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calcareous and agglutinated foraminifera (Fig. 2). Then, the parameters are changed step by 
step, either ascendingly or descendingly. Changes of the parameter TF modify test arrangements 
from streptospiral-biserial forms, through triserial-biserial forms to highly trochospiral in the 
most positive values (e.g., 0.9). The values higher than 1.0 would cause separation of chambers 
that represents the “forbidden zone” (sensu Berger, 1969). Lower or negative TF-values create 
uniserial or biserial rectilinear forms with strongly overlapping chambers at most negative 
values. Relatively strong changes in foraminiferal patterns, from biserial, through streptospiral-
biserial, streptospiral, streptospiral-to-4-serial, highly trochospiral, low trochospiral, planispiral, 
curved uniserial, rectilinerar uniserial to zigzac-like uniserial forms, can be observed along the 
Δφ dimension, going from 5° to 180° Δφ−values. Parameter β (rotation angle) gradually 
modifies morphotypes via spiral twisting of biserial forms.  

  
Figure 2. An example of the theoretical morphospace tree (morphotree) constructed along 5 dimensions 
(see text). 
 
Changes of isometric or allometric scaling ratios influence the overall chamber and test 
proportions. There are possible unlimited combinations of parameters giving different results. 

Discussion and conclusions. Overall comparison of the theoretical morphospace and 
empirical foraminiferal morphotypes suggests that evolution of small polythalamous 
foraminifers probably have “discovered” nearly the whole theoretical morphospace that means 
most of the simulated morphotypes are known from reality. It seems that most of theoretical 
morphotypes are functional as protective envelopes. An opposite interpretation assumes that 
most chamber arrangements are not essential for evolutionary success, even if we consider some 
morphotypes as more suitable for particular modes of life, such as planktonic or deep infaunal 
habitats. It is likely that evolution of small foraminifera can choose from a huge variety of shell 
shapes that may often have neutral adaptive values.  

There are also some simulated forms (see Tyszka et al., 2005 – fig. 2) that almost certainly 
never existed in reality but resemble some abnormal shells switching or swinging from the 
biserial growth mode to spiral one. Some of them show every-2-chamber rhythms from left to 
right coiling, resembling a pseudo-biserial arrangement. Such arrangements are theoretically 
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possible, but probably not functional. We can suppose that this presented geometric model does 
not integrate all factors controlling foraminiferal morphogenesis. The model does not include 
the morphogenetic role of apertures in shaping chambers. Real foraminal paths often tend to 
follow linear streaming of cytoplasm supported by cytoskeleton. This may be observed during 
ontogenesis of various morphotypes, which avoid strong bending as soon they reach rectilinear 
foraminal paths. It means that uncoiling forms are relatively common and they do not switch to 
the coiling mode during ontogenesis (e.g., Ammobaculites, Astacolus, Marginulinopsis etc.). A 
similar pattern is well known from complex foraminifers which show intercameral foramina 
situated along straight lines facilitating protoplasmic streaming between successive chambers 
and/or their chamberlets (see Hottinger, 2000; Tyszka & Topa, 2005). This phenomenon should 
be further investigated based on empirical examples and then built-in the future model.  

 
This research is sponsored by the Polish Ministry of Scientific Research and Information 
Technology (Grant nr 3 PO4D 048 24). Presentation of these results is supported by the 
Sepkoski Grant founded the Paleontological Society International Research Program. 
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The first high resolution, quantitative analysis of benthic foraminiferal assemblages across the 
extraordinarily continuous and expanded Cretaceous/Tertiary Boundary (KTB) transition of the 
Elles section, allow me to recognize the following paleoenvironmental changes: a) sudden and 
incisive faunal turnover across the KTB in terms of diversity, abundance, and community 
structure; b) extinction of the species Bolivinoides draco and Sliteria varsoviensis; c) drastic 
decrease in the abundance of infaunal forms; d) two successive marked peaks in abundance of 
agglutinating taxa.  

