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I 
Skeletal structures and morphometrics 

1,1. PURPOSE AND SCOPE OF THE BOOK 

Foraminifera are marine protistans with skeletons that easily become fossilized. 
For nearly two centuries micropaleontologists have paid much attention to such 
forms describing a wealth of extinct and recent species. During the last sixty 
years, particularly those larger forms with a radial skeletal build appeared to be 
a fascinating subject for research because of their applicability in stratigraphic 
correlation as well as for the study of evolution. In tbis context various special 
and sophisticated investigation methods were developed. 

Writing a state-of-the-art review on tbis research field appeared to be a plea
sant activity for the present author who participated for some forty years in the 
efforts of describing and 'understanding' these microfossils. When writing such a 
review one is forced to give a coherent compilation ofthe numerous data that are 
scattered in the vast literature. What I thought for myself to be some kind of 
descriptive farewell-to-arms, rapidly appeared to lead to a reconsideration of 
preconceived ideas and at some places to different and possibly more elucidating 
theories about connections between phenomena. 

Tbis satisfaction being a good argument for myself to write the review stories, 
it is insufficient a reason to have them published. For a positive decision about 
publishing such stories one must have some degree of certainty that there are 
others who might be that much interested that they want to read them. In my 
opinion there are two groups ofpotential readers in addition to the small circ1e of 
fellow-specialists. 

First of all there is a miscellaneous group of people consisting of both profes
sionals and laymen, who are interested in all data and theories on evolution that 
have been emanating from all paleontological quarters. From the various 
branches of paleontology they expect facts about the actual courses of past mor
phological changes with an ensuing attempt of explanation or understanding. As 
to data on micropaleontological groups there is a conspicuous lack of supply to 
the market for the more general public that is specifically interested in evolution. 
In more recent review books or general articles dealing with the paleontological 
contributions to the theories of evolution documentation on foraminifera is po or 
to absent (e.g. Hallam, 1977, in which volume many groups of organisms are 



being reviewed even if they can teIl us very little, but micro-organisms are lack
ing aItogether). Or, if present, the examples may have been incorrectly evaluated 
(e.g. Gould and Eldridge, 1977, referring to Japanese fusulinids as a possible 
example of phyletic gradualism that probably is for a large part no more than a 
misunderstanding of an environment-induced cline in embryon size). 

Since especially the publications on the 'radial' foraminifera contain a weaIth 
of precious data on evolution there must be some particular reason or set of 
reasons for the fairly general neglect of the group by non-specialist paleontolo
gists. And even feIlow-micropaleontologists seem to be underestimating the per
tinent literature (e.g. Lipps, 1981). Reasons for such neglect or ignorance cannot 
be looked for in the inconspicuity ofthe fossils, but they are to be found especiaIly 
in the poor propaganda the specialists made for the resuIts oftheir research efforts. 
Of course it is a handicap that you cannot visualize evolution in foraminifera by 
some museum exhibition of the morphology of these tiny fossils. So it must be 
admitted that the descriptions and illustrations evidently failed to reach the more 
general, interested public. 

It is true that the numerous articles and monographs may be poorly survey
able, not only because of the prolific technicallanguage, but also because they are 
widely scattered in time and place in the literature. And these publications may be 
poorly acces si bie also because most of them emanated from a geographicaIly 
restricted group of authors, the majority of whom worked in the Netherlands. 

There certainly is a historical explanation for tbis endemism. In the years 
before World War II it was Tan Sin Hok working for the geological survey of 
the Netherlands East Indies (now Indonesia), who was the fint to recognize and 
understand the details of the morphology of radial foraminifera, thus opening a 
new and specialized field of research. For some reason his observations and ideas 
mainly impressed his compatriots. This resulted in a post-war period during 
which continued and concentrated research on radial foraminifera occurred espe
cially in the schools of the larger Dutch university centres: Leyden (Van der 
Vlerk), Amsterdam (MacGillavry) and Utrecht. The methods became more and 
more sophisticated and only relatively few foreigners followed these trends. Evi
dently this research population failed to arouse sufficient interest in the world 
around, thus becoming more and more isolated as a kind of marginal population 
of the (micro )paleontological community. 

Present-day theory predicts the fate of such marginal populations. Either they 
are doomed to disappear completely from the scene or their development may 
reE,uIt in a sudden leap forward of the entire (paleontologists') species. So I think 
here is a first, very good reason to publish my review as a serious attempt to break 
out of the isolation. I will try to gain a wider acknowledgement of the histories of 
the radial foraminifera for the documentation and understanding of evolution. 

The book is thought to serve yet another purpose. For a variety of reasons the 
amount of micropaleontological investigations, including the research on forami
nifera has been declining in the nineteen-eightees. An important reason is the 
present-day stagnation in the frontier exploration for more mineral resources, 

2 



and especially for oil and gas. The economic drive highly stimulated develop
ments in micropaleontology during the fifty-odd years before. Apart from this 
overall decrease in demand for micropaleontological support by industrial com
panies, it must be acknowledged that other disciplines ofthe earth sciences nowa
days can provide general stratigraphic data fa ster and often cheaper than bio
stratigraphic investigations. Micropaleontology thus has become a more 
peripheral and more complementary tooI in practical geology, remaining neces
sary to control correlations and for adding specific details on environments in 
paleoecological studies. Activities of rnicropaleontologists tend to concentrate 
today on fields with multidisciplinary approach. 

In this context we must expect that the study oflarger foraminifera is bound to 
decline as weIl, for which recession there are distinct additional reasons. 

Primarily, larger foraminifera have to be sectioned individually in order to 
obtain meaningful observations. Such preparation work is time-consuming and 
needs specific skill. Since nowadays we want in such type of research a fair 
number of observations per sample to meet the requirements of non-typological 
species concepts, research time becomes an even more limiting factor because 
ususally it has to be paid for. And finally, specific though not specialized statistic 
handling techniques and a proper evaluation of the results of such mathematical 
exercises are essential skills that unfortunately are too slowly gaining ground 
amongst micropaleontologists. 

If indeed the loss of a continuo us research tradition were to force future new
corners to the field to rely heavily on the scattered literature data, there is here 
another reason for me to publish this 1993 synopsis. The present review may be 
found helpful as a general introductory text. 

Two readerships of different character ask for some compromise in the eventual 
text. For both the co re of the review will consist of the case histories. The group 
from which I expect future research efforts may profit from a clarification of 
terms and methods whereas the people mainly interested in evolution will need a 
clear picture of simple but relevant morphological details. These two aspects will 
be mingled in the remaining paragraphs of this fust chapter. The last chapter on 
evolutionary history and theoretical speculations will again be of interest to bath 
groups and from bath we may expect contributions that criticize my speculations. 
Such critical remarks eventually will be of help in solving open questions. 

While research is going on whatever its tempo, every state-of-the-art paper has 
the disadvantage of rapidly becoming outdated. Another drawback of such a 
review is that it inevitably bears the mark of the reviewing author because of his 
lack of balance in expert knowledge and because of a certain degree of preference 
for his own views on disputable subjects. Taking my shortcomings for granted I 
will not try to give a full account of everything valuable that has been written. My 
own experience and ideas will certainly have a dominant infiuence on the eventual 
text. Hopefully this line of approach will make the chapters more easily readabie. 
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1,2. SKELETAL STRUCTURES 

The unicellular or acellular foraminifera are represented by a multitude of extinct 
and extant species that together cover the time range from the Paleozoic to the 
Recent. All these species have been differentiated by details in their shell struc
tures. The skeletal walls are mainly calcareous (Mg-holding calcite, sometimes 
aragonite) or they consist of foreign particles agglutinated by some cement 
formed by the organism. 

Especially during the last decades we learnt much more about the soft parts of 
the animals and the various life functions, but this knowledge is still fragmentary 
and based on observations in a relatively small number of species. In our final 
chapter we will see that quite a few essential questions in this domain cannot yet 
be answered unequivocally. 

It is beyond the scope of my review paper to give a lengthy introduction on the 
biological aspects ofthe foraminifera. For this there are good text books, like the 
ones of Haq and Boersma (1978) and Anderson (1988), in which one may find 
entries to the more specialized literature. 

Because the background of the potential readers probably is variabie I will 
concentrate here on certain aspects of the growth of the animals and the result
ing skeletal structures. After all we are dealing mainly with fossils in which the 
morphology of the hard parts is the only observable item. And even in this 
restricted target area I will be se1ective because the only task I am setting myse1f 
in these opening paragraphs is to place radial growth models in the context of our 
general knowledge of shell structures. Some further details on structural terms 
may be found in the glossary ofthe appendix. 

The shell (or test) of the animals of most foraminiferal species grows intermit
tendy in the course of ontogeny by the addition of new compartments (or cham
bers), commonly no more than one at a time. In most species the successive 
chambers show on average a regular increase in size and together these chambers 
are arranged according to simple building patterns, aspecific pattern being ge
netically fixed for every species. Various modes of spiral growth are the most 
common configurations. Because of their limited size of no more than a few 
hundred microns, all such species with relatively few chambers in easily defined 
arrangement patterns are called smaller foraminifera; they are either benthic or 
planktonic. 

The shell of a living foraminifer of such a simple type is filled by protoplasm 
that can move freely through the entire test because there is one (sometimes there 
are a few) major opening (or intercameral foramen) in each dividing wall (or 
septum) between successive chambers. Such an opening in the wall of the last
formed chamber is called the aperture and it is the main gateway for protoplas
mic activity outside the test. Actually there are two types of protoplasm: the 
endoplasm (or intrathalamous cytoplasm) inside the test which contains nuclei 
and various organelles, and the ectoplasm which operates mainly outside espe
cially with anastomosing pseudopodia. Protoplasm streaming in these pseudopo-

4 



dia transports digested food inward, and waste products outward; it takes care of 
locomotion on or (near-)fixation to the substrate. Flow ofthe ectoplasm between 
the interior of the test and the ambient environment is concentrated at the aper
ture, although during periods of activity the ectoplasm may cover the entire test. 
In many groups the outer walls of the chambers contain numerous small open
ings (or pores; hence the term perforate foraminifera as opposed to imperforate 
or porcellaneous foraminifera without such pores) through which the protoplasm 
cannot pass. The pores probably have their main function in ion and gas ex
change between the endoplasm and the environment. 

Yet another function of the ectoplasm is in its role during the formation of 
every new chamber. Ectoplasm extruded from the aperture adopts the final 
shape of the new chamber. Tbis blob then is delimited by some kind of organic 
membrane after which calcification or cementation on this membrane gives the 
finishing touch and endoplasm will fill the new space. The distal walls of cham
bers tend to show an outward convexity, which fact is important for the establish
ing of the ontogenetic time order of adjoining chambers in more complex struc
tural designs. Usually we use this wall convexity for our reconstruction of the 
growth pattem because the actual intercameral openings are less readily obser
vable. 

In the context of tbis introductory subchapter the enumerated general data are 
meant to show that nearly all interaction between the living animal and the 
environment (feeding, excretion, growth, locomotion) is performed through a 
single major opening, the aperture of the last-formed chamber. So I like to con
clude that such small and simply built foraminifera have a unidirectional concen
tration of most life functions. 

Although it seems to be outside the sequence of descriptive data in tbis sub
chapter, one might even speculate that tbis simple system for especially the nour
isbing function sets a limit to the amount of protoplasm that can be served. This 
unidirectional system thus would evoke a barrier to growth of the individuals 
causing the limited size of most smaller foraminifera. And one more step along 
tbis line of reasoning leads to the assumption that foraminiferal tests can reach 
larger sizes (e.g. more than 500 ft) only, if they dispose of a larger number of 
major openings for more streams of protoplasm to and from the ambient envi
ronment. 

Actually, most species of the informal category of the larger foraminifera do 
have more connections between the interior of the test and the outside world. 
Larger size of the test appears to be accompanied by various more complex 
skeletal structures. Yet, tbis is not the only way to enhance the efficiency of 
nutrient supply. Many groups, both amongst smaller and larger foraminifera, 
have acquired the capacity of hosting living algae in the protoplasm evidently 
profiting from the metabolic products of these symbionts. Most groups of larger 
foraminifera use both options, having symbionts as weIl as a large number of 
connections to the exterior. 

A special construction is seen in the Rotaliidea, a large group that is successful 
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since the Cretaceous. Essentially they stick to the simp1e spiral configuration for 
the successive chambers, but in addition they have developed a canal system in 
the septa and in more intern al skeletal elements of the test. This system provides 
the animals with a network of direct communications between all parts of the 
endoplasm in the chambers and the ambient environment. It is the ectoplasm 
that flows through these canals and it can be extruded and contracted through 
numerous external openings of the system in the septa and in more solid skeletal 
(e.g. umbonal) masses. Especially the representatives of the family Nummuliti
dae, which are invariably of planispiral build, are (have been) very efficient in all
around activity because their canal system has additional offshoots (the so-called 
marginal cord or plexus) in the peripheral walls of all convolutions of the spiral, 
also the last one. 

However, there are other structural solutions to attain the potentialof a more 
effective all-around activity of the protoplasm. In these solutions a large number 
of apertures occurs evenly dispersed along the circumference of the test. The 
corresponding skeletal modifications, which usually appear in the later phases of 
the ontogeny of the individuals, give a radial symmetry to at least the 'adult' part 
of the test. Hence, the term radial foraminifera that is introduced here. 

Relative to the more simply built smaller foraminifera these radial ones usually 
are larger (up to one cm and even more) and multi-chambered. There are various 
growth patterns that can be interpreted as a facilitation of many-directional 
activity of the animals. An elaboration of these patterns will be given in subchap
ters 1,3 and 1,4. 

In most groups of the radial foraminifera the characteristic all-around growth 
features are shown in a single plane that is constant in po si ti on throughout 
ontogeny. This plane is called the median, horizontal or equatorial plane. Such 
forms usually have a disc-shape. In radial foraminifera of conical shape the plane 
is not constant in position, but at each growth step it shows a (sub)parallel shift in 
the direction away from the apex of the cone. Furthermore, there are a few 
examples in which there is no privileged single plane at all because the animals 
grow in all directions to a more or less globular shape. 

As far as we know all or nearly all groups of radial foraminifera descended 
fr om more simply built ancestors, which had some kind of spiral arrangement of 
successive chambers throughout their entire life span. Parts of such ancestral 
chamber suites are still recognizable in the early ontogenetic stages of the radial 
forms. Since growth is accretionary without resorption of earlier parts of the test 
such spi ral configurations are preserved in the interior of the shells. We have to 
make careful sections of the fossils to make these early-ontogenetic features 
observable. 

We should be well aware of the fact that in the horizontal thin-sections of the 
equatoriallayer we ob serve only two dimensions. For the arrangements of suc
cessive chambers neglect of their height dimension does not really cause a distor
tion of the data. For the size of the chambers our practical use of only one 
dimension (diameter) is an abstraction of the actual volumes that is permissable 
only if chamber height is not changing too drastically in the course of ontogeny. 
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Although data on relative height in the median layer are but rarely given in the 
literature, I am quite certain that no incorrect conclusions are drawn as long as 
we use the diameter values primarily for comparative purposes. 

There appears to be a general rule that the ancestral spiral stages tend to di sap
pear progressively in the course of phylogeny of the individual lineages. The 
result of this process in the skeletal morphology is the main reason for our 
special interest in the histories of the radial foraminifera. Whatever the argu
ments that can be brought forward to explain these changes (see chapter 111), I 
wish to emphasize here already th at the development courses in numerous 
lineages appear to be largely parallel. As a consequence of this fact evolutionary 
courses have been predicted, even when we had only fragmentary knowledge of a 
group. Since we detected the value of the predictabie changes in morphology, the 
radial foraminifera became a source cherished for detailed biostratigraphic cor
relations. And a growing perfection in the reconstruction of lineages opened the 
field of speculations on evolutionary processes. Both types of activity profited 
from the introduction of morphometric methods in describing the morphology. 
And statistical handling of the numerical observations became a logical conse
quence that led to a better evaluation of the changes. 

By now we are convinced that the larger, radial foraminifera have arisen many 
times and from very different stocks amongst the more simply built smaller fora
minifera, but for a large number of them the ancestry still is obscure. Even if we 
are capable ofmaking a fair guess about the genus or family in which the ancestor 
of a certain lineage has to be looked for, we usually lack a sufficiently good 
documentation in the fossil record for the actual change fr om an unmistakable 
forerunner of simple chamber configuration to the first more complex forms with 
incipient radial pattern. It looks likely that such origins were rapid evolutionary 
events hidden in as many intervals of missing links. And it is not only the origin of 
most lineages about which we lack good documentation; there are quite a few 
radial forms for which we are completely ignorant about the larger part of their 
oldest history. 

In chapter 11 on case histories we will not dweU on such 'loose ends'. Now and 
then they wiU be mentioned in connection with possible relatives. In this second 
chapter only those case histories will be presented where the morphometric data 
have led to a classification on a numerical basis and for which we have been able 
to reconstruct a weIl documented development of the lineage or clade. 

1,3. RADIAL GROWTH PATTERNS 

Once that we started to recognize the various evolutionary trends that led to 
perfection of radial growth it became obvious that there had been different ways 
to achieve such a build. And each type of transformation had occurred several 
times in the history of the foraminiferal community and from different starting 
points. I like to distinguish at least five different ways by which foraminifera 
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Figures 1-5. Schematic drawings of radial growth patterns. 

Fig. I. Orbitoidal configuration, af ter the median section of a Planorbulinella individual. Such a 
chamber arrangement is found in a single plane only. 
Fig. 2. Globular growth pattern shown in an arbitrary section through the centre of a Gypsina speci
men. The chamber arrangement strongly resembles that offigure I, but the pattern can be observed in 
every section irrespective of its direction, provided that it hits the centre of the globular test. 
Fig. 3. Cyclical chamber arrangement, af ter the median section of a Cycloloculina individual. Short 
radial partitions may be hit if the section is close to the roof or the floor of the chambers. 
Fig. 4. Axial section of a Chapmanina individual showing the conical-uniserial build of the later 
chambers with so-called buttresses between roof and flooT.. 
Fig. 5. Turbine-mode chamber arrangement, after a median section of a Dictyokathina specimen. 
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achieved some radial growth pattern in the later stages of their ontogeny. These 
radial patterns show: 

1. orbitoidal, 
2. globular, 
3. annular or cyclical, 
4. conical-uniserial, or 
5. turbine-like chamber configurations. 

Only the first and the third types of ske1etal structure have led to lineage research 
in which morphometric methods were introduced for classification purposes. The 
ni ne case histories of chapter 11 give a fairly complete review of our knowiedge. It 
is remarkable that all these more detailed investigations pertain exclusive1y to 
calcareous perforate forms that started to play a role as late as the second half 
of the Cretaceous. A short description of the five radial patterns is given below. 

1. Orbitoidal growth (fig. 1) in radial foraminifera is defined as a pattern result
ing from the simultaneous formation of a large number of chambers of approxi
mately equal size and shape all around the median plane at each growth step (also 
called budding step or instar) of the later ontogenetic stage (which stage was 
named the neanic stage by Tan Sin Hok, 1932-36). Most genera and lineages fit 
in with this definition, but there are a few exceptions to our generalization. 

In most taxa of the Miogypsinidae (chapter 11,4) growth occurs in no more 
than a permanent 60-180° sector of the equatorial plane. This sectorial growth 
(figs. 10, 12) causes the initial stages to remain in a peripheral position and the 
full-grown individuals thus show no radial symmetry. In the Helicolepidina line
age (chapter 11,5) sectorial growth per budding step took place along some three 
quarters of the circumference of the test. This sector was not fixed in position, 
however. It advanced one chamber per step in forward direction, thus suggesting 
an overall radial pattern. This peculiar mode of growth is recognizable from the 
long string of chambers winding through the median plane (fig. 73). 

All, or nearly all groups of orbitoidal foraminifera descended from some spiral 
ancestor, that was either planispiral or trochoid. Only for the Cretaceous family 
Orbitoididae (chapter 11,6) a biserial ancestry has been claimed, but descent from 
a spiral precursor cannot be entirely excluded. 

In many orbitoidallineages lateral chamber systems are formed on both sides 
of the median layer (fig. 16); they become added gradually during growth of the 
individual. Such lateral chambers are of different shape, more irregular and 
usually lower than the equatorial chambers. As a result of this growth pattern 
the tests commonly have a disc-shape. 

Eight of the examples discussed in chapter 11 refer to orbitoidal groups. Be
cause of the variety of structures a more expanded explanation of the morpholo
gical details of the orbitoidal growth pattern will be given in the next subchapter 
1,4. 
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2. Globular and subglobular tests (fig. 2) are the result of outward growth of 
chambers, all of the same type and in all directions (fig. 87). There is no median 
layer or it can be recognized only in the central, earliest portion of the test. 
Gypsina (chapter U,2) and Torreina (chapter U,6) are poorly known examples. 
A less perfect near-globular growth pattern occurs in Baculogypsina and Schlum
bergerelIa ofthe rotaliid family Calcarinidae (Küpper, 1954). 

If we suppose that acquiring radial symmetry has an adaptive avantage (cf. 
chapter UI) we might wonder why globular growth is relatively rare as it seems 
to give the best configuration for all-around activity. Possibly the latter assump
tion is not warranted for these benthic organisms th at depended on facilities to be 
found on flat substrates. 

3. Annular growth (fig. 3) after an initial planispiral stage is brought about by 
lengthening of the successive spiral chambers from some ontogenetic stage on
wards until the chambers attain such a length that they encircle the entire pre
vious part of the test. Again the annular part of the test has been called the neanic 
stage and for the pre-annular spiral part the term nepionic stage has been intro
duced (Tan Sin Hok, 1932). 

This type of evolutionary modification must have occurred many times in both 
porcellaneous and agglutinated groups of spiral build since the early part of the 
Mesozoic, but none of these descents is really weIl known and not a single group 
has ever been subject to morphometric research leading to a numeri cal classifica
tion. No doubt the typological approach in the description of these early genera 
has been enhanced by the unfavourable preservation quality of their representa
tives that frequently lived in environments with fine calcareous muds. These muds 
were transformed subsequently into indurated limestones with recrystallization 
of the enclosed microfossils. As aresult many species are known mainly or only 
from variously oblique cuts in whole-rock thin-sections. 

Annular growth is known in only a few of the calcareous-perforate groups, 
such as Cycloclypeus (chapter U,l) and Cycloloculina (e.g. Butt, 1966). Only the 
former genus has been repeatedly investigated in detail following the pioneer 
work by Tan Sin Hok (1932). 

The cyclical chambers as weIl as the earlier spiral ones are usually subdivided 
into chamberlets by transverse septuia (fig. 20). We thus arrive at a circular 
pattern of rectangular chamberlets which cannot be distinguished from a final
stage orbitoidal pattern consisting of equal, laterally appressed chambers of 
rectangular shape. The question of either orbitoidal or annular growth for the 
Discocyclinidae sj. (our Orthophragminae, chapter U,9) has not yet been solved 
to full satisfaction. At the moment the most likely solution seems to be that the 
group is heterogeneous as to phyletic origin, harbouring both annular and orbi
toidallineages. 

4. In the history of the foraminifera the piling-up of disc-shaped chambers in a 
uniserial series (fig. 4) seems to have been another method to achieve all-around 
functional activity. The animals probably lived with the apex upward and the last 
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chamber with several apertures directed towards the substrate. EspeciaUy larger 
forms tend to be low-conical, such as the Cretaceous Orbitolina, in which the 
central parts of the discs tend to disappear altogether thus leaving rings of the 
later chambers only, like they are found in the annular growth configurations. 
While growing to fair sizes, the fiattened chambers become strengthened by 
intracameral skeletal elements between roof and fioor. 

It is likely th at amongst imperforate and agglutinated groups this uniserial type 
of radial growth was realized several times during the Mesozoic. Especially high
conical, not so large forms are found in the Tertiary as weU. Various trochospiral 
species may well have been the ancestors in most cases, but we know very little of 
such descents. A form sequence that might be given to illustrate the derivation of 
increasing complexity, which is composed of Lituonella, Coskinolina and Dictyo
conus, looks very convincing from the morphological point of view, but the three 
genera have the wrong time sequence, Lituonella having been described from the 
Eocene, whereas Dictyoconus is found in the Cretaceous already. Evidently this 
morphogroup is very complex. For the very common and highly developed mid
Cretaceous Orbitolina group we get the impression fr om the interpretation of the 
microspheric generation of some of its species, that the ancestors were strepto
spi ral (Hofker Jr., 1963). 

The conical-uniserial growth pattern is rare amongst the perforate larger fora
minifera. The Eo-Oligocene Chapmanina is a distinct example, but it is so infre
quent in the geological record that no morphometric analysis has ever been 
attempted. Crespinina may be another example; this genus possibly developed 
from an annular form like Cycloloculina. Also orbitoidal forms occasionaUy 
have a conical shape in addition. Some of them cannot be linked to any ancestral 
group, like the enigmatic genus Clypeorbis from the Maastrichtian and the Eo
Oligocene Halkyardia species. 

5. In my opinion the occasional turbine-mode of growth (fig. 5) that is found in 
some groups of spiral foraminifera may have been yet another device for acquir
ing better aU-around activities of the protoplasm. Additional, distal apertures of 
occasional chambers in the regular spi ral sequence give ri se to the formation of 
extra spirals that ride on the back of the earlier ones, but all spirals are circling in 
the same direction. Repeated addition of such supplementary spirals causes a 
series of equivalent and contemporaneous last chambers that are more or Ie ss 
equally dispersed along the outer circumference of the test. This type of chamber 
arrangement I like to interpret as another mode of radial scatter of equal possi
bilities for the life functions of the animais' protoplasm. The classical example for 
this mode of growth is the Cenomanian Multispirina in the imperforate family 
Alveolinidae (Reichel, 1947), but the Early Tertiary rotaliid genera Dictyoco
noides and Dictyokathina show a similar growth strategy, weU illustrated by 
several authors (e.g. Smout, 1954). In my opinion it has not been demonstrated 
without any doubt that all these taxa formed populations that were weU separa
bie from the normaUy-spiralled relatives of the same age. It has been observed 
that turbine-like forms occur also as individual variants in some Nummulites 
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species. Anyway these turbine-mode examples are so rare and of so restricted 
geographic distribution - so far reported from the Middle East only - that it is 
unlikely that we will ever see the need of introducing some morphometric inves
tigation method for them. 

Summarizing, it may be emphasized that for the purpose of demonstrating the 
advantages of morphometric methods in the study of larger foraminifera we must 
concentrate on only two of our five groupings, the ones that are characterized by 
the orbitoidal and annular building patterns. The annular pattern will be elabo
rated for only one lineage group (Cycloclypeus, chapter Il,l), and the orbitoidal 
structures are variously present in all other parts ofthe second chapter. Therefore 
it will be helpful to devote a more general chapter to the latter types of build. 

1,4. THE ORBITOIDAL STRUCTURES 

All, or nearly all groups of orbitoidal foraminifera descended from some spiral 
ancestor, either planispiral or trochoid. The histories of most groups show so 
much parallelism that we can easily formulate a general theory for the ontoge
netic and evolutionary changes. The theory demands similar morphological 
changes to have taken place to terminate the original spiral ontogenetic courses. 
These changes mark the onset of the deve10pment towards the new pattern of 
radial growth. 

F ollowing a series of n ancestral spiral chambers each of which is characterized 
by a single basal aperture, the chamber ranking (n+ 1) should have two apertures, 
the second, retrovert one situated in peripheral position close to the wall ofthe nth 
chamber. In the next growth step of the animal blobs of protoplasm that emanate 
from both the basal and the retrovert apertures give rise to the formation of two 
new chambers, each one with again two apertures. In the next budding step we 
theoretically expect that four chambers are being formed, and in the following 
steps the number will tend to increase proportionately. As a matter of fact we find 
fewer chambers per later instar because many new chambers are the result of 

Fig. 6. Ontogenetic development showing the change from a spiral to an orbitoidal pattern, which in 
the example of the drawing is attained after sixteen growth steps. n (or Y) = 8; p (or X) = 16 (after 
Drooger, 1974). 
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coalescing protoplasm blobs derived from two adjacent chambers of the pre
vious instar. 

It can easily be imagined that after the first chamber with two openings had 
been introduced the original spi ral still continued its course, while another spiral 
followed a course in opposite direction along the circumference of the earl ier part 
of the test. We see such a counter-spiral starting at the first chamber with two 
apertural openings. From the moment in ontogeny that both opposite spirals 
meet in the so-called dosing chamber, further growth of the test will invariably 
be all-around and the orbitoidal configuration has been achieved (fig. 6). 

The skeletal result of such further radial growth is commonly named the neanic 
stage. And the chamber suites of the ontogenetic stage preceding the onset of 
radial growth have been termed nepionic. Actually the time separation of both 
stages is not exactly reflected in morphometric practice. For the sake of simple 
morphometrics we place all chambers of the primary spiral up to its end in the 
dosing chamber in the nepionic stage, but the chambers arranged in orbitoidal 
fashion that were formed prior to the moment that the last spiral chamber or the 
dosing chamber came into being we are used to attribute to the neanic stage. 

Practice has taught us that in the course of phylogeny of all groups there is a 
tendency to shorten the spiral of ancestral uni-apertural chambers (also called 
operculinid chambers). This means that the ontogenetic level at which the fust 
chamber with two major openings (or stoloniferous passages or simply stol ons) 
had been formed shifted to earlier chambers in the growth ranking (figs. 7, 10, 
11). This phylogenetic shift in the onset of incipient radial growth patterns con
tinued until the second chamber (or the deuteroconch or simply denoted as 11) 
acquired the two basal stolons. 

The evolutionary reduction of the ancestral spiral has been named nepionic 
acceleration by Tan Sin Hok (1936). Although Tan's term does not give a careful 
characterization of the process involved, it got so deeply entrenched in the litera
ture that we better stick to it. 

Nepionic acceleration is used for more than the just described reduction in 
number of the ancestral spiral chambers from the value n to the value 1. At the 
evolutionary stage where the second chamber has acquired its two basal open
ings, the first two chambers (called protoconch (I) and deuteroconch (11» start to 
form a morphologically weil separable entity, which is called the embryon or the 
nudeoconch. This distinction is mainly caused by the deuteroconch acquiring a 
(near-)symmetrical shape which is different from the shape ofthe later chambers. 
Moreover the embryonic chambers tend to increase in size relative to the size of 
all later chambers in the median plane, whether nepionic or neanic. 

Once the ancestral operculinid spi ral has been reduced to the protoconch only, 
there are two chambers formed simultaneously in the third growth step. They are 
situated on either si de of the deuteroconch with their walls resting on both em
bryonic chambers. These two chambers are called the principal auxiliary cham
bers, abbreviated to PAC . In the beginning these two PAC will be of strongly 
unequal size giving rise to four nepionic spirals around the embryon, which 
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Figures 7-9. Schematic drawings ofthe early chambers in median sections to illustrate the successive 
modes of nepionic acceleration, accomplished by: 

Fig. 7. Shortening ofthe ancestral spiral from Y = 12 to Y = 4, 
Fig. 8. Gaining symmetry of the protoconchal nepionic spirals from a V value of about 20 to perfect 
symmetry with V = 100, 
Fig. 9. Increasing the number of accessory auxiliary chambers on the deuteroconch from C = I to 
C=8. 

Figures 10-\3. Photographs ofmedian sections of orbitoidal forarninifera suggesting (after Drooger, 
1984) from left to right the three modes ofnepionic acce\eration by: 

Fig. 10. Shortening the nepionic spiral from Y = \3 to Y = 9 in Miogypsina. x 45, 
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Fig. 11 . Shortening the spi ral from Y = 7 to Y = 2 in Plano/inderina. x 67, 

Fig. 12. Gaining symmetry ofthe protoconchal nepionic spirals in Miogypsina. x 70 and x 50, 

Fig. 13. Increasing C, the number of AAC I1, from I to 7 in Lepidocyclina. x 80 and x 55. 
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spirals together show an asyrnrnetrical configuration. Later on, the two P AC 

become of equal size and this is true also for the two nepionic spirals around the 
protoconch and for the two around the deuteroconch. This equality gives a 
bilaterally syrnrnetrical appearance to the entire embryonic-nepionic stage with 
the plane of symmetry passing through the two dosing chambers of the four 
nepionic spirals (figs. 8, 12). 

Still further along the road of nepionic acceleration we find that, in addition to 
the two PAC, more chambers are being formed in the third budding step. These 
additional ones are situated on the outer walls of the embryon and they are in 
direct connection with the lumen of one of the embryonic chambers through 
newly formed stoloniferous passages. Such accessory auxiliary chambers are 
especially situated on the outer wall of the larger deuteroconch (AAC 11 or adaux
iliary chambers) but they mayalso be found on the outer wall of the protoconch 
(AAC I). The phylogenetic increase in the number of AAC is the final course that 
can be attained in nepionic acceleration (figs. 9, 13). 

Nepionic acceleration thus consists of three successive phases that show different 
morphological changes. First we have the reduction of the ancestral spiral until 
the protoconch is the only chamber left with no more than a single opening. Next 
we see the gaining of syrnrnetry for the four nepionic spirals encirding the embry
on, and lastly there is the increase in number of the accessory auxiliary chambers 
until eventually the morphological level may be reached in which all chambers 
around the nudeoconch are near-identical having been formed in one instar by 
protoplasm extruded directly from the embryon through numerous stoloniferous 
openings. 

Because protoconch and deuteroconch together form a separate ontogenetic 
entity in the later representatives of many linea ges we are used to recognize the 
presence of an embryon also in the phylogenetically earlier forms, even if the fust 
two chambers are not outs tanding among the later ones because of relatively 
larger size or special shape and configuration. Several trends may be found in 
the phylogenetic development of the two-chambered embryons (fig. 14 a-e): 

1. The embryon and both its constituent chambers become larger. 
2. The deuteroconch increases in size more strongly than the protoconch. 
3. The deuteroconch shows an increasing degree of embracement of the proto

conch. 

fJ 8 @ 
a b c d e 

Fig. 14. Schematic configurations in median section of embryons consisting of two chambers only. 
From left to right one gets the general idea of embryonic acceleration. a) isolepidine, neolepidine, b) 
nephrolepidine, c) trybliolepidine, d) eulepidine, e) cyclolepidine. 
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4. The embryon as a whole attains a more globular shape, which is seen as 
circular in median sections. 
Especially the third and the fourth of these trends have been named embryonic 

acceleration, a denomination clearly introduced analogous to the earlier estab
lished term nepionic acceleration. 

Some lineages have developed a different type of embryon, which is set apart 
from the other chambers of the median layer by its size and structure. Best known 
is the example of the advanced Orbitoididae in which protoconch, deuteroconch 
and the two PAC of equal size together form a tight and near-globular embryon 
(fig. 81) enclosed by a thickened outer wal!. Furthermore, it has been observed 
that in severallineages of so-called planorbulinellid structure the single PAC, the 
tritoconch, seems to form a separate morphologic unit together with both earl ier 
chambers. These observations plead in favour of the recognition of a three-cham
bered embryon (fig. 28). Such a type of embryon mayalso be present in the 
annular Cycloclypeus species. 

There are other features of the orbitoidal tests which show some kind of paralle
lism in the development of unrelated groups. These changes did not lead to 
morphometric analyses for subdivision of lineages, but some of them figure in 
the classification systems in which they are treated on a no/yes or absence/pre
sence basis .. U sually such differences of 0/1 character define larger groups, such 
as families, genera and subgenera. 

One such a source for differentiation is in the shape of the equatorial chambers 
outside the nepiont. Changes in shape of these chambers usually coincide with, 
and probably are the consequence of, changes in the systems of connecting stolo
niferous passages. Commonly the most primitive type of median chambers is 
arcuate or open-arcuate with a so-called four-stolon system of communications. 
A four-stolon configuration means that for each chamber there are no more than 
two stolons through which the protoplasm enters from two previous chambers, 
and another two stol ons, C.q. the two basal openings, which lead from the cham
ber to the chambers of the next budding step. 

In phylogeny there is a trend for the median chambers to acquire a sharper and 
more elongate outline in section, going from arcuate to ogival and rhombic and 
then on to spatulate and hexagonal with the rectangular shape as the idealized 
final stage (fig. 15). Concurrently the stolon system tends to become more com
plicated, stolons increasing in number. Diagonal ones become removed from the 

a b c d e 

Fig. 15. Sehematie drawings iIlustrating various shapes of equatorial ehambers. a) areuate, b) ogival, 
e) rhombie, d) spatulate, e) hexagonal, f) reetangular. 
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chamber bases and arranged in more than one horizontal plane, i.e. they appear 
to be overlying each other in vertical succession. In addition, annular and radial 
stolons may be added in spatulate to rectangular median chambers. 

For some groups, especially for the Lepidocyc1inidae, stolon systems were 
given much attention in earlier investigations and even became introduced in 
(sub)generic c1assification. Yet, their importance remained disputable and they 
never led to serious morphometric analyses. 

There are several reasons why equatorial chamber shape and connected stolon 
systems have been given a low rank in the hierarchy for the purpose of defining 
successive units in alineage. One is th at median chambers usually are not con
stant per individual; their shape tends to change in the course of ontogeny, being 
most advanced in the late st chambers near the periphery of the test. Another 
reason is that the successions of equatorial chamber shapes in phylogeny are 
parallel to the changes in the embryon and in the nepiont, which changes give 
much more easily the opportunity for a refined morphometric subdivision. The 
technical difficulty we have in regularly observing the tiny stoloniferous openings 
in the median sections caused us to give more weight to the shape of the equator
ial chambers. 

As aresult it is the shape of equatorial chambers that is mainly used as an 0-1 
characteristic to identify larger groups, families or genera. For instance the rec
tangular shape of the equatorial chambers is typical for the Orthophragrninae 
(fig. 99), and in the family Miogypsinidae hexagonal shapes are characteristic 
for the subgenus Lepidosemicyclina (fig. 52) only. 

Another very common change in many groups is the acquirement of systems of 
lateral chambers to both sides ofthe median layer or occasionally at one side only 
(fig 16). The actual transformations may occur at very different levels of phylo
genetic development and, as far as I know, such a change was never reversed 
afterwards. Usually the acquirement of lateral chamber systems coincides with 
other profound changes in the morphology. For instance, the development of 
lateral chambers in the Miogypsinidae is accompanied by the suppression of the 
original rotaliid canal system in the walls and a notabie drop in embryon size. 

Once lateral chambers have been introduced in a lineage th ere is a tendency to 
increase their number, and their arrangement may become more systematic in 
layers and columns with solid interstitial pillars in between the columns. At
tempts have been made to c1assify the species of certain families on the basis of 
lateral chamber systems, but in my opinion these efforts did not really meet with 
much success. 

In the illustrations of embryonic and nepionic stages throughout the following 
parts ofthe text I chose the easiest way ofpresentation. This means that chamber 
walls usually are shown as simple lines neglecting the actual thickness of the 
walls, and that as a rule no stoloniferous openings are suggested anywhere. The 
ontogenetic sequence of the chambers thus has to be deterrnined from the con-
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Fig. 16. Transverse sections of Orbitoides individuals showing solid side walls (above), the beginning 
development of lateral cavities and a well-developed system of lateral chambers (below). Upper 
Cretaceous, sw France. x 110, x 90 and x 100. 

vexity of the walls. I apologize for these simplifications but the reader may com
bine these drawing with the photographs th at are given as weU. 

1,5 . LINEAGE AND SPECIES CONCEPTS 

Supposed relationships between taxa have led to the construction of lineages ever 
since paleontologists started to describe and name the fossils they had found. 
What we caU phylogeny (phylomorphogeny might be a more appropriate term) 
is nothing but the reconstruction of the numero us branches of the tree of life and 
as such it consists of a man-made mosaic of shorter and longer stories. Of course 
every story is based on the fossils that were found, or rather on the information 
that we extracted from these fossils. Or wor se still, on that part of the informa
tion that we have selected because we thought it most relevant or striking the eye. 
We all know that we do not need a complete data set to write an acceptable 
(hi)story. A nice story can equaUy weU be written on the basis of very few data 
and a fair amount of imagination, especially when we think that there was a 
deterministic framework in the history. This is what paleontologists have been 
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doing ever since they started to describe and compare fossils. As long as we are 
willing to re-write our stories every time when new pertinent data become avail
able there is nothing wrong with our story telling. Our stories will never become 
dull inventories because there will always be gaps in the record which we can fill 
with our phantasies. And fortunately phantasies are never the same. Whatever 
their value in the long run they will always stimulate our efforts to search for new 
pertinent data to support or reject the ever changing reconstructions. 

As an example, staying in the realm of our subject, may serve the fact that Ie ss 
than half a century ago our knowledge was that much restricted that all orbitoi
dal foraminifera from the Cretaceous and Tertiary were thought to be closely 
related and as a consequence they were placed in a single family tree called the 
Orbitoididae. Various phantasies provided us with the connections across the 
missing links. Today we assume for good reasons, based on many more data 
(see chapter 11), that there are at least a dozen completely unrelated lineages, 
classified in as many distinct families. In the resulting classification the real Orbi
toididae have dwindled to no more than a small group. Still there remain many 
places in today's more complex picture of relationships where different views on 
the interrelation can be weIl defended. 

Much of the improvement we gained in foraminiferal micropaleontology, is 
due to the reconstruction of lineages on the basis of successive samples from 
continuous stratigraphic sections in the field and in bore holes, or fr om weIl 
correlated surface exposures in relatively small geographic areas. Such lineages 
have the value of being more than wishful thinking. 

Evolutionary successions of foraminiferal taxa fr om such data sets have been 
described several times in the literature and frequently these investigations tend 
to acknowledge intrapopulational variation, even though the descriptive methods 
may be far fr om perfect. But this is not the only reason that the success of these 
studies was not overwhelming, at least not to the extent that the examples became 
famous in the reviews of general evolutionary paleontology. 

I am not going to give an exhaustive review of these earlier papers but a few 
examples will be selected to illustrate the variety of morphometric analyses. 
These will give me the opportunity to outline shortcomings in material and meth
ods. 

Some forty years ago a group of German authors published data on several 
lineages of smaller benthic foraminifera based on material from Cretaceous sec
tions. The best known lineages belong to the genera Bolivinoides (Hiltermann and 
Koch, 1950), Conorotalites (Bettenstaedt, 1952), Vaginulina (Albers, 1952), Neo
flabellina (Hiltermann and Koch, 1957) and Gaudryina-Spiroplectinata (Grabert, 
1959). Review papers by Bettenstaedt (1962, 1968) give a good impression ofthe 
methodology in addition to a lengthy, somewhat romantic explanation of the 
evolutionary processes and adaptive meaning of the changes. The variation in 
the samples is usually illustrated by series of drawn and often numbered morpho
types, placed in a logical and consistent sequence. The ensuing frequency curves 
based on these types show the changes in the course of time, a pictorial presenta
tion seemingly adopted from Brinkmann's analyses of the ammonites of the 
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Kosmoceras group (1929). The types are based on shape factors of the complete 
test and on ornamentation, but actual measurements to be used in morphometric 
analyses are but rarely incorporated. Such morphometrics might be of dubious 
value anyway, because it is unlikely that measurements of the individuals would 
refer to identical ontogenetic stages. Like other invertebrates, and unlike mam
mals, foraminifera have no finite adult stage. The ultimate size of the individu als 
as we find them, depends in various ways on environmental influences. And shape 
parameters th at give numerical expressions between for in stance different dirnen
sions frequently change in the course of ontogeny. None the less, length /width 
ratios in Bo/ivinoides appeared to be useful in stratigraphic correlations, and also 
the other lineages have a practical value. 

There are several, more recent studies in which measurements irrespective of 
ontogenetic level do show successions with a distinct pattern of change, such as in 
Neogene Globorota/ia (Scott, 1980; Malmgren and Kennett, 1981). Also ratio 
parameters have been applied succesfully on this group of planktonics (Grad
stein, 1974). Attempts have furthermore been made to eliminate the effects of 
growth factors (see for a review Reyment, 1980). Whatever their value as math
ematical exercises on paleontological collections, the results are not really eluci
dating evolution; actually environmental changes seem to play an important if 
not dominating role. The complex numerical constructions do not lead to rela
tively sirnple classifications of general application value that would appeal to the 
non-specialist as clear examples of evolutional stories. 

Much better surveyable methods can be developed when numerical observa
ti ons are based on a delimitable early ontogenetic stage that is comparable for all 
individuals and throughout a lineage. Even then there are pitfalls but these are 
possibly more easily evaluated and understood as such. 

For in stance, it is of common knowledge that in many foraminiferal sequences 
there is a tendency of increase in size of the prol oculus or protoconch, a clearly 
delimitable early ontogenetic stage. WeIl known examples have been given for 
Nummu/ites groups (Schaub, 1963) and for various Alveolina lineages (Hottinger, 
1960). These examples are illustrated by very few morphometric data; those given 
probably do not refer to intrapopulational variation. A much more perfect ana
lysis is given by Ozawa (1975) on Permian Lepidolina from the western Pacific. 
Ozawa shows a regular and long-Iasting size increase for the proloculus that 
might be an example of phyletic gradualism (see also Gould and Eldridge, 
1977). In my opinion it must be feared, however, that the change, or a large part 
of the change, is the result of a concomitant and more or Ie ss regular decrease in 
depth of the environment of these fusulinids. Such a type of explanation would be 
consistent with some (but not all) observed correlations between morphoclines 
and depth gradients in radial foraminifera (chapter lIl) . 

Also ontogenetic changes in growth pattern may lead to the recognition of 
delimitable ontogenetic stages. Such stages might be expressed in for instance 
numbers of chambers. The observations would also give morphometric data that 
are comparable throughout a given lineage. For instance, in the Gaudryina line
age of Grabert (1959), in which all individuals show an ontogenetic change from 
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triserial to biserial, it would have given a better basis for the pattem of change 
than those recorded, if the early pre-biserial chambers could have been counted. 
Numerical data on the pattems of chambers before the onset of regular uniserial 
growth in Neogene Rectuvigerina (MeuIenkamp, 1969) yielded a promising mor
phometric classification, but after all it appears that the time-linked changes 
could weIl have been due to some ill-understood environment al effect (Thomas, 
1980) rather than to some evolutionary 'drive' . 

In all the examples of lineage reconstruction enumerated above there are one 
or more shortcomings in the data sets. For instance, morphometrics have not 
been applied or they are poor because they combine data pertaining to different 
ontogenetic levels. Or the pattem of morphometric change that has been found 
may be largely due to a shift in environmental factors. It appears to be very 
difficult to distinguish a phenotypic response to a changing environment from a 
lasting effect that is assumedly based on gene tic change. In this context it is a 
handicap that we are ignorant about the presence of an unmistakably adaptive 
trend in the above examples. Strictly speaking we do not need to 'understand' an 
evolutionary sequence, but some explanation for the course taken would help to 
lift the lineage above the mere establishing of an empirical succession. If we can 
formulate an acceptable theory why the animals changed the way they did, a 
predictive factor can be applied when there is a lack of sufficient data. 

Let me put matters clearly; I do not intend to blame any of the earlier authors. 
I could not have tackled their taxa any better. The examples given above have 
been selected only to give more weight to the lineages of the radial foraminifera . 

Now what is so special in the radial foraminifera that I claim them to be of 
outstanding quality when we want to evaluate evolution stories of paleontolo
gists? The radial foraminifera show many parallel development courses and 
though it is presumptuous for a human being to think that he can explain why 
past unicellular organisms show certain changes over and again, I think that I 
'understand' several of these trends. Hypotheses of selection because of adapta
tion give us a better chance to disentangle the effects of environmental change 
from the remaining part of the trend that might be called evolutionary with 
genetic change. 

It is obvious that the nepionic and embryonic stages of the animals can be 
sharply de1imited. They give the opportunity to invent a variety of parameters 
that can be given a precise numerical expression and that are of comparable 
ontogenetic level in the populations and throughout the lineages. An extra ad
vantage is that in several of these lineages the numerical expression of parameters 
shows very long chains of transformation relative to the range of variation per 
population. As a consequence these parameters are of prime hierarchical ranking 
because they enable us to make a refined classification that is very welcome for 
testing biostratigraphic correlations as weIl as in speculating on evolutionary 
processes. 

We do stay with the problem that none of our lineages can be followed 
throughout and continuously in single stratigraphic sections. Especially in the 
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beginning of research after the pioneer studies of Tan Sin Hok (1932-37), 
lineages were constructed from stratigraphically scattered data and adaptation
linked theory. Evidently a lot of circular reasoning has been introduced because 
theories on evolution did play an important role. Theories that have been var
iously coloured by our choices amongst the pos si bIe evolutionary mechanisms 
that were based on wh at biologists of various disciplines told us about recent 
organisms, such as about the functional meaning of certain structures and on 
the possibilities of transmission of genetic information from one population to 
the next. 

Unfortunately the observations and deductions of the biologists are based on 
too short periods of observation time to our liking, something in the order of 10-2 

to 102 years. They are hard to compare with the data of the paleontologists, who 
think with their meagre morphological data that a spacing of observation points 
of about one Ma is very detailed already. Recent attempts to bridge the gap by 
gathering micropaleontological data at time distances from one to ten ka seem to 
render the greatest chronometric resolution that can be attained by the paleontol
ogists (see II,2), but this refinement is still quite far from the observation intervals 
of the biologists. 

As a consequence we need not be amazed that the paleontological data, as soon 
as they were shaped into phylogeny reconstructions, always gave us the opportu
nity to recognize the result of processes that contemporaneous biologists pre
scribed as the most likely ones to explain evolution. 

Depending on the time our micropaleontology colleagues of the past produced 
their papers and on their subjective preference for one or the other of the con
temporaneous theories they were capable of explaining their data accordingly. 
Nice examples can be read in papers of Tan Sin Hok (1932) and Bettenstaedt 
(1962). And even with our much enlarged factual knowledge oftoday, in which 
the stratigraphic background has been very much improved at many places, we 
are still subjective in our ideas about phylogenesis and we can still shape the 
phylogenies in harmony with our preferences. I am no exception to this rule. It 
must be realized that the descriptive stories of chapter II have been shaped in 
accordance with my belief in the role of adaptations. They do not give an unans
werable truth, but they may appear to be wrong to a considerable extent. 

After this short review of the literature on non-radial foraminifera and some 
meagre and subjective philosophy on phylogeny and evolution, I want to give 
some practical statements on the main concepts used in the case histories, i.e. on 
lineages and species. 

A lineage is the reconstruction - whether correct or not - of an assumedly 
continuous, possibly largely unknown, sequence of populations or population 
groups in single file. Branching leads to two lineages, usually appreciated as the 
continuation of the earlier lineage plus a new one. Since in the lineages of the 
radial foraminifera beginning and end may be morphologically very dissimilar 
we split such a lineage into segments, the splitting being based on the morpho
metric data. These segments we call species. These lineage-segment species differ 
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fr om the concept of recent species in having a time dimension that is much longer. 
In addition they have a morphometric range that exceeds the range found in 
single populations, whether recent or fossil. Hence, it must be understood that 
our species are artificial units with well-defined but 'arbitrarily' chosen morpho
metric limits. We thus split our lineages on the basis of the concept of perfect 
morphometric continuity, which assumption seems to be correct when we con
si der the documentation of the better known stretches. In order not to be misun
derstood, this statement must not be read as a plea for phyletic gradualism; it is 
no more than a practical solution in case we fail to see gaps in the morphometric 
record. Variation in the tempos of change and even fluctuations in the expected 
time-order of populations play no role in the dassification systems. 

Yet one more preliminary rem ark is due here. Reproduction in foraminiferal 
species basically consists of two alternating processes of different generations, a 
sexual and an asexual one; the latter usually is predominant because an asexually 
produced generation may be followed by one or more others. Nearly all our 
research is directed to the (megalospheric) individuals that are assumed to have 
been produced asexually. They are much more frequent, the early stages show a 
longer chain of modifications and the details can be observed better because of 
the much larger size of the early chambers. Although on theoretical grounds 
donal effects may tend to obstruct evolutionary change, it seems warranted to 
allot sufficient weight to genetic reshuffiing in the intervening sexual phases, when 
we appreciate the notably large changes in the lineages. 

For a useful segmentation of a lineage we have to apply several rules. So the 
correct evaluation of morphometric data plays a major role in both the lineage 
and species concepts. Such a set of rules will be given in the next subchapter. 

1,6. BASIC RULES AND CONDITIONS IN MORPHOMETRIC PROCEDURES 

If we accept the axiom that species of the fossil record are to be defined on the 
basis of the concept of populations and not merely on separate individuals, we 
have to agree on procedures, pertinent to tbis type of approach. The choice for a 
populational instead of a typological species concept leads me to the formulation 
of fourteen a priori rules/ conditions that should be considered for our proce
dures. Although most of these apriori ties (should) belong to the general practice 
of paleontologists, the enumeration is considered necessary because their order 
gradually leads us to the conditions specific for the radial foraminifera. 

The fourteen points listed below are strongly dependent on the experience of 
over fifty years in the study of radial foraminifera and so they were less self
evident at the beginning of our research period in the nineteen tbirties. Some 
discus sion will be added to each of these fourteen apriorities in order to darify 
them and at some places to defend their status as a condition or a rule. 

1. In addition to shell composition the spatial morphology of the fossils is the 
primary and usually the only criterion to establish sirnilarities and differences 
between separate populations. 
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I think that paleontologists will agree that the morphology of their fossils is the 
major tooI they have for an adequate descriptive approach of the original popu
lations or species. Personally I am inclined to state that morphology is the only 
valid basis for distinguishing taxa in the fossil record. But I am sufficiently realis
tic to acknowledge that the morphological features of the ske1etal remains that 
we find preserved may give an unbalanced reflection of the once living creatures, 
the more so because we tend to be selective in our choice of the characteristics we 
describe. We have to realize that a certain amount of superficiality and undue 
lumping may be the consequence when we adhere strictly to morphology and 
the idealized population concept. 

There may be other arguments that play a role in deciding on species identity 
or difference, in addition to pure morphology. One class of such non-morpholo
gical arguments in the evaluation of our data is based on separation in time or in 
space, or in both, when we are comparing two paleontological samples. All 
paleontologists know such examples in which different names have been used 
for (assemblages of) fossils that are or seem to be identical in terms of morpho
logy, but that we separate at at least the species level because the distance in the 
three-dimensional time-space framework is thought to be too great for the possi
bility of very close relationship. Such arguments based on distance may well be 
valid, but their introduction in classification should be postponed until a group or 
lineage is really that well known that we cannot make any mistake when describ
ing near-identical assemblages as different species. So, if our knowledge of a 
group is not yet sufficiently complete it is advocated that species designation has 
to rely entirely on similarities and differences in morphology. 

2. The morphology has to be expressed in quantitative terms by measurements, 
counts and presence/ absence statements. Numerical data should be given in a 
form that is suitable for further statistical manipulation. 

The second condition should again be self-evident. We are unable to appreciate 
terms like more/less than, or larger/smaller than, when they are not accompa
nied by actual numerical data and an appropriate evaluation of the varia ti on 
range that can be expected for the original populations. For the larger radial 
foraminifera nearly all size parameters have been based on linear measurements, 
while counts of numbers of chambers of a certain ontogenetic system form an
other frequently used category of parameters. In addition there are always yes-no 
or 1-0 features which commonly distinguish different lineages in a cladistic pat
tem. 

The most explicit way of presenting the observations is of course by adding a 
full tabulation of all data gathered, but this method may be too costly for pub
lication. A graphical frequency presentation for single parameters by means of 
histograms or bar diagrams gives a shorter, but adequate data base. Another and 
preferably additional way of presentation may be by tabulating the essential data 
by means of the number of observations with the mean, standard deviation and 
standard error of the mean. Less recommendable is giving no more than the 
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extreme values of the range of observations because such a range cannot lead to 
further, useful statistical treatment. 

Especially if matters of independence or interdependence of two parameters 
play a role for our judgment, scatter diagrams are most illustrative, but a correla
ti on coefficient with its probability level value can lead to acceptable conclusions 
as weil. Again, a combination of the bivariate plot and the corresponding r-value 
is recommendable. 

3. The characteristics of a fossil population can be sufficiently weil approxi
mated by the analysis of a random collection of individuals, to be treated as a 
statistical sample from the population involved. 

This is another statement that should be obvious in paleontology. Random 
collecting may be a problem wh en for instance the state of preservation of the 
individuals in the geological sample is highly variabIe because we are inclined to 
select the externally best preserved specimens. If there are distinct classes in the 
state of preservation it may make sense to analyze such classes separately. 

Especially when the internal features to be observed are of complex nature we 
may get a bias towards the data of the most simple forms, more complex speci
mens more often being discarded because of insufficient certainty about the ac
tual numerical observation. 

Another problem for which there is no standard answer concerns the number 
of observations that is needed in the random collection in order to obtain a good 
approximation of the population. Of course it is true that the larger collection is 
the better one, but since research time is (de)limited and the refinement to be 
obtained is progressing with no more than the square root of the nurnber of 
observations, we will work towards a balanced solution between accuracy of 
approximation and availability of time. In our practice dealing with lineages on 
which we had acquired areasonabIe knowledge in advance, a number of observa
tions between 15 and 30 per assemblage appeared to be sufficient for areliabIe 
result in the comparison with other assemblages. 

4. In every geological sample no more than a single species out of a clan of 
closely related taxa is represented, unless the numerical data prove that this 
assumption is not warranted. 

The rule set in this fourth basic assumption is primarily based on our knowl
edge of Recent taxa, which tells us that usually no two closely related species live 
together in the same niche in the strictest biological sen se at the same time. We 
are weil aware of the fact that this is a rule with a great many exceptions such as 
those caused for instance by sibling species. Being unable to disentangle different 
populations or species on anything but the remains of skeletal morphology, we 
accept beforehand the possibility of incorrect lumping of species because of hid
den differences or of misjudgments of morphological details. 

The condition set here is meant as a defence against the too common paleon
tologists' splitting mood on subjective grounds. This attitude is deeply rooted in 
the old standards of the typological species concept approach, where it is com-
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bined with the intuitive appraisal of differences recognized by the specialist on the 
basis of his 'experience'. 

Whenever frequency distributions ofthe parameters show a reasonably unimo
dal character and the scatter diagrams demonstrate single clusters we tend to 
accept that the condition ofthe single species is fulfilled. Nevertheless such homo
geneity may be an illusion, for instance when the variation range is very wide. It is 
still more cumbersome, however, to conclude that we are dealing with heteroge
neity when a frequency distribution is bi- to polymodal or when the scatter 
diagram shows a tendency of containing more than one cluster. When modes 
and clusters are weIl separable we have few problems in handling the morpho
metric data, but when they are less remote or strongly overlapping, the way of 
splitting is artificial and should be clearly stated. And our eventual conclusions as 
to the meaning of the heterogeneity usually is a choice amongst several possible 
solutions. 

