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Preface

　　This book is about microscopic organisms consisting of a single cell, which house microscopic algae as 

plants and thus construct complex greenhouses of calcium carbonate in tropical shallow water oceans. They 

have a long geological history of about 350 million years. Today, their empty glasshouses are important 

components of carbonate sand in tropical shallow water, where they often attain more than 90 % of carbonate 

sand grains. Beach sands in the tropical Indo-Pacific are named ‘living sand’ or ‘star sand’ according to the 

form of sand grains, which resembles to little stars or sun discs. The knowledge about life and demands of these 

micro-organisms to the environment is important for the preservation of carbonate sand beaches especially in the 

Indonesian Archipelago and the tropical West Pacific from the Barrier Reef to the Ryukyu Islands. Therefore, I 

wrote this book in a non-scientific and, as I hope, generally understandable manner to focus the interest to these 

organisms and to the problems of preserving carbonate beaches.

　　There is a lot of institutions and people that helped me during my scientific work and supported the 

making of this book. First, I have to thank the scientific and technical staff of the Tropical Biosphere Research 

Center, University of the Ryukyus, Sesoko Station, making a 12 months stay in 1992/ 1993 (director the late 

Prof. Kiyoshi Yamazato) and a  4 months stay in 1996 (director Prof. Tazunori Takano) as an invited foreign 

researcher possible. Second, I thank the Kagoshima University (president Prof. Hiromitsu Tanaka) for a 7 

months stay in 1997/98 as a visiting professor at the Research Center for the South Pacific (director Akio Inoue) 

and for participation of a 4 weeks cruise in 1995 on the ‘Keiten Maru’ to Belau, where I got friendship with 

many Japanese scientists, but was especially supported by Prof. Akio Hatta (Kagoshima University). Finally, I 

will thank my good friend Prof. Kimihiko Ōki (director of the Kagoshima University Museum) for providing 

support of the Japanese Society for the Promotion of Science for many stays at Kagoshima University and for 

organizing a special cruise to Amami-Oshima, Tanegashima, and a flight to Okinoerabu Jima, where I could 

take samples to broaden my horizon about larger foraminifera. Last, but not the least, I thank the Kagoshima 

University Museum for publishing this book.

　　The Austrian Science Fund (FWF) supported investigations within several projects, where Elza Iordanova 

(3 projects) and Christian Baal (1 project) were employed. Franz Tatzreiter supported field work in 1996. 

Discussions with Prof. Rudolf Röttger (Kiel) were useful for understanding the biology of these gardeners and 

molecular genetic investigations of Maria Holzmann helped to clarify the evolutionary relationships between 

different species. 

　　All illustrations and most of the photographs were performed by the writer, otherwise the authors, almost 

Christian Baal and Elza Iordanova, are cited. Finally, I thank M. Stachowitsch for correcting the English text.

　Vienna, February 2010

Johann Hohenegger
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　　It is a great pleasure to publish a book “Large foraminifera - Greenhouse constructions and gardeners in the oceanic 

microcosm”. I became acquainted with Prof. Hohenegger at the fourth International Symposium on Benthic Foraminifera 

(Benthos ’90) in 1990. I stayed at Vienna University for study of benthic foraminifera at the northern most part of Adriatic 

Sea for 7 months, 1994. At that time my family was under indebtedness to Professor Hohenegger and his wife. After that 

Prof. Hohenegger stayed at Kagoshima University in 1995, 1996, 1997~1998, 1998, 1999, 2003 and 2004. He collected 

bottom sediments and large foraminiferal specimens off Amami-oshima, Tanegashima, Amakusa-shimojima and Okierabu-

jima in 1999, 2003 and 2004 with me. I would like to say thanks to a good friend Prof. Hohenegger for giving me this 

chance.

ŌKI Kimihiko

Director of the Kagoshima University Museum
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SEM micrograph of Calcarina quoyi (size = 1.5 mm); view 
from the umbilical side.

SEM micrograph of the surface of Calcarina quoyi showing 
the protection of pores by small spikes (scale bar = 0.1 mm).

SEM micrograph of a spine of Calcarina quoyi (scale bar = 0.1 
mm).

Living Calcarina hispida (size = 2.5 mm); view from the spiral 
side (upper) and from the umbilical side (lower).
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the test center with necessary light. 

　　These gardeners are the only clan members that range 

into the deeper regions of the well-illuminated reef slope 

between 30 and 60 m.

　　The last two groups of gardeners within the calcarinids 

construct special glasshouses that deviate from the main 

trend in calcarinids. The first group (Baculogypsina) 

arranges their chambers, after developing a flat and short 

spiral, in circular manner around this embryonic spiral. 