Besides these changes in faunal parameters, benthic foraminiferal assemblages record the 
invasion of two new boreal agglutinating taxa (Ammomarginulina aubertae and 
Arenoturrispirillina sp.) in the lowermost Danian.  

The incoming of these species, which also occur in the lowermost Danian of El Kef, may 
reflect a short-term cooling following the KTB (Gradstein & Kaminski, 1989; Speijer and Van 
der Zwaan, 1994; Galeotti et al., 2004). These forms, in fact, are absent or very rare in the upper 
Maastrichtian of the southern Tethys but are common constituents of benthic foraminiferal 
assemblages in the same interval in Boreal settings. Accordingly, a negative shift of δ18O values 
(Stüben, 1998) indicates a short-term cooling in the lowermost P0 Zone at Elles. Moreover, the 
development of sinistrally coiled dominated Cibicidoides pseudoacutus populations in the El 
Kef section (Galeotti & Coccioni, 2002; Galeotti et al., 2004) and Elles (Venturati, 2000; 
Galeotti & Coccioni, 2002) might also be related to such a decrease in temperature. 
Furthermore, at El Kef an invasion of cool-water, Boreal forms in dynocyst assemblages are  
recorded in the same interval where the shift in the coiling preference of C. pseudoacutus occurs 
(Brinkhuis et al., 1998). 

Besides its paleoclimatic significance, the development of sinistrally coiled populations in C. 
pseudoacutus and the occurrence of the agglutinated Boreal forms are potential biostratigraphic 
proxies, representing the powerful markers to assess the completeness of stratigraphical 
sequences in Tethyan shallow water settings just above the KTB. Similarily, the two discrete 
increases in abundance of agglutinating foraminifera within lowermost Danian can be regarded 
as a potential tool for, at least, regional biostratigraphic correlation across the KTB.  
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Fig. 1.  Changes in Cibicidoides pseudoacutus coiling ratio and relative abundance of Ammomarginulina 
aubertae and Arenoturrispirillina sp. across the Cretaceous/Tertiary boundary at the Elles section.  
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The mid-Maastrichtian was characterized by remarkable worldwide unfavourable biotic events 
resulting from large-scale paleoceanographic changes. The biotic crisis included: global 
extinction of the cosmopolitan, long-ranging epifaunal inoceramid bivalves (e.g., Chauris et al., 
1998), extinction of tropical rudists reef faunas (e.g., Johnson & Kauffman, 1990), and changes 
in the latitudinal distribution of planktonic foraminifera and calcareous nannoplankton (e.g., 
Huber & Watkins, 1992). Enhanced production of cold, oxygen-rich deep waters from low to 
high latitudes as well as the subsequent decreased influence of warm saline bottom waters, 
could have triggered the extinction related to the mid-Maastrichtian Event. 
In order to explore the effects of the mid-Maastrichtian Event on the deep-water agglutinated 
foraminifera, their abundance and distribution was analyzed in detail across the inoceramid 
extinction event from the pelagic limestones of the Bottaccione section (Gubbio, central Italy). 
In this locality the decline and extinction of inoceramids occurs some 4 Ma before the 
Cretaceous-Tertiary boundary, in the uppermost part of the planktonic foraminiferal 
Contusotruncana contusa – Racemiguembelina fructicosa Zone and magnetic interval C31R 
(Chauris et al., 1998). 

The mid-Maastrichtian Event did not lead to extinction of any species. However, a major 
faunal change in agglutinated foraminiferal communities consist of a remarkable increase in 
abundance of specimens belonging to the opportunist, infaunal genus Spiroplectammina. Close 
to inoceramid extinction event, Chauris et al. (1998) reported also, a drastic decline bi-keeled 
planktonic foraminifera, suggesting changes in the structure of oceanic waters. 

