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Preface

The purpose of this book is to provide timely and comprehensive information
on extant planktic foraminifers. This book is based on ‘Modern Planktonic
Foraminifera’ published by Hemleben et al. (1989). An extensive amount of
literature published over the past 26 years adds new information on modern
and fossil planktic foraminifers and merits an update of the current knowl-
edge. New chapters review the modern advances on stable isotope geo-
chemistry, element ratios of planktic foraminifer tests, and molecular genetics
of planktic foraminifers, the latter being an entirely new field of research
developed since the mid-1990s. As a practical guide for students and col-
leagues, the book provides 35 plates on the classification of the extant
morphotypes, most of which include various genotypes. A vast amount of
new knowledge on planktic foraminifer ecology, settling dynamics, and
carbonate geochemistry is presented over several chapters. Much less new
information has been produced on the ultrastructure, ontogeny, and nutrition.
In these cases, parts of the book of Hemleben et al. (1989) were rewritten,
summarized, or complemented. Finally, we present the current state of the
rapidly increasing methodological and technological advances available to
our field of research.

This book is meant to provide a tool and new perspective for the appli-
cation of planktic foraminifers in paleoceanography and climate research, as
well as in eco-monitoring, for example, in offshore hydrocarbon prospection
and exploitation. This volume presents a review of the recent findings and
includes thus far published and unpublished findings of the authors. As much
as we have aimed for completeness, we may have missed some papers
published over the past decades. Although Internet-based sources have
improved awareness, distribution, and accessibility of information, the vast
amount of new literature published in the increasingly large number of
journals has magnified the challenge of being thoroughly complete.
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1Introduction

Planktic foraminifers are marine protozoans with
calcareous shells and chambered tests (Plate 1.1),
first appearing in the mid-Jurassic approximately
170 million years ago, and populating the global
ocean since the mid-Cretaceous (cf. Frerichs et al.
1972; Caron and Homewood 1983). The scien-
tific and economic value of planktic foraminifers
is based on their global marine abundance since
the Lower Cretaceous *110 Million years ago.
Owing to the high preservation potential of their
calcareous shell, planktic foraminifers provide
information on the past environment and climate.
Physical conditions and chemical composition of
ambient seawater are reconstructed from faunal
assemblages, i.e. the presence or absence of fora-
minifer species, as well as through the chemical
composition of their test calcite, including crys-
tallinity of the test wall, and changes in stable
isotope and element ratios.

Test: The foraminifer shell is called a test.
Shell and test are often used synony-
mously. Shell may be used for part(s) of
the test, and for fragments of the test.

Planktic—planktonic: Planktic and plan-
ktonic may be used synonymously. In the
strict Greek meaning the word planktic is
possibly correct (Burckhardt 1920; Rodhe
1974). In the international literature both
planktic and planktonic are used to the same
degree, and either termmaybe applied based

on personal preference. In benthic for-
aminifers, the term benthic has largely been
used over the past decades, and benthonic
has been out of fashion for some time.

Modern planktic foraminifers evolved from
the earliest Tertiary including the first spinose
species in Earth history soon after the
Cretaceous-Paleogene (K/Pg) boundary (Olsson
et al. 1999). Most modern species live in the
surface to thermocline layer of the open ocean,
and in deep marginal seas as the Mediterranean,
Caribbean, South China Sea, and Red Sea. Some
species descend to waters as deep as several
thousand meters in the tropical to temperate
ocean. Planktic foraminifers are largely absent
from shallow marginal seas, for example the
North Sea where reproduction is impeded. The
presence and absence of planktic foraminifer
species at the regional scale is related to the
quality and quantity of food, physical and
chemical properties of ambient seawater, and
displays an overall latitudinal pattern at the glo-
bal scale.

Species abundance varies according to sea-
sons as well as on an interannual scale, and on
longer time-scales depending on environmental
conditions, and affected by climate change.
Symbiont-bearing species depend on light and
are restricted to the euphotic zone of the surface
ocean. Symbiont-barren species may dwell as
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deep as the abyssal ocean, and have been sam-
pled from below 4000 m water depth. Planktic
foraminifers are rather marginal to marine bio-
logical research including modern biogeochem-
istry (Sarmiento and Gruber 2006), although
they are major producers of marine calcareous
particles (i.e. their tests) deposited on the ocean
floor forming the globigerina ooze (e.g., Vincent
and Berger 1981). Data compilation of a large

variety of marine Plankton Functional Types
(see text box below) have shown that planktic
foraminifers possibly constitute a minor but
ubiquitous component of marine planktic
biomass (Buitenhuis et al. 2013). In addition,
modeling approaches on the planktic foraminifer
population dynamics from the 1990s have con-
tributed to a better understanding of planktic
foraminifer ecology and application in

Plate 1.1 The modern planktic foraminifer species
Orbulina universa seen in transmitted light. The inner
trochospiral test of the pre-adult individual is surrounded
by the spherical adult test. Spines are protruding from
both inner trochospiral and outer spherical test. Pores are

visible as tiny dark spots on the inner and outer test.
Multiple small circles on the outer test wall are the
apertures of the adult individual. The opening at the inner
trochospiral test is caused by dissolution. Scale bar
200 lm
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paleoceanography (e.g., Signes et al. 1993; Žarić
et al. 2006; Fraile et al. 2009; Lombard et al.
2011; Roy et al. 2015).

Plankton functional type (PFT): The
expression plankton functional type
(PFT) is used in modeling, and includes
different conceptual categories of organ-
isms as, for example, organisms of similar
ecology, and serving similar roles within
an ecosystem (Anderson 2005). The PFTs
included in the MAREDAT initiative on
the ecology and biomass of marine plank-
ton are picophytoplankton, diazotrophs,
coccolithophores, Phaeocystis, diatoms,
picoheterotrophs, microzooplankton,
planktic foraminifers (which range
between micro- and mesozooplankton),
mesozooplankton, pteropods, and macro-
zooplankton (Buitenhuis et al. 2013).

By contributing substantially to the fossil
record of marine sediments, planktic foraminifers
provide indispensable ecologic information used
in paleoecologic, paleoceanographic, and strati-
graphic research from the Lower Cretaceous
(*110 millions years, Ma). Faunistic and bio-
geochemical (e.g., stable isotopes) information
from the calcareous (calcite, CaCO3) planktic
foraminifer tests is used to reconstruct, for
example, temperature and salinity of the past
surface ocean. Radiocarbon (14C) gives an
absolute age of test formation of late Pleistocene
and Holocene sediments. Factors determining the
modern faunal composition are applied to the
interpretation of the fossil assemblages, for
example, by multiple regression techniques (i.e.
transfer functions), yielding information (proxy
data) on ancient environmental parameters. The
chemical composition, i.e. stable isotope and
element ratios of the calcareous test (calcite,
CaCO3) provides an assessment of the chemical
and physical state of ambient seawater, and is
applied to the reconstruction of temperature, and
biological productivity of the past marine
environment.

Proxy (pl. proxies): A proxy is a mea-
surable feature from which another not
directly measurable characteristic can be
derived. For example, the test of a planktic
foraminifer bears certain stable isotope
ratios (e.g., 18/16O), measurable with a
mass spectrometer, from which tempera-
ture and other parameters of ambient sea-
water can be reconstructed by applying
empirically derived formulae (see, e.g.,
Fischer and Wefer 1999).

1.1 A Brief History of Planktic
Foraminifer Research

Technological improvement of binocular micro-
scopes allowed the French naturalist Alcide
d’Orbigny (1826) to describe the first planktic
foraminifer species Globigerina bulloides from
beach sands of Cuba, but erroneously classifying
it with the cephalopods. Alcide d’Orbigny’s
family lived in the village of Esnandes at the
Baie d’Aiguillon north of La Rochelle (France),
where Alcide’s father Charles Marie d’Orbigny
was a renowned ‘naturaliste’. Young d’Orbigny
was fortunate enough to look at the sediments of
the bay, and to find at a rich benthic foraminifer
fauna using the first good binocular microscopes
available in the 1820s (Vénec-Peyré 2005).
D’Orbigny’s French contemporary Félix Dujar-
din (1835), then, correctly described planktic
foraminifers as unicellular organisms. Some
30 years later, Owen (1867) suspected the
planktic life habit of these organisms. Following
the Challenger Expedition from 1872 to 1876,
the surface-dwelling habitat of planktic
foraminifers was generally recognized thanks to
observations provided by John Murray in the
Challenger Reports (Brady 1884). Foraminifer
biology was described first by Rhumbler (1911).
In the first half of the 20th century, foraminifers
were widely used for stratigraphic purposes in
the search for hydrocarbon reservoirs, and Joseph
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Cushman published a plethora of catalogues on
foraminifers of all major ocean basins, and from
various time-slices (e.g., Cushman 1911; Cush-
man and Todd 1949).

Distribution and ecology of different living
planktic foraminifer species were first studied on
plankton samples by Schott (1935). From the
1960s, planktic foraminifers have been used in
biostratigraphy to date marine sediments sam-
pled, for example, within the Deep Sea Drilling
Programme (DSDP) from 1964 to 1983, fol-
lowed by the Ocean Drilling Programme (ODP),
and the Integrated Ocean Drilling Programme
(IODP) from 2003 onward. The taxonomy of
modern planktic foraminifers was largely
improved by the seminal publication of Frances
Parker (1962).

Distribution, ecology, and biology of the live
fauna mostly of the western North Atlantic were
extensively studied by Bé, Hemleben, Anderson,
and co-workers, including graduate students and
post-doctoral appointees, between the late 1950s
and 1980s. Among these participants were David
Caron and Howard Spero who became signifi-
cant researchers in the field. Other major con-
tributors included Peter Wiebe, Sharon Smith,
Susumu Honjo, and Richard Fairbanks at Woods
Hole Oceanographic Institution. At about the
same time, Esteban Boltovskoy developed new
sampling methods, and conducted projects on the
production and sedimentation of planktic
foraminifers in the South Atlantic. Ecological
significance of modern species was applied to
paleoecological and paleoceanographic settings
to obtain new information on the ancient ocean
and Earths’ climate. Since the late 1960s, Wolf-
gang Berger and co-workers supplied ample
information in many papers on planktic
foraminifer carbonate chemistry and application
of proxies to paleoceanography, starting in the
eastern north Pacific, and later focusing on the
South Atlantic (e.g., Berger 1981; Berger et al.
1989; Kemle-von-Mücke and Hemleben 1999;
see also Fischer and Wefer 1999). Population
dynamics and carbon turnover of modern
planktic foraminifers mostly of the eastern North
Atlantic and Indian Ocean including adjacent
regions were studied by Christoph Hemleben and

co-workers since the late 1960s (e.g., Hemleben
1969; Hemleben and Spindler 1983; Hemleben
et al. 1989; Bijma and Hemleben 1994; Schiebel
et al. 1995; Schiebel 2002).

In the early 1970s, a joint group guided by
O. Roger Anderson, Allan Bé (both Lamont-
Doherty Earth Observatory), Christoph Hem-
leben, and Michael Spindler (both Tübingen
University), came together at the Bermuda Bio-
logical Station (BBS) in order to culture planktic
foraminifers (e.g., Bé et al. 1977; Hemleben et al.
1989). The BBS is close to blue water locations
and thus exceptionally suited to experiment with
planktic foraminifers. Living foraminifers were
sampled by means of SCUBA collection and net
tow sampling, and a sophisticated experimental
set up in order to maintain viable planktic fora-
minifers from early ontogenetic stages to maturity
was developed. Almost the entire range of all
basic planktic foraminifer behavior was observed
and recorded. Analyses of planktic foraminifers
from laboratory culture have been substantially
advanced by Howard Spero and co-workers at the
University of California (e.g., Spero 1986; Spero
et al. 2015). Culturing of planktic foraminifers
also has been conducted at the Bellairs Research
Institute at Barbados (e.g., Caron et al. 1982;
Spindler et al. 1984), the Caribbean Marine
Research Center on Lee Stocking Island, Bahamas
(e.g., Spero and Williams 1988; Spero and Lea
1993), the H. Steinitz Marine Biology Laboratory
at Eilat, Gulf of Aquaba (e.g., Erez et al. 1991, and
references therein), the Caribbean Marine Bio-
logical Institute (CARAMBI) at Curacao (e.g.,
Bijma et al. 1992), the Isla Magueyes Marine
Laboratory at Puerto Rico (e.g., Hönisch et al.
2011; Allen et al. 2011, 2012). However, a second
generation of any planktic foraminifer species has
never been successfully achieved in laboratory
culture, which remains one of the major issues to
be solved in the future.

Recent work focuses on planktic foraminifer
taxonomy, stratigraphy, evolution, ecology, car-
bonate chemistry, paleoceanography, population
dynamics, and biology. Stratigraphy and paleo-
ceanography were among the original scientific
interests in planktic foraminifers, due to their
economic and scientific value, respectively.
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Modern techniques of molecular genetics (i.e.
DNA sequencing) are currently applied to reveal
the taxonomic and phylogenetic relations
(Fig. 1.1) of the earlier established morphospecies
(Table 1.1) distinguished by their test architecture
(e.g., Darling et al. 1997; de Vargas et al. 1999;
André et al. 2014). The relation to morphological
features of the tests of modern species is reviewed
in the fossil species (e.g., Hemleben et al. 1999;
Hemleben and Olsson 2006).

Technological development of mass spec-
trometry analytical systems provides ever more
precise measurements of rare elements, stable
isotope ratios and ‘clumped isotopes’. Based on
these advances, new proxies have been developed
in paleoceanography (see the review of Katz et al.
2010). Laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) and
secondary ion mass spectrometry (NanoSIMS)
allow analyses of single chambers of tests, and
hence better interpretation of ontogenetic changes

in planktic foraminifer ecology. Outer and inner
shell architecture is analyzed and visualized at
high-resolution using X-ray micro-tomography
(e.g., Johnstone et al. 2010). Using refined tech-
nology, new knowledge has been gained from
planktic foraminifer research, and the field has
been substantially advanced, but simultaneously a
number of intriguing new questions have been
raised. Planktic foraminifer assemblages and test
properties have become increasingly valuable
proxies, and are applied in monitoring climate and
environmental change including the position and
strength of marine currents and fronts, oxygena-
tion of the water column, and ocean acidification,
among others. In 2010, SCOR (Scientific Com-
mittee on Oceanic Research) Working Group 138
was formed to synthesize the current knowledge
on ‘Modern Planktic Foraminifera and Ocean
Changes’.

Investigation of modern and geologically
ancient planktic foraminifers have diversified

Fig. 1.1 Phylogenetic relationships of the four major
groups of modern planktic foraminifers, macroperforate
spinose, macroperforate non-spinose, microperforate

spinose, and Hastigerinidae, based on a maximum
likelihood reconstruction from SSU rDNA. Modified
after Aurahs et al. (2009), from Weiner et al. (2012)
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Table 1.1 Modern planktic foraminifer morphospecies sorted by genus, including author and year of first description,
and page of detailed description given in Chap. 2

Genus Species Author Year

Beella digitata (Brady) 1879

Berggrenia pumilio (Parker) 1962

Bolliella adamsi Banner and Blow 1959

Candeina nitida d’Orbigny 1839

Dentigloborotalia anfracta (Parker) 1967

Gallitellia vivans (Cushman) 1934

Globigerina bulloides d’Orbigny 1826

falconensis Blow 1959

Globigerinella calida (Parker) 1962

siphonifera (d’Orbigny) 1839

Globigerinita glutinata (Egger) 1895

minuta (Natland) 1938

uvula (Ehrenberg) 1861

Globigerinoides conglobatus (Brady) 1879

ruber (d’Orbigny) 1839

sacculifer (Brady) 1877

Globoquadrina conglomerata (Schwager) 1866

Globorotalia cavernula Bé 1967

crassaformis (Galloway and Wissler) 1927

hirsuta (d’Orbigny) 1839

inflata (d’Orbigny) 1839

menardii (d’Orbigny) 1865

scitula (Brady) 1882

theyeri Fleisher 1974

truncatulinoides (d’Orbigny) 1839

tumida (Brady) 1877

ungulata Bermudez 1960

Globorotaloides hexagonus (Natland) 1938

Globoturborotalita rubescens Hofker 1956

tenella (Parker) 1958

Hastigerina digitata (Rhumbler) 1911

pelagica (d’Orbigny) 1839

Neogloboquadrina dutertrei (d’Orbigny) 1839

incompta (Cifelli) 1961

pachyderma (Ehrenberg) 1861

Orbulina universa d’Orbigny 1839

Orcadia riedeli (Rögl and Bolli) 1973

Pulleniatina obliquiloculata (Parker and Jones) 1865

Sphaeroidinella dehiscens (Parker and Jones) 1865

Streptochilus globigerus (Schwager) 1866

(continued)
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substantially since the first discoveries (see, e.g.
the reviews and books of Vincent and Berger
1981; Hemleben et al. 1989; Murray 1991;
Schiebel and Hemleben 2005; Kucera 2007). An
enormous wealth of information is available from
textbooks, printed papers, online publications,
and various Internet sites (e.g., www.species-
identification.org, www.EMIDAS.org, www.
eforams.org). Many more researchers and work-
ing groups, beyond those referred to above, have
added an enormous wealth of knowledge, which
is presented in the following topical Chaps. 2–10.
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2Classification and Taxonomy
of Extant Planktic Foraminifers

Classification of modern and fossil planktic
foraminifers is based on a morphological species
concept (i.e. morphotypes) for practical reasons,
i.e. a non-destructive enumeration from strew-
mounted samples, and economical (i.e. time-
saving) analyses. Detailed classification of each
test, for example, using scanning electron
microscopy or analysis of the molecular genetics
in case of live specimens would be too costly.
Assuming that most modern planktic foraminifer
morphotypes are known to science today, and
have been properly described in literature, one
would still be left with the problem of
intraspecific diversity, as well as aberrant and
malformed specimens. Depending on the per-
sonal taxonomic understanding and philosophy,
one would add those problematic specimens to
the most similar known morphotypes, or labelled
them ‘unidentified species’—‘indet. spec.’.