Another point has to be mentioned in this context. The assemblages fr om our 
geological samples never reflect something like the populations oftoday's species 
in which contemporaneity ofthe individuals is part ofthe concept. Depending on 
the sedimentation rate and on the degrees ofbioturbation, transport and rework
ing, we are always dealing with various mixtures of successive populations of the 
past, which together can easily cover the time span of several thousands of years. 
We cannot expect populations at a certain place to have remained perfectly stabIe 
in composition throughout such periods. So the most common effect of such 
mixtures is the flattening and stretching of the frequency curves and a rise in 
values of the coefficients of variation, relative to the values for single popula
tions. One of the best examples of a comparison is that given for Recent and 
Miocene Planorbu/inella assemblages (see chapter II,2). 

5. Not all characteristics of the individuals of a population that can be ex
pressed numerically are of equal value for the taxonomic discrimination and for 
lineage reconstruction. There is a hierarchy in the meaningfulness of parameters. 

The reasons for giving different weight to the numerical data of our morpho
metric analyses are twofold. One part is caused by the differences in susceptibility 
for environmental influences on the various elements of phenotypic morphology 
(condition 6), the other pertains to the reliability and usefulness of single para
meters in unravelling the evolutionary changes (conditions 7 and 8). As a conse
quence conditions 5 - 8 form a set of statements that belong closely together, 
being complementary in our handling of the morphometric observations. 

6. Parameters which are likely to be influenced by differences in environment 
have a lower rank in hierarchy than others which seem to be less easily affected. 

The phenotype of skeletal morphology that we observe is the product of its 
genetic inheritance and the influence of the environment during the animal's life 
time. Of course there is no morphological feature that is exclusively shaped by 
environment and neither is it likely for any chr.racteristic to be entirely free from 
external influence. Features that the environment could have modified in the 
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individuals are clearly of lower taxonomic rank, although they may show dis
tin ct evolutionary change. 

In larger foraminifera such lower-order characteristics are for instance the 
ultimate size of the test or the size of the pillar-like structures. The latter are 
thought to be a response to the need of strengthening the skeleton against da
mage in agitated water. Certain environmental factors have an effect that recurs 
over and again in all kinds of larger foraminifera. One is that tests tend to be 
relatively thicker in shallow water than they are in the deeper and quieter parts of 
the habitat range. 

7. Parameters that can be detined on comparable and delimitable stages in 
ontogeny are to be preferred over parameters that refer to different levels of 
individual growth. 

8. Parameters that rank highe st in the bierarchy are those that best describe 
consistent changes in the lineage. Furthermore, their numerical range in the line
age sequence relative to the average range in the populations should be largest. 

The characteristics that are ranking highe st in our hierarchy are those wbich 
best reflect the general course ofunidirectional evolution. The radial foraminifera 
are so special because their lineages show numerous parallel trends towards ear
lier perfection ofthe radial building pattern during ontogeny. 

So we have tried to detine parameters that give numerical data on the changes 
of this building pattern. The transition in ontogeny from spi ral to radial growth 
marks a fully comparable and clearly delimitable pre-radial stage. Since more
over in the orbitoidal groups the embryon is clearly developing into a separate 
morphological entity, another unit of comparable and delimited character is 
added. The pre-radial test thus contains two successive delimitabIe morphologi
cal units, called the embryonic and nepionic stages, on which we can define 
parameters that fit in with our condition 7. 

Size and configuration parameters can be adopted from these two parts of the 
juvenile tests. Considering condition 8 configuration parameters appear to be 
better than size parameters of individual chambers. As to these configuration 
parameters especially those based on the nepionic stage appear to show the most 
consistent changes throughout the unfolding of the lineages, and frequently they 
show also the longe st possible modification chains. Morphologically, beginning 
and end in the lineages are frequently utterlY different. 

9. Because parameters are of different, but undetinable and possibly ofvarying, 
relative weight during phylogeny, methods ofmultivariate analysis ofthe numeri
cal data are not really suitable for constructing a surveyable classification of 
populations into species. An addition-system based on mean values of a small 
number of single parameters in hierarchical order is to be preferred. 

The choice mentioned in tbis ninth condition is not simply due to a conserva
tive attitude against the widened scope of data handling, for which modern com
puters have opened the facilities. Even if all parameters could be allotted a proper 
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weight factor, the multivariate analyses are likely to show nothing better than the 
trivial fact that no two populations were ever identical. And worse, the numerical 
distances between the populations that will appear along a large number ofaxes 
would make the populations involved poorly surveyable for classification pur
poses. We may even entirely lose con trol of the directions in phylogenetic 
development. Actually it has been shown (e.g. chapter n,5) that using two 
parameters of equal weight already causes the number of intermediate assem
blages to grow considerably, intermediates that amongst themselves may be 
quite different. 

On the other hand the advocated classification system on the basis of only one 
or two numerical scales, placed in hierarchical order of supposed importance, has 
the disadvantage of obliterating substantial differences in features of lower rank. 
Constant caution will be necessary to look for more than the primary criterions 
only. 

However, the advantage of the advocated system is that main evolutionary 
lines are more easily discemible provided that we have been able to select the 
best parameters to measure evolutionary levels in a group. It is up to the indivi
dual specialist to decide how far he will go in neglecting or recognizing the scatter 
along the main lines in his classification system. 

10. If two or more parameters are used for the purpose of classification they 
should show little or no correlation in the individual populations. 

Again we formulate a rule th at should be self-evident. When two parameters 
are the expressions of the same type of configuration or size they will have a 
natural basis for correlation. If there is a very close link between such para
meters we may substitute one for the other, such as it has been done in the case 
ofthe spiral parameters X and y ofthe primitive Miogypsinidae (chapter n,4), or 
the diameters of both constituents of the embryon, protoconch and deutero
conch, in most orbitoidal groups. In classification such linked parameters do not 
really add to the information. 

Whenever two parameters are used for classification purposes they should refer 
to features of different derivation, such as an embryonic and a nepionic charac
teristic. Such combinations will be shown in the discussions of the Lepidocyclini
dae (chapter n,5) and of the Orbitoididae (chapter 11,6). 

Parameters with poor co-varia ti on in the individual assemblages tend to show 
much better correlation when the means of a fair number of assemblages are 
considered. This is a logical consequence of the fact that we have chosen our 
parameters on morphological features that each show a mainly unidirectional 
change in evolution. 

11. For decisions to be made on differences between assemblages fr om different 
geological samples non-parametric statistical tests are not of lower value than 
tests comparing mean values. For the purpose of classification the latter tests 
are considered preferabie because of their inherent facilities of error analysis. 

Testing for non-difference between assemblages can be performed in several 
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ways. If it is necessary to draw a sound conclusion on a difference that is some
how of great importance for our reasoning, it is advisable to use several tests on 
the same data sets, such as a corrected median test, an F-test and aStudent's t
test. If they all give the same result, we arrive at a more trustworthy conclusion 
(M.M. Drooger et al., 1979). 

For comparison on routine basis, but also for classification purposes the t-test 
on the data sets of the primary parameters is most appropriate because the 
standard errors of the means provide us with the best opportunity to give a 
position of the samples relative to each other as well as on the morphometric 
scale that is underlying the numerical range of the sequence of successive species. 

12. As soon as the numeri cal data on assemblages of a closely related clan of 
populations tend to fill the entire morphometric range of what seems to belong to 
one lineage, a meaningful subdivision of this range is necessary. Such a subdivi
sion into distinct units is to be based on our knowledge of average standard errors 
ofthe means. The separate units should have such a range in numerical terms that 
the central points of the ranges of any two morphologically adjacent units should 
be easily distinguishable on the basis of moderately large data sets. 

Whatever our ideas are about the exact nature of evolutionary processes, the 
increasing knowledge of every clan of radial foraminifera tends to fill the gaps in 
the entire range of possible mean va lues for the primary parameters. One or more 
lineages may become apparent from the continuity of mean values. In such well 
documented linea ges the morphometric range of the means may become so long 
that primitive and advanced parts (or beginning and end) are very far apart. It 
follows that a single name for the entire range is not very suitable because it 
would suppress the differences in the information. 

Subdivision ofthe morphometric sequence ofmeans by defining morphometric 
limits between adjoining units will give us a suite of applicable entities which, 
placed in proper succession, is like1y to correspond to a time sequence. 

The limits proposed by the first author who performed the splitting exercise 
should not be fully arbitrary as to position. The splitting should have been done 
in such a way that a unit's centre is easily distinguishable from the central points 
in the ranges of the next more primitive and the next more advanced units. In the 
literature authors seem to agree that the average value of the standard errors of 
the means provides us with the most suitable yardstick for the range of units and 
for the relative positioning of the limits to be defined. Although there are no 
standard procedures we think that it is advisable that the range of a unit should 
cover six times the ave rage standard error of the means for the primary para
meter or a little more. In the practice of the system much longer ranges will tend 
to suppress information in terms of the unit names, shorter ones will cause too 
many cases of undecided, near-boundary determinations for the individual as
semblages. 

It should be realized that we cannot adopt a uniform range in numerical terms 
for all units along the entire length of alineage. The variation range, and so the 
standard deviations and the standard errors, will have a more or Ie ss tixed con-
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nection with the absolute values of the morphometric parameters as if they are 
some kind of percentage. If for instance a parameter mean value has the potential 
to change from value 35 to value 5, as it seems logical to suppose for the Cyclo
clypeus lineage, it would follow that the range length of the successive morpho
metric units will become shorter in absolute values in the same direction (fig. 17). 
In the actual practice Cycloclypeus is not yet so good an example. We find this 
way of subdivision better reflected in the classification of the Miogypsinidae. 

34 28 23 19 15.5 12.5 10 8 6.5 

Fig. 17. Example of a morphometric subdivision of some lineage in which the mean values of the 
primary characteristic change from 35 to 5. Ranges of ± one SE give estimates of exemplum intercen
trale intervals. 

13. Statistically defined lineage-segments can best be treated as species, for 
which the Linnean nomenclature is preferabie. It should be verified that there 
can be no ambiguity that the assemblage from which the holotype of such a 
species has been chosen fits into the defined numerical range of the species unit. 

There is little doubt that a numerical nomenclature, immediately connected to 
the mean values, would be the most precise way to transfer the morphometric 
information. In practice it appears that using the regular Linnean nomenclature 
for the morphometric units is most easily digested by colleagues and especially by 
the non-specialists and laymen. 

As a consequence we have to compromise between the rules of Linnean no
menclature, which strongly rely on a typological species concept, and the mor
phometric delimitation of our species which practice gives range and time dimen
sions to groups of populations. In our case it is especially the rule of priority in 
Linnean nomenclature which may cause serious problems. The original descrip
tion of classical species frequently contains too little information for areliabie 
translation of the Linnean species with its legitimate standard in its own system, 
into the morphometric scale with another standard. Usually the only possibility 
to evaluate such classical species is by an adequate morphometric analysis of an 
assemblage from the original type locality. If this is not possible or if a name 
remains dubious for other reasons - for instance because the original author 
described two or more new species fr om a continuous variation range at such a 
type locality - it is considered recommendable to establish a new name for a 
morphometrically defined species. The designated holotype, required by the Lin
nean nomenclatural rules, should have an average morphology in the type assem
blage, which in turn should fit weil inside the range we define for the morpho
metric species unit. 

Once a system of consecutive morphometric species has been defined, later 
authors should avoid causing confusion by changing the position of the species' 
boundaries. Reluctance is not advisable in re-naming a morphometric species 
when it turns out that a dubious, older name can be shown to fit to the species 
unit under consideration. 
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An assemblage may appear to have parameter means so close to a once defined 
morphometric limit between two adjoining species that there is statistically too 
low a probability for a decision as to the position ofthe assemblage relative to the 
boundary. The assemblage should not be introduced under a new species name. 
Such practice would multiply the number of near-boundary cases. For the assem
blages of intermediate morphology we better use the notation exemplum inter
centrale (abbreviated ex. interc.), followed by the names of the two species on 
either side of the limit and giving as the first name in this combination that of the 
species to which on numerical grounds the assemblage is most likely to belong. 
Disregarding the wish of ne ar-absolute certainty in our determinations, it is most 
common in practice to use the range of plus to minus one standard error away 
fr om the boundary value for the range of the ex. interc. determinations. 

14. Numerical classification ofthe radial foraminifera should not go beyond the 
major lines of phylogeny. 

The main lines of development can easily be subdivided on the morphometric 
scales of one or two selected, primary parameters. Yes/no or 1-0 features usually 
are sufticient to distinguish different lineages of a branching tree. 

Incorporating more than these few parameters in our classification system may 
weIl result in a better recognition of geographic deviations. Such a practice of 
using lower-order characteristics contains the risk, however, that we start to 
introduce also recurrent environment-controlled morphologic deviations into 
the taxonomic system. It has to be evaluated for each group whether for instance 
subspecies denominations serve the surveyability of the lineage involved. In my 
own practice the desirability of enlarging the taxonomic framework with subspe
cies did not yet occur. But reluctance to expand the denominated record possibly 
is another form of bias showing the generalizing mind of the present author. 

Still there is a good argument for my reluctance. The various lineages of radial 
foraminifera evidently had such astrong adaptive drive in their development that 
evolution followed rather narrow pathways in terms of morphology. Accommo
dating our classification system to these prevailing trends leaves room for using 
the second-order noise along these paths to the extreme splitters only. Such split
ting is not in favour of application in biostratigraphy nor win research of evolu
tionary processes profit from a more complex classification. 

1,7. PREVIEW OF PARAMETERS 

Size and configuration parameters for both delimitable juvenile stages are quite 
similar for the various groups of radial foraminifera. Since different authors 
introduced the morphometric methods for the individual groups the symbols 
they used show some unnecessary variation. For the sake of convenience of the 
non-specialized reader I will try to homogenize in the next chapter those symbols 
that stand for comparable parameters. A short review of the parameters will be 
added to each of the nine case histories of the next chapter. 

Embryonic parameters primarily refer to size of the constituent chambers and 
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they are expressed in the large st diameters of protoconch, deuteroconch and the 
entire embryonic stage in median section. Such diameters are thought to give a 
reliable measure in a relative sen se of the three-dimensional volumes of the 
chambers and stages. Various symbols on the basis of the letters d and D have 
been used. 

The ratio between the diameters of II and I may be appreciated as a kind of 
configuration parameter. The same is true for the ratio between the longer and 
shorter diameters of the embryon in the Orbitoididae, indicating the degree of 
roundedness or globularity. The parameter A is a distinct embryonic configura
tion parameter denoting the degree of embracement of the protoconch by the 
deuteroconch. It is based on the ratio between the length in median section of 
the common wall of both chambers and the length of the entire protoconchal 
wall. 

Nepionic parameters mainly pertain to the configurations that are seen in 
median sections. Parameters differ for the three successive phases of nepionic 
acceleration. 

In the early spiral part of the evolutionary sequence we count the number of 
chambers with the basal opening only (Y) or the total number of chambers in the 
primary spiral (X) up to its end when dying out or meeting an opposite spi ral in a 
closing chamber. In practice there are differences in the way of counting, whether 
the embryonic chambers are included in the count or not. 

In the second phase we calculate the degree of symmetry of both protoconchal 
nepionic spirals (V) from the arc length of the protoconchal wall covered by the 
shorter spi ral and that covered by both spirals together. Or we compute the ratio 
between the numbers of chambers in the two nepionic spirals around the proto
conch. 

For the third and last phase of nepionic acceleration we count the number of 
AAC II: parameter C. In some groups (e.g. the Orbitoididae) we count all primary 
auxiliary chambers: parameter E. An alternative parameter (B) gives the ratio 
between the combined lengths of the embryonic wall parts underlying all P AC 

and AAC and the length of the wall of the entire embryon. 
In a few cases the number ofbudding steps (p) has been counted up to the stage 

where the animal attained the radial growth pattern. 
The only size parameter of the nepionic stage that would be meaningful refers 

to the size of the entire nepiont, but it has only rarely been measured system
atically. Diameters have been referred to as P or Dx. 

Diameter measurements are expressed in microns and are performed according 
to standard orientations in the embryonic and nepionic stages. For the two em
bryonic chambers we always measure perpendicularly to the medio-embryonic 
line. 

Many ratio parameters contain a multiplication factor 100. As a consequence 
most of these scales have a maximum at 100, but they do not necessarily start at 
the value ° (e.g. A). 
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Classification systems are variously based on the means of the nepionic para
meters X, Y, V, C or E. The embryonic parameter A is sometimes used in addi
tion and in several instances diameter values of embryonic chambers play a role 
in classification as weIl. 
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11 
The case histories 

The various parts of the previous chapter were meant to give the reader a sound 
basis in jargon and methods in order for him/her to digest the details of the 
following nine case histories more easily. However, these histories of more or 
less parallel developments are more than just showing how the rules have been 
applied in order to arrive at a lucid demonstration of by now easily recognizable 
patterns of change. 

Actually, each story appears to contain its own peculiarities and deviations 
from the expected patterns, especially for those groups on which we have the 
most comprehensive knowiedge. Although realizing that reading may become 
more difficult, 1 think that it is best not to float over such deviations in a super
ficial manner and wait to discuss them until we reach the final chapter. Most of 
the complications have led to specific speculations and 1 will not hesitate to place 
these considerations in the context of their own examples. Many of them refer to 
the influence of environment and to models of evolution, to which litde attention 
was paid in the first chapter because they should belong to the conclusions from 
the data. 

It is true that the stories will be more difficult to read, but the writing - and 
maybe the reading - becomes more exciting. Readers need not despair, however, 
because most of the problematical details in the stories will recur in various 
connections during the discussions of the third chapter when 1 try to link facts 
and fiction for all case histories together. 

35 



11,1 . CYCLOCL YPEUS 

General structure 

The generic group th at comprises the Cycloclypeus lineage(s) has furnished the 
first described example of a morphometric analysis (Tan Sin Hok, 1932). In my 
review it is the only group about which there should be no doubt whatsoever that 
the radial structure of the test is caused by the growth of annular chambers 
subdivided into rectangular chamberlets. Early ontogenetic stages of Cyclocly
pei show the marginal plexus type of canal system that is typical for the Nummu
litidae. So there is no problem in understanding the origin of the group. The 
ontogenetic sequence of chambers in the earlier species shows the successive 
Operculina and Heterostegina configurations in the spiral that was formed prior 
to the onset of the construction of annular chambers. In the older literature on 
evolution (e.g. Umbgrove, 1943) this succession in the growth patterns of the 
individuals has figured as a classical example of palingenesis and the develop
ment in the lineage as deuterogenesis. 

The oldest Cycloclypei reported from the Indonesian and European Oligocene 
must have been very close to their Heterostegina ancestry. The most primitive 
species in Indonesia is accompanied by specimens of near-identical Heterostegi
na (H. praecursor Tan). The latter would have on average a somewhat smaller 
protoconch and some more spiral chambers (MacGillavry, 1962, fig. 1). 

After this Oligocene beginning there is a fragmentary though near-continuous 
record in the western Pacific area up to the present day whereas in the proto
Mediterranean realm Cycloclypeus became extinct at or shortly after the begin
ning of the Miocene. In the elongated Tethyan area that is situated in between 
these two better known provinces the record is extremely poor; the impression is 
that Cycloclypeus was very rare in and around the Indian Ocean (e.g. Adams et 
al. , 1983). Furthermore we feel quite certain that the genus never managed to 
colonize the central American province. 

The thin and fragile tests usually have no more than a median layer. Cavities in 
the solid side walls have been reported for some later forms only (Tan, 1932). 
There are several external appearances of the Cycloclypei. Most forms are flat 
discs (fig. 18) with a more or less pronounced umbonal swelling, which of ten is 
not really central. The surface may be smooth or ornamented by pustules that 
have a spiral or irregular arrangement around the umbonal centre and which are 
arranged in concentric rings towards the periphery. Pustules are mainly found 
overlying the septuIa between the chamberlets. They frequently have an el on
gated shape. According to Drooger (1955) smooth and thick-walled individuals 
lived in shallow water (fig. 19). 

Amongst the later, Neogene forms in the western Pacific area there are two 
deviating types of external morphology. In one there are one or more thickened 
concentric rings (annuli) in the si de walls of the otherwise flat tests; in the other 
there are radially arranged ridges and the periphery is not circular but there are 
irregular radial extensions of the test. For these deviating forms Tan (1932) 
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Fig. 18. External view of two individuals of Cycloclypeus mediterraneus from the Oligocene of Israel, 
showing the flat disc, the subcentral umbonal swelling and the pustulous ornamentation. x 12 (af ter 
Laagland, 1988). 

introduced the subgeneric names Katacycloclypeus and Radiocycloclypeus, re
spectively. As far as it can be ascertained the individuals of these two groups do 
not really differ in internal features fr om the Cycloclypeus s.str. specimens by 
which they are accompanied in the same samples, although they may occur 
mainly at one preferential side of the variation range. Probably we are dealing 
with no more than intrapopulational variants, which means that the taxonomie 
units Katacycloclypeus and Radiocycloclypeus wou1d not deserve a subgeneric 
status. Unfortunately Tan never published the monograph on Katacycloclypeus 
which he announced in his 1932 paper. The meaning of these different external 
morphologies is obscure. From data given by O'Herne (1972) and applying Laag
land's analysis (1990) of intrapopulational variation (see below) the Katacyclo
clypeus morphology may have originated in shallow water, because Katacyclo-

Fig. 19. External view ofa thick, large-umbo Cycloclypeus specimen with broken edges around which 
a thin flange has been formed after regeneration, x 22 (after Drooger, 1955). 

37 



clypeus individuals seem to have a smaller protoconch and a longer nepionic 
spiral than the accompanying Cycloclypeus S.str. 

In median sections (fig. 20) of all megalospheric Cycloclypei we find a near
circular fust chamber and an equally sized or somewhat larger kidney-shaped 
second chamber, which two chambers together have been called the embryon. If 
one considers figured specimens in the literature there seems to be some phyloge
netic size increase of the second chamber relative to the first one, but good 
morphometric data are not available. In the Indo-Pacific the deuteroconch tends 
to be relatively larger than in the Mediterranean. Recently Laagland (1990) 
argued that we had better include the third chamber in the embryon as weil. For 
reasons of consistency with the older literature I will keep using the two-cham
bered embryon, considering the third chamber to be the first one of the nepionic 
stage, like Tan and most later authors did. 

Fig. 20. Schematic drawing of the median section of a Cycloclypeus individual, showing the two
chambered embryon, one ana-nepionic chamber and irregularities in the later nepionic configura
tion. Following the sixth chamber there is an interpolated chamber; the 19th chamber is an inter
rupted one. The value of X is 20. 

The nepionic part of the test consists of a plane spiral, the chambers in the later 
part of which are subdivided into chamberlets by transverse septuIa in heteroste
ginid fashion. A small number of the very first nepionic chambers remains undi
vided, which simple chambers remind us ofthe more distant Operculina ancestry. 
This so-called ana-nepionic stage usually consists of one chamber (the third) 
only, but the number may be zero in the variation range of later species and 
more than one (usually two) in the earlier part of the Cycloclypeus history. In 
microspheric individuals the number of operculinid chambers is greater through
out the entire range of the group, and the same is true for the totals of nepionic 
chambers. These numbers of nepionic chambers in the microspheric generation 
are decreasing in phylogeny from over 50 to about 20 (Tan, 1932). 

In the course of ontogeny of the megalospheric individuals the heterosteginid 
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chambers get longer with an increasing number of chamberlets, after some time 
extending backwards over the previous part of the preceding whorl (Tan's para
nepionic stage) until the distal part ofthe chamber meets its proximal end and the 
fi.rst cyclical chamber of the neanic stage is introduced. The chamberlets of each 
of the nepionic and neanic chambers have no direct lateral communications with 
one another; they are connected only with the chamberlets of the previous and 
next following chambers through radial stoloniferous passages. As a consequence 
it is not amazing that elongate and circular chambers have no smooth outer 
septum. The latter is slightly notched at most places where it is met by the 
septuia, so that one gets the impression that the chamberlets are separate real 
chambers. In the present review I will follow the convention that says that there 
are chambers subdivided into chamberlets. 

Various irregularities occur in the succes sion of nepionic chambers. In Tan's 
terminology interpolated chambers have no apertural chamberlet (do not touch 
the previous whorl) and interrupted chambers lack some middle part but do have 
an apertural chamberlet (fig. 20). 

Parameters 

As early as 1922 and 1923 Van der Vlerk suggested th at the number of pre
cyclical chambers could have diminished in the course of geologic time. This 
hypothesis was fully confirmed in the monograph of Tan, who described ample 
material from several Indonesian localities that are ranging in age fr om Early(?) 
Oligocene to (sub)recent. This evolutionary reduction in length of the nepionic 
spiral, later called nepionic acceleration (af ter the German phrase nepionische 
Beschleunigung (Tan, 1936», was found to be valid in broad outline and it was 
used by Tan for stratigraphic ordering of part of his samples. 

Tan introduced morphometric parameters for the spiral length, such as the 
total number of nepionic chambers following the embryon (denoted as X by 
later authors) and established by counting the apertural chamberlets, and para
meter a, being the number of ana-nepionic chambers. Furthermore he measured 
the diameter of the proloculus (our parameter d), and he also gave data on the 
average dimensions ofthe nepionic part ofthe test as weil as on the size ofthe test 
as a whoie. Tan found that throughout the stratigraphic range of Cycloclypeus 
there was a wide variation in X fr om as high as 38 in his oldest Oligocene assem
blage to no more than 2 in (sub)recent assemblages. 

Our expectation of a concomitant and regular increase in the average diameter 
of the protoconch is clearly denied by Tan's data. There is a strong drop about 
half way in the data sequence, which fact makes the picture of evolution by 
sustained changes more complex than we would like it to beo Unfortunately, 
Tan incorporated an undue deal of contemporary theory on evolution in his 
account of the data, which procedure makes his report less lucid than it could 
have been. As a consequence of Tan's rather theoretical approach we primarily 
find discus sion of and criticism on his data in later papers (Cosijn, 1938; Drooger, 
1955; MacGillavry, 1956, 1962) before further research concentrated on the 

39 



gathering of more data and considering other parameters (e.g. Van der Vlerk, 
1966; O'Herne, 1972; Matteucci and Schiavinotto, 1977). A major monographic 
analysis of Cyc/oc/ypeus evolution based for a large part on ontogeny and intra
populational variation is to be found in the recent papers of Laagland (1988, 
1990). 

New parameters were added by Van der Vlerk, O'Herne and Laagland. Van 
der Vlerk found that the number of chamberlets in the fourth and fifth chambers 
together (S4+5) was increasing in the course of phylogeny, and O'Herne added a 
parameter for his counts of the number of chamberlets in the first annular cham
ber (CIs). Laagland added an angular parameter for the length of the nepionic 
spi ral (y) as a kind of equivalent for parameter X, and he introduced more precise 
parameters for various dimensions ofthe nepionic part ofthe test. For the size of 
the embryon later authors also use parameter d1,2 (or Cl,2), measured along the 
medio-embryonic line, the line through the centres of both embryonic chambers. 

One more valuable correction in the later literature concerns the way in which 
parameter X is counted. MacGillavry (1965) presented good arguments that it is 
more logical and better to include both embryonic chambers in the X counts. This 
practice is followed by all later authors and for the sake of comparison we must 
correct the X values in earlier papers (Tan, Cosijn, Drooger) by adding 2 to the 
numbers given. This correction has been entered in the text below. 

Altogether Cyc/oc/ypeus is by now one of the best known groups of radial 
foraminifera, although we have no complete morphometrically defined subdivi
sion of the lineage yet. Because of the newer data the overall picture suffers from 
still greater complexity with quite a few problems remaining unsolved or the 
interpretations at least being disputable. 

The Indonesian succession 

Returning to Tan's monograph (1932) on Indonesian Cyc/oc/ypeus the most 
remarkable feature he describes - remarkable according to present-day opinions 
- is that the frequency distributions of the X counts per sample show a series of 
peaks at fixed, discrete values. Although the range ofX-peaks changes with time, 
their numerical values are the same for Tan's successive samples. The Cyc/oc/y
peus individuals corresponding to these peak values Tan considered to belong to 
his so-called elementary species. Scores for the X values in between the peaks 
were lower and he explained these as being due to variation of the elementary 
species. His elementary species corresponded to X (his X plus 2) values of 34, 32, 
29, 26, 23, 21, 19, 17, 14, 8, 6 and 5 (fig. 21). According to Tan evolution had 
proceeded through a series of saltations from every peak value to the next 10wer 
one. Each assemblage that he described, with the exception of some of the young
est ones, contained several of his elementary species which are seen to be out
standing by higher numbers in his rugged frequency polygones. Later authors, 
primarily Cosijn (1938) and Drooger (1955), could neither find such peculiar 
frequency distributions nor consistent, high counting results for any X variant. 
The best explanation for Tan's observations now seems to be that we ascribe 
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Fig. 21. Frequency distribution of the X values in Tan's assemblages of the Oligocene Cycloclypeus 

koolhoveni and C. oppenoorthi together, c1early showing his concept of elementary species (af ter the 
tabulated data ofTan Sin Hok, 1932). 

them to a combination of his preconceived idea of wh at evolution should look 
like and the fact that counting of X is often very difficult because of frequent 
regeneration of broken individuals (fig. 19) and the irregular occurrence of inter
polated and incomplete, interrupted chambers that do not or do not clearly touch 
the previous whorl with an unmistakable apertural chamberlet. The convention 
for the counting of X is that areliabie observation is based on the presence of 
such apertural chamberlets only, but successive authors have argued that none 
the less observations are subjective. Uncertain decisions as to the real X value of 
specimens Drooger (1955) found to amount to some 50 per cent in his data sets 
after the re-counting by a second person. 

Still I think that Tan's data for his larger assemblages are sufficiently good for 
us to calculate reliable mean values for X and d per sample. These means give a 
good insight in the Indonesian Cycloclypeus throughout their history. 

C. koolhoveni is the name Tan gave to the most primitive assemblage from 
Tjimanggoe in western Java. It has a X of 30.8 and a cl value of about 150 /1. 
Tan found the species to be accompanied by three typologically defined Hetero
stegina species, H. praecursor, H. bantamensis and H. cf. depressa. The former 
two probably belong to one population that is slightly different from C. koolho
veni, but otherwise so close that it could weil have been the latter's immediate 
ancestor. 

In a series of four superposed samples from another west Javanese section 
(Tjiapoes) the X values are found to decrease from 26.7 to 23.8 and the mean 
protoconch diameters to vary between 150 and 180/1. To these assemblages Tan 
gave the name C. oppenoorthi. AIthough rather fragmentary, the record of these 
fust five assemblages fits to a single lineage with distinct nepionic acceleration 
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and a modest size increase of the embryon. Both early species would he of Oligo
cene age regarding the accompanying microfauna. The composition of these 
additional fauna elements would confinn that the Tjimanggoe sample really is 
the oldest of all. 

The first major problem in Tan's account arises with the next species of the 
suggested lndonesian lineage, which species Tan named C. eidae and which is 
thought to start its range in the Late Oligocene. There is a distinct gap in Tan's 
X sequence from the uppermost C. oppenoorthi sample to the highe st value of 
19.2 calculated for C. eidae. Tan suggested that this gap could weil he the conse-

J.L 

350 

300 

250 

200 

150 

100 

50 

d 

r 
! I 

5 

i 
i-

i f 
I 

• I 

! 
~. 

·2 

10 15 

j • • 
: .2 

• I ~ :~ .2 ·2.2 
: '2 2 ~ .3 • .3· 

.5 :, 
.7 

X 
20 25 30 

Fig. 22. Scatter diagram of X and d in a sample of Cyc/oc/ypeus from the Miocene of Kalimantan. 
Two clusters are vi si bIe corresponding to C. eidae s.str. and C. carpenteri. If different from the value I, 
the number of ana-nepionic chambers has been entered (af ter Drooger, 1955). 

42 



40 N 

30 

20 

10 

X 
30 25 20 15 10 5 

~O N 

30 

20 

10 

d 
15 75 135 195 255 315 J.I. 

Fig. 23. Bar diagram of X and histogram of d for the data in figure 22. Dents are shown at X = 12 and 
d "" 125 f1.. Unmistakable microspheric specimens are incorporated in the left-wing sides. 

quence of the lack of several stratigraphically intermediate assemblages in his 
data set. From C. oppenoorthi to C. eidae there is also a considerable drop in 
protoconchal diameter down to a mean value of about 75 /1. Actually, the most 
drastic change is in the reduction ofthe diameter ofthe nepionic part ofthe test to 
about one third, as it was shown by Tan and by O'Herne (1972). This smaller size 
is maintained at approximately the same level in the assemblages of all younger 
Indonesian samples, even after the protoconch had again increased considerably 
in diameter. 

Following some homogeneous assemblages consisting of small-protoconch 
eidae types only, most of Tan's samples of presumably Early Miocene age show 
a peculiar combination of two groups of individuals, one with the longer spirals 
and small protoconches (the original eidae types), the other with shorter spirals 
and much larger protoconches. In both groups of individuals the pre-cyclical 
stage shows approximately the same size. Tan used the species name eidae also 
for mixed, bimodal assemblages with a relatively low number of such more 
advanced individuals with short spirals. 

According to Tan's data the latter morphotypes show a relative increase in 
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numbers in the later assemblages. Without giving a clear morphometrical limit 
Tan gave the species name C. posteidae to the more advanced mixtures, in which 
combinations the mean X values go down to about 12. It is evident that such 
averages have no real meaning. 

The peculiar combination of two groups of distinctly differént morphotypes 
per sample is nicely demonstrated by the more ample material Drooger (1955) 
described from Kalimantan (Borneo). This author found the individuals of both 
groups to fit to a single curvilinear X - d regres sion line (fig. 22), but his histo
grams are again clearly bimodal with distinct dents at about X = 12 and d = 125 f1 

(fig. 23). As in Tan's samples Drooger's stratigraphic data suggest that the group 
with low X values and large protoconches rapid1y started to outnumber the more 
primitive individuals with 10nger spirals and very small embryons. However, no 
such a decline of typical C. eidae specimens is apparent in the stratigraphic order 
of samples from Java and Madura (O'Herne, 1972). 

Actually, the group with larger embryons that is thought to have expanded in 
relative numbers fits perfectly well to the younger, Late Neogene to recent, again 
homogeneous, assemblages for which there are a great many species names avail
able in the earlier literature. From these we select C. carpenteri as it was done by 
Tan, who used this name as an umbrella for all his younger taxa. According to 
Tan's data the X values in the C. carpenteri group have been going down to about 
5. 

Bimodality problems 

Drooger and later authors had not on1y to face the problem in evo1utionary 
theory of the abrupt and large drops in protoconch diameter and in size of the 
nepionic part of the test, as described above. Even less understandable was the 
mixture of two different groups of individuals, which nevertheless seemed to be 
closely related. Such relationship is likely fr om the details of the external mor
phology, the continuous X - d regres si on line (fig. 22) and the same size range of 
the nepiont. Drooger assumed that he was dea1ing with a mixture of representa
tives of the micro- and megalospheric generations of one and the same species. In 
the group with small embryons the variation of the protoconch diameter from 20 
to 100 f1 distinctly touches the range of values that is usua1 for microspheric 
specimens. Several individuals could also be recognized as microspheric because 
of their high values for parameter a, ranging from 5 to 7. 

This explanation for the bimodality was doubted by MacGillavry (1962), who 
preferred to see in Drooger's homogeneous 'eidae cluster' a mixture of genuine 
microspheric specimens and megalospheric individuals with small-sized embry
ons. In his opinion it has to be accepted that such a cluster cannot be disentangled 
on the basis of prol oculus size. 

Although the latter explanation now seems to be preferabie in the light of 
present-day knowiedge, it does not explain the mixture of the megalospheric 
primitive 'eidae' and advanced 'posteidae' types, unie ss we follow the ensuing, 
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but extreme suggestion of MacGillavry (1962) that we are dealing with two 
really different species belonging to different lineages. 

I tried to disentangle two such species on the basis of the published morpho
metric data of associations in the samples in which both groups occur together. 
This was done by cutting the bimodal frequency distributions published by Tan, 
Drooger and O'Herne at the minimum frequency values corresponding to the 
dents. From this exercise no regular pattern was obtained. For the 'eidae' clus
ters the partial X values are in the range fr om 17.5 to 14.0 and for the 'posteidae' 
clusters the range is from approximately 10 to about 6.5. I am unable to order 
these combinations from scattered localities in such a way that the overall picture 
might reffect nepionic acceleration. If I bring one group in supposedly correct 
succession, the order seems to be random in the other, and vice versa. Also the 
corresponding cl values are varying too irregularly to establish a regular change in 
both sequences. Apart from the slightly higher X values (19.2 - 17.4) for the few 
samples with 'eidae' types alone, the record suggests evolutionary stagnation for 
both constituent 'population' sequences in the mixed assemblages. 

The peculiar mixture of two different groups of morphotypes is not necessarily 
typical for the entire Far East. Chaproniere (1980) gives biometrical data on eight 
Cycloclypeus assemblages from Australia. The X - cl combination is reported to 
have changed in the course oftime from 15.6 - 102 f.1 to 9.1 - 199 f.1. Chaproniere 
correctly concludes that these data cover the range of the Indonesian mixed 
eidae-posteidae populations. He cuts the succession (1984) at the X level of 12 
into two species, for which he uses the names C. eidae and C. carpenteri. As to the 
beginning and maybe the end of the sequence these determinations seem to be 
warranted, but I am less certain ab out the intermediate part. Chaproniere rejects 
the idea of mixtures of two groups of morphotypes in the assemblages because he 
did not observe bimodality in the frequency distributions. Unfortunately the 
assumption of homogeneity cannot be checked because he gives no scatter dia
grams. However, most of the morphometric ranges th at are recorded are very 
long and many coefficients of variability are very high, especially so for the 
diameter of the protoconch. 

Chaproniere supposes that there was a different, provincial development in 
Australia and he suggests that the mixtures of two groups of individuals in 
Indonesia might be due to repeated reworking of the older eidae types. In my 
opinion the occurrences of these mixtures are geographically too widespread to 
make this solution a likely one, the more so because stratigraphically there seems 
to be some regularity in the change in relative proportions of the two types in 
favour of the more progressive forms. 

Although it is entirely artificial I prefer the hypothesis of Laagland (1990), in 
which both parts of the bimodal assemblages are accepted as elements of the 
same species because of the uniform size of their full-grown nepionts. Laagland 
thinks that the more advanced carpenteri trait (larger d and smaller X) was 
hidden in a recessive gene constellation. In the course of evolution homozygous 
carpenteri diploids would have slowly gained a larger proportion in the popula-
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tions at the expense of the heterozygous eidae variants. Of course this is fiction, so 
far unparalleled and lacking support in other lineages, but for the time being I 
like this explanation better than the ideas of whatever mixture of two indepen
dent lineages. 

As soon as the eidae types had disappeared from the Indonesian stratigraphic 
record the later Middle Miocene to Recent Cycloclypei of the C. carpenteri 
group all show homogeneous clusters in the scatter diagrams again. In these 
assemblages X seems to decrease but slightly from about 7 to 5. Unless we 
separate the 'posteidae' types with larger embryons fr om the 'eidae' types with 
small embryons in the earlier mixed assemblages there would again be a consid
erabie gap in the X record between Tan's C. posteidae and the real C. carpenteri 
assemblages. If we do separate them (see above) then the partial X values of the 
'posteidae' types overlap the range of variation of the X values of the C. carpen
teri group. 

According to O'Herne the values of S4+5 would show a distinct increase in the 
later carpenteri phase of the evolution, which increase possibly is a consequence 
of the notabie enlargement of the protoconch. The number of chamberlets of the 
first annular chamber (CIs) would remain approximately stabie, which stagna
tion probably is a consequence of the minor decrease in size of the nepionic stage 
since C. eidae. 

A few words have to be added on the (sub)recent Cycloclypei. Tan recognized 
two major groups in his material on the basis of the ornamentation of the test. C. 
carpenteri would have pustules, whereas C. guembelianus has a smooth test. 
Although Tan recognized two different species groups in the taxonomy for his 
younger assemblages, which groups corresponded to such outer appearances, he 
noted already that they were hard to differentiate when found together in the 
same sample. No bimodality has ever been claimed. Adams and Frame (1979) 
argued that even in the original material ofboth recent species the differentiation 
cannot be upheld on such extern al features . 

Although the distinction on the basis of ornamentation nowadays appears to 
be of no more than ecophenotypic importance, it has led to interesting research 
efforts in later years (Laagland, 1988, 1990). 

The Mediterranean succession 

The distinction between so-called ornate and inornate specimens and species 
started to play a role in the discus si ons following the first morphometric descrip
tions given by Cosijn (1938) for the Oligocene (and Early Miocene?) Cycloclypei 
of the western end of the Mediterranean. Although smooth forms are said to be 
most common in his Spanish material, Cosijn reported from one of his samples 
(Villajoyosa station) a mixture of two groups, which groups consisted of inornate 
and ornate specimens, respectively. These two groups are said to differ also in 
embryonic and nepionic parameters (according to Laagland, 1990, Cosijn's data 
are probably not correct), the ornate group having the larger mean protoconch 
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diameter and a distinctly smaller mean X value. Cosijn determined his omate and 
inomate individuals as C. cf. carpenteri and C. cf. guembelianus, respectively, 
names which are certainly not appropriate because of the considerable length of 
the nepionic spirals. This differentiation into two groups on the basis of ornamen
tation made Cosijn and later MacGillavry (1962) postulate that there were two 
separate, contemporaneous lineages, which are referred to as Spanish omate and 
Spanish inomate in the later literature. 

Cosijn's publication (1938) that introduced morphometric analysis for Eur
opean Cycloclypeus data, brings us to a review of the research on Mediterranean 
occurrences ofthe genus. Although relatively few in number, morphometric data 
gathered since this publication of Cosijn geographically cover the entire length of 
the Mediterranean from Spain to Israel. It has been shown by several later 
authors that the known X data are spread rather evenly over the range from 31 
to about 16 (fig. 24). Only the first half of this range (31-24) corresponds to the 
Indonesian C. koolhoveni-oppenoorthi means. The sequence of Mediterranean 
forms differs fr om the Indonesian lineage by distinctly lower cl values at compar
able X levels and also by its further continuing the nepionic reduction. The latter 
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extension is entirely overlapping the range which in Indonesia is occupied by C. 
eidae. However, this later Mediterranean development lacks the conspicuous 
drop in mean protoconch diameter found in Indonesia. Instead cl values con
tinue to increase (fig. 24). 

The deviations from the Indonesian Cycloclypei in these morphometric data 
led European authors to regard the Mediterranean development as deserving a 
separate nomenclature. Matteucci and Schiavinotto (1985) proposed the succes
sive morphometric species C. droogeri and C. mediterraneus for the Mediterra
nean lineage with a limit in between both species at X = 23. This boundary is 
situated in a morphometric hiatus in the most complete record of the X range 
(Laagland, 1990), which fact entails that there are no ex.interc. determinations so 
faro Application of more narrowly spaced species limits, based on the SE values 
of 0.7 to 0.4 would enable the recognition of as many as four species for the 
Mediterranean X range from over 31 to approximately 16. When doing so, inter
mediate determinations would become more numerous. I prefer to refrain from 
further splitting, because stratigraphic profit is doubtful for this rather rare group 
in the Mediterranean. 

Amazingly, an assemblage consisting only of individuals with very small em
bryons (cl = 61 f.1) was found in Late Oligocene sediments of Malta (Felix, 1973; 
Drooger and Roe10fsen, 1982) determined by these authors as C. eidae. The X value 
of 19.9 is somewhat higher than it is in the most primitive Indonesian assemblage 
of Tan (X = 19.2). Recently Laagland (1990) found in his Spanish stratigraphic 
sections a suite of C. eidae assemblages in which nepionic acceleration is not 
clearly seen to have continued. Stratigraphically this C. eidae follows the range 
of Laagland's C. mediterraneus assemblages without any overlap. In one C. eidae 
assemblage he even found a few specimens that had a much larger proloculus and 
low X values, but a comparable size of the nepiont. This combination suggests 
that the peculiar bimodality described from Indonesia for C. posteidae may have 
occurred in the Mediterranean just as well, before the Cycloclypeus group disap
peared fr om the latter area altogether. The extinction of the lineage probably 
occurred before the onset of the Miocene. 

Relationships 

The similarity in early Cycloclypeus history between the Indonesian and Mediter
ranean distributional areas implies that there was either a good, but independent 
parallel evolutionary development under the assumedly selective pressure to
wards nepionic acceleration, or that there was a continuity of populations all 
along the Tethys from one end to the other, the morphologic differences being 
the expression of a gradual geographic cline. Our data are as yet too few to make 
areliabie choice between both options. For the later part ofthe Oligocene history 
it is feasible to think that c. eidae had originated by some kind of punctuational 
morphological modification somewhere outside both better known areas, possi
bly at a moment af ter the earlier western and eastern stocks had become extinct. 
The latter assumption may be used to explain the fact that so far C. eidae shows 
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no stratigraphic overlap with either the C. koolhoveni or the C. mediterraneus 
succession. 

In this context it is worth while mentioning that O'Herne's analysis of the 
number of chamberlets in the first neanic chamber (CIs) seems to suggest that 
the Indonesian C. koolhovenil oppenoorthi group is completely separate from the 
younger species. On the other hand it seems likely from his CIs data that the 
Spanish inornate group (based on most of Cosijn's data) could have an undis
torted continuation in the Indonesian C. eidae-carpenteri suite of populations. C. 
eidae thus wou1d be a further development of some Mediterranean stock rather 
than that it had an Indonesian-like ancestry. If C. eidae originated indeed in or 
close to the western Tethys this could explain the large morphometric gap in the 
Indonesian record, the species then being an immigrant in the western Pacific 
province from a distant source area. How we have to imagine the descent of C. 
eidae from C. mediterraneus is open to speculation, however. Because of the thin 
tests and the distinct pustulate ornamentation of the Maltese C. eidae Drooger 
and Roelofsen (1982) thought that this species lived at much greater depth than 
C. mediterraneus, but so far there is no good circumstantial evidence to support 
this assumption. Laagland (1990) thinks that there is no need to assume any 
difference in habitat and he suggests that C. eidae could weU have been of eastern 
origin because of similarities in sculpture and in general build when compared 
with the represententatives of the C. koolhoveni lineage. It is apparent from the 
variety of suggested connections that for the time being the origin of C. eidae 
remains enigmatic. 

External versus intern al features 

Another, more recent line of research (Laagland, 1988, 1990) deals with the 
question whether it is realistic to distinguish separate ornate and inornate 
lineages. After detailed research Laagland arrives at a negative answer to this 
question. The fust part of his reasoning concerns the morphology of the test. It 
has been argued that the depth range of Cycloclypeus in the photic zone was 
considerable and the ornamentation of glassy pustules over the septuIa on the 
relatively thin-waUed tests could weIl be an ecophenotypic adaptation in order 
to provide sufficient solar energy to their symbiontic algae when the animals were 
living in the deeper parts of the environmental range. Similar ideas have been 
postulated for the differences in ornamentation observed in recent Operculina 
and Heterostegina species in the Gulf of Aqaba (Hottinger, 1977), where the 
pustulate variants occur in deeper water. On the other hand, we have a hypothe
sis of Drooger and Raju (1973) on embryon size in the Miogypsinidae (see 
chapter 11,4), which says that protoconch size would become larger with increas
ing depth in the habitat. This hypothesis found some support in the research of 
Biekart et al. (1985) on recent Heterostegina depressa from the waters around 
Hawaii. In these Heterostegina two modes of formation of megalospheric indivi
duals could be demonstrated. So-caUed megalospheric Aa specimens of shallow 
water origin and deriving from equally megalospheric parents would have smal-
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Ier protoconches than megalospheric Ad individuals that were raised in the la
boratory from microspheric parents, collected at greater water depth. The rather 
small difference in protoconch size between Aa and Ad individuals still appears to 
be large enough to explain the observed increase in mean protoconch diameter 
towards the greater depth where the sexual part of the generation cycle would be 
more common. 

For a better understanding of environmental influences on parameter values 
Laagland checked for his Spanish Oligocene assemblages of the c. mediterraneus 
lineage whether a visually made subdivision into inornate, intermediate and or
nate specimens had any correlation with protoconch diameter and length of the 
nepionic spiral in the individual samples. Such a clinal relation was found indeed 
for these Spanish samples. There is a positive correlation between increase of 
ornamentation, increase in protoconch size and decrease of spiral length (fig. 
25). Thus it may be concluded that we had better not distinguish an ornate and 
an inornate lineage in the Spanish Cycloclypei, the more so because all assem
blages are homogeneous as to the internal features. 
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However, in Laagland's opinion this conclusion needed further consideration 
because he had found relations to be different between extern al and internal 
parameters in a well-preserved C. mediterraneus assemblage from the Upper 
Oligocene of Israel (Laagland, 1988). Here it is the group with intermediate 
sculptural morphology, which presumably lived at medium depth, th at has the 
largest embryon, larger than it is in either the smooth or the ornate group, and, 
though of lesser statistical significance the intermediate group has the shortest 
average nepionic spi ral (fig. 25). It is clear that we now need an even more com
plex explanation. 

The distinct negative correlation between embryon diameter and length of the 
nepionic spiral that is thought to have resulted in every population in the more or 
less constant size ofthe nepionic part ofthe test as a whoie, may have led to these 
differences in partial X values. In tbis context it has been thought that the differ-
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ences in embryon size are the primary ones that resulted under some infiuence of 
the environmental, light-controlled depth gradient. The bell-shaped curve for the 
embryon size when the mean d values ofthe Israeli samples are 'plotted' along the 
assumed depth gradient of the species involved (c. mediterraneus) would be 
similar in shape to the depth-linked curve that was constructed by Fermont et 
al. (1983) for the embryon size parameters of the recent Operculina ammonoides 
(Gronovius) in the Gulf of Aqaba (fig. 26). The latter authors thought that the 
larger size of the embryon half way the depth range corresponds to optimum 
environmental conditions for the Operculina species. This most favourable envi
ronment would be refiected in maximum productivity that became expressed in 
the presence of sexual reproduction and in a large number of megalospheres with 
fair-sized embryons. Laagland supposes that in the shallower as well as in the 
deeper parts of the habitat range stress conditions have some infiuence. Because 
of such stress the microspheric part of the generation-cycle would be suppressed, 
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wbile in the remaining asexual reproduction the animals were necessitated to 
enlarge the relative number of offspring - wbich in turn leads to smaller embry
ons - in order to cope with the assumed decline in population density. 

The fact that no such relations reminding of the bell-shaped curve in embryon 
size were found in the Spanish Oligocene samples is not easy to understand. 
Laagland searches an explanation for the difference with the Israeli data by 
assuming that Cycloclypei were much scarcer in the Spanish area anyway, so 
that stress would have been acting on all populations independent of their depth 
habitat. Laagland rejects the suggestion that the deepest part of the environmen
tal range could be poorly represented in bis samples because all his material was 
collected from turbidites, as a Ie ss likely solution for understanding the differ
ences. 

From Laagland's papers on intrapopulational correlations between para
meters one gets a good insight into the ontogenetic development of the Cyclocly
pei. Because observations on clinal variation are not consistent for all his samples 
some of the earlier problems have become replaced by new questions that cannot 
yet be solved so easily (see also chapter 111). 

Heterocyclina 

Before finishing the subchapter on Cycloclypeus I have to make a final remark 
about the fact that a Cycloclypeus-like development seems to have started again 
in subrecent time. The living Heterocyclina tubereuiata (Moebius) that was found 
in the Gulf of Aqaba and in the southwest Indian Ocean, perfectly resembles the 
early Oligocene Cycloclypeus species because of its X value of about 33 and a cl 
value of about 85 f1 (Hottinger, 1977; Meulenkamp, 1977). The species is thought 
to be related to the living Heterostegina operculinoides (Hofker), wbich probably 
had an ancestry different from that of H. praecursor, the species thought to be 
close to the roots of the Oligocene Cycloclypei. According to Hottinger these 
recent Heterocyclina are distinguishable from Cycloclypeus by a different inter
cameral stolon configuration. 

Summary 

Summarizing the Cycloclypeus review I will enumerate a number of major con
clusions. 

1. There appears to be a fairly good negative correlation between protoconch 
size and number of chambers in the nepionic spiral in every population. This 
relation seems to be controlled somehow by the more or less constant intrapopu
lational size of the nepionic part of the test. This size is valid also for the accom
panying microspheric specimens. In phylogeny the megalospheric nepionic stage 
as a whole seems to have decreased in dimensions. However, at about the end of 
the Oligocene we see a drastic reduction in the dimensions of tbis nepionic stage, 
wbich reduction coincides with a nearly equally large drop in protoconch dia
meter and a much less impressive increase in the mean length of the nepionic 
spiral (in the Mediterranean only). 
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2. Altogether nepionic acceleration appears to be valid for the entire range of 
Cycloclypeus fr om Oligocene to recent although we met with some gaps in the X 
record that may be of general character. 

3. There is a distinct difference in the Oligocene development between the 
western Pacific and the Meditteranean. In the latter area mean protoconch dia
meter is somewhat smaller, but the lineage shows a much further, unbroken 
reduction in average spiral length. In both areas the primordial lineages are 
'suddenly' replaced by a species with much smaller protoconches. 

4. In Late Oligocene and Early Miocene Indonesian populations we see a 
bimodality both for embryon size and for nepionic spirallength, for which phe
nomenon there is as yet no sound explanation. 

5. There seems to be an intrapopulational change in ornamentation from 
smooth to pustulate, which change is parallel to the gradient from shallow to 
greater water depth. X values are found to decrease and mean embryon size is 
increasing in this direction. It is quite possible, however, that towards the deepest 
parts of the habitat range the X - d relations could have become reversed again, 
but the ensuing reflection of a bell-shaped curve has been found only for one 
(Israeli) locality. It is likely that relatively large-sized megalospheric embryons 
are formed at places with optimum environmental conditions, which would have 
enhanced the productivity and/or the density ofthe populations. 
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11,2 . PLANORBULINELLA 

Planorbulinidae 

Early species of many lineages of orbitoidal foraminifera started with the con
struction of no more than a median layer. In the later phases of the evolution 
lateral chamber systems became added, and the one-Iayer configuration either 
disappeared completely from the lineage at the moment of transition or it con
tinued in a separate lineage for some time after the cladistic separation. 

However, there are several higher taxa of the orbitoidal foraminifera in which 
such lateral systems never developed. Such single-layered foraminifera are known 
to have occurred fr om the Cretaceous until the present day. It lasted until 1969 
when the monograph of Freudenthal was published before some order was 
shown to exist in the wide variety of single-layered foraminifera. Although he 
united all these forms in one family Planorbulinidae, Freudenthal made it clear 
that such a family contained a fair number of independent lineages for which 
different generic names have been applied with perfect justice. 

The family name was derived from the genus Planorbu/ina (Tertiary-Recent). 
The living type species P. mediterranensis d'Orbigny has a long, trochoid, Cibi
cides-like spi ral and a relatively small number of irregular later chambers in 
orbitoidal pattem. The name P. mediterranensis has been used as an easy label 
for all kinds of such irregular forms in Tertiary deposits. It has even been doubted 
whether Planorbu/ina can be allocated a separate generic status since at some 
places Planorbu/ina-like forms appeared to belong to the generation cycle of 
Cibicides lobatulus. Whatever the exact status, Planorbu/ina differs in morpho
logy fr om the other single-Iayered genera by its long initial spi ral and the irregu
lar pattem of the small number of orbitoidal chambers. 

Two of the other genera (Planorbulinella and Planolinderina) will be dealt with 
in this and the next subchapter. Little morphometric information can as yet be 
given for the others. As far as I know there are no new morphometric data 
conceming these other genera in addition to those given by Freudenthal. 

The Late Cretaceous Hellenocyclina, which is typical by its very small cham
bers, probably went through a nepionic acceleration course from Y in between 8 
and 9 in the Campanian H. charentensis to a Y value of Ie ss than 2 in H. visserae 
from the type Maastrichtian, but this is all we know so far. The ave rage diameter 
ofthe embryon (d!,2) changes from about 30 fl to close to 60 fl . 

The scattered data on the Eocene Linderina are stilliess surveyable. They give 
support to little more than the fair assumption that this genus was not related to 
any of the others. The Y data given by Freudenthal range between 2.8 and 1.0, 
the d!,2 means are between 90 fl and 180 fl. 

It is quite likely that, in addition, the ubiquitous genus Gypsina with its globu
lar growth pattem also belongs to this family. Because ofthe confusing literature 
in which the name Gypsina is used for groups showing all kinds of growth pat
tems without a strict single layering, it rnight be better to use the name Sphaero
gypsina for the really (sub)globular forms. Some well-sectioned individuals show 
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a three-chambered embryon (e.g. Bursch, 1947), very similar to that found in 
many other planorbulinellid forms. Morphometric data will be hard to gather. 
Because there is no continuous median layer, correct sectioning wou1d require a 
special skill and data gathering certainly will be very time consuming. Probably 
this genus with a reported range from Tertiary to Recent is in itself polyphyletic 
(Meuienkamp, pers. commun.). 

The caneae lineage 

Amongst the distinct, single-Iayered orbitoidal genera Planorbulinella is the only 
one that is still living. It presumably ranged from the Oligocene onwards. In the 
earlier literature authors tended to provide all forms they encountered with the 
name ofthe Recent type species P. larvata (Parker and Jones). 

There are no actual data on th.e descent of Planorbulinella. It has been sug
gested that the genus derived from some Cibicides-like ancestor. The Cibicides 
group is known to be accompanied by several offshoots and / or variants, in which 
retrovert apertures of the later spiral chambers led to simple and rather irregular 
orbitoidal forms, for which several generic names have been proposed, such as 
Planorbulina that we met already, but also Cibicidella and Dyocibicides. Planor
bulinella would be different from these forms by the greater regularity in the 
orbitoidallayer (fig. 27), which moreover contains many more chambers. 

Fig. 27. Extemal view of both sides of the holotype of Planorbu/inella elatensis, Recent, Gulf of 
Aqaba, 177 metres depth. x 35 (after Thomas, 1977). 

Freudenthal's morphometric analysis of Miocene representatives of Planorbu
linella from reliable stratigraphic sections on the island of Crete led to the distinc
tion of an evolutionary sequence of populations, all of which are more primitive 
than the Recent P. larvata. Two later papers added substantially to our knowl
edge of the genus. Thomas (1977) gave a morphometric analysis of two Recent 
species along the depth profile in the Gulf of Aqaba, and M.M. Drooger, Raju 
and Doeven (1979) puLlished the results of an investigation of the details of the 
evolutionary sequence in two of the earlier used sections of the Miocene of Crete. 
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Fig. 28. Five median sections of the embryonic-nepionic configurations in Planorbu/inella individuals 
showing the three-chambered embryons and the Y and R chambers. From upper left to lower right I 
count: Y = 6, R = 0 (x 125); Y = 5, R = 1 (x 110); Y = 3, R = 2 (x 115); Y = 3, R = 3 (x 115); Y = 2, R = 
o (x 120) (after Freudenthal, 1969, and M.M. Drooger et al. , 1979). 