Moreover, the mid-Maastrichtian biological crisis could be correlated to the Faunal Event 2 
at DSDP Site 525A. This origination event is characterized by the appearance of 16 new species 
of planktonic foraminifera, most of them deeper dwellers, living at or below thermoclinal 
depths. Faunal Event 2 is associated also with climatic cooling, that appears to have resulted in 
a major increase in upwelling and nutrient supply which in turn lead to major evolutionary 
diversification in planktonic foraminifera (Li & Keller, 1998).  

This study testifies that the mid-Maastrichtian Event was a period of high 
paleoenvironmental perturbations, and agglutinated benthic and planktonic foraminifera may be 
used as biological proxy for instability of worldwide marine paleoenvironments.  
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Biostratigraphical and palaeoenvironmental analyses carried out on planktonic and benthic 
foraminifera from the “Argille Azzurre” (Blue Clays) and Sabbie di Asti (Asti Sands) 
Formations of Piedmont (Northwestern Italy), outcropping in North-Eastern Monferrato, 
Astigiano, Langhe and Monregalese, document a marine sedimentation ranging from the Lower 
Pliocene MPl1 biozone to the Middle Pliocene MPl5 biozone (Violanti, 2005). Foraminiferal 
assemblages, as well the lithologies, show clear differences in species composition and 
abundances, related to different palaeobathymetrical conditions (Dela Pierre et al., 2003). 
Agglutinated taxa represent only a minor component of total microfossils, but are of great 
significance for palaeoenvironmental interpretations. 

Typical “Argille Azzurre” sediments yield rich and diversified assemblages referable to the 
MPl1 biozone (Sphaeroidinellopsis acme zone), MPl2 biozone (with Globorotalia margaritae) 
and MPl3 biozone (with G. margaritae and G. puncticulata) and are indicative of the upper 
epibathyal zone. Agglutinated foraminifera show a rather high diversity but very low total 
percentages (<3-5%). Bigenerina nodosaria, Cylindroclavulina rudis, Karreriella bradyi, 
Martinottiella communis, Textularia spp. are the most common species.  

Already along biozone MPl3, and mainly in deposits referable to the MPl4 biozone (with G. 
puncticulata), less diversified assemblages become widespread, indicating shelf 
palaeoenvironments, subject to heavy transport from the inner neritic zone. Diversity of 
agglutinated assemblages is very low; Dorothia gibbosa and Spiroplectinella wrighti, reported 
as a mud-dweller with preference for a low clay input (Jorissen, 1987) are the dominant species, 
reaching more than 10% of the total benthic foraminifera in silty-sandy outcrops. Very rare 
Bulimina basispinosa and Globobulimina ovula document the deposition of sediments with 
similar composition up to the MPl5 biozone. 
Most of the silty sands and sands, pertaining to the “Sabbie di Asti”, yield inner neritic and 
shallow outer neritic microfaunas, devoid of biostratigraphic markers and very poor in 
agglutinated foraminifera.  

A common characteristic of the entire succession is that stout, thick-shelled calcareous-
cemented forms constitue the agglutinated assemblage, whereas thin-shelled taxa 
(trochamminids, etc.) are absent. The loss of fragile thin-walled, organic cemented specimens, 
and the consequent reduction of taxonomic diversity, could be caused by taphonomic and 
diagenetical processes (Kuhnt et al., 2000), rather than by palaeoecological preferences.  

Rare, large tests of Ammobaculites sp., Cyclammina cancellata, Recurvoides sp., Reophax 
scorpiurus, R. papillosus, and fragments of Rhabdammina sp. have been collected from 
epibathyal and outer neritic assemblages referable to the MPl3/lowerMPl4a biozones. In the 
same samples siliceous microfossils (diatoms, radiolarians, sponge spicules) are common to 
abundant and suggest changes in the water mass circulation, increased supply of nutrients and 
seasonality. Enhanced erosion and deposition of turbidic layers are documented in the same 
time interval. Agglutinated foraminifera appear very sensitive to changing water mass 
conditions and, even if in very low abundances, can be successfully applied to detailed 
palaeoenvironment interpretations. 
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Recently conducted geological-cartographic research, in the area of the Subsilesian Unit (Polish 
Outer Carpathians), revealed the numerous occurrence of bentonite intercalations within shaly 
sediments of the Early Palaeogene. They are white or cream in the colour and form from several 
to a dozen or so thin layers that thickness usually amounts from 0.5 to 5 cm (sporadically to 17 
cm). The petrographic studies of the bentonitic sediments proved that they had developed as a 
result of underwater weathering of pyroclastic material (Cieszkowski et al. – in print), in that 
case they can be treated as bentonitized tuffites. The biostratigraphic analyses associate the 
deposition of tuffites with the Early Eocene age (foraminiferal assemblage Glomospira div. sp. 
and Saccamminoides carphaticus zones – zones after Olszewska, 1997).  