The morphotypical classification of planktic
foraminifer species is almost uniformly based on
adult and mature specimens. Consequently, the
description of tests invariantly relates to adult
specimens if not stated differently. The rules of
nomenclature are well defined by the Interna-
tional Commission on Zoological Nomenclature
(ICZN). In turn, the determination of species and
genera is not uniform between the different
schools of micropaleontology, and may vary

even among colleagues within one working
group. The reason for different personal views of
the same species is possibly based on experience
and different philosophies (see also Scott 2011).

Most extant planktic foraminifer species are
ubiquitous, and few are endemic. Globoro-
taloides hexagonus, Globoquadrina conglomer-
ata, and Globigerinella adamsi are limited to the
modern Indian and Pacific Oceans. Morphologi-
cal ecophenotypes of the same species add to
differences in classification, and taxonomic con-
cepts. For example, the pink variety of Glo-
bigerinoides ruber has been extinct from the
Indian and Pacific Oceans from MIS 5.5,
*120 ka (Thompson et al. 1979), and today
occurs only in the Atlantic Ocean. The absence
and presence of menardiform species in different
ocean basins during the late Cenozoic has been
affected by ecological conditions, geographic
barriers, climate change, and ocean circulation
(e.g., Mary and Knappertsbusch 2013; Broecker
and Pena 2014).

Accounting for the biogeographic variability
of species through time including evolutionary
changes, the knowledge of planktic foraminifers
(and other organisms) and their taxonomy is
inherently limited, and depends on personal
experience and perspective. Comprehensive
understanding of planktic foraminifer taxonomy
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can hence only be achieved through joint effort.
The following information may help to comple-
ment the existing knowledge of modern planktic
foraminifer taxonomy.

Taxonomy—nomenclature—classifica-
tion: Taxonomy is the rather descriptive
science of classifying organisms and
naming them. The term ‘taxonomy’ is
derived from the Greek words ‘nomia’ and
‘taxis’, meaning ‘method’ of ‘arrange-
ment’, respectively. Taxonomy follows
strict rules, which vary between zoological
and botanical concepts. The taxonomy of
planktic foraminifers follows the rules of
the ‘International Commission on Zoolog-
ical Nomenclature’ (ICZN), which releases
every now and then a new edition of the
‘International Code of Zoological Nomen-
clature’ (ICZN Code). The newest is the
4th Edition published in 1999, available
online via the Natural History Museum,
London (http://www.nhm.ac.uk). It is
strongly suggested to consult the ICZN
Code when working on taxonomy.

2.1 Classification and Taxonomy

The chapter presents the current understanding of
the morphological genus and species concept
applied in analyses of extant planktic foraminifers.
About 50 extant planktic foraminifer morpho-
species (Chap. 1, Table 1.1) exist in the modern
ocean (Loeblich and Tappan 1988), and about 250
genotypes are now distinguished by molecular
methods (de Vargas et al. 2015). Accepting the
systematics adopted by Cavalier-Smith (2004; see
also Adl et al. 2005), planktic Foraminifera belong
to the

Kingdom Protozoa
Subkingdom Biciliata
Infrakingdom Rhizaria
Phylum Sarcomastigophora
Subphylum Sarcodina
Superclass Rhizopodea
Class Granuloreticulosa
Order Foraminiferida
Suborder Globigerinina

Planktic foraminifers are believed to have
evolved from benthic species during the Early
Jurassic with a simple trochospiral morphology
including tiny pores (microperforate, Plate 2.33).
As in many other fossil groups planktic fora-
minifers developed in various steps through the
Cretaceous and Tertiary. A first wide radiation
occurred during the Mid-Cretaceous culminating
in the Upper Cretaceous towards the K/Pg
boundary. Until this point in time, approxi-
mately 300 species developed within the
non-spinose group (cf. Caron 1985). Most spe-
cies became extinct before the K/Pg boundary
event. Only two or three species survived the
K/Pg extinction event. These species are regar-
ded ancestors of a new development of planktic
foraminifer species during Tertiary and Recent
times. Hedbergella monmouthensis is regarded
as the ancestor of the newly developed spinose
group, and Preamurica taurica and
Globanomalina archaecompressa as the first
non-spinose species at the base of the Tertiary
(Olsson et al. 1999). In Zone P0, the lowermost
biostratigraphic zone in the Paleocene (lower-
most Paleogene), the first spinose species,
Eoglobigerina eobulloides, appeared. Since then,
this group constitutes the largest group of
planktic foraminifer assemblages in the world’s
ocean. The test morphology, and especially the
test surface structure, diversified within the var-
ious lineages, and is used in classification,
besides features such as ‘spinose’ versus
‘non-pinose’, and ‘normal perforate’ versus
‘microperforate’.
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All modern planktic foraminifers (approx.
48 morphospecies) are assumed to belong to the
suborder Globigerinina following Loeblich and
Tappan (1988), which includes seven superfam-
ilies, out of which only three are extant,
(1) Heterohelicoidea Cushman 1927,
(2) Globorotaloidea Cushman 1927, and
(3) Globigerinoidea Carpenter et al. 1862.

On the taxonomic level of informal mor-
phogroups, it is distinguished between
(a) spinose (all Globigerinoidea), (b) non-spinose
normal perforate or macroperforate (all
Globorotaloidea and their precursors), and
(c) non-spinose microperforate (Heteroheli-
coidea) species. It is assumed that (d) mono-
lamellar Hastigerinidae do not belong to
bilamellar Globigerinoidea, which is in contrast
to Loeblich and Tappan (1988). It is suggested
that Hastigerinidae, and (e) all microperforate
species including tenuitellids, and other than
Heterohelicoidea are separate taxonomic groups.

According to Loeblich and Tappan (1992),
Foraminifera Lee 1990 are placed at the system-
atic Class level, and planktic foraminifers at the
Order level, i.e. Globigerinida Delage and Her-
ouard 1896. In this volume, it is focused on the
species level, which is the only systematic level
on which biology, ecology, and biogeochemistry
can be reasonably discussed in sufficient detail. In
addition, the species level is possibly the most
conservative systematic level, which allows
comparability of results at the long-term, and after
revisions at the lower systematic levels.

Test features relevant for the classification of
genera are pore size, and position of the primary
and secondary apertures. At the species level,
relevant features for classification are mode of
coiling, shape of test and chambers, position and
shape of apertures (e.g., lip and rim), and shell
texture (e.g., spines and pustules). On the species
level, well-illustrated compilations of Parker
(1962), Bé (1967), Saito et al. (1981), Li (1987),
Hemleben et al. (1989), and Kemle-von-Mücke
and Hemleben (1999) give useful overviews of
extant planktic foraminifers. The following plates
illustrate tests of modern species to support
classification. Images produced with Scanning
Electron Microscopy (SEM) and incident

microscope show the morphological variability
and ontogenetic development of the test.

The following description of species starts
with the largest and most abundant modern group
of (1) spinose planktic foraminifer species
(Sect. 2.2), including globigerinid species, which
are trochospiral or quasi-planispiral. Orbulina
universa is the only species with a spherical test
formed by the final chamber in the final onto-
genetic stages (adult to terminal). (2) Hastiger-
inids have a monolamellar test wall, and thus
differ from all other extant species. All other
extant and extinct genera are bilamellar:
(Sect. 2.3). (3) Species of the second group are
non-spinose, and include the globorotalids.
Globorotalid species are normal perforate (or
macroperforate, in contrast to microperforate, see
below) and trochospiral (Sect. 2.4). One species,
Pulleniatina obliquiloculata, forms a streptospi-
ral test in its adult ontogenetic stage. All
cone-shaped and disc-shaped species belong to
the superfamily Globorotaloidea. The macroper-
forate Streptochilus globigerus is the only bise-
rial modern planktic foraminifer species. (4) The
microperforate genera Globigerinita, Tenuitella,
and Candeina, and the triserial species Gallitellia
vivans differ from all other trochospiral modern
genera in wall structure (Sect. 2.5).

2.1.1 Molecular Genetics

Combining the morphotypic and the new geno-
typic concepts provides a great opportunity to
refine planktic foraminifer systematics and phy-
logeny, and to create new tools for ecologic and
paleoceanographic application. Wide variability
in test morphology of some planktic foraminifer
species has been shown to coincide well with
different genotypes, a topic, which is under
debate (De Vargas et al. 2002; André et al.
2014). In addition, ecophenotypic variation in
test morphology allows conclusions on ecology
(Spero and Lea 1993).

Genetic information for the self-organization
of planktic foraminifers, as in all other live
organisms, is stored in the cell in the form of
double-stranded deoxyribonucleic acid (DNA).
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It contains the genetic instructions used in the
physiological functions of the cells, and the for-
mation of the developmental stages of the
organisms. DNA is a long polymer, which is
formed by four different bases (ACGT, corre-
sponding to adenine, cytosine, guanine, thy-
mine). These bases are bound to sugars
(desoxyribose), and to phosphate groups con-
nected by ester bonds, then called desoxynu-
cleotides. The desoxynucleotides A and T, and G
and C, respectively, are bound by hydrogen
bonds called base pairs (bp), in the
double-stranded DNA molecule. The respective
sequences of the four desoxynucleotides along
the DNA molecule specify the long-term infor-
mation, by encoding the functional ribonucleic
acid (RNA). These are mainly the ribosomal
RNAs involved in ribosome structure, and in
protein synthesis, the transfer-RNA (tRNA)

transferring the amino acids to the ribosomes,
and the messenger-RNA (mRNA) containing the
information for the production of polypeptides
(proteins). The DNA of a cell is transcribed into
the different functional RNA molecules, of which
the mRNA specifies the amino acid sequences of
the proteins according to the genetic triplet code.

Molecular genetics studies of planktic for-
aminifers, i.e. determination of the nucleotide
sequences, have been performed in various labo-
ratories since themid 1990s, offering a perfect tool
for studies of the evolutionary and phylogenetic
relationships among different taxa (Figs. 2.1 and
2.2). Molecular analyses of planktic foraminifers
are mainly carried out on the nuclear-encoded and
tandemly arranged ribosomal rRNA genes
(rDNA). The small and large subunit (SSU and
LSU) rDNA, and other regions of the rDNA,
are of particular interest in planktic foraminifer

Fig. 2.1 SSU rDNA phylogeny for planktic foramini-
fers, and representatives of a diverse range of eukaryote,
archaebacterial, and eubacterial taxa, reconstructed by NJ
(“Neighbor Joining”, see Sect. 10.3.6) analyses of 546

unambiguously aligned sites. The “crown group” contains
sequences from a wide range of groups from eukaryotic
organisms to Homo sapiens. Modified after Wade et al.
(1996)

cFig. 2.2 Conventional SSU rDNA phylogenetic tree showing the relative positions of planktic foraminifer
morphospecies and genotypes. The phylogeny is based on 407 unambiguously aligned nucleotide sites, and is rooted
on the benthic foraminifer Allogromia sp. Bayesian posterior probabilities (from the last 1000 trees, obtained within
MrBayes; see Sect. 10.3.6) and ML bootstraps (expressed as a percentage, 1000 replicates) are shown on the tree (BI
posterior probabilities/ML bootstraps). The scale bar corresponds to a genetic distance of 2 %. Benthic foraminifer taxa
in grey text, and planktic foraminifers in black. Morphospecies and genotypes sampled in the Arabian Sea are shown on
a grey background. From Seears et al. (2012)
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molecular studies, corresponding to the 18S and
25/28S rDNA of other eukaryotic organisms (e.g.,
Pawlowski and Holzmann 2002). The respective
methods are briefly described in Chap. 10.

Molecular genetic approaches provide evi-
dence that planktic foraminifers are not a mono-
phyletic group as it was traditionally assumed, but
that they have possibly descended from benthic
foraminifers more than one time over the past
*170 Myrs, from the mid Jurassic onward.
Planktic foraminifers would therefore be a poly-
phyletic group (Darling et al. 1997; Darling and
Wade 2008). The genetic and morphological
similarity of modern planktic Streptochilus glo-
bigerus and the benthic Bolivina variabilis is a
good example of tychopelagic behavior, and later
development of a new fully planktic species
(Darling et al. 2009). All of the other modern
planktic foraminifer morphogroups, spinose,
non-spinose macroperforate, and non-spinose
microperforate, as well as the monolamellar
Hastigerinidae might have adopted their planktic
habitat in a similar way as the heterohelicoid
species S. globigerus.

In general, genetic data confirm the taxa of
modern planktic foraminifers to the level of
morphospecies (Fig. 2.2). However, the tradi-
tionally classified morphotypes often include two
or more genotypes, which are referred to as
cryptic species. Consequently, new genotypes
have been added to the existing portfolio of
morphospecies, representing genotype com-
plexes (e.g., Darling et al. 1997; De Vargas and
Pawlowski 1998; Kucera and Darling 2002;
Darling and Wade 2008; André et al. 2014). This
complex constitutes normally very closely rela-
ted genotypes of one morphospecies (Table 2.2).
For example, Globigerinella siphonifera forms a
complex group of three different types (André
et al. 2014), whereas Globigerinoides sacculifer
displays only one genotype including several
different morpho-species (André et al. 2013).

Those differences in the phylogeny of the dif-
ferent species possibly result from independent
evolutionary developments, with some species
behaving more conservative than others. In
addition, various species may be in the (molec-
ularly detectable!) process of speciation, and at
present are forming cryptic species.

In the following paragraphs, a detailed
description of the test morphology is given, and
differences between similar morphospecies are
discussed. Ecology and distribution of species
are documented. Information on the molecular
genetic data is presented if available.

Cryptic species: Cryptic species represent
a group of species, which cannot interbreed,
and contain individuals that are morpho-
logically identical to each other but can only
be differentiated by e.g. molecular genetic
methods. Herewith, different genotypes can
be distinguished within one morphospecies.

2.2 Bilamellar Spinose Species

Spinose species bear spines, which are plugged
into the test wall. Spines may be round in
cross-section, triangular, or triradiate at the entire
length, or two or all three types may be combined
in one spine from base to top. In case of a
combination of different cross sections in one
spine, round spines develop into more angular
spines, i.e. triangular and triradiate from base to
top. Spinose species are assumed macroperforate
although occasionally producing pores, which
embrace the size-limit (1 µm) between microp-
erforate and macroperforate. Hastigerinids are
included with the spinose species although they
are an exception to the bilamellar spinose species
by producing a monolamellar wall, a cytoplasmic
bubble capsule, and very large spines.

cPlate 2.1 Beella digitata with rugose surface and highly variable aperture. Digitate chambers occasionally formed
during the adult stage. (3, 6) Close-ups of test surface from (2), with arrows pointing at spine collars. Bars of overviews
100 µm, bars of close-ups 20 µm. (1) Photo A. Kiefer and R. Schiebel
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2.2.1 Beella digitata (Brady 1879)
(Plate 2.1)

Other Generic Assignment (O.G.A.): Globiger-
inella Cushman 1927.

Description: Trochospiral, spinose, normal
perforate, rather smooth surface, 4–6 chambers in
the last whorl, and a rather large aperture at the
base of the final chamber. Adult specimens of B.
digitata are easy to identify due to their digitate
chambers. Pores are rather irregularly distributed
and may partially be covered by a smooth calcite
veneer.

Molecular genetics: Very few data are avail-
able so far. According to André et al. (2014) only
one genotype exists, thus no cryptic species of
this morphospecies have been described up to
date (2015). Beella digitata appears to be a
well-established sister-group to the plexus of
G. siphonifera.

Ecology: Beella digitata is a rare species of
the tropical to subtropical ocean (e.g., Conan and
Brummer 2000; Schmuker and Schiebel 2002).
Regionally enhanced standing stocks of B. digi-
tata may occur in the Mediterranean Sea, and are
limited to the subsurface water column (Hem-
leben et al. 1989). Large numbers of empty tests
of non-digitate B. digitata occurred at meso-
bathyal water depths of 300–700 m west of the
Canary Islands (29º 59′ 98″N, 21º 59′ 79″W) at a
total water depth of 4996 m (Schiebel, unpub-
lished data, 2007). It may hence be assumed that
B. digitata occupies a rather narrow ecological
niche in the modern ocean, and flourishes at
places and during times of slightly enhanced
nutrient availability following the phytoplankton
production. The rather anecdotal evidence of the
distribution of B. digitata in subsurface waters
might identify B. digitata as specialized on
somehow degraded organic matter as a food
source, similar to other subsurface dwelling
planktic foraminifer species.

Remarks: According to its round to triangular
spines, B. digitata would classify with the genera
Globigerinella or Orbulina. Because of its
chamber morphology and position of the aperture,
Holmes (1984) classifies G. digitata with the
genus Beella. The morphospecies seems to
include only one genotype and is referred to as
Globigerinella (Darling andWade 2008) orBeella
(Aurahs et al. 2009a; André 2013).Globigerinella
digitata is not related to the monolamellar species
Hastigerinella digitata. The reason why Glo-
bigerinella digitata is classified with the genus
Beella is because of the close resemblance of the
juvenile tests of both species B. digitata and B.
megastoma. Both B. digitata and B. megastoma
have rather irregular tests, resulting in consider-
able morphological variability within assem-
blages (Plate 2.1). Systematic differences between
non-digitate tests of two putative types of Beella
could not be detected among the analyzed indi-
viduals from the Atlantic and Indian Ocean.
Therefore, B. digitata and B. megastoma are
assumed to be the same species, and given the
name of the older synonym Beella digitata (Brady
1879). Beella megastoma (Earland 1934) was first
described as Globigerina megastoma from the
Drake Passage and Scotia Sea between 3328 and
3959 m water depth by Earland (1934). Beella
megastoma is rather rare and patchily distributed
in subtropical to subpolar waters. Paleoceano-
graphic implications of the presence of B.
megastoma are discussed by Bauch (1994).

2.2.2 Bolliella adamsi Banner
and Blow 1959
(Plate 2.2)

O.G.A.: Hastigerina Thomson 1876, Globiger-
inella Cushman 1927.