There are good reasons to believe that in Planorbulinella an embryon can be 
distinguished that consists of the first three chambers. Protoconch and deutero
conch can frequently not be distinguished fr om one another and together with the 
tritoconch they form a more or less globular unit (fig. 28) that can be distin
guished with relative ease from the later median chambers. 

In the early forms from the Oligocene and Miocene there is an initial spiral 
with Y values up to nine, including in the counts the three embryonic chambers. 
A peculiar feature of Planorbulinella morphology is the occurrence of so-called 
relapse chambers (fig. 28). After the first chamber with two slit-like, basal open
ings has entered the ontogenetic sequence of chambers - where we terminate the 
Y count -, it was found that one or more of the later chambers had relapsed to the 
one-aperture state, which aperture is not necessarily in the original basal position. 
In some of the investigations we find R counts that are based on the number of 
such relapse chambers, but more frequently (Y + R) is given as a parameter, which 
thus indicates the tot al number of single-opening chambers in an individual. 
Search for such relapse chambers has usually been confined to the nepiont, or 
rather to the immediate surroundings of the embryon. 

Freudenthal, who introduced the morphometric analysis for Planorbulinella, 
found the genus to be frequent in Serravallian and Tortonian sediments of Crete 
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and other Mediterranean areas, vanishing from the record at the beginning ofthe 
Messinian salinity crisis, after which the group did not return to the Mediterra
nean during the Pliocene. Ris analysis concentrated on Y counts and measure
ments of the embryon diameters expressed in d l •2 and h l •3• Y was found to vary 
fr om 8 to 2; the value 1 was never observed in these Miocene forms. Accompany
ing microspheric specimens had a Y range from 17 to 11. 

Three new, morphometric species were recognized in the Mediterranean Mio
cene on the basis of the Y values: P. rokae (6.49-5.25), P. astriki (5.24-4.00) and 
P. caneae (3.99-3.00). In longer stratigraphic sections the three species were 
found to be successive, but the trend seemed to be far from smooth. P. astriki is 
the species that was found in the type deposits ofthe Tortonian. 
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Fig. 29. Y - d t ,2 scatter diagram for some fifty Planorbulinella specimens from the same sample ofthe 
Miocene of Crete (af ter Freudenthal. 1969). 

Although there is a negative Y - d l •2 (fig. 29), and a similar, negative Y - dl •2 

correlation, the wide clusters in the scatter diagrams indicate that this correlation 
is not really intense. Notwithstanding the distinct reduction in Y, the increase in 
dl •2 is relatively small and without statistical significance when samples from 
bottom and top of single stratigraphic sections are compared. It should be noted 
that the embryon is rather sm all with a dl •2 range from 60 to 115 fl. 

On the basis of an artificial assemblage of a few specimens fr om various localities 
in the western Pacific and the Gulf of Aqaba-Elat, Freudenthal suggested that the 
Recent P. larvata has a more highly developed nepionic configuration (Y = 2.35) 
indeed, but that the embryon size did not fit in with the expectation of the dl •2 
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development, being much too large at 173 /1. It is remarkable that also in the 
Recent species the Y = I stage, though present, is exceedingly rare. 

Although the Miocene to Recent Planorbulinella development so far shows a 
fairly coherent evolutionary pattem (fig. 30), it must be realized that we have data 
on a small geographic area only, and that Planorbulinella has been reported, 
correctly or incorrectly, from all over the world and from the Early Tertiary 
onwards. Middle Oligocene forms from the Calcaire à Astéries, Aquitaine Ba
sin, France (Gudjonsson, 1983, intemal report Utrecht) with rl!.2 of 61/1 and Y = 
6.60, still fit in with the P. caneae lineage, although we may be amazed that there 
was so little progress from the Middle Oligocene forms to the Middle Miocene 
assemblages of P. rokae. 
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Two Recent species 

The detailed analysis of Thomas (1977) of Recent Planorbu/inella in the Gulf of 
Elat, based on a large number of samples taken along depth profiles from 15 to 
240 metres confirmed that P. larvata stands apart because of its large d t ,2 of 
about 170 Jl and Y va1ues of about 2.7 and slightly higher (fig. 31). The species 
has a depth range from 15 to 120 metres. The increase in size of the embryon 
along this part of the depth profile is too slight to conc1ude that there might be a 
depth-linked environmental influence on embryon size, as the earlier theory on 
the Miogypsinidae (Drooger and Raju, 1973) would have demanded. However, a 
second species is found in the depth range from 80 to 240 metres (fig. 32). It is 
characterized by a much smaller embryon (d t ,2 between 110 and 125 Jl) and a 
somewhat different mode of nepionic configuration. There are only Y = 2 and 
Y = 3 variants and the means in the samples range from 2.0 to about 2.1 . Again 
there is no demons tra bIe size increase of the embryon along this deeper part of 
the depth profile. Rvalues are lower in the deeper species, (Y + R) varying fr om 
2.1 to 2.8 versus 4.0 to 5.5 in the shallower assemblages. 

The suggestion that we might be dealing with two morphotypes of a single 
species is easily refuted by the fact that there is no trace of a gradual morphoc1ine 
and that both forms remain morphometrically wen separable in the overlap part 
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Fig. 31. dt ,2, Y, ft. and (Y+R) with their SE values in the Planorbu/inella assemblages along the depth 
profile in the Gulf of Aqaba-Elat from 15 to 240 metres (after Thomas, 1977). 
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Fig. 32. Representative median sections of megalospheric Planorbu/inella e/atensis (Jeft) and P. larvata 

from the Gulf of Aqaba with the same magnification of approximately x 60 (after Thomas, 1977). 

of the depth range between 80 and 120 metres (fig. 31), and especially by the 
observation that each group has its own microspheric generation, the individuals 
of which are again well separable. 

Actually the megalospheric embryon of the deeper species, that was named P. 
elatensis, fits well to the expectation ifwe make a straight line continuation in the 
y - d\,2 scatter diagram from the P. caneae lineage assemblages found in the 
Miocene of Crete (fig. 30). The more or less clayey sediments in Crete and the 
accompanying microfaunal associations give the impression that the members of 
the Miocene lineage also preferred the deeper part of the photic zone, if the photic 
zone was required anyway. Although Hansen and Buchardt (1977) originally 
suggested the opposite, the Recent planorbulinellids could not he shown to have 
algal symbionts in their protoplasm (Reiss and Hottinger, 1984), so for th at 
reason they would not be dependent on a suflicient quantity of light. 

The morphological similarities and the supposed depth habitat suggest that P. 
elatensis might well he the Recent end member of the P. caneae lineage (fig. 30). 
This means that the Recent P. larvata is a fairly new addition to the tree, which 
species probably acquired some adaptation to the shallower habitats. 

The picture is getting still more complex when we consider an unpublished inves
tigation (J. Gelderloos, 1983, intern al report Utrecht) of Recent Planorbulinella 
collected off one of the Maldives, an island group in the lndian Ocean, remote 
from all continent al coast lines. From 9 to 68 metres depth, in both inner and 
outer reef debris environments, a species was found comparable to P. larvata 
from Elat, but with longer spirals cY is 3.1 - 4.0 versus 2.7 - 2.95; (Y + R) = 6.7 -
7.8 versus 4.0 - 5.5) and smaller embryons (dJ,2 = 130 -140 11, versus 160 -180 11)· 
In the deepest sample from 68 metres a distinctly different group of individuals 

(N = 17) suggests the presence of another population, that is less different from P. 
elatensis of the Gulf of Aqaba cY = 2.3 vs 2.0 - 2.1 ; (Y + R) = 2.7 vs 2.1 - 2.8; dJ ,2 

= 10011 compared to 110-12511). Although outside the range ofvariation ofthe 
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populations in the northern Red Sea, the determination P. elatensis seems justi
fied. However, the shallower assemblages on which there is a better documenta
tion, are quite different from P. larvata in the Gulf of Aqaba, although they seem 
to fit to the general Y - cl regression of the latter area (fig. 30). Evidently we are 
dealing in the Maldives with a morphometric deviation from the Elat data that 
would merit a separate species unit if such a unit would make sen se in a broader 
context. Possibly we are witnessing an example of 'island speciation' , which kind 
of evolution will be looked for later on as an argument to understand the ramifi
cations in the phyletic tree of the Miogypsinidae (see chapter II,4). 

Pulsating evolution 

The P. canea lineage furnished one of the examples for the Utrecht efforts to 
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unravel the details in the courses of evolution. For such examples we needed 
long stratigraphic sections in which the lineage had been continuously present. 
If this basic requirement is fulfilled it is assumed that we really ob serve evolution 
of a standing stock and not merely a sequence of to and fro migrations of differ
ent sublineages. Such an assumption cannot really be proved, but I expect it to be 
close to the truth if one considers the large geographic areas with a diameter of 
100 km or more, covered by identical populations in the case of the Late Cretac
eous Orbitoides (Drooger and De Klerk, 1985; chapter 11,6) and of recent 
Marginopora (Benzie and Pandolfi, 1991). 

The detailed analysis of the evolutionary course of Miocene Planorbulinella, 
carried out by M.M. Drooger et al. (1979), was based on two of the Cretan 
sections, Apostoli and Potamidha, which sections are successive in time with no 
or very slight overlap. These sections had been re-sampled with close spacing in 
order to be able to follow the morphometric changes over time intervals of no 
more than a few thousand years. A shorter sampling distance makes no sense; it 
may lead to dubious results because of the effect of bioturbation. It is supposed 
that the omnipresent planorbulinellids had lived at a fair depth and in quiet water 
so that reworking is excluded as an argument to account for the phenomena 
observed. 

It was found that the means of embryon diameter and of the nepionic para
meters Y and (Y+R) show a staggered pattem along the stratigraphic columns 
with forward and backward leaps that are statistically significant, after checks 
had been carried out based on three different tests (fig. 33, 34). In the section 
Apostoli the Y values are found to fluctuate to and fro across the 4.00 value 
which had been defined as the morphometric limit between P. astriki and P. 
caneae; in the Potamidha section the fluctuations remain within the range of P. 
caneae. These fluctuations in the means are too large to be ascribed to statistical 
zigzag irregularities on a homeostasis course. Actually, they are caused by strong 
modifications of the frequency distribution of the variants, occurring at irregular 
intervals (fig. 35). The suite of variants changes but little when the complete 
stratigraphic range is considered. The levels of sudden change in the means could 
not be brought in connection with either environmental tumovers or reversals of 
the magnetic polarity. 

Although these sequences of mean values are very similar to the re sult of the 
random walk procedure (Raup, 1977), such an explanation for the planorbulinel
lid evolution has been rejected, not merely because the overall result of all fluc
tuations nicely shows that nepionic acceleration remains valid, but especially 
because it is statistically not feasible to think that the random walk scenario 
could result in the same evolutionary acceleration successions in all better 
known lineages of the orbitoidal foraminifera. 

Especially the pulses opposite to the direction of the evolutionary 'drive' of 
nepionic acceleration were thought to be embarrassing. In this 1979 and other 
papers ofthe Utrecht school the term pulsating evolution was used and explained 
by the effect of a random factor in sympatric evolution, caused during the inter
calation of low-frequency populations. During such bottleneck situations punc-
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tuations could be forward or backward. The eventual positive change for the 
entire lineage would be due to an interplay of several smaller, residual popula
tions during the bottleneck periods (Drooger, 1984). In the final chapter this 
model will be dealt with in more detail in the context of other hypotheses. 
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One more point emanating from this Planorbulinella research on details, is of 
importance in the context of morphometric analyses in general. In the mono
graph of M.M. Drooger et al. (1979) we find an example of an estimate of the 
differences between Recent populations and the less time-restrained populations 
fr om sediment samples of the fossil record. These authors carried out calculations 
on the coefficients of variability in the Recent assemblages from the Gulf of 
Aqaba-Elat (after Thomas, 1977) and in their own samples from the Miocene of 
Crete. On the basis of d\,2 measurements they found V values to range from 10 to 
18 for the Miocene samples, whereas in the Recent assemblages the range is at 
somewhat lower levels between 9 and 14. This difference may be seen as a con
firmation of our conclusion that fossil populations will include an extra time
bound variation range, which fact is not a serious handicap for the correct eva
luation of morphometric data, however. 

Data that do not fit 

The relatively few morphometric analyses that have been carried out on Planor
bulinella so far enabled me to write a story from which it may be concluded that 
there was a complex evolution of a coherent clan from the Oligocene until the 
present day. The deviations found for the Recent forms from the Maldives con
tain a warning that the story of adaptive though staggered evolution in a single 
Planorbulinella lineage may appear to be too simple when more data from differ
ent areas will become available. From the stratigraphic point of view the assem
blage Freudenthal (1969) reported from the Pliocene of Java (Y = 3.16, d\,2 = 137 
Il) still might be explained as some kind of intermediate between P. caneae and P. 
larvata (fig. 30), but actually it appears indistinguishable from the larger group of 
shaIlow, Recent forms, reported from the Maldives. 

If we believe - and I do - that the expectation of nepionic acceleration has to 
link the morphologies we observe to one reasonable time succession, the theory of 
one coherent tree of Planorbulinella linea ges receives a serious blow from some 
other data, published already by Freudenthal. In his 1969 paper he pointed out 
that there are some Early Miocene forms that had been described from the 
Caribbean and from New Zealand as P. trinitatensis and P. zelandica, respec
tively (fig. 36). These two species have all the characteristics of Planorbulinella, 
but the associations that were morphometrically analyzed by Freudenthal con
tain Y = 2 variants only, while there are large d\,2 values between 140 and 200 Il. 
The latter values could weIl correspond to the values found for the Recent P. 
larvata, but as to nepionic configuration the two Miocene species are distincly 
more advanced. The morphometric data suggest that these two species cannot be 
tied to the west Tethyan lineage anywhere. So it is concluded that we are prob
ably dealing with some terminal phase of yet another independent lineage. 

It is remarkable that both species from central America and New Zealand are 
not only morphoiogically very close to one another, but they may weIl have 
approximately the same age as weIl, because both were found to be accompanied 
by Miogypsina cushmani, one of the last members of the Miogypsina lineage (see 
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Fig. 36. Median sections of Planorbu/inella trinitatensis, Miocene, Cuba (Ieft, x 115) and P. zelandica, 

Miocene, New Zealand (x 115) (after Freudenthal, 1969). 

chapter 11,4). Our data are too scanty to jump to the conclusion that this geo
graphic distribution offers an example of trans-Pacific rafting, for which path of 
crossing the larger oceans we have as yet little evidence in other groups of orbi
toidallarger foraminifera. 
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Il,3. PLANOLINDERINA 

Introduction 

The generic name Planolinderina was introduced in Freudenthal's monograph of 
1969 for single-Iayered Planorbulinella-like forms from the Upper Oligocene and 
Lower Miocene of southwestern France. The genus has furthermore been re
ported from the Upper Oligocene of western India (fig. 37) and from the Mio
cene of the southwest Pacific (Australia and Indonesia). Although - or maybe 
because - morphometric data are restricted to no more than three or four smal
ler areas, scattered along the en ti re length of the Tethys, it is possible to present a 
consistent lineage story. 

Planolinderina is said to differ from Planorbulinella in the apertures which 
would consist of series of smaller basal openings instead of single slits, but espe
cially by the fact that relapse chambers were not observed in this Middle Tertiary 
genus. Both genera share the phenomenon of a three-chambered embryon (fig. 
38). Again a descent from some Cibicides-like ancestor seems to be most logical. 

As in Planorbulinella the morphometric analysis relies on the number of single
stolon chambers in the initial spi ral (Y) and on the dimensions ofthe nucleoconch 
(d l ,2 and h l ,3). It is to be noted that there is no Y = 2 barrier in the phylogenetic 
development of Planolinderina, like there seems to be in the evolution of Planor
bulinella. 

Fig. 37. External view of both sides of a Plano/inderina specimen from the Oligocene ofIndia; x 50 
(after Raju and Drooger, 1978). 

Aquitaine basin 

Freudenthal's French material consisted of 14 samples from the so-caJled Chat
tian and from the type Aquitanian. The samples together cover the stratigraphic 
ranges of all successive Miogypsina species from M. complanata up to M. tani (see 
11,4). These species give a good control on the stratigraphic order from one 
locality to another. 
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The Y sequence in this stratigraphic succession is highly remarkable. Starting 
with a value of ab out 4.1 in the lowermost sample the seven successive samples, 
all in the Chattian interval, show excellent nepionic acceleration down to the 
Y value of 1.3, while there is a steady dl 2 increase from 64 to 129 Il. Close to the 
Oligocene/Miocene boundary Y suddenly returns to the high value of 3.1, after 

Fig. 38. Median sections of six Planolinderina individuals. From upper left to \ower right the Y values 
are 7, 5, 4, 2, 4 and \ (x 70- 120) (af ter Freudenthal, 1969, and Raju and Drooger, 1978). 
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which there is an oscillating pattern with values between 2.7 and 2.2. The dt ,2 

values show a corresponding but opposite fluctuation pattern. 
It appears that for all samples together there is a very intense negative correla

ti on (r = -0.85) between the means of both parameters, and in four individual 
samples investigated the negative correlation between Y and d t ,2 (fig. 39) is 
equally strong at a probability level of 99.9%. Negative correlations between 
nepionic configuration parameters and embryon size are quite common in the 
other orbitoidal groups as weIl, but Plano/inderina is really exceptional because 
of the strictness of this relation. 
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Fig. 39. Y - d l •2 scatter diagram of Planolinderina escornebovensis individuals from one sample ofthe 
Oligocene of France, showing the strong negative correlation between both parameters (after Freu
den thaI, 1969). 

Owing to the unparalleled linkage between embryon size and nepionic config
uration Freudenthal concluded that one could not rely on nepionic acceleration 
for stratigraphic correlation purposes. If the mean embryon size could be influ
enced by changes in some environmental factor one can expect that the Y para
meter would be modified accordingly. The consequence was that Freudenthal 
lumped all his assemblages into a single morphometric species, P. escorneboven
sis. He tried to save the concept of directional development for these orbitoidal 
foraminifera by comparing the partial dt ,2 values per Y class throughout the 
stratigraphic sequence. Again there is no smooth picture, but the result seems to 
become more promising when the partial means per sample are averaged. The 
actual change he then finds throughout the entire succes sion is not impressive but 
at least it is fairly consistent. However, the calculated values of this artificial 
parameter are statistically meaningless; so there is no more than a suggestion 
that there was a slight evolutionary enlargement of the embryon. On the other 
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hand, Freudenthal did not find a similar partial Y decrease for separate d J•2 

classes throughout the composite section. These results may partly be due to 
erratic effects in very sm all groups of specimens, but aitogether it may be con
cluded that the evolutionary 'drive' in Planolinderina was very weak, if present at 
all, and that it had better not be used for the distinction of different species. 
Freudenthal's solution of recognizing only one species for all his French material 
thus is fully understandable. 

Kutch 

The latter recommendation was not followed by Raju (1978), who found in the 
upper part ofhis Waior section (Kutch, India) assemblages fitting weil within the 
range of the French P. escornebovensis. They were preceded lower down in the 
column by a group of more primitive assemblages with Y values of about 5.2 and 
dJ•2 around 50/1. The latter assemblages he called P. freudenthali (in Raju and 
Drooger, 1978) and he designated a morphometric limit between both species at 
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Fig. 40. Y - d!,2 scatter diagram for all Plano/inderina data (after Raju and Drooger, 1978). 
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Fig. 41. Y - d' .2 scatter diagram for two stratigraphically successive Planolinderina assemblages from 
the Waior section, Oligocene of Kutch, showing the rapid change (arrow) in both parameters from P. 
freudenthali to P. escornebovensis (after Raju and Drooger, 1978). 

Y = 4.6. Raju defends his splitting by stating th at he has the impression that there 
really was evolution from a Y - cl,,2 combination of 5.5 - 40 f.1 in the oldest 
Oligocene assemblage to a combination 1.0 - 130 f.1 in the youngest Miocene 
samples in Australia (see below), whatever large the fluctuations (fig. 40). 

In between the stratigraphic ranges ofboth species in the Waior section there is 
a distinct morphometric gap from the four assemblages of P. freudenthali, in 
which nothing is really changing, to the Y is 3.6 - 3.2 values and the clJ,2 values 
of about 70 f.1 in the assemblages of P. escornebovensis (fig. 41). It should be noted 
that this P. freudenthali is accompanied by Miogypsina bermudezi, presumably 
the most primitive member of the Miogypsina clan and supposedly somewhat 
older than the sequence of French miogypsinid species. 

Southwest Pacific 

There is one more interesting point in Planolinderina evolution, this one to be 
found in the Miocene species of Australia and Kalimantan (Borneo). The pre
sence of Miogypsina thecideaeformis in the stratigraphic range of Freudenthal's 
sample from Borneo (Drooger, 1955) suggests that these Pacific planolinderinids 
were younger indeed (possibly Burdigalian) than the P. escornebovensis occur
rences. These southwest Pacific forms had been referred to two different species 
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that had been named in 1924 already by Heron Allen and Earland: Planorbulina 
inaequilateralis and P. plana. 

In some of his samples from Australia Freudenthal found the two species 
together and weil separable on morphometric grounds. P. inaequilateralis indivi
duals are distinctly thicker and they have considerably less peripheral equatorial 
chambers at comparable test diameter than P. plana (fig. 42). The Y values are 1.0 
in P. inaequilateralis and are ranging from 1.2 to 1.0 in P. plana. The former 
species has the larger rl1,2 (122-130 f.l), whereas the embryon is smaller in P. 
plana, rl1,2 ranging from 68 to 105 f.l. 

When all available rl1,2 - Y combinations are plotted in a scatter diagram (fig. 
40) it is P. inaequilateralis that fits nice1y to the straight line set by the older 
assemblages of P. freudenthali and P. escornebovensis, whereas the P. plana 
assemblages are deviating because of too small mean embryon diameter values. 

By now we have learnt that such a contemporaneous occurrence oftwo groups 
of morphotypes differing primarily in mean embryon size, can reliably be appre
ciated as the expression of two different species, which conclusion does not mean, 
however, that we understand the ramification. For the appreciation of the addi
tion of P. plana with its too small embryon at the end of the otherwise consistent 
though staggered trend of the lineage, it may be worth reminding that P. plana is 
the thinner and flatter of the two contemporaneous species. If this would mean 
that P. plana lived at a greater depth than P. inaequilateralis, for which there is 
af ter all no circumstantial evidence, then this species doubling would be of the 
same character as that observed for both Recent Planorbulinella species, P. larva
fa and P. elatensis. Only in the latter case the newcomer is P. larvata, the shal
lower species of the two with the larger embryon. 
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11,4. MIOGYPSINIDAE 

Introduction 

The Miogypsinidae are the best known group of orbitoidal foraminifera because 
of the ample data set. The family shows a distinct evolutionary trend of nepionic 
acceleration during th at part ofthe Oligo-Miocene time span during which it was 
flourishing world-wide in tropical and subtropical seas. By now there is a com
prehensive literature on the Miogypsinidae which forces me to he selective in my 
review. Nevertheless it is useful to dweIl at more length on this group than on 
most of the others because many of the details of the history may provide us with 
clues for solving more general problems. 

The Miogypsinidae differ from the representatives of all other orbitoidal fora
miniferal groups by the eccentric position of the initial stages in the median layer. 
In most Miogypsina species the embryonic-nepionic apparatus is lying immedi
ately at the periphery, the later median chambers having expanded in one sector 
only (fig. 44), a sector which usually has an angle of more than 60 0 and less than 
1800

• The location of the early part of the animal is in the apex, which usually is 
visible fr om the outside because of the loc al angularity of the test and by the 
different size of the apical ornamentation elements. Because of the sectorial 
growth pattern rniogypsinid specimens commonly have an irregular outline. The 
outer part of the periphery along which growth of the late st median chambers 
took place, is called the frontal margin. 

On the basis of morphometric analysis a main line of development can be 
distinguished that is found all around the world. Because of regional and local 
deviations from this evolutionary line, the term band or plexus would be a better 
qualification for this centrallineage. In addition there are several side lines, each 
of which is restricted to only one of the three major provinces: the western 
Tethys, the Indo-Pacific and central America. 

Although we are certainly not yet at the end of gathering further complicating 
details and of meeting unexpected problems, the major taxonomic subdivision 
seems to have attained a certain stability. The morphometric subdivision of the 
main lineage has resulted in the recognition of ab out ten successive species units 
linked to Linnean nomenclature, which species together cover a period of some 
10 Ma. With appropriate caution zonal units with an average duration of one Ma 
are applicable in correlation, which means that a biostratigraphic refinement is 
attained that is greater than most other foraminiferal groups can yield. As a 
result of data from many continuous sections, the correlation value of the sepa
rate species units could be confirmed. 

Before giving a review of the relevant trends in the Miogypsinidae I wish to 
emphasize that for the sake of convenience only a single genus is recognized in 
this paper. This genus Miogpsina is subdivided into the subgenera Miogypsi
noides, Miogypsina s.str., Miolepidocyc/ina, Heterosteginoides and Lepidosemicy
c/ina. I choose this procedure in order to keep all endings of species names con-
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stant, but I have no objection against other systems in which two or more of these 
categories have been recognized as full genera. 

Descent 

The exact Oligocene origin of the family has not been observed and theories 
about the details of its descent do differ. It is generally accepted that the group 
originated from some trochoid rotaliid ancestor (e.g. Rotalia mexicana or R . 
lithothamnica). Today these species can better be referred to Neorotalia or to 
Pararotalia. The rotaliid ancestry was clearly demonstrated by Barker and 
Grimsdale (1937) from the presence of a spacious, spiral and septal canal system 
in the most primitive Miogypsina species that belong to the subgenus Miogypsi
noides. After a long trochoid suite of spiral nepionic chambers, retrovert stoloni
fe rous openings of the last chambers enabled the introduction of the sectorial 
neanic system. 

Authors have forwarded different opinions ab out the actual transition. 
Salmeron (1972), Cahuzac and Poignant (1987) and Laagland (1990) claim to 
have found real-primitive transitional forms (in Mexico, sw France and Spain, 
respectively) consisting ofthe rotaliid spirals andjust a few (between one and ten) 
neanic chambers which do not yet form a regular median layer. Salmeron argued 
that his intermediate Miogypsina butterlinus with an intemal proloculus diameter 
between 50 and 90 /-lIed to the long-spiralled and thick-waIled Miogypsina com
planata, the species with the longest nepionic spiral known in the regular succes
sion. The latter species and the assumed ancestor Pararotalia roblesi are said to 
accompany M . butterlinus in the samples from the Mexican boring Paluzada-l . 
Considering Salmeron's data on protoconch diameter and length of the nepionic 
spiral when expressed in Y values, it is my opinion that M . butterlinus might weIl 
consist of juveniles of the accompanying M . complanata. Also in sw France the 
simple forms with Pararotalia affinity are said to be accompanied by well-devel
oped M . complanata but Cahuzac and Poignant gave no morphometric data on 
prol oculus size or spirallength. Possibly the miogypsinid variants they referred to 
P. lithothamnica and P. verriculata are juveniles of M . complanata. For the same 
geographic area Drooger (1963) showed M . complanata to differ in both these 
morphometric parameters, spiral length and protoconch diameter, from the ac
companying Pararotalia with the same ornamentation type, both for the speci
mens of the megalospheric and of the microspheric generations. If there is any 
relationship between both taxa this assemblage of M . complanata is far from the 
origin of the family already. Laagland (1990) reported assemblages of very pri
mitive Miogypsinoides with few equatorial chambers from Spain, for which he 
counted very high X values eX up to 28). At stilliower stratigraphic levels of the 
Oligocene he found Pararotalia individuals with occasion al chambers outside the 
spiral (Drooger and Laagland, 1988). Such individuals are known fr om other 
places as weIl. It is hard to decide whether they are a kind of 'hopeful monsters' 
that heraid the slow evolution from rotaliid ancestors to the real Miogypsina 
morphology. 
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Fig. 43. Transverse sections of the Oligocene Miogypsina bermudezi from Cuba (left, x 36) and M. 

complanata from Trinidad (x 45), showing the difference in thickness of the solid side walls (after 
Drooger, 1951). 

There is another, completely different theory on the early history of the Mio
gypsinidae. Drooger (1951) postulated that M. bermudezi with a distinct median 
layer is the oldest species in central America because of its thin lateral walls (fig. 
43). After Gordon (1959) had claimed that M . bermudezi was the oldest species in 
Puerto Rico, Raju (1974) found it real1y preceding M. complanata in the same 
stratigraphic section in western India. However, the relatively short nepionic 
spiral of M. bermudezi eX ~ 12 in India) is hard to reconcile with the hypothesis 
that the species is ancestral to M . complanata eX between 17 and 21), ifwe accept 
the overall validity of the theory of nepionic acceleration (fig. 44). 

Fig. 44. Median sections of average specimens of Miogypsina bermudezi and M . ex.interc. complana
ta-formosensis from the Waior section, India. X values are II and 17, respectively (after Drooger and 
Raju, 1978). x 50. 

Nepionic acceleration 

This is certainly the most valuable trend for clarifying the evolutionary history of 
the family and for the application in stratigraphic correlations. Nepionic accele
ration appears to be valid for the main Miogypsinoides-Miogypsina lineage from 
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M. complanata onwards as well as for the various side lines. It is the merit ofTan 
Sin Hok (1936-37) that he recognized and named various nepionic configuration 
types in his Indonesian material (fig. 45). Af ter some hesitation (1936) he placed 
these types in the correct stratigraphic order (1937). Since Tan's species concept 
was strictly typological and his ample material could never be revised af ter his 
untimely death in 1945, the names he gave to his species were largely ignored by 
those later authors who had a different species concept based on populations, or 
rather on assemblages. 

a 

c e 

Fig. 45. Embryonic-nepionic types of Miogypsina showing the derivation of X, Y, a, B, and y. a-f is 
apical-frontalline. Note that in this counting convention X and Y are 2 less than in figure 10 Cafter 
Drooger, 1963). The names of most types are after Tan Sin Hok, 1936- 37: a) complanata, b) borneen

sis, c) ecuadorensis, d) bifida, e) indonesiensis, f) excentrica. 

The populational species concept was introduced by Drooger (1952) in his 
monograph on American Miogypsinidae and I will follow this concept which was 
repeatedly used afterwards, not only by members of the Utrecht school. 

Leaving aside the primitive M. butterlinus and M . bermudezi for the moment, 
the oldest species is M. complanata with a long ancestral spiral. The length of the 
spiral has been expressed in the number of operculinid, single-stol on chambers 
(Y) or in the number of chambers in the complete sequence of the rota1iid spiral 
(X), which spiral is equated with the nepionic stage (fig. 45). Commonly we use X 
as the parameter of prime importance because it allows for a 10nger numerical 
range of variation than y. Since Y and X, and especially their means, show a 
strong positive correlation (Drooger, 1963) no information is suppressed by using 
X only, although deviations from the general X - Y correlation line have been 
used for differentiating certain side lines in the cladal tree. Note that for good 
reasons (MacGillavry, 1965) we nowadays tend to include both embryonic cham
bers in counts of spi ral chambers. In the literature these two chambers have never 
been included in the X and Y counts of the Miogypsinidae, and for reasons of 
consistency it will not be done in this review chapter either. 

The X and Y spirals get progressively shorter in the course of evolution of the 
Miogypsinidae until at the stage of Y = -1 the second chamber of the embryon, 
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the deuteroconch, has obtained the retrovert stol on and as a consequence a small 
second principal auxiliary chamber is introduced. Beyond this stage the further 
shortening of the ancestral spiral (X) cannot be successfully applied anymore for 
species discrimination. We start to evaluate the relative length of the protocon
chal spiral originating from the second PAC. Another morphometric scale is 
introduced for these more highly evolved forms, which scale is based on the arc 
length of the shorter protoconchal nepionic spiral a and the arc length of both 
protoconchal nepionic spirals together P (fig. 45). The parameter V = 200a / /3 
gives ascale from zero in the absence of the second P AC to the value 100 when 
in median section both nepionic spirals along the outside ofthe protoconch are of 
equallength and both P AC of (sub )equal size. The spirals that encircle the proto-
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Fig. 46. X - Y corre\ation (after Drooger, 1963). 
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Fig. 47. Embryonic-nepionic types of Miogypsina and the corresponding y values (af ter Amato and 
Drooger, 1969). The arrows give the direction ofnepionic acceleration in a typological sense. 

conch are used for our measurements because the deuteroconchal spirals are 
frequently incomplete towards the apical periphery of the test. 

The Y scale appears to be useful for species discrimination because there is a 
wide array of such mean values with a good correlation between the registered 
increase and the concomitant stratigraphic order of the samples. One may con
c1ude that the evolutionary change from the strongly asymmetrical configuration 
to the syrnmetrical one with Y = 100, was a fairly slow process in the main line
age. It looks very likely that the major part of the 0 - 100 range of V values was 
realized in many early populations of the group already. The shift in Y thus is 
partIy due to the progressive change in the V frequency distributions from skewed 
to the right to left-skewed. 

Following the nepionic stage ofY = 100 one might expect from theory a further 
nepionic acceleration by the introduction of accessory auxiliary chambers (AAC). 
Actually such a development has been demonstrated for one Indo-Pacific side line 
only, the one that leads to M. excentrica (fig. 61). Otherwise the Y = 100 level of 
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nepionic acceleration is the end of miogypsinid evolution in all three major dis
tributional areas. 

One more parameter has been introduced that can be used to measure the 
degree of nepionic development. The various angles y between the medio-em
bryonic line and the apical-frontal line lead to a scale that extends in practice 
from about -450° to about + 180°. Actually it is a measure for the length of the 
ancestral spiral and as such y has a very good negative correlation with X and Y. 
The advantage of the parameter is that in poorly oriented thin-sections, for 
in stance from indurated rock samples, one may be unable to give areliabIe count 
for the number of spi ral chambers, whereas the angle y can still be fairly weIl 
estimated as long as the embryonic chambers are visible in the section. As a 
consequence y appears to be a good substitute for X (fig. 46) and Y in approx
imate species determination. 

Until the development stage where the second PAC comes into existence the y 
values have gone regularly through the series of negative values up to zero. In the 
further development correlation with V is much Ie ss strict; y values tend to rise to 
about +45°, af ter which there are two opposite trends, one with values going back 
to zero, the other going on to the value of approximately +90°. For a detailed 
discussion on the derivation of parameter y the reader is referred to the paper of 
Amato and Drooger (1969), from which publication the general synopsis picture 
(fig. 47) is reproduced. 

Since 1952 authors who relied on statistical handling of their numerical data 
and thus on the populational species concept, have used the successive X and V 
scales as the primary tooI for species discrimination in the Miogypsinidae. 

Lateral wall development 

Most early, spiralled representatives of the Miogypsinidae had thick, lamellar 

Fig. 48. Lamellar side walls in Miogypsinoides (above) and lateral chambers in Lepidosemicyclina. 
x 35-40 (af ter Raju, 1974). 
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side walls and distinct intramural canal systems of rotaliid type. The more or 
less lamellar character and the relative thickness of these side walls have led to 
the distinction of different species but it is disputable whether such differences are 
really of great systematic importance. For species with side walls of a very clearly 
lamellar character (fig. 48) the (sub)generic name Miogypsinoides has been intro
duced, whereas side walls with a stronger predominance of pillars and pustules 
(fig. 43) made Hanzawa create the name Miogypsinella . Although pustulous side 
walls are more common, it is the older name Miogypsinoides that is currently 
being used for all species with compact side walls. 

In all three larger provinces the original solid side walls are followed in later 
forms by structures in which the side walls contain so-called lateral chambers (fig. 
48). Such chambers may have been formed as expansions of certain elements of 
the canal systems or just be spaces between successive (groups of) lamellae of the 
originally solid side walls (de Bock, 1976). In my opinion both types ofmodifica
tion can have played a role. It is certain that in the course of further evolution the 
lateral chamber systems became better organized with in the end a fairly regular 
arrangement in layers and in tiers, sometimes with pillars in between. Another 
point about which there is no doubt is that with the onset of the lateral chamber 
systems the ancestral rotaliid canals immediately lost their importance; they are 
no longer distinctly visible (de Bock, 1976). It looks as ifthe unknown function of 
the intramural spaces was taken over by the lateral chambers. 

In taxonornic appreciation the new forms with lateral chambers and an apical 
position ofthe initial stages are grouped in the subgenus Miogypsina s.str. 

If one considers the level of nepionic development at which the transition from 
Miogypsinoides to Miogypsina took place there are clear differences. In central 
America and also in the Mediterranean the transition would have occurred ear
lier in morphologic development of the nepiont than it did in the Indo-Pacific. 
There are also differences in the fate of Miogypsinoides af ter the rise of its Mio
gypsina s.str. descendants. So far no overlap between both subgenera has been 
found in the western hemisphere, whereas in the Indo-Pacific and in the western 
Tethys both groups continued side by side with distinct genetic separation. More
over, the Miogypsinoides development after the separation was clearly different in 
the Indo-Pacific from that in the western Tethys area. In the former province 
there was continued nepionic acceleration and in the second some kind of long 
lasting stagnation. 

From various data one gets the impression that in both provinces the actual 
splitting was not an instantaneous separation. Assemblages containing a mixture 
of individuals with either Miogypsinoides or Miogypsina features, but forming a 
homogeneous group as to the morphometric parameters, have been determined 
as intermediate between species of both subgenera (e.g. Drooger and Freu
denthaI, 1964). Raju (1974) showed that in Indian assemblages it is primarily 
the variation in protoconch diameter which became wider, the Miogypsina S.str. 
specimens having the smaller proloculus. At a later stage of the development the 
clusters of both groups started to become separated because the Miogypsina S.str. 
group advanced more rapidly along the road of nepionic acce1eration (fig. 49). 
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Fig. 49. Scatter diagrams suggesting from bottom to top the gradual separation of Miogypsinoides 
and Miogypsina s.str. in India (af ter Raju, 1974). 
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The same type of mixture and later separation of the respective clusters is very 
convincingly illustrated by De Bock (1976) for several of his samples from 
France. De Bock and also Ferrero (1987) treat all these mixtures as if consisting 
of two different species, evidently because the individuals of both types occupy 
different parts in the homogeneous clusters of the bivariate plots based on X and 
protoconch diameter. 

These rather persistent mixtures that seem to have but slowly resulted in well
separable species, and occurring independently at several places of the globe, 
suggest that in the beginning there was no more than intraspecific differentiation 
triggered as a response to some environmental factor (see below). After all, occa
sional cavities in the side walls that might be called lateral chambers are found in 
all older Miogypsinoides species, even in M. bermudezi already (Drooger and 
Raju, 1978). 

Embryonic acceleration 

Especially in the later phases of the development of the family, af ter the second 
P AC had been introduced, the first two chambers differ from the later ones by 
their relatively larger size and by a special configuration. These two chambers are 
called the embryon (nucleoconch) consisting of the nearly globular first chamber 
(protoconch) and a more or less kidney-shaped second chamber (deuteroconch). 
Although in earlier spiralled representatives the deuteroconch is not really differ
ent in size and shape fr om the later chambers, we are used to call the first two 
chambers in such forms the embryon as weIl. 

Embryonic acceleration in the sen se of progressively stronger embracement of 
the protoconch by the deuteroconch, such as it is found in the Lepidocyclinidae 
(chapter n,5), is not really a trend of importance in the Miogypsinidae. The ratio 
of the width of the deuteroconch relative to that of the protoconch does increase 
fr om about 1.0 to about 1.3. However, this change occurred rather rapidly at 
about the nepionic configuration level where the second P AC was introduced. 
Variation in the ratio is rather wide at all nepionic levels and the evolutionary 
increase is of no importance in taxonomie practice. 

Size increase of the embryon 

Illustrated by measurements of the diameter of the protoconch it has been found 
that there is a coarse but rather general trend of size increase of the embryon. 
There is one major setback. Especially Raju (in Drooger and Raju, 1973) has 
emphasized that the general regression lines of dl - X of Miogypsinoides and 
Miogypsina tend to differ, being parallel but with a notabIe drop in embryon size 
close to the morphometric levels of transition from the former to the latter sub
genus (fig. 50). Superimposed on these trends there seem to be various environ
mental influences that played a role in determining the size of the embryon and 
causing a wide variation in eh values at each nepionic configuration level (see 
below). 

In addition, there is at least one obvious deviation from the general expectation 
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pattern. Both in America and in India the primitive M. bermudezi ofthe Miogyp
sinoides group fits better to the Miogypsina S.str. eh - X regression line than to 
that of the other Miogypsinoides species. Furthermore, Wildenborg (1991) found 
two Miogypsinoides groups in the Sicilian Miocene that are of about the same 
nepionic configuration level but differ significantly in protoconch size. These two 
groups are weU separable in the Sicilian samples. One of these (his Miogypsi
noides I) is again in line with the Miogypsina S.str. lineage. 

Data on representatives of other si de lines are less numerous but the embryons 
commonly seem to be somewhat larger than those of Miogypsina species of 
comparable nepionic configuration level (fig. 50). 
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Fig. 50. dl - x/v scatter diagram for Indian Miogypsina assemblages (after Raju, 1974). Asterisks 
Miogypsina s.str., triangles Lepidosemicyclina. 
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Centripetal trends 

In different regions and at different nepionic morphometric levels, independent 
developments led from Miogypsina s.str. stocks to forms in which the initial 
stages had shifted from the apical-peripheral position to a place less eccentric in 
the median layer (fig. 51). However, none of these trends led to a perfect radial 
growth pattern in which the embryon is exactly at the centre of the median layer. 
Nevertheless, in some of these side lines the external appearance of the test may 
have become very regularly circular. 

The West Tethyan Miolepidocyclina and the American Heterosteginoides are 
successful side branches of this kind that must have gained complete genetic 
independence fr om the ancestral stocks. Also the end member of the Mediterra
nean Miogypsina s.str. lineage (M. mediterranea) shows a distinct but slight 
centripetal displacement of the initial stages. There are also several American 
forms with a slight centripetal trend: M. bronnimanni, M. mexicana and M. 
venezuelana, that were all placed in the now dubious subgenus Miogypsinita 
Drooger. These forms cannot be tied to the earlier Heterosteginoides lineage; 
neither could it be established whether or not they were really separable from 
the comparable species of the main Miogypsina lineage. In the Indo-Pacific such 
slight centripal trends have been found as weIl, but here the representatives in
volved also show a deviating morphology of the equatorial chambers (see next 
paragraph). 

Fig. 51. CentripetaJ trends iIIustrated by a median section of Miolepidocyclina (upper Jeft) and by 
Conomiogypsinoides specimens from which the outer JateraJ wall has been partJy removed. 
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Finally, the Indo-Pacific is the only region where a peculiar centripetal trend 
could be well documented in representatives of Miogypsinoides (fig. 51), which 
change did not lead to c1early separable assemblages, however (Conomiogypsi
noides of Tan Sin Hok, 1936). 

The equatorial ehambers 

Both in ontogeny and in phylogeny there is a gradual change in the shape of the 
so-called neanic chambers from open-arcuate to ogival and rhombic. It is likely 
that such sequences in phylogeny had a separate though parallel development in 
the different provinces, but so far this type of independence did not lead to 
differences in taxonomic appreciation. 

The only exception for classification is found in some Indo-Pacific forms in 
which the equatorial chambers rapidly became short to e10ngate hexagonal with 
concomitant change in the stol on configuration (fig. 52). Such forms are grouped 
in the subgenus Lepidosemicyclina but it is likely that we are dealing with more 
than one side line. Slight centripetal trends and the acquisition of AAC in some 
species further complicate our unravelling ofthe history ofthis subgeneric group. 

Fig. 52. Hexagonal equatorial chambers of Lepidosemicyclina. x 72 (after Raju, 1974). 

Genetie separation of the side Iines 

Full morphometric separation of assemblages in one or more samples is accepted 
as evidence for the presence of more than one species and as definite proof of 
genetic separation of two ( or more) lineages, even if we do not yet know the full 
history of these lineages. Primarily we have lineage-specific features of yes/no 
character, such as found in the type of the side walls, in the position of the initial 
stages, and in the shape ofthe equatorial chambers. Furthermore, assemblages of 
two or three lineages when found together in the same sample frequently appear 
to differ in average nepionic configuration and/ or in embryon size (fig. 53). Such 
differences c1early illustrate that the rates of nepionic acceleration and of embry
on change, although nearly always subject to the overall direction of the assum
edly adaptive modification trends, differed from one stock to the other. This 
conclusion makes it likely that members of the main line in the three provinces, 
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Fig. 53. Scatter diagrams of associated Miogypsina species in two Indian samples. The species differ in 
V and in embryon size (after Raju, 1974). 

which members so far have been given the same Linnean names but which might 
weU have been the products of independent development, could be of different 
age. Such an age difference has been shown to be true for the end members ofthe 
main lineage in America and in the Indo-Pacific, which terminal species have 
been given the same name in both provinces: M. antillea. 

The basis of miogypsinid classification 

When in 1952 the c1assification system was introduced based on statistical esti
mates of populations for the delimitation of species units, the means of X and V 
were selected as the primary characteristics for subdivision. Although such a 
procedure that leans heavily on a restricted range of morphometric features, 
risks to suppress other valuable morphological information, it so far appeared 
to result in a surveyable c1assification system. It seems to give proper weight to 
the hierarchy in morphological details with respect to evolution. Especially in the 
beginning the new system caused a drastic reduction in the number of species 
names that were needed, because we were referring a large number of the names 
already available to the categories of (probable) synonyms and nomina dubia. 

When it was found that aU possible X values between 20 and 6 could be found 
as weU as all V values between 0 and 100, more or less arbitrary species limits and 
units had to be defined. Two yardsticks or conditions were applied in the original 
paper for the species discrimination (see also chapter 1,6). 

Firstly, the numericallength of a species range along the X or V scale was 
accommodated to the average values of the standard errors of the means in the 
corresponding numerical interval. This meant that for instance in the subdivision 
of the spiraUed representatives the X ranges of adjoining units usually became 
shorter in numerical terms towards the lower values. In the Miogypsinoides se
quence of assemblages species limits were set af ter some time at the X values of 
17, 13, 10 and 8, which numerical boundaries thus define five successive species 
units. 
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The second condition, considered desirabIe to be fulfilled, was that type assem
blages of earlier, well-described species were given extra weight. For instance in 
the spirally arranged Miogypsina s.str. sequence the type sample of M . gunteri 
caused the limits for this species to be set at 12.5 and 9 of the X scale. This 
delimitation in Miogypsina s.str. thus turns out to be different from that of the 
near-corresponding unit defined from 13 to 10 in the Miogypsinoides succession. 
This awkward practice of the past certainly tends to complicate the taxonomic 
surveyability, but so far authors managed to avoid the creation of still greater 
confusion that would re sult fr om re-defining the position of species limits. 

Some other practical rules had to be introduced as weIl. One rule considers the 
nomenclature, i.e. the appropriate Linnean name for a morphometrically defined 
species unit. Many names were available in the literature already, nearly all of 
which had been defined on the basis of a typological species concept and usually 
with a characterization that in the new classification was thought to be of trivial 
importance. Shape of the test and distribution of pustules are frequently present 
amongst these subordinate features, formerly given a much higher ranking. 

An earlier, already existing name was applied only when sufficient documenta
tion was available or could be obtained to prove that the original type assemblage 
fitted in between the defined limits, such as for instance in the case of M. gunteri. 
In cases of serious doubt about or insufficient data on such older species names it 
was considered preferabIe to introduce a new name, accepting the risk that later 
on this new name might be shown to be a synonym. 

Another disadvantage of the morphometric procedures arose when for some 
assemblages the X or the V value was found to be so close to one of the species 
limits that the standard error of the mean did not permit us to decide with 
sufficient confidence to which side of the limit the assemblage had to be placed. 
Instead of introducing new names for such intermediate assemblages, which 
practice would have multiplied the numbers of species and ofboundaries, another 
procedure was recommended. Species having been defined in such a way that the 
centres of the numerical ranges of adjoining species could unambiguously be 
differentiated by means of the statistical parameters for assemblages of some 20 
specimens, the term exemplum intercentrale (ex.interc.) was introduced for the 
intermediate assemblages (Drooger, 1952). The nomenclatural expression con
tains both species names adjoining the limit. Although these two names are 
usually given in the order of succession in the lineage, it is better that the name 
mentioned first indicates at which side of the boundary the calculated mean is 
situated. This procedure of intercentral notations has been applied successfully, 
also in other groups than the Miogypsinidae. 

Yet another nomenclatural problem that had to be solved concerns the inter
mediate assemblages between species in the transition range between two differ
ent subgenera, and also those where we have to switch from the X scale to the V 
scale. For the latter case I employed the 50-50% formula based on the absence/ 
presence of the second P AC, combined with some - admittedly vague - error 
analysis. The X to V transition was found to coincide in practice with the zero 
point in the y scale. Or rather this zero point was defined in accordance with the 
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level where I found that one scale had to be exchanged for the other in the 
Miogypsina S.str. main lineage. Again all intermediates receive the ex.interc. 
notation, also when they straddle the boundary between two subgenera. 

The main lineage 

All species of the central plexus of miogypsinid development are characterized by 
a strictly apical-peripheral position of the embryonic-nepionic stage. Along the 
regular X - V scale a complete gradation has been found from X somewhat over 
20 to V = 100. When we consider the different (sub)provinces a variabIe number 
of the early species units belongs to the Miogypsinoides group with its predomi
nantly solid lateral waIls, while in the later part of the succession at least the 
entire V range belongs to Miogypsina s.str. with the lateral chamber systems. 
Depending on the (sub)province we are considering, the shift from Miogypsi
noides to Miogypsina is found to have occurred at X levels between 17 and 10. 
As far as could be ascertained transitions occurred rather slowly or seem to have 
had an oscillating character. In at least two of the major provinces Miogypsi
noides continued its range after the clear separation, independent of and morpho
metrically weIl separable from the contemporaneous Miogypsina S.str. 

The names (fig. 54) in the regular and most complete species suite of the 
subgenus Miogypsinoides and the numerical values of the limits in between are: 
complanata - 17 - formosensis - 13 - bantamensis - 10 - dehaarti - 8 - indica. No 
lower X limit has ever been proposed for M . complanata. If long-spiralled forms 
such as reported by Laagland (1990) with X values of up to 28 really belong to the 
regular Miogypsinoides lineage such a limit had best be placed at X = 23. Possibly 
M. butterlinus is an appropriate name for this most primitive species although 
Salmeron (1972) did not give sufficient X data in his text or figures, but a suffi
cient number of Y estimates can be made from the latter. Extrapolating in a X -
Y diagram (e.g. Drooger, 1963) the calculation ofY = 14.8 would correspond to a 
mean X of about 25 (fig. 55). Whether M. bermudezi with its thin side walls and 
low X values between 15 and 12 can be retained in this system is uncertain. The 
best argument to do so is in its stratigraphic position, preceding the range of M . 
complanata. 

The X scale in the subgenus Miogypsina gave rise to the subdivision in basraen
sis - 12.5 - gunteri - 9 - tani. Again no lower X limit was originally (1952) 
designated for M. basraensis, although it was suggested that the range of the 
species would extend beyond the X value of 15. In later years a X value of 14 
has been suggested (e.g. Ferrero, 1987). There are some long-spiralled species (M. 

thalmanni, M. septentrionalis) with X values commonly larger than 15. These 
species are thought to be different regional offshoots from the main lineage. 

At the X values between 7 and 6 and ji values close to zero we switch to the V 
scale, in which limits have been set at 45, 70 and 90. These limits bound the 
successive morphometric species globulina (irregularis in ol der publications), 
i!}termedia, cushmani and antillea. The position and spacing of limits in the 
V scale is Ie ss odd than it seems to be at first sight. It must be realized that the 
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Fig. 54. Morphometric limits and species names of the Miogypsinidae. In the vertical and horizontal 
arrangement ofthe species no strict stratigraphic order is implied (see figures 56, 61, 64). 

observation of a small second P AC results in a value for V of around 20, which 
means that V values between 0 and 20 are hardly ever recorded. This caused the 
position of the lowermost V limit to be as high as the value 45. V values below 20 
occur frequently, but because of the high numbers of V = 0 values such assem
blages are usually classified as M. tani or M. ex.interc. tani-globulina. The 
90-100 end of the V scale is meant for the frequent occurrences of assemblages 
in which most of the individuals have (near)symmetrical protoconchal nepionic 
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Fig. 55. X - Y regression in the Miogypsinidae af ter data from all three major provinces. 

configurations. Actually the distinction between the last two species, M. cushmani 
and M. antillea, was not connected to the 90 value for the means but it was based 
on a 50- 50% rule for the individuals below/above the V = 90 value. In practice 
there is little difference between both methods. 

The Am'!rican province 

Although the statistical methods for the morphometric classification of the Mio
gypsinidae were launched af ter an investigation oftheir American representatives 
(Drooger, 1952), this province remains the least well-known. The stratigraphic 
con trol for the original material was poor because ofthe geographic scatter ofthe 
assemblages concerned. It is admitted that the evolutionary tree (fig. 56) that was 
constructed on the basis of this materiallargely depended on the theory of nepio
nic acceleration. Longer stratigraphic sections with several miogypsinid species 
still remain scarce in the documentation from the western hemisphere, but the 
theory appeared to be correct af ter the later and better documented studies in the 
other two provinces. 

M. bermudezi was originally described from a weIl in Cuba (Drooger, 1951), 
but its stratigraphic position relative to M. complanata could so far not be estab
lished unambiguously in central America, although Gordon (1959) claimed that 
the species predates M. complanata in Puerto Rico. A similar stratigraphic super
position is suggested by Barker (1965) on the basis of a Gulf Coast weil. Also the 
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Fig. 56. American species of Miogypsina. Relationship and relative stratigraphic position. 

stratigraphic position of M. butterlinus is not fully clear. In the Mexican weIl 
from which Salmeron (1972) described his species it seems to be accompanied 
by M. complanata with very long nepionic spirals. It is likely that we are dealing 
with but a single species because the Y values that can be obtained from 
Salmeron's figures are in the range of 11 - 18 for both his taxa. When we take 
these two taxa together a new concept of M. butterlinus may represent the Mio
gypsinoides species with the longest spirals. 

Following the genuine M . complanata, which has been reported from several 
places in central America, I am quite confident that there are assemblages that 
can be ascribed to M . formosensis, but documentation is too poor. It seems likely 
that at the morphometric levels ofthe latter species the transition(s) to Miogypsi
na took place and there are no data suggesting that Miogypsinoides continued its 
range af ter lateral chambers had been introduced in the American miogypsinid 
stock. 

From the transition onwards there is a complete record of the suite of Miogyp
sina species from M. basraensis to M . antillea. Most of these species have origin-
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ally been described on the basis of American material (gunteri, tani, intermedia, 
cushmani, antillea). 

The most distinct American si de line is that of the sub genus Heterosteginoides, in 
which there is an unmistakable centripetal trend. This lineage was thought to 
start fr om a regional Miogypsina s.str. species (M. thalmanni), reported from the 
Dominican Republic and the us Gulf Coast. M. thalmanni, wbich probably was 
an offshoot of M. formosensis, is characterized by a long, trochoid primordial 
spiral eX is about 15) and a small number of lateral chambers. There is a better 
documentation on the supposed descendents, named M . panamensis and M . 
ecuadorensis (fig. 57). Both show some lengthening of the nepionic spiral, which 
spi ral in its later part overrides a variabie number of equatorial chambers (so
called intercalary chambers) in a kind of Helicolepidina-like fashion. The two 
Heterosteginoides species would differ in the increasing number of overridden 
chambers, but also by the fact that small deuteroconchal nepionic spirals and a 
second P AC have become more frequent in M . ecuadorensis. A useful morpho
metric limit has never been defined. Drooger (1952) thought that the European 
M. burdigalensis was a logical continuation of tbis American lineage following 
M. ecuadorensis, but tbis assumption later proved to be incorrect. 

Fig. 57. Schematic drawings of average embryonic-nepionic types in Miogypsina panarnensis (Ieft) and 
M. ecuadorensis, showing the presence of intercalary chambers (af ter Drooger, 1952). 

We do not know where to situate the subprovince where the Heterosteginoides 
line could have gone through its independent development. lts species are found 
along the entire Pacific side of the continent from Peru to California, but also in 
the Caribbean proper. When the Heterosteginoides species were found to be 
accompanied by representatives of the main lineage, the species involved so far 
was always M . gunteri. 

Much less distinct is the taxonomic value of some species with a slight to 
moderate centripetal shift of the early ontogenetic stages (M. bronnimanni, M . 
mexicana, M. venezuelana) , for wbich the subgeneric name Miogypsinita was 
introduced (fig. 58). The three species have V values comparable to M. globulina 
(0-45), M. cushmani (70-90) and M. antillea (90-100), respectively. M . mexica
na and M. venezuelana (fig. 58) were combined by Drooger (1952), but Wong 
(1976) defended the separate standing of the latter species. None of the three 
species has ever been reported as weil separable from assemblages of the main 
lineage in the same sample, so it may be doubted whether the separate subgenus is 
warranted. I tbink now that it is quite feasible that these three species are no more 
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Fig. 58. Embryonic-nepionic stage of a Miogypsina venezue/ana specimen in median section, x 50 
(af ter Wong, 1976). 

than separate local deviations from the main lineage, without ever having at
tained genetic isolation fr om the species of the Miogypsina S.str. line. 

When discussing the American Miogypsinidae we have to acknowledge numer
ous papers of regional authors amongst which the publications of Barker (1965) 
and especially of W. Storrs Cole (1938-67) contain the largest amount of data. 
Unfortunately both these authors rejected the value of statistical analyses for 
their observations. Barker states that the measurements are 'very time consum
ing and unsatisfactory' and according to Cole (1957) the 'statistical approach is 
sound', but the results could be 'overbalanced in the direction ofundue complex
ity' and 'the division is artificial rather than natural'. Although Cole shows a 
tenacious adherence to typological species concepts, confusing in my opinion 
specimens and species, his criticism as reworded in 1967, does contain the serious 
point when he writes that my earlier classification suggests too strongly a strict 
time order of the morphometric species. After a period during which he was 
rather variabIe in his use of Linnean names for his typological species, Cole 
advocated a species concept much wider than mine, but with interspecific limits 
th at cou1d weIl be intra-populational. In the end he recognized (CoIe, 1967) for 
instance in Miogypsina with lateral chambers no more than a single-spiralled 
species with one PAC (his M. panamensis) and a species with two PAC (his M. 
antillea). The major argument I can find for Cole's wide species concept is that all 
variants can be linked if a sufficient number of samples is considered. lt is a pity 
that, notwithstanding his excellent illustrations, most of Cole's observations can
not be evaluated in terms of the populational species concept. 