Four to seven spines are developed at the lateral side of this 

plane. Additional chambers are built at both sides of this 

median plane, resulting in thick lens-shaped glasshouses 

with strong spines. Totally glassy pustules allow light to 

SEM micrograph of Calcarina hispida; view from the spiral 
side (body size without spines = 1.6 mm) and from the umbilical 
side (body size without spines = 1.5 mm).

SEM micrograph of a spine of Calcarina hispida (scale bar = 
0.1 mm).

SEM micrograph of Calcarina mayori (body size without 
spines = 1 mm)

SEM micrograph of a spine and shell surface of Calcarina 
mayori (scale bar = 0.1 mm).
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penetrate into the central test part. This construction has 

the appearance of little stars and makes this group the main 

components of star-sand in the tropical West-Pacific, where 

it inhabits regions of extreme water motion.

　　The last and most developed group within the calcarinid 

gardeners constructs glasshouses similar to the former 

group with dominating lateral chambers (Schlumbergerella). 

The lack of a planispiral initial chamber arrangement 

leads to a special construction of tetrahedral glasshouses, 

where the short but strong spines mark the corners of the 

tetrahedron. Therefore, these glasshouses resemble concrete 

breakwaters built by humans. They can be found, similar 

to the star-sand of the West Pacific, in highest energetic 

regions of the Indonesian Archipelago. 

Ocher to olive-green gardeners with large, often flat 

greenhouses, scientific name Nummulitidae

　　The last clan of today’s gardeners with transparent walls 

also house diatoms acting as greenhouse plants. In contrast 

to the calcarinid clan, they prefer the deeper regions of the 

shallow tropical sea, where the weak light enables their 

plants to obtain positive photosynthetic rates. This allows 

Living Baculogypsinoides spinosus (size = 3 mm).

SEM micrograph of Baculogypsinoides spinosus (body size 
without spines = 2 mm).

Thin section through Baculogypsinoides spinosus (size = 2.5 
mm; photo E. Iordanova).

S E M  m i c r o g r a p h  o f  a  s p i n e  a n d  s h e l l  s u r f a c e  o f 
Baculogypsinoides spinosus (scale bar = 0.1 mm).

SEM micrograph of a spine of Baculogypsinoides spinosus 
(scale bar = 0.1 mm).
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the gardener to profit from the carbohydrates produced by 

the microalgae. This relationship functions so well for all 

nummulitids that they do not depend on additional food.

　　All glasshouse constructions start from an initial plan 

of spirally arranged chambers within a plane. They possess 

a canal system to shorten the path from the surroundings 

of the glasshouse to the first chamber, where the regulation 

center, the cell nucleus, is located. 

　　A single group of clan members keeps the chamber 

height more or less constant during growth (Nummulites). 

Living Baculogypsina sphaerulata (size = 2.3 mm).

SEM micrograph of Baculogypsina sphaerulata (body size 
without spines = 1.2 mm).

SEM micrograph of the shell surface of Baculogypsina 
sphaerulata (scale bar = 0.01 mm) showing elevated transparent 
pillars and numerous pores between.

SEM micrograph of a spine of Baculogypsina sphaerulata 
(scale bar = 0.1 mm).

Living Schlumbergerella floresina (scale bar = 1 mm); mark 
the difference between the dominating sexual generation (gamont) 
and the single individual in the center belonging to the asexual 
generation (agamont).

SEM micrograph of a gamont of  Schlumbergerella floresina 
(body size = 2.3 mm; photo C. Baal).
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This arrangement is called a ‘spiral of Archimedes’. 

Therefore, all chambers are of similar size. Chambers of 

the last whorl overlap the former whorls on the lateral side; 

thus, only the last whorl is visible from outside, which is a 

growth form known as involute. 

　　These thick glasshouses can be found on sandy bottom 

between 30 and 70 m in clear water of the central Indian 

Ocean and the northern and central West Pacific.

　　Another group with similar glasshouse constructions 

is differentiated from the first group by a stronger increase 

in chamber height (Operculinella). This leads to flat outer 

chamber parts in large individuals (up to 1 cm). They are 

restricted to the tropical West Pacific, where they prefer 

sandy bottom from 50 to 90 m depth.

　　Similar to the amphisteginids, there are groups with 

similar glasshouse construction that changes depending 

on water depth. All are characterized by papillae that 

are located in rows above the septa which separate the 

chambers.

　　Two groups of gardeners living in shallower tropical 

water (but always below 20 m) construct thick tests. One 

group makes discoid glasshouses, where only the last whorl 

is visible (Operculina discoidalis). These gardeners prefer 

soft bottom such as found in tropical lagoons of the West 

Pacific or in about 50 m depth in front of coral reefs.