Description: Globigerinella-type wall struc-
ture. Early chamber arrangement low trochospiral

cPlate 2.2 (1–3) Adult Bolliella adamsi with elongate final chambers. (4) Triradiate and flexible (bent) thin round
spines. (6) Mature specimen with digitate final chambers. For comparison, (7) mature Beella digitata, and (8) adult
Hastigerinella digitata. Bars of overviews (1–3) 100 µm, (6–8) 200 µm. Bar of close-up (4) 20 µm, (5) 100 µm. (3,7)
Photo A. Kiefer and R. Schiebel
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becoming more becoming more later in ontogeny,
with up to 7 chambers in the last whorl. Adult
specimens producing one to three elongate club
shaped final chambers. The spines may be round
and rather thin, or thickened at the base, and
develop into triangular to triradiate distal shapes.
Pre-adult and early adult specimens are very
similar in surface structure and spine morphology
to both G. siphonifera and G. calida.

Molecular genetics: No data available. Mor-
phologically, Bolliella adamsi belongs to the
Globigerinella plexus, and counts as a
sister-species of G. siphonifera, G. radians, and
G. calida (e.g., Banner and Blow 1959; Weiner
et al. 2012).

Ecology: Bolliella adamsi is a rare species,
limited to the Indian and Pacific Oceans (Bé
1977, and references therein Hemleben et al.
1989). In the Arabian Sea, B. adamsi was sam-
pled from the entire surface water column above
100 m water depth, and was most frequent at the
thermocline and immediately below (40–100 m
water depth) in oligotrophic and well stratified
waters (Schiebel et al. 2004). At a maximum
abundance of only 1.8 specimens m−3, i.e.
10.5 % of the entire fauna during the spring
intermonsoon, B. adamsi is one of the least
abundant modern planktic foraminifers. Its par-
ticular ecological requirements like food source
and reproductive behavior are still unknown.
From the types of spines it may be assumed that
copepods are part of the diet of B. adamsi, sim-
ilar to Globigerinella siphonifera and Orbulina
universa. Test flux and fossilization potential of
B. adamsi are low (Dittert et al. 1999; Conan and
Brummer 2000).

Further readings: Parker (1962, 1976), Srini-
vasan and Kennett (1975).

2.2.3 Globigerina bulloides
d’Orbigny 1826
(Plate 2.3)

Description: Bulloides-type wall structure, nor-
mal perforate, thin spines supported by spine
collars coalescing to form ridges. Rather low

trochospiral, lobulate in outline with globular,
slightly embracing chambers increasing rapidly
in size, and 4 chambers in the last whorl.
Umbilical aperture, which may be slightly out of
its centric position, but never facing to either side
left or right as in G. calida. The aperture is wide
open, and the size of the aperture may differ
between different genotypes of G. bulloides
(Darling and Wade 2008), and never as narrow
as in G. glutinata. In contrast to G. falconensis,
G. bulloides bears no umbilical lip. An apertural
rim could result from slightly enhanced thickness
of the test wall along the aperture. Pore con-
centrations range from 70 to 100 pores per
50 lm2 of test surface area. Pore diameters range
from about 0.7–1.2 lm, and hence embrace the
pore-size range delimiting ‘microperforate’
(<1 µm) from ‘macroperforate’ (>1 µm) species.

The repartition of dextral and sinistral forms
of G. bulloides seems to be related to temperature
(Malmgren and Kennett 1977), and is balanced
in contrast to other species, like G. inflata or N.
pachyderma, which are mostly left-coiling.
Kummerform final chambers occur rather fre-
quently in G. bulloides.

Molecular genetics: In total, 14 genetic types of
G. bulloides have been distinguished by various
authors (e.g., Darling et al. 2000; Darling and
Wade 2008; André et al. 2013; Seears et al. 2012;
Morard et al. 2013). However, according to André
et al. (2014), previously defined genetic types of
G. bulloides, e.g., Ia-f, IIa-g, and IIIa may have
been oversplit. According to two new methods
(ABGD: Automatic Barcode Gap Discovery; and
GMYC: General Mixed Yule Coalescent; see
Sect. 10.3.6, Fig. 2.3) only 7 genotypes of G.
bulloides are delimitated and qualify a species
status (from André et al. 2014, Fig. 2.3). A similar
result to that of André et al. (2014) was obtained
by Seears et al. (2012, Fig. 2.4). Interestingly,
Types IIa and IIb are bipolar distributed. Thus, a
gene flow across the tropics must have existed
(Darling et al. 2000). The same seems to be true
for T. quinqueloba and N. pachyderma.

Ecology: Globigerina bulloides mainly dwells
above the thermocline within the upper 60 m of
the water column, and is a non-symbiotic species
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usually associated with temperate to sub-polar
water masses, as well as upwelling. The distri-
bution G. bulloides within the surface water
column may be modified by hydrologic

conditions, and the availability of prey. In addi-
tion to ecologic demands, biological prerequi-
sites, i.e. reproduction strategy may determine
the depth distribution of G. bulloides (Schiebel
et al. 1997). Globigerina bulloides is equally
characteristic of upwelling environments in
lower latitudes (e.g., Thiede 1975; Bé and Hut-
son 1977; Kroon and Ganssen 1988; Naidu and
Malmgren 1996a, b; Conan and Brummer 2000;
Seears et al. 2012), as of seasonally enhanced
primary production at mid and high latitudes
(e.g., Bé and Tolderlund 1971; Bé 1977; Ottens
1992; Schiebel and Hemleben 2000; Chapman
2010). Globigerina bulloides is an opportunistic
species, and often dominates the foraminifer
fauna, test flux, and sediment assemblage at
the ocean floor (Sautter and Thunell 1989;
Sautter and Sancetta 1992), and is therefore an

Fig. 2.3 Ultrametric SSU
rDNA tree with GMYC
delimitations of G.
bulloides and the
sister-group G. falconensis
displayed in relation to
T. quinqueloba. Names of
morphospecies are given
on the outer arc. Plausible
biological species are
indicated on the inner arc.
The scale bar shows the
patristic genetic distance.
Distances of the G.
bulloides/G. falconensis
group suggest that these
morphospecies may have
been oversplit in
comparison to T.
quinqueloba. After André
et al. (2014)

Fig. 2.4 Conventional delimitation of seven genotypes
of the morphospecies G. bulloides using 669 bp of SSU
rDNA. The phylogenetic tree is unrooted, and the genetic
distance equals 1 %. Type 1a is found in the Arabian Sea.
From Seears et al. (2012)
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important source of geochemical information for
paleoceanographic reconstruction (e.g., Fischer
and Wefer 1999; Hillaire-Marcel and de Vernal
2007).

In contrast to most spinose species, an
important part of the diet of G. bulloides consists
of algae, as indicated by the olive green to
brownish coloration of its cytoplasm in freshly
collected specimens, and shown by transmission
electron microscopy (TEM). Apart from some
biogeographical studies, only a few accounts
have been published on its specific ecologic
demands (e.g., Lee et al. 1965; Spindler and
Hemleben 1980).

Remarks: The environmental and physiologi-
cal parameters affecting the disequilibrium frac-
tionation of stable isotopes of G. bulloides were
quantified in a laboratory study (Spero and Lea
1996). Mean natural disequilibria of G. bulloides
are positive for d18O (up to +1 ‰) and negative
for d13C (−1 to −2 ‰) caused by its ecologic
preferences (cool and eutrophic waters), and
including ontogenetic and ecologic effects in the
<200-µm tests size fraction (Ganssen 1983; Nie-
bler et al. 1999). GAM calcification has been
estimated to add up to 10 % to the calcite mass of
the test of G. bulloides (Schiebel et al. 1997), and
to affect its stable isotope and element ratios.
Globigerina bulloides is a symbiont-barren spe-
cies, and symbiont induced effects on the stable
isotope composition can be excluded. The disso-
lution susceptibility ofG. bulloides tests is slightly
higher than average among extant species (Dittert
et al. 1999). Because of its wide distribution in the
global ocean, G. bulloides is one of the most
analyzed species in paleoceanographic studies.

Further readings: Spero and Lea (1996),
Aldridge et al. (2011), Boussetta et al. (2012),
André et al. (2014), Darling and Wade (2008),
Seears et al. (2012), Morard et al. (2013).

2.2.4 Globigerina falconensis Blow
1959 (Plate 2.4)

Description: Globigerina falconensis has a bul-
loides-type wall structure, is normal perforate,
and bears thin spines. Tests are low-trochospiral,
lobulate in outline, with four globular and slightly
embracing chambers in the last whorl. Chambers
might be slightly ovate in late ontogeny. Subse-
quent chambers distinctly increase in size. The
umbilical aperture may be slightly out of centric
position and bears a distinct lip. The apertural
area is usually smaller than in G. bulloides. Tests
of Globigerina falconensis resemble those of the
genetic sister-taxon G. bulloides to a high degree
(cf. Aurahs et al. 2009a). The only obvious
morphological difference, which provides
unequivocal prove for differentiation between the
two species, is the apertural lip of adult tests of
G. falconensis (Malmgren and Kennett 1977).

Molecular genetics: Globigerina falconensis
appears to be a sister-species of G. bulloides and
exhibits only one genotype (André et al. 2014).

Ecology: Apart from differences in test fea-
tures, G. falconensis is a symbiont bearing spe-
cies, and varies from sympatric and symbiont-
barren G. bulloides by differential stable isotope
values. Globigerina falconesis is a less oppor-
tunistic species than G. bulloides, the latter being
adapted to an elevated availability of food in
surface waters. In the Arabian Sea off Pakistan,G.
falconesis occurs at maximum abundance in
January and February during the NE monsoon.
Assuming that G. falconensis is adapted to a
different kind of nutrition than G. bulloides, the
abundances of the two species are applied to
reconstruct the intensity of NE monsoonal mix-
ing, and SW monsoonal upwelling in the Arabian
Sea over the past 24 kyrs (Schulz et al. 2002).

Further readings: Malmgren and Kennett (1977).

b Plate 2.3 (1–7) Adult Globigerina bulloides, with (8–13) details of test wall and surface. (3) Specimen with newly
formed chamber. (14–18) Lower panel showing incident-light micrographs of specimens from net tows. (6, 7, 18)
Specimens with final kummerform chamber. (8) Test wall with pores and broken spines. (9) Spines shed from collars,
and starting GAM calcification. (10) Pores and spine-collars with spine-holes (arrows) and GAM calcite. (11) GAM
calcite covers spine-collars, spines-holes still open. (12) Test surface with spines (mostly broken). (13) Pores, spine
collars, and spine-remnant (arrow) in cross section. Bars of overviews 100 µm, bars of close-ups (8, 11–13) 10 µm, (9,
10) 2 µm. (14–18) CourtesyA. Movellan
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b Plate 2.4 Globigerina falconensis (1–11) with normal-sized pores, and (7–9) large pores. In comparison to G.
bulloides (Plate 2.3), the apertural lip and more bulb-like chambers are typical of G. falconensis. (10) Pores and
spine-holes (arrows). (11) GAM calcification (arrows) covering spine-holes. Bars of overviews 100 µm, bars of
close-ups 20 µm

2.2.5 Globigerinella calida (Parker
1962) (Plate 2.5)

O.G.A.: Globigerina d’Orbigny 1826.
Description: Globigerinella calida has a low

trochospiral to almost planispiral test, with a wall
structure similar to the bulloides-type. It is normal
perforate, has round to triradiate spines. Cham-
bers are globular, and ovate during late ontogeny,
i.e. the final and penultimate chamber. In early
adult ontogeny, G. calida forms 4.5 chambers in
the last whorl, and 4.5–6 chambers in the last
whorl during the late ontogenetic stages. In the
final ontogenetic stage, chambers might detach
from the previous whorl. The aperture may be a
wide to narrow umbilical to extraumbilical
opening. Test and spine architecture of G. calida
are similar to G. siphonifera throughout its
ontogeny. In its pre-adult and early adult stages,
G. calidamay be virtually indistinguishable from
G. siphonifera in incident light microscopy.

Molecular genetics: According to André et al.
(2014) the morphospecies G. calida belongs to
the Globigerinella siphonifera plexus, and
shows a very low diversity with two or three
cryptic species of debated status.

Ecology: Globigerinella calida typically
occurs at medium frequency in mesotrophic
waters of the tropical to temperate ocean (Parker
1962; Bé et al. 1985; Ortiz et al. 1995; Schmuker
2000; Conan and Brummer 2000; Retailleau et al.
2012). In the Arabian Sea, maximum numbers of
G. calida of up to 3 individuals per m3 occur
throughout the upper 100 m of the water column
in the marginal upwelling regions, and during the
intermonsoon and NE monsoon season (Conan
and Brummer 2000; Schiebel et al. 2004). In
neritic waters of the Caribbean Sea off Puerto
Rico, G. calida was found to be more frequent
during more oligotrophic conditions in spring
than during the slightly more productive condi-
tions in fall (Schmuker 2000). In the open Car-
ibbean Sea, G. calida was found to be less
frequent than in neritic waters (Schmuker 2000;

Schmuker and Schiebel 2002). Maximum stand-
ing stocks ofG. calida of up to 150 ind. m−3 in the
SE Bay of Biscay occurred at a neritic site in an
upwelling area over a submarine canyon head in
November 2007, and decreased towards the open
Bay of Biscay (Retailleau et al. 2011, 2012).

Further readings: Weiner et al. (2014, 2015).

2.2.6 Globigerinella siphonifera
(d’Orbigny 1839)
(Plate 2.6)

O.G.A.: Hastigerina Thomson 1876.
Description: Globigerinella siphonifera has a

low trochospiral to irregular planispiral test, and
exhibits wall structure resembling the bulloides-
type wall but at a higher porosity. The test of G.
siphonifera is normal perforate, has round to
triradiate spines, with ovate chambers during late
ontogeny. Early adult individuals have 4.5–5
chambers in the last whorl, and 5–6 in the late
ontogenetic stages.

Molecular genetics: According toWeiner et al.
(2015) theG. siphonifera plexus (morphospecies:
G. siphonifera, G. calida, G. radians, Beella
digitata, and Bolliella adamsi) shows a
well-defined and clearly separated genetic diver-
sity, which can be characterized by three
main lineages, including 12 distinct genetic types
for G. siphonifera/radians/calida (Fig. 2.5;
Table 2.1).

Globigerinella siphonifera includes two
morphotypes (Fig. 2.6) and genotypes, Type I
(relatively large, evolute, larger pores (av.
4.5 µm), higher spine density than Type II), and
Type II (relatively slender, involute, smaller
pores (av. 2.2 µm), lower spine density than
Type I) reported from the Caribbean Sea (Huber
et al. 1997; Darling et al. 1997; Bijma et al.
1998). The aperture ranges from a wide opening
in evolute Type I, to a small slit in peripheral
(equatorial) to extra-umbilical position in invo-
lute Type II. Type I exhibits broad cytoplasmic
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Fig. 2.5 SSU rDNA phylogenetic tree of G. siphonifera
with B. digitata as outgroup. Type Ia and Ib occur within
the Indo-Pacific region, but also unevenly distributed in
the global Ocean. Types IIa1, IIa2 + 3, IIa4, IIa5 + 6 are
cosmopolitans, whereas type IIb occurs in the Atlantic
only. Type IIIa had been discovered in the E-Atlantic,
type IIIb has been observed in the Caribbean,

Mediterranean Sea, Red Sea and Western Indian Ocean,
mostly marginal Seas. The distribution pattern may
suggest that the regional ecology plays an important role
in diversification. Light microscopic images of G.
siphonifera and B. digitata illustrate the gross morphol-
ogy. Both individuals measure about 250 µm across.
From Weiner et al. (2014; see also Weiner et al. 2015)

Table 2.1 Correspondence between genetic diversity and morphological variability within the Globigerinella
siphonifera/G. calida plexus, including classifications following classical taxonomy (e.g., Parker 1962), and revised
taxonomy based on the morphometric measurements from Weiner et al. (2015)

Genetic type Revised taxonomy Classical taxonomy

Ia
Ib
IIa1
IIa2
IIa3
IIa5
IIa6
IIb
IIIa
IIIb
IIIc

G. radians
G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
?
G. siphonifera
?
G. calida
G. calida

G. calida or G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
G. siphonifera
G. calida
G. calida
G. calida

Question marks stand for genetic types whose morphology could not be confirmed by quantitative analysis, because no
suitable images were available. From Weiner et al. (2015)

b Plate 2.5 (1–6) Adult Globigerinella calida, and (7–9) mature G. calida with final chambers detached from the last
whorl. (6) Test surface (detail of 5) with pores, broken spines, and GAM calcification. Bars of overviews 100 µm, bar
of close-up 10 µm. (1,3) Photo A.Kiefer and R.Schiebel
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b Plate 2.6 (1) Live Globigerinella siphonifera (Kage Microphotography©, with permission). (2, 4) Adult tests of G.
siphonifera with low porosity, and (3, 5, 6, 8, 9) high porosity. Close-ups of (7) triradiate and round spines,
(10–12) spine-collars, pustules, and pores. Bars of overviews (1) 1 mm, (2–9) 100 µm. Bars of close-ups 20 µm

Fig. 2.6 SEM images of the spiral, umbilical, and lateral
view, and close-ups of the pores of two individuals of three
Globigerinellamorphotypes,G.radians,G.siphonifera, and
G. calida. Bars of overviews 60 µm, close-ups 20 µm.

Globigerinella radians specimens are from theMozambique
Channel, G. siphonifera specimens from the Mozambique
Channel and the Arabian Sea, and G. calida specimens are
from the Mozambique Channel. FromWeiner et al. (2015)
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flanges between the spines, and Type II produces
normal rhizopodia along the spines (Bijma et al.
1998). Globigerinella siphonifera is the only
planktic foraminifer reported up to now to pos-
sess two different types of symbionts both being
chrysophytes (Faber et al. 1989).

Ecology: Globigerinella siphonifera is most
frequent in the tropical to subtropical ocean, and
less frequent in temperate waters (e.g., Bé 1977).
Globigerinella siphonifera is rather variable in
test morphology, and includes several ecophe-
notypes (Parker 1962). In the Caribbean, G.
siphonifera includes two morphotypes. The larger
Type I dwells deeper in the surface water column
than the more slender Type II (Bijma et al. 1998).
Salinity and temperature tolerance of G. sipho-
nifera were experimentally determined as to 27–
45 PSU and 10–30 °C, respectively (Bijma et al.
1990b). The autecology of G. siphonifera is
affected by the type of hosted chrysophyte sym-
biont (Faber et al. 1989). Four genotypes of G.
siphonifera are assigned to waters of varying
trophic conditions (De Vargas et al. 2002).