The western Tethys 

The generic name Miogypsina (Sacco, 1893) and the oldest described species 
names (globulina and irregularis of Michelotti, 1841) are of N orth ltalian origin. 
In the last few decades research has been carried out in several European-Medi-
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terranean are as, during which a good many data on species succession were 
gathered, but as yet unsolved pro bi ems were initiated as weIl. 

The western Tethyan province extends northwards around and across the 
alpine mountains as far north as the North Sea basin, southwards along the 
Atlantic coasts down to Angola and eastwards into the Middle East, possibly as 
far as Iran. 

Apart from the Spanish M. butterlinus-like forms it is M. complanata that is 
the oldest species, originally described fr om sw France. It is widely distributed 
throughout the province. The species is clearly followed by M. formosensis and 
M. bantamensis. The stratigraphic succes sion of these three species has been 
confirmed by Ferrero (1987) and Wilden borg (1991). At approximately the level 
of M. bantamensis the shift to Miogypsina s.str. took place. Reports of the 
Moroccan M. basraensis (Brönnimann, 1940) are rare, unless we follow the prac
tice of splitting thoroughly mixed Miogypsinoides-Miogypsina associations, as it 
was done by De Bock (1976) and Ferrero (1987). The later species M . gunteri and 
M. tani again have a wide distribution (fig. 59). These single-spiralled species are 
followed by the regular sequence from M. globulina onwards. It is only the last 
species of tbis suite, at the V level of approximately 100, that is aberrant. Tbis M. 
mediterranea shows a slight centripetal shift of the early stages and a mean y 
value of about 90°, which angle is strongly different from the close-to-zero ji value 
in M. antillea of the other two major provinces. 

After the rise of Miogypsina S.str. the sub genus Miogypsinoides remained 10-
cally present as a separate stock. It is remarkable that its nepionic development 
became arrested, the configuration not really advancing beyond the morpho
metric range of M. bantamensis. This later M. bantamensis was frequently found 
together with M. globulina of the main linea ge, but locally it lingered on up to the 

basroensis gunteri toni globulina 

intermedia cushmani mediterronea 

Fig. 59. Schematic drawings of average embryonic-nepionic configurations in the successive Mediter
ranean species Miogypsina basraensis, M. gunteri, M. tani, M. globulina, M. intermedia, M. cushmani 
and M. mediterranea. The apex is towards the top ofthe page. 
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level of M. mediterranea (Wildenborg, 1991). In Sicily two contemporaneous M. 
bantamensis assemblages were found to differ in protoconch diameter (see be
low). 

There is a distinct Mediterranean side line with centripetal trend, starting from 
M. gunteri to M. socini, the latter species of Miogypsina s.str. being an equivalent 
of M. tani in the main lineage. lt is characterized by a primary spiral comparable 
in length to that of M. gunteri-tani eX ~ 9) and by a second PAC with small 
spirals that are overridden by the primary spiral in more than 50% of the speci
mens per assemblage CV < 45). In the stratigraphic section with the type sample 
of M. socini the species is followed in rapid succession by the Miolepidocyclina 
species M . burdigalensis CV = 0-45) and M. negrii CV = 45-70), which lineage (fig. 
60) possibly led to unnamed forms beyond, reported by De Mulder (1975) from 
Greece (V = 75). lt has been shown (Drooger, 1954; Ferrero, 1967) that the 
subprovincial area where this side line could evolve must have contained the 
North ltalian Piemonte basin, the only place where the complete series from M. 

rlg. ou. Medlan sections of Miogypsina specimens showing some average configuration of the early 
stages in M. socini (above) and M. burdigalensis; x 30-45 (after Schüttenhelm, 1976). 
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gunteri to M. negrii has been found. After the extinction of the lineage it is M. 
globulina ofthe main line which is seen to enter and take over in Piemonte. We do 
not know how far the subprovince extended, but one of the members of this side 
line migrated to other are as in the westernmost parts of the Tethys and beyond. 
M. burdigalensis is found in sw France, Morocco, west Africa and even on an 
eastem Atlantic seamount. In these places it is always found together with M. 
globulina and/ or M . bantamensis. 

There is yet another short-lived subprovincial development deviating from the 
main stream. In Germany and Hungary an equivalent of M. formosensis was 
found with well-developed but few lateral chambers and a fairly long spiral 
eX approximately 16 and more). This M. septentrionalis is hard to differentiate 
on morphometric grounds fr om the American M. thalmanni. The likelihood of 
independent origin and some minor differences in the X-Y relation were thought 
to justify the taxonomic separation of both primitive Miogypsina S.str. species. In 
mixed Miogypsinoides-Miogypsina assemblages De Bock and Ferrero recognized 
M. septentrionalis also in sw France and northem Italy, although the X values of 
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Fig. 61. Relations between the European-Mediterranean Miogypsina species and their relative strati
graphic position. Ranges of the type deposits of the relevant stages indicated alongside. 
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about 15 and less might agree better with some position near the boundary with 
M . basraensis. It is unknown whether M . septentrionalis evolved in the Alpine 
areas into forms with shorter spirals, forms that have been c1assified in this 
region as M. gunteri, but such a descent is not altogether impossible. 

Poody documented occurrences of various species in smaller are as along the 
West African coast line from Senegal to Angola show morphological deviations 
from the main Mediterranean forms (e.g. Brun and Wong, 1974; Raju and Mei
jer, 1977). These aberrations suggest that we are dealing with isolated stocks. 

The Miogypsinidae of Europe have an unmistakable significance for chrono
stratigraphic correlations (fig. 61). The occurrence of M. septentrionalis is asso
ciated with the neotype Chattian ofthe Doberg in Germany. The type deposits of 
the Aquitanian contain M. gunteri and especially M. tani, while the type Burdi
galian contains M . globulina, M . intermedia and at the base M . burdigalensis. 
Since the base of the type Langhian is thought to correspond to the beginning of 
the Orbulina lineage, also the two last European Miogypsina species are to be 
placed in the Burdigalian. Of course we should not blindly associate these stage 
terms with the enumerated species of the main lineage, when the latter are found 
in the other provinces. 

The Indo-Pacific province 

Our knowledge on this vast area consists of scattered data with a faidy good 
documentation on Indonesia, which is obtained especially from the papers of 
Tan Sin Hok (1936- 37) and fr om some later ones such as the monograph on the 
Lepidocyc1inidae of Van Vessem (1978). Also for India we have good data from 
the papers of Raju (1974, 1991). Other areas are more poody covered, either 
because of scanty information following fr om typological species concepts, or 
because the ranges are incomplete due to for instance the far northern (Japan) 
or far southern (New Zealand) geographic situation. Periods with too low tem
peratures probably prevented the continuo us development in these areas. To
wards the large Indian and Pacific oceans, the limits of the province are rather 
vague, although miogypsinids of eastern Tethyan origin have been reported from 
many islands. Westwards we have no good data beyond the Kutch area ofwes
tern India. 

It is in the stratigraphic section Waior in Kutch that M. bermudezi is followed 
in rapid succes sion by M . ex.interc. complanata-formosensis. There is a distinct 
morphometric gap in between which probably is not a refl.ection of a depositional 
hiatus (see chapter 111,6). Across the gap there is a considerable increase both in 
spirallength and in embryon size (fig. 62, 63). 

M . complanata was found in other Indo-Pacific areas as weIl (M. ubaghsi of 
Tan) and a wide distribution is also true for M. formosensis, M. bantamensis and 
M . dehaarti, all three species having originally been described from parts of the 
western Pacific area: Taiwan, Java and Larat, respective1y. The last species unit 
of Miogypsinoides, M. indica, is so far only known from the Indian subcontinent. 

The two younger species of the Miogypsinoides lineage, M . dehaarti and M . 
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indica, sometimes show a peculiar intraspecific varia ti on to individuals that have 
an obliquely conical shape ofboth the test and median layer. The short nepionic 
spi ral is lying in the top of the cone and equatorial chambers extend all around, 
also along the most vertical side of the cone (fig. 51). For individuals with this 
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Fig. 62. X, Y and d, frequency distributions of Miogypsinoides in the successive samples ofthe Waior 
section, Kutcb, India (after Drooger and Raju, 1978). 
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Fig. 63. X - dl scatter diagram showing the rapid change (arrow) in Miogypsinoides in two samples of 
the Waior section in India (af ter Drooger, 1984). 

remarkable type of centripetal shift of the early stages Tan introduced the generic 
name Conomiogypsinoides, and the species name cupulaeformis had entered the 
literature at an earlier date (Zuffardi-Comerci, 1928). No assemblages consisting 
of conical specimens only have been reported so faro We are always dealing with 
more or less conical individuals in the range of varia ti on of normal, flat M. 
dehaarti or M . indica. So the genus name Conomiogypsinoides is considered a 
synonym of Miogypsinoides and the name cupulaeformis can he used for intra
specific variants only. The variants are widely distributed from India to Indonesia 
and into the western Pacific. 

Especially the data of Raju (1974) from India show that the origin of Miogyp
sina s.str. occurred at about the morphometric level of M . bantamensis. In what 
seems to be an early stage of segregation, the homogeneous cluster of M. banta
mensis and M . gunteri shows a fairly wide varia ti on in prol oculus size in which 
the Miogypsina S.str. individuals have the smaller diameters. As to the nepionic 
parameters both groups cannot yet be separated in the histograms. In combina
tions in which the Miogypsinoides belong to the M. bantamensis-dehaarti range, 
the accompanying M. tani individuals are better separable by their smaller pro
toconch, but also because they show a more advanced nepionic configuration (fig. 
49). For the combination of M. indica and M . globulina (M. kotói in Tan's 
terminology) there is not the slightest doubt Ie ft that we are dealing with two 
distinct species. 
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In the main line M . globulina is suspected to have had a long stratigraphic 
range, both in India (Raju) and in Indonesia (several authors, e.g. Schipper and 
Drooger, 1974; van Vessem, 1978). Raju has serious doubt about any sustained 
change in this species stating his impression of a staggered course while in the 
meantime side lines clearly showed evolution. 

Reports on M. intermedia, the taxon following M. globulina in the main line, 
do occur, but the species seems to be rare, in contrast to its successors M. cush
mani and M. antillea. The latter species (~ M. indonesiensis of Tan) has a later, 
or anyway a much longer stratigraphic range than its namesake in central Ameri
ca. This fact indicates th at there were parallel developments in both provinces 
that resulted in assemblages that cannot be differentiated with the morphometric 
methods that have so far been employed for classification. 

Actually we feel fairly certain that the Indo-Pacific province became isolated 
fr om the western Tethys at the very beginning of the Miocene. At that time the 
plate-tectonic closure of the Tethys in the Arabian-Persian area added a western 
boundary for the province to the already existing oceanic barriers of the Pacific 
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and Indian oceans. This means that from the level of approximately M. gunteri 
onwards the Indo-Pacific province had its own development and history of the 
Miogypsinidae (fig. 64). It is evident that the species ofthe main lineage cannot be 
used anymore for west to east chronostratigraphic correlations along the Tethys 
belt without additional con trol, for in stance by planktonic organisms. Especially 
the Orbu/ina datum level (or development sequence) has shown that such correla
tions are not warranted. It is fairly certain that this datum level is weIl above the 
extinction levels of M. antillea in America and of M. mediterranea in the Medi
terranean, whereas in Indonesia the Miogypsinidae survived this level (Van der 
Vlerk and Postuma, 1967) th at is generally accepted to have the nature of a 
world-wide chronohorizon. 

The major side lines of Indo-Pacific Miogypsina show species with various 
degrees of hexagonal elongation of the equatorial chambers. Such species have 
been assembied in the subgenus Lepidosemicyclina, but it is far from certain that 
we are dealing with a single lineage. The most primitive member is M . thecideae
formis of the V level of M. globulina, in which there are short-hexagonal cham
bers in the later part of the equatoriallayer. Stratigraphic data show an irregular 
vertical distribution of these two species relative to one another. They possibly 
are no more than ecoraces of the same clan of populations. 

I am inclined to derive the peculiar M . polymorpha (and/ or M. bifida) from M . 
thecideaeformis. It shows long-hexagonal median chambers (fig. 65) and a dis
tinct size increase of the nepionic chamber(s) that lie close to the apical-frontal 

Fig. 65. Typical features in median sections of Miogypsina polymorpha (x 40) and M . excenlrica (x 77 
and x 18) (after Van Vessem, 1977, and Raju, 1974). 
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line (van Vessem, 1977). No nepionic acceleration was measured for these aber
rant forms; basically we remain in the V ::::;; 45 range ofthe ancestral M. globulina, 
although values of about 50 have been reported. According to Van Vessem (1978) 
M. polymorpha/ bifida has a long stratigraphic range, popping up now and then in 
his data set up to the levels of M. antillea. 

It is hard to imagine how such peculiarly specialized forms like M. polymor
pha/ bifida and the frequently observed M. excentrica can be linked. The latter 
species with again elongated hexagonal equatorial chambers has a normally 
developed initial stage with V close to 100, one or more AAC in most individuals, 
and a slight centripetal shift of the embryon (fig. 65). According to Raju (1974) 
the Indian species M. droogeri with moderately elongated hexagonal chambers, V 
values between 70 and 90, and AAC in less than 50% ofthe individuals, might be a 
suitable ancestor for M. excentrica. The latter species was found in India as well. 
Both species are restricted to the stratigraphic range of M. globulina. 

In this concept Lepidosemicyclina would contain two independent lineages, the 
thecideaeformis-polymorpha line with little or no nepionic acceleration, and the 
droogeri-excentrica line in which the nepiont showed a very rapid development 
towards symmetry. It must be noted that a taxon between M. droogeri and the 
possible ancestor M. thecideaeformis, with an expected V range from 45 to 70 has 
not yet been found. All species, except the seemingly transitional M. thecideae
formis, have been found in associations well separable from the accompanying 
M . globulina or later species of the main line (fig. 53). 

It is obvious that I shaped the story on Indo-Pacific miogypsinids mainly around 
the data of the Dutch schools which does not mean that there are no other 
interesting observations. We have a fair knowledge on northern and southward 
extensions ofthe geographic range ofthe family. 

From the basinal are as of New Zealand and Australia a reliable report of 
Chaproniere (1984) mentions the species M. dehaarti, M. thecideaeformis, M . 
globulina and M. intermedia. In addition, Freudenthal (1969) reported M. cush
mani from New Zealand as well. All these species cover a restricted stratigraphic 
interval th at may be appreciated as Burdigalian, if such a long-di stance correla
tion to western Europe is permissable. 

In northern direction the presence of M. globulina and intermediates to M. 
intermedia (V between 36 and 47) in the Japanese islands proper can be con
cluded from the late st morphometric data given by Ujiié (1973). Other species 
evidently did not reach beyond Taiwan and the Riukiu islands. 

From many Pacific islands miogypsinids have been reported, but they are hard 
to appreciate because of the strictly typological species concepts of authors. 
Especially the extremely narrow concept of Hanzawa (e.g. 1957) makes it impos
sible to appreciate his observations morphometrically. This author even sepa
rated and named a wealth of Miogypsinoides species on the ranking number of 
the nepionic chamber that is situated topmost in the apex. Two facts in Hanza
wa's papers are interesting. One is that cupulaeformis variants of M. dehaarti 
extended far northwards. The other concerns Hanzawa's M. borodinensis 
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(1940), which type according to the few figures would have had thin lateral walls 
and a relatively short spiral with Y is 7 and X about 13. This M. borodinensis is 
the lowermost Miogypsinoides encountered in a weIl on the island of Daito. It is 
tempting to recognize M. bermudezi here, which would furnish us with a kind of 
trans-Pacific stepping stone in the enigmatic distribution of the species in Amer
ica and India. But I think that such a conclusion is no more than my wishful 
thinking. 

Various reports on miogypsinids from other Pacific islands (CoIe, 1954-1969) 
are again hard to evaluate because of the frequently changing species names and 
concepts and the lack of morphometric details. However, Cole's good illustra
tions give us some idea about which of our species may be represented. On the 
Hawaiian island Midway Miogypsinoides in the range of bantamensis-dehaarti 
seems to be present. On Saipan in the Mariana archipelago the same group of 
Miogypsinoides is found in addition to Miogypsina in the range of globulina
thecideaeformis. Further south in the Marshall islands, data from a Bikini weIl 
have a better stratigraphic con trol. The deepest levels contain long-spiralled 
Miogypsinoides (Y = 14-17, X = 20-25) which would point to populations close 
to the lowermost morphometric boundary of M . complanata. Higher up in the 
weIl there is a meagre documentation of M. dehaarti, and there are uppermost 
levels which contain M. globulina-like forms and a poor documentation of a 
Lepidosemicyclina of fairly high excentrica-like nepionic configuration level. On 
the nearby atoll Eniwetok the same three successive population groups are recog
nizabIe with the exception of the excentrica-like forms. 

This selection of data from Pacific islands shows that we can nowhere recog
nize a sustained change in local populations. It seems more likely that the islands 
received successive waves of immigrants from western sources, immigrants that 
must have reached the islands by means of rafting on eastward currents. 

Environment and geographic distribution 

If one considers the geographic distribution and the associated faunas there is 
little doubt that the Miogypsinidae inhabited tropical and subtropical environ
ments. Like their rotaliid ancestors they probably depended for at least part of 
their life functions on symbiotic algae. This means that they were restricted to the 
photic zone. Because of the frequent cross bedding and other sedimentary phe
nomena pointing to current activity that are observed in the sediments where 
these animals abound, it may be concluded that they preferred the very shallow 
part of this photic zone. Relative frequencies indicate that they lived at shallower 
depths than the contemporaneous species of Lepidocyclina, Operculina and Het
erostegina. It has been argued that with increasing turbulence of the water intra
specific variation led to thicker tests and coarser pustules (Drooger, 1983). 

The relative frequencies and sediment types furthermore point to environments 
where mainly organoclastic debris was formed; so the animals probably lived on 
or in between the vegetation of carbonate platforms and forereef slopes. As soon 
as other types of clastics start to predominate, miogypsinids are often found in 
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mass-transported sediments, such as turbidites, but probably they did not really 
avoid all areas with deposition of terrigenous c1astics. 

It may well be postulated that the early Miogypsinoides species were living in 
very shallow water because their thick walls were an impediment for the light 
requirements of the symbiotic algae. This postu1ate leads of its own accord to 
the argument that the onset of lateral chamber growth enabled Miogypsina S.str. 
with its thinner outer walls to expand the habitat range to deeper water. Irregular 
lateral chambers are found in occasional specimens of all earlier Miogypsinoides 
species and probably they had a function at the deeper end of the depth range. 
After the period of segregation between Miogypsinoides and Miogypsina S.str. it 
is likely that the latter were capable to re-occupy the shallowest parts of the 
photic zone. Miogypsinids th at somehow were forced to live in the deepest part 
of the habitat range probably formed less dense populations, were of sm all size 
and had very thin side wal1s. Lateral chambers could even be lacking entirely in 
species of Miogypsina s.str. (Akers and Drooger, 1957; Barker, 1965). 

Another adaptation to greater depth may have been the lengthening of the 
active frontal margin by forming a digitate test. Such forms are quite frequently 
met with in Miogypsina s.str. and in Lepidosemicyclina (M. bifida), but this kind 
of test modification is never a consistent or long-lasting trend. 

Although the theory of intrapopulational c1ines of increasing embryon size 
both to higher latitude (fig. 66) and towards greater depth was originally postu
lated after an overall appreciation of the numerical data on the Miogypsinidae 
(Drooger and Raju, 1973), other groups have lent more support to this postu1ate 
than the Miogypsinidae themselves. The reduction in embryon size and the pre
sumed increase in depth of the habitat at the transition fr om Miogypsinoides to 
Miogypsina is diametrically opposed to this c1inal theory, unless we wish to look 
for support in the theory of Fermont et al. (1983) and of Laagland (1988) that at 
still greater depths embryon size would decrease again. I doubt, however, that 
Miogypsina could proliferate at depths exceeding 50-80 metres, as the theory 
seems to require for Operculina (fig. 26) and Cycloclypeus. I suppose that the 
change towards smaller embryon size in the Miogypsinidae was an as yet ill
understood response to some change in the reproduction mechanism, concomi
tant with the deterioration of the canal systems and the acquirement of lateral 
chambers. Maybe the early, thin-walled Miogypsina S.str. cou1d harbour a much 
larger number of zooxanthellae than their Miogypsinoides ancestors, and there
fore had the advantage that they could provide a larger number of daughter 
individuals of smaller size with a sufficient quantity of symbiotic algae during 
the partitioning of the paren tal protoplasm in the asexual reproduction phase. 
Although such a 'profitable' procedure is a pure guess, it is remarkable that the 
same type of transition occurred at widely separated parts of the Tethys belt. 

The recently observed differentiation of Mediterranean M. bantamensis into 
two contemporaneous groups of near-equal nepionic configuration but strongly 
different embryon size (Wildenborg, 1991) is another, new problem for which 
there is no irrefutable explanation yet. The environmental data on these Sicilian 
Miogypsinoides give no distinct c1ue to assume a habitat difference in a single 
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morphocline. The alternative of a preceding cladogenetic phase seems to give a 
more likely explanation (see below). 

Whether the geographic distribution in the (sub)tropical belt had anything to do 
with the direct influence of temperature on the Miogypsinidae is unknown. For 
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many organisms there is a minimum temperature of the water that sets a limit to 
their vital functions, especially reproduction. Such a connection is likely for the 
radial foraminifera as well. It is also possible that a climate-controlled distribu
tion of the environment with appropriate vegetation and organic debris was 
important. 

The role of a supposed deterioration in climatic conditions has been suggested 
for the southward retreat of the Miogypsinidae in Europe in the course of the 
Burdigalian. M. globulina and M. intermedia still have a northward extension in 
the Aquitaine basin and in Alpine basins, whereas the most northern occurrences 
ofthe final species M. mediterranea, known so far, are in the Balearic islands and 
Sicily. Although strict contemporaneity cannot be proved it is remarkable that 
also in the Indo-Pacific the M. globulina/intermedia phase spread farther north
wards (Japanese is lands) and southwards (New Zealand, Mozambique) than 
earlier and later species of the main line. It must be noted, however, that the very 
wide distributional area of M. globulina might also be brought in connection with 
the hypo thesis of a eustatic sea level rise and the ensuing expansion of suitable 
habitats in coastal areas. It is true that at many places M. globulina is entering the 
stratigraphic sections at the base of transgressive sequences. 

The Chattian phase with northward expansion in EUfope (M. septentrionalis) 
has so far not been found to have a counterpart in other provinces, apart from the 
South Atlantic where M. ex. interc. complanata-formosensis is reported as far 
south as Angola (Raju and Meijer, 1977). 

Altogether, oUf circumstantial evidence has not yet given more than general 
and sometimes even conflicting guesses ab out the details of the environments in 
which the Miogypsinidae could live and flourish. 

Stratigraphic control and modes of change 

It has been outlined several times already that up to the nineteen-sixties the 
succes sion of morphometric species was based primarily on theory. There were 
but few checkpoints where two or more species were found in clear superposition. 
Repeated confirmation was obtained in more recent years (e.g. Raju, 1974; Fer
rero, 1987) and one of the best examples is the Mineo section in Sicily, where 
Wildenborg (1991) found nearly all species from M. complanata to M. mediterra
nea in correct order in the superposition of the strata. 

As a consequence there is little doubt left that Tan's theory of nepionic accel
eration as the main 'drive' in the evolution of the Miogypsinidae is valid, what
ever the reason for the adaptation may have been. It is found to be correct for the 
main lineage as weIl as for the si de lines. Furthermore, it is clear that the rates of 
change have been different in separate branches of the tree as well as for the main 
line in different (sub)provinces. 

Several examples of arrested evolution have been found, such as in the Medi
terranean for M. bantamensis and for the Indo-Pacific in the M . polymorpha/ 
bifida stock and in M . antillea that aIllingered on without much fUfther change. 
Relatively very rapid nepionic changes have been documented as weIl, such as in 
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the Italian Miolepidocyclina lineage and in the line towards the Indo-Pacific M. 
excentrica. Both examples seem to indicate that M. globulina could be another 
example of long-Iasting stagnation. When you are keen on finding stasis exam
pies, as recent theory seems to require, several more examples can be cited, such 
as M. gunteri in northern Italy and in Sicily, but at both places one is warned that 
high sedimentation rates may falsify rates of evolutionary change. 

Actual punctuations or pulses forward are not really vi si bIe in weil investigated 
sections or areas. Forward and backward oscillations in the means of X and V in 
the order of magnitude of half the morphometric range ofindividual species have 
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repeatedly been observed, for instance in the Sicilian section (fig. 67). It must be 
realized, however, that reliable data will be difficult to gather because of the very 
shallow habitats of the miogypsinids, habitats in which reworking and breaks in 
the deposition were likely sedimentary phenomena, which are apt to blur or 
falsify the details of the faunal succession. 

The latter restrictions for the explanation of detailed serial data tend to dis
qualify all so-called evidence for gradual change, such as it might be inferred 
fr om the north Italian sections with Miolepidocyclina or from the M . intermedia 
to M. mediterranea sequence in Sicily. For the evaluation of the possibility of 
phyletic gradualism we need closely sampled sections in more quiet sedimenta
tion regimes and in this respect the Miogypsinidae wilt always be suspect. 

It is mainly the beginning of Miogypsinoides that may contain an interesting and 
impressive backward pulse in nepionic acceleration (fig. 63). But here we meet 
again the controversies on the origin of the group, hinted at above already. The 
strong backward pulse in X that Drooger and Raju (1978) reported between M. 
bermudezi and M. ex.interc. complanata-formosensis in the Waior section of 
Kutch is unmistakable, unless one wishes to follow the alternative hypothesis 
that both forms are not related at all. If one accepts that there was a monophy
letic origin - I do although without good evidence - then we have to conclude that 
these first miogypsinids did cross the Atlantic or Pacific barrier following some 
sweepstake road which the group presumably did not practice very of ten af ter
wards. If on the other hand we assume that the 'drive' to a miogypsinid build was 
present world-wide in the ancestral group we can accept that there were several, 
more or Ie ss contemporaneous, independent origins of early miogypsinids at 
various places in the global (sub)tropical belt. Such a theory would account for 
a polyphyletic origin, but in fact it only displaces the problem to the question how 
the rotaliid forerunners with similar shallow water requirements could have 
gained a world-wide distribution across the Atlantic or Pacific. For the time 
being we have to Ie ave the question of the origin of the Miogypsinidae unde
cided, although I am inclined to believe that it was monophyletic with a rapid 
spread of the first forms by some kind of rafting across the oceans. My choice up 
till this moment entails that the backward pulse in X between M. bermudezi and 
the M. complanata group is an evolutionary phenomenon that does not fit in with 
the theory of nepionic acceleration (but see also 111,7). 

Speciation and diversification 

The Atlantic having been an almost perfect barrier between America and the 
western Tethys, we assume that the Pacific probably acted as a similar or even 
more effective barrier between America and the eastern end ofthe Tethyan realm. 
Especially for the Atlantic we know that its barrier function during the Tertiary 
was not that perfect that it completely obstructed the distribution of groups of 
larger foraminifera. The necessity of accepting crossings is apparent fr om the 
distribution of for instance Helicolepidina and Lepidocyclina (chapter 11,5), 
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which distribution shows that successful rafting did take place occasionally. The 
periodical nature of rafting is evident also from the discontinuous record of the 
miogypsinids in the Marshall islands. Although the early miogypsinids must have 
spread fr om America to the Tethys (or in the opposite direction) lassurne that 
crossings were too rare in later time to have had much influence on the endemic 
though parallel developments in the separate provinces. 

Ocean and land barriers are sufficiently clear to account for the assumedly 
more or less independent, though parallel development of the main lines in the 
th ree major provinces. But next we need to find intraprovincial barriers of suffi
cient duration of time for the separate genetic developments of the various side 
lines ofthe cladal tree. None of these side lines has specific properties that remind 
us of the development in one of the other major provinces. So it is unlikely that 
any of these side lines could have been introduced by immigration fr om one ofthe 
other larger areas. 

Of course it can be imagined that in different corners of a province evolution of 
population groups was diverging because po or connections caused gene tic isola
tion. An example may be the remarkable Miogypsinoides figured from Angola 
(Raju and Meijer, 1977), in which a fair number ofintercalary chambers are seen 
inside the long nepionic spiral, a configuration resembling the American Hetero
steginoides species. Another intraprovincial separation may account for the two 
M . bantamensis in Sicily. There is a wide variation in mean embryon size for the 
European-Mediterranean M. bantamensis group (fig. 66). Actually, the latitude
linked cline in prol oculus diameter, postulated in 1973, was partly based on these 
occurrences. This cline might have ent ai led a genetic separation in M . bantamen
sis with large-diameter protoconches in the northern basins of the western Tethys 
and a population group with small embryons along the African continent. The 
Sicilian mixture then would be the result of the immigration of an Egyptian-like 
stock (Souaya, 1961) that was added to the more regular local sequence. How
ever, SE Sicily in the Early Miocene belonged to the African block rather than to 
Europe, but as a paleogeographic shoal area it might weil have been completely 
isolated. 

The best and most elucidating documentation on a side line concerns the 
Mediterranean Miolepidocyclina lineage, the three members of which (socini, 
burdigalensis, negrii) have been amply described fr om north Italian turbidite 
sequences (Drooger, 1954; Schüttenhelm, 1976). These species followed each 
other in rapid succession, while representatives of the main line are conspicu
ously absent fr om the area in this interval. Only the burdigalensis member evi
dently left its home area, migrating as a weil separable species to at least the 
Atlantic marginal basins from sw France (at the base of the type Burdigalian) 
to Nigeria, but the other two species have only occasionally been reported from 
other places in Italy and NW Greece. 

Construction of any kind of land barrier encircling the Piemonte basin leads to 
dubious paleogeographic reconstructions. I think that a better solution for estab
lishing a temporary genetic isolation can be thought of. It was found (Schütten
helm, 1976) that during Early Miocene time the miogypsinids thrived on carbo-

110 



nate shoals and platforms in the interior ofthe Piemonte basin. From these places 
they were mass-transported to the surrounding deeper parts of the basin where 
otherwise only terrigenous c1astics were accumulating. In this kind of paleogeo
graphic configuration I think to have found a c1ue for successful genetic separa
tion of relatively small miogypsinid stocks. 

1 suppose that oceanic or open-marine islands or shoals, that were remote from 
the continuous continental coast lines along which distribution always was easy, 
could well have given the opportunity for local stocks to pursue an aberrant 
development, provided that they were allowed a sufficiently long period of time 
to gain genetic isolation. This hypothesis of intraprovincial island realms seems 
to offer a good explanation for the (near-)isolation of stocks that could have their 
own course of evolutionary development.The mechanism could have operated in 
all three larger provinces. I thus postulate that intraprovincial ramification in the 
shallow water miogypsinids was a consequence of some kind of is land speciation, 
based on the isolation of re1ative1y small populations. Such a mechanism is well 
known from land-living organisms. 

Furthermore I think that such geographic isolation on shallow habitats in the 
open sea was not the only mechanism that caused branching in the rniogypsinid 
tree. The sudden changes in embryon size for which there are at least two or three 
examples in the Miogypsinidae, but which have been found in the three pre
viously discussed groups (Cycloclypeus, Planorbulinella, Planolinderina) as well, 
might well have been triggered by some kind of reproductive mechanism in 
different parts of the depth range of a species. If one accepts the idea of the 
depth-related, continuous bell-shaped curve in embryon size, advanced for Oper
culina by Fermont et al. (1983) and defended for certain Cycloclypeus stocks by 
Laagland (1988), we might wonder whether another modification of the island 
speciation theory can offer some help in explaining the type of genetic change 
based on embryon size. 

Speculating on the basis of the bell-shaped curve it can be suggested that a sea 
level rise and a near-drowning of the habitat range of some stock on an oceanic 
shoal forced the animals to change reproduction in such a way that only deep 
water variants of the morphoc1ine could continue. It is thought feasible that such 
a deep-living stock gained genetic isolation after some time, remaining separate 
when the group could spread again to other areas where no such restrictions had 
been enforced on the populations. Such a scenario may have accounted for the 
final segregation of Miogypsinoides and Miogypsina, but it mayalso serve as 
another alternative for the origin of the small-embryon populations of M. banta
mensis. Outside the domain ofthe Miogypsinidae it might have accounted for the 
postulated drop in embryon size from Cycloclypeus mediterraneus to C. eidae and 
for the separation of the two terminal Planolinderina species. 

An opposite mode of change can now be advanced for the origin of descen
dants with a larger embryon when we assume that a regressive phase or a eustatic 
drop of sea level affected a fairly deep living stock. Such a shoaling mechanism 
could then explain the origin of the shallow Planorbulinella larvata with large 
embryons, which species became added to the P. caneae-elatensis lineage that 
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probably had thrived at fair depths all the time since the Miocene. This idea 
would also fit to the transition from M . bermudezi to M. complanata (if there 
was any), but it still does not explain the lengthening ofthe nepionic spi ral. lam 
weil aware ofthe fact that by now I have stretched the reader's imagination close 
to the breaking point. Actually, it may be doubted whether the sea level drop 
scenario is realistic (see chapter 111). 

Summarizing, some major conclusions can be outlined concerning the develop
ment of the Miogypsina clade, at the moment the best known group of radial 
foraminifera. 

1. There is a long-lasting centrallineage from the morphometric point of view, 
found all around the world, in which nepionic acceleration has been rapid. The 
tempo of the changes probably was faster than in any other group of radial 
foraminifera. The average duration of the ten successive morphometric species 
was in the order of one million years per species. 

2. Three major bioprovinces are recognized: central America, the western 
Tethys and the Indo-Pacific. In every province the main lineage shows its own 
peculiarities, such as in the morphometric level ofthe Miogypsinoides/ Miogypsi
na transition, during which lateral chambers became added to the skeletal struc
ture. In addition, each province had its own side lines, the species ofwhich gained 
perfect genetic separation fr om the main line. Nepionic acceleration in these 
offshoots had variabie rates relative to that of the central lineage, ranging from 
very rapid to extremely slow or even becoming stagnant. 

3. Eustatic changes of sea level and intraprovincial island speciation are held 
responsible for the repeated rise of such side lines. Latitude-determined clines in 
embryon size possibly caused additional diversification. 

4. As to the details of the evolutionary courses we have found stagnation and 
stasis as weil as rapid advances. Also some backward pulses have been observed, 
amongst which the very large one in the early part ofthe Iineage history, between 
M. bermudezi and M. complanata, is hard to reconcile with the principle of 
nepionic acceleration. 
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11,5. LEPIDOCYCLINIDAE 

Introduction 

There is a tremendous amount of literature on this family, probably because 
lepidocyclinids were globally widely distributed during a large part of the Ter
tiary and with a great variety of constituents. The vast number of publications is 
a handicap rather than an advantage for the writing of a balanced review because 
our knowledge on morphometrically well-described, assemblage-based species is 
restricted to a few are as only, whereas the great number of mere typological 
descriptions omamented by a multitude of species names is hard to evaluate in 
populational terms. Especially central America, the major geographic area with 
the longest history of the group, is so far poorly covered with good morphometric 
data. 

The genus Lepidocyc/ina is typified by the American species L. mantelli, which 
has the general build that is characteristic for the larger part of the representa
tives ofthe family. In the majority of these species (fig. 68) there is an embryon of 
two chambers that are weIl distinguishable by their larger size from the later 
chambers of the median layer. Furthermore there is a peri-embryonic nepiont, 
followed in ontogeny by a well-developed equatoriallayer in which the chambers 
may show arcuate, ogival, rhombic, spatulate and/ or hexagonal shapes, and 
finally there is a well-developed system of lateral chambers to both sides of the 
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Fig. 68. Transverse (x 65) and median (x 70) sections of Lepidocyclina, the Jatter showing an isolepi· 
dine (neoJepidine) configuration ofthe embryon. Eocene Cuba. 
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median layer with more or less pronounced interstitial pillars. Only a number of 
early forms and, in addition, one distinct branch ofthe clade are different in some 
of these enumerated general characteristics. 

Ouring the fi.rst decades of the present century especially French paleontolo
gists described a large number of species on extemal and intemal features, which 
efforts culminated in the review monograph of Henri Oouvillé (1924-25), in 
which species are dealt with fr om all over the world. Oouvillé used a typological 
species concept that caused him to recognize a variety of named species at each of 
his localities. Characteristics for species discrimination were found in the size and 
shape of the test, in the size, number and surface distribution of pustules, but also 
the configuration of the embryonic chambers and the shape of the equatorial 
chambers in median sections played an important role. 

For both embryonic chambers Oouvillé recognized various configuration pat
tems, as seen in median thin-sections. Ever since his monograph the (sub)genera 
that were established on such configurations have been widely used in taxonomy. 
Those which have been used most often are based on the iso-, nephro-, tryblio
and eulepidine arrangements (fig. 14), which arrangements we rnight translate in 
the listed order as the expression of embryonic acceleration of present-day termi
nology. Without clear demarcation lines these arrangements have been used for 
the subgenera Lepidocyclina (the type species is isolepidine), Nephrolepidina, 
Trybliolepidina (which is invalid because its type species belongs to the next 
group) and Eulepidina. Another important sub genus is Polylepidina (fig. 71) 
which has an initial spiral of some four to ten nepionic chambers that are of 
similar size. A fair number of additional subgenera have been made on other 
characteristics, but these taxonomic creations are of minor importance for any 
eventual major classification system. Pliolepidina and Multilepidina were used for 
individuals with large and multilocular embryons (fig. 80), which were rather 
frequent during the Eocene and Miocene, respectively. 

It has to be emphasized that the Lepidocyclinidae contain many (semi-)inde
pendent development lines, so th at the embryonic acceleration produced certain 
configurations more than once. Butterlin (1990) correctly remarked that the 
application of subgeneric names by strictly adhering to the embryon configura
tions leads to heterogeneous subgenera with little value in lineage reconstruction. 
In my review I will use the (sub)generic names only when they can be defined by a 
distinct configuration of the embryon and the nepiont. If the reader is interested 
in the numerous pitfalls of nomenclature and taxonomy, I can also recommend 
an earlier paper by Grimsdale and Van der Vlerk (1959). 

The various shapes of the equatorial chambers of the neanic stage and the 
concomitant differences in their stolon systems also led to classification efforts, 
on which I am not going to dweIl because the observed changes appear to be 
roughly parallel to the evolutionary trends in the embryon and the nepiont. An 
interesting effort was made by Grimsdale (1959), but it soon appeared that his so
called X and Y lineages were untenable. Still it is likely that they give a certain 
reflection of parallel developments, which can be found also in the review of 
Butterlin (1987). Only Chaproniere (1980) introduced a five-step morphometric 
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parameter F for his visual appreciation of the dominant shapes of the equatorial 
chambers in a fu1l-grown median layer. In his most primitive type (F = 1) the 
pattern shows intersecting curves (engine-turned); the most advanced (F = 5) type 
has a stellate configuration in the median layer with the chambers more e10ngate 
and hexagonal in the rays. Although Chaproniere seems to arrive at satisfactory 
stratigraphic results, I will skip a further discus sion because the parameter is 
subjective and it was never applied in any other region than Australia and New 
Zealand. 

Also attempts to incorporate differences in the lateral chamber systems, as 
observed in transverse sections, did not lead to a better understanding or to a 
more surveyable classification, only to a further expansion of the number of 
species names (e.g. Scheffen, 1932). 

Parameters 

It is the merit of again Tan Sin Hok (1935) that nepionic configurations were 
deciphered and understood, which understanding led to acceptable reconstruc
tions of phylogenetic re1ationships, though still always on a typological basis. 

The fust author to define and measure configuration parameters was Van der 
Vlerk (1959) and he also introduced the statistical handling ofthe numeri cal data. 
These procedures led to a distinct broadening of our knowledge on European 
(Freudenthal, 1966; De Mulder, 1975) and Indo-Pacific (Van Vessem, 1978) 
species and evolution. In later years Van der Vlerk but also other authors repeat
edly re-considered the parameters, substituting a new one for an earlier one with 
the same intention-value, as well as creating additional measurable entities (e.g. 
Chaproniere, 1980). It must be admitted that none of the lepidocyc1inid para
meters leads to great refinement in stratigraphic resolution, possibly because 
evolution of the group was relatively slowand staggered. The choice of para
meters I make is not based on their outstanding quality, but I choose them 
because they are the most common ones applied in the literature. The main 
parameter which gives an expression for the degree of embracement of the pro-

Fig. 69. Schematic drawing of the embryonic-nepionic stage of Nephrolepidina in median section, 
showing the derivation ofthe parameters A (based on a), B (based on ~b), C (= 2), DI and DIl, 
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toconch by the deuteroconch is the factor A of Van der Vlerk, which is based on 
the length of the common wall between protoconch and deuteroconch divided by 
the length of the entire circumference of the protoconch (fig. 69). This ratio 
multiplied by 100 gives the successive grades of the A scale, in which the value 
100 may be reached in a perfectly eulepidine embryon. Because the introduction 
of accessory auxiliary chambers on the deuteroconch (AAC 11) and their increase 
in number are important elements in the nepionic acceleration of the Lepidocy
clinidae, Van der Vlerk introduced his factor B, which (multiplied by 100) is an 
expression for the ratio between the sum of all embryonic arc lengths underlying 
the auxiliary chambers (PAC, AAC 11 and AAC I) and the length ofthe circumfer
ence of the entire nucleoconch. Later on this factor B was usually replaced by the 
factor C of Drooger and Socin (1959), which parameter simply gives the number 
of AAC 11 . It has been shown that C is not better or worse than B (Drooger and 
Freudenthal, 1964), but its counting is established much more rapidly than com
puting the value of B. 

6 c 

5 

4 

3 

2 

6 C 

5 

4 

3 

2 

. . . 
. . . . 

44 

36 

48 

40 

. . . : . . . : . . . . 

:- ... . . 

. ... 

52 56 

. 

T--- I 

44 48 

' . 
10 

60 

. . 

I 
52 

64 

I 
56 

. .. 

68 

I 
60 

Ai 

72 

I 
64 

Ai 
I 

68 

Fig. 70. Scatter diagrams of A - C combinations in two assemblages of Lepidocyclina angulosa from 
Indonesia (af ter Van Vessem, 1978). 
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In addition to these configuration parameters it became customary to record 
the large st diameters of both embryonic chambers (DI and DIl), measured at 
right angles to the medio-embryonic line. 

In the later morphometric classification systems (De Mulder, 1975; Van Ves
sem, 1978) the species are delimited on combinations of Ä and C ranges, so on 
combinations of the degrees of embryonic and nepionic acceleration. Of course 
these means tend to show a positive correlation throughout the time sequence of 
populations, but because A and Care poorly correlated (fig. 70) in single assem
blages, the combination of these means has led to reasonable and useful results, 
by which also provincial differences could be registered. 

Descent 

For the origin of the entire family we have to go to America. From ontogenetic 
studies of Barker and Grimsdale (1936) it became clear that the family descended 
from some Amphistegina or Tremastegina ancestor at some time level before the 
Middle Eocene. Representatives of these more primitive genera are trochoid and 
non-rotaliid because they have no canal system in the walls, but they show a 
ventral partitioning of the spiral chambers. In the first Eocene descendants that 
belong to the family, increase in the number of ventral chamberlets led to the 
deuterogenetic introduction of an expanding number of ventral chamberlets that 
form a kind of median layer of equatorial chambers (Helicostegina or Helicolepi
dinoides). During ontogeny these equatorial chambers are primarily inside the 
ancestral peripheral wall, but later on this wall disappears and we see the devel
opment of a genuine median layer. 

It was suggested that from Helicostegina one line of descent led to the exclu
sively Eocene, mainly American genus Helicolepidina with lateral chambers, in 
the median layer of which a long spiral is observed that in my opinion is not fully 
derived from the amphisteginid spiral but may weIl be explained as a new acquisi
tion of the group (see below). 

The second line of descent from Helicostegina is thougt to lead to Eulinderina, 
the earliest genus of the Lepidocyclinidae proper. Peculiar apertural features 
confirm the amphisteginid ancestry. Eu/inderina stilliacks the lateral chambers 
of all later forms, but otherwise it has a short, but distinct nepionic spiral and a 
set of equatorial chambers with normal, orbitoidal properties around the early 
stages. In this type of chamber arrangement Eulinderina is very much like some 
genera of the Planorbulinellidae. 

The next step in lepidocyclinid development consists of the addition of lateral 
chambers. The earliest forms, in which there is still a remnant of the original, 
amphisteginid spiral, are placed in the subgenus Polylepidina of the genus Lepi
docyclina. This subgenus is nearly entirely confined to the American province. 
The morphologic delimitation of Polylepidina is not very clear. In the original 
definition it is suggested that there is an embryon of four to ten subequal cham
bers, which configuration has been translated as consisting of a short spiral. This 
spi ral arrangement is most common in the type species at its type locality (Eva, 
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1980). In the literature also more evolved forms have been included in Polylepi
dina with nepionts consisting of up to four peri-embryonic spirals in asymmetri
cal arrangement (fig. 71). Such a configuration has also been figured for L. zeijl
mansi (Tan Sin Hok, 1936). As far as I know, the latter is the on1y Eocene 
lepidocyclinid species of such primitive build in the eastern hemisphere. For the 
delimitation of Polylepidina I think it is least ambiguous if we start to recognize 
the next subgenus Lepidocyclina S.str. (= Isolepidina) from the morphologic level 
of nepionts with two P AC of identical size and subequal protoconchal spirals (fig. 
71). There are very different opinions in the literature about the classification of 
these early and somewhat problemetic transitional forms. I fail to see the logic in 
the suggestions of Sirotti (1983) and Adams (1987) to incorporate part of the 
classical Lepidocyclina taxa in a subfamily Helicolepidininae. As long as the 
lineages have not been established with greater certainty we should be afraid of 
the nomenclatural consequences. On the other hand, I do share the opinion of 
Butterlin (1987, 1990) that maybe the early Lepidocyclina S.str. had better be 
referred to the subgenus Neolepidina (see below). 

onli//eo zeij/monsi rdo u vi/lei 

Fig. 71. Schematic drawings ofthe embryonic-nepionic configurations in Lepidocyclina (Polylepidina) 

antillea, L. (Polylepidina) zeijlmansi and L. (Lepidocyclina) rdouvil/ei (af ter Barker and Grimsdale, 
1936; Tan Sin Hok, 1936; Butterlin, 1987). 

In the ensuing evolution of Lepidocyclina we observe the various iso- to eule
pidine configurations of the embryon with relative size increase of both constitu
ent chambers, as weIl as nepionic acceleration sequences that are expressed in the 
increase of the number of AAC, especially the AAC 11. 

As late as some moment during the middle part of the Oligocene the lepidocy
clinids managed to score a lasting success in the eastern hemisphere af ter yet 
another crossing of the Atlantic. For the first time they colonized the entire 
Tethyan belt. Following this migration event different provincial developments 
complicate the picture of the evolution of the group, the complete history of 
which is still insufficiently known. 

Anyway it is clear that the Late Eocene to Early Oligocene part of the history 
must have taken place in America, where at least two different Lepidocyclina 
groups could develop si de by side. One is the lineage with regular development 
from isolepidine (or neolepidine) to primitive nephrolepidine embryonic config
urations. The other branch witnessed an independent, very rapid embryonic 
acceleration leading to the eulepidine arrangements of the first two chambers. 
This process of cladogenesis must have taken place at the latest during the Early 
Oligocene, before both lineages migrated to the eastern hemisphere (fig. 72). 
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Since Eulepidina is not the final term of lepidocyclinid history, there wou1d be 
ample reason to separate this group from the other Lepidocyclina sj. or to give it 
a higher taxonomic rank than the other subgenera that have been used and which 
do fit in the more consistent classical evolutionary series from Polylepidina -+ 

Lepidocyclina -+ Nephrolepidina and on to 'Trybliolepidina'. Actually, this kind 
of re-evaluation and upranking of Eulepidina has been defended by Eames et al. 
(1962), but their recommendation has rarely been followed. I see no compelling 
reason for me to deviate from the general practice of maintaining the subgeneric 
rank of Eulepidina. A more convincing argument for my reluctance is that the 
delimitation towards the Lepidocyclina s.str. ancestors is rather obscure. 

cone//ei 

e 
undoso L 

. t 
ep/do cyclin 0 voughoni 

Neo/epidino 

Fig. 72. Diversification in embryonic-nepionic configuration of American Eo-Oligocene Lepidocyclina 
(see text). 

The American provinee 

We have seen that the early part ofthe lepidocyclinid history during the Eocene is 
nearly exclusively American, but we know little more than the main outline of 
this history, the most important part ofwhich has been presented above already. 
Only occasional, scattered assemblages fr om the American region have been 
given some morphometric background (e.g. Van der Vlerk, 1973), but otherwise 
the entire literature is based on ill-defined typological species. Even the latest 
review paper of Butterlin (1987) gives little more than his idea - which presum
ably is correct - of a history that is reconstructed from a stratigraphic arrange
ment of typologically based species names. This stratigraphic order is mainly 
derived from circumstantial evidence, such as planktonic foraminiferal zones, 
and from the assumed logic of the lines of development of the lepidocyclinids 
themselves. The stratigraphic control of the American Lepidocyclinidae thus is 
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rather poor. Like in the example of the American Miogypsinidae most occur
rences are from scattered localities and there are but few series of investigated 
samples in continuous lithostratigraphic sections. 

Picking from the vast and bewildering literature, in which the American 
authors Joseph A. Cushman, T. Wayland Vaughan and W. Storrs Cole had a 
fair share in the proliferation of species names, to make my own choice for 
reconstructing evolutionary linea ges seems to be a fruitless efIort; I would only 
add to the confusion. Therefore I am restricting the discus sion of the American 
province to some more general, but fairly certain conclusions, which will give the 
reader an impression of the similarities and differences relative to the better 
known evolution in the Tethyan provinces. It is to be hoped that a more systema
tic, morphometric investigation will be carried out in the near future because the 
American province is of extreme importance, being the birth-place of at least four 
different lineages of the family. 

As said before, I feel fairly certain that some 30 Ma ago, at about the middle of 
the Oligocene two different American lineages gained ground throughout the 
entire length of the Tethys. One is represented by the Eulepidina lineage, and the 
other consists ofneo- to nephrolepidine types with very few AAC. It is evident that 
these two groups had managed to become weIl separated already in America 
before the migration event. If one considers the phylogenetic schemes of Van 
der Vlerk (1959) and of Butterlin (1987) then it appears that these authors also 
recognize such an American separation of lineages before their crossing the 
Atlantic. Van der Vlerk (1973) suggested th at the American emigrant ofthe ear
ly nephrolepidine stock could be named L. yurnagunensis, while Van Heck and 
Drooger (1984) selected some unnamed, morphometric level between Van der 
Vlerk's (1959) American L. semmesi and L. favosa for the transatlantic link in 
the Eulepidina lineage. 

When we consider the species names for the steps which could have led in 
America from the most primitive Polylepidina species, L. antillea, to these two 
migrants, one gets lost in the nomenclatural jungle, which certainly is not the 
purpose of this review. 

If one considers this American literature, it is likely that both groups continued 
their home-based evolution after the migrants had left, because amongst the 
numerous Oligo-Miocene types that have been pictured one does recognize Ne
phrolepidina (e.g. L. vaughani) and Eulepidina (e.g. L. undosa) configurations that 
look very similar to the later European forms, at least as far as the embryonic and 
nepionic stages are concerned (fig. 72). 

Next, it is very clear from the typologicalliterature that there must have been yet 
another, purely endemic development in central America. In Oligocene and Mio
cene sediments there are numerous morphotypes with an embryon shape that is 
completely unknown from the eastern hemisphere. Protoconch and deuteroconch 
are of (nearly) equal size, separated by a thin and straight wall and together 
forming a globular to short-ellipsoid embryon with a fairly thick outer wall in 
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the median sections. The nep ion ic chambers are small and AAC are few, ifpresent 
at all. The descent of this L. canellei lineage is obscure, lost to the present author 
in the wealth of species names and types. 

I get the impression that all three these American lineages (fig. 72) are rooted in 
a bunch of Eocene species th at followed shortly after the Polylepidina stage. 
However, it is especially the variety of so many primitive isolepidinids that is 
very obscure. There seem to be rather large morphological gaps between the 
polylepidine and variously isolepidine types. Many of these isolepidine 'species' 
have fairly large embryons in which the protoconch is often larger than the 
second chamber and they show a fair number of peri-embryonic chambers (fig. 
68). The subgeneric name Neolepidina has been applied for such forms because L. 
mantelli, the type species of Lepidocyclina S.str. might well belong to the L. 
canellei lineage. 

There are stili other typically American lepidocyclinids, such as the Eocene 
forms with multi-chambered and irregular embryon types, for which the subge
neric name Pliolepidina was established. This sub genus is another source of con
troversy. For Eames et al. (1962) it constitutes a distinct and separate genus. 
According to me and to most other authors (e.g. Cole, 1963) we are dealing with 
aberrant individuals ofthe Neolepidina species L. pustulosa (fig. 80), which forms 
resulted from irregularities in the reproductive process. Such forms lack signifi
cance for the evolutionary picture, unless one wants to use them in speculations 
on reproductive mechanisms (see chapter 111). 

The most peculiar separate American development line is that of the Eocene 
Helicolepidina lineage, which followed its own evolutionary course from the 

Fig. 73. Median sections of Helicolepidina individuals. Left a microspheric specimen (x 80), showing 
the long nepionic spi ral winding through the median layer, right a megalospheric individual of nor toni 

type with poor, later development of the spi ral (x 120). Eocene, Caribbean. 
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Helicostegina descendants of the Amphistegina root. As told above, Helicolepidi
na acquired systems of lateral chambers and furthermore it developed a long 
chain of spi ral chambers winding through the median layer (fig. 73). It is easy to 
see that in early forms this spiral consists of the proximal 'chamberlets' of the 
primordial Amphistegina spi ral. Later in ontogeny as well as in later forms the 
peripheral wall ofthe earlier ancestral spiral system is gone, however, and there is 
no more than a string of spi ral chambers overriding the normal equatorial ones. 
Sometimes the spiral disappears in the course of ontogeny, re-appearing at a 
much later stage. 1 think that such a spiral cou1d be formed again because equa
tori al chambers in Helicolepidina did not form all around the circumference of 
the median layer at each budding step, but along for instance only some three 
quarters of the periphery. At each successive instar the sector of growth shifted 
forwards one chamber of the spi ral. This new spiral chamber was overriding the 
equatorial chamber system at the place where in previous budding steps no 
chambers had been formed but only a lamellar thickening had taken place. Not
withstanding this imperfect radial growth - actually a rotating sectorial growth -
in the adult stages, it is fairly certain that Helicolepidina went through several 
stages of nepionic acceleration (fig. 74). After reduction of the ancestral spiral 
the nepionic configurations eventually arrived at a symmetrical arrangement with 
two equally-sized P AC and four spirals around an 'isolepidine' embryon. In these 
last-mentioned forms (H. nortoni) the typical Helicolepidina spi ral starts later in 
ontogeny, well away from the nepiont (fig. 73). Unfortunately the display of 
nepionic acceleration, figured by Van Raadshooven (1951) is again typological. 

FinaBy it must be noted that if the peculiar spiral arrangement would get lost 
altogether, the resulting forms would be indistinguishable from real Lepidocycli
na. It is not entirely unlikely that such a kind of transition did happen at the end 
of the Eocene (see below). 

nor/oni 

Fig. 74. Schematic drawings of the essential features in the median layer of Helicolepidina showing 
from left to right nepionic acceleration on a typological basis (af ter drawings of Van Raadshooven, 
1951). 

The European development 

From the middle ofthe Oligocene to some time level weB up in the Early Miocene 
(Burdigalian) both American migrant stocks had their own evolution in the 
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circum-Mediterranean region, being very frequent throughout the area. Good 
stratigraphic data have especially been gathered at the European side, from 
southern France and northern Spain to Greece. 

Little attention has been paid so far to the evolution in the Eulepidina lineage, 
probably because the general impression existed that the Eulepidina immigrants 
had arrived in Europe at the end of their evolutionary development, which is with 
a large embryon in which the deuteroconch is nearly fully embracing the proto
conch (i.e. A is close to 100). Moreover, the numerous nepionic chambers would 
not be confined to a single layer around the deuteroconch only. A large number 
of AAC would occupy a broad band around the embryon, with irregular spacing, 
so that reliable C counts in the median sections are impossible (Fortuin, 1970). 
However, earlier observations of greater regularity by Lange (1968) received 
support from the data of Van Heck and Drooger (1984), who made it clear that 
the early European eulepidinids of about middle Oligocene age were more prirni
tive than that and also more regular. A less perfect embry 'nic stage (A = 69) was 
found to be encircled by nepionic chambers amongst which the AAC 11 could still 
be counted with sufficient certainty; the C value is 6.6. These data from the north 
Spanish locality San Vicente de la Barquera seem to be representative for the fust 
migrant wave of the eulepidinids, which had been recognized also by Lange 
(1968) on the Greek island of lthaki and by Brambilla and Montanari (1980) in 
northern ltaly. 

If one wishes to recognize two species (fig. 75) on morphometric grounds in 
these European Eulepidina, a suitable boundary can be placed at the A value of 
85. The more primitive species ofthe two has been named L.formosoides by Van 
Heck and Drooger, because this name had originally been given to eulepidinids 
from the San Vicente locality, from which section these authors described their 
most primitive assemblage with A = 69. For the younger of the two species the 
name L. dilatata seems to be an appropriate choice. The number of AAC is after 
all oflittle use in classification. In higher parts ofthe stratigraphic sequence in the 
Oligocene section of San Vicente, above the level from which Van Heck and 
Drooger described their L. formosoides, the nepionts of the eulepidinids soon 
become unsurveyable in the median thin-sections, while A increases to higher 
values, but still remaining below the A range of L. dilatata (unpublished reports 
Utrecht). 

There are very few comparative data on assemblages collected elsew_here. 
From the Lower Miocene of Australia Chaproniere (1980) reported some A va
lues between 81 and 89. These A means suggest that the west Pacific rate of 
development was lagging behind that of the European representatives, but with 
so few data such a conclusion seems to be far-fetched. 