　　The second group (Operculina ammonoides) is 

distributed from the Red Sea to the West Pacific, starting 

at 10 m depth. In the Red Sea and Indian Ocean these 

Living Nummulites venosus (size = 2 mm).

SEM micrograph of  Nummulites venosus (size = 2.2 mm).

Thin section of  Nummulites venosus (size = 1.8 mm; photo E. 
Iordanova).

SEM micrograph of an agamont of  Schlumbergerella floresina 
(body size = 3.1 mm).
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gardeners can live in deeper clear water down to 100 m, 

where they construct large and flat glasshouses.

　　A third group with similar construction but elevated 

septa is restricted to fine sediments of the warm temperate 

northwestern Pacific. It prefers 10 to 20 m depth.

　　Similar forms with larger and flatter greenhouses live in 

Living Operculinella cumingii (size = 10 mm).

Light micrograph of Operculinella cumingii (size = 4.8 mm).

SEM micrograph of Operculinella cumingii (size = 6.4 mm).

Thin section of Operculinella cumingii (size = 1.3 mm; photo 
E. Iordanova).

Living Operculina discoidalis (size = 2.5 mm).
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deeper regions of the East Indian Ocean and West Pacific 

(Operculina complanata). All chambers are visible from the 

lateral sides (evolute) and the chamber arrangement follows 

a ‘logarithmic spiral’, which means that the chambers 

increase in height during growth.

　　From 30 to 50 m depth the glasshouses are thick, 

becoming extremely thin and flat with increasing depth. 

The deepest-living gardeners belonging to this group can be 

found in clear tropical water at 120 m.

　　In the deepest, light-depleted regions the glasshouses 

are extremely flat, very glassy and not as large as in 

shallower regions (Operculina elegans). This helps them 

retain the smaller chamber size necessary for regulating 

chemical processes.

　　A further modification to inhabit the deepest, light-

depleted regions while keeping the large flat size and having 

small cytoplasm units to promote regulation and metabolic 

SEM micrograph of Operculina discoidalis (size = 1.8 mm; 
photo C. Baal).

Living Operculina ammonoides (size = 2.2 mm) from 20 m 
depth.

SEM micrograph of  Operculina ammonoides (size = 2.1 mm; 
photo C. Baal).

Living Operculina ammonoides (size = 6 mm) from 60 m 
depth.
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processes, is to divide the strongly increasing chambers 

by septula into smaller, equally sized compartments. 

Two groups can be found, one where the division into 

chamberlets is incomplete (Planoperculina) and another 

where the division is complete (Planostegina).

　　All these gardeners are restricted to the tropical Indian 

Ocean and West Pacific. 

　　Similar to the last group, but with much thicker central 

test parts caused by the involute chamber arrangement, 

are other gardeners (Heterostegina) that show the 

widest distribution range within the nummulitids, both 

geographically and according to water depth. These 

gardeners are the only nummulitids with a worldwide 

distribution. They are found in the Caribbean and in parts 

of the Mediterranean, where they intruded from the Red 

Sea through the Suez Canal as so-called ‘Lessepsian 

migrants’. They are abundant in the whole tropical Indian 

Light micrograph of Operculina ammonoides from the 
Northwest Pacific (size = 1.9 mm; photo C. Baal).

SEM micrograph of  Operculina ammonoides from the 
Northwest Pacific (size = 2 mm; photo C. Baal).

Living Operculina complanata (size = 4.8 mm).

SEM micrograph of  Operculina complanata (size = 4.3 mm).
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and Pacific Ocean and inhabit high energetic regions near 

the reef crest, where they protect themselves in holes, 

down to 70 m depth. At this depth, the glasshouses are flat 

and differentiated from the former relatives only by their 

involute coiling in the glasshouse center.

　　The last two gardeners belonging to this group are 

distinguished by the construction of large, flat and circular 

glasshouses. After an embryonic part (which differs in the 

two gardeners), the following constructions involving a 

cyclic arrangement of similar-sized chambers are identical. 

This leads to very large tests up to 13 cm, making them one 

of the largest single-celled organisms in the world. 

　　Their habitat depends on light availability and is located 

between 40 and 100 m depth. Both gardeners differ in 

their initial part. While the first group － distributed in the 

Indian Ocean － shows a planspirally enrolled chamber 

arrangement in the initial part (Heterocyclina) , the second 

Thin section of Operculina complanata (size = 2.2 mm; photo 
E. Iordanova).

Living Operculina elegans (size = 2.8 mm) from 100 m depth.

Living Planoperculina heterosteginoides (size = 3.5 mm).