Remarks: Globigerinella siphonifera (d’Or-
bigny 1839) is the senior synonym of Globiger-
inella aequilateralis (Brady 1897). The name G.
aequilateralis is still in use possibly due to its
descriptive meaning describing the planispiral test
architecture of the adult specimens of this species.
Weiner et al. (2015) propose to revive the use of
the species G. radians (Egger 1893), despite the
fact that the original material has been lost in
Munich (Germany), in World War II. Thus, this
species is based only on the figures published by
Egger (1893). The morphological variability of
the Globigerinella plexus according to Weiner
et al. (2015) is demonstrated in Fig. 2.6.

Further readings: Darling and Wade (2008),
Seears et al. (2012), André et al. (2014).

2.2.7 Globigerinoides conglobatus
(Brady 1879) (Plate 2.7)

Description: Globigerinoides conglobatus has a
ruber-type wall structure, large pores, and
round to triangular spines. The test is low to
medium trochospiral and slightly lobulate. One
whorl includes four spherical (pre-adult speci-
mens) to compressed (adult specimens) cham-
bers, which may overlap considerably. The
aperture forms a rather narrow slit centered over
three chambers. The spiral side exhibits two
secondary apertures. Most specimens from
sediments bear a rather thick calcite crust.
Pre-adult tests could be confused with G. sac-
culifer, but in direct comparison have less
globular chambers and less incised sutures.
Adult specimens have a unique compressed
(flat, pillow-like) final chamber (except kum-
merforms), which distinguishes G. conglobatus
from any other species.

Molecular genetics: Globigerinoides conglo-
batus appears to include 1 genotype, which is
closely related to G. ruber (André et al. 2014).

Ecology: Globigerinoides conglobatus dwells
in the deeper photic zone, and is associated with
dinoflagellate symbionts (Gymnodinium beii,
Spero 1987) similar to those occurring in G.
ruber, G. sacculifer, and O. universa. Glo-
bigerinoides conglobatus occurs at low to med-
ium abundances in tropical and subtropical
waters, and may be transported by currents to the
lower mid-latitude ocean (Kemle-von-Mücke
and Hemleben 1999; Schmuker and Schiebel
2002; Schiebel et al. 2004). Globigerinoides
conglobatus is the only Globigerinoides species
assumed to form gametogenetic calcite at sub-
surface waters (Hemleben et al. 1989).

cPlate 2.7 (1–9) Adult and mature Globigerinoides conglobatus, with (7) crystal growth on edges, (8) partly encrusted,
and (9) heavily encrusted tests. (3, 5, 6) Spiral view showing secondary apertures (arrows). Details of (10)
spine-remnants in aperture. (11) Close-up of pores and spine-holes from specimen (2). (12) Cross section of outer test
wall with pores, spine-mold (arrow), calcite layers, and inner test wall with pores. Bars of overviews 200 µm, bars of
close-ups 20 µm
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2.2.8 Globigerinoides ruber
(d’Orbigny 1839)
(Plate 2.8)

Description: Globigerinoides ruber has a ruber-
type wall structure. The test is medium to high
trochospiral, with 3 globular chambers per whorl
in the adult stage. Ultimate, penultimate, and
antepenultimate chambers adjoin the umbilical
primary aperture. Two smaller secondary aper-
tures are formed on the spiral side. Globigeri-
noides ruber has normal-sized pores.

Globigerinoides ruber exhibits two pheno-
types, a white (G. ruberw), and a pink variety (G.
ruberp) stained by so far unclassified pigments. On
average,G. ruberp grows about 50 µm larger than
the white variety. The white variety is extant in all

modern ocean basins. The pink variety became
extinct in the Red Sea, and the Indian and Pacific
Oceans, in the late Pleistocene (MIS 5.5, around
125 ka), and persisted in the Atlantic Ocean and
Mediterranean Sea (Thompson et al. 1979).

The morphospecies of G. ruber originally
described by d’Orbigny (1839) was referred to as
G. ruber sensu stricto (s.s.) by Wang (2000). The
morphotype G. ruber s.s. is symmetrical with
spherical chambers formed by the adult specimen,
and a high arched primary aperture (Plate 2.8).
A second morphotype, G. elongatus (d’Orbigny
1826) is referred to as G. ruber sensu lato (s.l.) by
Wang (2000), and includes compact tests with
non-spherical, slightly compressed chambers
formed by the adult specimen, and which results
in a relatively small primary aperture (Plate 2.8).

Fig. 2.7 Graphical distances (unrooted Neighbour-Net splitgraph) between six genotypes and their subtypes of the G.
ruber plexus based on SSU rDNA data (from Aurahs et al. 2009b, 2011)

cPlate 2.8 (1) Live Globigerinoides ruber producing spines and pseudopodia. (2–4) Adult, (5, 6) juvenile, and (7)
neanic G. ruber. (8, 9) Tests with newly built and thin-shelled final chambers. (1–11) Normal morphotype (sensu
stricto, s.s.), and (12–16) morphotype variants referred to as ‘sensu lato’ (s.l.), including (12, 13) elongate type (‘G.
elongatus’), (14, 15) pyramidical type (‘G. pyramidalis’), and (16) type with flat kummerform final chamber (‘G.
platys’). (17) Cross-section of test wall showing calcite layers, plate growth, pores withprimary organic membrane
(POM), and spines lodged in the test wall above POM. (18) Outer test wall with pores and broken spines, one spine
being repaired (arrow). Bars of overviews 100 µm, (5, 6) 20 µm, close-ups 10 µm
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A third elongate type with a high-trochospiral test
named G. pyramidalis by van den Broeck (1876,
see also Saito et al. 1981) is included in G. ruber
s.l. (Wang 2000) in the Mediterranean (Num-
berger et al. 2009) (Plate 2.8).

Molecular genetics: Three morphotypes and 4
cryptic species (genotypes) of G. ruberw are
described so far, whereas G. ruberp appears to be
formed by only 1 genotype (Darling and Wade
2008; Numberger et al. 2009; André et al. 2014).
Following Darling and Wade (2008), 4 genotypes
of G. ruber may have sympatric or allopatric
distribution patterns. According to other analyses
(Fig. 2.7; Aurahs et al. 2009b, 2011) the G. ruber
plexus comprises six genetically defined types in
literature, including G. conglobatus (Ia, Ib, IIa,
IIb, pink, and conglobatus), as well as several
subtypes (Fig. 2.7). Most of these types are
restricted to certain ocean basins (Fig. 2.8). For
example, the pink type occurs only in the Atlantic
and Mediterranean Sea; Type IIb in the
Mediterranean Sea, including Subtypes IIa1 and
IIa2; Type Ib Indo-Pacific and Carribean,
whereas Ia, Ib, and IIa occur ocean-wide. New

sequences and data from literature were revisited
and analyzed using ABGD and GMYC
(Fig. 2.9). They offer a synthesis of the G. ruber
plexus, which confirms the six genotypes of
Aurahs et al. (2011). Type pink is characterized
by its reddish staining, G. conglobatus is clearly
distinguishable as a separate morphospecies, and
type IIa is known in literature as G. elongatus
(Aurahs et al. 2011).

Ecology: Globigerinoides ruber is the most
frequent species in tropical to subtropical waters
of the global ocean (e.g., Bé 1977). Globigeri-
noides ruber bears dinoflagellate symbionts sim-
ilar to those occurring in other Globigerinoides
species and O. universa (Hemleben et al. 1989).
Accepting slightly higher ratios of phytoplankton
prey than the other modern globigerinoid species
(Anderson 1983) (Sect. 4.2.5), G. ruber seems to
be very adaptable to varying ecological conditions
among the modern Globigerinoides species.
Globigerinoides ruberw may be abundant from
upwelling (eutrophic) regions to subtropical
(oligotrophic) gyres (Kemle-von-Mücke and
Hemleben 1999; Schiebel et al. 2004).

Fig. 2.8 Geographic distribution of genetic types and subtypes of Globigerinoides ruber plexus according to the
data-synthesis of André et al. (2014)
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Both pink and white varieties appear to range
among the shallowest dwelling planktic
foraminifers out of all modern species (e.g., Bé
1977). However, the depth distribution of
G. ruber varies according to regional ecological
conditions. Whereas usually shallow dwelling,
G. ruber may occur at nutricline depths in less
turbid oligotrophic waters (Schiebel et al. 2004).
Wang (2000) describes a depth-divide at about
30 m water depth in the South China Sea, with
G. ruber s.s. dwelling in the upper mixed layer,
and G. ruber s.l. dwelling below G. ruber s.s. in
the deeper mixed layer.

Globigerinoides ruber has been found to be the
most tolerant species to low Sea Surface Salinity
(SSS), caused by continental fresh water runoff
into the ocean (Deuser et al. 1988; Guptha et al.

1997; Ufkes et al. 1998; Schmuker 2000; Sch-
muker and Schiebel 2002; Rohling et al. 2004).
The overall wide temperature (14–31 °C) and
salinity (22–49 PSU) limits within which
G. ruber accepts food and reproduces in labora-
tory cultures (Hemleben et al. 1989; Bijma et al.
1990b) may illustrate the eurythermal and eury-
haline nature of planktic foraminifers, although
largely variable at the species level (e.g., Bé and
Tolderlund 1971; Lombard et al. 2009). Similarly
wide temperature and salinity ranges as in G.
ruber are reported for all of the species analyzed
from culture experiments by Bijma et al. (1990b),
i.e. G. sacculifer, G. conglobatus, G. siphonifera,
O. universa, N. dutertrei, and G. menardii.

The distribution of the white forma extends
further into temperate latitudes of the modern

Fig. 2.9 Ultrametric tree
based on SSU rDNA of
spinose species including
G. ruber and related
species, with significant
GMYC delimitations.
Colored branches
correspond to GMYC
clusters. The outer circle
corresponds to the names
of the morphospecies.
Plausible biological species
are given on the inner arc.
From André et al. (2014)
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Atlantic Ocean than that of the pink form (Hem-
leben et al. 1989; Hilbrecht 1996).Globigerinoides
ruberp may be considered a ‘summer species’
whereas G. ruberw occurs year-round in the tropi-
cal to subtropical ocean (e.g., Kemle-von-Mücke
and Hemleben 1999). Modern G. ruberp are much
less abundant than G. ruberw (Kemle-von-Mücke
and Hemleben 1999, South Atlantic; Schmuker
and Schiebel 2002, Caribbean; Rigual-Hernández
et al. 2012, Mediterranean).

The quantity of tests in the underlying sedi-
ment (e.g., van Leeuwen 1989; Kemle-von
Mücke and Oberhänsli 1999) suggests that pro-
duction of tests of G. ruberw results from
enhanced (fortnightly) reproduction frequency
(cf. Berger and Soutar 1967; Almogi-Labin
1984; Bijma et al. 1990a) in comparison to
other shallow-dwelling species (monthly repro-
duction), as well as the wide acceptance of dif-
ferent food sources. Globigerinoides ruber may
survive changing ecological conditions for a
considerable time when carried towards higher
latitudes by currents, and frequently occurs in
sediments beyond latitudes of their ecological
limits (Mojtahid et al. 2013).

Further readings: Christiansen (1965), Berger
(1969), Orr (1969), Glaçon and Sigal (1969),
Vergnaud Grazzini et al. (1974), Hecht (1974),
Kennett (1976), Brummer et al. (1987), Brummer
and Kroon (1988), Gastrich and Bartha (1988),
Robbins and Healy-Williams (1991), Oberhänsli
et al. (1992), Kemle-von Mücke (1994), Kroon
and Darling (1995), Ortiz et al. (1995),Wang et al.
(1995), Mulitza et al. (2004), Steinke et al. (2005).

2.2.9 Globigerinoides sacculifer
(Brady 1877) (Plates 2.9
and 2.10)

O.G.A.: Trilobatus Spezzaferri et al. 2015
Description: Low trochospiral test with >3–4

spherical chambers in the last whorl. Final

chamber may be elongate and sac-like (sacculif-
er), lobulate (trilobus), or rather small (kummer-
form). Umbilicus narrow, primary aperture
interiomarginal, umbilical, forming a distinct arch
bordered by a rim. Secondary apertures occur on
the spiral side. Sutures slightly curved and incised.
Spines are round to slightly triangular. All mor-
photypes have a sacculifer-type wall structure,
exhibiting a regular honeycomb-like surface pat-
tern, i.e. regular sub-hexagonal pore pits.

Globigerinoides sacculifer includes four
common morphotypes: Globigerinoides
quadrilobatus (d’Orbigny 1846), Globigeri-
noides trilobus (Reuss 1850), Globigerinoides
sacculifer (Brady 1877), and Globigerinoides
immaturus (Leroy 1939), which are produced by
only 1 genotype (André et al. 2013). Modern G.
trilobus and G. sacculifer are ubiquitous in the
global ocean whereas G. quadrilobatus and G.
immaturus appear to be limited to the Indian and
Pacific Oceans (e.g., Hecht 1974; André et al.
2013). A fifth morphotype, Globigerinoides fis-
tulosus (Schubert 1910) is rather rare. Fistulose
and sac-like final chambers are also formed by
the other morphotypes (Plate 2.9). A clear dis-
tinction between morphotypes may hence be
impossible. Although the morphotype G. sac-
culifer with a sac-like final chamber was descri-
bed as late as 1877 by Brady, and hence later
than G. quadrilobatus (1846) and G. trilobus
(1850), sacculifer is kept as the valid species
name because it best includes the entire range of
morphotypes including mixed types with features
of more than one of the five above given mor-
photype end-members (Plate 2.9).

Forma G. trilobus (Reuss 1850): Test low
trochospiral, with just over three globular
chambers in the last whorl, umbilical aperture
forming a narrow arch over antepenultimate
chamber, and two to three secondary apertures
(one per chamber) on the spiral test side.

Forma G. immaturus Leroy 1939: Test low
trochospiral, with three and a half globular

cPlate 2.9 Globigerinoides sacculifer (1–3) forma trilobus, (4) with kummerform chamber, (5) with newly built
kummerform sac chamber, and (6) with fistulose chamber. (7) G. sacculifer forma quadrilobatus, (8) with sac chamber
and final kummerform chamber, and (9) fistulose chamber. (10–11) G. sacculifer forma sacculifer, i.e. with final sac
chamber. (12) Sphaeroidinella dehiscens for comparison. Bars 100 µm
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chambers in the last whorl, umbilical aperture
forming a narrow arch over penultimate and
antepenultimate chamber, two secondary aper-
tures on the spiral side of test.

Forma G. quadrilobatus (d’Orbigny 1846):
Four chambers in the last whorl, rather large aper-
ture centered over the antepenultimate chamber.

Forma G. sacculifer (Brady 1877): The final
chambers may be different in morphology,
exhibiting up to three elongated, sac-like chambers,
and often adding a kummerform chamber prior
to gametogenesis. Large supplementary apertures
on spiral test side. Forma G. suleki Bermudez
(1961) is considered a variant of G. sacculifer.

Forma G. fistulosa (Schubert 1910): Final
chamber shows a tendency towards forma G.
sacculifer but exhibits one or more finger-like
extensions on the final chamber, which are
massive and shows pores. This variety is rare in
the water column and sediments. Several speci-
mens growing the finger-like projections had
been kept in culture.

Molecular genetics: Globigerinoides sac-
culifer represents only one genotype (i.e. no
cryptic species), despite its highly variable adult
test morphology (see above). André et al. (2013)
found strong “reduced genetic variation within
the plexus and no correlation between genetic
and morphological divergence, suggesting taxo-
nomical overinterpretation”.

Ecology: Globigerinoides sacculifer is an
abundant tropical to subtropical surface dweller
(e.g., Bé 1977; Schmuker and Schiebel 2002). It
is one of the most investigated planktic fora-
minifer species in laboratory culture, and a large
amount of experimental ecological data are
available for this species (e.g., Hemleben et al.
1977; Spero and Lea 1993). Globigerinoides

sacculifer bears dinoflagellate symbionts, feeds
mostly on calanoid copepods, and reproduces on
a synodic lunar cycle (Hemleben et al. 1989;
Bijma et al. 1990a; Erez et al. 1991). Glo-
bigerinoides sacculifer is a euryhaline species
tolerating salinities between 24 and 47 PSU, and
temperatures ranging from 14 to 32 °C (Bijma
et al. 1990b). Globigerinoides sacculifer is one
of the most frequent species in oligotrophic sur-
face waters (e.g., Naidu and Malmgren 1996a;
Conan and Brummer 2000; Schiebel et al. 2004).
Mass flux events of G. sacculifer tests may be
triggered by favorable ecological condition and
cyclic reproduction (Schiebel 2002).

Remarks: The ontogenetic development of G.
sacculifer might serve as an example for the
complex succession of trophic changes, symbiont
activity, and test formation (Brummer et al.
1987). Sphaeroidinella dehiscens (Parker and
Jones 1865) with a honeycomb-like surface tex-
ture may resemble G. sacculifer (Plate 2.9).
However, the ontogeny (including proloculus)
and chamber size, as well as the depth habitat
(below thermocline in S. dehiscens), are different
between the two species.