The other Mediterranean line of development (fig. 75), which commonly is called 
the Nephrolepidina lineage because most ofthe embryons are variously nephrole
pidine, received much more attention. After several preliminary papers con ta in
ing morphometric details (Van der Vlerk, 1959; Drooger and Socin, 1959; Droo-
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Fig. 75. European Lepidocyc/ina. Embryonic-nepionic types of the Nephrolepidina lineage with from 
left to right types of L. praemarginata, L. morgani and L. tournoueri. x 40 (after De Mulder, 1975). 
Lower two figures: early stages of Eulepidina individuals with different embryonic embracement; x 70 
and x 65 (Oligocene, northern Spain). 
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ger and Freudenthal, 1964) it was De Mulder (1975) who presented a complete 
subdivision of these European nephrolepidinids. Reviewing the available data 
De Mulder recognized three morphometric species on combinations of Ä and C 
values: 

Lepidocyclina praemarginata 
Lepidocyclina morgani 
Lepidocyclina tournoueri 

(1)<C<3 
3 <C<5.25 

C>5.25 

(35)<Ä<40 
40<A<45 

Ä>45 

The overall acceleration trends appear to be in accordance with the stratigraphic 
order of these three species, but the rate of evolution must have been very low, if 
one takes into account that the development lasted throughout the entire second 
half of the Oligocene (the entire Chattian according to Drooger and Laagland, 
1986) and weIl into the Miocene. 

The latest published review paper (Drooger and Rohling, 1988) on all morpho
metrically determined Nephrolepidina associations ofthe European region shows 
that all data fit in with a single lineage that shows a development along a broad 
band in the Ä - C diagram (fig. 76). The fairly wide variation along this road 
causes quite a few ex.interc. determinations. It is also clear that the associations 
of the lineage fit to one and the same, general trend of increase in the diameters of 
both embryonic chambers. The path in the bivariate plot of the means is again 
rather broad (fig. 76). 

This late st 1988 contribution of the Utrecht school pays special attention to the 
pre-praemarginata history of the lepidocyclinids in the eastern hemisphere, a 
history that is entirely based on scattered data from western Africa (fig. 77). It 
had been known since the papers of Bourcart and David (1933) and Brönnimann 
(1940) th at Late Eocene lepidocyclinids are present in Moroccan sediments. This 
L. mauretanica does not fit weIl into the lineage ofthe 0ligo-Miocene Nephrole
pidina, neither in its Ä - C nor in its Du-Dr combinations (Drooger and Rohling, 
1988). These authors suggest that L. mauretanica could be brought in connection 
with the Eocene American species L. pustulosa with similar embryonic and ne
pionic features. These neolepidinid species fr om the Atlantic margins have a 
more advanced nepiont than the polylepidine L. zeijlmansi from the Pacific end 
of the Tethys, but I think that the latter was not directly related to the Moroccan 
species. 

There is yet another rare, but unnamed form (Lepidocyclina sp. of Freu
denthaI, 1972) from the Lower Oligocene of western Africa. This species with a 
very small embryon and without AAC may weIl have a link to some other Ameri
can form, especially if one assumes th at it could be a descendant from the last 
Caribbean Helicolepidina species (H. nortoni), in which the typical spiral of that 
genus had got lost. A similar suggestion is implicitly offered by Butterlin (1987). 
If one regards the relevant scatter diagrams it is obvious that this simple isolepi
dinid species with its small embryon might weIl have been ancestral to the Eur-
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Fig. 77. The assumption of three trans-Atlantic crossings of Lepidocyclina (after Drooger and Rohl-
ing, 1988). 

opean L. praemarginata lineage, but morphometrically intermediate forms that 
ought to have lived in northwest Africa during the Early Oligocene have so far 
not been described with sufticient c1arity. 

Anyway it is considered likely that this Lepidocyclina sp. is yet another Ameri
can form that managed to cross the Atlantic. It may weIl have remained without 
further issue. Since also more typical Helicolepidina individuals have occasionally 
been mentioned from Middle Eocene sediments in west African localities (Freu
denthaI, 1972; Neumann et al. , 1986), it has been suggested that lepidocyc1inids 
traversed the Atlantic to the Old World at several occasions. Only the last wave 
at about the middle of the Oligocene would have been really successful, because 
the descendants of these immigrants managed to spread over the entire length of 
the Tethys belt as far as its eastem, west Pacific end. 
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The western Pacific province 

Although lepidocyclinids must have entered this eastern end of the Tethys for a 
lasting presence during the Oligocene, hardly any morphometric data are as yet 
available on such Oligocene forms. Eulepidina received no attention at all, but 
fortunately many of the mutual relationships of the Miocene nephrolepidinids 
have been clarified in the monograph of Van Vessem (1978). This author made 
morphometric analyses of a large number of assemblages from various wells and 
scattered localities, and mainly from Indonesia. His stratigraphic con trol of the 
lepidocyclinid associations is quite good as it is based on superposition, on ac
companying miogypsinid species and on the determination of planktonic forami
nifera. The latter data he expressed in terms of the zonation of Blow (1969). 

From their very beginning the Miocene Indonesian nephrolepidinids appear to 
have followed an evolutionary course different fr om that of their European 
counterparts. Actually, Van Vessem found only one assemblage, derived from 
the Upper Oligocene of India, that could be determined without hesitation as 
identical with the European L. praemarginata. For all younger assemblages 
there are various morphometric differences from the Mediterranean species, 
which fact is not that strange if one remembers that at the beginning of the 
Miocene plate-tectonic movements had thrown up a land barrier in the continu
ous Tethys connection of earlier times. So the separate provincial development of 
the Indo-Pacific lepidocyclinids is logica!. 

There appears to be a main Nephrolepidina lineage (from iso- to trybliolepi
dine) with an overall increase in mean A values from 35 to 70 and a general rise in 
mean C values from 1.5 to 9.5. Embryonic acceleration evidently showed more 
progress in the Orient than it did in Europe, reaching beyond the so-called try
bliolepidine stage. The later forms are somehow mimicking the Eulepidina con
figuration. Also the nepionic acceleration trend went further than we have seen it 
to go in Europe. 

Van Vessem also used the combination of Ä and ë values for his classification 
of species in this west Pacific main lineage (fig. 78). He delimited in his material 
five successive species in the following way: 

L. isolepidinoides C<2.25 Ä<40 
L. sumatrensis ë<3.75 40<Ä<52.5 
L. angulosa C<4.75 A>52.5 
L. martini 4.75 <C<6.5 Ä>52.5 
L. rutteni C>6.5 Ä>52.5 

-Fig. 78. Average embryonic-nepionic configurations (x 45-50) in the six lndonesian Lepidocyclina 
species recognized by Van Vessem (1978). Lowermost are a regular and an irregular specimen deter
mined as L. transiens. 
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It is obvious th at these limits are different from the ones set by De Mulder (1975) 
for the European nephrolepidinids. It is the difference in the combinations of A 
and C means that necessitated Van Vessem to make another subdivision into 
species in the Indo-Pacific. In the Indonesian nephrolepidinids embryonic accele
ration seems to have been the prevailing trend in the early part of the Miocene 
development, whereas in the later part of the lineage nepionic acceleration be
comes more emphasized by the more rapid increase in the number of AAC 11. 

There are other peculiarities in the Indonesian data. Throughout we may re
cognize a general, though irregular trend of size increase of the embryon. This 
trend is twice interrupted, however, by a considerable drop in the embryon 
dimensions. The first fall of some 50% in the diameters is to be placed between 
the ancestral L. praemarginata as it was observed in India, and the most primitive 
assemblage of L. isolepidinoides. From the latter point onwards there is an in
crease with an ave rage slope of the Ö1/Ön regression line that is rather steep. In 
between L. sumatrensis and L. angulosa there is a second, Ie ss distinct, drop in 
embryon dimensions, af ter which there is a steady increase again, but tbis one 
along aregression line that is much less steep. This trend continues to the last 
species L. rutteni. At a much lower Ö1 level this line is found to be roughly 
parallel to that of the earlier European development course (fig. 79). 

Although in detail the time-bound developments of all parameter means show 
pathways that are far fr om smooth, one cannot conc1ude more at the moment 
than that a pulsating evolution pattern in Ä and C might have been possible. Such 
a pattern can certainly not be proved, however, because of the wide geographic 
scatter in the succession of assemblages. The data furthermore suggest that the 
major but somewhat fuzzy drop in embryon size between L. sumatrensis and L. 
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Fig. 79. DIl/DI regression in the lndonesian Nephrolepidina Iineage (after Van Vessem, 1978). 
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angulosa did not seriously affect the continuous though staggered paths of em
bryonic and nepionic accelerations. 

The combined development of embryonic and nepionic parameters Van Ves
sem observed, pleads in favour of a lepidocyclinid evolution that was endemic in 
the western Pacific province. Although the evolutionary course was parallel to 
that of the European lineage it can be safely concluded that the eastern lineage 
lasted much longer, and this not only because it proceeded to greater perfection. 
Van Vessem found th at the last forms of L. rutteni from Borneo were accompa
nied by Pliocene planktonic foraminifera (Blow's zone NI9). 

Ample morphometric data were given by Chaproniere (1980, 1984) for some 
twenty Miocene assemblages from Australia and New Zealand. At first sight one 
gets the impression that these vast southwest Pacific regions had their own devel
opments of the nephro-trybliolepidine stocks. This false appreciation is partly 
caused by the fact that Chaproniere leans heavily for classification on his para
meter F, derived from the shape of the equatorial chambers. But also his nomen
clature is misleading. Most Australian assemblages he assigns to different sub
species of the regional L. howchini, and for the New Zealand data he uses a set of 
subspecies of the local L. orakeiensis. Fortunately, Chaproniere does give his 
Ä and C calculations and from these it appears that all his assemblages fit in 
with the lndonesian main lineage. The oldest sample contains an advanced as
semblage of L. isolepidinoides, af ter which there is an irregular course through L. 
sumatrensis and L. angulosa to L. martini in the youngest asemblages. Those 
assemblages that can be correlated with the planktonic foraminiferal zonation 
(1980, p. 156) give a rough confirmation of the species succession. Moreover, 
the species sequence is of the same age as it is in lndonesia because of the fair 
agreement it shows with Van Vessem's correlation with the Blow zonation. The 
only deviation from the Indonesian record is in the size of the embryonic cham
bers. In the jumping Australian pattern of mean protoconch diameters I fail to 
find a clear drop in embryon size between L. sumatrensis and L. angulosa. 

Data from Japan (Matsumaru, 1971) seem to cover the morphometric interval 
fr om L. sumatrensis to primitive L. ru tten i. However, the Ä - C combinations are 
of ten deviating fr om the lndonesian pattern, causing nearly half of the determi
nations to be intercentral. I have no good explanation for these irregularities. 

There is yet another remarkable aberration in Van Vessem's analysis of Indo
Pacific lepidocyclinids, for which there is so far no sound explanation either. 
Assemblages of Van Vessem's main lineage in the range from L. isolepidinoides 
to L. angulosa are frequently, but not always, found to be accompanied by 
assemblages of individuals with much larger embryons; the diameter of the deu
teroconch is usually more than twice as large. These so-called group-2 assem
blages also have much higher evalues. Their Ä values are sometimes signifi
cantly larger, but in most cases they are of the same order of magnitude as the 
values in the assemblages of the main lineage found in the same samples. When 
these aberrant assemblages are placed in a time-linked succes sion on the basis of 
all available stratigraphic evidence, one finds that there is no system or regularity 
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of change in the sequences of their means that could be ascribed to either embryo
nic or nepionic acceleration. Neither is there any trend in the succession of the 
mean diameter values for the embryon size parameters. Mean A values are high, 
usually weIl above 50, most mean C values are above 5 and the large embryons 
are often not symmetrical and sometimes of irregular shape in the median sec
tions (fig. 78). In many samples variation of these peculiar forms appears to be 
very wide, distinctly wider than one would expect for a homogeneous population, 
but again, also this is not a general rule. 

Because there is absolutely no trace of a systematic evolution in these group-2 
assemblages, as might be expected for a clan of radial foraminifera, there is 
serious doubt whether they belong to a separate lineage anyway. Van Vessem 
saw no need of expressing the morphometric differences in terms of nomencla
ture; he placed the entire group in a single species, for which he selected the 
species name L. transiens. According to Cole (1963) L. transiens would be a 
synonym of L. radiata. It is possible that we are dealing with a great many local 
stocks that got separated from the main lineage (L. isolepidinoides to L. angulosa) 
for unknown reasons. 

There are other arguments, however, that make me think that we are dealing 
with no more than aberrant forms of the successive species of the main lineage. 
They would have acquired their peculiar characteristics by some ill-understood 
deviation in the reproductive mechanism, inherent to the group, and coming to 
expres sion under the influence of some unknown environmental factor. One 
reason to believe such an explanation is that these forms, with the possible excep
tion of one single sample in Van Vessem's record, were never found alone without 
representatives ofthe main lineage. Another reason for this opinion rnight be that 
especially the embryon size - and possibly as a consequence also the number of 
AAC - is so much larger, whereas the often - but not always - comparable 
Ä values suggest that there still was a relationship with the normal species. 

FinaIly, it can be repeated that aberrant embryons do occur at several other 
places in the lepidocyclinid history (fig. 80). Firstly, we already came across the 
example of the massive occurrence of the American Eocene 'subgenus' Pliolepi
dina, in which af ter careful analysis the multi-chambered embryons sometimes 
appear to consist of an agglomerate of normal embryons of neolepidine types as 

pustu/osa transiens ra dia ta undosa 

Fig. 80. Irregular embryons of Lepidocyclina: Eocene Pliolepidina, Miocene L. transiens and L. radia

ta, Oligocene Eulepidina (interpreted after photographs ofCole, Van Vessem and Sachs). 
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they occur in the accompanying L. pustulosa. And also the embryons of the west 
Pacific Miocene 'subgenus' Multilepidina con sist of irregular agglomerates of 
what probably could have been the amalgamated beginnings of several speci
mens. Such Miocene irregularities were united in the species L. radiata by Cole 
(1963). I think that the species ofthe main lineage related to tbis L. radiata could 
well have been L. martini. Yet another example of numerous multilocular embry
ons has been described by Sachs (1964) for individuals of the Oligocene L. 
(Eulepidina) undosa of Caribbean localities. 

For the time being I am inc1ined to believe that all forms of Van Vessem's 
group-2, whether they should be named L. transiens or L. radiata, are some kind 
of aberrant individuals of the main Indonesian Nephrolepidina lineage, because 
reproduction irregularities seem to have been quite common throughout the 
history of the family Lepidocyc1inidae. 

Review 

Summarizing the complex and rather ill-balanced record of the Eocene to Plio
cene Lepidocyc1inidae, some outs tanding, major conclusions will be re-worded. 

1. In the early development there was a rapid radiation into at least four 
different lineages during the Eo-Oligocene of America. With some hesitation I 
name these lineages after the (sub)genera Helicolepidina, Eulepidina, Nephrolepi
dina sj. and Lepidocyclina s.str .. The actual neolepidine roots of the latter three 
are as yet indistinct. The last-mentioned line of descent is confined to the Ameri
can Oligo-Miocene. The fust one is Eocene and American as well, but there have 
been a few emigrants to Africa. 

2. The Eulepidina and Nephrolepidina groups settled in the Old World as late as 
the middle of the Oligocene. Owing to an efficient land barrier since the beginning 
ofthe Miocene, there are deviating Nephrolepidina lineages in the Mediterranean 
and Indo-Pacific, for which lineages different morphometric subdivisions have 
been established. 

3. Embryonic and nepionic accelerations were important trends in the Nephro
lepidina deve1opments. Irregularities on the expected courses were quite common, 
possibly as a consequence of slow evolution, of the fact that we combine two 
trends that are not nicely parallel, and because of repeated deviations in embry
on size parameters. 

4. Taxa of the Lepidocyc1inidae were prone to irregularities in the asexual 
reproductive processes, wbich deviations seem to have infected large parts of the 
populations over and again. Also doubling of Indo-Pacific species, established on 
morphometric grounds seems to be due to reproduction peculiarities rather than 
to c1adogenesis. 
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11,6. ORBITOIDIDAE 

Structure and morphometric parameters 

The Orbitoididae are a ubiquitous, yet tropical to subtropical family of larger 
foraminifera, mainly consisting of species of the genus Orbitoides. These species 
seem to belong to a single lineage that ranges from the Late Santonian until the 
end of the Maastrichtian. Orbitoididae occur in all three major provinces but 
actual morphometric analyses have been carried out on European assemblages 
only. The family name, based on the genus name Orbitoides that was established 
by d'Orbigny at about the middle of the previous century, has been much abused 
in the past for all kinds of foraminifera with an orbitoidal structure. Even in the 
early work ofTan Sin Hok (1935) we find such a generalized meaning. Restricted 
to its own phylogenetic tree, in which the type species O. media has to fit, we are 
left with a Late Cretaceous group of genera and species that share some very 
characteristic morphological features, unknown from all other families. 

The median layer of typical Orbitoides has a radial build and there are sets of 
lateral chambers to both sides of this median layer. In central position there is a 
distinct and peculiar embryon with a thick to extremely thick outer wall. In 
median sections this ellipsoid to globular embryon in its most understandable 
form is seen to con sist of four chambers, in which one easily can recognize a 
protoconch, a deuteroconch and two principal auxiliary chambers of about 
equal size (fig. 81). The walls in between these four chambers are thin and more 
or Ie ss straight, which structure gives the impression that the first three growth 
steps of the animals followed each other in rapid succession, during which the 
chamber walls were not yet firmly calcified. Some authors (e.g. Neumann, 1987) 
claim that this early thin-walled stage was planktonic, such a stage facilitating the 
world-wide dispersal of the genus. The thick outer wall suggests that af ter the 
near-globular embryon had been formed a prolonged period of rest enabled the 
thickening of the wall. In line with the earl ier reasoning this thickening would 
cause the juveniles to settle for ben th on ic life. 

The peri-embryonic chambers around the embryon also show un understand
able configuration; it is only the terminology for separate chambers that needs 
special consideration. In this I follow Van Hinte (1965), the first author who 
made a morphometric analysis of Orbitoides assemblages from France and the 
Netherlands. Sin ce the two original principal auxiliary chambers have been in
corporated in the embryon, we cannot use this term to the four chambers that on 
the outer wall of the embryon play the same role as the P AC in other groups. 
Actually these four so-called principal epi-auxiliary chambers (PEC) which have 
direct stoloniferous passages to the lumen of the two P AC in the embryon, are 
comparable to the first-formed interauxiliary chambers of nepionic spirals 
around the two-chambered embryon of the other groups. In early forms of Orbi
toides with lateral chambers (the species 0. tissoti) the four PEC form the starting 
point for eight peri-embryonic spirals (fig. 82), which frequently consist of closing 
chambers only, especially so on the extemal embryonic walls of protoconch and 
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deuteroconch. Occasional pnmltlve variants show only three PEC, when two 
adjoining ones ofthe four-PEc configuration have coalesced over the protoconch 
or over the deuteroconch. 

Nepionic acceleration in the Orbitoides species following O. tissoti consists of 
the increase of the number of epi-auxiliary chambers, which chambers mainly 

Fig. 81. Embryonic-nepionic configuration in some specimens of Orbitoides from the Campanian of 
the Aquitaine basin. x 55 (af ter Drooger and De Klerk, 1985). 
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hottingeri tissoti mega/oformis apicu/ata 

Fig. 82. Schematic drawings of typical embryonic-nepionic configurations in some species of Orbi

toides (interpreted af ter photographs of Van Hinte, Neumann, Drooger and De Klerk). 

become added on the outer walls of the P AC inside the embryon (fig. 82), and 
which are called the accessory epi-auxiliary chambers (AEC). The most useful 
morphometric parameter is E, which represents the sum of all PEC and AEC 

together. Evalues were found to range fr om 4 (or 3) to about 20. Peri-embryonic 
configurations with very high Evalues usually show these auxiliary chambers to 
lie close together, leaving space in between for closing chambers only (fig. 82). 
Also the parameter P has been used which denotes the total number of peri
embryonic chambers, but this parameter did not lead to classification efforts. It is 
mainly used in the detailed analysis of Drooger and De Klerk (1985), together 
with the ratio ElP. 

Embryonic acceleration from the above described four-chambered embryon to 
the embryons found in the assemblages of the type Maastrichtian does not cover 
a wide morphometric range. Two different trends can be recognized, which are 
roughly parallel. In one the recognizability of the four chambers constituting the 
embryon is decreasing. Later embryons give the impression in median sections of 
being irregularly trilocular (fig. 81) or even bilocular. Part of these configurations 
may be caused by the fact that protoconch and deuteroconch have an oblique 
position relative to the median layer, which configuration had been observed 
already by K. Küpper (1954) in relatively primitive forms. The obliqueness has 
repeatedly been confirmed by later authors. But it is possible also that the two 
P AC are coalescing around the two first chambers as it has been observed in the 
related genus Omphalocyclus (Jorissen, 1983). The second trend that might be 
labelled embryonic acceleration is the change of the embryon shape from ellip
soid to globular. The ratio between the longer (across the PAC) and shorter 
(across land II) internal diameters of the embryon, denoted by Lj/t was also 
introduced by Van Hinte (1965) as the shape parameter. The change ofthe means 
of this parameter from approximately 1.2 to close to 1.0 is insufficient for a 
meaningful morphometric subdivision, the more so because the near-globular 
shape was attained rather rapidly in the most highly advanced forms. 

It was shown that the embryon size in the Orbitoides main lineage increased 
considerably in the course of evolution. In the European representatives the 
parameter (Lj+lj) was found to increase in mean values from close to 400 11 to 
weIl over 1000 11. 
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The precursors 

The above enumeration of embryonic and peri-embryonic trends is valid only for 
the later Campanian-Maastrichtian Orbitoides with distinct lateral chambers. 
Van Hinte (1966, 1968) demonstrated that there was an earlier Santonian-Cam
panian part ofthe morphometric history ofthe group. These earlier forms, which 
are less well-known, are primarily different because they lack the systems of 
lateral chambers. For such single-Iayered forms the generic name Monolepidor
bis of Astre has been used (actually the name Schlumbergeria of Silvestri would 
have priority), but most later authors prefer to use the generic name Orbitoides 
also for these more primitive forms. Neumann (1987) argues that incipient lateral 
chambers are frequent in later Monolepidorbis assemblages. Such a slow change 
in lateral wall systems (fig. 16) in the Orbitoides lineage is an acceptable theory, 
since a gradual change has been documented for other lineages as weIl, like the 
Miogypsinidae. 

The most advanced forms of this Monolepidorbis sequence (the species 0. 
douvillei) clearly show the onset ofthe four-chambered embryons oftheir descen
dants, but the outer wall is not yet thickened. However, the configuration of the 
early chambers in the Monolepidorbis species is more complex and it has given 
rise to different interpretations. In such discussions the early ontogenetic stages of 
the microspheric generation of later Orbitoides species are taken into account as 
weIl. It is well-known that microspheric individuals tend to show the ancestral 
configurations in their early ontogenetic development, which configurations had 
been lost completely by the megalospheric representatives of the same species. 
Many authors claim th at the microspheric, early-ontogenetic chamber configura
tions in the family, and so in their ancestor amongst the smaller foraminifera, are 
biserial. Since the discovery by Küpper (1954) of biserial beginnings in micro
spheric individuals of advanced species of Orbitoides and Omphalocyclus, most 
authors follow Van Hinte (1965) in his postulate that some planktonic species of 
Guembelina or Heterohelix was at the root of all Orbitoididae. 

Reviewing the earlier literature data and his own observations Van Gorsel 
(1978) states that both spiral and alternate growth patterns can be recognized in 
the microspheric Orbitoides individuals. Also the megalospheric forms of early 
M onolepidorbis (0. hottingeri) were shown by Van Hinte (1966) to have more 
complex initial stages. Here too, there are quite a few irregularities which give 
the impression that biserial and planispiral arrangements are mixed in an irregu
lar fashion. Following the first chamber with two basal openings (Van Hinte's 
progressive chamber) relapse chambers have been found to occur, these megalo
spheric specimens thus showing configurations (fig. 82) that have been described 
in this review already for Planorbulinella and were found in Hellenocylina as weIl. 
This analogy suggests that the ancestor of the Orbitoididae could weIl have been 
Cibicides-like (e.g. Drooger and De Klerk, 1985). Neumann (1987) even classifies 
the early Monolepidorbis species in Planorbulina and Planorbulinella. 

F or the morphometric subdivision of the M onolepidorbis part of the Orbitoides 
lineage Van Hinte introduced the parameter Pr, which is the budding step num-
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ber ofthe progressive chamber. In comparison with the spi ral parameters in other 
lineages we can say that Pr = Y + 1. From Van Hinte's data at least two of the 
early species can be weIl described and delimited on the basis of Pr values, but the 
record of the M onolepidorbis sequence is not yet complete. 

Classification 

Van Hinte (1976) re-considered and improved his 1966 classification system in 
which he combined Pr and Ë values with the embryon size parameter (Lj + IJ 
Trends in nepionic configuration and embryonic size certainly are roughly paral
lel, but since embryon size may weIl have been intluenced by differences in envir
onment, such combinations contain the risk of many exceptions to the standard 
as it has been shown by Drooger and De Klerk (1985). The latter authors sug
gested that peri-embryonic configuration and embryon size should not be given 
equal weight in classification, embryon size being considered subordinate. What
ever the restrictions one wishes to make on the basis of the above consideration of 
hierarchy, the subdivision taken from the last paper of Van Hinte (1976) can be 
safe1y repeated. 

Pr 

Orbitoides sp.1, not known >6 
0. hottingeri 6 - 4.5 
0. sp. 2, not known 4.5 - 2.5 
0. douvillei 2.5 - 2 
0. tissoti 2 
0. media 2 
0. 'megaloformis' 2 
0. 'gruenbachensis' 2 
0. apiculata 2 

E 

0 
<1,0 

1.0 - 2.0 
2 - 3.9 

3.9 - 4 
4.0 - 5.5 
5.5 - 10.0 

10.0 - 14.0 
> 14.0 

<400 
400 - 500 
500 - (600) 

(600) - (750) 
(750) - 1000 

>1000 

In between 0. douvillei and 0. tissoti the lateral chamber systems come into 
being, i.e. we change from Monolepidorbis to Orbitoides S.str. There is no sharp 
boundary in between (Neumann, 1987). 

The Pr and Ë limits give in my opinion a sufficiently well-balanced subdivision 
of the lineage and I see no need to change the position of some of the limits as it 
has been suggested by Van Gorsel (1978) in his review paper. Even if the new 
limits were better, I fear the confusion that follows when we start to tamper with 
the morphometric species limits. 

This subdivision into species does not mean that the succession is weU covered 
by names and corresponding type assemblages. Material from the respective type 
localities has been used for only four of the species units: O. hottingeri (northern 
Spain), O. douvillei (Belvès, sw France), 0. media (the type species from Royan, 
sw France) and 0. apiculata (Maastricht, the Netherlands). The type locality of 
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O. tissoti is in Algeria. Neumann's (1987) analysis of near-topotypes suggests that 
Van Hinte's interpretation was correct and not in conflict with the generally 
accepted idea of what Schlumberger's species would look like. The provisionally 
named units 0. megaloformis Papp and Küpper and O. gruenbachensis Papp, 
originally described from Austria, are based on estimates from the few data 
described and figured by the original authors (1953, 1955). According to the data 
given by Küpper (1954) the American species O. browni belongs to the range of 
the latter two species as well; possibly it is an earlier described equivalent of O. 
megaloformis. 

There are some reasons to believe that the two species, which did not receive a 
name in the above review, have been described already, but the original descrip
tions contain insufficient details for a more certain designation. o. midorientalis 
(= Archaecyclus midorientalis Eames and Smout) fr om Kuwait might correspond 
to the fust and most primitive of the unnamed species, while the names of the 
Iranian taxa O. concavatus and O. orientalis of Rahaghi (1976) might offer a 
choice for the second unnamed morphometric unit (see Van Gorsel, 1978). 

It has been suggested that the final term of the Orbitoides lineage is represented 
by 0. gensacicus, for which the gen eric name Simplorbites has been proposed. lts 
individuals have very large embryons in which a variabie, but usually great num
ber of smaller cells can be recognized. This embryonic structure has not been 
understood until recently, when Eggink and Baumfalk (1983) argued that such 
groups of cells represent porti ons of the median layer of the ancestral individual. 
Such a peculiar type of embryogenesis has not been described so far, but to me it 
offers a satisfactory explanation for the complicated structure of these embryons. 
As 0. gensacicus specimens are usually accompanied by norm al O. apiculata 
individuals it may be doubted whether we are dealing with a genetically different 
species. Possibly this is yet another case of deficiencies in the asexual reproduc
tion process, such as we have seen more often in the history of the Lepidocyc1ini
dae. 

It is evident that nearly all our better data come from the European-Mediter
ranean region. The group must have had a much wider distribution, however. 
There are many reports of Orbitoides from the Middle East and further eastward 
into the Asian continent, especially in the Himalayan region, as well as fr om 
(sub)tropical America. Since there are no more than typological observations we 
cannot yet conc1ude whether these areas witnessed the same evolutionary pat
terns or different ones. Anyway it is certain that Orbitoides proliferated through
out the (sub)tropical belt during the Cretaceous and that no ocean prevented 
their world-wide dispersal. 

The punctuation succession 

A series of Orbitoides assemblages from the type deposits of the Campanian 
Stage at Aubeterre in the Aquitaine basin was used by Drooger and De Klerk 
(1985) for an analysis of the details of morphometric change in a group of radial 
foraminifera. The contents of this stratigraphic section were fairly well known 
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since the paper of Van Hinte (1965). The section contains a sequence of popula
tions from 0. tissoti through O. media into 0. megaloformis. The change in mean 
values was suspected not to be gradual; Van Hinte's data already suggest that 
there might be some kind of punctuation in the sequence. 

In this Aubeterre section Orbitoides individuals are continuously present over 
some 40 metres of calcareous debris limestones. These deposits are thought to 
correspond to a time interval of approximately one million years. The animals are 

E ± SE P ± SE (Li+1i)±SE 
1883 ~ ~ ~ 

1884 ~ ~ ~ 

1886 - ~ ~ 

1889 - ~ ~ 

1892 - - ~ 

1896 ~- ~ ~ 

1897 ~ ~ --+--

1900 - ~ --+--

1902 ~ ~ -
1904 ~ - ~ 

1905 ~ - ~ 

1907 - ~ --+--

1882 ~ ~ ~ 

1880 - - ~ 

1877 ~ ~ ~ 

2107 - ~ --+--

lOm 
2108 - -+- ~ 

2109 ~ -+- ~ 

2110 ~ --+- --+--
2111 ~ ~ ~ 

2112 ~ ~ --+--

2113 ~ ~ ~ 

2114 ~ ~ ~ 

2116 + -+- -
2119 ~ -+- ~ 

o 
2121 + - ~ 

2124 + ~ -
2126 ~ -+- ~ 

2129 + ~ ~ 

21 05 ~ ~ ~ 

1913 ~ ~ -1912 -+- -+- -+--
1911 + 4- ~ 

1910 + - -+--

1909 . ~ -
4 5 6 7 12 14 16 le 450 500 550 600 /-L 

Fig. 83. Parameter means in the succession of Orbitoides assemblages from the Campanian of Aube
terre, France (after Drooger and De Klerk, 1985). 

140 



E ± SE P ± SE eli +Ii )±SE 

2084 --+- ~ --+-

1m 

2218 
2085 
2219 -+- --+- -+-
2220 --+- ~ 

---+-

2221 -----<--- -+-
--+- --+- -+-

2222 
~ --+- ---+-

2213 -----<--- --+- ---+--
2212 -+- --+-- -+-

2211~ -+- -+- -+-
2210 -+- -+- -+-
2086 .-+- -* --+--~ 

2214- + ~ --+-
2215 . --+- -+-

o 

2216 --+- --+- -+-

?5~~;:: . -+-
~ 

-+-
-----+-

--+-

4 5 6 7 8 13 15 17 450 500 550 600 f.L 

Fig. 84. Parameter means to both sides of the Orbitoides punctuation level in a more detailed sample 
sequence of Aubeterre (after Drooger, 1984). 

thought to have lived in situ in a rather uniform, warm and shallow environment 
covered by vegetation. Gaps in the sedimentary record are not obvious and the 
effect of reworking is thought to be negligible. Close sampling yielded assem
blages at mutual distances of assumedly 10 ka, but if necessary the spacing could 
be brought down to a few thousand years. At some critical levels such close 
sampling was performed indeed. 

The analysis confirmed the earlier observed sudden, progressive change in 
mean parameter values in between two longer stratigraphic intervals in which 
nothing really seems to change apart from some dubious zigzag (fig. 83). Espe
cially the Ë parameter shows a very large shift over the shortest possible sampling 
distance that is estimated to have corresponded to less than two thousand years 
(fig. 84). There seems to be neither a break in the sedimentation regime nor a 
nota bIe change in the environment over the few centimetres that separate the 
two samples that are so different in average peri-embryonic configuration. Ex
actly the same change is found in some auxiliary sections ofthe Aubeterre region, 
but it was also observed at a di stance of about 90 km from Aubeterre, near 
Meschers on the eastern bank of the Gironde. Also in the sections of Meschers 
there is no evidence whatsoever that the sudden change could be due to differ
ences in sedimentation or environment (fig. 85). The main difference between the 
Aubeterre and Meschers sections is that all through the latter the environment 
was more turbulent and/ or more shallow with occasional traces of reworking of 
older material. 

Since the concomitant increase in the means of the embryon size parameter is 
much less conspicuous than the shift in the peri-embryonic configuration, it was 
thought unlikely that a hidden environmental infiuence on the embryon size 
could be held responsible for the large change in Ë values. The logical conclusion 
then is that some process inherent to the Orbitoides populations was the cause for 
the punctuation in between the two stasis intervals. This conclusion finds support 
in the observation that at Aubeterre the accompanying Lepidorbitoides lineage 
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Fig. 85. Detail of the section of the Plage des Nonnes, Meschers, France, which contains the Orbi

toides punctuation level at about the middle of the fine-grained, homogeneous, whitish band. Lithos
tratigraphic height ofthe picture about one metre (af ter Drooger and De Klerk, 1985). 

(see chapter II,8) does not show any comparable deviation from the steady course 
of evolution across the punctuation level of the Orbitoides. 

Furthermore it appears that the drastic shifts in Ë values were mainly caused 
by a thorough transformation in the frequency distributions ofthe E variants, the 
complete range of which is essentially the same in both halves of the sections (fig. 
86). The punctuation evidently was basin-wide of the same character and does 
not look like the 'classical' idea of a punctuation (Eldredge and Gould, 1972) 
because there is no correspondingly large addition of new variants or loss of 
older ones at the punctuation level. When the entire Aubeterre and Meschers 
sections are considered one gets the impression that advanced Evariants became 
slowly introduced throughout the column and at irregular intervals, just as the 
loss of more primitive variants seems to be gradual and without system. When 
regarding the changes ofthe variation range one might come to the conclusion of 
phyletic gradualism, whereas the shifts in the courses of the mean parameter 
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Fig. 86. E bar diagrams in two sets offive successive samples combined, above (right) and below (left) 
the discontinuity level of the Campanian Orbitoides in the Carrelets section of Meschers, sw France 
(af ter Drooger, 1984). 

values suggest the basic idea of evolution by means of punctuation or of evolu
tion as a consequence of a strong forward pulse (Drooger, 1984). 

Side lioes 

In addition to the Santonian-Maastrichtian Orbitoides lineage the family shows 
at least two offshoots consisting of forms that are strongly deviating in overall 
morphology (fig. 87), one of which is again found from America via Europe and 
the western Tethys to eastern Asia. 

This most widely distributed side branch is that of the long-known genus 
Omphalocyclus, which in Europe seems to be restricted to the (Late?) Maastrich
tian. lts representatives have an Orbitoides-like embryon (fig. 81) that appears as 
quadrilocular to bilocular in median sections and which is surrounded by four 
PEC and up to three AEC (Jorissen, 1983). Most characteristic for the genus is the 
structure of the median layer. From the peri-embryonic ring of chambers out
ward the median layer becomes doubled and very soon afterwards it consists of 
three layers of rather irregular median chambers (in transverse section), which 
three layers tend to increase in height towards the periphery (fig. 87). The result is 
an easily recognizable test shape because there are no lateral chambers that fill up 
the central hollows. Even when lateral chambers have been reported (Meriç, 
1980) the test remains biconcave. 

In a careful analysis of a large number of individuals Jorissen found that there 
is a small protoconch which is present over only the upper (or lower) half of the 
embryon's height. The large deuteroconch extends over the entire height, whereas 
the two P AC that are clearly recognized as such in sections in which the earlier 
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two chambers are both hit, actually appear to be parts of one chamber when the 
embryon is cut horizontally at levels where the protoconch is not present any
more (fig. 88). So the embryon appears to be trilocular; the thin dividing walls 
tend to be straight or nearly so like in Orbitoides. It is quite pos si bIe th at the 
embryon of Omphalocyclus was quadrilocular in earl ier phylogenetic phases. 
Already in the embryon and in the nepiont the stolons are situated in such a way 
that the duplication of the median layer is predictabIe. 

Although the embryon of Omphalocyclus strongly reminds us of that of Orbi
toides I have as yet no idea of intermediate stages between the two genera. Since 

Fig. 87. Upper left: transverse section of an Ompha/ocyclus specimen from Maastricht (x 45) showing 
the biconcave shape of the test. Upper right: centre of a Torreina individual (x 160) with its thick
walled embryon. Below: thin-section of an Upper Cretaceous limestone (Cuba) in which a number of 
variously cut Torreina specimens demonstrate the globular character of the tests (approx. x 30); the 
section contains some Lepidorbitoides in addition. 

144 



Omphalocyclus is so easily recognized by its extern al shape, literature reports 
always mention the type species 0. macroporus, described already by Lamarck 
at the beginning of the 19th century, and the age is always (Late) Maastrichtian, 
maybe somewhat automatically so. It is true that whenever analyzed, it is always 
Orbitoides apiculata which accompanies Omphalocyclus, so terminal Cretaceous 
is certainly correct. The species has even been reported from post-Maastrichtian 
(Danian?) strata in North Africa (Flandrin, 1948; Drooger, 1953), but today I am 
inclined to doubt these age determinations. 

These late representatives cannot teIl us anything about the exact way of the 
Omphalocyclus' branching off from the Orbitoides stem. It is quite weIl possible 
that somewhere in the elongated geographic range from the Caribbean to the Far 
East a transitional sequence can be found, which, I think, probably started from 
some level ofthe Campanian Orbitoides douvillei, the last species devoid oflateral 
chambers, but with a four-chambered embryon and three or four PEC. O. macro
porus thus could be a rootless Late Maastrichtian immigrant in most of its geo
graphic distributional area. 

Even less can be said about the other Orbitoides offshoot, that of the genus 
Torreina, reported fr om the Maastrichtian of the Caribbean and the southern 
United States, (e.g. M.G. Rutten, 1941). There is an Orbitoides-like, thick-

\ 1 

VII 1\ 

Fig. 88. Successive embryonic-nepionic configuration pictures (approximately x 40) in nine serial 
horizontal sections (I-IX) of an Omphalocyc/us specimen. A protoconch, B deuteroconch, C and D 
together PAC (af ter Jorissen, 1983). 
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walled embryon af ter which chambers are not restricted to a single median 
layer, but they grow regularly in all directions forming a globular test (fig. 87). 
Again there are no data on the source of this Torreina torrei or on the road of 
their evolution. 

Both the Omphalocyclus and Torreina side branches of the Orbitoides lineage 
certainly deserve a separate generic rank; probably they are the consequence of 
rapid, somehow aberrant deve10pments of local stocks, after which they were 
more or less successful in gaining a wider geographic distribution. 

Summarizing, there are two major points in our knowledge on the family Orbi
toididae, worth repeating. Firstly, we meet a group that seems to be well under
standabie in its development of a main line. The morphometric c1assification 
seems to be appropriate for the positioning of all assemblages we met with. And 
in addition, research on the main lineage has furnished us with one of the most 
detailed investigations on evolutionary processes in the radial foraminifera . 
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Il,7. PSEUDORBITOIDIDAE 

The pseudorbitoid layer 

Another group of Late Cretaceous radial foraminiferal taxa has been united in 
the family Pseudorbitoididae; nearly all its representatives are confined to the 
western hemisphere. The peculiar character of the Pseudorbitoididae is apparent 
in many horizont al sections in which outward radiating striae indicate that plates 
or rods occupy a fair part ofthe median layer. There is no doubt that these forms 
descended from the trochoid, rotaliid genus Sulcoperculina, which is character
ized by a peripheral sulcus in which from above and below there is an alternating 
series of short, radial, vertical rods. In the morphologically and possibly phylo
genetically following stage of Su/corbitoides lateral chambers have been added to 
the trochoid spiral (Bronnimann, 1954). 

In the more advanced and presumably younger species of the Pseudorbitoidi
dae there is a radially built layer of orbitoidal median chambers in addition to the 
lateral systems. The comb-like structures of the peripheral sulcus have variously 
grown out to a more or less complex structure of radial rods and / or plates that 
occupy the central part of the median chambers, forming the so-called pseudor
bitoid layer (MacGillavry, 1963). Following the embryon and nepiont the later 
equatorial chambers are often incomplete and replaced by such radial elements, 
whi1e the walls of the equatorial chambers proper are frequently vi si bie on1y near 
the roof and fioor ofthe median 1ayer. Considering the figured equatoria1 sections 
it appears that chamber walls and radial elements are often indistinct, which 
obscure picture may be due to recrystallisation and the thinness of the median 
1ayer. 

In several papers Bronnimann (1954-58) described a variety of radial elements 
in the pseudorbitoid layer, on the basis ofwhich he established some new genera. 
Later work indicates that different appearances of the radial elements may weU 
be part of intraspecific variation, so that these genera might be redundant. These 
taxa, as weil as those established because oftheir conical test shape (Bronnimann, 
1958) are of little importance for my case history; they are of typological char
acter and of indistinct delimitation. 

Pseudorbitoides 

The larger part of the assemblages described or mentioned in the literature prob
ably can all be placed in the genus Pseudorbitoides (fig. 89), which presumably 
was of Campanian-Maastrichtian Age. In this genus there is a single set of radial 
plates that as a rule are not interconnected laterally (van Gorsel, 1978), but 
various complications do occur. 

It is from the monograph of Krijnen (1972) on Pseudorbitoides from Jamaica 
and Curaçao that the genus has become of interest for morphometric analysis, 
although Krijnen's succes sion of populations gives no complete record. And the 
results are seemingly not in fuU agreement with our ideas of nepionic accelera
tion. Although no morphometric ranges with species limits were defined, like they 
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Fig. 89. Median sections ofindividuals of Pseudorbitoides (Ieft) and Vaughanina, approximately x 50 
(af ter Krijnen, 1972). 

have been established by now for most lineages of the radial foraminifera, the 
data of Krijnen's monograph merit a review as a sufficiently weIl documented 
case history (fig. 90). 

According to Krijnen's analysis the most prirnitive species is P. curaçaoensis, 
described from the Caribbean is land Curaçao. There still is a very long nepionic 
spiral, in which parameter X (including the embryonic chambers in the counts) 
was found to vary from 39 to 21 eX = 27.2) and the parameter Y from 17 to 7. 
Real equatorial chambers outside the nepiont are few and those that are present 
are overridden by the later chambers of the nepionic spi ral. The pseudorbitoid 
layer of radial elements starts to become visible after the uni-apertural Y stage 
already, but sometimes it seems to be lacking altogether. According to Krijnen 
the median layer shows various structures of rods and plates. 

The next species, P. chubbi, has a shorter spi ral with parameter X in the range 
from 25 to Ie ss than 16 eX in a Jamaican sample is 19.7) and Y from 10 to 5. 
Equatorial chambers are more numerous than in the previous species with pseu-

chubbi trechmonni rutten i 

Fig. 90. Schematic drawings ofthe early ontogenetic stages in median sections ofrepresentative speci
mens of some Pseudorbitoides species (interpretation af ter photographs of Bronnimann and Krijnen). 
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dorbitoid radial elements traversing them. According to Krijnen and to Van 
Gorsel (1978), P. israelskyi would be an even more advanced species with X 
values between 13 and 8, but no mean values have been given. 

In the bulk of Krijnen's samples from Jamaica the primary spi ral is still short
er. Either the third chamber has two apertures (Y = 2) or more often there are 
two PAC and four nepionic spirals (Y = 1). Even occasion al AAC have been 
observed. Since Krijnen based his classification on X values only (and seconda
rily on the si ze of the embryon) he evidently saw no need to make a further 
morphometric subdivision for the X range that he found fr om 6.34 to 4.94. He 
united all these assemblages in the species P. trechmanni. 

Nepionts with Y = 1 in this group show various types of asymmetry (fig. 90). 
Unfortunately Krijnen did not create an asymmetry parameter for the nepionic 
spirals like it had been done for the Miogypsinidae (chapter 11,4), but he does give 
tables with an account of distinct data on the lengths of both protoconchal spirals 
expressed in numbers of chambers, and this he did for all individuals he observed. 
After calculating from these tabulated data ratios bet ween the shorter (P2) and 
the longer (PI) protoconchal spirals in terms of the numbers of chambers (now 
excluding land 11 from both counts), I find a variation in sample-average ratio 
values from 0.22 to 0.95. In my opinion such a long range might weIl constitute 
the basis for a further subdivision of Krijnen's too wide concept of P. trechmanni. 

The assemblage analysed from the Jamaican type locality of P. trechmanni 
appears to correspond to the lowest, calculated mean ratio value of 0.22, which 
value thus is the expres sion of a strongly asymmetrical configuration of the 
nepionic spirals (fig. 90). As a consequence the two assemblages with the highest 
mean P2/PI values of 0.71 and 0.95 had better not be named P. trechmanni, as it is 
done by Krijnen. A more suitable name seems to be P. rutteni, if I follow the 
opinion of successive authors that this species name stands for forms with sym
metrical four-spiralled nepionts (fig. 90). 

Actually, the interrelations are still more complex. If one considers the average 
protoconch diameters in the sequence from P. curaçaoensis to P. rutteni, as it was 
outlined above, there is a fairly regular increase fr om 50/1 to 155/1. The nepionic 
acceleration trend and the increase of embryon size together seem to be in good 
harmony with the stratigraphic order of the respective assemblages. However, 
most of the associations Krijnen described from Jamaica appear to differ by 
smaller average protoconch diameters and by intermediate mean P2/PI values 
between 0.605 and 0.634. In addition, the specimens would show a smaller num
ber of radial plates per quadrant (30 against 60 in P. trechmanni and P. rutteni), 
which plates tend to be concentrated in rays between radial rows of equatorial 
chambers instead ofbeing more evenly spaced all around throughout all equator
ial chambers. Finally, it is clearly shown in Krijnen's figures that the ractial plates 
distinctly protrude at the periphery giving the outline of the tests a pectinate 
appearance (fig. 91). Krijnen considered these associations to belong to a sepa
rate subspecies of his P. trechmanni, which subspecies possibly lived in a different 
habitat. I suppose th at this environment was deeper because these so-called pec
tinata forms are not found in the organic debris limestones like the associations of 
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the regular sequence of species, but in less calcareous sediments with a greater 
percentage of terrigenous clastics. Moreover, the tests of P. pectinata are re1a
tively thinner than they are in the P. trechmanni-rutteni associations. In my 
opinion such fiatter tests point to deeper habitats. 

The major stratigraphic problem is that these relatively more primitive forms 
with moderate asymmetry of the nepionic spirals are reported from the same 
(composite) section as the P. rutteni assemblages, from samples that had been 
taken both bel ow and above the local Barrettia limestone which had yielded this 
P. rutteni. Unless Krijnen's composite section is stratigraphically incorrect as to 
the time order of his samples, I am inclined to think th at this P. pectinata is more 
than an ecological subspecies of the main lineage. It might weIl be a genetically 
isolated offshoot that had become adapted to life in another and deeper environ
ment. 

The smaller embryons of P. pectinata relative to those ofthe near-contempora
neous P. rutteni may weIl demonstrate another case of doubling of species in a 
terminal phase of phylogeny, like it was shown for Planorbulinella and Planolin
derina. In the more primitive stage of nepionic configuration the newly added 
pseudorbitoid species, P. pectinata with its smaller embryons shows a difference 
with the established lineage. Differences were found in both other case histories 
as weIl, but the assumedly deeper forms of Planorbulinella have nepionic config
urations that are not more primitive, but more advanced. 

Fig. 91. External view and median section of Pseudorbitoides pectinata. x 25 and x 38, respectively 

(af ter Krijnen, 1972). 

Summarizing, it appears that the numerical data on Pseudorbitoides are as yet too 
incomplete for the establishing of a stabIe morphometric subdivision, but we do 
get a good idea already of what such a final subdivision willlook like. 
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There is one more interesting point about Pseudorbitoides, worth mentioning, 
which is its geographic distribution. We are dealing with a typically American 
group, but the genus has also been recorded from more western places in the 
Pacific and even as far west as New Guinea (see Van Gorsel, 1978). This distribu
tion seems to indicate that occasional rafting of orbitoidal larger foraminifera 
occurred not only across the Atlantic, but could have taken place across the 
Pacific as well . 

Vaughanina 

The Pseudorbitoididae contain yet another remarkable genus, Vaughanina, which 
seems to represent a separate branch of the family. Little more is known than the 
general build. Vaughanina again shows a long primary spiral which is followed by 
a series of annular chambers. The ontogenetically intermediate chambers are 
elongated, but not originating fr om a heterosteginid lengthening of the later 
spiral chambers. They seem to be longer equatorial chambers, presumably 
formed by protoplasm that was extruded through radial stolons, well after the 
ontogenetic stage at which retrovert apertures had been introduced in the earlier 
spiral chambers (MacGillavry, 1963). Again there are radial plates, which fact 
suggests the descent from Sulcoperculina. The plates occur in an alternating 
system and extend fr om roof and fioor into the median layer. Cut in horizontal 
thin-sections one can observe the characteristic Vaughanina pattern of square 
'chamberlets' (fig. 89). 

There seem to be differences in spirallength that eventually can lead to mor
phometric subdivision of Vaughanina associations, but data are as yet too few 
and too imprecise. Van Gorsel (1978) mentions an X value of 26 for V. barkeri 
and values of 5 to 16 for V. cubensis. 
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11,8. LEPIDORBITOIDIDAE 

Introduction 

This Late Cretaceous family of radial foraminifera consists nearly exclusively of 
one lineage for which I prefer to use no more than the generic name Lepidorbi
toides throughout its stratigraphic range. Although many Lepidorbitoides species 
be ar great resemblance to the Tertiary lepidocyclinids, one finds little confusion 
in the older literature, possibly because of the notabie age difference that is al
ways apparent from the accompanying faunas. Now that both unrelated groups 
are fairly well-known we can list some ofthe consistent morphological differences 
by which the genera Lepidorbitoides and Lepidocyclina can be differentiated, even 
if we would have no additional data as to age. Lepidorbitoides specimens have a 
very thin median layer (fig. 92), distinctly thinner than it is in the individuals of 
their Tertiary homeomorphs. Furthermore, the Cretaceous genus does not show 
the wide variationof embryon types since its embryonic acceleration does not 
proceed beyond the regular nephrolepidine configurations. By contrast, the lit
erature shows more examples of authors grouping Lepidorbitoides together with 
the contemporary Orbitoides, even though large differences in embryon config
uration and in height of the median layer are obvious at fust sight. 

Fig. 92. Transverse section of a Lepidorbitoides individual showing the thin median layer. x 13 (af ter 
Van Gorsel, 1975). 

It is likely that Lepidorbitoides occurred in all three major (sub)tropical pro
vinces of the world's seas, but our morphometric knowledge of the lineage sterns 
nearly entirely from western Europe. The data set that is now available even 
suggests that evolution of the group was restricted to the subprovinces of the 
North Sea basin and of the Pyrenean and Alpine basins of the Late Cretaceous, 
thus giving the impression that the rest of the globe harboured no more than 
occasion al offshoots fr om the European stocks. 

The generic name Lepidorbitoides was established by Silvestri in 1907, but its 
type species had been described as Orbito/ites socia/is by Leymerie in 1851 al
ready on material of Maastrichtian Age from southwest France. Some of the 
older names, like L. bisambergensis (1914), were re-introduced later wh en a mor
phometric classification was made. Otherwise the early years of research yielded 
only one other species name with really wide recognition th at still stands: L. 
minor, based on Orbitoides minor of Schlumberger (1901) fr om the Maastrich
tian of Maastricht. 
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The Austrian paleontologists Papp and Küpper (1953, 1954) were the first to 
recognize that a systematic and stratigraphically meaningful orde ring of species 
could be made when the principle of nepionic acceleration was applied. They also 
arrived at the correct conclusion as to the origin of the Lepidorbitoides lineage. In 
their L. longispiralis from the Austrian Campanian they observed morphological 
features th at plead in favour of a descent fr om the widely distributed, Late 
Cretaceous, rotaliid species Pseudosiderolites vidali. This ancestry was confirmed 
by MacGillavry (1963), who furthermore proposed the new generic name He/i
corbitoides for such early, long-spiralled representatives, which are forerunners of 
the later and more highly developed Lepidorbitoides species. Since there appears 
to be only one continuo us, European lineage I see no necessity to distinguish 
more than the single genus Lepidorbitoides for all species. 

It is in the monograph of Van Gorsel (1975) that a full morphometric classifi
cation is presented for the entire lineage. Litde can be added to this well-balanced 
subdivision. Also in his later review paper on all Cretaceous orbitoidal foramini
fe ra Van Gorsel (1978) is adding very few additional data. 

Evolution and classification 

Nepionic acceleration is the leading trend in the evolution of Lepidorbitoides. The 
long spi ral stages of the early species are expressed in terms of the parameter Y, 
which denotes the number of spi ral chambers without a retrovert aperture. In the 
further development we recognize a stage of one P AC with two openings, suc
ceeded by the introduction of the second PAC and four nepionic spirals. FoIlow
ing that stage there is a sustained evolution in which nepionic acceleration is 
expressed by adding an increasing number of AAC on the expanding deutero
conch. After using Y as a yardstick for species delimitation, Van Gorsel switches 
to the mean number of AAC, which he caBs Ä, but which I wiB denote by ë for the 
sake of analogy with the symbol that has been used for the Lepidocyclinidae. 

Embryonic acceleration is slight. If it were measured one would find some 
increase in the degree of embracement of the protoconch by the deuteroconch, 
but it must be doubted whether the actual change would be useful for classifica
tion purposes. The increase in width of the deuteroconch relative to the width of 
the protoconch is more distinct, the means of the ratio going from slightly over 
1.0 in the oldest representatives of the lineage to approximately 2.2 in the last 
species L. socia/is. This increase appears to be weIl correlated with the changes in 
average nepionic configuration (fig. 93); so it has not been used for species deli
mitation. There is also a general phylogenetic change in the shape of the equator
ial chambers, which change goes through the entire possible sequence from arcu
ate to spatulate-hexagonal. 

Before entering into the details of the successive morphometric species I will first 
give an overview of Van Gorsel's classification, leaving aside the ranges of sec
ondary features which he tabulates in his 1978 paper. As it was done for the other 
groups, I wish to restrict the number of morphometric parameters for species 
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Fig. 93. Y and eversus Dn/DI in the Lepidorbitoides assemblages of Van Gorsel (1975). 

discrimination to a minimum, the two that remain (Y and C) in my opinion 
being sufficient. Anyway, in the European lineage the changes in Du/DI and in 
the shape of the median chambers are found to be roughly parallel to those in Y 
andë. 

L. voigti 
L. longispiralis 
L. pembergeri 
L. campaniensis 
L. bisambergensis 
L. minor 
L. socialis 

Y>7.5 
7.5> Y>3.5 
3.5> Y>2.1 
2.1> Y"> 1.5 

Y <1.5 ë<O.5 
o.5<ë<4.5 

C>4.5 

The oldest species, L. voigti, described by Van Gorsel from the Campanian of 
southern Sweden, still is very close to the ancestral Pseudosiderolites vidali. It 
shows the same long, low-trochoid to nearly plane spi ral with chambers continu
ously increasing in size, as weIl as the ancestral, wide peripheral flange with 
numerous coarse canals or tubuli. Sm all chambers originating fr om retrovert 
apertures are very few and they are continuously overridden by the main spiral. 
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There are few, but distinct lateral chambers already. 
I share the opinion of Van Gorsel that the origin of Lepidorbitoides may have 

been facilitated by the remoteness of the Swedish subprovince of L. voigti. This 
area probably was situated at the periphery of the distributional realm of the 
ancestral Pseudosiderolites species. It is remarkable that further south there was 
another more wide-spread offshoot from P. vidali. In this Arnaudiella grossouvrei, 
described from southern France, no additional equatorial chambers are added to 
the spi ral ones, but there are numerous lateral chambers in a well-organized 
system (Van Gorsel, 1974). Arnaudiella grossouvrei probably remained without 
further issue. 

Fig. 94. Horizontal section of a specimen of Lepidorbitoides longispiralis showing the long, helicolepi
dinid type of spiral. x 50 (after Van Gorsel, 1975). 

In the next species of the Lepidorbitoides lineage, L. longispiralis, there still is a 
long and continuous spi ral (fig. 94) that may disappear from the picture before it 
reaches the periphery ofthe adult test. The equatorial chambers are more numer
ous and tend to form a genuine layer with equally-sized chambers all around. 
Vestiges of the ancestral flange are often still recognizable and lateral chambers 
have started to develop in columns with pillars in between. 

Since the Y counts include both embryonic chambers it is clear that the 3.5 -

155 



156 



-
Fig. 95. Embryonic-nepionic arrangement types in Lepidorbitoides from L. pembergeri to L. socia/is. 
x 100- 115 (after Van Gorsel , 1975). 

2.1 range for Y in L. pembergeri means that its assemblages will contain frequent 
individuals with one P AC th at possesses stoloniferous openings at both sides (fig. 
95). The resulting, so-called biserial nepionts in L. pembergeri show that the 
primary spiral will continue (be unrolling) some distance over the smaller cham
bers of the opposite spiral and their ensuing equatorial chambers before it be
comes indistinguishable in the median layer of subequal equatorial chambers. 

In the following L. campaniensis, individuals with a single PAC are predomi
nant, but now the primary spiral is not so of ten unrolling into the median layer 
anymore. Actually we see an asymmetrie peri-embryonic arrangement of two 
nepionic spirals which occasionally may cover a small second PAC. This species 
was originally described by Van Gorsel from the type section of the Campanian 
in sw France. 

The associations of L. bisambergensis show two P AC in most specimens, the 
four nepionic spirals fr om which are forming nepionic configurations that range 
fr om strongly asymmetrie to close to symmetrical. It is not clear whether an 
asymmetry parameter would have been meaningful for further subdivision. 
Furthermore, occasional AAC become introduced in this species. 

The classical L. minor, which is abundant in the type deposits ofthe Maastrich
tian Stage, has fully achieved the symmetrical arrangement ofthe nepionic spirals 

Fig. 96. Median layer in a specimen of L. socia/is showing the spatulate-hexagonal shape of the later 
equatorial chambers. x 15 (af ter Van Gorsel, 1975). 
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encircling the protoconch, while the moderately increased number of AAC on the 
deuteroconch (C Ie ss than 4.5) furnishes the delimitation from the last species of 
the lineage. 