Living Planostegina longisepta (size = 3.2 mm).
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group of gardeners － restricted to the tropical Pacific Ocean 

－ possesses a large embryonic part constituted of a few 

chambers (Cycloclypeus) .

The fate of empty glasshouses
　　What’s the fate of glasshouses when the gardeners leave 

SEM micrograph of Planostegina longisepta (size = 5.6 mm).

SEM micrograph of Planostegina operculinoides (size = 3.3 
mm).

SEM micrograph of the shell surface of  Planostegina 
longisepta (scale bar  = 0.1 mm).

SEM micrograph of the shell surface of  Planostegina 
operculinoides (scale bar  = 0.1 mm) with small pustules.

Thin section of Planostegina longisepta (size = 1.9 mm; photo 
E. Iordanova).

Living Heterostegina depressa (size =  3.4 mm).



－68－

them either during reproduction or at death?

　　First, the glasshouses lose their connection to the 

substrate where they were attached by the gardener’s 

pseudopods. This exposes them to water motion like other 

sediment grains. Depending on the intensity, form (laminar 

or turbulent flow) and direction of the water motion, these 

glasshouses will be transported. As opposed to normal 

sediment grains that are ellipsoidal or spherical, the 

form and density of glasshouses determines the transport 

distance: they are not as heavy as compact grains, and 

plate-like objects will be transported by fluids further than 

spherical forms. In analogy, a tree leaf is transported more 

easily by wind compared to a compact fruit with the same 

volume and weight as the leaf.

SEM micrograph of Heterostegina depressa (size =  3.5 mm; 
photo C. Baal).

Thin section of Heterostegina depressa (size =  3.2 mm; photo 
E. Iordanova).

Light migrograph of Heterocyclina tuberculata (size = 5.8 mm; 
photo C. Baal).

SEM micrograph of  Heterocyclina tuberculata (size = 5.8 mm; 
photo C. Baal).

Living Cycloclypeus carpenteri (size = 7.8 mm).

Thin section of Cycloclypeus carpenteri (size = 8.2 mm; photo 
E. Iordanova).
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　　The empty glasshouses of extremely abundant 

calcarinid gardeners on the reef crest are transported by 

waves to the beaches, where they accumulate. This often 

leads to large dunes consisting of sand with a significant 

proportion of foraminiferal tests. 

　　The spines of calcarinid tests are abraded, secondarily 

during transport but primarily at the beach by oscillatory 

wave action. This yields well-rounded calcite grains of a 

few mm size. Especially at the beaches of the Indonesian 

archipelago, when no human influence like pollution by 

agriculture destroys the ecosystem, the beach sand consists 

to more than 90% of well-rounded, equally sized calcareous 

grains originating from gardeners living 100 m in front of 

the beach. Such beaches are ideal tourist places.

　　When this beach sand is no longer moved by waves 

and becomes stabilized, then the evaporation of sea water 

between the grains leads to the precipitation of calcium 

carbonate crystals that adheres the loose grains to one 

another. This phenomenon is called cementation. It results 

in so-called beachrocks, which in this case consist mostly 

of calcarinid glasshouses that can be preserved for further 

millions of years.

　　Less stabile plate-like glasshouses from gardeners living 

in shallow water are also transported to the beach by wave 

action, where they are fractioned and pulverized.

　　The less abundant gardeners living in front of the reef 

are mostly transported downslope, either through currents 

- very strong during low (ebb) tide - or by tropical storms. 

Such storms affect the seafloor with oscillatory movement 

down to 50 m, while additional current flow can influence 

the waters down to 2000 m. Therefore, depending on slope 

inclination and the size and form of the glasshouses, they 

can be transported. Size and shape determine transport 

distances even if the foraminifera belong to the same clan.

　　Most of the sand in front of coral reefs down to 200 m 

is composed in the West Pacific of larger foraminiferal 

tests. The proportion and composition of glasshouses in 

SEM micrograph of Cycloclypeus carpenteri (size = 8.5 mm; 
photo C. Baal).

Sandy beach west of Okinoerabu Island, Japan.

Beach sand of Sesoko Island, Okinawa, Japan with numerous 
rounded Calcarina shells (scale bar = 10 mm).

Sand of Nusa Dua Beach, Bali, Indonesia consisting of more 
than 90 % rounded Schlumbergerella tests (scale bar = 10 mm).
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the sand depends on the depth at which the gardener lived. 

Therefore, in shallow water down to 50 m, glasshouses of 

shallow-living species are abundant; here, they have a grain 

size similar to other components of the sand originating 

from organisms like corals, bivalves, gastropods and spines 

of sea urchins.