Further readings: Hecht (1974), Scott (1974),
Anderson and Bé (1978), Bé (1980), Caron et al.
(1982), Duplessy et al. (1981), Bé et al. (1983),
Erez (1983), Caron and Bé (1984),
Bouvier-Soumagnac and Duplessy (1985), Caron
et al. (1987); Brummer et al. (1987), Hemleben
et al. (1987), Martinez et al. (1998), Eggins et al.
(2003), Mulitza et al. (2004), Williams et al.
(2006), Lin and Hsieh (2007), Yamasaki et al.
(2008), Lombard et al. (2009, 2011), Due-
ñas-Bohórquez et al. (2011), Coadic et al. (2013),
Schmidt et al. (2013), André et al. (2013),
Spezzaferri et al. (2017).

b Plate 2.10 (1) Light micrograph of neanic Globigerinoides sacculifer. (2–6) Ontogenetic development of G.
sacculifer from (2) juvenile, to (3) neanic, and (4–6) adult stage. (7) Cross-section of test wall with round spine lodged
in spine hole, and pore with remains of pore plate. (8–10) Round and triangular spines with spines collars. (11) Broken
spines and spine holes. (7, 9–11) Terraced plate-like crystals covering outer test wall. (11) Spine holes (arrows), (12)
partly, and (13) entirely covered by GAM calcification. Bars (1–3) 20 µm, (4–6) 100 µm, (7–13) 10 µm

2.2 Bilamellar Spinose Species 39



8 

1 

7 

2 3 4 

6 5 

12 1311 14

109 

15 1716

Globoturborotalita rubescens and G. tenella 

40 2 Classification and Taxonomy of Extant Planktic Foraminifers



2.2.10 Globoturborotalita rubescens
Hofker 1956 (Plate 2.11)

Description: Globoturborotalita rubescens is a
rather small species not much exceeding
250 µm. The normal perforate trochospiral test,
with a ruber-type wall structure, and 4 globular
chambers in the last whorl, has a rather large
umbilical aperture, which is arched with a thick
rim over the penultimate and antepenultimate
chambers. The entire test is reddish pigmented.

Molecular genetics: No data available.
Ecology: Globoturborotalita rubescens is

ubiquitous in tropical to temperate surface waters
(Parker 1962). Usually occurring at moderate
standing stocks, G. rubescens may be more fre-
quent on a regional scale (Hemleben et al. 1989).

Remarks: Modern G. rubescens are rather
easy to distinguish from other species by its
reddish pigment distributed throughout the test.
In contrast, in the pink variety of G. ruber usu-
ally only the inner whorl is colored reddish.
A complete whorl in G. rubescens always bears
four chambers, and shows no secondary aper-
tures on the spiral side, while G. ruberp has
clearly visible secondary apertures, and three
chambers per whorl. A single secondary aperture
on the spiral side of the test of G. tenella may be
the only feature to distinguish G. tenella from G.
rubescens. Non-pigmented tests of G. rubescens
are frequently found in bottom sediments
underlying temperate waters (e.g., Parker 1962;
Hemleben et al. 1989). In the case where tests of
G. rubescens are not stained red, G. rubescens
may be distinguished from G. tenella only by its
secondary aperture.

Further readings: Hofker (1976), Vincent
(1976), Schmuker and Schiebel (2002), Seears
et al. (2012).

2.2.11 Globoturborotalita tenella
(Parker 1958) (Plate
2.11)

Description: This species is similar to G. rubes-
cens in size, ruber-type wall structure, and 4
chambers in the last whorl. The primary aperture
has an umbilical position and is often rather high
(‘loop-shaped’). A small secondary aperture of
the final chamber is formed on the spiral test side.

Molecular genetics: No data available.
Remarks: Tests of G. tenella are colorless and

lack the reddish pigmentation present in most G.
rubescens. Pre-adult stages of G. tenella are
difficult to distinguish from G. rubescens and G.
ruber (Hemleben et al. 1989).

Ecology: Globoturborotalita tenella occurs in
low standing stocks in tropical and sub-tropical
and even temperate waters, and is usually sym-
patric with G. rubescens and G. ruber (cf. Parker
1962; Schmuker and Schiebel 2002; Yamasaki
et al. 2008).

Further readings: Kennett and Srinivasan
(1983), Chaisson and Pearson (1997), Chaisson
and d’Hondt (2000).

2.2.12 Orbulina universa d’Orbigny
1839 (Plate 2.12)

Description: Orbulina universa is the only
modern species with a spherical test formed at
the terminal ontogenetic stage. Large and small
openings (‘pores’) are evenly distributed over the
test wall. The large openings act as apertures, and
allow exchange of food and other particles
including symbionts and cytoplasm. The small
openings bear a membrane, and serve the same
function as real pores (Spero 1988, and

b Plate 2.11 (1–8) Globoturborotalita rubescens with (9, 10) normal-sized pores and spine-collars showing signs of
early GAM calcification. (11–16) Globoturborotalita tenella with (17) test surface showing signs of corrosion,
normal-sized pores, spine-holes (arrows), and spine-collars showing signs of very early GAM calcification. Note the
secondary aperture (arrow in 13 and 16) on spiral side of G. tenella. (2, 13, 15, 16) Specimens with kummerform
chambers. Bars of overviews 50 µm, bars of close-ups 10 µm
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references therein). During ontogeny, O. uni-
versa changes its gross architecture from
pre-adult trochospiral to adult spherical tests.
Pre-adult tests have normal pores and a very thin,
smooth, and fragile test wall. Adult spherical
tests form tests walls of varying thickness and
porosity (Plate 2.12).

Molecular genetics: According to André et al.
(2014), the three genotypes I, II, and III are
recognized to date. The Type III may be split into
two the Subtypes IIIa and IIIb, which are very
closely related (Fig. 2.9). Between Types I, II,
and III, no overlap in distances to each other
within inter and intra species level is observed
(De Vargas et al. 1999; André et al. 2014). The
three types are regionally separated by their
dominance as Caribbean species (Type I), Sar-
gasso species (Type II), and Mediterranean spe-
cies (Type III). All three types are probably
related to certain water bodies and trophic con-
ditions. The Mediterranean genotypes are mostly
correlated with nutrient rich waters of the west-
ern Mediterranean Sea. In the eastern Atlantic
and in the Indian Ocean, genotypes are related to
frontal zones, and regions of enhanced produc-
tivty. The Sargasso and Caribbean species both
occur under more oligotrophic conditions typical
of stratified water masses of the subtropical gyres
(Morard et al. 2009). However, all three types
may occur together at various regions of the
transitional to tropical ocean, independent of
temperature at water depth.

The three genotypes of O. universa differ in
the size of pores and apertures (De Vargas et al.
1999). Orbulina universa Type I (Caribbean) has
large pores and a thick test wall (Fig. 2.10),
Type III (Mediterranean) has small pores and a
thin test wall, and Type II (Sargasso) has even
smaller pores than Type III (De Vargas et al.
1999; Morard et al. 2009). Test porosity also

correlates with ecological conditions including
sea surface temperature (Bé et al. 1973). Size
normalized shell weight, i.e. wall thickness, is
difficult to assess in relation to genotypes,
because O. universa continuously adds calcite to
the same sphere (Spero 1988). Ecological and
biological signals could hence interfere to some
degree with morphometric specifications of the
different genotypes of O. universa.

Ecology: Orbulina universa tolerates wide
ranges of ambient water salinity and temperature,
and is abundant from tropical to temperate waters
(e.g., Hemleben et al. 1989 and references
therein; Bijma et al. 1990b; De Vargas et al.
1999; Chapman 2010). Orbulina universa might
even occur at high latitudes when being trans-
ported poleward by currents. Test size of O.
universa seems to be related to temperature as
well as food, and hence the trophic state of sur-
face waters at a regional scale (Bé et al. 1973;
Spero and DeNiro 1987). Orbulina universa is
mostly carnivorous, particularly during its
spherical adult ontogenetic stage. Pre-adult
stages may prefer herbivorous diet (Anderson
et al. 1979). ‘Biorbulina’ tests are formed when
individuals are ‘overfed’ in laboratory culture.
Orbulina universa has been widely employed in
different kinds of laboratory experiments, to
analyze the effect of hydrologic parameters and
symbionts on shell calcification, isotope ratios,
and Me/Ca ratios (e.g., Spero et al. 1997; Bemis
et al. 1998). Stable isotopic (d13C and d18O)
differentition of two morphotypes (thin-shelled
and thick-shelled) and genotypes of O. universa
from the Cariaco Basin are caused by different
environmental conditions (Marshall et al. 2015).
Reproduction of O. universa seems to follow the
synodic lunar cycle.

Remarks: Whereas spherical adult tests of O.
universa are easy to identify, pre-adult tests of O.

b Plate 2.12 (1) Live Orbulina universa with corona of symbionts (Kage Microphotography©, with permission). (2)
Pre-adult trochospiral test inside of broken adult spherical test. (3, 4) Light micrographs, and (5, 6) SEM images of
pre-adult tests. (7, 10) Adult thin-shelled test with newly formed spherical chamber with large pores. (8, 11)
Thin-shelled test with small pores. (9, 12) Thick-shelled test with funnel-shaped pores. (7–9) Apertures (large openings)
and pores (small openings). (13) Spines with round, triangular, and triradiate bases. (14) Pore and multiple layers of
calcite. (15) Triradiate spine lodged in test wall. Bars of overviews (1, 2, 7, 8, 9, 15) 200 µm, (3–6) 100 µm. Bars of
close-ups 10 µm. (3,4) Courtesy A. Movellan
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universa are similar to the tests of other species.
During its ontogeny, O. universa may attain four
to five different stages and test morphologies (cf.
Spero 1988).
1. The Turborotalita-like juvenile stage of up to

six chambers plus proloculus, i.e. the first
whorl of the test.

2. The Globigerina-like neanic stage. Pre-adult
tests of O. universa resemble those of G.
bulloides, but the test of O. universa is less
rugose and more transparent. Secondary
apertures on the spiral side of neanic O. uni-
versa may be small and difficult to discern
under the incident light microscope, though.

3. The Globigerinoides-like adult stage. Occa-
sionally small secondary apertures on the
spiral side are difficult to discern under the
incident light microscope.

4. The Orbulina (spherical) terminal stage,
formed by the mature individual. The spher-
ical test might serve as protective envelope
for cytoplasm and gametes during reproduc-
tion (Caron et al. 1987; Spero 1988).

5. The Biorbulina-like ecophenotype of the final
ontogenetic stage. The more food offered toO.
universa in laboratory experiments, the larger
the spherical test grows. An excess store of
energy through high food availability might
lead to the formation of a double sphere,
forming so-called Biorbulina bilobata d’Or-
bigny 1846 (Hemleben et al. 1989). Those B.
bilobata have been frequently observed in
eutrophic regions like the Arabian Sea during
the southwest monsoonal upwelling (Spero
1988; cf. Rossignol et al. 2011).
Further readings: Rhumbler (1911), Robbins

(1988), Bijma et al. (1992), Lea and Spero (1992),
Spero (1992), Lea et al. (1995, 1999), Ortiz et al.
(1995), Hilbrecht and Thierstein (1996), Mash-
iotta et al. (1997), Rink et al. (1998), Bemis et al.
(2000), Schiebel et al. (2001), Eggins et al. (2004),
Köhler-Rink and Kühl (2005), Asahi and Taka-
hashi (2007), Hamilton et al. (2008), Ripperger
et al. (2008), Lombard et al. (2009), Tsuchiya
(2009), Chapman (2010), Friedrich et al. (2012),
Morard et al. (2013).

cPlate 2.13 (1–11) Orcadia riedeli. (10, 11) Distal parts of chambers with pores, and round and triangular spine bases.
Note concentration of spines at distal parts of chambers. For comparison: (12) Hastigerina digitata with (13) details of
surface of 4th last chamber showing triradiate spines. (14, 15) Turborotalita quinqueloba with even distribution of
spines (and spine bases) on the entire test wall. Bars of overviews 50 µm, (12) 200 µm. Bars of close-ups (10, 11)
10 µm, (13) 50 µm. (2,5,6) Courtesy J. Meilland

Sargasso Species Mediterranean SpeciesCaribbean Species

Fig. 2.10 Porosity of O. universa Type I (Caribbean species), Type II (Sargasso species), and Type III (Mediterranean
species), after Morard et al. (2009)
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2.2.13 Orcadia riedeli (Rögl and Bolli
1973) (Plate 2.13)

O.G.A.: Hastigerinella Cushman 1927.
Description: The test of O. riedeli is low tro-

chospiral and small sized with an average of 5
thin-walled chambers in the last whorl. Cham-
bers of adult specimens may develop an ampul-
late shape. The umbilical aperture is high-arched
and bears a small rim. Pores of normal size are
located distally, as well as along sutures on the
spiral side of test. Proximal chamber walls on the
umbilical side of tests are smooth and largely
lack pores. Thin and round spines occur next to
thick and triangular spines at the peripheral
(distal) chamber wall.

Molecular genetics: No data available.
Ecology: Orcadia riedeli is a cosmopolitan

though rare species, and dwells in the surface
tropical to polar ocean. Orcadia riedeli occurs in
the temperate eastern North Atlantic Ocean (5 m
waters depth), and the Atlantic Sector of the
Southern Ocean (Holmes 1984, and references
therein). Brummer et al. (1988) attribute O. rie-
deli to rather high-productive waters in the high
latitude North Atlantic. In the Indian Ocean
Sector of the Southern Ocean, O. riedeli occurs
at up to 7 % of the live planktic foraminifer
assemblage (J. Meilland, University of Angers,
personal communication, 2015).

Further readings: Boltovskoy and Watanabe
(1981), Holmes (1984).

2.2.14 Sphaeroidinella dehiscens
(Parker and Jones 1865)
(Plate 2.14)

O.G.A.: Globigerinoides Cushman 1927.
Description: The test of S. dehiscens is low

trochospiral and exhibits > 3 to 4 chambers in

the last whorl. The thick sacculifer-type wall
bears the same type of round spines as the Glo-
bigerinoides species. Pre-adult specimens are
similar to G. sacculifer. Calcite is added to the
outer test wall during adult ontogeny, and pores
and aperture become increasingly narrow from
the proximal to distal parts of chambers. The
irregular edge of the outer calcite layer along the
sutures and aperture form a slit-like discontinu-
ous depression (looking broken) between cham-
bers of the final whorl, distinguishing S.
dehiscens from G. sacculifer. When sinking to
the lower mixed layer, S. dehiscens loses its
spines starting from the proximal parts of
chambers.

Molecular genetics: Newly attained data of S.
dehiscens reveal only one genotype.

Ecology: Sphaeroidinella dehiscens is a very
rare tropical to subtropical species. Adult indi-
viduals dwell in subsurface waters. Sphaer-
oidinella dehiscens hosts the same dinoflagellate
symbionts as the Globigerinoides species. Simi-
larity of S. dehiscens to the much more frequent
G. sacculifer, as well as depth habitat of the
former species may add to the fact that S.
dehiscens has been reported rare.

Remarks: Sphaeroidinella dehiscens might be
confused with encrusted adult Globigerinoides
sacculifer of the trilobus morphotype. The ver-
tical distribution of S. dehiscens in the subsurface
water column (Hemleben et al. 1989) may add to
the confusion by suggesting that a calcite crust or
GAM calcite was formed on top of the outer test
wall of G. sacculifer. The juvenile test mor-
phology including the size of proloculus and
chamber arrangement confirm the discrimination
between the two species S. dehiscens and G.
sacculifer (see Postuma 1971; Hemleben et al.
1989, and references therein).

Further readings: Bé and Hemleben (1970);
Huang (1981); Bolli et al. (1985).

Plate 2.14 (1–6) Adult Sphaeroidinella dehiscens with increasing calcite cortex on the outer test from (1) to (6). (4)
Broken test with spines lost at the outside and present at the inside (see Fig. 6.5). (7) Calcite addition from left to right
on top of same chamber. (8) Remains of spines in outer test wall. (9) Pores and smooth calcite layer covering test.
(10, 13) Epitactic crystals (red arrows) not to be confused with spines (white arrows). (11) Diagenetic overgrowth, and
(12) cross-section of fossil test wall with pores. Bars of overviews 100 µm, bars of close-ups 20 µm

c

46 2 Classification and Taxonomy of Extant Planktic Foraminifers

http://dx.doi.org/10.1007/978-3-662-50297-6_6


10 11

1

5

87

1312

2

64

3

9

Sphaeroidinella dehiscens 

2.2 Bilamellar Spinose Species 47



2.2.15 Turborotalita clarkei (Rögl
and Bolli 1973)
(Plate 2.15)

Description: Turborotalita clarkei ranges among
the smallest modern species (<150 µm). The low
trochospiral test shows 4.5 chambers per whorl,
and is normal perforate. The final chamber shows
the tendency to develop an ampullate shape. The
aperture stretches from the umbilicus towards the
periphery. The surface is smooth and the spines
are rather thin, and placed at distal parts of
chambers, similar to T. humilis.

Molecular genetics: No data available.
Ecology: Turborotalita clarkei is a tropical to

temperate species, living at surface to subsurface
depths, and below the thermocline. It is pre-
sumed to dwell at greater water depth with
increasing ontogenetic age. Pre-adult
surface-dwelling individuals lack heavy calcite
crusts, which are usually formed at depth
(Hemleben et al. 1989). When bearing a thick
calcite crust, the test of T. clarkei is more resis-
tant to dissolution than that of most other species,
and is occasionally frequent in the fine fractions
of tropical to temperate sediments.

Remarks: The adult T. clarkei is difficult to
distinguish from the pre-adult stages of T. quin-
queloba. However, T. clarkei tests are smaller
than those of T. quinqueloba. The terminal
ontogenetic stage of T. quinqueloba exhibits a
pronounced umbilical flange, which may be
useful for differentiation from T. clarkei.

Further readings: Brummer and Kroon (1988).

2.2.16 Turborotalita humilis (Bardy
1884) (Plate 2.15)

Description: Turborotalita humilis forms a very
low trochospiral small (<250 µm) test with 6–8
chambers in the last whorl. The outline is lobu-
late and almost circular, and the chambers are

globular to ovate. The final chamber often has
the tendency to become ampullate and forms a
tongue-like flap over the umbilicus. Spines are
distributed over the entire test and concentrated
distally. Turborotalita humilis bears Glo-
bigerina-type (i.e. round) spines often with
conical spine collars. The aperture (interi-
omarginal to umbilical-extraumbilical) starts at
the periphery and opens into a rather deep
umbilicus, leaving an open space at the penulti-
mate and antepenultimate chambers (infralaminal
apertures), and may bear a small lip. Sutures are
radially depressed. Pores arec <1.5 µm in diam-
eter and distally enlarged. When migrating from
surface to subsurface waters during ontogeny, T.
humilis may form a thick calcite crust giving tests
an egg-like shape (Plate 2.15-18).

