RGM 214620): ¢ showing a mal-
formation of the test.

e. Alveolinella quoyii (d’Orbigny, 1826) SW 24 (RGM 214621).
f. Amphistegina lessonii d’Orbigny, 1826 KKW 12 (RGM 214622).
g. Amphistegina radiata (Fichtel & Moll, 1798) KKW 18 (RGM 214623).

h. Amphistegina lobifera Larsen, 1976 KKW 6 (RGM 214624)
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Plate 3

a-b. Calcarina hispida Brady, 1876 C05-0.5 (RGM 214607 and RGM 214608).
¢. Baculogypsinoides spinosus Yabe & Hanzawa, 1930 KKW 24 (RGM 214625).
d. Calcarina spengleri (Gmelin, 1791) KKW 18 (RGM 214626).

e-f. Neorotalia calcar (d’Orbigny, 1839) SE 6 (RGM 214627 and RGM 214628).

g-h. Elphidium craticulatumm (Fichtel & Moll, 1798) LLW 6 (RGM 214629 and RGM 214630).
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Plate 4
a. Heterostegina depressa d’Orbigny, 1826 KKW 18 (RGM 214631).

b-c. Operculina ammonoides (Gronovius, 1781) SW 27 (RGM 214632 and RGM 214633) b: macrosphere
showing normal growth, c: microsphere showing irregular growth.

d-e. Palaeonummulites venosus (Fichtel & Moll, 1798) KKW 33 (RGM 214634 and RGM 214635).
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Plate 5

1-2. Calcarina spengleri (Gmelin, 1791) s.s. C05-0.5 (RGM 214601 and RGM 214602).
3-4. Calcarina spengleri (Gmelin, 1791) type A, C06-06 (RGM 214603 and RGM 214604).
5-6. Calcarina mayori Cushman, 1924 C12-12 (RGM 214605 and RGM 214606).

7-8. Calcarina hispida Brady, 1876 C05-0.5 (RGM 214607 and RGM 214608).
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Plate 6

A-B, G-J. Nummulites djokdjokartae (Martin, 1881)

A-B: Axial section of B-form; Kali Puru (Nanggulan) (RGM 47196A) (A X 2.5, B X 5). Note the abun-
dant splitting of the spiral laminae very near to the equatorial plane.

G: External view of juvenile B-form; Kali Puru (Nanggulan) (RGM 3334B) (X 2.5). Note straight
peripheral part of the septal philaments. This specimen was labeled N. vredenburgi by Douvillé.

H: Equatorial section of juvenile B-form; Kali Puru (Nanggulan) (RGM 3334A) (X 2.5). This specimen
was labeled N. vredenburgi by Douvillé.

I: Equatorial section of B-form; Kali Puru (Nanggulan) (RGM 3320C).

J: External view of B-form; Kali Puru (Nanggulan) (RGM 47196B).

C-E. Nummulites nov. spec.

C-D: Axial section of B-form; Kali Puru (Nanggulan) (RGM 3322A) (C X 2.5, D X 5). Note the rare
splitting of the spiral laminae. If they split, it is more in the polar region than in N. djokdjokartae Martin.
E: Equatorial section of B-form; Kali Puru (Nanggulan) (RGM 3322B) (X 2.5).
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Plate 7

A-C. Nummulites nov. spec.

A: External view of B-form (X 5); Kali Bawang (Nanggulan) (RGM 3339).

B: Equatorial section (split specimen) of A-form; Kali Puru (Nanggulan) (RGM 3325A) (X 10).
C: External view of A-form; Kali Puru (Nanggulan) (RGM 3325B) (X 10).

D-E: Nummulites djokdjokartae (Martin, 1881)
D: Equatorial section (split specimen) of A-form; Kali Puru (Nanggulan) (RGM 3321A) (X 10).
E: External view of A-form; Kali Puru (Nanggulan) (RGM 3332) (X 10).
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Plate 8

A-F. Nummulites javanus Verbeek, 1891 (Palaeontological Museum, University of Bonn)

A-B: Equatorial section of B-form; Timor (X 2.5).

C: Equatorial section (split section) of B-form; Karangsambung (Java) (RGM20119) (X 2.5). Specimen
from a type locality. Shows typical preservation with well preserved marginal cord and very thin
septa.

D: Axial section of B-form. Jetis (Java) (RGM 20118) (X 2.5).

E: Equatorial section of A-form; Timor (Palaeontological Institute, University of Bonn) (X 5).

F: Axial section of A-form; Timor (Palaeontological Institute, University of Bonn) (X 5).
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Plate 9

A-C. Nummulites boninensis Hanzawa, 1947

A: Equatorial section of B-from; Sungai Ular, SW Sulawesi (RGM 20117) (X 3.75).

B: Axial section of A-form; Timor (Geological Museum, University Delft, KA903), 1947 (X 7.5).
C: Axial section of B-form; Sungai Ular, SW Sulawesi (RGM 20116) (X 3.75).
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Plate 10

A-E. Palaeonummulites pengaronensis (Verbeek, 1871)

A: Axial section of A-form; Timor (Palaeontological Institute, University of Bonn) (X 5).