　　The grain size becomes finer with increasing depth, 

making empty glasshouses now much larger compared to 

‘normal’ grains. When storms affect sediments at these 

depths, then the fine particles could be removed while the 

larger particles remain and are compacted. This procedure 

is called winnowing. It must be differentiated from sorting, 

where glasshouses of the two generations of the same 

gardener are unequally widely transported by water motion 

and deposited at different places due to their differing 

buoyancies. Winnowing explains the accumulation of a 

species where glasshouses of both generations are present, 

like the stones of the Egyptian pyramids. Sorting, on 

the other hand, is the main mechanism explaining the 

Beach rock at the coast west of Okinoerabu Island, Japan.

Details of the beach rock consisting of abundant Calcarina 
tests.

Sand from 10 m depth in front of Sesoko Island, Okinawa, 
Japan with abundant empty shells of larger foraminifera together 
with sea urchin spines, broken coral peaces and mollusk shells 
(scale bar = 1mm).

Sand from 50 m depth in front of Sesoko Island, Okinawa, 
Japan with abundant empty thick shells of larger foraminifera 
together with broken coral peaces and mollusk shells (scale bar = 
1mm).

Sand from 80 m depth in front of Sesoko Island, Okinawa, 
Japan with abundant empty thin and flat shells of larger 
foraminifera together with broken coral peaces and mollusk shells 
(scale bar = 1mm).
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accumulation of a single generation － almost of the same 

size － of gardener’s glasshouses.

　　All empty glasshouses, whether non-transported 

or transported, can be covered by sediment. When this 

becomes petrified, they become part of the sedimentary 

rock. Often they are dissolved in coarse-grained sediments 

due to the large pore space here: oxygenized pore waters 

lead to the solution of calcium carbonate. Here, aragonite 

and high magnesium calcite tests are more affected than 

those composed of low magnesium calcite. Fine-grained 

sediment hinders the penetration of pore waters, allowing a 

better preservation of glasshouses in the fossil record. 

　　According to these differences the preservation of 

larger foraminifera from shallow turbulent waters is poor, 

especially when the test consists of high-magnesium calcite. 

Preservation is much better in deeper water and very good 

in fine-grained sediment.

　　Sediments with larger foraminifera deposited in water 

depths from 20 to 50 m depth due to winnowing or sorting 

are excellent reservoirs of hydrocarbons like petrol and 

petroleum gas based on their large pore space. Thus, most 

of the petrol reservoirs today are found in such limestone 

mainly composed of larger foraminifera. 

　　This leads to the question when and why in Earth 

history such accumulations of microscopic glasshouses 

were formed.

The history of gardeners (Figure 8)
　　The foraminifera, the group of organisms to which the 

gardeners belong, show a long history. These single-celled 

organisms are first documented with simple tests in the 

oldest rocks where other remains of organisms also appear 

in high numbers. This is the Cambrian period about 540 

million years ago. These oldest foraminifera remained 

rather conservative with simple, single-chambered tubular 

or spherical tests until the Devonian, where the first 

chambered tests are reported. The Devonian is the last 

period of the so-called Early Paleozoic time, ranging from 

416 to 359 million years. This period is distinguished by a 

high proportion of land mass, which was important for the 

development of land plants. The first fish-like vertebrates 

left the sea. In the shallow parts of the oceans surrounding 

the large continents, the foraminifera developed different 

types of tests. In the latest Devonian, beside agglutinated 

and secreted walls － the latter made of fine globular 

microcrystals － the first transparent (hyaline) walls 

appeared. A bloom of the foraminifera in the following 

period, the Carboniferous, parallels the development of 

shallow marine organisms as well as plants and terrestrial 

organisms. In the Late Carboniferous called Pennsylvanian 

and in the following Permian, the first gardeners within the 

foraminifera appeared, showing high evolutionary trends 

in the Pennsylvanian and the Permian. These trends are 

used for time determination of the sediments in which the 

glasshouses are preserved.

　　The glasshouse construction of these earliest gardeners, 

Pleistocene outcrop west of Okinoerabu Island, Japan.

Details of the Pleistocene outcrop west of Okinoerabu Island, 
Japan (scale bar = 10 mm) with densely packed flat Planostegina 
shells together with non rounded gravel of volcanic rocks.
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Figure 7. Additional test constructions found in fossil larger foraminifera (Fusulina modified after Pokorny 1958, Neoschwagerina 
modified after Dutkevitch 1932, Orbitolina modified after Douglass 1960).
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Figure 8. Time distribution of the most important groups of larger symbiont-bearing foraminifera (colors corresponding to the symbiotic 
microalgae, where symbionts of the extinct Fusulinidae and agglutinating foraminifera are unknown).
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known as fusulinids, is a spindle, similar to the spindle-

shaped alveolinids today.