L. socia/is is the species that most clearly shows the relative and absolute size 
increase ofthe deuteroconch. These large second chambers appear to be equipped 
with much greater numbers of AAC (fig. 95). These AAC may be situated so close 
together that in between th ere is space only for no more than the interauxiliary 
closing chambers. Crowding of equatorial chambers in the same ring leads to 
their frequently spatulate shape in the later part of the median layer (fig. 96). 

The last two species 

Van Gorsel's survey ab Ie classification (fig. 93) is clear-cut and probably corre
sponds weIl to the stratigraphic order of species during Campanian-Maastrich
tian time, but there are still some unsolved problems left, which mainly refer to 
the two most advanced species. 

If one considers the geographic distribution of these two presumedly successive 
species of the same lineage, it is apparent that their reported occurrences show 
little geographic overlap. L. minor is mainly reported from northern and central 
Europe, whereas L. socia/is is especially known from circum-Mediterranean 
countries. The only overlap area in Van Gorsel's distribution lists would be in 
the Austrian Alps. As earlY as 1955 MacGillavry showed in an elaborate mor
phometric study that regression lines based on the dimensions of the embryonic 
chambers are distinctly different for L. minor from Dutch Limburg and for L. 
socia/is from the French Haute Garonne district (fig. 97). He argued that we are 
dealing with two different provincial developments of terminal Lepidorbitoides 
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Fig. 97. Scatter peripheries of Dil versus DI for a large number ofindividuals of Lepidorbitoides minor 

(Netherlands) and L. socialis (France). In the area of overlap the L. socialis specimens have much 
higher C values (after MacGillavry, 1955). 
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stocks that could well be of the same Maastrichtian Age. So far we have insuffi
cient means to estimate any time difference between both stocks. Van Gorsel's 
time-stratigraphic succession of both species that is based on the appreciation of 
consistent nepionic acceleration certainly is sound, but by now we cannot con
si der it as proof that we might not be dealing with different provincial develop
ments of approximately the same age. It is remarkable that in sw France with a 
very good record of L. socia/is no precursors have been reported of the L. minor 
stage. Several solutions may be proposed for this lack of immediate ancestors, the 
assumption of a migration wave in my opinion being the most likely one. If one 
assumes that in some other subprovince, for in stance in central Europe, there was 
a continuous succession, then the French and Dutch stocks each could represent 
alocal succes sion based on immigrants. In this way we would have to accept that 
local speeding up of evolutionary rates did occur, which conclusion could be fatal 
for refined chronostratigraphic long-distance correlations that are currently 
based on the morphometricaHy successive members of the lineage. 

Referring to the end of the lineage we mayalso con si der the fuH morphometric 
record of L. socia/is in sw France and northern Spain, reported on by Van Gorsel 
(1975) but also by Verhallen et al. (1984). The variation in ë of the numerous 
assemblages is considerable, ranging from 5.3 to 11.5. This is an extremely long 
range for one morphometric species when one regards the standard errors of the 
means. As argued by Verhallen et al. there is ample space for the distinction of at 
least two morphometric species in this range, the more so since the French strati
graphic data seem to indicate a consistent increase of the C means. Moreover, 
Verhallen et al. recognized that there is a gap in their record around ë = 9.5 (from 
8.5 to 10.2), which might be a convenient place to define an interspecific limit. No 
new species name was proposed, however, because it is not clear to which of the 
two species units the name socia/is should be applied (possibly to the most ad
vanced one) and as for the other species it is hard to decide which of the various 
synonyms of L. socia/is must be chosen. The morphometric gap near ë = 9.5 
seems to correspond to a period of rapid evolution, or even with a punctuation, 
but the sedimentary data in the stratigraphic sections involved are too po or to 
accept the latter evolutionary phenomenon as a real fact in this case. 

Orbitocyclina 

From America Lepidorbitoides-like forms have been described under several 
species names and usually with the generic name Orbitocyclina of Vaughan 
(1929). As far as the figures and the poor morphometric data permit us to draw 
any conclusion, we seem to be dealing in most cases with nepionic types with one 
P AC and two nepionic spirals, occasionally with a single short spi ral. These con
figurations are comparable to those of the European L. campaniensis. The oldest 
available species name is Lepidorbitoides minima given by Douvillé in 1927, 
which name was used in Europe as well until the name L. campaniensis was 
introduced. According to Van Gorsel (1978) the American group would show 
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practically no nepionic acceleration throughout its range, which range would 
correspond to a large part of the Campanian and the Maastrichtian. 

The discus sion of Van Gorsel also deals with the separate generic status of 
Orbitocyclina given to these American forms, as well as with the morphological 
arguments for their derivation from some lepidorbitoid or possibly pseudorbitoid 
ancestor. Since no predecessor in a morphometric sense has been described from 
America for this L. minima, I suggest that we are dealing with an immigrant from 
Europe, which remained about stationary in nepionic configuration but did de
velop provincial features of lesser morphometric importance such as the some
what larger Du/DI ratio (1.35 - 1.50 and even more) and spatulate to hexagonal 
equatorial chambers. Although I do appreciate the argument that the American 
group is a separate offshoot from the Lepidorbitoides main lineage, this sustained 
provincialism is in itself insufficient a reason to maintain the generic name Orbi
tocyclina when there are no substantial morphological differences. Morphometric 
data to distinguish L. minima from L. campaniensis (minima having priority, 
being the ol der name) are not convincing either, but different names have been 
accepted for similar species in separate provinces for other groups, when we were 
convinced that they formed no genetic entity. 

Another special trait of the American si de line would be the development of 
stellate patterns in the median layer as well as in the test shape. It is not clear 
whether this Asterorbis (type species A. rooki) is more than a product of int ras
pecific variation. According to Van Gorsel there may be two PAC, which config
uration is more advanced than that of L. minima. 

Van Gorsel (1978) also paid some attention to scattered occurrences of Lepi
dorbitoides or Orbitocyclina forms, east of the European province (Turkey, Iran 
and India). For this area new genus and species names (e.g. Orbitocyclinoides 
schencki) are quite common, but information on juvenile features is very scanty. 
Whatever the stratigraphic context, we may conclude that it is likely that Lepi
dorbitoides extended its geographic range in eastward direction, but whether this 
extension corresponds to a continuo us development or just to a number of migra
tion waves, remains unknown for the time being. 

The Paleocene darkness episode 

If there is any group that might have survived the scene of obscurity at the 
Cretaceous-Tertiary boundary interval, it is the family Lepidorbitoididae that 
stands the best chance (e.g. MacGillavry, 1963; Fermont, 1982). Of course, sug
gestions in this direction were primarily advanced as an explanation for the 
apparently rootless appearance of the successful Paleogene radial foraminifera 
with their more or less rectangu1ar chambers or chamberlets (chapter II,9). It is 
very likely that the boundary event, whatever its nature, strongly reduced the 
areal ex tent of shallow, carbonate-platform environments that are thought to 
have been especially suitable for the development of radial foraminifera. Re
fuges must have been rare and are still of unknown location, which circum-
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stances are believed to give areasonabie explanation for our scanty data from 
the threshold period. 

Reports in the older literature on Early Paleogene radial foraminifera show a 
wealth ofremarkable forms that are hard to place in any ofthe larger groups. For 
my review which is meant to concentrate on morphometric methods for the 
understanding of evolution, these forms are as yet of negligible importance, but 
I want to make a few remarks as an introduction to my last case history. They 
show that there is still a long way to go before we have a full understanding of all 
past developments. The speculative account I am giving here is certainly not 
exhaustive and I can do little more than repeat the various typological observa
tions of variabie quality from far-off places. Most of these locations are outside 
the areas of current paleontological activity or they are in regions that are less 
weIl accessible nowadays, like Tibet and the Punjab. Accounts of Van Raadshoo
ven (1951) and Van Gorsel (1978) were most useful for my synoptic review. From 
these literature data I get the impression that there were at least two different 
groups popping up from the earliest Paleocene twilight zone. 

From assumedly Danian deposits of Tibet DouviIlé (1916) described Lepidor
bitoides polygonalis and L. tibetica, which have hexagonal median chambers and 
seem to be intermediate between the Lepidorbitoididae and the Orthophragmi
nae. A similar build is suggested for the poorly characterized Caribbean genus 
Bontourina of Caudri (1948). Data on the nepionic arrangements in these forms 
are not really known. I think that they may be survivors of the lepidorbitoid 
stocks of the Late Cretaceous; such forms give us some idea of what intermedi
ates to the Orthophragminae could have looked like. 

Lepidorbitoid generic names have been applied for other Paleocene forms as 
weIl (fig. 98), but most of these are different because of more primitive nepionts 
and less elongate, more arcuate median chambers. Their build resembles that of 
primitive lepidocyclinids much better. 

Van Raadshooven (1951) showed that Lepidocyclina barbadensis ofthe Ameri-

borbodensis semmesi A B 

punjobe.nsis 

Fig. 98. Embryonic-nepionic configurations in some Early Tertiary radial foraminifera of unknown 
kinship (interpreted after photographs of Tan Sin Hok, M.G. Rutten, Van Raadshooven and Van 
Gorsel). 
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can Paleocene has a rounded protoconch, a distinctly smaller deuteroconch, one 
P AC and one or two nepionic spirals. It is likely that the Paleocene to Early 
Eocene Actinosiphon semmesi from Mexico is a related form, but more advanced 
by its two P AC and asymmetrical nepionts. Similar embryons with one or two 
unequal PAC can be seen in Van Raadshooven's Lepidocyclina A and B fr om the 
lower Middle Eocene of Venezuela. 

Comparable juvenile configurations with one or two PAC, but with a larger 
deuteroconch in the embryon, are seen in the Asian Lepidocyclina punjabensis, 
which Tan (1939) placed in Orbitocyclina and Rao (1940) in a new genus Orbito
siphon. 

In my opinion it is unlikely that these scattered species with primitive lepido
cyclinid structures (fig. 98) descended from the Lepidorbitoididae. In the Actino
siphon forms the embryon has too small a deuteroconch, the nepionic configura
tions are too primitive and the median chambers too arcuate to make these taxa 
logical successors of Orbitocyclina minima ofthe same American province. And if 
we believe in the value of nepionic acceleration they are too far advanced to be 
forerunners of Polylepidina in the genuine Lepidocyclina clan. Both Actinosiphon 
and Orbitosiphon may be independent lines of unknown ancestry (Van Gorsel, 
1978; Adams, 1987). However, this conclusion can be defended only if the age 
determinations, given in the literature, are correct. 

162 



1I,9.0RTHOPHRAGMINAE 

Introduction 

It would be childish to ignore the most widely distributed group of radial forami
nifera of the Paleocene and Eocene for the simple reason that our morphometric 
investigations so far failed to improve their classification or to clarify their phy
logeny. I have to acknowledge that major contributions to the understanding of 
coherence and diversification of these orthophragminids stem from careful, typo
logical observations of morphological details, which details show a bewildering 
variation. However, the typological approach of authors and the lack of taxon 
descriptions in which it is attempted to consider populations, I experience as 
serious handicaps for the reconstruction of lineages and the recognition of possi
bie evolutionary pathways. 

All over the world these Early Tertiary radial foraminifera are characterized by 
the presence of equatorial chambers, or chamberlets, of (ne ar-)rectangular shape 
and thus arranged in annular series. It is observed that such rings of subequal 
median chambers make their appearance immediately around the embryon, 
although there are several exceptions to tbis rule. The long morphological road 
of nepionic acceleration that theoretically must have preceded this optimal radial 
configuration around the embryon, is entirely unknown and still open to several 
and variabie speculations. Since there are different ideas about the phylogenetic 
coherence of all these Paleogene forms, I will use the informal denomination 
shown in the heading of this subchapter, wbich term was derived from the inva
lid genus name Orthophragmina of Munier-Chalmas (1901). In this way I follow 
the practice of several French authors (e.g. Neumann, 1958). Recently this de
nomination was also employed by Less (1987) in bis impressive monograph on 
the Eurasian representatives of the group. I wish to emphasize that the word 
Orthophragminae has no standing in Linnean nomenclature; it can not be taken 
for a subfamily derived from the generic name (which would be Orthophragmi
ninae). 

Nepionic acceleration clearly being ofno more use to unravel the evolutionary 
courses of the Orthophragminae, one might hope that embryonic acceleration 
could be applied with more success for the reconstruction of lineages. Van der 
Weijden (1940) introduced a nomenclature of embryon types, and corresponding 
subgeneric names, following the subdivision made earlier for the Lepidocyclini
dae. Less (1987) even goes further, recognizing some ten different embryon con
figurations from isolepidine to centrilepidine (both embryonic chambers showing 
as concentric rings in median sections). Already Van der Weijden noticed that all 
his types seemed to range throughout the entire stratigraphic range of the group. 
Since the embryon types can not be used for a time-bound ordering of taxa, later 
authors were right to ignore the subgenera proposed by Van der Weijden. 

All authors seem to agree that throughout the stratigrapbic range ofthe Ortho
phragminae we are dealing with two independent groups (fig. 99). The method of 
subdivision that is easiest to see, is based on the external appearance of the tests. 
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In one group the animals have a more or less rounded, discoid shape with the 
chambers in circular annuli (e.g. Discocyclina), while the other group consists of 
taxa that are stellate in outer appearance as well as in the structure of the median 
layer, in which the equatorial chambers are more elongated in the rays than in the 

Fig. 99. Asterocyclina (left, x 67, 230, 625) and Discocyclina (x 40, 140, 440) in median sections. 
Lower two pictures microspheric specimens (af ter Fermont. 1982). 
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inter-radii (e.g. Asterocyclina). Brönnimann (1945) distinguished separate subfa
milies for these two groups, but tbis distinction was based on more than the non
stellate versus stellate shape features. It should be noted that in the Orthophrag
minae stellate appearances are clearly characterizing species and genera, whereas 
in most other lineages (e.g. the Lepidocyclinidae) such growth pattems are 
thought to be of no more than intraspecific variation value or at the utmost of 
species characterization. 

The microspheric generations 

Brönnimann (1940,1945) advanced completely different arguments to prove that 
the Orthophragminae contain two different and unrelated lineage groups. The 
evolutionary drives having been exhausted in the megalospheric generations al
ready at the moment that the first Paleocene species come into view, he paid 
special attention to microspheric specimens that are expected to preserve the 
ancestral chamber configurations in their juvenile features much longer (fig. 
100). Brönnimann found an orbitoidal growth pattem in microspheric stellate 
Asterocyclina, but also in some regularly discoid forms, for which the genus 
name Orbitoclypeus of Silvestri (1907) was available. In genuine Discocyclina he 
found a Cycloclypeus-like configuration ofthe early chambers, which fact led him 
to the conclusion that the annular rings are the chambers that con sist of cham
berlets, wbich chamberlets then are not homologous to the rectangular orbitoidal 
equatorial chambers in Orbitoclypeus and Asterocyclina. Although often better 
visible in the drawings than in the photographs, these differences have repeatedly 
been confumed by later authors. Most of these authors distinguish the families 
Discocyclinidae and Orbitoclypeidae, following the upranking ofPokomy (1958) 
and Caudri (1972). As a consequence, Discocyclina and Orbitoclypeus are con
sidered to be homeomorphic genera of completely different derivation (e.g. Si
rotti, 1987). Asterocyclina is grouped with Orbitoclypeus, while several American 
genera (Athecocyclina, Pseudophragmina, Proporocyclina) would belong to the 
Discocyclina clan. 

Fig. 100. Early growth pattems in microspheric Asterocyclina (Jeft) and Discocyclina. Free interpreta
tion after photographs of Brönnimann, Fermont and Sirotti. 
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Without knowledge of their microspheric generation the numerous taxa based 
on megalospheric specimens (i.e most of the species) are hard to place in this 
family subdivision. As to the megalospheric individuals Orbitoclypeus species 
would show a tendency to form more hexagonal equatorial chambers. Their 
annular walls are frequently notched, whereas in discocyclinid species the annu
lar walls are smooth and the walls of the septula are often of lesser thickness. 

Ancestry 

Discussions about the derivation of the various Orthophragmina lineages consti
tute an attractive domain of phantasies and speculations that are more or less 
different from one author to another (Brönnimann, 1945; MacGillavry, 1963; 
Caudri, 1972; Fermont, 1982; Sirotti, 1987; Less, 1987). Most authors implicitly 
assume that the few million years of Early Paleocene obscurity were too short for 
any complete development from unknown spiral ancestors to the very perfect 
megalospheric configurations we see when discocyclinids and orbitoclypeids en
ter the record. I share this opinion, but it certainly is no more than a speculation. 
One might equally weIl postulate that with small populations in a restricted 
number of suitable habitats of small areal extent, various new stocks of radial 
foraminifera could have passed through a very rapid evolutionary development. 
However, it is a very unsatisfactory idea for a paleontologist if he has to accept 
that we would have little chance of ever finding such roots in the earliest Paleo
cene. So most authors are inclined to search for ancestors amongst the terminal 
phases of Late Cretaceous lineages. In my opinion such an approach is pref er
able, indeed. 

Considering the very thin median layers seen in all Orthophragminae, Late 
Maastrichtian representatives of the lineages of the Lepidorbitoididae and Pseu
dorbitoididae seem to offer the best candidates. Especially in the earlier literature 
the Lepidorbitoides and Orbitocyclina groups are hinted at most of ten as the 
pos si bie source of at least the Orbitoclypeidae. 

Fermont (1982) is most outspoken, but very extreme, in his speculations. He 
claims that as far as the megalospheric generations are concerned the biometrical 
data on Lepidorbitoides minor and L. socialis fr om the European Maastrichtian 
indicate that these species could weIl have been the ancestors of his Asterocyclina 
taramellii and Discocyclina augustae lineages, respectively, that he described from 
the Lower Eocene of Israel. The morphometric resemblances across the missing 
interval are striking, indeed, but Fermont's hypothesis might weIl be an example 
of the postulate that one can lie with morphometrics just as weIl as with statistics. 
Although Fermont appears to be weIl aware of the difference in microspheric 
build, he neglects this difference between Discocyclina and Lepidorbitoides in his 
theory. Most authors will see no harm in connecting Asterocyclina to some lepi
dorbitoid ancestor, but our strong belief in the 'law' of palingenesis is hurt by 
connecting the Discocyclina species to a similar source. By the way, Less (1987) 
thinks that Fermont's early Discocyclinids be long to Orbitoclypeus and Nemko-
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vel/a, which detenninations would make Fermont's connection less embarras
sing. 

Actually, nobody has a serious theory about the derivation ofthe discocyc1inid 
juvenile structure as it is seen in microspheric individuals. As far as I know, Less 
(1987) is the only author, who speculates that there may have been some Cyclo
cibicides-like ancestor or maybe some Operculina taxon at the root of this group. 

Not being afraid of launching phantasies where those existing are not any 
better, I like to offer two more options, for which I have no proofwhatsoever. 

One is that the discocyc1inid configuration would have descended from some 
Late Cretaceous pseudorbitoid ancestor, for which the genus Vaughanina might 
be the best guess. One argument could be that if Vaughanina would lose its radial 
plates the resulting configuration of annular rings would look very similar to that 
of the American discocyc1inid genus Athecocyclina with its poorly developed 
radial septulae. According to Less Athecocyclina is the most primitive genus of 
the Discocyc1inidae, and Vaughan (1945) indeed men ti ons the genus from the 
American Paleocene already. Another argument for a pseudorbitoid ancestry of 
the Discocyc1inidae I find in the suggestion of MacGillavry (1963) that in 
Vaughanina there are elongate but non-circular equatorial chambers between 
the earlier spiral and the later annular ones (fig. 101). These intennediate cham
bers are interconnected through radial stolons. Similar observations may be read 
from some of the photographed microspheric discocyc1inids, in which the inter
mediate heterosteginid chambers seem to be the result of a lateral alignment af ter 
fusion of not so regular chamberlets (e.g. Sirotti, 1987). 

Fig. lOl. Hypothetical Vaughanina derivation ofthe Discocyc/ina structure. 

As a second option I want to give a completely different, more philosophical 
approach to the discocyc1inid riddle. Are we not too dogma tic about the funda
mental difference between orbitoidal and annular growth patterns? I can imagine 
that a basic spiral pattern leads to orbitoidal growth in one line of descent, 
whereas lengthening of the spiral chambers could make the acquirement of addi
tional stol ons in non-retrovert position more profitable and thus introduce a 
heterosteginid built. It is not a real argument, but rotaliids have given ri se to 
orbitoidallineages as weIl as to Cycloclypeus, and cibicidoid ancestors led to the 
various planorbulineIlids as weIl as to Cyclocibicides. It is true that these exam
pIes refer to origins at remote places in the rotaliid and cibicidoid stocks, whereas 
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I am now trying to evoke fundamental modifications in more c10sely related 
lepidorbitoids of the terminal Maastrichtian. It is also true, as it was correctly 
stated in a different context by MacGillavry (1963) that for such a modification 
scenario, proterogenetic changes have to be inc1uded in the history of evolution. 
Proterogenesis is of dubious standing in the theories on the development of radial 
foraminifera, in which we seem to see nothing but deuterogenetic lines of evolu
tion. But in my opinion, the introduction of more stol ons in the wall of the 
deuteroconch that led to more and more AAC in Lepidocyc1inidae and Lepidorbi
toididae, is proterogenetic as weIl. Summarizing, I suggest that we should be 
careful that we are not setting too strict man-made rules to the evolution of the 
radial foraminifera. 

Anyway, the speculation th at all Orthophragminae after all might have had a 
common ancestry I still find very attractive. It would offer a more logical expla
nation for the unique rectangu1ar shape ofthe equatorial chambers and chamber
lets, found in alllineages, than the otherwise remarkable coincidence of home
omorphs from very different sources, which lived during exactly the same time 
interval of the Paleogene. 

Additional ramification 

After this lengthy excursion through the country of fiction, I had better return to 
the Orthophragminae, although phantasy and offering specula ti ons do remain 
essential 'skills' for any further appreciation of the data on this group. 

Whatever their source, it is c1ear to me th at at least two different lineages or 
lineage groups emerged from the mysterious Cretaceous-Tertiary transitional 
period. The representatives of both groups having attained the unusually high 
degree of structural perfection in the Paleocene already, one can imagine that no 
adaptive stress could be exerted anymore on the juvenile configurations to the 
effect of a further reducing of the number of budding steps until radial growth is 
achieved. The entire Paleogene history of the Orthophragminae thus could well 
have been modelled by numerous random changes in separate local population 
suites. Such a process could have been responsible for the disordered record of 
species in the literature. But possibly I am too much prejudiced because of my 
philosophy, based on morphometric methods, as a means to find some order in 
the chaos. 

In my opinion it is remarkable that no further systematic change seems to have 
taken place in the embryon configurations. In the oldest known Paleocene and 
Early Eocene forms nephrolepidine embryonic arrangements are the most com
mon ones. In Asterocyclina such types remain fairly persistent throughout the 
Eocene, whereas in Discocyclina and probably in Orbitoclypeus as well, there 
exists a full series of embryonic types fr om isolepidine to centrilepidine. The 
stratigraphic record of these and all intermediate types seems to be erratic, how
ever. The order ofthe appearance ofthe embryonic types certainly is not parallel 
to the theoreticalorder of successive stages of embryonic acceleration. This is one 
of the reasons for me to suppose that many more than two lineages are involved. 
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One must give full credit to Less (1987) for his consistent efforts to find addi
tional, though typological characteristics in the megalospheric individuals, by 
which this author effected a grouping of taxa into a coherent, phylogenetic c1assi
fication system. As a matter of fact, it has to be admitted that the few earlier 
attempts of shaping the orthophragminid history by actual measurements of 
embryonic and nepionic parameters alone, did not lead to surveyable results. 
Such data were found to be insufficient for discriminating between co-occurring 
taxa of Discocyclina and Asterocyclina (Brolsma, 1973), or between contempora
neous assemblages of different lineages of each of these genera (Fermont, 1982). 
Or, there was no logic in the successions ofmorphometric taxa (Setiawan, 1983). 
It may be postulated that we need more morphological criterions for disentan
gling the orphophragminid knots. Actually, we know that by applying qualitative 
differences of yes/no character a procedure could be built that did lead to an 
acceptable subdivision in other orbitoidal groups, such as the Miogypsinidae 
(chapter II,4). 

Since Less' attempt to order the Eurasian Orthophragminae on the basis of a 
large number of observations on different features is the most elaborated one 
that has ever been written, it is worthwhile to understand his reasoning. 

In the family group of the Discocyc1inidae with their annular growth patterns 
he supposes th at there was an early development, in which septulae grew out 
fr om the basal walls of the annular chambers. In these megalospheric Discocyc1i
nidae he thus recognizes a lengthening of the proximal parts of the septulae. He 
sees an evolutionary succession in certain American forms, which sequence goes 
fr om Athecocyclina with no or incipient septulae to Pseudophragmina and Pro
porocyclina with successively better developed radial septulae and with dis tal 
annular connections. Although no link is described, Less' theoretical continua
tion of this trend leads to the Tethyan group of his new genus Nemkovella (with
out annular stolons, four radial ones per chamberlet only) and further on to 
genuine Discocyclina in which a new persistent six-stolon system has developed 
by the re-introduction of annular stolons but now in proximal position. All these 
genera would have largely concurrent stratigraphic ranges and no real transi
tional assemblages are described. The first three genera are exc1usively Ameri
can. The latter two are reported from the Eurasian province only, where Disco
cyclina seems to appear earlier in Less' account than its predecessor Nemkovella. 

Most of the Orbitoc1ypeidae would have a persistent four-stolon system. The 
group would also start in American darkness with primitive Orbitoclypeus spe
cies, amongst which we might place as an early form the Hexagonocyclina (= 
Bontourina) type of Caudri with its two PAC and symmetric nepionic spirals. In 
the Tethyan province there is a suite of species that developed along various lines 
from the Paleocene O. seunesi. Asterocyclina would be the result of an as yet 
unobserved branching fr om Orbitoclypeus in the Eurasian (and American?) pro
vince(s), whereas Neodiscocyclina of Caudri (1972) with a new six-stolon system 
would be an addition, mimicking in the western hemisphere the Eurasian Disco
cyclina. 
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Whatever the value of these hypotheses on descent of these genera may be, it is 
clear that the stolon systems ofthe equatorial chambers are a primary qualitative 
characteristic in Less' systematic hierarchy. They are said to enable the differen
tiation of the larger groups in the families Discocyclinidae and Orbitoclypeidae. 
Unfortunately, stol on systems can often not be observed, certainly not in Less' 
photographs of median sections. 

For the further discrimination of the genera and especially of species groups 
the shape of the peri-embryonic chambers also have a very high rank in Less' 
classification system. He gives an outline of six fundamentally different types. 
The possibility that one can distinguish principal and accessory auxiliary cham
bers on the deuteroconch, by means of their open arcuate shape in horizontal 
section, from the interauxiliary (and closing) chambers in between (his stelIata 
type), is considered typical for part of the Asterocyclina species and for a single, 
phylogenetically isolated and poorly known Orbitoclypeus taxon fr om the Lute
tian of the Aquitaine basin (his o. daguini). A theoretically more advanced mor
phological stage would show a ring of closely appressed and near-identical peri
embryonic chambers of arcuate to spatulate shape (his varians type), which is 
found in all other Orbitoclypeus, in all Nemkovella, in another part ofthe Astero
cyclina taxa (the few remaining Asterocyclina have a small number of extremely 
wide peri-embryonic chambers, his alticostata type), but also in some Discocycli
na species. Equal-sized, weakly spatulate to hexagonal, and really rectangular 
peri-embryonic chambers occur only in Discocyclina; they are referred to as the 
pratti and archiaci types, respectively. 

Additional group characters are found in peculiarities of the extern al appear
ance of the test, for instance ribs (a.o. the classical Aktinocyclina) and surface 
ornamentation. The species groups and species are furthermore characterized by 
the embryon types in the theoretical morphotype-series fr om isolepidine to cen
trilepidine, to some extent by the number and dimensions of the adauxiliary 
chambers, and also by the growth patterns deduced from the relative height of 
the successive rings of median chambers or chamberlets. 

The resulting phylogeny in Less' monograph shows many branches. Repeated 
splitting results in a complex tree for all four Eurasian genera, especially for his 
Discocyclina. The numerous ramifications are hard to evaluate because the strati
graphic framework is not easily surveyable fr om the scattered localities in the 
Soviet Union, Hungary, Italy and France. 

All stages of measurable evolutionary development in such a lineage are usual
ly appreciated by subspecies terms under the umbrella of a single species name. 
Successive stages of evolution in such a lineage-species are primarily based on the 
numerical increase in mean deuteroconch dimensions. The subdivision with 
clearly set limit values leads to the recognition of a succession of named subspe
cies. Increasing embracement of the protoconch by the deuteroconch and in
crease in the number of peri-embryonic chambers are considered to be parallel 
evolutionary trends in the development of such lineage-species. 
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Morphometric data 

The degree of embryonic embracement, the dimensions of the embryonic cham
bers, and the number of peri-embryonic chambers are also the measured / counted 
observations (fig. 102), which figure in the few earl ier publications that give 
morphometric analyses of orthophragminid assemblages (Brolsma, 1973; Fer
mont, 1982; Setiawan, 1983). 

From the papers of these Utrecht authors it can be concluded that there is a 
fairly good positive, but not consistent, correlation between the size ofthe embry
on (DIl as the yardstick) and the number ofperi-embryonic chambers (n1 .2) in the 
separate assemblages, as weIl as in groups of seemingly related assemblages from 
different samples. The degree of embracement of the protoconch by the deutero
conch (factor R for these lineages) has a Ie ss regular positive correlation with the 
other two parameters. 

I I 
I I 

r-----o I ------i 
~--------Oil--------~ 

R · h / Hi' 100 

n, .2· 19 

Fig. 102. The derivation of parameters DI. DIl. Rand nl .2 in median sections of the Orthophragmi
nae. 

Unfortunately, the morphometric data of Less are hard to compare with those 
of the earlier three authors . The latter evidently had a wider species concept 
because, if their numerical data per sample showed no clear discontinuity, they 
treated such observations as representing a single population or species. Less' 
determinations cannot be evaluated in tbis respect because bis numerical data 
are rather generalized, neither tabulated nor presented graphicaIly. His introduc
tion of a large number of 0-1 discriminations for the establisbing of species 
(groups) evidently leads to frequent recognition of many species per sample. For 
instance, bis locality Horsarrieu in southern France contains as many as eight 
species of Discocyclina based on a tot al of 25 specimens, and in addition two 
species of Nemkovella on six specimens and another two of Orbitoclypeus on 7 
individuals. With such a species variation at one locality, I start to feel uneasy, 
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fearing that the species concept is too narrowly typological rather than popula
tional. In the earlier morphometric investigations there are often also two, or 
even three different assemblages per generic category in single samples, but there 
are never that many. I am quite willing to believe that it is possible that the 
procedure of Fermont c.s. led to undue lumping of unrelated forms. On the other 
hand, however, the splitting that Less is showing, is primarily based on his firm 
belief in the important role of the discriminating qualitative parameters, but it is 
not convincing from the morphometric point of view. Although there is no proof, 
one starts to suspect that at least part of Less' species (groups) could weIl be 
members or variants in otherwise homogeneous populations. 

The fact that the vast amount of data does not permit me to fully appreciate 
intraspecific variation on the basis of a numerically tested population concept 
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Fig. 103, Means of parameters in the successive Asterocyc/ina assemblages in the section of the 
Eocene ofEin Avedat, Israel (after Fermont, 1982). 
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does not necessarily mean that one has to reject Less' approach of Orthophragmi
na classification and phylogeny. It is admitted that the population concept of the 
Dutch school so far did not reveal anything better than another, rather unsurvey
able disorder in systematics and in mutual relationships. If really the evolution of 
Asterocyclina and Discocyclina proceeded along unpredictable courses, a typolo
gical concept that concentrates on many qualitative differences may well be the 
best solution to recognize time-bound morphotypes that can be used in biostrati
graphic correlations. 

However, Fermont's data from a long Lower-Middle Eocene succession of 
samples are much more coherent, than I might have suggested above. Fermont 
demonstrates a staggered but fairly sustained change in his most frequent Astero
cyclina lineage (fig. 103). Notwithstanding the irregularities, the embryonic 
chambers increase in diameter and show progressive embracement. On the basis 
of the latter feature Fermont recognizes two successive species, A. taramel/ii and 
A. stel/a. Although Less recognizes the same two taxa as subspecies of one line
age, but now discriminated on the basis of deuteroconch size, he translates the 
entire sequence of Fermont as representing only one of his subspecies A. stella 
taramel/ii, notwithstanding the fact that the mean deuteroconch dimensions of 
the successive assemblages are c1early to both sides of his self-defined demarca
tion line between both subspecies. I get the impression that he is rather lenient in 
the application of his size increase rule, so th at I get even more suspicious. The 
representatives of Fermont's main Discocyclina augustae-varians lineage may 
well contain more heterogeneity than those of Asterocyclina, but I do not know 
whether Less' translation of these discocyc1inids into species of three different 
genera gives a more realistic picture. 

Although 1 do accept for the time being Less' qualitative approach for the 
classification of the Orthophragminae as a valid means to describe the morpho
logical variation, I have serious doubt as to his choice for the hierarchy of char
acteristics. Especially the heralding of size increase of the embryon as the primary 
feature to determine successive stages in lineage evolution seems to be over
optimistic, when we regard the practical experience with other, better-known 
lineages of radial foraminifera. In my opinion there is little doubt th at differ
ences in environment, such as depth of the habitat, can cause astrong overprint 
on the general rule that demands a regu1ar course of size increase of the embryon. 
As such, I still can appreciate Fermont's ecological explanation for the irregu1a
rities and complications he finds in his Discocyclina lineage. 

I suppose that the Orthophragminae, although in my opinion having a com
mon ancestry, consist of numerous independent groups or lineages. Setiawan's 
(1983) data from the Upper Eocene of the Priabonian type section in Italy are 
very enlightening in this respect (fig. 104). Setiawan found one Asterocyclina 
taxon at a lower stratigraphic level in the section, and two others from a higher 
part. Neither one nor the other ofthe latter two seems to have descended from the 
single taxon ofthe lower assemblages. For his Discocyclina taxa the picture is still 
more complex. There are two species at the lower levels and another two higher 
up, but if one supposes that there must have been regularities in the DIl, llt,2 and 
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Fig. 104. Morphometric data on Asterocyclina (above) and Discocyclina assemblages from two suc
cessive stratigraphic levels, each with two samples, in the type section ofthe Priabonian, northern Italy 
(af ter Setiawan, 1983). 

R changes, one is unable to make any link between the two lower species and the 
two upper ones. In Less' translation of Setiawan's data there are seven taxa 
involved, belonging to six different lineages. 

It is not amazing that the morphometric methods of the Utrecht school seem to 
lead to the conclusion that development courses of the Orthophragminae were 
random. There may be a chance of arriving at greater clarity if the classification 
methods of Less can be confirmed and re-shaped fr om a better documented 
investigation of populational variation. 
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III 
Synthesis - between [acts and fiction 

111,1. MORPHOMETRIC PATTERNS AND EVOLUTIONARY MODELS 

While gradually digesting the contents of the previous chapter, the reader must 
have repeatedly got the impression of two general, but opposite conclusions. One 
is the recognition of the uniqueness of each of the nine case histories because 
special traits and peculiarities show that the group under consideration cannot 
be mistaken for any of the others. It is obvious that we are dealing with really 
independent lineages that have no mutual relationship whatsoever. The other and 
opposite impression one must have gained is that of the resemblance between all 
development courses, a fact I advertized in the first chapter already. It is this 
parallelism in evolutionary trends that determines the attractiveness and success 
of the radial foraminifera in our reconstructions of evolutionary paleontology. 

The similarity in the modes of change that were observed in the relatively 
simple skeletal structures of embryon and nepiont enabled us to establish a set 
of uniform procedures for morphometric observations and descriptions. The 
most useful modifications, through which we recognize the parallel develop
ments, have been gathered under the term nepionic acceleration. Whatever large 
or small the rates of change or the magnitude of the sample-to-sample fluctua
tions in numerical values may be, alllineages but one show such long-term trends 
towards improved radial symmetry of the early-ontogenetic skeletal structure. 
Embryonic acceleration may be seen as a set of comparable trends, but it ap
pears to be of importance in a few groups only. And finally we regularly met 
with the tendencies to increase the size of the embryonic chambers, but this mode 
of change shows a fairly large number of smaller deviations as weIl as quite a few 
larger ones. 

When we concentrate on the more consistent configuration parameters of 
nepiont and embryon, and if we take the reported numerical sequences of means 
at face value, it must be obvious to every one who is not prejudiced as to one 
evolutionary theory or another, that no single or simple explanation can be given 
for all these developments. Although the present data sets on radial foraminifera 
may be larger, more surveyable, and at many places more detailed than those on 
other groups of fossil organisms, we can still safely repeat the statement given in 
the fust chapter that paleontologists can explain the observed changes in har
mony with every current theory on evolution. However, the meaning of tbis 
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statement has become somewhat different now. It is no longer our belief or pre
judgement of how evolution should have operated that gives us a free choice in 
explaining too fragmentary a record. It is now that our more comprehensive data 
sets contain so many unmistakably different elements that nearly every theory 
seems to fit at one place or another. 

The first controversy in theory testing we have to face - whether one considers it 
to be academic or not - pertains to the question whether evolution is the re sult of 
a fundamentally stochastic or of a consistent-directional process. As an example 
for the former alternative, I may quote Raup (1977) who demonstrated that 
summing up a large number of successive forward/backward steps of sm all 
change in markovian chains may weIl re sult in a time-linked morphometric pat
tern that looks like a unidirectional development, although in detail the course is 
expected to be staggered. Such a random-walk concept has been discussed in 
connection with the results of the investigation on the Planorbulinella caneae 
lineage fr om the Miocene of Crete (chapter 11,2). The complete record of the 
Planorbulinella lineage is in very good agreement with the overall direction of 
nepionic acceleration, but there are numerous statistically significantjumps back
ward and forward in the succession of mean values, for which staggered pattern 
the term pulsating evolution was introduced. Although less weIl documented we 
may recognize similar fluctuation patterns in other lineages as weIl. For instance, 
the succes sion of the younger Sicilian Miogypsina assemblages (Wildenborg, 
1991, chapter 11,4) shows significant to and fro fluctuations in average nepionic 
configuration, as expressed in the V values. However, in this example we cannot 
guarantee that differential reworking of older faunal elements did not play the 
major role. The fluctuations found in the ë - Ä combinations in the Indonesian 
Nephrolepidina lineage (Van Vessem, 1978; chapter 11,5) may be suspect as weIl, 
because in this case we compare assemblages from places that are scattered over a 
rather large geographic area. None the less, set backs of statistical significance 
and an overall zigzag pattern that exceeds statistical noise, may weIl be common 
phenomena in the evolution of the radial foraminifera. 

On the other hand, we are facing the fact that progressive change is common to 
all groups of radial foraminifera. Although a random-walk model might be 
thought acceptable for each ofthe lineages separately, it is extremely improbable 
that a large number of such markovian chains all would have comparable net 
results. The uniform type of change towards earlier ontogenetic realization of a 
radial skeletal structure that is found in all lineages brings the statistical prob
ability that a random process could have been the dominant factor in their evolu
ti on close to zero. The pulsating pattern evidently is the result of no more than an 
overprint of a subordinate, counter-current mechanism on the course of a stron
ger evolutionary process that forced all lineages to si mil ar goals of improved 
radial symmetry. Or if one wishes to formulate the relation the other way 
round, a fundamentally random process is overwhelmed by a much stronger 
unidirectional drive. 
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This prevailing unidirectional character of the trends c1early brings us in the 
realm of Darwinian theories. Since I wish to reject beforehand the hypo thesis of 
a directed evolution inherent to life or imposed by divine power - admittedly a 
choice based on implicit belief - the parallel patterns of change must be due to 
some selective process rooted in an interplay between the organisms and their 
environments. In other words, I believe that there must have been adaptive 
responses brought about by selective mechanisms. This means that the advan
tage of improved radial growth needs a foundation in functional morphology. A 
similar type of reasoning has to be looked for wh en we try to find an explanation 
for the general tendencies to increase the size of the embryon. Before starting a 
discussion on the functional meaning of these two types of change, observed in 
the early ontogenetic stages of the radial foraminifera (see chapter 111,2), we will 
first take another look at just the numerical data. Announcing one's belief in the 
prevailing role of adaptation and selection in evolution inevitably leads to the 
necessity that one has to weigh first the various scenarios existing in the litera
ture, that all fit in with the general Darwinian theory. 

When we skip the lengthy and of ten semantic discussions following Darwin's 
original plea for the role of selection in evolution and accept that this mechanism 
still offers a valid basis for understanding sustained changes, we have to acknowl
edge that two different schools of thought play a part in the literature until the 
present day. 

In the first we rely on a non-abating selection for more efficient structures, 
which process would cause a slowand gradual shift in genetic and phenotypic 
composition along a sequence oflarge populations. The chain of gradual changes 
would frequently be following similar processes of sustained change in the envi
ronment, but I think that this combination is not a necessary prerequisite. 
Changes under the regime of a constant environment probably were more com
mon for the radial foraminifera. The term orthoselection is not being used any
more, but the concept of phyletic gradualism of today conforms to this slow
motion scenario. Opponents have found it easy to attack this hypothesis because 
paleontological data are hardly ever good enough to 'prove' that the intrapopula
tional mechanism for the slow process of gradualism is more than mere theory. 

In the opposite school of thought gaps in the morphological record are ac
cepted to be real and it is expected that future research will fail to find all inter
mediate morphologies. For the explanation of this model there is general agree
ment that small populations of minimum areal extent could have gone through 
rapid and necessarily ill-documented modifications. In the course of the last 
century there has certainly been a change in emphasis in such explanations. In 
the earlier days such theories were primarily meant to explain the numero us 
missing links prior to the introduction of new, higher categories. In the group of 
so-called saltation theories of for instance Schindewolf (1936) and Goldschmidt 
(1940), it is implicit that drastic genetic mutations are held responsible for the 
large changes in morphology between a new structural type and its ancestor. In 
the later concept of quantum evolution (Simpson, 1944), populations ofunstable 
pre-adaptive composition would enable the rapid passage from one adaptive zone 
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to another. In the most recent modifications of such theories rapid morphological 
changes are thought to have occurred in phyletic development at all taxonomic 
levels, also at the low rank of successive species. The convincing theory of punc
tuated equilibria (Eldredge and Gould, 1972) contains the element of stability or 
stasis for long suites of larger populations, which suites alternate with bursts of 
rapid evolutionary change that took place in small peripheral and temporarily 
isolated populations. The genetic drift expected to have occurred in such small 
populations would have resulted in random changes. When a more favourable 
direction was taken that resulted in a better adapted population, such a new 
species would be capable of taking over the domain of the larger, ancestral stock 
when geographic communication was restaured. This process, christened species 
selection by Stanley (1975) is meant to replace the concept of slow gradualism of 
the other school of thought by the notion of a stepped procedure consisting of 
longer periods of stasis and short-Iasting punctuation events. 

In recent years the balance in the popularity between phyletic gradualism on 
one side and punctuationism on the other side, seems to be in favour of the latter 
type of explanation. Punctuations account in a natural way for all observed 
hiatuses which have so far not been filled; we need not expect them to be hidden 
in sedimentation breaks or in remote, as yet uninvestigated areas. And gradual
ism became more and more discredited because our data sets are rarely good 
enough to support this hypothesis, which once was thought to be the obligatory 
backbone of Darwinian evolutionary theory. 

Focussing on the literature concerning radial foraminifera, it must be acknowl
edged that very few original thoughts on evolutionary theory ever sprang from 
this particular field of paleontology. Apart from the peculiar type of saltation 
theory, produced by Tan Sin Hok (1932) to explain his observations on Indone
sian Cycloclypeus (see chapter 11,1) - a theory that afterwards was found to be 
based on unlikely data that could not be reproduced by later authors - I think 
that most contributions to the literature on evolution followed the main stream of 
contemporary opinions, if they contained any opinion at all. The early morpho
metric analyses and ensuing definitions were placed, without much discus sion, 
against the theoretical background of phyletic gradualism as if the latter were 
some kind ofaxiom. The repeated filling of gaps in the morphometric record we 
witnessed for the better known groups, such as the Miogypsinidae and the Lepi
docyclinidae, certainly supported such a theoretical approach. Although the doc
umentation on several other lineages remained poor, especially so at and imme
diately af ter their descent from some ancestor of simpier build, it seemed likely 
that at least in the later parts ofthe lineage histories every hiatus could eventually 
be filled. 

The near-certainty of morphometric continuity promoted the definition of the 
artificiallineage-segment species in the new classification systems. These numer
ical classifications may in turn have strengthened the idea of gradualism. None 
the less, most ofthe authors who made these classifications were weIl aware ofthe 
fact that rates of development in one lineage or in a coherent clade need not be 

178 



unifonn. For instance, the finding of different tempos of nepionic acceleration 
when comparing the various miogypsinid lineages (Drooger, 1963), contained 
the warning that consistency in the trends did not mean that the rates of morpho
metric change were constant. Also data on single lineages in continuous strati
graphic sections frequently suggest that periods of rapid progress alternated with 
time lapses showing stagnation (fig. 105). 
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Fig. 105. Irregular decrease ofmean spirallenglh and increase ofmean protoconch diameter, both ± I 
SE, in successive Cycloclypeus assemblages from the Lanuza section in Spain (after Laagland, 1990). 

It was especially the series of research projects that was carried out during the last 
decade on some suitable, more or less continuously sampled longer sections, 
which opened our eyes to . the existence of a variety of evolutionary patterns. 
Especially when we are following the courses in nepionic acceleration, the results 
that were obtained fr om the investigations on Planorbulinella (M.M. Drooger et 
al., 1979), Orbitoides (Drooger and De Klerk, 1985) and Miogypsina (Wilden
borg, 1991) are rather dissimilar. This fact suggests that more than one evolu
tionary model has to be accepted, if one wishes to explain all patterns on the face 
value of the numerical data. 

At first sight the Orbitoides investigation, that is based on successions of as
semblages from the Aquitaine basin that together cover a duration of about one 
Ma, seems to provide us with an excellent example of the punctuation theory. 
When we consider the main nepionic parameter E, the succes sion of means shows 
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two prolonged periods of (near-)stasis separated by an instantaneous punctua
tion with a direction th at is in accordance with the nepionic acceleration theory. 
The punctuation is estimated to have happened within a time interval of less than 
two thousand years. The morphometric jump in the means, that probably oc
curred basin-wide, is of a magnitude that corresponds to the full numerical range 
of one morphometric species. So species selection in the sense of Stanley c.s. 
seems to offer a valid explanation. However, the large shift in the mean Evalues 
is but poorly reflected in the variation range of parameter E in the populations. 
Actually, there is no more than a drastic change in shape of the frequency dis
tribution, but nearly all more progressive variants in this range that we see after 
the event, can already be observed now and then below the punctuation level (fig. 
86). Moreover, the most conservative morphotype is not lost; it only shows a 
strong decrease in relative frequency. Along the entire investigated sequence 
some three or four more advanced morphotypes become introduced, but at irre
gular intervals. Such a way of introduction one would expect fr om a slowand 
gradual process. If such a gradualistic model would be true, sampling hazards in 
recording the rare extremes of the frequency distributions could well be held 
re spons i bie for the irregular vertical pattern we found for the successive entries. 

The example of Planorbulinella is quite different. Again no more than two 
successive morphometric species are involved during probably a similar time 
interval of one or maybe two million years. The to and fro pattern in the succes
sion ofmean nepionic parameter values with a magnitude of up to six SE is again 
entirely due to drastic changes in the shape of the frequency distributions. Certain 
frequency patterns seem to remain fairly constant for longer periods before they 
switch to another modal distribution (fig. 35). In this example there is no real gain 
or loss of extreme variants throughout the entire composite section. However, the 
means do show a net shift that is again in accordance with the nepionic accelera
tion paradigm. Notwithstanding the stabie variation range in the populations 
and the random ne ss in the detailed course of the successive means, the popula
tions of the lineage as a whole evidently gained a more advanced radial structural 
configuration. 

The Miogypsinidae from Sicily (chapter II,4) were thought to furnish the most 
promising example because of the long suite of some nine successive morpho
metric species that could be sampled in a single stratigraphic section. This sec
ti on corresponds to an estimated duration of some ten Ma. There are several 
reasons why the data set has a lower reliability, however: the irregular recovery 
of assemblages along the column, the variabie sedimentation rates extending at 
the lower end to actual breaks, and possibly a factor of differential reworking of 
older material. In the means of the nepionic parameters we find prolonged peri
ods of near-stasis, especially in the two groups of assemblages that both were 
named Miogypsina bantamensis, as well as a fairly rapid though staggered ad
vance through the last three species, Miogypsina intermedia, M. cushmani and M. 
mediterranea (fig. 67). Although somewhat suspect because of the possibility of 
reworking, there are clear examples of statistically significant setbacks in addition 
to similarly significant forward leaps. Gain of new variants and loss of conserva-
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tive ones are not c1early restricted to the levels with obvious forward pulses or 
punctuations in the succession of the means. 

It is c1ear that our efforts on the detailed sample sequences did not yield a uniform 
pattern of lineage development with which we would be able to defend any single 
theory on evolution. Especially the concept of species selection in the sense of 
Stanley (1975) seems to receive a serious blow, because it cannot be defended on 
the basis of any of these three examples. The near-identity of the varia ti on ranges 
that straddle the event levels are an insuperable obstac1e, unless we wish to 
hypothesize that these phenotypic ranges are of no real value because they are 
hiding profound genetic differences between the populations. In my opinion such 
a postulate is an unrealistic approach for a paleontologist. 

Also phyletic gradualism in the sense of a fairly constant rate of change finds 
litde support in our successions of mean values. The only suggestion for such a 
mechanism might be found in the patterns of introduction of more advanced 
morphotypes and of loss of conservative variants. Recording the stratigraphic 
ranges of separate morphotypes might again render the illusion of gradualism in 
evolution. However, to me it is not feasible to return to the practice of describing 
evolution on the basis of extreme variants and to become dependent again on the 
hazards offinding them. Who is willing - I am not - to abandon the characteriza
tion of species of radial larger foraminifera by means of statistical data on the 
central tendency of populations and to return to the practice of the typological 
species concept? 

Having to leave undecided the controversy between gradualism and punctua
tionism for a choice of a standard model of evolutionary change, we still need 
some kind of explanation for the statistically significant setbacks in the succes
sions of means, shifts that are against the unmistakably prevailing trends of 
nep ion ic acceleration. They are larger than we can expect from statistical noise 
'that would cause a random zigzag on an essentially stabIe stasis course. It fits the 
general theory of genetic drift that, during a spell of very small populations, 
changes in the frequency distribution of morphotypes have a random character. 

x- X X+ descendants 

1 I 1 
x- x X+ bottleneck 

\ r I 
change 

X X X ancestors 

Fig. 106. Schematic visualization of three different effects on the mean value of parameter X, realized 
during and after a drastic, sympatric frequency reduction ofthe populations. + and - indicate forward 
and backward directions of overall evolutionary change, respectively (modified after Drooger, 1984). 
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As to the direct ion of change in the means there are three different options. Either 
the means do not change at all, or if they do, there are equal chances of a forward 
or a backward shift (fig. 106). In such a shift the maximum morphometric dis
tance between the means before and after the event is expected to be no more 
than the range ofmeans in one species unit. This theoretical maximum distance is 
a consequence of the slight flexibility of the variation range of the morphotypes 
across the event level. Actually this limitation is what we see in nearly all pulses or 
punctuations. In order to produce an overall direction in the lineage it has been 
assumed (Drooger, 1984) that such a drastic reduction of population size was 
accompanied by a breaking up into scattered small residual units that each chan
ged in its own way. If the scatter could be maintained for a sufficiently long 
period, later blending of, or possibly competition between, these smaller units 
would tend to favour the more advanced groups. It is obvious that the assumed 
effect of such frequency bottlenecks is entirely speculative. Fig. 107 gives a sche
matic picture of the better chances of progress in such a sympatric speciation 
event based on a simple model of only two residual bottleneck populations. 

x- X X+ X+ X++ descendants 

1 1 1 1 1 
x--x- x- X x- X+ x X+ X+ X++ bottleneck 

\\ \1 \1 11 I/ 
change 

X X X X X ancestors 

Fig. 107. The effects of drastic, sympatric frequency reductions in the case of live random change 
combinations and two different suites of intercalated, residual populations during the bottleneck 
period. 

Our three examples of detailed investigations are as yet insufficient to describe the 
full range of evolutionary pattems observed in radial foraminifera. Other case 
histories contain additional data through which we can still further complicate 
the picture. For instance, by incorporating the results that were obtained from 
the short but detailed Waior section in India (Raju and Drooger, 1978) we need 
to enlarge the pos si bIe distance of sudden changes in morphometric means. In 
this Waior section Planolinderina (chapter 11,3) shows a punctuation from P. 
freudenthali to P. escornebovensis, the change in mean values being in accor
dance with the nepionic acceleration theory. At a different stratigrapbic level 
(fig. 108) there is a punctuation in Miogypsina from M. bermudezi to M . compla
nata-formosensis, but in tbis case the nepionic shift is in the wrong direction. 
After both events new variants have been added and old ones have got lost, 
especially so in the Miogypsina example (fig. 63) and here a suite ofmorphotypes 
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Fig. 108. The Waior section in Kutch (India) with the means ofnepionic and embryonic parameters in 
Miogypsinoides and Plano/inderina. Sudden changes occur in both groups, but at different strati
graphic levels (after Drooger, 1984). 

is introduced that deserves the characterization more-conservative with respect to 
the principle of nepionic acceleration. In both these cases and contrary to the 
earlier three examples, I might be willing to accept the argument-sequence of 
allopatric speciation, migration and competitive species selection because of the 
strong difference in composition of the populations before and after the events. 
However, I have some problems in understanding the adaptive advantage of the 
change in the Miogypsina species (see also chapter 111,7). 

Summarizing, it appears that we may be able to preserve our belief in direc
tional evolution when we consider the overall consistency of the nepionic trends, 
but the occasional contradictory deviations we find, when we consider our data 
sets at face value, may indicate that we have been concentrating too much onjust 
the numerical data. It seems to be a good idea to have a closer look at the 
adaptive meaning of trends and aberrations, for which we need a better under
standing of the functional meaning of the juvenile structures. This will be the 
subject of the next subchapters. 

In this fust subchapter ofthe synthesis there remains one more, major question to 
be answered, which is whether or not the foraminiferal patterns are unique. Or 
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have similar courses and deviations been reported from other groups of organ
isms as weil? Being not really familiar with all the literature on other groups, I 
found the reading of several review papers a rather disappointing exercise. A set 
of review articles on evolution, Iike the one edited by Hallam (1977), is full of 
jargon and opinions on evolution. Macro-evolution and faunal/floral diversity 
changes seem to be very important items in discussing evolutionary theory. Taxo
nomic en ti ties Iike species are usually hardly more than Linnean names; there are 
but few morphometric data. Discussions on evolution gradually seem to lose 
touch with the basic data, or maybe the latter are too scarce. In this respect 
Gould and Eldridge (1977) give a better account, but most of their morpho
metric data are inadequate for comparison with ours, and in my opinion these 
authors were obsessed at the time by 'their' controversy of punctuationism versus 
gradualism. 

One of the most satisfactory papers I could find is the short account given by 
Sheldon (1987) on morphometric observations in several groups of Ordovician 
trilobites from Wales. This paper shows that all major phenomena in evolution
ary courses that have been described for the radial foraminifera, can be recog
nized in another group of benthonic organisms as weil, when their morphology is 
analyzed with the proper methods and with detailed stratigraphic con trol. 

Some 3,500 counts of the number of pygidial ribs in trilobites belonging to 
eight generic groups (lineages) constitute an ample and reliable data base. The 
data were derived from seven successive stratigraphic levels that together are 
thought to cover some 3 Ma. Application of the population concept is supported 
by the recognition of reasonably unimodal frequency distributions. Comparisons 
between successive samples are warranted, even though Sheldon states that ef
fects of differences in ontogenetic level on the numerical observations cannot be 
entirely excluded. 

The graphic representation by successions of means with confidence intervals 
to match, gives a picture that can be explained in terms of evolutionary models. I 
agree with Sheldon that there is so much parellelism between the data of all 
lineages that there must have been overall unidirectional trends to increase the 
number of pygidial ribs. Such a high degree of similarity is likely to be the 
consequence of adaptive modifications even though one has to guess as to the 
functional meaning of such an adaptation. As to the details in the actual 
courses, there is much diversity and partisans of different theories can select the 
data of their liking. Sheldon himself talks of 'parallel gradualistic evolution', a 
conclusion which to me is acceptable if differences in rate are taken into the 
bargain. An adherent of punctuationism, however, will be able to recognize 
partial courses that can be explained to reflect sta sis periods and large one-step 
shifts that might be taken for punctuations. Most interesting from my point of 
view is the recognition of a small number of statistically sound setbacks. For the 
explanation of such 'reversals' Sheldon thinks that increasing the number of ribs 
might have been an unfavourable or neutral trend during periods that some 
other, not-preserved feature was more strongly subjected to selection. This at-
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tempt of explanation seems to be based on the author's feeling that evolutionary 
change must always have had a selective basis or meaning. 

Whether the latter explanation is realist ic or not, it contains another good 
argument that we should have a closer look at the functional meaning of the 
evolutionary phenomena in the radial foraminifera, and at the possibility th at 
certain patterns of change in one characteristic are linked with changes in an
other feature. Correlation of parameters may have caused the complexities th at 
we encountered when evaluating the numerical data at face value. 

111,2. THE ADAPTIVE VALUE OF GENERAL STRUCTURES AND OF OVERALL 

TRENDS 

As said before, we regularly met throughout the nine case histories with two 
general trends in the development of the lineages of radial foraminifera, trends 
that are outstanding above the noise of numerous aberrations th at we also came 
acrosss. 1 am convinced th at these overall tendencies must have had a functional 
meaning for the animals involved. 

One of these trends is the continuous evolutionary improvement of the radial 
growth patterns of the juvenile stages nepiont and embryon. The other shows 
some kind of Cope's law for the embryonic chambers, i.e. these chambers show 
an overall increase in size. Both types of phylogenetic change have been recog
nized time and again and various explanations can be found in the literature. 
Although different, these explanations are not really strongly opposed to one 
another; they rather show differences in emphasis. 