The micropalaentological analyses have been made on the strength of foraminiferal 
assemblages representing sediments collected from twelve outcrops. Preliminary research 
results concerning changeability of foraminiferal associations from the exposure in the Żywiec 
tectonic window, were presented during the last IWAF meeting (Waskowska-Oliwa, 2001).  

The comparison DWAF assemblages coming from tuffites and surrounding shales: The 
comparative analysis of the foraminiferal associations occurring in the bentonitized tuffites and 
surrounding them shales proved significant discrepancies concerning qualitative and 
quantitative changes of DWAF. That shows that cyclic deposition of pyroclastic material on the 
bottom of the deep Carpathian basin had an influence on the population of deep-water benthonic 
foraminifera and considerably disturbed their life environment. The Early Eocene deposition of 
tuffites is an example of the catastrophic event on a local scale.  

The bentonitized tuffites are fine-grained sediment consisted of mainly clayish minerals and 
accompanying them sparse, fine and white grains of terygenic quartz. Most agglutinated 
foraminiferal from studied tuffites (60%-90%) own tests built of such material. The taxa, which 
tests are typical developed as coarse-grained e.g. Rhabdammina or Gerochammina, occur as 
white tests composed of medium-grained material. However, the taxa that are always fine-
grained e.g. Haplophragmoides kirki Wickenden, Glomospira charoides (Jones et Patrker) and 
were found within tuffites posses very smooth tests similar to porcelain. The remaining 
foraminifera coming from the tuffites  (40%-10%) have typical developed tests, which are made 
up of grey quartz, looking likewise all foraminifera from the shaly sediments surrounding 
tuffites. There is a relationship between a type of material that build a test and a life strategy of 
foraminifera. The grey tests taxa represent mainly the infauna group, while the taxa that tests 
consist of white and finer grained material belong to the epifauna group. Presumably, the 
infauna forms (the grey test foraminifera) survived a period of ash deposition inside sediment, 
whereas the epifauna (white tests foraminifera) adapted to environmental conditions, after the 
character of supplied sediment had changed, and settled sediment of volcanic ash.  

The differences between DWAF associations found in tuffites as well as in the surrounding 
sediments concern also the composition of foraminiferal genera and species. Foraminiferal 
associations coming from tuffites show definitely less taxonomical diversity, the number of 
species amounts from 2 to 23 and genera from 2 to 16 in single samples. Deposits surrounding 
tuffites include more diverse quantities of foraminiferal genera and species, which are higher in 
comparison with those representing tuffites in the single sample and amount from 12 to 43 
(mostly 20-28 genera) and from a dozen or so to 60 and above (30-40 species on average). The 
taxonomical diversity decline amounts 30-60% on average in samples representing tuffites and 
concerns genera mainly belonging to the epifauna group, which experienced the result of 
volcanic ash settling down the most intensely. The foraminifera occurring in the tuffites are 
represented by genera recognised as cosmopolitan in general.  
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The most spectacular discrepancy concerns foraminifera that are numbered among 
Glomospira genus. The quantity of Glomospira found in the tuffites fluctuates from 40% to 
70%, whereas it is lower about 50% at an average among foraminifera representing surrounding 
shales and oscillates between 20% and 40%. It should be mentioned that Glomospira genus has 
been classified to opportunistic taxa that characterise an extremely high ecological tolerance. 
The double quantity of Glomospira within tuffites, which sedimentation was a local catastrophic 
event, confirms that view additionally. The foraminifera representing Glomospira genus 
occupied niches left by lower ecological tolerance organisms in a short time. There have been 
recognised some white specimens of Glomospira charoides (Jones et Parker) and Glomospira 
gordialis (Jones et Parker) that revealed an anomalous coiling of the last part of tubular 
chamber, what can be a result of a tough environmental conditions. The foraminiferal tests 
developed in this way have not been found among those representing surrounding sediments. 