Molecular genetics: No data available.
Ecology: Turborotalita humilis is a tropical to

subpolar surface dweller (e.g., Holmes 1984).
Turborotalita humilis bears chrysophytes sym-
bionts similar to G. siphonifera and G. glutinata.
Large numbers of T. humilis were sampled from
surface waters of the Azores-Front
Current-System, i.e. the northern limit of the
North Atlantic subtropical gyre in January 1998
(Schiebel et al. 2002). Similar blooms of T.
humilis were observed during spring 1997, in
surface waters off the Canary Islands (H. Meg-
gers, Bremen University, personal communica-
tion), and in spring 2006 in the western
Mediterranean Sea (Ch. Hemleben, RV Poseidon
Cruise 334, March 2006).

Remarks: The ecological range of T. humilis
is not entirely known. Due to its small size, T.
humilis might have been missed by plankton net
sampling (usually using 100-µm mesh-size), and
may be largely remineralized while settling
through the water column at low velocity before
arriving at the seafloor.

Turborotalita humilis may be a senior syn-
onym of Globigerina cristata Heron-Allen and
Earland 1929 (Plate 2.15-20), the latter described

Plate 2.15 (1–8) Turborotalita clarkei (1–6) without and (7, 8) with calcite crust. (9–20) Turborotalita humilis. (9)
Light micrograph of live T. humilis with symbionts. (10–19) Different stages of encrustation, with (18) egg-shaped
specimen with outer calcite layer partly taken off. (20) T. humilis morphotype T. cristata. Bars 50 µm
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as smaller, having five to six more club shaped
chambers in the last whorl, and having more
heavily calcified spine-collars than T. humilis.
Molecular genetics should provide proof on the
differentiation between T. humilis and T. cristata.
Assuming that T. humilis and G. cristata are
synonyms, the species changes its depth habitat
during its ontogeny from surface waters to dee-
per and cooler waters. While descending to
depths, it sheds its spines, and grows a thick
calcite crust. A similar change in depth habitat
can be assumed for S. dehiscens, T. clarkei, and
occasionally T. quinqueloba.

2.2.17 Turborotalita quinqueloba
(Natland 1938)
(Plate 2.16)

O.G.A.: Globigerina d’Orbigny 1826.
Description: Turborotalita quinqueloba is a

small, low trochospiral species with 5 chambers
in the last whorl, and round spines. In the final
ontogenetic stage, an ampullate final chamber
may cover the umbilicus. The aperture has an
umbilical to extraumbilical position, and may
have a rim or apertural flange (Plate 2.16-6 and -
4). During the final ontogenetic stage, specimens
may migrate to deeper waters, and produce a
thick calcite crust, which results in an egg-like
test shape (Plate 2.15-14 and -17), and thus is
difficult to distinguish from T. clarkei and T.
humilis.

Molecular genetics: Two major genotypes
(Types I and II) and six subtypes (Ia, Ib, IIa, IIb,
IIc, IId; Figs. 2.11 and 2.12) of T. quinqueloba
are described from tropical to subtropical waters
(Type I) of the Indian and Pacific Oceans, and
subpolar to polar waters (Type II) in the Atlantic
and North Pacific, as well as subpolar Antarctic
waters (Darling et al. 2000; Darling and Wade
2008; André et al. 2014). Two cryptic species

(Types I and II) have been confirmed by using
ABGD and GMYC methods (Fig. 2.3), indicat-
ing that the differentiation of six types would be
an overestimation of the genotypic variability of
T. quinqueloba (cf. André et al. 2014).

Ecology: Turborotalita quinqueloba is one of
the most abundant species in the modern ocean.
Standing stocks of T. quinqueloba in the Arctic
Ocean reach up to several hundreds of specimens
(>63 µm) per cubic meter at the sea-ice margin
(Carstens et al. 1997), following an overall
enhanced primary production and food avail-
ability (Volkmann 2000a). The depth distribution
of T. quinqueloba displays the distribution of
water bodies, i.e. colder polar sourced waters
overlying warmer Atlantic sourced waters. In the
relatively warm Atlantic waters of the West
Spitzbergen Current, and in the Barents Sea, T.
quinqueloba may comprise up to 85 % of the
shallow-dwelling planktic foraminifer fauna
(Volkmann 2000a, b). Close to the sea-ice mar-
gin, highest standing stocks occur at 100–150 m
water depth, and on average at 50–100 m water
depth in open water at some distance from the ice
margin (Carstens et al. 1997; Volkmann 2000b).
Under the sea-ice, maximum standing stocks
were found as deep as 150–200 m water depth
(Carstens et al. 1997). In polar sourced waters of
western Fram Strait and outer Laptev Sea, T.
quinqueloba may form only 2–10 % of the
planktic foraminifer fauna dominated by N.
pachyderma (Volkmann 2000b). Together with
N. pachyderma, T. quinqueloba dominates the
overall small-sized cold-water assemblages
(Carstens et al. 1997; Volkmann 2000b; Schmidt
et al. 2004).

The relative overall abundance of T. quin-
queloba decreases from high to low latitudes
(e.g., Parker 1962; Vincent and Berger 1981;
Kemle-von-Mücke and Hemleben 1999).
Simultaneous with decreasing relative abundance
of T. quinqueloba from high towards low

Plate 2.16 (1–17) Turborotalita quinqueloba at different stages of encrustation, and formation of calcite cortex. (6)
Specimen with apertural rim, (4, 7, 8) apertural flaps, and (12) bulla-like flap with multiple openings. (14, 17) Encrusted
egg-shaped specimens, with (14) the outer calcite layers partly taken off. To avoid confusion with T. clarkei and T.
humils see Plate 2.15 for comparison. (18) Smooth calcite layer partly covering pores and spine-holes. Bars of
overviews 50 µm, bar of close-up 10 µm
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latitudes, the position of pores changes from a
more peripheral to a more even distribution over
the entire chambers (Hemleben et al. 1989). In
low-latitude environments such as the Arabian
Sea, T. quinqueloba is very rare (Schiebel et al.
2004). Turborotalita quinqueloba has been

found to be absent from the Red Sea (cf.
Auras-Schudnagies et al. 1989). Tropical to
subtropical waters of the Indian and Pacific
Oceans, and polar to subpolar waters of the
Atlantic and North Pacific, host two different
genotypes of T. quinqueloba, Type I and Type II,
respectively (Fig. 2.12).

A bimodal depth distribution of T. quin-
queloba associated with surface water turbidity
(among other environmental parameter) off the
Columbia River (Washington State, USA) plume
(Ortiz et al. 1995), as well as the tropical eastern
Atlantic Ocean (Oberhänsli et al. 1992) may
indicate the presence or absence of symbionts in
T. quinqueloba. In case of absence of symbionts,
the cytoplasm of T. quinqueloba has often been
found to be colorless and transparent. Cyclical
abundance of T. quinqueloba observed in the
North Atlantic suggests a monthly reproductive

Fig. 2.11 Conventional delimitation of six “genotypes”
of the morphospecies Turborotalita quinqueloba using
748 bp of the SSU rDNA. The phylogenetic tree is
unrooted. The genetic distance equals 1 %. After Seears
et al. (2012)

Type IIa - Arctic, Antarctic and  NE Pacific Sub-polar

Type IId - Antarctic and NE Pacific
Sub-polar and

Transitional

Type IIb - Arctic, Atlantic Polar/Sub-polar

Type IIc - Antarctic and NE Pacific
Sub-polar and

Transitional

Sub-polar and
Transitional

Type Ia - Coral Sea

Type Ib- Arabian Sea1%

Fig. 2.12 Global distribution of two cryptic species including six subtypes of the morphospecies T. quinqueloba,
displayed by a SSU rRNA genetic tree (from Darling and Wade 2008)
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cycle, possibly triggered by the synodic lunar
cycle (Volkmann 2000b).

Further readings: Bauch (1994), Simstich
et al. (2003), Asano et al. (1968).

2.3 Monolamellar Spinose Species

2.3.1 Hastigerina pelagica
(d’Orbigny 1839)
(Plate 2.17)

O.G.A.: Hastigerinella Cushman 1927.
Description: The genus Hastigerina repre-

sents one morphospecies and three cryptic spe-
cies. Hastigerina pelagica is unique among the
planktic foraminifers. It shows an exceptional
coiling sequence, which changes two times over
the ontogenetic development, starting with a low
trochospiral juvenile form, changing into a
streptospiral neanic stage, and ending with a
planispiral adult test (Hemleben et al. 1989). The
wall structure is monolamellar instead of bil-
amellar as in all other modern planktic fora-
minifer genera. Among the spinose species,
Hastigerina is the only one, which produces
spines that are entirely triradial with small barbs
on the edge. A unique cytoplasmic bubble cap-
sule surrounds the test suspended from the
spines, and extends up to 1.2 mm beyond the
edge of the test of live specimens (e.g., Hull et al.
2011). The bubble capsule is an adaptive feature
that possibly enables the foraminifer to digest
enclosed prey more effectively (Hemleben et al.
1989, and references therein).

Molecular genetics: Genotypes I and II
(including Subtypes IIa and IIb) of the cos-
mopolitan species H. pelagica comprises three
cryptic species (Chap. 1, Fig. 1.1), which are
separated by depth (Weiner et al. 2012). This
kind of niche partitioning of a clearly defined
morphospecies with two genotypic populations is
reported for the first time among planktic
foraminifers. Both subtypes of Type II (i.e. IIa
and IIb) occur almost globally. These findings
support the idea of depth-stratified populations,

and show that speciation does not only occur at
the two-dimentional scale in surface waters.
A third type (Type I) occurs only in surface
waters of the W-Pacific and E-Mediterranean
Sea.

Ecology: Hastigerina pelagica is exclusively
carnivorous, and has never been observed to be
associated with symbionts (Hemleben et al.
1989, and references therein). Hastigerina
pelagica contains the highest size-normalized
biomass of all modern planktic foraminifer spe-
cies (Movellan 2013).

While regionally co-occurring (sympatric),
different genotypes of H. pelagica are consis-
tently occurring at different water depths (depth-
parapatric, Weiner et al. 2012). Hastigerina
pelagica Type I dwells above 100 m water
depth, Type IIa below 100 m, and Type IIb is
present from the sea surface to 700 m water
depth. The depth-specific distribution pattern is
similar to the distribution first described for G.
siphonifera (Huber et al. 1997), and discussed as
diversification and speciation in vertically struc-
tured populations (‘vertical niche partitioning’)
by Weiner et al. (2012). Hastigerina pelagica is
the only species, which evidentially exhibits a
synodic lunar periodic reproductive cycle that
persists when cultured in the laboratory (Spindler
et al. 1979). While undergoing gametogenesis,
H. pelagica resorbs septa and walls of the initial
whorl (see Chap. 5).

Further readings: Alldredge and Jones (1973),
Anderson and Bé (1976, 1978), Spindler et al.
(1978), Hemleben et al. (1979), Hemleben and
Spindler (1983).

2.3.2 Hastigerinella digitata
(Rhumbler 1911)
(Plate 2.17)

O.G.A.: Hastigerina Thomson 1876.
Description: Hastigerinella digitata is taxo-

nomically closely related with H. pelagica,
indicated by similarities in ontogeny, wall
structure, spine morphology, cytoplasmic bubble
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capsule, and septa resorption during gametoge-
nesis (Banner and Blow 1960; Banner 1982;
Hemleben et al. 1989). In contrast to H. pelagica,
H. digitata forms increasingly elongate to
finger-shaped (digitate) chambers during onto-
geny, and a streptospiral mode of coiling during
the late ontogenetic stages. For the distinction
between Hastigerinella and Hastigerina see also
Banner (1965).

Molecular genetics: Hastigerinella digitata is
a sister-species of Hastigerina pelagica in the
sense of molecular genetics as well as test
morphology.

Ecology:Hastigerinella digitata is a rather rare
subsurface to mesobathyal species of the tropical
to subtropical global ocean. Off Bermuda, it was
observed only once (Hemleben et al. 1989). Off
Monterrey, California (USA), H. digitata was
found to dominate the planktic foraminifer fauna
in waters overlying the oxygen minimum zone
(OMZ) between 280 and 358 m, and exception-
ally occurring as deep as 1000–3512 m water
depth (Hull et al. 2011, analyzing a video
time-series survey). Having found only copepods
attached to the spines of the observed specimens,
Hull et al. (2011) confirm (from live collections)
the carnivorous diet of H. digitata. Interannual or
seasonal cyclicity in the distribution ofH. digitata
could not be detected from a 12-year-long
time-series analyzed by Hull et al. (2011), and
the reproductive cyclicity remains unknown so far.
The lack in statistically significant signals might
be explained by the rather low population densities
of only one to two specimens per cubic meter of
seawater off Monterrey (Hull et al. 2011).

Further readings: Spindler et al. (1979),
Hemleben et al. (1979), Weiner et al. (2012).

2.4 Macroperforate Non-spinose
Species

2.4.1 Berggrenia pumilio (Parker
1962) (Plate 2.18)

O.G.A.: Globorotalia Cushman 1927.
Description: Berggrenia pumilio is a small

(max. 180 µm in diameter) species producing
4.5–6 chambers in the last whorl. The final
chamber may be slightly ampullate. Tests with
kummerform final chambers are frequent. The
aperture has an extraumbilical-umbilical posi-
tion. The umbilicus is narrow and deep. Typical
narrow grooves mostly on the apertural side of
test radiate from umbilicus and aperture towards
the test periphery (Plate 2.18-1 and -5). Few
pores may be scattered over more distal parts of
the final three chambers. The surface of the test
wall is smooth, and very small pustules may
occur on the spiral side. Normal pustules are
missing like in most other globorotaliids.

Molecular genetics: No data available.
Ecology: Rarely reported and possibly over-

looked due to its small size and rather incon-
spicuous test characteristics, little information
exists on the distribution and ecology of B.
pumilio. Berggrenia pumilio was first described
from surface sediments of the deep South Pacific
by Parker (1962; cf. Saito et al. 1981).

b Plate 2.17 (1) Adult live Hastigerina pelagica with cytoplasmic bubble capsule (incident light micrograph). (2–3)
Live H. pelagica with well preserved test and spines. (4) Empty test of H. pelagica after reproduction, with partly
resorbed septae, test wall, and spines. (5) Triradiate spines in front of aperture, and (6–7) spine with double-spiked
hooks. (8) Cross-section of outer test walls with pores (view from outside of test), and remains of the pore-plate (black
arrow) in upper left pore. Low bumps (white arrows) are bacteria. (9) Hastigerinella digitata with spine-remnants,
and (10) mature live H. digitata with red cytoplasm. Bars of overviews 400 µm, bar close-up (5) 100 µm, (6) 10 µm,
(7, 8) 2 µm
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2.4.2 Dentigloborotalia anfracta
(Parker 1967)
(Plate 2.18)

O.G.A.: Turborotalita Blow and Banner 1962,
Tenuitella Fleisher 1974.

Description: Dentigloborotalia anfracta has a
low trochospiral test with 4 to 5 chambers in the
last whorl on average. The S-shaped sutures give
the test an overall lobulate character. The test
surface is smooth, and bears typical shark
teeth-like pustules in front of the aperture, which
are unique to D. anfracta, unequivocally identi-
fied by SEM imaging (Plate 2.18-17). The aper-
ture is bordered by a thick rim or broad flange.
Dentigloborotalia anfracta is different from other
species and genera by its streptospiral coiled
juvenile test. From the juvenile to neanic stage, the
test architecture is similar to globorotalid species.
In turn, ontogenetic changes in mode of coiling,
and the lack of calcite crust and pustules other than
those in front of the aperture differentiate
Dentigloborotalia anfracta from globorotalids.

Molecular genetics: No data available.
Ecology: Dentigloborotalia anfracta is a

small-sized species of the surface tropical to
temperate ocean, and is believed to constitute a
major portion of the modern planktic foraminifer
assemblage <100 µm. However, due to its small
size, D. anfracta is rare in test size-fraction
>100 µm often analyzed from water and sedi-
ment samples, and virtually absent from the
>150 µm size fraction (cf. Brummer 1988a;
Kemle-von-Mücke and Hemleben 1999).

In the Caribbean Sea, D. anfracta has maxi-
mum standing stocks of 1.2 individuals per cubic
meter (>100 µm) at 60–80 m water depth well
above the thermocline (Schmuker and Schiebel
2002). In the Arabian Sea, D. anfracta is most
abundant at a similar lower mixed layer depth

habitat in mesotrophic waters marginal to the
upwelling area off Oman (Schiebel et al. 2004).
In the upwelling area off Somalia, D. anfracta
successively increases in numbers towards the
final phase of SW monsoonal upwelling, and is
present at low standing stocks during the low
productive season, i.e. the intermonsoon and NE
monsoon (Conan and Brummer 2000).

Further readings: Fleisher (1974), Li (1987).

2.4.3 Globoquadrina conglomerata
(Schwager 1866)
(Plate 2.19)

Description: Globoquadrina conglomerata is one
of the larger sized species with >3–4 chambers in
the last whorl arranged in a medium high tro-
chospire. The umbilical high-arched aperture
shows a narrow rim, which is partly enlarged,
and forms a so-called tooth. Chambers are almost
spherical, and slightly compressed as seen in side
view. The surface is strongly cancellate, similar
to the spinose species G. sacculifer.

Molecular genetics: Very few data are avail-
able on the molecular genetics of G. conglom-
erata. Data obtained by André et al. (2014) show
that several morphospecies, including G. con-
glomerata, lack cryptic diversity (Fig. 2.13).

Ecology: Globoquadrina conglomerata is a
rare species in surface waters of the oligotrophic
regions of the Indian and Pacific Oceans (e.g.,
Parker 1962; Bé 1977; Schiebel et al. 2004), and
absent from the Atlantic Ocean. Additional
information on its distribution might be gathered
by future sampling campaigns, since G. con-
glomerata is easy to distinguish from other spe-
cies, which share the same ecological niche.