The major goal I have in this subchapter is to make it likely that both trends 
had a meaning for a better functioning of the organisms, but there is no simple 
display of the field of functional morphology of the foraminifera. So I apologize 
beforehand for the somewhat erratic nature ofthis subchapter 111,2. For me there 
are too many different lines of probing the frontiers of our knowledge on life 
functions of foraminifera . As a consequence I am unable to write a lucid, stream
lined story with which I can approach the morphometric data sets in surveyable 
order. 

Overall larger size 

In the fust chapter it was argued already that the acquirement of multiple aper
tures could weIl be a prerequisite for the possibility of attaining a larger size of the 
individuals. 

Smout (1954) and others probably are correct in stating that there is a kind of 
maximum size for a large simple chamber because surface tension of the liquid 
drop of protoplasm in the sea water medium sets a limit to the 'prescribed' shape 
that can be pre-formed. The acquirement of more than one major opening per 
chamber thus would be necessary for the subdivision into several droplets, so that 
structural compartments remain at no more than maximum size while the proto
plasm is increasing at every new growth step. Whether increase of overall si ze of 
the animals must be seen as the primary evolutionary drive that entails all other 
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modifications, is not such a self-evident causal relation, however. Actually we are 
dealing with a complex set of functional interrelations, in which interplay part of 
the functions is as yet poorly known. Although we concentrate on skeletal struc
tures, it is of course the cellular mass and its functions, in which we have to find 
the primary arguments for the advantages of such a much greater size. 

Nearly alllineages dealt with are extinct and the few that do have living repre
sentatives (Cycloclypeus, Planorbulinella) are relatively scarce in the present seas. 
Moreover, little attention has been paid so far to the modes of life of these few 
extant radial forms. As a consequence, every attempt of understanding the var
ious observations will have to be based on man-made deductions fr om the mor
phology of the fossils, using a mixture of items from three sources: our limited 
knowledge of the few living foraminifera, ideas as to what might be possible 
according to concepts of genetics and population dynamics, and these in combi
nation with a fair amount ofphantasy. 

In the last two decades the number of investigations on recent larger foramini
fe ra has been steadily increasing, but the functional meaning of several observa
tions still remains obscure. We do not know how far we can generalize fr om the 
data that have been gathered on no more than a few species of Operculina, 
Heterostegina, Amphistegina, Amphisorus, Sorites and Archaias. Only the spe
cies of the former three genera are distant relatives of two of our lineages, those 
of Cycloclypeus and ofthe Lepidocyclinidae. The species ofthe other three genera 
have imperforate waIls, which means that they have no relatives in our case 
histories. 

Although a regular increase in si ze of the individuals th at would have led to 
gigantism in the course of evolution (Lee et al. , 1979) certainly is an undue 
simplification, it is an unmistakable truth that the celluiar volume of the radial 
foraminifera invariably is many times larger than that of their respective ances
tors amongst the smaller foraminifera . 

We may speculate that a larger celluiar mass at the time of maturity may lead 
to a greater quantity of daughter individuals in asexual reproduction when the 
starting size of the juveniles is maintained at the same level. Or that it may lead to 
larger embryons in the next generations when the number of the offspring is 
considered to be the limiting condition. It will be argued further on that both 
lines would lead to a greater viability of the species. A balanced solution might 
seem to be most profitable, but this rem ark is based first of all on our idea of 
common sense. There are no real data. 

Attaining a larger size of the individuals could be brought about by a pro
longed life period as weIl as by an increase of the growth rate. Again, both 
options are likely. A longer growth period until reproduction asks for alesser 
dependence on vicissitudes of the habitat, so more stabie environments will be 
advantageous. And for a more rapid increase of the cellular mass we need higher 
growth rates, either in time by speeding up the succes sion of budding steps or by 
furthering the increase of the volume between successive steps. Or again, a com
bination of both methods. 

Increase of the growth rates evidently asks for more support from metabolic 

186 



processes. Whatever the details of chemical reactions, more carbon compounds 
are needed fr om feeding for the increasing foraminiferal tissue. For an increasing 
demand of nutrients and oxygen to keep vital processes going, extraction from 
the sea water has to be enhanced by stimulating transport and diffusion. Also the 
uptake of building stones, such as Ca ++ and HC03 - or C03 - - for the growing 
skeleton needs amelioration (see below). 

It can be reasoned th at a larger volume of the cellular mass has various advan
tages for the animaIs, but I can also imagine one or two disadvantages of the size 
increase. 

The increased volume tends to decrease the metabolic potential when no spe
cial provisions are taken for a more efficient gathering of nutrients. In this con
nection it is thought likely that the large agglutinated forms without additional 
apertures that are found in the oceans at fair depth today do have low rates of 
metabolism (Hallock, 1985). 

Larger size seems to have another drawback. Although the function of the 
pores is not fully understood, it is quite certain th at these openings in the wall 
do not permit in-and-out movement ofthe protoplasm. The pores probably all ow 
for no more than molecule- and ion-sized diffusion and osmosis through the 
membranes and in this way they will be useful in stimulating the metabolic 
processes. The increased volume to surface ratio at larger individual size then 
will provoke another negative effect on metabolism. 

In order to keep metabolic rates and associated processes such as calcification 
of the test at a sufficiently high level with increasing size, larger foraminifera need 
to increase the number of gateways between the endoplasm and the ambient 
environment by acquiring more numerous larger openings and possibly by in
creasing the diameter and number of the pores. In doing so they can counteract 
the negative effects of the larger si ze and of a larger volume / surface ratio for the 
demands of their feeding, excretory and other life functions. 

The advantages of larger size are more diverse and several speculations can be 
found in the literature. For instance, the larger cellular mass will require a more 
solid skeleton, which is an advantage if it were only for reasons of mechanical 
strength. This is wh at we see in the augmentation of the number of compartments 
and in the increased structural complexity. Larger size and a more solid structure 
of the test might be a line of defence against predators, but so far I know of no 
real data on size-selective predation in species of larger foraminifera. Still it is 
unlikely that there would be no predators. After all, it is likely that skeletons are 
primarily meant as a protective instrument against predation (e.g. Vermey, 1989). 
Ingestion of smaller foraminifera by molluscs has been observed (e.g. Lipps, 
1983). If this is consumption because of the caloric value of the cells, it can be 
imagined that the greater amount of skeletal waste makes the foraminifera less 
attractive as a prey, when they build proportionately larger and more solid tests. 

Substantial strengthening of the skeleton is advantageous also in order to 
reduce the risk of damage in shallow water. In experiments thickening of the 
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shell has been observed to occur under the influence of stronger water motion in 
for in stance Amphistegina (Hallock et al., 1986). Similar trends to thicken the test 
walls have been found for shallow water representatives of recent nummulitid 
species (Hottinger, 1977). Coarsening of skeletal structures was also suggested 
for shallow-living representatives of miogypsinid species (Drooger, 1983), and 
again explained as a defence against water turbulence. Such mechanical strength
ening of the test is accomplished by lamellar thickening of the walls and/ or by 
inserting solid calcareous structures between the columns of lateral chambers. 
Such pillars are visible as pustules on the surface. Pillars may even have been 
formed by fiJling up vertical series of lateral chambers by excess carbonate. 

Larger size of the radial foraminifera thus requires more numerous direct 
apertural connections to the exterior for the growing mass of endoplasm in order 
to at least stabilize the ra te of metabolism. The greater carrying capacity of the 
ectoplasmic streams that transport nutrients and waste products may even have 
enhanced the growth rates in the course of evolution. Furthermore, it is quite weIl 
possible that larger size enables a more complex intracellular organisation with 
different components for specific functions (e.g. Leutenegger, 1977). This concept 
of cellular differentiation has led to terms like acellular and colonial in character
izing the larger foraminifera (Lee et al., 1977). The growing cellular mass also 
gives the possibility of a larger storage potentialof nutrient resources (e.g. Hot
tinger, 1982). These reserves will enable the animals to survive more easily during 
periods of little or no food supply from outside. Such a survival mechanism 
means that longevity of the individuals is promoted and that sustained indivi
dual growth can continue. As argued above, the larger ultimate size resulting 
from this prolonged growth process is in turn advantageous at the moment of 
reproduction. 

Offspring balance 

For the process of reproduction there is yet another advantage in the larger 
cellular mass. During the asexual multiple fis sion the number of megalospheric 
young is thought to be proportionate to the size ofthe parent (Röttger, 1974). So 
larger size will enable the generation of a larger offspring, which causal relation 
must be seen as an advantage for the continuation of the species, especially so 
when the environmental circumstances are less favourable. It has been observed 
that the embryons of parent and offspring are of identical size in donal succes
sions of Sorites orbicu/us (Kloos, 1984), but it may be thought possible that in 
asexual reproduction there is some flexibility as to the number of young and the 
size of the embryons that are formed from the same parental cellular mass. A 
larger offspring with smaller embryons might be advantageous under stress con
ditions (Laagland, 1990), to be found for instance in very shallow water, whereas 
larger embryons and a smaller number of individuals at the moment of spawning 
will tend to re duce the percentage of victims of youth mortality. After all it has 
been found for Amphisorus (Zohary et al., 1980) and for Amphistegina (Hallock, 
1985) that there is a very high youth mortality and that the chances of survival 
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seem to increase exponentially with increasing size of the growing individuals. 
Such a flexibility as to the number of juveniles per parent and the size of their 
embryons has as yet not been documented, but I think that it is not pure fiction. 
Environmental gradients in embryon si ze of the megalospheres do occur, 
although the mechanism seems to be more complex than it is suggested above 
(Bie kart et al., 1985; see chapter 111,3). 

Symbionts 

Most radial foraminifera, such as those of rotaliid, amphisteginid or peneroplid 
ancestry, have yet another special, metabolic device by hosting zooxanthellae in 
their protoplasm. Selected algal taxa have been found in combination with spe
cific hosts among the foraminiferal species. Because of the different light prefer
ences of their algae the foraminiferal taxa occupy different depth ranges in the 
photic zone (Leutenegger, 1984). In all these cases we are dealing with a distinct 
symbiotic re1ationship, in which the foraminifera profit from the photosynthetic 
products of the algae, like oxygen and inorganic carbon, and the latter, amongst 
other things, have found a protective shelter in the tests oftheir hosts. This green
house function of the foraminiferal test certainly gives the animals a greater 
independence of external food resources. It is likely that the metabolism of most 
species is sustained in variabie proportions by a combination of resources from 
symbionts and from external food. For instance, Heterostegina depressa was 
found to live nearly exclusively of its husbandry (Röttger, 1972), whereas Am
phistegina lobifera seems to grow primarily on the basis of food uptake from 
outside (Zimmerman et al., 1983). It has also been shown that the animals profit 
to some extent from the photosynthesis of their algae for the calcification of their 
skeletons (e.g. Duguay, 1983). 

The dependence on symbiotic algae explains another general trend in the evo
lution of the radial foraminifera, that of the deve10pment of lateral chambers 
found in six of our nine lineages. In five we see that this type of skeletal structure 
came into being after a period during which the earliest representatives of the 
respective groups had been devoid of such lateral chamber systems. When we 
consider the extreme thickening of the si de walls of the individuals in the early 
Miogypsinoides and Orbitoides species we can imagine th at such side walls im
peded a suflicient penetration of light necessary for the photosynthetic activities 
of the algae. Such a handicap obliged the animals to live in very shallow water 
with the strongest flux of solar energy. The continuous renewal of outward grow
ing lateral chambers with thin external walls would ameliorate the green house 
function of the foraminiferal test and thus enable the animals to expand their 
habitat to greater depth in the photic zone. 

If the animals really depend for part of their metabolism on their symbiotic 
algae some other trends may become understandable. Towards the deeper part of 
their habitats the algal guests may have become less productive because of the 
reduced light penetration. If there was a limit to the number of algae that could be 
maintained or to their production potential, it would be profitable to reduce the 
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volume to surface ratio of the hosts by growing relatively flatter tests at greater 
depth. This is exactly what we see to have happened in several groups, such as in 
the Orthophragminae (Fermont, 1982) and in Cycloclypeus (Laagland, 1990). 
Another way of doing a favour to the symbionts at greater depth is by the 
construction of thinner side walls and glassy pustules, such as they are found in 
several nummulitids (Hottinger, 1977; Laagland, 1988). For Operculina, Hetero
stegina and Cycloclypeus and possibly for other genera as weil, these pustules 
probably concentrate the light in deeper parts of the habitat. As a possible exam
ple of another thin-walled sing1e-Iayered species at greater depth I may point to 
the Oligocene Miogypsina bermudezi. 

The partial independence of the larger radial foraminifera fr om external food, 
the availability ofwhich often will have been periodical, enabled them to thrive in 
stabie, oligotrophic environments, in which light and dissolved nutrients for the 
algae are the main requirements. In this way these foraminifera have developed a 
life style that fully de serves the name K-strategy. The algal-foraminiferal symbio
sis certainly was a driving force in the evolution of larger foraminifera (e.g. Lee 
and Hallock, 1987), but it cannot have been the sole agent for promoting radial 
symmetry. 

Actually, we should not jump to the conclusion that the possession of algal 
symbionts is a necessity for radial growth, because groups of cibicidoid ances
try, like the recent Planorbulinella, appear to be devoid of any group of zoo
xanthellae (Reiss and Hottinger, 1984). Evidently there is conflicting evidence 
regarding the Orbitoididae. It has been postulated that they had a cibicidoid 
ancestor (chapter II,6). On the other hand the prolific growth of lateral cham
bers suggests that they housed symbionts. Either the members of this family 
developed the capacity to use zooxanthellae, or the earlier guess ab out the deriva
tion of the group is not correct. 

For nearly all the causal connections suggested above, supporting data can be 
found in the literature. As said before, our problem is that these data refer to 
relatively few examples amongst the wealth of extant foraminifera, so that we 
have to be reluctant in generalizing, especially when we are applying these data 
to the extinct groups. And the more so because only part of the examples refers to 
taxa that have a more or less distant relationship to one or the other of the 
lineages in our case histories; all imperforate forms have not. 

Wall structures 

This brings me to another unexp1ained item. It has been mentioned already that 
the calcareous-perforate radial foraminifera originated many times during on1y 
the last 80 million years of earth history. One is inclined to think th at there must 
be a reason why such forms proliferated over and again in this late and relatively 
restricted lapse of time only, whereas there is no documentation on earlier occur
rences of such forms before the Late Cretaceous. All radial foraminifera of the 
earlier periods of the Mesozoic belong to the porcellaneous and agg1utinated 
stocks. Our morphometric documentation on such groups from the Mesozoic 

190 



and Tertiary is so far absolutely insufficient to prove that they underwent similar 
evolutionary courses, but when we consider the ontogenetic structure of radial 
imperforate types we are quite certain that they did. Many recent end-forms in 
such non-perforate radial genera (Sorites, Amphisorus, Marginopora) but also in 
extinct genera (e.g. Orbitopsella, Orbitolina, Orbitolites) show juvenile chamber 
configurations that suggest th at they must be the products of long, previous 
histories of nepionic and embryonic acceleration. 

We may conclude from the repeated rise since the later part of the Cretaceous 
of so many unrelated calcareous-perforate lineages and several other phylogene
tically more isolated radial genera, that some new type of favourable structure 
and/ or environment had come into being, which was suitable for such types of 
phylogenetic sequences. 

One thing that might have been of special value is that larger pores in smaller 
benthic foraminifera became wide-spread during the second half of the Creta
ceous. In earlier forms, many of which belonged to the Lagenoidea, pores are 
always of minute size and their function in vital processes could weIl have been 
of another nature or less efficient. Food and feeding strategies may weIl have been 
completely different. I cannot escape from the impression that most pre-Creta
ceous species lived in less well-oxygenated environments and without speciiic 
light requirements. 

For further speculation we may try to find out whether there are differences in 
the modes of life between the few extant species of larger foraminifera with 
perforate and porcellaneous shell structures, respectively. One difference is that 
the imperforate forms are mainly epiphytic in very shallow water, whereas the 
perforate ones are found more often on bottom substrates and are extending to 
greater depth. During the Cretaceous sea grass communities became better in
stalled, but it is hard to see the advantage for the perforate lineages. It is more 
likely that other phytal changes played an important role. The porcellaneous 
radial foraminifera mainly contain dinoflagellates, chlorophyceans and rhodo
phyceans as symbiotic algae, whereas in the protoplasm ofliving perforate forms 
especially diatoms without frustules take part in the interaction. Since diatoms 
start their important role in the phytoplanktonic biomass as late as the Creta
ceous it is obvious that one looks at this connection for explaining the fact th at 
perforate radial foraminifera started later than their porcellaneous counterparts. 
F or really understanding we need more detailed knowledge of the symbiotic 
interactions, about what is exchanged and to what benefit. 

It is likely that diatoms enable a more efficient and possibly larger exchange of 
metabolic products. And it can be imagined that the larger pores enhanced the 
capacity for a strongly increased exchange of gases and specific nutrients which 
would be necessary for a more vigorous activity of the internal algae. There are 
reasons to believe that this is what actually happened. 

Especially the book ofReiss and Hottinger (1984) contains many valuable data 
on the recent species of the Gulf of Aqaba. It was found that the dinoflagellate 
symbionts of the imperforate species have low photosynthetic rates, whereas the 
diatoms in the others are much more productive. The expected increase in gas 
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exchange with the ambient environment probably is facilitated by the large-sized 
pores in the perforate forms. Isotope data of the foraminiferal carbonate of the 
imperforate forms shows a composition close to equilibrium with the dissolved 
bicarbonate in the sea water. Since various perforate species show a regular 
depletion in 180 it is likely that in these forms there is a more vigorous metabo
lism, even if they do not contain symbionts. In symbiont-bearing perforate forms 
depletion is even greater and it is thought that metabolic CO2 for the calcification 
process is partly provided by the symbionts. According to Rallock (1982) the 
shell carbonate of Amphistegina is depleted in 180 and 13C relative to the isotope 
composition in sea water, which is thought to be a consequence of fractionation 
by the symbionts because the depletion of both isotopes decreases with increasing 
depth. Connections between food uptake, photosynthesis and calcification prob
ably are very complex, but I assume th at the use of diatoms and the greater 
perfection of pore functions were essential achievements for the success of the 
perforate radial foraminifera as K-strategists in exploiting extremely nutrient
po or environments and expanding the habitat range to greater depth than imper
forate species. 

I acknowledge that these are guesses, because we enter a field where causal 
relations are as yet insufficiently known or understood. Biomineralization in 
imperforate and perforate foraminifera seems to depend on completely diffent 
processes (Remieben et al., 1977, 1986; Anderson, 1987; ter Kuile and Erez, 
1987, 1988; ter Kuile et al., 1989). It is likely that the calcite needies that the 
investigated imperforate species use for their test building are produced in a 
constant process in vacuoles in the endoplasm. In this process neither the meta
bolism ofthe animals nor the symbionts seem to supply any CO2. Concentrations 
of Ca ++ and RC03 - ions in the sea water and their diffusion set limits to the rate 
of carbonate production which may weil be a reason why such forms frequently 
proliferate in shallow backreef environments. Anyway, this process is clearly 
different from that in the perforate species, in which the production of carbonate 
on both sides of the primary organic membrane is episodic, and the necessary 
carbon and oxygen are derived from external as weil as internal sources. Actu
ally the few perforate species investigated have an inorganic carbon pool presum
ably in endoplasm vesicles, from which C03 - - is extracted for calcification dur
ing the chamber formation and which pool is filled up again from the sea water 
and from respiration in the period between successive in stars (ter Kuile et al., 
1987-1989). It appears that functioning of the pool requires energy to pro duce 
RC03 - concentrations higher than those that can be expected from the diffusion 
rate. It is likely, that some, maybe osmotic, process at or near the membranes of 
the pores and new chambers will enhance the active uptake of calcium ions during 
the episodes of shell formation. The capacity to rely on RC03 - building stones 
from more than just the sea water may add to the efficiency of the calcification 
process in perforate radial foraminifera. 

I suppose that because of such greater efficiency, growth rates can be accele
rated in perforate species and the habitat ranges extended to sea water environ-
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ments with lower concentrations of the ions that are necessary for the test build
ing. 

The adaptive value of the trends 

Back to the histories of the radial foraminifera and with all proper reserves, I 
think to have gathered sufficient data and indications from the literature to make 
a fair guess about the adaptive values for the overall evolutionary trends in the 
radial foraminifera, that I mentioned in the beginning of this subchapter. 

Since at increasing size of the cellular mass it is an advantage to enlarge the 
number of direct and shortest possible connections between the endoplasm and 
the surrounding environment, it must be profitable as well to acquire such a 
radial arrangement of openings as early as possible during the ontogeny of the 
individuals. In the past I may have too strongly emphasized the passive or pseu
do-passive life style of these shallow water organisms and seen the radial symme
try as a line of defence against unvoluntary displacement and disturbance (e.g. 
Drooger, 1963). This argument does not lose all its value since it was observed 
that inactivity forced on the animal at one side of its test because of extemal 
disturbance does not affect the power of motility at the other side (Reiss and 
Hottinger, 1984). However, I now think that the radial structure primarily an
swers the needs of a more efficient metabolism. Nevertheless, there may be vari
able combinations of advantages that promoted nepionic and embryonic acce
leration trends. 

And the other, though Ie ss consistent, trends to increase the si ze ofthe megalo
spheric embryon, I think must primarily be due to their reducing the chances of 
early death of the young individuals. The chances of survival were found to be 
size-specific in several recent species. A larger embryon in combination with the 
species-bound growth rate will cause the individuals to pass in less growth steps, 
that is in shorter time, through the lowermost, dangerous size classes where 
mortality rates are greatest. 

The theoretical considerations on the functions of the foraminiferal cells that I 
used in this subchapter for offering an acceptable explanation for the two major 
evolutionary trends, clearly avoided the various deviations on the straightfor
ward development courses. It would be too easy to rely only on random or 
counter-current effects in small-sized populations for all these aberrations, ef
fects that were introduced earlier (chapter 111,1) for the understanding of the 
rapid changes in the numerical sequences of mean nepionic configuration values. 
Some further elaboration of life processes may give me the opportunity to clarify 
at least some ofthe irregularities in mean embryon size sequences. We need more 
and better guesses about the role of environment. 

IIl,3 . REPRODUCTION MODES AND PROCESSES 

If we want to find out whether environmental differences could have had an effect 
on the morphology as shown by the numerical data, it is necessary to concentrate 
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first on the size and morphology of the juvenile elements of the test. To this end I 
start with a selective review of our knowledge on reproduction in foraminifera. 
How do species maintain continuity in the successions of populations? 

Since the later part of the previous century it is known that most foraminiferal 
species possess two different morphologies, which after some time were found to 
reflect two different modes of reproduction. In one mode new individuals are 
bom as a result of the fusion of two gametes that possibly always originate from 
different parents. In the other mode of reproduction multiple fission of the par
ental protoplasm around a number of nuclei leads to the youngsters of the next 
generation. In relative terms the sizes of the initial chambers af ter these two 
reproductive processes are small and large, respectively, and these early cham
bers lead to the so-called microspheric and megalospheric individuals of the same 
species. This dimorphism in size of the prol oculus was recognized by paleontolo
gists, even before the connection with different reproduction processes could be 
established. 

In wh at was seen originally as the usual and ideal case, the two modes of 
reproduction would be alternating. Further research has shown that various 
other reproduction cycles may be postulated, in part being species-bound. One 
ofthe most important is that another generation ofmegalospheres may originate 
from a megalospheric parent. In the idealized case such a trimorphic cycle would 
con sist of two successive megalospheric generations (A, and A2) intercalated 
between two microspheric (B) generations. It must be emphasized that, as far as 
I know, such a complete generation suite could not be followed in nature or in 
laboratory experiments for any species of the larger foraminifera, but it is a 
reconstruction from several two-step successions observed in laboratory cul
tures. The same is true for the so-called apogamic reproduction, in which process 
the sexual generation would have become completely suppresssed. I am not going 
to dweil on the various modes of reproduction and of generation successions; 
there is an extensive literature on different case histories. For the moment I only 
wish to emphasize that megalospheric and microspheric individuals have been 
found also for many species of the radial foraminifera, both recent and fossil. 

In practice microspheric specimens are relatively rare. I remember an excep
tional example of an assemblage of Miogypsina complanata, in which as many as 
about half of the sectioned individuals were found to be microspheric (Drooger, 
1963). Otherwise, megalospheric individuals are much more common, and tbis is 
one of the reasons why our morphometric investigations are nearly exclusively 
based on the specimens with the larger prol oculus. For species, of which no 
microspheric individuals have been reported so far, it is not self-evident that 
such a generation did not exist in their life cycle. Such individuals may have been 
very rare and/ or they may have become destroyed during the reproduction phase 
when the megalospheres were formed. Or they may be absent because we 
sampled our material from an unfavourable habitat (see below). 

There is not so much literature or speculation on the value of such alternating 
modes of reproduction, on their advantages and disadvantages for the continua-
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ti on of the species through time. It seems unlikely that a complex mechanism of 
alternating genera ti ons, whatever its deviating patterns, would have gained such 
a dominating role and general distribution, if it were not to serve a meaningful 
purpose. Simple reasoning suggests that the sexual phase that leads to the diploid 
individuals of the microspheric generation, is necessary to enrich the gene pool of 
the species, thus offering the opportunity of change when adaptation could be 
profitable. We are used to link selection in evolution to the mutations that are 
introduced during sexual processes. Although 1 can imagine that selection could 
act in a competition between clones of megalospheric specimens as weIl, it seems 
unlikely that such aselection alone could make the successive populations change 
beyond the variation range of the already acquired genetic potential. The sugges
tion of stability in clonal successions is clearly present in the study of Kloos 
(1984) on recent Sorites orbiculus. On the other hand, reproduction by multiple 
fission seems to be a good method to keep the species going with high population 
densities of megalospheric individuals, whether haploid or diploid, and from 
whatever kind of parent. Such a rapid expansion of the number of individuals 
may for instance give the maximum reproductive benefit for a species when there 
is a sudden, ample food supply by algal blooms. 

There are several indications that the sexual part of the genera ti on cycle does 
not occur at all pI aces of the habitat range of a species. Leutenegger (1977) and 
Hottinger (1977) observed th at the relative and absolute numbers of microspheric 
specimens of Operculina ammonoides and Heterostegina depressa in the Gulf of 
Aqaba increased with depth. Sexual reproduction seems to be absent or nearly so 
in the uppermost 30 to 50 metres, where apogamic chains of megalospheric gen
erations seem to be prevalent. A similar link to depth may be valid for Sorites 
orbiculus. Although the microspheric generation of this species does exist (e.g. 
Lacroix, 1941), Kloos (1984) only found pro of of asexual reproduction of this 
species in the shallow lagoons and bays of Curaçao. 

Two different explanations can be offered for the depth-linked occurrence of 
microspheric individuals. One is that it is an artifact, because we are dealing with 
two related, but different species, a shallow one which is entirely apogamic (e.g. 
Heterostegina apogama Röttger, 1987, off Hawaii), the other in which the sexual 
process is still present living at greater depth. Also Hottinger (1982) seems to 
favour the hypothesis of such a doubling of species. Recently, Röttger et al. 
(1990) withdrew this two-species hypothesis for their recent Hawaiian Heteroste
gina. The other explanation, which 1 prefer, is that there is only one species in 
every case, in which some environmental stress is responsible for the elimination 
of the microspheric generation in certain habitats, such as at shallow depth. For 
such a stress several causes can be imagined. For instance, it can be supposed that 
at the shallow end of the depth range of a species there are too small chances of 
survival for sexually formed zygotes. Strong predation pressure can be imagined. 
And, if stronger water movements do not impede the joining of the flagellate 
gametes, they may easily wash away the tiny juveniles. Or, very high light levels 
may inhibit photosynthesis or free life of the specific algae, the juveniles have to 
find and incorporate in their protoplasm. So, microspheric juveniles may fail to 
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acquire a supply of symbionts in the shallow habitat, whereas the megalospheres 
are capable of continuing their symbiotic relation because they inherited the algal 
partners from their parents during the multiple fission process. Moreover, the 
individuals already carrying symbionts, many of which are epiphytic imperfo
rates, must be thought capable of actively finding shelter from too much sunlight 
at peak hours during the day. Of course it is possible that such stress-resistant 
chains of megalospheric generations lost the potential to form gametes, but this 
does not necessarily mean that we are dealing with a separate species. It is quite 
possible that shallow clones disappeared completely over and again during un
favourable seasons or for some other reason (e.g. Zohary et al., 1980, on Amphi
sorus and Sorites in the Gulf of Aqaba), but new clones from greater depth then 
are likely to be ab Ie to re-occupy the vacated niches. 

According to Fermont et al. (1983) productivity of both generations in the 
recent Operculina species would be highest at greater depth because life condi
tions are most favourable. If algal species play an important role, as most authors 
seem to be thinking, their most suitable light conditions at a certain depth (e.g. 
Leutenegger, 1982) would favourably inftuence both the extemal food resources 
and the specific symbionts in the endoplasm. 

Actually, Fermont et al. use this productivity concept to explain the observa
tion that the megalospheric embryons of the Operculina and Heterostegina spe
cies are largest in this most favourable part of the depth range. Parents possibly 
grow to larger size in the more stabie environment, and less offspring with some
what larger embryons may be sufficient for the continua ti on of the species. This 
depth-related cline in embryon size seems to confirm the earlier hypothesis of 
Drooger and Raju (1973), who postulated the increase of embryon size with 
decreasing light intensities in the extinct Miogypsina species. It seems likely that 
symbionts play an important role in these depth-linked clines, since no change in 
embryon size was observed in either one or the other of the two Planorbulinella 
species, that are devoid of symbionts, in the Gulf of Aqaba (Thomas, 1977). 

We are not yet at the end of speculations on environmental inftuences on 
embryon size. Fermont et al. (1983) suggest that below the intermediate depth 
range with the most favourable light conditions, the size of the embryon is de
creasing again in the recent Operculina ammonoides. There are no data that in this 
deepest part of the photic zone sexual reproduction is absent. So the best expla
nation for this embryon size phenomenon seems to be that low light levels are 
responsible for another stress inftuence that would favour a larger megalospheric 
offspring with smaller embryons. The lower contributions from the algae to the 
metabolism of the animals can be concluded also from the reduced share of 
symbiont-derived carbon and oxygen in the test building of the foraminifera at 
greater depth (Hallock, 1985). And also the ftattening ofthe tests that reduces the 
volume/ surface ratio of the foraminifera at such greater depth, as it is found in 
many groups (e.g. Hottinger, 1977; Fermont, 1982), may be a consequence ofthe 
waning effect of the symbionts on the animais' metabolism. 

Such a line of reasoning with greater stress and therefore smaller embryons of 
the megalospheric individuals at the upper and lower ends of the depth range is 
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used by Laagland (1990) to explain the bell-shaped curve of embryon size along 
the depth gradient he assumes for the Oligocene Cycloclypei of one of his local
ities (chapter 11,1). 

According to the observations of Biekart et al. (1984) on recent Heterostegina 
depressa from Hawaii, the embryon cline has an even more intricate origin, at 
least as far as the increase fr om shallow to intermedia te depth is concerned. In 
laboratory cultures they found that mega10spheres bom from a microspheric 
parent had on average larger embryons than those which originated after fission 
fr om earl ier individuals of the megalospheric generation. Since microspheric 
specimens are increasing in relative proportion with greater depth, the changing 
mixture ofmegalospheric specimens from two different sources would exp1ain the 
increase of mean embryon size, which Biekart et al. observed in the suite of 
samples taken from increasing depth levels off the Hawaiian islands. 

These more or less fragmentary data on reproductive processes give us more 
openings for an explanation of the time-linked changes in embryon size. On the 
basis of the above conclusions concerning the increase of embryon size from 
shallow, as weIl as fr om great depth to the intermediate part of the habitat 
range, we may suppose that oscillations found along some stratigraphic column 
could weIl be the consequence of past changes in water depth at the sampling site 
under consideration. However, in our case histories I find very few stretches in 
the stratigraphic sections in which there is a regular decrease or increase in em
bryon size that might be explained by concomitant depth changes. Although 
based on the least certain, deepest part of the cline, the earlier mentioned exam
ple of embryon size increase in successive Lepidolina assemblages might have 
been influenced to some ex tent by an environment-induced response of the ani
mals to the overall shoaling of the habitats that Ozawa (1975) reported as well. 

Another question that may be posed now is whether or not the overall size 
increase of the embryon in time that we observe in all lineages really deserves 
the name evolution. One might suggest that the increase could be the result of 
continuous depth changes, such as it may be read from the smoothed sea level 
curve ofHaq et al. (1988) that shows an overall shallowing from about the middle 
of the Cretaceous up to the present day. In my opinion it must be clear that such 
an assumption is nonsensical. We would rely again on the least certain documen
tation about changes in the intermediate to deep realm, and, moreover, why 
would the animals not have moved along with their most favourable depth when 
sea level was falling. Furthermore, the suggestion of no more than a phenotypic 
response to environmental change cannot be used to explain the fact that the size 
range of the embryon in the later part of the 1ineage histories usually shows not 
the slightest overlap with that in the beginning. Evidently there were genetic 
changes involved for the time-bound increase in embryon size and so we still 
have to find an adaptive advantage for such an evolutionary change, because the 
size increase of especially the fust two chambers largely exceeds our expectation 
fr om the observed general growth of test size. It really is beyond proportion. 

197 



111,4. THE MEANING OF THE MEGALOSPHERIC EMBRYON 

We have se en th at in the later parts of most lineages the embryon is a morpholo
gically distinct initial apparatus of megalospheric individuals. It consists of two, 
three or four chambers, the number depending on the group we are considering. 
The name embryon for such initial stages (see glossary) is just a word and cannot 
be blindly allotted the meaning the embryo has in more highly organized crea
tures. Accepting the purely descriptive value of the term embryon in the radial 
foraminifera, I still believe that its changes during phylogeny must have had some 
special value in the life cycles of the animais, i.e. the ontogenetic stage and its 
modifications had some functional meaning. 

Especially the more globular embryon shapes, such as they are found in Eu
lepidina, advanced Nephrolepidina and Orbitoides, may readily lead to the spec
ulation that such embryons represent an early planktonic phase in ontogeny, 
which ph ase enabled the juveniles to be transported passively over large dis
tances to other suitable habitats. The extreme thickening of the outer walls of 
such embryons, as it is most clearly shown by Orbitoides, then would have 
caused the settling of the young individuals for their further life as benthonic 
organisms. Although it cannot be denied that such a mechanism could have been 
operative (Neumann, 1987), I prefer another hypothetical explanation for the 
introduction of the pronounced embryonic phase in the ontogeny of the radial 
foraminifera. 

The embryons in well-advanced species of some of the lineages show that the 
intern al walls of the participating chambers are poorly developed, thin or even 
partly wanting. They may be straight, as in Orbitoides species or in Lepidocyclina 
canellei, or more of ten, they have too slight curvature for the early calcification of 
the blob of protoplasm of the proloculus. These observations indicate that the 
successive embryonic chambers were formed before the dividing templates had 
been firmly calcified. After the formation of the outer wall of the entire embryon 
there seems to occur a break in the growth rate of successive chambers to a 
relatively lower value because the volume of the protoplasm in the fust nepionic 
budding step of ten is distinctly less than it is in the last-formed embryonic cham
ber. After the completion of this first nepionic step, a regular growth rate was 
resumed for the later instars. 

The abrupt transition in growth rate between the embryon and the nepiont 
makes me think that different growth processes were involved. I suppose that 
during the first stage of multiple fission the separate nuclei of the paren tal animal 
were surrounded by protoplasm to farm the prol oculus or protoconch. The next 
one or two embryonic steps are not caused by actual growth of the protoplasm of 
the new individuals, but they seem to be of accretionary character, i.e. resulting 
from the incorporation of additional protoplasm of the mother individual to 
form the second chamber, and maybe one or more later ones as weIl. If after 
these steps the paren tal protoplasm had been exhausted the megalospheric 
young were obliged to grow by forming new protoplasm themselves. 

In my opinion such a process during reproduction is certainly more than sheer 
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fiction. There are several data that suggest that megalospheric embryons were 
formed in brood chambers near the periphery of the parental test. Röttger 
(1974) stated that in Hawaiian Heterostegina depressa, raised in laboratory cul
tures, the protoplasm of the first two chambers is of paren tal origin, and that the 
two chambers result from later subdivision. I think that for other groups such a 
later subdivision is quite weIl possible when there is a straight dividing waIl, such 
as in Lepidocyclina canellei, but whenever there is some curvature left I suppose 
that there was a succession in time for the embryonic chambers to be formed, 
which permitted the prol oculus to form aflexibie organic lining before the deu
teroconch was added. This assumption is somehow confirmed by the observa
tions of Kloos (1984), who found in brood chambers of several recent Sorites 
orbiculus individuals, unborn juveniles either with single chambers (proloculus) 
or with two chambers (proloculus and flexostyle). Kloos even observed young 
with three chambers which were still inside the parental test. 

There are several more data that suggest that young megalospheric individuals 
originated and performed several accretionary steps in some kind of protected 
environment, for in stance inside resorbed peripheral parts ofthe parental test (or 
brood chambers) before they were released to start their free life. Several authors 
(Cassan and Sigal, 1961; Meriç, 1966; Neumann and Poisson, 1970) observed 
parental tests with young Orbitoides juveniles consisting of complete four-cham
bered embryons of the next generation, situated in the peripheral parts of the 
paren t's median layer. Also the frequent observations of twinned megalospheric 
individuals in nearly all groups would be weIl understandable if such youngsters 
were formed from the same parental protoplasm and had remained close together 
until the moment of hatching. The frequent so-called teratological embryons of 
Pliolepidina and other lepidocyclinid (sub)genera (e.g. Cole, 1960) could weIl be 
another consequence of crowding of juveniles at their place of birth and early life. 
One can imagine th at very large embryons received mechanical strength by in
corporating fragments of the paren tal test, as it is supposed to have occurred in 
Orbitoides gensacicus (Eggink and Baumfalk, 1983). 

If the hypothetical birth mechanism outlined above, would be anywhere close 
to what happened in radial foraminifera, we would understand why there are so 
few and usually indistinct reports of just embryonic stages of species of our 
lineages in microfaunal associations. Y oung individuals that have been found, 
commonly consist of a fair number of chambers already. 

The special mode of such parental care for the unborn megalospheres seems to 
be most obvious for the later stages of lineage development, in which the embry
on is a weIl separable ontogenetic stage because of its size. Such a care will be 
more difficult to prove for species in which the embryon cannot be distinguished 
on account of its larger relative size, although the example of Heterostegina 
(Röttger, 1974) gives the impression of a similar reproductive behaviour. A 
change in growth rate at a somewhat later level of the nepionic or neanic stage 
has not been weIl documented for the earlier species of the lineages of radial 
foraminifera. Maybe there is one example of such a break, in Cycloclypeus (figs. 
109, 110). Laagland's careful analysis (1990) of the ontogeny of early, spiralled 
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Oligocene Cycloclypeus shows an unexplained change in growth pattern at the 6th 

and 7th instars. The 4th to 6th chambers show a low degree of embracement and a 
st rong growth rate (defined as volume i/volume i-I). At the 7th step embracement 
is at a minimum and the growth rate drops considerably. Af ter this point in the 
ontogenetic sequence there is a regular increase in the degree of embracement and 
a slow, but again regular decrease in the growth rate. It is tempting to explain the 
unexpected break in the course of Cycloclypeus ontogeny as the expression of the 
transition fr om some kind of sheltered growth at the expense of the parent's 
protoplasm, to free life. 

Whatever the exact nature in the individual's life sequence, it is evident that the 
morphologic distinctness of the embryon relative to the nepionic and neanic 
stages increased in the course of phylogeny of most lineages, although in some 
groups the embryonic/nepionic break in the increase of protoplasm volume 
seems to be absent or it is not impressive, such as in the genera of the Planorbu
linidae. 
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Fig. 109. Average degree of embracement (E; ± I SE) of the 3d to l7'h ontogenetic steps in 70 
individuals of Cycloclypeus rnediterraneus from the Oligocene of Ramla, Israel (af ter Laagland, 1990). 
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Fig. IlO. Average size increase ofthe test (kj ± I SE) for the 4th to 17th growth steps in the individuals 
of figure 109 (after Laagland, 1990). 

III,5. EMBRYONIC TRENDS 

The general evolutionary tendency to increase the size of the juveniles before their 
release to free life clearly is of adaptive value if one accepts that larger size will 
reduce the percentage ofyoungsters that become victims ofyouth mortality. And 
if we accept that there is no excessive size increase in evolution of the mature 
mother individuals - in my opinion there was not - it follows that the number of 
offspring per parent tends to become smaller. Such a reduction of the number of 
descendants for the benefit of their viability clearly fits in with the idea of a more 
successful K-strategy in the course oflineage development. But this is not all that 
can be said about evolution of the embryons. 

Whatever the meaning of the embryonic stage may be, it shows five more or less 
parallel phylogenetic trends in the lineages, trends which have been documented 
by morphometric data. These most common types of change are: 

I. the size increase of the embryon as a whoie, the trend that was discussed in the 
previous subchapter and above in connection with the reproductive processes; 

2. the greater increase in size of the deuteroconch relative to the protoconch; 
3. the increasing degree of embracement of the protoconch by the deuteroconch; 
4. the increase of the globularity of the embryon as a whoie; 
5. the loss of individuality of the separate chambers inside the embryon, which 

may be seen as a consequence of more rapid accretion of protoplasm in the 
protective cover of the brood chambers. 
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In the nine lineages or groups of lineages that were discussed in the second 
chapter, the modifications along these five lines of development are very differ
ent and they occurred in variabie combinations. The trends numbered 3, 4 and 5 
usually occur together, but in a few groups only, e.g. the Lepidocyclinidae and the 
Orbitoididae. The disorderly record ofthe Orthophragminae gives the impression 
that we are dealing with a variabie mixture of terminal phases of 3 and 4. The 
embryon configurations do not show any clear development direction throughout 
the entire Paleogene history of the group. 

The second trend towards a greater deuteroconch/protoconch ratio has cer
tainly preceded the latter three in the lineages of all three groups mentioned 
above, but it is all there is in (nearly) the entire evolutionary development of 
some others, like the Miogypsinidae, the Lepidorbitoididae and the Pseudorbi
toididae. In these families there may be a slight progress along the third line, but 
this change never proceeds to a really strong embracement of the protoconch by 
the deuteroconch. Also in Cycloclypeus the second trend may be recognized. It is 
much less distinct in the genera ofthe Planorbulinellidae, unless such forms reach 
the nepionic evolutionary level of two P AC of equal size, which they rarely do. 

As a more or less general rule we may state th at trends 2 to 5 become apparent 
in the orbitoidal forms only, or especially, when the ancestral spiral has been 
reduced to the level of Y = 1, i.e. from the time onward that the deuteroconch 
has obtained two basal stolons to form the two PAC. It is also at and beyond this 
morphologic level that the embryon starts to be a separate ontogenetic stage, 
recognizable as such because of its relatively larger size amongst the later equa
torial chambers of the median layer. 

Especially for the trends 3 and 4, ratio parameters have been invented to 
express the degrees of embracement and of globularity. The trends involved have 
been named embryonic acceleration, a term meant as an analogue ofthe nepionic 
acceleration, because it is thought to express the direction towards an improved 
radial structure that is achieved in the embryonic stage already. 

Whether embryonic acceleration is leading to a functional advantage for the 
animals is not self-evident. Such an advantage at this early juvenile stage may be 
considered doubtful if it is a general truth that the embryonic chambers and 
possibly the early part of the nepionic stage as weB were completed in a relatively 
sheltered environment in or close to the parental test. However, the parallelism in 
the phylogenetic trends of the embryons causes me to think that there must have 
been some advantage, that does not need to have been operative in the embryonic 
phase itself. A radial configuration of the embryon possibly gave a better starting 
position for the later growth stages when the animals had to live without protec
tion. I will come back to the possible meaning of the embryonic acceleration, 
when these trends can be brought in connection with the more elucidating, sus
tained changes in the nepionic configuration. 

In the earlier part ofthis subchapter I stated that the trend of overall size increase 
of the embryon tends to reduce the chances of youth mortality. And the fre
quently observed irregularities in embryon size in continuous stratigraphic se-
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quences may weIl be due to a variabie environmental impact because decreasing 
light quantities at greater depth would primarily favour larger, and at still greater 
depth again smaller embryons during the process of multiple fission. Fluctuations 
in relative sea level stand thus could have caused an oscillating vertical succession 
of means in a stratigraphic section. 

However, there are other, more peculiar deviations from the general evolution
ary rule of embryon size increase, deviations that cannot easily be explained from 
immediate effects expressed in the depth-linked, bell-shaped morphocline. Sev
eral times we observed drastic changes to much smaller embryons in the course of 
phylogeny. Such events have been found for most of the lineages. Although it is 
hard to prove, these drops in embryon size seem to have had a rather sudden 
character. The more common time-linked sequences with slow size increase of 
the embryon are usually weIl documented. The changes might weIl have been 
gradual over relatively long periods, whereas intermediates on the way to the 
populations with much smaller embryons are less apparent or seem to be lacking 
altogether. It is remarkable that these sudden phylogenetic changes in size of the 
initial stage commonly have no or only a slight effect on the courses of embryonic 
and nepionic accelerations. 

These sudden changes appear to have had different consequences for the lineages 
involved. In some the drop in mean embryon size is just happening in the other
wise continuous course of the lineage, such as in Cycloclypeus (to the C. eidae 
populations) and in the case ofthe two breaks in the Indo-Pacific Oligo-Miocene 
Nephrolepidina lineage. More of ten, however, the sudden change seems to have 
resulted in cladogenesis, the new forms being added to the regular continuation of 
the originallineage. This seems to be the case at some pI aces in the history of the 
Miogypsinidae: the rise of Miogypsina s.str. and maybe the doubling of M. ban
tamensis that was found in Sicily. But it also occurred in the Pacific Planolinder
ina and possibly also towards the end of the Caribbean Pseudorbitoides lineage. 
There is yet another example of cladogenesis in the (sub)recent Planorbulinella, 
but there it is P. larvata, the species with the larger embryons that is added to the 
lineage. The latter example shows that we are not dealing with a simple rule of 
embryonic size drops in the course of evolution only. As a consequence, any 
explanation that one tries to in vent for the phenomenon must account for the 
happenings of sudden embryonic size decrease as well as size increase. 

Especially the examples of ramification of the phylogenetic trees necessitate us 
to consider the phenomenon as the expression of a separate evolutionary course 
for some suite of populations during a sufficiently long period of geographic 
isolation from the main lineage. Since all these examples of cladogenesis seem to 
have occurred in the larger province, in which the main lineage continued its 
unbroken course of evolution, we have to look for a mechanism similar to that 
of other examples of intraprovincial cladogenesis, such as the one I postulated for 
the various lineage separations in the Miogypsinidae (chapter 11,4). 

Another factor of importance in this connection is that for several of these 
duplications of species there are indications that the species with the smaller 
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embryons lived at greater depth than their (near-)contemporaneous relatives 
with the larger embryons (Drooger, 1983). In the case histories there is unmistak
able evidence for this rule in both recent Planorbulinella species, found in the Gulf 
of Aqaba. And there are fair suggestions of a si mil ar depth separation for the 
addition of Miogypsina s.str. to Miogypsinoides and possibly also for the origin of 
Cycloclypeus eidae and for the rise of Planolinderina plana and of Pseudorbitoides 
pectinata towards the end of their respective lineages. 

If indeed such rapid changes in embryon size had some causal relation with the 
difference in depth of the respective habitats, we seem to have no other means for 
the explanation than by using again the few indications of the so-called bell
shaped curve of embryon size along the depth gradient of the habitat range. 
And along this line of reasoning we would need for most cases the deepest parts 
of these gradients, where in two examples a notabie size decrease for the megalo
spheric embryon has been postulated: Operculina ammonoides in the present-day 
Gulf of Aqaba (Fermont et al., 1983) and Cycloclypeus mediterraneus in the 
Oligocene ofIsrael (Laagland, 1990). For the change in the phylogenies we then 
can envisage that, if somehow and somewhere the shallower part of the depth 
range of the ancestral populations became uninhabitable, the forms of the deeper 
niches were the only ones to survive. I assume that because of selection the 
smaller embryon type then would be the one that became genetically fixed after 
some time, when the populations lost the potentialof forming larger embryons. 
In this way such population suites would have attained a genetic separation that 
became apparent afterwards, when the original and the new stocks were able to 
be in touch in the same areas again. 

With some extra modification of the island speciation theory, that was ad
vanced already for the examples of cladogenesis in the history of the Miogypsini
dae (chapter II,4), we may suggest that some open marine island-shoal niche got 
drowned during for in stance a eustatic sea level rise. As a consequence only the 
deeper living part of the original population with its small embryons was able to 
cope with the increased depth of the formerly shallowest part of the habitat 
range. I suppose that sea level rises in the order of 70 to 150 metres would be of 
appropriate magnitude, and such a magnitude is of acceptable order in the his
tory of past eustatic changes of sea level. Clearly we would need an isolated shoal 
area where the radial foraminifera involved were unable to climb the slope while 
the sea level was rising. To me this certainly is an attractive hypothesis for the 
drop in embryon size in most of the examples we have. 

Nevertheless, the hypothesis does not answer all practical questions. For in
stance, why would the Nephrolepidina lineage twice show such a province-wide 
decrease in embryon size without doubling the lineage? Maybe we have to sup
pose that the shallower habitats of the clear-water carbonate platforms along the 
continental margins in the province involved became unfit to live in. In this 
connection it is reasonable to suppose that there is a risk that every change of 
sea level caused a pollution effect on such habitats. At fust sight one would expect 
that it is during aregression that transport of large quantities of sediment could 
spoil the environment, but such erosion products are not necessarily directed 
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towards the carbonate platforms. The opposite assumption of a sea level rise 
might have been more readily effective. We may suppose that the sea level rise 
and drowning of lowland areas brought a larger dissolved nutrient supply to all 
near-shore habitats (Hallock and Schlager, 1986). The ensuing blooms of phyto
plankton with the possible addition of an increased suspension load may have 
reduced the transparency of the water to such an extent that life conditions 
became prohibitive for the oligotrophic bottom dweIlers that depended so 
strongly on a suflicient light penetration. Competition from more r-selected or
ganisms might have been an additional factor in eliminating the near-shore radial 
foraminifera. For the time being tbis is the best speculation I can offer for the lack 
of cladogenesis in the Nephrolepidina and Cycloclypeus lineages, but I admit that 
it does not sound very convincing. 

It looks rather unlikely that the inverse procedure of a general sea level drop 
could have been responsible for the few examples where the mean size of the 
embryon suddenly increased. The Miogypsina bermudezi to M. complanata tran
sition (ifthere was any) would be weIl understandable as a fortunate expansion of 
the habitat to shallower water, for wbich explanation the extreme thickening of 
the extemal walls provides an additional - though circular reasoning type of -
argument. For this example we certainly do not need a change of sea level. But 
how do we understand the descent of the recent shallow Planorbulinella larvata 
that became added to the original P. caneae lineage, which lineage lived at fair 
depth since the Miocene and presumably led straightly to the recent P. elatensis in 
the deeper part ofthe Gulf of Aqaba? Neither one nor the other ofthe two recent 
species shows a distinct cline in embryon size along its own depth gradient in the 
Gulf (Thomas, 1977). 

One would like to find support for these theories in the most detailed, recent 
sea level curve of Haq et al. (1988), but our chronostratigrapbic positioning of 
bio-events is not sharp enough. However, to me this is equally true for the details 
of the sea level curve. 

Certainly we can stretch our imagination to postulate further attractive the
ories, but I still have the feeling that there is more to these changes, and that 
functional relations probably were even more complex. Possibly we will find 
better clues af ter re-con si de ring the other trends towards improved radial 
growth, i.e. the nepionic acceleration trends. 

111,6. THE NEPIONIC ACCELERATION TRENDS 

The radial growth pattem has been linked in the earlier text (111,2) to the advan
tage of better all-around facilities for the cellular mass. Such facilities are needed 
for the improvement of all kinds of vital processes, such as greater motility 
opportunities, uptake of more food particles, expulsion of waste products and 
in-and-out transport of symbionts, for all of which the larger number of aper
tures are essential. In addition, more efficient diffusion or osmosis through the 
pore membranes may have assisted in the greater success of the perforate radial 
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foraminifera . The exchange of dissolved nutrients, gases and ions, such as Ca ++ 

and HC03 - for the test building, probably occur at much lower rates through the 
porcellaneous walls of their imperforate homologues. 

The adaptive value of nepionic acceleration then is a logical consequence be
cause the ever decreasing number of growth steps in phylogeny means that a 
shorter lapse of time is spe nt during ontogeny until such a most favourable mode 
of life for the animals becomes established. 

As a general evolutionary trend nepionic acceleration shows fewer deviations 
than the overall increase of embryon size, dealt with in the two previous subchap
ters. At several places where we found that the regular size trends were inter
rupted by notabie setbacks, it appears that nepionic acceleration is no more than 
slightly affected, if at all. Real negative pulses in nepionic change are extremely 
rare, such as the case of the Miogypsina bermudezi to complanata transition. 
There are many more sudden or rapid forward changes in the acceleration 
trends, for which phenomenon sympatric genetic drift in smalI, bottleneck popu
lations has been postulated as an explanation, because real species selection is 
unlikely in most cases. 

A closer look at nepionic acceleration stories gives the impression that the evolu
tionary drive or urge was different during the successive phases of lineage devel
opment. In the first chapter we distinguished three successive but different modes 
of transformation of the nepionic configuration (figs. 7-9). 

Along the first line of change the ancestral spiral is progressively reduced in the 
number ofits chambers ofthe so-called operculinid stage, the chambers that have 
no more than the original basal aperture. This type of decrease of spi ral length 
really shortens the time until radial growth is attained, if we are allowed to 
measure relative time durations from the number of budding steps. 

This spi ral shortening phase has been documented for nearly all our lineages, 
but the time the lineages spent in this phase is highly different. The final stage of 
spi ral reduction, at which Y values have decreased to one (i.e. the second cham
ber has obtained the two or more openings) was never reached in the about 40 
million years of Cycloclypeus evolution. This Y = 1 nepionic configuration is not 
invariably attained in the various independent lineages of the Planorbulinidae 
either. At the end of some, it occurs in the larger part of the assemblages (Pla
nolinderina, Linderina), but in Planorbulinella it is found in occasional specimens 
only. A fairly long interval of time is spent in this first spiral phase by the Mio
gypsinidae and the Lepidorbitoididae, if our translation of the numerical se
quence into time is correct. Although present, this fust phase is poorly documen
ted in the Lepidocyclinidae and the Orbitoididae. Only for the different groups of 
the megalospheric Orthophragminae of the Early Tertiary it has never been 
observed. This group seems to lack any documentation of the long, early nepio
nic histories, we are anticipating. Most authors think that this record must be 
hidden either somehow in the earliest Tertiary, or somewhere in a better known 
group such as the Cretaceous Lepidorbitoididae (Fermont, 1982). 

In the second mode of nepionic transformation the spirals from the two P AC 
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change fr om an asymmetrical to a symmetrical arrangement around the two
chambered embryon. Only for the Miogypsinidae and for Pseudorbitoides para
meters have been introduced by which we calculate the average degree of symme
try of these spirals in the populations. Asymmetrical nepionts corresponding to 
this morphological range have been observed in other groups as weil, such as in 
Lepidocyclina, Helicolepidina and Lepidorbitoides, but they have never been mea
sured. 

It must be noted that the number of growth steps until the animais' radial 
structure is attained, does not show much reduction any more during this second 
phase. As to time durations little seems to be gained. At the most, growth in all 
horizontal directions is getting more equable or more balanced. 

The third and last mode of development in nepionic acceleration, in which we 
see the increase of the number of AAC, has been amply documented for the 
Eulepidina and Nephrolepidina lineages of the Lepidocyclinidae and for the later 
part of the Lepidorbitoides lineage. The Orthophragminae or at least part of 
them, seem to have wandered in this terminal ph ase without obvious direction 
for a very long time. Also the lineages of the Orbitoididae mainly show this fin al 
development, here with chambers called AEC because in this group the last phase 
is accessory to the peculiar four-chambered embryons. 

Again the reduction of the number of steps until the stage of perfect radial 
growth is very slight or absent in all these groups. The increase in number of 
auxiliary chambers (AAC or AEC) seems to be no more than a compensation for 
the strong, phylogenetic growth of the embryon, in this way stabilizing the num
ber of steps needed to attain the radial pattern. 

If growth ofthe embryon would have stimulated the necessity ofincreasing the 
number of AAC or AEC, the embryonic acceleration trends that co-occur with this 
third and final part of nepionic acceleration may be more understandable. For the 
strong growth of the embryon during phylogeny the more embracing or more 
globular shapes probably are the best configurations to accommodate a large 
number of equal chambers in the third or fourth ontogenetic budding step. What
ever the differences in detailed morphology, Lepidocyclinidae, Orthophragminae, 
Lepidorbitoididae and Orbitoididae all show such a combined final development 
of embryon and nepiont. 

Evidently, my earlier explanation of nepionic acceleration trends as an adaptive 
drive to a faster attainment of radial symmetry is too simpie, or rather it is partly 
false. The explanation remains perfectly valid for the first phase, but it is of little 
value in the second and untenable for the third. Although the three successive 
phases form a logical sequence of morphological transformations, it must be 
admitted that the third and final part is no more than an accommodation to a 
st rong evolutionary drive of enlarging the size of the embryon. 

This being a very likely conclusion, I would expect that rates of nepionic 
change, always expressed in the morphometric terms, could have been very dif
ferent for the three successive modes of nepionic acceleration. As an expression of 
improved radial structure we would expect the first part of the lineages to have 
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proceeded much more quickly than the later parts. Although our stratigraphic 
refinement is insufficient to estimate the duration of individual species of a line
age, a relative comparison of ranges still might be thought possible. When doing 
so, I fail to see systematic differences in speed in the successive parts of the 
individual lineages. For instance, I do not get the impression that the earlier, 
spiralled species of the Miogypsinidae evolved any fa ster than the four later 
species of the second phase of nepionic acceleration. Actually, (ne ar-)stagnation 
occurred at all levels of nepionic configuration in this group, and the same con
clusion is valid for the other lineages. 

I am much more impressed by the large differences in average evolutionary speed, 
calculated for the separate lineages. There is little doubt that the Miogypsinidae 
changed most rapidly of all. The average duration of the successive morpho
metric species along the main line of development is in the order of one million 
years, a duration that seems to be approximately valid throughout the lineage. 
This is a much faster rate of evolution than we can calculate for the change from 
one morphometric species to the next in the other lineages. Even for Cyclocly
peus, in which the changes are all in the realm ofthe first mode oftransformation, 
the average duration of a species is in the order of five million years or more. Even 
if we would make a more refined morphometric subdivision in this lineage -
which is not yet pos si bie because of too inaccurate and too fragmentary a record 
- the duration of successive species would not be lowered substantiaJly. Similar 
ave rage durations of 3 to 8 Ma can be calculated for the morphometric species of 
for instance the Lepidocyclinidae or the Lepidorbitoididae. 