　　The main characteristic of the glasshouse construction is 

the division of the axially elongated chambers into smaller 

compartments, especially when the glasshouse reached 

a large size. This chamber division was obtained in two 

ways (Figure 7). The first way was by folding the septum, 

thus coming in contact with the septum of the former 

chamber, or by dividing the chamber by horizontal and 

Thin section of an Early Permian limestone (~ 270 million 
years ago) showing an axial section of Parafusulina (size = 13 
mm). Mark the septal folding for dividing the large chambers into 
smaller compartments (photo C. Baal).

Thin section of a Late Carboniferous limestone (~ 305 million 
years ago) showing an equatorial section of Triticites (size = 3.1 
mm; photo C. Baal).

Thin section of an Early Permian limestone (~ 305 Million 
years ago) showing an equatorial section of Neoschwagerina to the 
left and an axial section to the right (size ~ 5.5 mm; photo C. Baal).

The wall of  Fusulinella (Late Carboniferous, ~ 310 million 
years ago) in thin section showing a thick dark wall with an inner 
thin transparent layer that is called ‘Diaphanotheka’ (scale bar = 
0.1 mm; photo C. Baal).

The wall of Pseudoschwagerina (Early Permian, ~ 290 million 
years ago) in thin section showing a thin dark outer layer and a 
thick inner, still dark but more transparent layer, which is called 
‘Keriotheka’ (scale bar = 0.1 mm; photo C. Baal).

The spindle shaped foraminifer Fusulina (size = 5.6 mm) from 
the Late Carboniferous (~ 308 million years ago; photo C. Baal).	
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vertical partition panels. Additionally, these gardeners can 

be differentiated into two groups by their walls structure 

named ‘diaphanothekal’ and ‘keriothekal’.

　　The role as gardeners can be proved based on the 

chemical composition of the walls. This composition 

deviates from normal foraminiferal tests by a higher 

content of heavy carbon isotopes (13C) compared with the 

normal sea water, as can be measured in tests and shells of 

animals without symbiotic microalgae. This higher content 

is characteristic for the glasshouses of living gardeners 

because the cultivated plants inside the glasshouse use the 

lighter carbon isotope (12C) for photosynthesis. This left 

only the heavier carbon isotopes in the cytoplasm and for 

use to construct the glasshouse walls consisting of calcium 

carbonate (CaCO3). Nothing is yet known about the nature 

of the microalgae: they could have belonged to the green 

or red algae, but also ancestors of the dinoflagellates are 

possible.

An Early Permian (~ 270 Million years ago) fusulinid 
limestone with numerous specimen of Pseudoschwagerina (scale 
bar = 1 mm; photo C. Baal).

Thin section of a Late Triassic limestone (~ 205 million years 
ago) showing Triasina (diameter of the largest specimen = 1.8 mm; 
photo C. Baal).

A Late Triassic (~ 205 Million years ago) limestone with 
numerous Triasina specimens (scale bar = 1 mm; photo C. Baal).

The cyclic larger foraminifer Orbitopsella (size = 6.6 mm) 
from the Early Jurassic (~ 170 million years ago) with a test wall 
consisting of small agglutinated particles (photo C. Baal).

Equatorial section of Orbitopsella (diameter = 10 mm) showing 
the cyclic arrangement of chambers (photo C. Baal).
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　　After the catastrophic mass extinction at the end of the 

Permian 251 million years ago, the foraminifera needed 

time to resettle the marine environment. They started in 

the Early Triassic with forms similar to the representatives 

with simple tests of the Early Carboniferous. 

　　The rapid evolution during this period led to tests 

similar to the type of today’s glasshouses that make pillars 

instead of septula to strengthen the test　(Triasina). This 

phase was interrupted at the beginning of the Jurassic, the 

period in which the largest dinosaurs lived.

　　In shallow waters of the Early Jurassic until the Late 

Cretaceous, some glasshouses with wall structures similar 

to the Paleozoic forms－meaning composed of small and 

tiny granular microcrystals or constructed by collected sand 

particles fixed with calcareous cement － can be found. Their 

test construction resembles either flat circular　(Orbitopsella) 

or spindle-shaped glasshouses (Loftusia).

Axial section of Orbitopsella (diameter = 9 mm; photo C. 
Baal).

Sandstone from the Late Cretaceous (~ 68 million years ago) 
with the spindle-shaped foraminifer Loftusia (scale bar in mm; 
photo C. Baal).	

Axial section of Loftusia (length = 2 mm) showing the non 
transparent walls made of agglutinated foreign particles (photo C. 
Baal).