The significant reduction of the quantity among foraminiferal species as well as a sudden 
and short-lived development of Glomospira genus within tuffites influenced a decomposition of 
morphogroups. In connection with this the increase of participation of mobile epifauna 
containing Glomospira genus ensued as well as the insignificant decline of the other 
morphogroups types was noticed. Within tuffit layers the less number of suspension feeders 
foraminifera e.g., Rhabdammina or Rhizammina was observed, what can be connected with a 
reduction of nourishment delivery in suspension. The changes within the infauna forms depend 
on the thickness of tuffit layers. The amount of deep-water infauna foraminifera was 
considerably limited in thicker layers, however only a small decline or even an increase of 
infauna general number can be observed within thin tuffit layers. Some of the species 
representing contemporary infauna such as Ammobaculites or Reophax have been considered as 
organisms, which can survive disadvantageous periods e.g. volcanic ash deposition, and they 
have been recognised as pioneer forms (Hess & Kuhnt, 1996). The same relationship is 
observed within foraminifera associations found in the analysed thin tuffit layers coming from 
the Subsilesian Unit (Polish Outer Carpathians).  

Moreover, there are discrepancies that are evident in sizes of foraminiferal tests. It is 
revealed in a clear reduction of sizes of white tests epifauna from bentonits (so-called ‘liliputian 
effect’). The measurement of Glomospira charoides (Jones et Parker) tests diameter let to 
estimate the scale of diminishing within this species that amounts to 10% on average. 

The infauna, found in the thick layers of bentonitized tuffites, includes sparse specimens of 
Gerochammina and Karrerulina, which tests are built with white, fine-grained quartz. It 
indicates their affinity with the infauna group recolonizing tuffite sediment. They are smaller 
and more delicate then typical samples like the epifauna forms. An adult specimen test of 
Gerochammina conversa (Grzybowski) should be made up of 9-10 whorls, a trochospiral part, 
triserial as well as biserial part. White foraminifera of the mentioned species are found in a 
juvenile stage, their tests show only trochospiral part or trochospiral-biserial part with 4-5 
whorls developed. The similar situation is within Ammodiscus genus, where relatively numerous 
white specimens have been discovered, but they stopped growing up at the juvenile stadium or 
megalosphaeric forms, which are formed as a result of an asexual reproduction, have been 
found. Populations of dwarfish specimens that are poorly species diverse and settled sediments 
of volcanic ash, are typical examples of r-strategists. 

In the bentonitized tuffites there have been recognised from 95% to 65% less foraminifera 
specimens with reference to foraminiferal composition of shaly sediments surrounding tuffites. 
The similar phenomenon has been observed in analogous present environments. It is a result of 
a mass dying out of foraminifera and remaining only spare opportunistic forms, which are able 
to survive such crisis  (Hess & Kuhnt, 1996). Comparisons with contemporary environments 
can imply the same reason of quantity changes, however the analysis of such data for conditions 
existing during the Early Palaeogene cannot have crucial importance because the quantity of 
fossils depends on many different factors that total influence cannot be estimated.  