Further readings: Parker (1962, 1976).

b Plate 2.18 (1–8) Berggrenia pumilio with (5) typical narrow grooves on umbilical test side. (8) Test with
kummerform chamber. (9–15) Adult and (16) juvenile Dentigloborotalia anfracta. (17) Typical shark-teeth shaped
pustules of D. anfracta off aperture and (18) on test surface. Bars of overviews 50 lm, bars close-ups (5) 10 lm,
(17, 18) 3 lm
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2.4.4 Neogloboquadrina dutertrei
(d’Orbigny 1839)
(Plate 2.20)

O.G.A.: Globigerina d’Orbigny 1826, Globo-
quadrina Finlay 1947.

Description: Low trochospiral test with 4.5–6
chambers in the last whorl, and coarse test sur-
face. A lobulate outline results from inflated
chambers, and deeply incised sutures. Narrow to
rather wide open umbilicus, aperture umbilical to
extraumbilical, occasionally bearing a narrow
rim. A tooth-plate may occasionally be present.
A calcite crust frequently forms while living in
the subsurface water column.

Molecular genetics: According to André et al.
(2014), only a single genotype of N. dutertrei
exists (Fig. 2.13). However, intra-individual

variations are assured within the SSU gene
repeats (Seears et al. 2012).

Ecology: Neogloboquadrina dutertrei is
almost exclusively herbivorous, a common diet
being unicellular chrysophytes (Anderson et al.
1979). Neogloboquadrina dutertrei exhibits a
dark greenish cytoplasm at phytoplankton
blooms due to ingestion of algae. Those algae
may be stored for several days before being
digested, or serve as symbionts (Hemleben et al.
1989). The cytoplasm may be rather pale when
algae are less abundant. Neogloboquadrina
dutertrei reproduces at a monthly cycle, which
may be linked to the lunar synodic cycle.

Neogloboquadrina dutertrei is frequent in
tropical to subtropical waters, and may be present
in temperate waters during summer (e.g., Bé
1977; Kemle-von-Mücke and Hemleben 1999;

b Plate 2.19 (1–3) Globoquadrina conglomerata showing (2) ridge-growth between pores from youngest (I) chamber
to 4th (IV) and 5th (V) chamber. (3) G. conglomerata producing apertural teeth. (4–11) Neogloboquadrina incompta
with (10, 11) merging pustules forming chains and finally ridges between pore pits. Note contrast to N. pachyderma
(see Plate 2.21). Bars of overviews (1, 3) 200 µm, (4–9) 100 µm. Bars of close-ups (2, 11) 20 µm, (10) 100 µm

Fig. 2.13 Ultrametric tree
based on SSU rDNA of the
non-spinose species N.
pachyderma, G. inflata,
N. incompta, N. dutertrei,
G. conglomerata, and
P. obliquiloculata, with
significant GMYC
delimitations. Colored
branches correspond to
GMYC clusters and outer
circles correspond to the
names of the
morphospecies, and
plausible species are given
on the inner arc. Symbols
associated to specific colors
indicate clones sequenced
from the same individuals.
From André et al. (2014)
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Schiebel and Hemleben 2000). Being related to
the initial phase of the SW monsoonal upwelling
and enhanced concentration of prey in surface
waters of the northwestern Indian Ocean, N.
dutertrei may adopt an opportunistic behavior
(Kroon and Ganssen 1988; Conan and Brummer
2000; Schiebel et al. 2004). In the eastern tropi-
cal Atlantic, N. dutertrei occurred at maximum
standing stocks at the Deep Chlorophyll Maxi-
mum, DCM (Ravelo et al. 1990). Along hydro-
graphic fronts of the nutrient rich Congo River
fresh water plume, and in the western Caribbean
Sea (Amazon/Orinoco River discharge), N.
dutertrei occurred at increased numbers in sur-
face to thermocline waters, possible displaying
an opportunistic behavior to increased food
availability at DCM depths (Ufkes et al. 1998;
Schmuker and Schiebel 2002).

Neogloboquadrina dutertrei tolerates salinities
and temperatures between 25 and 46 PSU, and
13 °C to 33 °C, respectively, under laboratory
conditions (Bijma et al. 1990b). Below 15 °C,
N. dutertrei starts to grow a calcite crust (Hem-
leben et al. 1989). Consequently, in the natural
environment, calcite crusts are frequently found
to cover the shell of N. dutertrei in the subsurface
water column, and thus in sediment assemblages.
Thick calcite crusts (forming >60–70 % of the
entire test wall) on top of the primary test may
cover different chambers to a varying degree (e.g.,
Steinhardt et al. 2015). Therefore, the resulting
Mg/Ca-derived calcification temperatures are
lower than ambient sea surface temperatures (cf.
Eggins et al. 2003). Mg/Ca and d18O derived
temperatures would hence indicate a subsurface
to deep-water habitat of N. dutertrei different
from surface to thermocline dwelling depths of
live individuals (e.g., Bé et al. 1985; Sautter and
Thunell 1991; Schmuker and Schiebel 2002;
Schiebel et al. 2004).

Remarks: Neogloboquadrina dutertrei and
N. incompta are genetically (Fig. 2.13) and
morphologically closely related (Darling and

Wade 2008; André et al. 2014). However, the two
species can be easily distinguished under the light
microscope because N. dutertrei has a deep
umbilicus, teeth-like triangular chamber exten-
sions towards the center of the umbilicus, more
inflated chambers and deep incised sutures, and
consequently a more inflated and lobulate test
than N. incompta. Those characteristics of the test
of N. dutertrei are developed early in ontogeny
(Brummer et al. 1987). Whereas the final test
diameter of adult individuals of N. dutertrei fre-
quently ranges above 600 µm, adult N. incompta
rarely grow larger than 350 µm. Neoglobo-
quadrina dutertrei appears to be the senior syn-
onym of Globigerina eggeri Rhumbler 1900.

Further readings: Cifelli (1961), Zobel (1968),
Pflaumann (1972), Hecht (1976), Srinivasan and
Kennett (1976).

2.4.5 Neogloboquadrina incompta
(Cifelli 1961)
(Plate 2.19)

Description: Low tomedium trochospiral test with
4–5 chambers in the last whorl, lobulate outline,
extraumbilical aperture with a narrow to broad
lip. Typical neogloboquadrinid surface texture
producing ridge-growth, i.e. pustules merge and
form ridges. Neogloboquadrina incompta is the
typically right coiling (dextral) relative of the
typically left coiling (sinistral) N. pachyderma
(see discussion on N. pachyderma). However, in
both species 2–3 % of left and right coiling forms
can be observed, respectively (see below).

Molecular genetics: The conventionel tree
shows N. incompta represented by two genotypes
(Fig. 2.13) and their global distribution in rela-
tionship to four other non-spinose species
(Fig. 2.14).

Ecology: Neogloboquadrina incompta is a
typical surface dwelling species of the temperate
ocean (e.g., Cifelli 1961; Ottens 1991;

b Plate 2.20 (1) Living Neogloboquadrina dutertrei with irregular arrangement of pseudopodia caused by disturbance.
Adult specimens with (2, 7) enlarged final chamber, and (5, 6, 8) kummerform final chamber. (9, 10) Irregular ridges
between pore pits on (9) final chamber, and (10) 4th last chamber. Bars of overviews 200 µm, bars of close-ups 20 µm
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Kemle-von-Mücke and Hemleben 1999; Kuroy-
anagi and Kawahata 2004). In the temperate
North Atlantic, N. incompta is a major faunal
component from spring through fall (Schiebel
and Hemleben 2000). At times of highest food
availability in spring and fall, N. incompta may
be outnumbered by G. bulloides and T. quin-
queloba, the latter two species being more
opportunistic than N. incompta (Schiebel et al.
1995, 2001). During low-productive summer
conditions, caused by a more stratified surface
water column, N. incompta was found to domi-
nate the fauna with rather low standing stocks
(Schiebel and Hemleben 2000).

Neogloboquadrina incompta appears to be a
minor faunal component at low and high lati-
tudes (e.g., Ottens 1992; Schiebel et al. 2002).

Remarks: To facilitate reasonable faunal
analyses, all right coiling specimens of the N.
pachyderma/N. incompta plexus may be classi-
fied N. incompta, and all left coiling specimens
N. pachyderma. In case the ratio of the opposite
coiled individuals exceeds 3 %, both species N.
pachyderma and N. incompta are possibly pre-
sent within the same fauna (Darling et al. 2006).
In the NE Atlantic, N. incompta may be easily
distinguished from N. pachyderma with 4
chambers in the last whorl, and a rather square

Globorotalia inflata

Neogloboquadrina dutertrei
Neogloboquadrina dutertrei

Pulleniatina obliquiloculata

Neogloboquadrina pachyderma

Coral Sea
Coral Sea
Caribean

1%

Type I

Type II

Neogloboquadrina incompta

Sub-polar and
transitional

- North and South Atlantic

- Eastern North Pacific

Fig. 2.14 Conventional tree with 2 Types of N.
incompta, Type I in the Atlantic, and Type II in the
Pacific Ocean. The relation N. pachyderma as

sister-species of N. incompta is shown, as well as the
relations to N. dutertrei, P. obliquiloculata, and G. inflata.
From Darling and Wade (2008)
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outline. Test morphometries of the two species
may be more similar in other regions of the ocean
(see, e.g., Darling et al. 2006). Even in the North
Atlantic, intraspecific variability of test mor-
phologies results in morphotypic end-members
of the two species, which may not be distin-
guished under the binocular microscope.

Further readings: Cifelli (1961, 1971, 1973),
Bandy and Theyer (1971), Parker and Berger
(1971), Bandy (1972), Vilks (1973), Olsson
(1974, 1976); Srinivasan and Kennett (1976),
Reynolds and Thunell (1986).

2.4.6 Neogloboquadrina
pachyderma (Ehrenberg
1861) (Plate 2.21)

O.G.A.: Globigerina d’Orbigny 1826, Globo-
quadrina Finlay 1947.

Description: Low trochospiral test with 4–4.5
chambers in the last whorl, a rather squared out-
line, and straight sutures. The extraumbilical
aperture is rather narrow. The surface structure is
similar to N. incompta when tests are not encrus-
ted. Neogloboquadrina pachyderma is typically
left coiling (sinistral). However, approximately 2–
3 % within a N. pachyderma population are right
coiling. Test from surface sediments are usually
entirely covered by euhedral calcite crystals,
forming a typical calcite crust.

Molecular genetics: Up to eight “genotypes”
of N. pachyderma (Figs. 2.13, 2.14, and 2.15)
may be distinguished (Darling et al. 2003, 2004,
2006; Darling and Wade 2008; André et al.
2014). All of the N. pachyderma genotypes are
typically left coiling, and include <3 % of right
coiling morphotypes (Darling et al. 2006). Those
<3 % of the morphotypes, which are right coiled,
are present in entirely polar samples over
glacial-interglacial intervals (e.g., Pflaumann
et al. 1996). The typically right coiling N.
incompta produces rare (<3 %) left coiling
specimens. To conclude, coiling ‘failure’ of <3 %
is realized within the same species. Such coiling
failure also occurs in other trochospiral species
like G. inflata. In contrast, a ratio of any coiling
direction left or right >3 % may represent

different genotypes (cf. Darling et al. 2006). By
using ABGD and GMYC, (A. André, oral com-
munication, Angers, 2014) proposes only five and
six putative species, respectively. Types II, III,
and VI, cluster into a single species (Fig. 2.13).
This again demonstrates the danger of oversplit-
ting or undersplitting of genotypes. Some of the
cryptic species seem to exhibit a bipolar distri-
bution, although the data are questionable.

Ecology: Neogloboquadrina pachyderma
dominates polar faunas in the northern and
southern hemispheres (e.g., Bé 1977), clearly
separated by the tropics (Darling et al. 2004).
Among the Antarctic polar to subpolar geno-
types, N. pachyderma Type IV is interpreted to
pursue an overwintering strategy in brine chan-
nels within sea ice, tolerating salinities up to 82
PSU (Spindler and Dieckmann 1986; Dieckmann
et al. 1991; Darling and Wade 2008). Predomi-
nantly large sub-adult individuals of N. pachy-
derma occur in very high standing stocks within
the lower layers of the sea ice (Spindler and
Dieckmann 1986; Dieckmann et al. 1991). The
food source of N. pachyderma in sea ice is
phytoplankton, consisting almost exclusively of
diatoms (Spindler and Dieckmann 1986). High-
est standing stocks of any modern species are
reported for N. pachyderma from melted sea ice
samples, amounting to � 190 individuals per
liter (Spindler and Dieckmann 1986), and hence
being about 1000 times higher than total planktic
foraminifer standing stocks in open waters
(Bergami et al. 2009). A similar habitat of N.
pachyderma within sea ice probably does not
exist in the Arctic due to differences in sea ice
formation (M. Spindler, Kiel, personal commu-
nication). When surface Arctic waters off the ice
edge are low in salinity during the short polar
summer, N. pachyderma moves to subsurface
waters (Carstens and Wefer 1992; Carstens et al.
1997; Volkmann 2000a).

In addition to the polar ocean, N. pachyderma
is frequent in upwelling regions, and marginal
seas like the Aegean Sea (e.g., Marchant et al.
1998, 2004; Ivanova et al. 1999; Peeters et al.
1999; Conan and Brummer 2000; Ufkes and
Zachariasse 1993; Darling et al. 2006; Darling
and Wade 2008; André 2013). The biogeography
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of genotypes in polar-to-subpolar waters and
lower latitude upwelling areas is discussed with
regard to isolation and exchange of genotypes
(Darling et al. 2000; Norris and De Vargas 2000;
Darling and Wade 2008; André 2013). Being
adapted to rapid consumption of food and
reproduction during the short productive season
of the polar summer (cf. Jonkers et al. 2010), N.
pachyderma appears to be competitive also in
upwelling areas supported by an opportunistic
strategy (cf. Ivanova et al. 1999).

Cyclic abundance of N. pachyderma observed
in the open northern North Atlantic suggests a
monthly reproductive cycle, triggered by the
synodic lunar cycle (Volkmann 2000b). Spindler
and Dieckmann (1986) suggest overwintering of
N. pachyderma within the Antarctic sea ice with-
out reproduction.Neogloboquadrina pachyderma

may hence be assumed to follow two reproduction
strategies depending on environmental conditions.

Remarks: The two Neogloboquadrina species
N. pachyderma and N. incompta (see above)
have often been confused because of their mor-
phological similarity, and have been referred to
as N. pachyderma sinistral (left coiling) and
N. pachyderma dextral (right coiling), respec-
tively. Cifelli (1961) was the first who correctly
described the right coiling variety from the North
Atlantic, i.e. N. incompta as a new species dif-
ferent from N. pachyderma. The conclusions on
the morphotypic classification of the two
Neogloboquadrina species N. pachyderma and
N. incompta are confirmed by analyses of the
molecular genetics data (Figs. 2.13 and 2.14) of
Neogloboquadrina (Darling et al. 2000, 2006;
Bauch et al. 2003; André et al. 2014).

Globorotalia inflata

Neogloboquadrina dutertrei - Caribbean
Neogloboquadrina dutertrei - Coral Sea

Pulleniatina obliquiloculata - Coral Sea

Type II - Antarctic
Type III - Antarctic

Type V - Benguela

- AntarcticType IV
Type I - Arctic

N. pachyderma

left coiling

100%

100% 64%
88%

88%
84%

N. pachyderma

right coiling

Type II

Type II

- Santa Barbara Channel (n=8)

- Eastern North Pacific (n=20)

Type I

Type I

Type I

- Norwegian Sea (n=17)

- Denmark Strait (n=24)

- North Atlantic Current (n=55)

Type I

Type I

- Benguela (n=15)

- Subantarctic Atlantic (n=34)
1 change per 100 nucleotide positions

Fig. 2.15 Neighbor-joining SSU rDNA phylogenetic
tree (685 nucleotide sites) highlighting the evolutionary
relationships among the Neogloboquadrinidae. The phy-
logeny is rooted on G. inflata. The tree shows the highly
divergent nature of the classical left and right coiling
genotypes of N. pachyderma. Bootstrap values are
expressed as a percentage and indicate support for
branches within the tree. Bootstrap values are only shown

for branches that are strongly supported in over 70 % of
bootstrap replicates. NGenBank accession numbers are N.
pachyderma (sin) Types I–V, AY305329, AY305330,
AY305331, AF250120, and AY305332 and N. pachy-
derma (dex) Types I–II, AF250117 (Denmark Strait) and
AF250118 (Subantarctic) and AY241711. From Darling
et al. (2006)

b Plate 2.21 (1–9) Neogloboquadrina pachyderma with increasing crust formation. (10) Test surface of newly formed
chamber without calcite crust. (11) Calcite ridges are forming, (12) calcite crust covering the test surface, and (13)
euhedral calcite crystals forming the typical thick calcite crust of N. pachyderma. Bars of overviews 100 µm, bars of
close-ups 10 µm
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Further readings: Kohfeld et al. (1996), Sim-
stich et al. (2003), von Langen et al. (2005),
Darling et al. (2007).

2.4.7 Pulleniatina obliquiloculata
(Parker and Jones 1865)
(Plate 2.22)

Description: Pulleniatina obliquiloculata has a
streptospiral coiled test, which is sub-spherical in
outline. A long slit-like aperture extends nearly
over the entire width of the final chamber.
Pre-GAM tests have a smooth surface, except on
the area around the aperture, which shows
pointed pustules. When migrating to deeper
waters, very small crystals form a smooth veneer
of calcite covering the whole test.

Molecular genetics: Ujiié et al. (2012) detected
three clearly separated cryptic species represent-
ing the morphospecies P. obliquiloculata, with
Type I occurring worldwide, and Types IIa and IIb
possibly being restricted to the Pacific region.
Using ABGD and GMYC methods (Fig. 2.15),
André et al. (2014) show that Type IIa and IIb
belong to one putative species with overlapping
intra- and inter-type patristic distances.