B: Equatorial section of A-form; Sungai Temoe (Kalimantan) (RGM 19108) (X 5).

C: Equatorial section of A-form; Sungai Temoe (Kalimantan) (RGM 109) (X 5).

D-E: Equatorial section of B-forms; Timor (Palaeontological Institute, University of Bonn) (X 2.5).

F-G. Palaeonummulites sp. 1
F: Equatorial section of B-form; Timor (Palaeontological Institute, University of Bonn) (X 5).
G: Axial section of B-form; Timor (Palaeontological Institute, University of Bonn) (X 5).
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Plate 11

A-D Palaeonummulites beaumonti (d’Archiac & Haime, 1853)

A: Equatorial section of B-form; Timor (Palaeontological Institute, University of Bonn) (X 5).

B: Split specimen of B-form; Sungai Mangkalihat (Kalimantan) (RGM 19114) (X 5).

C: Exterior view of B-form; same specimen as B (X 5).

D: Axial section of B-form; Sungai Mangkalihat (Kalimantan). (RGM 19009) (X 10). Note the pillars
that stop half way from the equatorial plane to the outside of the test.

E-H Palaeonummulites variolarius (Lamarck, 1804)

E: Axial section of A-form; Sungai Mangkalihat (Kalimantan) (RGM 19124) (X 10).

F: Equatorial section of A-form; Sungai Mangkalihat (Kalimantan) (RGM 19122) (X 10).
G: Split specimen of A-form; Sungai Ular (SW Sulawesi) (RGM 202015) (X 10).
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Plate 12

A-C. Nummulites subbrongniarti Verbeek, 1871

A: Equatorial section of A-form; Sungai Seilor (Kalimantan) (RGM 19056) (X 10).
B: Axial section of A-form; Sungai Seilor (Kalimantan) (RGM 19057) (X 10).

C: Axial section of B-form; Sungai Temoe (Kalimantan) (RGM 10949) (x 2.5).

D-E. Nummulites fichteli Michelotti, 1841
D: Equatorial section of B-form; Sungai Seilor (Kalimantan) (RGM 19118A) (X 5).
E: Axial section of B-form; Sungai Seilor (Kalimantan) (RGM 19118B) (X 2.5).

F: Planocamerinoides orientalis (Douvillé, 1912)
Axial section of A-form, type specimen; Nias (RGM 11879) (X 2.5).

G-K. Planocamerinoides sp. 1

G: External view of B-form; Pengging (Java) RGM 20214 (X 2.5).

H: Drawing of axial section, Fig. 89 in Verbeek & Fennema (1896) (X 2.5) (as Nummulites (Assilina)
spira de Roissy).

I: Drawing of equatorial section, Fig. 87 in Verbeek & Fennema (1896) (X 2.5) (as Nummulites (Assilina)
spira de Roissy).

J: Drawing of axial section of A form, Fig. 93 in Verbeek & Fennema (1896) (X 5) (as Nummulites
(Assilina) leymeriei d’Archiac & Haime).

K: Drawing of equatorial section of A form, Fig. 92 in Verbeek & Fennema (1896) (X 2.5) (as Num-
mulites (Assilina) leymeriei d’ Archiac & Haime).

L-P: Planocamerinoides umbilicata (Verbeek in van Waterschoot van der Gracht, 1915)

L: Equatorial section of B-form; Sumba; same specimen as pl. I Fig. 2 in Caudri (1934) (X 2.5).

M-P: Drawings reproduced from type description; M: axial section B-form (X 2.5); N: external view B-
form (X 2.5); O: equatorial section B-form (X 2.5); P: axial section A-form (x 10).
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Plate 13

A-B, H-]. Palaconummulites crasseornatus (Henrici, 1934)

A: Equatorial section of B-form. Miomaffo (Timor) (RGM 202012) (X 2.5).

B: External view of B-form. Miomaffo (Timor) (RGM 202013) (X 2.5).

H: Equatorial section of A-form. Miomaffo (Timor)(RGM 202014) (X 5).

I: Axial thinsection of A-form (X 5). Jati Bungkus, Karangsambung (Java). specimen in collection PL.
J: External view of A-form (X 5). Miomaffo (Timor) (RGM 202011).

C-E, F, G: Paleonummulites nov. spec.

C: Axial section of B-form; O5743-2 (Geological Museum, University of Amsterdam) (X 2.5).

D: Equatorial section (split specimen) of B-form; Kali Songo (Nanggulan) (RGM202000) (X 2.5).

E: External view of B-form; Kali Songo (Nanggulan) (RGM202005) (X 2.5).

F: Equatorial section of A-form; Kali Semah (Nanggulan); O5743-1 (Geological Museum, University of
Amsterdam) (X 5).

G: External view of A-form; Kali Songo (Nanggulan) (RGM 202006) (X 5).

K-M: Palaeonummulites taballarensis (Caudri, 1934)

K: Equatorial section of A-form; Sungai Taballar, Kalimantan (RGM 19132) (X 5).
L: Axial section of A-form; Sungai Taballar, Kalimantan (RGM 19139) (X 5).

M: Equatorial view of A-form; Sungai Taballar, Kalimantan (RGM 19141) (X 5).
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