I do feel disappointed that the evolution with such a sustained direction of 
change was not much faster in most of the lineages. On the other hand, this fact 
causes me to cherish the large data set on the speedy Miogypsinidae. They are 
rather special indeed, and additional reftections on their evolution may be given 
some extra attention. 

The rate of evolutionary change being that much higher in the Miogypsinidae 
leads me to speculate whether their mode of life might have differed essentially 
from that of the representatives of the other lineages. One might suppose, for 
instance, that the Miogypsinidae followed a more r-selected strategy in which 
they depended more strongly on external food sources than on dia tom sym
bionts. Their environment possibly was more nutrient-rich and actually I have 
the impression th at they are found in more diverse sediment types than the other 
groups. Possibly they had no diatom symbionts, but shared the life habits of 
certain Elphidiidae and Nonionidae, which isolate simple chloroplast symbionts 
from the algal food ofthe ambient environment (Leutenegger, 1984). 

As mentioned above we are unable to verify the partial tempos of change at the 
level of individual species because we have no independent biostratigraphic or 
radiometric tools to measure time durations at the scale of one Ma and less. 
However, comparison of the main line with the various side lines of the Miogyp
sinidae shows th at nepionic acceleration rates could be very high, such as in the 
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Mediterranean Miolepidocyclina side line and in the Lepidosemicyclina excentrica 
branch in the Indo-Pacific. Stagnation in side lines is apparent as weil, for in
stance in the Lepidosemicyclina bifida branch and in the Miogypsinoides banta
mensis group of the Mediterranean. All this contains a warning that parallel 
developments of the main lineage that led to morphologically identical popula
tions in different (sub)provinces, could weil be based on different rates of change. 
This idea is supported by the notabIe difference in age for Miogypsina antillea, the 
last species of the main Miogypsina line, the extinction level of which is much 
younger in the Indo Pacific than it is in America. 

Another special feature of the Miogypsinidae is the relatively large number of 
genetically separated side lines. Separations always seem to have originated in the 
larger province where the main line remained present as weil. 

For such examples of cladogenesis I postulated the existence of open-marine 
shoal areas where local population suites could evolve to really different stocks 
provided that they were given sufficient time to build a deviating gene pool. The 
excessively high rate of change in the Miogypsinidae in general, where individual 
species lasted about one million years, may be the reason why this group built a 
more complex family tree than any of the others. One million years of isolation 
probably gave much better chances for ramification than the three to eigt million 
years needed for the others. Such periods may have been too long to preserve a 
situation of island isolation. In this connection it must be thought likely that the 
evolution in the early history of the Lepidocyclinidae was rapid as weil, when we 
see that the early Eocene development of this amphisteginid stock led to three 
persistent and successful generic groups in central America: Helicolepidina, Eu
lepidina and the forerunners of the Nephrolepidina lineage. 

Reviewing the reflections in the earlier text parts on the various modes of devel
opment and branching of lineages, it is my conviction that a number of different 
processes were at stake. First of all it appears that there is little evidence so far 
that environmental gradients in morphology played a significant role in the ne
pionic acceleration trends (see also chapter 111,7), whereas for the phylogenetic 
changes in embryon size, I think there is unmistakable pro of for the influence of 
some environment al factor, probably depth. For the breaks in both types of 
trend, based on nepionic configuration and on embryon size, I postulated some 
kind of island speciation to explain the cases of cladogenesis and of sudden 
transformations along the main streams of lineage development without such 
branching. There is a difference, however, as to the actual processes. 

In the examples of a drop in mean embryon size I suppose that selection 
exerted a pressure in favour of deep-living morphotypes with small embryons 
that were present already in the variation range of the original populations. Such 
aselection evidently led to a rapid genetic difference and stabilization in these 
extreme populations and I assume that there was no need for these intermediate 
populations to have been of bottleneck magnitude. We are clearly dealing with a 
kind of evolution, in which the isolated group used an environment-induced pre
adaptation in order to follow a change in habitat. This may be the reason why 
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such changes in embryon size seem to be sudden, leaving no traces of intermedi
ate populations in our records. 

Branching on the basis of nepionic configuration or 0/ 1 differences usually is 
not accompanied by selection for pre-existing variants of the populations. I get 
the impression that differences between the remote, island-based stocks and the 
main line are built up more slowly. This would be understandable if we accept 
that it needed time for new mutants and morphotypes to become introduced. We 
have seen that such new morphotypes did not necessarily have a bearing on 
nepionic configuration only. In the Miogypsinidae, for instance, we see the intro
duction of other deviating morphologies as weIl, such as in the formation of 
lateral chambers, in centripetal modifications and in the elongation of equatorial 
chambers. Such novelties probably also had a selective value, a value which is not 
always clear, however. The fact that the differentiating features were not yet 
present in the original population, but had to be introduced and promoted dur
ing the period of isolation, answers the question why time intervals of one to eight 
million years we re needed for the genetic separation. With the longer periods 
branching evidently did not occur at all. Again I am not convinced that bottle
neck intervals were needed for this type of cladogenetic process, but their occur
rence may weIl have speeded up the transformation. 

Such bottlenecks in population frequency, which lasted less than a few thousand 
years, were required only for the rapid fluctuations in configuration means. Dur
ing such changes the variation range of the morphotypes was not seriously af
fected, as we have seen in the Planorbulinella and Orbitoides examples. Of course 
there was an impact of the environment that brought about these rapid changes 
of very short time duration. The environmental influence must have caused the 
drastic sympatric reduction of the populations. It has been argued earlier (Droo
ger, 1984) that these were not genera I environmental catastrophes, but for in
stance vulnerability to diseases or even epidemics that were strictly species
bound or lineage-bound. Or maybe the particular niche of a certain species was 
more easily affected by an irregularity in the seasonal rhythm or some other 
aperiodical influence that obstructed reproduction. Such a lineage-bound effect 
would explain why Planorbulinella suffered a large number of incidents, whereas 
we found only one for the Orbitoides lineage during about one Ma. The nature of 
such accidents is not known, but it has been observed in a habitat of the Gulf of 
Aqaba (Zohary et al., 1980) that for unknown reasons Sorites orbiculus was 
nearly exterminated in one season, whereas the accompanying Amphisorus hem
prichii seemed to profit from the open space in the vacated niche. The species
linked character of the misfortune also follows from the fact that in some exam
pIes one lineage is affected, but not the accompanying one. During the well
documented pulse in the sequence of Cretaceous Orbitoides populations in the 
Aquitaine basin, the accompanying Lepidorbitoides suite of assemblages shows 
no change whatsoever. And in the well-investigated Waior section in India both 
Miogypsina and Planolinderina show one radical change, but at different strati
graphic levels. Where one shows a punctuation the other does not. 
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The potentialof change during low bottleneck frequencies may account for 
many other fluctuations or rapid spurts in sequences of mean values, and I think 
that it played a major role in the overall acceleration trends of nepiont and 
embryon of alllineages. The other prerequisite for such an evolutionary process 
to be effective is the occasion al introduction of new genotypes (and morpho
types), which process might weIl have been slowand gradual. ActuaIly, this is 
what the detailed data sets on Orbitoides and Miogypsina are suggesting, because 
new morphotypes seem to creep into the existing variation range at irregular 
stratigraphic intervals. 

In this context there is yet another set of questions. If we accept the interven
tion of bottleneck populations for the speeding up of evolutionary change, does 
this imply th at all examples of stagnant evolution are due to a continuity of 
tremendous populations? I did not get the impression that for in stance the Medi
terranean Miogypsina bantamensis or the Indo-Pacific M . bifida and M. antillea 
occurred more massively than other species of the miogypsinid clade. Is another 
option feasible as weIl, the idea that certain stocks lost the potential to raise new 
and more advanced mutants? Maybe stasis is not only due to a constantly large 
population size, especially when we find the stagnation to coincide with the last 
phases of lineage developments, such as in the three Miogypsina examples men
tioned above. Is then senility or a gerontic stage a realistic concept th at is applic
able to lineages as weIl? And finaIly, do we have to deny the possibility of slow 
progress to a lineage with a succession of large populations, when new mutants 
are expected to have been introduced throughout at (ir)regular time intervals? 

On the basis ofthe available data I cannot answer these questions. But the fact 
that they have to be considered contains a warning against dogmatic pre scrip
tions of how evolutionary processes should have been operating. 

FinaIly, I have to admit that there are a few examples, for which allopatric 
speciation followed by species selection in the original sense of Eldredge and 
Gould (1972) and Stanley (1975) offers the most acceptable explanation. Most 
fascinating is the just mentioned radical change in early Indian Miogypsina. The 
much larger embryon ofthe later species still might be ascribed to adaptation to a 
shallower habitat, as it might be valid to 'understand' the origin of the recent 
Planorbulinella larvata. But why did these younger miogypsinids develop a much 
longer nepionic spiral (both in X and Y), which modification is against the trend 
of nepionic acceleration? Such astrong deviation from the ubiquitous rule of 
improving the radial growth pattern is really exceptional. Is it because the mio
gypsinids never became of really radial structure, and that the sectorial growth 
pattern allowed more easily for counter-current deviations? But if so, why did we 
ob serve such a deviation only once? And why nepionic acceleration anyway, if 
the main line stubbornly stuck to the sector and the centripetal trends that did 
occur several times never showed a lasting success? Is after all the sectorial 
growth pattern just as good as the radial one for an efficient activity of the 
organisms when celluiar volume is increasing? Is it some genetic 'prescription' in 
the Miogypsinidae which led the main protoplasmic growth streams through the 
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retrovert apertures, causing the original spi ral to die out fairly rapidly? Or does 
the pseudo-bilateral symmetry of the test point to more active movement of the 
animals or to a habitat with stronger currents so that a sectorial structure is as 
good or a better growth pattern? Evidently I want to understand too much and 
maybe I start to ask the wrong questions from our unicellular organisms. 

I think that quite a few phenomena in the evolution of the radial foraminifera 
can be given a more or Ie ss satisfactory explanation, which of course does not 
mean that they must be correct. But with my best phantasies some still remain 
enigmatic. 

111,7. INTERRELATION OF TRENDS 

So far the evolutionary developments of the embryon and of the nepiont were 
dealt with separately. This procedure is a logical consequence of the fact that 
embryon and nepiont are clearly distinguishable as successive ontogenetic 
stages, for which we needed to employ different sets of morphometric para
meters. Moreover, their modes of evolutionary transformation appear to have a 
different basis in functional adaptation. It has been found that in single popula
tions environment al gradients can have an unmistakable repercussion on the size 
of the embryon, whereas such an extern al influence on the nepionic configuration 
parameters is much less easily detected. This might weIl be the reason why the 
trends in configuration are more consistent than those of change in embryon 
dimensions. 

However, the case histories also show that embryon size and nepionic config
uration are not fully independent of one another. Correlations between succes
sions of means of both parameter groups might of course be due to the consis
tency ofboth overall trends, but at several places we also find more or less distinct 
intrapopulational correlations, which suggest that the combination has a func
tional meaning. 

Such intrapopulational correlations are most obvious for the earlier, spiral 
representatives of the lineages. In the assemblages of Planolinderina a very 
strong negative correlation is found between the embryonic diameter and the 
number of spiral chambers (fig. 39). This correlation is so intense that it has been 
doubted whether there was any direction in the evolutionary development of the 
gen us at all. 

Similar, though less strict, negative correlations have been demonstrated for 
assemblages of Cycloclypeus and of Planorbulinella (fig. 29). There is a much 
weaker, intrapopulational negative correlation in some other groups, like the 
spiralled Miogypsinidae, which fact is visible fr om the much wider scatter in the 
bivariate d-X plots (fig. 63). None ofthe groups is entirely free from the negative 
correlation, however. 

In the past these correlations led to speculations about the functional meaning 
of the interrelation both within the individual populations and in evolution 
(Drooger, 1974). At the time th at this so-called PQ theory was launched, it was 
purely theoretical and full of circular reasoning, because it lacked sufticient sup-
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port from relevant morphometric data. Although in this respect no more than a 
slight improvement has been gained, I think that the theory is worth repeating in 
a modified version. 

First of all it is assumed that growth of individuals proceeds with discrete steps 
which are more or less equally spaced along a linear scale of ontogenetic time. 
Furthermore, growth will follow on average some exponential function for suc
cessive budding step volumes, although there is of ten a gerontic final stage with 
lower growth rates. 1 think that the rhythm of chamber formation is controlled 
more closely by regular time intervals than by the amount of volume increase of 
the protoplasm (see also the glossary on growth rhythm). These basic patterns are 
genetically fixed per species, but it is thought likely that per lineage changes may 
have occurred in the course of evolution. An axiom that has to follow fr om these 
considerations is that under more or less constant environmental conditions the 
life duration of an individu al is proportionate to the number of budding steps we 
recognize, an axiom I suppose nobody will find fault with. 

In the original version ofthe PQ theory it is supposed that there are two critical 
volumes for the individuals during their ontogeny. For the sake of individual 
survival it would be advantageous to reach these volumes as quickly as possible. 
One volume is P, to be attained in p steps, which corresponds to the size of the test 
when radial growth is starting. The other is Q with q steps, postulated as some 
test size beyond which the chance of becoming a victim of youth mortality has 
dwindled to a satisfactorily low level. Of course Q and q cannot be measured, 
their concept is primarily based on common sense. If in any way realistic, Q 
corresponds to an ontogenetic size interval rather than to a fixed volume. In 
recent years supporting documentation as to some volume Q has been pub
lished. For recent Amphisorus and Amphistegina it has been observed (Zohary et 
al., 1980; Hallock, 1985) that the mortality rate of juveniles decreases drastically 
from weIl over 90% in very small individuals (of Amphistegina) to much lower 
percentage values with increasing size, becoming negligible when size exceeds 
some 500 /1. With a larger proloculus and an unchanged or even increasing 
growth rate fewer steps and less time will be needed to reach the hypothetical Q 
volume and thus we enhance the probability of survival for a larger proportion of 
the youngsters af ter the most hazardous period of their life. 

We cannot be very specific about these dangers. Although it seems logical, size
dependent predation has not yet been documented. Losing grip by water motion, 
or fr om bioturbulence at the most favourable habitat places without the ability to 
re-settle, mayalso be size-specific. Other factors, like greater vulnerability to 
diseases, may look convincing, but none has really been proved to be effective. 

Although we are unable to measure a volume Q, I feel quite certain that it is a 
realistic item and that decrease of q because of greater embryon size yields an 
adaptive advantage. 

At first sight Pand pare less abstract notions because such parameters can be 
measured or counted, but none the Ie ss there appear to be some snakes in the 
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grass. One may easily be convinced that during the courses of the first mode of 
nepionic acceleration there was an evolutionary reduction of p, a number directly 
proportional to the spi ral parameters Y and X. But theoretically there is no need 
that P should be stabie in a population. One would expect that an increase of Pin 
evolution would be harmIess as long as iJ is reduced, time being more important 
than size. So selection might well have concentrated on the other trend as well, 
the increase of embryon size. Actually, one would expect a rapid combined drive 
of embryon size increase and nepionic acceleration, in which the evolutionary 
increase in P would be acceptable as an unoffending by-product. But tbis is not 
what we see. The evolutionary increase of P evidently is not so harmiess. The 
obstacle probably is the si ze of the cellular mass at the moment that the radial 
pattern is attained. Even ifno postponement in time (p) is involved, an increasing 
quantity of celluiar tissue is served less weil when the radial facilities would 
appear at a larger volume. The size of P seems to be a constraint in evolution, 
that cannot be freely enlarged. P is found to increase in a few exceptional cases 
only: in early Miogypsinoides and towards Planorbulinella larvata. 

The variously intense negative d ~ p correlations that are found in the assem
blages of nearly all lineages mean that in general a larger protoconch will be 
followed by fewer nepionic chambers than a smaller protoconch. Both para
meters seem to be interdependent as if some kind of muItiplication of the me a
sured values should lead to a near-constant factor for all individuals of a popula
tion. This factor is intuitively feit to correspond to the size (volume or diameter) 
of the entire nepionic stage. No doubt there is a unimodal P distribution if all 
individuals of a population are considered. I think that the average P has a stabie 
value in populations that are adjacent in time and/ or space. 

When estimating the average size of P in successive species in some of the 
lineages, I got the impression (1974) that P had been reduced in the course of 
phylogeny. I thought that reduction of P was the major evolutionary drive that 
obliged cl to remain stabie so that iJ could be reduced. At the time there were no 
detailed data on P, however. 

Raju (in Raju and Drooger, 1978) tried to gather data on average pand P 
values, but the changes he found in P in the successive Planolinderina assem
blages of the Waior section in India appeared to be negligible. This discouraging 
result possibly follows from the fact that he had inadvertently chosen the least 
appropriate group of all. In Planolinderina the negative correlation between d 
and p (or Y) is very intense, which might be translated as a very low variation 
capacity of the genetic potential, thus preventing the populations to change the 
size of the nepiont in the course of evolution. A combined cl ~ Y evolution is all we 
can expect and every environmental influence on cl will immediately be counter
balanced in Y. Therefore we would like to obtain data on some other lineage with 
a greater flexibility in the d ~ prelation, i.e. on a group with a less strong, negative 
correlation of both parameters in the assemblages. 

Recently, Laagland (1990) obtained better results on the early Mediterranean 
Cycloclypeus. He did not find an increase or stability, but a progressive reduction 
in the mean nepionic size P (his Dx) in the successive assemblages of C. droogeri 
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and C. mediterraneus, until the - not really observed but probably instantaneous 
- large further drop to the much smaller size in the C. eidae assemblages. A 
similar reduction had been documented in Indonesia for the comparable C. kool
hoveni-oppenoorthi lineage, again followed by astrong decrease to C. eidae (Tan 
Sin Hok, 1932; O'Herne, 1973), although these data are less detailed. 

Evidently reduction of P meant that the radial facilities became available at a 
smaller average size ofthe individuals. Ifwe accept such an evolutionary decrease 
in P values to have a more general application value, we have to conclude that in 
the early part of the lineages the selection for nepionic acceleration must have 
been much stronger indeed than that of increasing the si ze of the first chamber. 

Probably there was some further constraint that caused the average volume P 
to dec rea se and thus, with decreasing f> to allow for no more than a subordinate 
increase in average dimensions of the embryon. This constraint may have a rela
tion with the asexual reproduction, and more specifically with the protection 
period in or near the parental test. If we suppose that a certain number of off
spring per individual is desirabie for the continuation of the lineage, the size of 
juveniles at the moment of release to free life will also be fixed when the cellular 
mass of the parents is not increasing very strongly in the course of evolution. 
There is little evidence that it did. If one considers the enormous size of the 
nepionic stages in early, spiralled species of for instance Cycloclypeus and Lepi
dorbitoides, it is evident that it is much larger than the size of youngsters that 
could be accommodated in the paren tal test or in otherwise protected micro
environments. Some of Laagland's data on C. mediterraneus suggest that some 
five to seven growth or accretion steps may have been performed in the parental 
test or maybe even outside using extruded paren tal protoplasm. Evidently there 
was still a long way to go af ter full release and until the stage of radial structure 
was performed. Possibly this is the reason why the decrease in p is a much 
stronger urge than the expansion of the embryon, which would re duce the num
ber of instars that could be performed in protective cover. 

The upshot of all these speculations based on but very few actual data would be 
that there was a delicate balance between several vital properties: the ave rage 
number of offspring fr om single individuals, their embryon size and growth 
rates, the size of the youngsters at the moment of release that should be suffi
ciently large for an acceptable survival rate, and the shortest pos si bie time until 
the moment th at radial functional anatomy was attained. It is likely that particu
larities of different niches may have shifted the balance within the gene tic poten
tial of the populations. Further, it may be assumed that adaptation had the best 
chances in evolution when the linkage between the various elements of the bal
ance was most flexible, because there was a more diverse array of variants avail
able for selection. 

If we take the negative correlation in populations between d and p (or X or Y) 
as a measure of such flexibility, it may be 'understandable' for instance that the 
very strong negative correlation between d and Y in Planolinderina caused the 
po or evolutionary response in our data set. Any environmental influence on 
cl would have a repercussion on Y. By contrast to this scenario the wide d - X 
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scatter in early Miogypsina populations may point to a flexibility in the gene pool 
from which selection could have produced the rapid evolutionary rates that are 
typical for this group. 

Laagland's detailed analysis (1990) of the ontogeny in populations of long
spiralled Cycloclypei leads to additional, interesting data that at fi.rst sight are 
hard to reconcile with this PQ theory. When the negative d - X correlation in a 
population is regulated by a fixed size of the nepiont, one would expect that 
neither d nor X will show any correlation with P. Laagland finds this to be true 
for d but not for X, which parameter demonstrates a significant positive correla
tion with the diameter of the nepiont Dx (fig. 111). Evidently we are not dealing 
with some kind of simple multiplication leading to identical results. In my opi
nion growth rate variation somehow counterbalances the variation in d in order 
to arrive at the ave rage Dx, but its flexibility is insuflicient to arrive at the same 
average for the variation in X. A larger X value evidently tends to result in a 
larger Dx. If the evolutionary drive really aims at reducing Dx it is the decrease 
of X which has the largest adaptive value. Although based on a single example 
only, this conclusion is in harmony with the earlier supposition (and ob se rvati on) 
that nepionic acceleration by reducing the spirallength is the stronger drive in the 
early part of the lineages. Size increase of the embryon just follows suit as long as 
it does not disturb the reduction in nx. Such an evolutionary course of rapid and 
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continuous decrease of nepionic si ze and nepionic spiral length, coupled to a 
slight to moderate size increase of the embryon is what happened in the early 
parts of all better known lineages: Cycloclypeus, Miogypsinoides, Lepidorbitoides 
and Pseudorbitoides. 

One more point in Laagland's (1990) Cycloclypeus investigation deserves at
tention, although his data do not show a consistent pattem. In his Spanish sam
ples he found partial Dx values to decrease with supposedly greater depth, a trend 
which accompanies the already reported clinal decrease in X and increase in d 
along the gradient. In this context Laagland suggests that, because of more 
elevated levels of K-strategy, nepionic acceleration would be strongest in the 
deeper part of the habitat range. Sluggishness in the spreading of more advanced 
morphotypes to the shallower parts of the depth gradient would be responsible 
for the depth-related morphocline. In the Oligocene ofIsrael, however, Laagland 
found some indication that the greatest partial Dx is in the deeper part of the 
assumed depth range, but differences are statistically not significant. I would 
have liked the fastest nepionic acceleration to occur at the highest productivity 
levels where sexual processes are most common, but such a conclusion cannot yet 
be confirmed by the available data. 

As to C. eidae Laagland (1990) suggests that this species was rather an r-strategist 
amongst the K-specialists, capable of producing a much larger offspring per 
parent individual, thus in a way coping with the effect of the longer duration 
before young individuals reached the safe size beyond which the danger of early 
death had sufficiently diminished. 

Actually, this kind of reasoning makes me think that it might also be valid for 
the other deviations, where we were faced with sudden drops in embryon size (in 
Miogypsina, Planolinderina, Lepidocyclina, Pseudorbitoides). Since in these exam
pies the nepionic configurations (i.e. parameter p) are but slightly affected, if at 
all, it follows that there is also astrong reduction in P. This reduction is more 
than we would expect from any difference in the depth-linked clinal change in 
Laagland's Cycloclypeus mediterraneus. Some extra factor must have materia
lized for the evolutionary transitions. The introduction of some new environmen
tal stress and the possibility of the animals to adopt an r-strategy by drastically 
increasing the number of offspring form an attractive hypothesis. Great depth 
because of near-drowning of the habitat has been suggested earlier in this review 
as the possible stress factor, but one might also consider the effect of eutrophica
tion mechanisms. For instance, seasonal, ample food supply under a less trans
parent water column might have induced the change in strategy. The capacity to 
shift fr om one strategy to the other under different environmental circumstances 
has been demonstrated for several recent species of smaller benthic foraminifera 
(Jorissen, 1988). 

Retuming to the regular pattem ofthe assumed interrelation between both major 
trends, the later parts of the phylogenetic histories seem to be less problematical. 
Once the ancestral spirals had been reduced to mean values of 1 or 2 chambers, 
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we see that the embryon starts to expand in relative size to become a morpholo
gicaBy very distinct entity in the median layers. Since from the nepionic Y = 1 
level onward little more is to be gained from a further reduction in the number of 
growth steps that are needed to accomplish radial growth, it is evidently the 
tendency to enlarge the embryon that gets the prevailing weight in the combina
tion of trends. At the moment that the third chamber (the single PAC) has ac
quired two bas al stolons, p has a value of six to eight. Further on, this number 
decreases but slightly to about five in the configurations in which the nepionic 
spirals starting from the two P AC are gaining a symmetrical appearance. The 
theoreticaBy lowest possible p number of three is found only in part of the Ortho
phragminae. When the embryon increases to very large size in the third phase of 
nepionic acceleration the increase in number ofthe AAC must primarily be seen as 
some kind of adjustment in the nepionic apparatus. Because the peri-embryonic 
chambers are not reaBy increasing in size, the growing embryon will be encirc1ed 
by a larger number of such chambers and amongst them the number of AAC has 
to increase as weB in order to keep the number of steps p at a more or Ie ss stabie 
level. 

In the context of the PQ theory the larger size of the embryon with an un
changed growth rate in terms of increase of volume will reduce the number of 
steps that are needed between the moment of release from the protective cover 
and that of the relatively safe survival size of the young animais, the hypothetical 
volume Q. Because the mature tests are not expanding excessively during phylo
geny, and because there is a balance between the number of young that can be 
accommodated in the brood chambers and their size at spawning time, it is likely 
that the number of offspring diminished. 

The production of large-sized juveniles at the moment of release and the de
crease of the number of offspring per paren tal individual seem to point to a 
stronger and stronger K-selection in the course of phylogeny. In this way the 
lineages may have become more and more entrenched in the nutrient-poor envi
ronments. Whether this enhanced a greater dependence on symbionts is not so 
certain. The fact that many species of the Orthophragminae are found in very 
marly or c1ayey sediments gives me the idea that an environment of filamentous 
algae in the deeper part of the photic zone was exploited just as weB. External 
food was probably more important here than profit from symbionts. The Ortho
phragminae are a special group anyway. They also give the impression that all 
selective drives had vanished. The lack of any time-bound direction of change in 
the orthophragminid groups (in my eyes, not according to the possibly better 
reconstruction of Less, 1987) would mean that nepionic acceleration could not 
proceed anymore and that there was no more need for the embryon to increase in 
size either. Random changes in local and regional stocks enjoyed free play and as 
a consequence we got a proliferation of different species without any further 
system in the diversification. 

The increasing K-selection in the lineages may have made them more suscep
tible to extinction dangers when an overall environmental change took place. For 
the perforate radial foraminifera pronounced extinction levels seem to coincide 

218 



with well-known major environmental events, whatever their nature. It is very 
likely that because of these events the preferential oligotrophic habitats were 
seriously affected. The end of the Cretaceous witnessed the disappearance of the 
Orbitoididae and Pseudorbitoididae, and possibly of the Lepidorbitoididae and 
Hellenocyclina as weIl. All groups of the Orthophragminae vanished at the close 
of the Eocene. Finally, there seems to be a cluster of extinctions at about the 
middle of the Miocene with the disappearance of the Miogypsinidae and Lepido
cyclinidae and probably of Plano/inderina. A persistent climatic deterioration 
accompanied by unfavourable changes in the habitats of the shallow sedimenta
tion regimes may have triggered the latter group of extinctions. 

Summarizing, it appears that there has been an interrelation between the major 
phylogenetic trends of nepionic acceleration and embryon size increase, whether 
or not the PQ theory gives arealistic argumentation for the relations. The inter
play of the general adaptive drives in the PQ theory requires that there is an 
average value per population for the size of the nepiont (P), which may be 
approximated by the multiplication of embryon size (d) and the number of 
growth steps (p). The d.p ~ P relation is part of the genetic inheritance. 

Radial facilities of the organisms are an advantage, which means that they 
should be achieved in lineage evolution at the smallest possible size of the ne
piont (i.e. reduction of P). 

On the other hand there is a size (range) of juveniles (Q) to be attained in q 
growth steps, beyond which the individuals are likely to survive to maturity and 
reproduction. The value ofQ is primarily dependent on environmental conditions 
and may weIl remain constant during lineage evolution. It is advantageous when 
size Q can be reached in the shortest possible time (i.e. reduction of q). Theoreti
cally such a shorter time will follow from accelerating the growth rate, either by 
shortening the time lapses between successive instars or by increasing the volume 
per budding step, or by a combination of both. So far we lack pertinent docu
mentation on such processes. We do have measurements that show the evolution
ary increase of cl, which at the level of an unchanged growth rate would lead to 
the reduction of q. Less, but larger youngsters per parent and parental cover are 
additional mechanisms to safeguard the profit of the q decrease. 

It is likely that the pand q evolutionary drives had opposite effects on the 
viability of the species. Adaptive advance during phylogeny along one line pro
duced a negative effect on the other. As a consequence the lineages show various 
balanced solutions all along their development courses. In general terms it fol
lows that in the early development of the lineages nepionic acceleration oversha
dowed the embryon trends and the roles became reversed in the later parts of the 
evolutional histories. 

One might wonder whether specific environmental influences could have modi
fied the regularity of this succession in predominance of both trends, and espe
cially whether under certain circumstances nepionic acceleration could have be
come suppressed because a change in embryon size was more urgent. Is this what 
has happened in the cases where the embryon shows a sudden size increase? 
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Would such a deviation from the general track of lineage development give us a 
possibility to clear away the few riddles th at still remain? 

For instance, it seems plausible that the st rong size increase of the embryon in 
Planorbu/inella larvata relative to its presumed ancestors ofthe P. caneae lineage, 
which embryon enlargement possibly was accompanied by no more than a slight 
lengthening of the nep ion ic spiral, was such a change of emphasis. The change in 
P might have been linked to an adaptation to a much shallower habitat, where 
survival of juveniles was more problematical than it was at greater depth. Since 
no symbionts are involved in tbis case, we must think that there was some profit 
from for in stance another diet or from another mode of epiphytic life, that en
abled the species to conquer an open niche. 

A similar adaptation to a shallow environment might be thought possible for 
the enigmatic change from Miogypsina bermudezi to M. complanata : astrong 
urge to increase the embryon size accompanied by a loss of con trol on nepionic 
configuration, which resulted in the much longer spirals. The latter part of tbis 
solution does not look very logical, however. Maybe I have been fooled by the 
few observations on the stratigraphic succession of these two species. It would be 
much simpier to assume that the origin of the Miogypsinidae was in shallow 
water anyway, with large embryons and long nepionic spirals, for in stance start
ing from some kind of M . butter/inus-like forms. Then M. bermudezi might be 
assumed to be a regional adaptation, that was formed under the stress of a 
drowning habitat causing the smaller embryon and the reduction of the spiral 
length. The combined effect results in a much smaller nepiont at greater depth. 
With such an explanation we would be more familiar, because it is in accordance 
with the theory I advanced for several other cases of embryon drops. Return to 
the relevant sites in America and India of the original Miogypsinoides lineage of 
shallow water species at the morphometric level of M . complanata then might be 
seen as a case of species selection and M. bermudezi would be no more than a side 
line without further issue. 

It is evident that my speculations for these more difficult questions by now have 
little support, or none at all, amongst the deductions I made from the regularities 
in the phylogenetic changes. From facts I moved more and more towards sheer 
fiction. Maybe I am overlooking crucial data or possibly such data are not yet 
available. Maybe my theories and imagination are as yet not good enough or 
wrong altogether on essential points. 

111,8. EVOLUTIONARY HAPPENINGS AND GLOBAL ENVIRONMENTAL EVENTS 

One notion that repeatedly was given a role in the discussions on particular 
changes in the evolutionary succes si ons is that of the isolation of suites of popu
lations. For our radial foraminifera barriers and isolation are geographic con
cepts of somewhat emotional standing, wbich were frequently brought forth to 
explain rare, but impressive evolutionary events. These geographic terms are 
always used in a vague sen se and we have only rather general and circumstantial 
evidence to give them a more precise meaning. Following the subchapter on the 
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interrelation of trends it is probably here the best place to add some speculations 
on this rather obscure, but important subject. 

It must be evident that the barrier concept depends entirely on the capacity of 
dispersal of the radial foraminifera. No doubt a land barrier will have been an 
unsurmountable obstacle to them. And although they lived in the marine realm, a 
large part of the se as will have been hostile to these animals just as weIl. 

Even if water currents would have played a subordinate role in horizontal 
distribution I think th at lateral dispersal of our benthic organisms along uninter
rupted and suitable strings of warm and shallow environments would have been 
so rapid that genetic continuity of populations could at all times be maintained. It 
is likely that not too large geographic gaps with unsuitable environment, such as 
del tas, could easily be bridged with the help of longshore currents, along for 
in stance the west-east stretch of Tethyan seas. 

Since all or nearly all our lineages could live in the photic zone only, wider 
deep-water stretches were more embarrassing for these bottom dweIlers, unless 
they had some floating device for their dispersal. The variety of species of several 
groups that are found around the Hawaiian islands today is sufficient evidence 
that means for such long-distance transport do exist, because these volcanic 
islands were never linked to any mainland and the distances to the continents in 
the west and in the east will never have been much less during the late Tertiary 
than they are now. 

The suggestion of an early ontogenetic planktonic stage of the embryons can
not be disproved but in my opinion it is an unlikely means for long-distance 
distribution. It is much more likely that rafting within detached masses of plant 
material was a more appropriate mode of transport, provided that the systems of 
ocean currents could be used to bridge wide ocean barriers. Especially epiphytic 
taxa like the various species of the imperforate Soritidae will have made ocean 
crossings on seagrass patches, but also forms living deeper, below the seagrass 
meadows, like some nummulitid species, were found to be transported passively 
in clouds of filamentous algae (Hottinger, 1977). Although transocean crossings 
did occur, they had a sweepstake character ifwe look at the records. It is remark
able th at they seemed to be more common in the early parts oflineage histories. It 
may be that later crossings did occur just as weIl, but that the migrants had less 
chance to settle because of competition from their relatives that were weIl estab
lished already in the ecological niches at the opposite side of the ocean. 

When we look at the most likely land and sea configurations since the Middle 
Cretaceous, it is fairly certain that there was a continuous west to east sea con
nection in the Tethyan belt bordered by coast lines, until about the end of the 
Oligocene. The mid-Tertiary interruption of these Tethyan seaways by a land 
barrier at a place somewhere in southwestem Asia is quite obvious from the 
differences in the Miocene lineage developments of the Miogypsinidae and Lepi
docyclinidae in the later Mediterranean and Indo-Pacific provinces. Also the 
difference in fate of Cycloclypeus in both provinces can be connected to this land 
barrier. 

For all lineages on which we have sufficient knowledge it is clear that the 
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Atlantic and Pacific oceans provided wide enough ocean barriers for the exis
tence of independent, though usually parallel developments of the benthic radial 
foraminifera. Sweepstake crossings of these oceanic barriers must have taken 
place at several occasions, however, but whenever successful, they usually led to 
different provincial lineages. Evidently there was too little genetic exchange to 
maintain homogeneous or continuous populations that straddled these oceans. 

Pre-Miocene transocean dispersal is of ten based on our common sen se rather 
than on detailed morphological data. The fact that the Orbitoididae, Lepidorbi
toididae and Orthophragminae occur on both sides of the Atlantic inevitably 
leads to the conclusion of successful rafting, whatever infrequent such crossings 
may have been. Although the early history of the Lepidocyclinidae undoubtedly 
was American, some forms must have been able to colonize the western Pacific 
areas. It was recently postulated (Drooger and Rohling, 1988) that later on there 
must have been three or four successive trans-Atlantic crossings of the Lepidocy
clinidae during the Eo-Oligocene, only the last one of which was really successful 
in the eastern hemisphere. Also the early Miogypsinidae must have crossed the 
Atlantic and/ or the Pacific, whereas we find no evidence for any later exchange 
because all particular side lines are restricted to their own larger province. Typi
cal Indonesian Miogypsina species are found on islands eastwards as far as about 
half way the Pacific Ocean, but none has ever been reported from central Amer
lca. 

One would like to know whether there was any system in the timing of such 
sweepstake crossings. For in stance, can we find a connection with an increased 
vigour of ocean currents in the equatorial belt? And would such stronger currents 
have any connection with general sea level rises or lowerings, or with climatic 
oscillations? Of course one can produce a set of simplistic reasonings to infer 
that there was some connection between such phenomena. For instance, a sea 
level rise would cause a more sluggish ocean circulation and at least since the 
Oligocene such a ri se might be coupled to a period of general climatic improve
ment and equability in a latitudinal sense (e.g. Hallock, 1985). I fully realize that 
if such relations could be true, the causal connections are much more complex. 
For instance, the effect of winds on currents has to be incorporated as weil, but 
here we lack all con trol in the sedimentary record. 

Just as a test case, I tried to order some fifteen Oligo-Miocene evolutionary and 
geographic distribution events of the lineages, using the succes sion of miogypsi
nid species as an approximate time scale for the lack of any better. In my opinion 
the result shows but little consistency, possibly due to incorrect dating of the 
events, but more likely as a consequence of too simplistic a causal correlation 
scheme. 

Although I do not wish to pretend that I am concluding anything of general 
value, it would be silly not to give the outcome of this exercise. The reader will 
have much more trouble to extract the data fr om the various quarters of the 
literature than I had. 
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The Mid-Oligocene transatlantic crossing of Eulepidina and the forerunners of 
Nephrolepidina, presumably was followed in rapid succession by the dispersal of 
early Miogypsina. These passages might indicate the existence of more vigorous 
west to east and east to west currents and a sea levellowstand for the early part of 
the Chattian (dating after Drooger and Laagland, 1986). In the later half of this 
age a relative warming is suggested by the far southward and northward distribu
tion of the M. formosensis-septentrionalis clan in the Atlantic, and a concomitant 
rise of sea level might be concluded from the embryon drops in Cycloclypeus (to 
C. eidae) and in Nephrolepidina (from L. praemarginata to L. isolepidinoides), and 
in the origin of the American Heterosteginoides lineage. Whether the branching 
to Planolinderina plana can be placed in the same event group is uncertain, but the 
rise ofthe Miolepidocyclina lineage in Italy must be given a later date, during the 
Aquitanian. Another warming ph ase may be concluded for the early part of the 
Burdigalian from the far north and south expansion in the Pacific of miogypsinid 
species, which in the western Indian Ocean reached as far south as Moçambique. 
Speculations on island speciation for the Lepidosemicyclina branches and for the 
second Indonesian embryon drop in Nephrolepidina (from L. sumatrensis to L. 
angulata) would favour the assumption of an accompanying sea level rise. The 
idea of a transgression is supported by field data from the type area of the 
Burdigalian in sw France. The Late Burdigalian regression in sw France then 
would correspond to a cooling phase, which conclusion is corroborated by the 
equator-directed withdrawal of Miogypsina species in Europe and in the western 
Pacific. If one wants to add also the third component in this game, one might 
suggest an increased vigour of trans-Pacific currents for the peculiar distribution 
of the Planorbulinella trinitatensis-zelandica combination. 

One more step, and we hurry to the most recent, detailed eustatic sea level 
curve of Haq et al. (1988) to discover that my result of wishful thinking is not in 
full harmony with this earlier attempt of dating below the level of chronostrati
graphic accuracy. I am quite willing to assess that my data set is too hypothetical 
for such a comparison. 

111,9. EPILOGUE 

The very first intention of this review paper was to demonstrate the necessity and 
the profit of applying morphometric methods if one wishes to disentangle the 
evolutionary changes of whatever group of fossils as objectively as possible. I 
admit that I am privileged because these methods are particularly fruitful in the 
radial foraminifera with so many sustained and parallel courses of transforma
tion in relatively simple parts of the skeletal morphology. 

Wider acknowledgement of the ample and unique data base, presented in the 
second chapter, was the main purpose of the book. I hope to have shown the 
reader that the radial foraminifera are very special indeed, if one looks for data 
on evolution in the domain of paleontology. Maybe the case histories will stimu
late a younger generation of micropaleontologists to gather new pertinent data 
and to promote our understanding of the evolutionary pathways. 
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It is obvious that in the third chapter I dragged the remaining, tenacious read
ers farther and farther into a jungle of varia bie fiction with speculations that in 
part are based on my deficient knowledge and understanding of vital processes in 
the radial foraminifera . Several connections I am suggesting probably are too 
simplistic and disputable and they may even be wrong altogether. I do not feel 
embarrassed by showing my ignorance because I had my own satisfaction from 
the efforts to 'understand' evolution in these unicellular organisms. If my spec
ulations williead to improvements and better ideas from the readership, this third 
goal I had for the writing of this review paper, will be attained. 

Summarizing the scattered conclusions on evolutional theory it has to be empha
sized first of all that the parallel directional aspects must and can be explained by 
adaptation. The lineages show various balanced solutions between the urge of 
improving the survival score of juveniles and the realization of a more effective 
functioning of growing-up individuals. These two trends were not really co opera
tive, one tending to counteract the other. The actual evolutionary courses were 
shaped by the interplay ofvarious processes. The introduction of more advanced 
morphotypes probably was a slow process that may well have had a gradual 
character. Low bottleneck frequencies in population suites enabled nota bie and 
rapid changes in average morphology, the shifts having a random character as to 
direction. So it is extremely likely that there is a chaotic nature in all small-scale 
and short-term evolutionary changes. Longer-term lineage directions then are 
imposed by the constant interplay between the populations and their enviro
ment, which environment in my opinion could weIl have remained stabie all the 
time. I suppose that the progressive net re sult in lineage developments must be 
due to adaptive selection when after each bottleneck episode different small resi
dual stocks competed for the available space while reconquering the largely 
vacated habitats with expanding numbers of individuals. 

At the very end, I wish to acknowledge the repeated support from my colleagues 
Zeev Reiss, Bert van der Zwaan and Henk Laagland for their criticism of earlier 
versions ofthe entire text; Frans Jorissen and Jan van Hinte reviewed some parts 
of the manuscript. They are instigators of many improvements and better ideas, 
but I do remain responsible for the final text because these colleagues certainly 
did not approve of all my chimeras. Tom van Hinte, Jaap Luteijn and Wil den 
Hartog finalized all illustrations and Ank Pouw took care of the successive PC 
copies. 
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Appendix 
Glossary of structural terms 

Reviewers of the previous text asked for a compact reference chapter in which 
most structural elements of the radial foraminifera are dealt with again. The 
elements and structural pattems that were mentioned or explained at scattered 
places throughout the preceding chapters will be repeated bel ow in a logical, 
structural order. Many terms have a long standing in the literature, in which 
they have frequently been used with different meaning. Since any priority-based 
approach to these terms would be lengthy and does not serve a real purpose in the 
present paper, I wil} primarily clarify the way in which I have been using these 
terms. At some places in the glossary 1 take the opportunity to add some discus
sion, which would have received too much weight in the current text ofthe earlier 
chapters, if I had it included there. 

For the reader's convenience I wi11 start with a list in alphabetical order, to 
which the reference number in the glossary is added. 

accessory auxiliary chambers = 
AAC (33) 

adauxiliary chambers (33) 
annular growth (17) 
aperture (11) 
budding steps (3) 
canal systems (10) 
chamber formation (6) 
chamberlets (18) 
chambers (18) 
closing chambers (35) 
cyclical growth (17) 
cytoplasm (1) 
deuteroconch (24) 
embryon (embryonic) (22) 
epi-auxiliary chambers (36) 
equatorial chambers (37) 
equatoriallayer (20) 
gerontic stage (39) 
growth pattems (4) 

growth rhythm (5) 
growth steps (3) 
horizontallayer (20) 
initial stage (27) 
inner lining (8) 
instars (3) 
interauxiliary chambers (34) 
intercalary chambers (38) 
intercameral foramen (12) 
lateral chambers (21) 
median chambers (20) 
median layer (20) 
neanic stage (37) 
nepiont (nepionic) (29) 
nucleoconch (26) 
operculinid chambers (30) 
orbitoidal growth (16) 
outer lining (8) 
peri-embryonic chambers (28) 
pores (14) 
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primordial stage (27) 
principal auxiliary chambers = 

PAC (32) 
prol oculus (23) 
protoconch (23) 
protoplasm (1) 
radial foraminifera (15) 
relapse chambers (31) 
sept a (9) 

septal flap (8) 
septuia (19) 
shell (2) 
stolons (13) 
template (7) 
test (2) 
tritoconch (25) 
walls (8) 

1. Protoplasm (= cytoplasm) is the general term I use for the organic tissue of the 
animal, irrespective of its diversification as to composition or contents. In the 
scope of my review paper protoplasm must be seen as the animal's tissue which 
produces the various skeletal elements. Protoplasm is never preserved in fossils. 

2. Test (= shell) is the common name for the mineralized skeleton offoraminifera. 
This skeleton lends support to the protoplasmic body and offers the animal 
protection against mechanical damage and predation. Growth of the test takes 
place almost without resorption ofthe earl ier skeletal elements, which means that 
the en ti re ontogenetic growth history is preserved. 

3. Growth steps (= budding steps or instars). Growth of the test occurs periodi
cally. At each step additional protoplasm, formed since the previous instar, is 
enveloped by skeletal wall. The newly constructed compartments are called 
chambers and they are added, either one or a larger number at a time, at the 
outside of the previous part of the test. 

4. Growth patterns. Successive chambers are arranged in a spatial configuration 
that follows an inherited program that is genetically fixed for each species. In 
evolution the genetic scenario and the resulting chamber configuration (may) go 
through sustained changes. 

5. Growth rhythm is the periodicity pattern of chamber formation. Test growth 
being an episodic, accretionary process for the perforate, radial foraminifera, 
there are two options to explain the regularity of the periods between successive 
budding steps. Either there is some exponential function of protoplasm increase 
that triggers the process at the moment of chamber formation, or there is a fixed 
time interval. Frequently observed deviations in size of the successive chambers 
(fig. 112) suggest that regularity of time intervals between budding steps is more 
important in ontogeny for the moments of chamber formation than the regular 
increase of the amount of the protoplasm. This is an acceptable axiom if one 
considers the mechanism of calcification in perforate species, which seems to be 
regulated by a filling and emptying rhythm ofthe carbonate building stones from 
as yet poorly defined, protoplasmic vesicles (ter Kuile et al., 1984-89). 

6. Chamber formation starts by expulsion or concentration of protoplasm at one 
or more places at the outside of the test. In the blob(s) the shape of the later 
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Fig. 112. Horizontal section of a Lepidorbitoides bisambergensis specimen (x 40) showing growth 
irregularities (after Van Gorsel, 1975) that suggest that budding steps are regulated by a process 
linked to fixed time intervals and not by the amount of increase in volume of the protoplasm. 

chamber(s) is preformed according to the genetically fixed structural design. Sur
face tension of a liquid drop of protoplasm has been thought to set an upper limit 
to the size for the preformation of a chamber (e.g. Smout, 1954), but is does not 
determine its shape. 

7. Template is the frequently used term for the internal organic membrane close 
to the surface of the protoplasmic body, on which the new wall is formed in the 
later phase of chamber formation. 

8. Wa lis are the skeletal structures that are formed against the template by a 
biomineralization (usually calcification) process. In calcareous perforate forami
nifera the outer calcified lamina or lamella (outer lining) is formed towards the 
outside; this outer lining may continue over the exterior of the entire previous 
test. Towards the inner protoplasmic body the template is covered by the internal 
lamella (inner lining). In many groups this inner lining may form an additional 
internal cover that borders the chamber lumen and is adjoining the outer wall of 
the previous chamber(s). The so-called septal flap in rotaliid foraminifera is such 
an intern al sheet, which is not adhering completely. Between the inflected double 
wall of the non-adhering part of the septal flap and the wall of the previous 
chamber there is an open sutural fissure . 

227 



9. Septurn (pI. septa) is the term used for the dividing wall between successive 
chambers. It is either double or triple consisting of two or three laminae. In 
growth direction there are inner and outer linings and sometimes the extra inner 
lining or septal flap of the next in star. 

10. Canal systems occur especially in spiral rotaliid foraminifera. The systems 
consist of communicating tabular and tubular spaces. These spaces occur be
tween non-adhering parts of the septal flaps and earlier chamber walls and as 
funnel-shaped passages in thickened, lamellar masses such as they may be found 
in the axial region and in peripheral flanges. Streaming of protoplasm determines 
the place of the canal spaces and keeps them open during the lamellar thickening 
phases of consecutive instars. The canal system provides the intern al protoplasm 
with a short communication way to the environment through openings to the 
chambers at one end and openings in the extemal surface of the test at the 
other, but in living forms the canals are filled with ectoplasm. When rotaliid 
species acquired systems of lateral chambers the canal systems disappeared or 
became inconspicuous. 

11 . Aperture is used for a larger opening in a last-formed chamber enabling free 
movement ofprotoplasm streams between the interior ofthe test and the immedi
ate surroundings. A final chamber may have more than one aperture. 

12. Intercameral foramen (pI. foramina): a larger opening in a septum through 
which protoplasm can move freely from one chamber to the adjoining one. Fre
quently such foramina correspond to earlier apertures, but size and shape may 
have been modified by resorption or skeletal outgrowths of the septal walls. In 
some groups of rotaliid structure the last chamber has no large, well-defined 
aperture, access of protoplasm to the exterior taking place through the openings 
of the canal system. In such forms the intercameral foramina must be due to 
resorption. 

13. Stolons or st 010 ni fe rous openings is a frequently used equivalent ofintercam
eral foramina. The term is especially used when there is a system or aspecific 
orientation to be described, e.g. diagonal, annular, or radial stolons. 

14. Pores are minor openings in the outer walls of chambers, covered during life 
at the inside by an inner organic membrane that does not permit passage of the 
protoplasm. Pores are thought to have a function in ion- and gas exchange 
between the protoplasm and the sea water. 

15. Radial foraminifera exhibit structural patterns enabling direct to-and-fro 
movement of the protoplasm between the interior of the test and the ambient 
environment through apertural openings at many places of the test. In most 
groups such apertural facilities are found all around the periphery of a single, 
median plane of the animaIs, but the active peripheral margin of the test may be 
no more than sectorial. Furthermore this active frontal or peripheral margin may 
have been enlarged by a saddle shape (sellate), a star shape (stellate) or by inden-
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tation (digitate) of the median plane. Other skeletal structures, called radial, do 
occur: globular, uniserial-conical and turbine mode (see chapter 1,3). 

16. In the orbitoidal growth pattern near-identical peripheral chambers are 
formed simultaneously during each budding step of the later ontogenetic stages. 

17. In the annular or cyclical growth pattern the later chambers are circular tubes, 
commonly more or 1ess perfectly subdivided by transverse partitions. 

18. Chambers and chamberlets. When several chambers are formed simulta
neously as separate structural units each has its own outer double wall, con sist
ing of outer and inner lamellae. Elongated chambers tend to be subdivided into 
chamberlets by more or less complete skeletal partitions (septuia). According to 
most authors there is a fundamental difference between chambers and chamber
lets. 

19. Septuia. Since the internal septuia are partition walls between chamberlets 
inside chambers, septuia were never in touch with the ambient environment. 
Their double walls consist of inner linings only and thus are different from septa 
which have an outer lining. In my opinion such reasoning is of dubious value 
when used as an argument for the distinction of subdivided elongated or annular 
chambers from a series of laterally aligned, c1ose1y appressed chambers with 
straight walls in between. In the latter case the adjacent blobs of protoplasm also 
shared a single template and later calcification is again internal with inner linings 
only. The fundamental difference between c10sely appressed chambers and cham
berlets may be doubted also because of the absence of annular stol ons between 
aligned chamberlets in well-known annular chambers of for instance Cyclocly
peus and certain Orthophragminae. In order to distinguish chambers from cham
berlets, which is so important in the phylogenetic reconstructions of the Ortho
phragminae (chapter II,9), even the smooth versus notched character of the 
annular walls is a po or criterion, because the final calcification phase may well 
be a function of the surface tension of the earlier extruded protoplasm during the 
pre-formation phase. 

As a consequence I believe that septuia should not be considered as partition
ing instruments in the genetic design, but primarily as skeletal reinforcement 
structures. Such radial structures show variabie developments from poor, such 
as the ribs on fioor and roof of the annular chambers in Cyclo10 culina, or the 
imperfect radial outgrowths in the proximal parts of chambers in Athecocyclina 
and Miocene Heterostegina, to perfect, such as the complete radial walls in Cy
cloclypeus and others. Possibly it is the local streaming pattern in the protoplasm 
that determines the place and the degree of perfection of these radial structures, 
called septuia. 

20. The median layer (or equatorial or horizontallayer) is a term especially used 
for radial and other larger foraminifera when there are systems of lateral cham
bers in addition. Chambers in the median layer show a regular configuration, 
from which the particular growth pattern of the animal can be easily deduced. 
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All chambers of the layer are called median chambers. In radial foraminifera 
authors tend to distinguish three successive ontogenetic stages in the median 
layer, called embryonic, nepionic and neanic. Sometimes a final, gerontic stage 
is recognized. 

21. Lateral chambers are usually formed at both sides of the median layer. They 
are of less regular shape and size than the median chambers, frequently of imbri
cate ordering, but various arrangements in layers and columns occur as weIl. The 
lateral systems may give greater strength to the test, but probably storage of 
symbiotic algae is the main function. Lateral chambers have pores in the outer 
walls and stolons to the lumina of more intern al parts of the test. 

22. Embryon (adj. embryonic) is a term used here for various configurations ofthe 
earliest chambers of radial foraminifera. In advanced species of many lineages, 
the first two, three or four chambers differ fr om the later ones by a greater size 
and in arrangement and of ten in greater relative thickness of the outer walls. The 
term embryon has been extended to less advanced species of these lineages, in 
which the comparable early chambers cannot yet be discriminated by such spe
cial features . Since such early stages are no more than a morphological entity, I 
prefer to use the French term embryon (e.g. Douvillé, 1924) in this review instead 
of the English or Dutch equivalent embryo. Actually I doubt whether the embry
on of larger foraminifera is (always) an ontogenetic equivalent of the embryo in 
higher organisms. 

23. The proloculus is the fust chamber of the embryon, which often is globular. 
The word protoconch (or the notation I) I use as an equivalent, but this term has 
been used in the literature (e.g. Tan Sin Hok) for the first two chambers as weIl. 

24. The deuteroconch (or 11) is the second embryonic chamber, which frequently 
has a kidney-shape. 

25. The tritoconch stands for the third chamber, which together with the earlier 
two seems to form a morphologically distinct embryon, for instance in many 
planorbulinellids. 

26. NucIeoconch is a more general term, usually applied in the sense of embryon. 

27. lnitial stage and primordial stage are also rather vague terms, used for poorly 
defined or undefined, very first parts of the foraminiferal test, consisting of the 
embryon and nepiont together. 

28. Peri-embryonic chambers are all chambers in the median layer, immediately 
adjacent to the embryon. They all belong to the nepiont. 

29. Nepiont (adj. nepionic) is a structural term, primarily meant to comprise the 
ontogenetic stage following the embryon. It is less sharply defined in relation to 
the later neanic stage, because neanic chambers may be formed already before the 
morphologically defined nepionic stage has been accomplished. The nepiont 
either consists of all chambers in a distinct spiral arrangement, or when such a 
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spi ral is very short or absent, the term is used for the peri-embryonic chambers. 
The ontogenetic succes sion of nepionic chambers is recognized from the stoloni
fe rous openings, but more easily from the curvature of the distal wans. On the 
basis of their mode of origin several terms are used for separate nepionic cham
bers. 

30.0perculinid chambers are nepionic chambers that have a single, basal, larger 
opening only. They are found in the early part of longer, nepionic spirals. 

31. Relapse chambers are peri-embryonic or near-embryonic chambers with one 
stolon only, which were formed af ter chambers with two openings had been 
introduced at an earlier ontogenetic stage. 

32. PAC or principal auxiliary chambers are formed in the fiTst budding step fol
lowing the two-chambered embryon and rest with their wans on both embryonic 
chambers. They have stoloniferous connections with the lumen of the deutero
conch. In early spi ral forms there is one PAC, in later forms there are two. Ifthere 
is a dear difference in size between these two PAC the terms first (for the larger) 
and second PAC are being used, which does not mean that they were formed 
consecutively. 

33. AAC or accessory auxiliary chambers also have a direct stoloniferous connec
tion with one of the embryonic chambers. AAC are formed in the same budding 
step as the PAC, but their wall rests on that of one embryonic chamber only. AAC 

on the deuteroconch (AAC 11 or adauxiliary chambers) are most common, but 
AAC J have been observed as wen. 

34. Interauxiliary chambers (IAC) are peri-embryonic chambers without direct 
communication with the lumen of the embryon. As to communication they are 
adjacent to PAC, AAC or other JAC and they are part of short peri-embryonic 
spirals. 

35. Closing chambers are (near-)symmetrical interauxiliary chambers formed by 
protoplasm coming from opposite directions. Peri-embryonic spirals terminate in 
dosing chambers. In median section the distal wall of dosing chambers is not in 
touch with the wall of the embryon. 

36. Epi-auxiliary chambers are the peri-embryonic chambers encirding the four
chambered embryon of the Orbitoididae. The actual P AC being incorporated in 
the embryon there are four (or sometimes three) principal epi-auxiliary chambers 
(= PEC), which have a stoloniferous connection with the PAC in the embryon. 
Other peri-embryonic chambers with a direct stoloniferous communication with 
the lumen of the embryon are called accessory epi-auxiliary chambers (= AEC). 

37. The neanic stage corresponds to the later ontogenetic stage in which the radial 
or sectorial growth pattern has been attained. The stage consists of (near-)sym
metrical chambers, which commonly have stoloniferous openings to one or two 
earlier chambers, whether nepionic or neanic. Although the term suggests a time
bound ontogenetic stage of the adult or mature animal, the neanic stage is pri-
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marily a structural unit. If nepionic spirals consist of two or more chambers, 
neanic chambers will have been formed prior to the origin of the terminal cham
bers of the nepionic system. Neanic chambers are frequently called equatorial 
chambers, which means that in this definition the embryonic and nepionic cham
bers are excluded. 

38. Intercalary chambers are equatorial chambers that are covered or overridden 
by the later part of a nepionic spi ral. Such intercalary chambers occur in several 
early species of various lineages. 

39. A gerontic stage is recognized in radial foraminifera when the final chambers 
are smaller than one would expect on the basis of a regular or exponential 
increase of the chamber volumes. The stage is commonly interpreted as an ex
pression of old age of the animal or even of senility. 
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