The flat conical, disc-shaped Orbitolina (size = 6.8 mm) from 
the Middle Cretaceous (~ 97 million years ago; photo C. Baal).

Axial section through Orbitolina (size = 4.6 mm) showing the 
non transparent walls made of agglutinated foreign particles (photo 
C. Baal).

A Middle Cretaceous (~ 100 Million years ago) sandstone with 
numerous Orbitolina specimens (scale bar = 1 mm; photo C. Baal).
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　　During the middle Cretaceous (125 to 93 million years 

ago), the foraminifers with sandy test walls invented a 

different way of constructing large-sized tests that cannot 

be compared with older or younger forms. These ‘architects’ 

got new ideas. They started with a chambered test, where 

after an initial and short planispirally coiled part the 

chambers were arranged in a straight series. By strongly 

increasing chamber width and reducing the planispiral part 

to a short embryonic part, these constructions became small 

cones (Figure 7). The size increase during evolution was 

obtained by reducing the cone height while at the same time 

widening the chambers. The result: extremely flat, disc-like, 

large tests at the end of the Cretaceous (Orbitolina). These 

architects probably also housed symbiotic plants and thus 

worked as gardeners.

　　In the Late Cretaceous, ancestors of living gardeners 

(those with spindle-shaped glasshouses and porcellaneous 

walls) appeared. 

　　They are accompanied by gardeners with circular 

glasshouses and transparent walls, where the chambers 

are arranged in cycles, similar to the two largest gardeners 

living today. In contrast to these forms, these glasshouses 

are not flat, but lens-shaped. This reflects the addition of 

The cyclic foraminifer Orbitoides (size = 3.3 mm) from the Late 
Cretaceous (~ 67  million years ago; photo C. Baal).

Equatorial section through Orbitoides (size = 4.7 mm) showing 
a large embryonic apparatus (nepiont) surrounded by an annular 
arrangement of chambers (photo C. Baal).

Axial section through Orbitoides (size = 5.1 mm) showing 
the large nepiont, the median layer and lateral chambers between 
transparent piles (photo C. Baal).

Equatorial section through Lepidorbitoides (size = 5.9 mm) 
from the Late Cretaceous (~  67 million years ago) showing a 
large embryonic apparatus (nepiont) surrounded by an annular 
arrangement of chambers. Mark the difference in the nepionts 
between Orbitoides and Lepidorbitoides (photo C. Baal).

Thin section of a Late Cretaceous (~ 67 million years ago) 
sandstone with numerous axially sectioned Orbitoides specimens 
(scale bar = 1 mm; photo C. Baal).
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lateral small chambers, similar to the construction of the 

today’s most developed star-sand gardeners. Also similar 

to the living star-sand, they developed transparent plugs 

or pillars to promote photosynthesis for algae living in the 

inner parts of the glasshouses.

Axial section of the spindle shaped Alveolina (size = 6.3 mm) 
from the Middle Eocene (~ 45 million years ago) showing the dark, 
porcellaneous, non transparent wall (photo C. Baal).

Equatorial section of Alveolina (size = 3.2 mm; photo C. Baal).

Thin section of a Middle Eocene (~ 45 million years ago) 
limestone with numerous Alveolina specimens with dark, non 
transparent walls (scale bar = 1 mm; photo C. Baal).

The cyclic foraminifer Orbitolites (size = 2.6 mm) from the 
Middle Eocene (~ 45 million years ago; photo C. Baal).

Equatorial section through Orbitolites (size = 7.6 mm) showing 
the non-transparent porcellaneous wall (photo C. Baal).

Thin section of a Middle Eocene (~ 45 million years ago) 
limestone with numerous Orbitolites and Alveolina specimens with 
dark, non transparent walls and Nummulites specimens with bright, 
transparent walls (scale bar = 1 mm; photo C. Baal).
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　　This glasshouse construction was very successful, 

allowing the settlement of gardeners in a wide range of 

habitats, from high energetic zones with intense water 

motion down to the base of the photic zone with low light 

intensities. These successful constructions were developed 

independently by different clans of gardeners. They cannot 

be differentiated from the outside, where all feature lens-

shaped glasshouses, but they differ strongly in their initial 

part, the embryonic chambers called nepiont (Orbitoides, 

Lepidorbitoides). According to evolutionary tendencies 

from simple nepionts to complex forms, they can be used 

to determine the deposition time of the sediments in which 

these forms are preserved.

　　After the second catastrophic mass extinction at the 

end of the Cretaceous, where the dinosaurs and ammonites 

disappeared, the development of the foraminifera was quite 

The planispirally coiled foraminifer Nummulites (size = 4.7 
mm) from the Middle Eocene (~ 45 million years ago; photo C. 
Baal).