Conclusions: The deposition of pyroclastic material on the bottom of the Subsilesian basin 
brought about discrepancies in the structure of agglutinated foraminifera assemblages. The 
reorganisation of foraminifera associations occurred on the smaller scale within forms 
representing thin tuffites layers than in thick ones. The more diverse and numerous foraminifera 
association has been recognised as well as bigger tests specimens and lower number of white 
tests forms have been revealed in the thin layers. The infauna group, which ratio changes only a 
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little in relation to the surrounding sediments, is relatively numerous. It should be taken into 
consideration that the infauna group could have sensed the changes, caused by volcanic ash 
during its deposition, to a small extent because of not large thickness of analysed bentonites 
layers. Concerning the quantity and composition of the foraminifera association the changes are 
much more visible in thicker tuffit layers.  

There are usually between a few and a dozen or so layers of bentonitized tuffites within 
individual profiles, what proves that a volcanic ash deposition was not a single event but 
cyclical. Changes noticed in foraminifera associations show that each settling of volcanic ash on 
the basin bottom was a catastrophic event and caused changes of environment near the bottom, 
and thus disorganised the structure of foraminifera assemblages. The quick rebuild of full 
structure of foraminifera assemblages followed each pyroclastic deposition, what proves the 
great recolonising and reproduction abilities of these organisms. 
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“Tiny Giants Of The Great Seas”—Foraminifera, their scientific and aesthetic 
values 
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of China 
 
Foraminifera are widely used in many scientific disciplines such as biostratigraphy, 
paleoecology, paleogeography, paleoclimatology, oceanography, as indicators in oil exploration 
etc., of which agglutinated foraminifera by virtue of their ubiquitous distribution, occurring in 
almost all kinds of environment, including extreme habitats, have great advantages over other 
types of foraminifera. In allusion to the very important role they play as past and present 
environmental bioindicators, foraminifera have been dubbed  “Tiny Giants of the Great Seas”. 
 
The aesthetic value of foraminifera lies in their extremely diversified modes of growth 
manifested by their exquisite, sometimes unimaginably elegant artistry of shell morphology 
endowed on a one-celled organism by Mother Nature that perhaps very few other organisms in 
the microscopic world can surpass. Some spirally coiled foraminifera can vie in beauty with the 
multicellular chambered nautilus whose shell had long been praised for the beauty of its 
logarithmic spiral. They are in reality “Art Forms in Nature, “Abstract Art in Reality” especially 
manifested by the agglutinated foraminifera which use visible material such as various kinds of 
sand grains, mica flakes, sponge spicules, empty foram tests, etc. present on the sea bed instead 
of invisible inorganic calcium carbonate in the water to construct their shells. The beauty of 
foraminiferal shells reflecting on the diversity and artful creativity of Mother Nature had long 
been admired and illustrated by scientists specializing research on them. Because of their 
microscopic size, it is a pity that the layman scarcely has any chance of seeing their shells in 
their 3-dimensional splendor.  
 
With my almost half a century of research on the taxonomy and ecology of foraminifera, I, a  
member of the Chinese Academy of Sciences, Senior Scientist of the Institute of Oceanology, 
CAS, having their morphology at my finger tips, personally sculpted out foraminiferal models  
proportionately enlarged tens to hundreds of times their original size. In collaboration with an 
arts and crafts artist, an entirely new vista of the foraminiferal microcosm in the form of 
enlarged, seeable, touchable and purchaseable 3-dimensional models of porcelaneous, hyaline 
and arenaceous foraminifera is unfolded for use as scientific educational tools and as tourist 
souvenirs, for the public to share the magnificent artistry of Mother Nature, and for the cause of 
popular science. Along with these, some 40 stone sculptures of foraminifera, 11 of which are 
arenaceous foraminifera, are rarely seen excellent city attractions reflecting marine culture, 
probably the first of their kind in the world. It is hoped that the morphological beauty of 
foraminifera can inspire and motivate students to conduct research on this very important group 
of protozoa, as in my case it was “love at first sight” having a first glance of them under the 
binocular microscope when I was at university, and that it can inspire artistic creations and open 
up endless possibilities for their use in the design fields – especially in the New Organic 
Architecture, in interior decoration, furniture, textile, pastries, jewelry, etc. to  impart a sense of 
the harmonious integration of science, art, and nature. 
 
 

 