Thin section of a Middle Eocene (~ 45 million years ago) 
limestone with numerous Nummulites specimens with transparent 
walls (scale bar = 1 mm; photo C. Baal).

Isolated Nummulites specimens washed from Middle Eocene 
marls, showing the difference between sexual (small shells) and  
asexual (large shell) generations (scale bar = 2 mm; photo C. Baal).

Equatorial section through Discocyclina (size = 10.6 mm) 
from the Middle Eocene (~  45 million years ago) showing a 
large embryonic apparatus (nepiont) surrounded by an annular 
arrangement of chambers. Mark the difference in the nepiont and 
chamber arrangement to the Cretaceous species Orbitoides and 
Lepidorbitoides (photo C. Baal).

Thin section of a Middle Eocene (~ 45 million years ago) 
limestone with numerous axially sectioned Discocyclina specimens 
(scale bar = 1 mm; photo C. Baal).
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similar to their evolution after the first mass extinction. 

Starting from surviving forms with simple tests, the 

foraminifera soon developed gardeners in different 

lines. Precursors and ancestors of all living gardeners 

started in the Paleocene, the first epoch of the Cenozoic. 

Beside the recurrence of spindle shaped glasshouses with 

porcellaneous walls (alveolinids), a phenomenon known as 

a Lazarus effect, the soritids (Orbitolites) and archaiasinids 

appeared, settling in the shallowest, most light-intensive 

regions. 

　　The main evolution took place in the newly developed 

nummulitids. They constructed planispiral glasshouses with 

transparent walls that reached immense abundances and 

sizes (up to 17 cm) between 55.8 to 37.2 million years ago, 

belonging to the Eocene epoch. Sediments with enormous 

Equatorial section through Lepidocyclina (size = 2 mm) 
from the Late Oligocene (~  27 million years ago) showing a 
large embryonic apparatus (nepiont) surrounded by an annular 
arrangement of chambers. Mark the difference in the nepiont and 
chamber arrangement to the Eocene Discocyclina (photo C. Baal).

Axial section through Lepidocyclina (size = 1 mm; photo C. 
Baal).

The cyclic foraminifer Miogypsina (size = 3 mm) from the 
Early Miocene (~ 20  million years ago; photo C. Baal).

Equatorial sections of Miogypsina (scale bar = 1 mm) showing 
the embryonic apparatus that does not lay in the center. Mark the 
evolution in the nepiont from a planispiral arrangement to a typical 
miogypsinid nepiont (photo C. Baal).
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amounts of nummulitids are today’s largest oil reservoirs, 

and the stones of the pyramids also belong to this epoch.

　　Glasshouses with cyclic chamber arrangement 

and lateral chambers that were successful in the Late 

Cretaceous were still constructed in the older Cenozoic 

period, the Paleogene. But they originate from different 

groups of foraminifera compared to the Cretaceous forms 

(Discocyclina).

　　There was a strong environmental change at the 

end of the Eocene epoch, leading to a size decrease in 

nummulitids. This also corresponds to the development of 

new cyclic gardeners (Lepidocyclina, Miogypsina). 

　　Both groups survived the boundary between the 

Paleogene and Neogene 23.03 million years ago and 

survived until 15.97 million years ago. Then, glasshouse 

constructions with lateral chambers disappeared and were 

replaced by nummulitids dividing their strongly increasing 

chambers by septula into smaller chamberlets. Circular 

forms were then developed in the youngest Earth period.

　　Today, the extreme pollution and destruction of 

shallow-water environments in the oceans endanger the 

glasshouse gardeners, which need clear, nutrient-poor sea 

water and abundant light for survival. Global warming, 

without pollution, would promote the development of 

glasshouse gardeners. Huge carbonate buildups could be 

produced in the future, replacing coral reef growth. The 

latter do not like higher water temperatures, as is evident 

in the lack of carbonate buildups made by corals during 

the high temperatures in the Paleogene, when carbonate 

buildups by larger foraminifera dominate. Despite this good 

prognosis for gardeners reacting to global warming, they 

are endangered by high pollution, the acidification of the 

oceans and the many forms of habitat destruction caused by 

human activities.

Thin section of an Early Miocene (~ 20 million years ago) 
sandstone with numerous Miogypsina specimens (scale bar = 1 
mm; photo C. Baal).

Thin section of a Pleistocene (~ 1.5 million years ago) 
limestone with numerous Cycloclypeus specimens together with 
Baculogypsinoides and Amphistegina (scale bar = 1 mm; photo C. 
Baal).