Ecology: Pulleniatina obliquiloculata is a
cosmopolitan though rare tropical to subtropical
species (e.g., Bé 1977; Li et al. 1997;
Kemle-von-Mücke and Hemleben 1999). Maxi-
mum standing stocks of P. obliquiloculata occur
at the upper (juvenile individuals) to lower (adult
individuals) surface mixed layer around the
thermocline and Deep Chlorophyll Maximum,
DCM (e.g., Bé and Tolderlund 1971; Ravelo and
Fairbanks 1992; Vénec-Peyré et al. 1995; Wat-
kins et al. 1996). Due to its high preservation
potential, the faunal portion of P. obliquiloculata
in sediment assemblages is much higher than in
the live fauna. The diet of P. obliquiloculata
consists of chrysophytes besides diatoms
(Anderson et al. 1979). Pulleniatina obliquiloc-
ulata is assumed to reproduce at a monthly cycle,

and undergoes gametogenic (GAM) calcification
(Hemleben et al. 1989).

Remarks: The outer veneer of P. obliquiloculata
produces a shell surface similar to G. inflata.
Pre-adult and early-adult ontogenetic stages suggest
a systematic relationship to Neogloboquadrina.
Both G. inflata and Neogloboquadrina are geneti-
cally closely related to P. obliquiloculata (Aurahs
et al. 2009a). However, no close morphological
relationships exist between these three species.

Further readings: Banner and Blow (1967),
Saito et al. (1976).

2.4.8 Globorotalia cavernula Bé
1967

Bé (1967) describes G. carvernula as new spe-
cies (Fig. 2.16) sampled from a narrow belt of
surface waters between about 46–62°S, south of
Australia, and in the Pacific sector of the
Southern Ocean. Considerable standing stocks of
up to 100 individuals per cubic meter occurred at
only three stations between about 80–90°W, east
of the Drake Passage, and rarely attained 1 % of
the fauna. In the line drawings presented by Bé
(1967), G. carvernula resembles a high biconvex
and left coiled G. scitula with a deep umbilicus
(cf. Baumfalk et al. 1987). Bé (1967) describes
pustules towards the inner whorl of a thin and
finely perforate test wall. We have so far not
sampled live G. carvernula from the water col-
umn of any ocean basin. It would be interesting
to get more information on G. carvernula, in
particular on its molecular genetics.

2.4.9 Globorotalia crassaformis
(Galloway and Wissler
1927) (Plate 2.23)

O.G.A.: Globorotalia crotonensis Conato and
Follador 1967, G. crassula Cushman, Stewart,
and Stewart 1930.

Plate 2.22 (1–6) Adult to pre-adult Pulleniatina obliquiloculata. (3–5) Specimens with smooth calcite veneer
covering the test. (7) Aperture with lip and pustules, and (9) pores. Bars of overviews 100 µm, bars of close-ups 20 µm
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Description: Tests are trochospiral and
planoconvex, with 4–4.5 chambers in the last
whorl, and may have a squared outline. The
extraumbilical aperture is narrow and occasion-
ally bordered by a rim. The periphery is round or
slightly angular. The test surface is smooth and
peppered with pustules. When pustules merge,
they form a thick calcite crust. Globorotalia
crassaformis may vary considerably in test
morphology, i.e. spiral height (cf. Renaud and
Schmidt 2003).

Molecular genetics: No data available. Previ-
ously established data turned out to be misde-
termined and belonging to Globorotalia inflata.

Ecology: Globorotalia crassaformis is a cos-
mopolitan species dwelling at subsurface waters
around 200–400 m depth in the tropical and
subtropical ocean, and ascends to surface waters
towards higher latitudes (cf. Parker 1962;
Kemle-von-Mücke and Hemleben 1999; Sch-
muker and Schiebel 2002). The subsurface
habitat of G. crassaformis has been associated
with enhanced biological production in surface
waters, and oxygen depleted conditions at habitat

depths of G. crassaformis (Kemle-von-Mücke
and Hemleben 1999). In the subpolar southern
Indian Ocean (off Crozet Islands), the occurrence
of G. crassaformis is limited to surface waters,
and the summer season. The occurrence of
exclusively adult specimens leads to the
assumption that these individuals were expatri-
ated from lower latitudes by currents. Similar
observations exist on G. crassaformis from the
high latitude South Atlantic.

Remarks: In comparison to G. truncatuli-
noides, the umbilical side of test of G. cras-
saformis is less convex and less pointed. The
average number of chambers in the last whorl is
4–4.5 in G. crassaformis, and 5–5.5 in G. trun-
catulinoides. Globorotalia crassaformis (Gal-
loway and Wissler 1927) appears to be the senior
synonym of Globorotalia crassula Cushman and
Stewart 1930 (cf. Parker 1962), and G. scroto-
nensis Conato and Follador 1967 (Hemleben
et al. 1989, and references therein). The synonym
Globorotalia punctulata (Deshayes 1832) is
doubtful, and appears to be not accepted (Hay-
ward et al. 2014).

Fig. 2.16 Line drawings of the holotype of Globorotalia
cavernula Bé 1967 n.sp., from the South Pacific at 55°54′
S, 139°56′W, sampled from the 250–500 m water depth

interval. Maximum diameter of the specimen is
*420 µm. From Bé (1967)

Plate 2.23 (1–10) Globorotalia crassaformis. (6, 7) Tests with final kummerform chambers. (1, 4, 5, 6, 7) Pustules,
and calcite crust forming on top of test, mostly on older chambers. (8) Gametogenic (GAM) calcification on top of
pustules and test wall on left side of image. (9) Cross-section of test wall showing pores and calcite layers. (10) GAM
calcification covering wall of fossil test. Bars of overviews 200 µm, bars of close-ups (8) 20 µm, (9, 10) 10 µm
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Further readings: Parker and Berger (1971);
Lidz (1972); Arnold (1983).

2.4.10 Globorotalia hirsuta
(d’Orbigny 1839)
(Plate 2.24)

O.G.A.: Hirsutella Bandy 1972.
Description: Low trochospiral biconvex test

with 4–4.5 compressed tetrahedral chambers in
the last whorl. Curved to slightly S-shaped sutures
give the test an overall lobulate character. The
smooth test surface is scattered with pustules.
The aperture is extraumbilical-peripheral. The
periphery of test is bordered by a keel. A thick
calcite crust may occasionally cover the test.

Molecular genetics: According to the few data
available, G. hirsuta exhibits only one genotype
(André et al. 2014).

Ecology: Globorotalia hirsuta is a temperate
to subtropical species (Tolderlund and Bé 1971;
Deuser et al. 1981; Hemleben et al. 1989;
Kemle-von-Mücke and Hemleben 1999; Chap-
man 2010; Harbers et al. 2010; Cléroux et al.
2013). Interpreted as a cosmopolitan species, G.
hirsuta dwells predominantly in the Atlantic
Ocean. Its occurrence in the Indian and Pacific
Oceans appears to be limited to small populations
in the temperate northern and southern hemi-
sphere (cf. Parker 1962; Bé 1977; Tsuchihashi
and Oda 2001; Belyaeva and Burmistrova 2003).

Highest standing stocks of G. hirsuta in sur-
face waters in spring, and low standing stocks at
subsurface waters in summer possibly display an
annual (or biannual) reproduction cycle similar to
G. truncatulinoides (Hemleben et al. 1985;
Schiebel and Hemleben 2000; Schiebel et al.
2002). Ascending to subsurface waters after
reproduction in surface waters, the average
dwelling depth ofG. hirsuta ranges at 200–300 m
water depth in the Caribbean Sea (Schmuker and
Schiebel 2002).

The main food source of G. hirsuta consists of
diatoms, whose frustrules where consistently
observed in food vacuoles of G. hirsuta (Hem-
leben et al. 1985). Globorotalia hirsuta probably
does not produce any GAM calcite. Secondary
calcite crusts may be produced during sedimen-
tation in the deep water column (Hemleben et al.
1985).

Further readings: Glaçon et al. (1973); Bol-
tovskoy (1974).

2.4.11 Globorotalia inflata
(d’Orbigny 1839)
(Plate 2.25)

O.G.A.: Globigerina d’Orbigny 1826, Trun-
corotalia Cushman and Bermúdez 1949,
Globoconella Bandy 1975.

Description: The trochospiral test exhibits >3–
4 chambers in the last whorl. The spiral side is
rather flat, and the umbilical (apertural) side is
high convex. The subspherical tetrahedral
chambers are scattered by pustules. Pointed
pustules occur in front of the aperture. The
aperture is bordered by a narrow rim and forms a
low arch extending from the periphery towards
the umbilicus. During adult ontogeny, pustules
grow larger and finally coalesce to form a calcite
crust, which is covered by a fine veneer of very
small calcite crystals (Hemleben et al. 1985).

Molecular genetics: Morard et al. (2011, 2013)
distinguish two allopatric genotypes of G. inflata
(Types I and II), which are also recognized as
morphotypes: Type I occurs equatorward of the
subpolar front. Type II occurs in subpolar to polar
waters (Fig. 2.17). Morphotype I has a large
aperture in relation to the size of the final cham-
ber, and morphotype II has a relatively small
aperture, and a low aperture-to-terminal chamber
ratio (Morard et al. 2011).

Ecology:Globorotalia inflata is most abundant
in the subtropical to the subpolar ocean. Due to its

Plate 2.24 (1) Living Globorotalia hirsuta producing pseudopodia, and attached empty diatom frustrules after
digestion of soft tissue. (2–11) Large to small adult specimens. (3–5) Test with decreasingly thick calcite crusts from
oldest to youngest chamber of the final test whorl. (12, 13) Layered pustules overlap pores during lateral growth. (12)
Fossil and (13) living specimen. Bars of overviews 100 µm, bars of close-ups 20 µm
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regionally high standing stocks, and its high fos-
silization potential, G. inflata is of considerable
interest as a proxy in paleoceanography (e.g.,
Dittert et al. 1999; Niebler et al. 1999; Lončarić
et al. 2006). Globorotalia inflata has often been
found to occur in the vicinity of hydrologic fronts
and eddies, and has hence been interpreted to
display an opportunistic behavior to limited, i.e.
mesotrophic conditions in the surface to subsur-
face water column (cf. Lončarić et al. 2007; Storz
et al. 2009; Chapman 2010; Retailleau et al. 2011).

During enhanced phytoplankton production in
the spring, the cytoplasm has often been found to
be greenish due to consumed chrysophytes, or
orange in case of diatom prey (Hemleben et al.
1989). In addition to its abundance in pelagic
waters, G. inflata may dominate the planktic
foraminifer fauna at surface (0–40 m) or sub-
surface (40–100 m) water depths in neritic

waters of enhanced food availability, caused by
weak topographically driven upwelling over a
submarine canyon head in the SE Bay of Biscay
(Retailleau et al. 2012). Globorotalia inflata
undergoes gametogenic calcification, and is
interpreted to have a monthly reproductive cycle.

Remarks: Fossil tests of G. inflata from sed-
iment samples often have a shiny appearance
caused by the smooth finely crystalline calcite
veneer easy to identify under the incident light
microscope, and distinguishing G. inflata from
other globorotalids like G. crassaformis. The
shiny appearance is similar to P. obliquiloculata.
Globorotalia inflata genotypes are closely rela-
ted to P. obliquiloculata, and the Neoglobo-
quadrinids N. dutertrei and N. pachyderma
(Darling and Wade 2008).

Further readings: Ganssen (1983).

Fig. 2.17 Morphological differences between G. inflata
genotypes I and II. a Log-Log biplot of the ratio of
specimen’s major axis vs. aperture/terminal chamber
length for 306 specimens collected in the South Atlantic.
All specimens collected north of the Subpolar Front are
considered Type I, all others are considered Type II. The

discriminant boundary, which maximizes the separation
between the two genotypes is given by the dashed gray
line. b Histograms and Gaussian kernel densities of the
log-ratio between the aperture/terminal chamber length
ratio and the specimen’s major axis. From Morard et al.
(2011)

Plate 2.25 (1) Living Globorotalia inflata producing pseudopodia. (2–6) Adult specimens, (2) with pristine test
surface, (3) with complete calcite veneer, and (5) with early calcite crust. (7, 8) Early adult, and (9, 10) neanic
specimens. (11) Early pustules, and (12) pustules after addition of calcite and lateral growth. (13) Calcite crust on top of
thickened test wall, (14) merging calcite crust, and (15) calcite veneer covering the test. (16) Cross-section of test wall
(lower part with wide pores) covered by thick calcite crust (upper part with narrow pores). Bars of overviews 100 µm,
bars of close-ups (11–15) 20 µm, (16) 10 lm
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2.4.12 Globorotalia menardii (Parker,
Jones and Brady 1865)
(Plate 2.26)

O.G.A.: Menardella Bandy 1972.
Description: Globorotalia menardii has a very

low trochospiral, large discoidal test with 5–5.5
chambers in the last whorl. The narrow
umbilical-extraumbilical aperture is bordered by
a prominent lip. Sutures are curved on the spiral
side and rather straight on the apertural side.
A thick prominent keel is well developed, and
occasionally fimbriated. Pustules increase in
numbers and size from the younger to older
chambers, and are particularly dense in front of
the aperture (Hemleben et al. 1977).

Molecular genetics: Globorotalia menardii
belongs to the group of non-spinose morpho-
species (Globorotalia hirsuta, G. tumida, G.
ungulata, G. menardii, and Globoquadrina
conglomerata), which are represented by only
one genotype each, thus no cryptic species are
distinguished (André et al. 2014).

Ecology: Globorotalia menardii is a cos-
mopolitan species most frequent in tropical to
subtropical waters of low to medium productivity
and food availability (e.g., Kroon and Ganssen
1989; Ufkes et al. 1998; Conan and Brummer
2000; Schmuker and Schiebel 2002; Schiebel
et al. 2004). Dwelling predominantly in the sur-
face ocean, maximum standing stocks of G.
menardii occur at pycnocline/nutricline/DCM
depths (e.g., Fairbanks and Wiebe 1980; Ravelo
et al. 1990). Due to its large size and occasionally
thick calcite crust, G. menardii is a major com-
ponent of surface and Pleistocene sediments, and
has been extensively analyzed for its test surface
texture, morphometry, and paleoceanographic

significance (e.g., Hemleben et al. 1977; Sch-
weitzer and Lohmann 1991; Mekik et al. 2002;
Mekik and François 2006; Knappertsbusch 2007;
Mary and Knappertsbusch 2013).

Globorotalia menardii prefers a phytoplank-
ton diet consisting of diatoms and chrysophytes,
and occasionally an omnivorous diet is con-
sumed (Anderson et al. 1979). Some of the
ingested phytoplankton might be used as sym-
bionts (Hemleben et al. 1989, and references
therein). Reproduction of G. menardii follows
the synodic lunar cycle.

Remark: For a taxonomic discussion of G.
menardii (Neotype Parker, Jones and Brady 1865,
earlier d’Orbigny 1826) versus Globorotalia
cultrata (d’Orbigny 1839) see Parker (1962).

Further readings: Hemleben et al. (1985),
Watkins et al. (1996; 1998), Tedesco and Thunell
(2003), Tedesco et al. (2007), Mohtadi et al.
(2009), Regenberg et al. (2010), Weijnert et al.
(2010, 2013), Schmidt et al. (2013), Broecker
and Pena (2014).

2.4.13 Globorotalia scitula (Brady
1882) (Plate 2.27)

Description: Globorotalia scitula has a low tro-
chospiral test of medium size and 4–5 slightly
inflated chambers in the last whorl. Curved and
S-shaped sutures on the spiral and umbilical side,
respectively, give the test an overall lobulate
character. The test surface is smooth and the test
wall is rather thin (cf. Parker 1962). Few pustules
occur on the apertural side and even less on the
spiral side. The slit-like aperture reaches from the
periphery towards the umbilicus and is bordered
by a narrow lip. Pores are concentrated on the

cPlate 2.26 (1–15) Globorotalia menardii. (3) Image combined from multiple SEM micrographs. (4–6) Tests with
fimbriated keel, and (7) increasingly thick calcite crust from younger to older chambers. (8, 9) Pustules and grooves on
test surface. (10) Sutures and pores on spiral test side. (11) Euhedral calcite crystals on test surface. (12) Umbilicus and
aperture with lip and pustules. (13) Pustules on keel. (14) Cross-section of test wall with multiple calcite layers, Primary
Organic Membrane (POM). (15) Cross-section of keel with calcite layers. Bars of overviews 200 µm, bars of close-ups
20 µm
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apertural side, and much fewer pores occur on
the spiral side of test. In contrast to G. hirsuta,
G. scitula does not produce a keel.

Molecular genetics: No data available. Previ-
ous putative sequences turned out to be
misidentified and belong to G. hirsuta (André
et al. 2014).

Ecology: Globorotalia scitula is a cos-
mopolitan species most frequent at mid-latitude
temperate regions during spring and fall, i.e.
during times of increased primary productivity
(Schiebel and Hemleben 2000; Schiebel et al.
2002; Chapman 2010). From mid latitudes
towards low and high latitudes, G. scitula
decreases in abundance (Schiebel et al. 2002). In
pelagic waters, G. scitula dwells at subsurface
waters below the thermocline to 200–300 m
depth (Ottens 1992; Schmuker and Schiebel
2002; Retailleau et al. 2011). Itou et al. (2001)
propose a G. scitula-to-N. dutertrei ratio as a
proxy of the mixed layer depth at the
Kuroshio-Oyashio confluence off NE Japan.
Globorotalia scitula may be present in high
standing stocks in neritic waters following
time-intervals of enhanced primary productivity
(Retailleau et al. 2012). In neritic waters <200 m
waters depth, G. scitula may be most frequent in
the surface water column (Retailleau et al. 2011).
In turbid shelf waters off Congo, G. scitula was
the most frequent among the few live planktic
foraminifer individuals, which might indicate its
opportunistic/robust nature (cf. Ufkes et al.
1998).

Globorotalia scitula co-occurs with G. hex-
agonus in the upper Oxygen Minimum Zone
(100–200 m depth) of the central Arabian Sea,
which may possibly indicate a preference in diet
than low-oxygen conditions (cf. Baumfalk et al.
1987). In the western Arabian Sea off Somalia,
G. scitula increases in number during the late
phase of SW monsoonal upwelling (Conan and
Brummer 2000).

Remark: Globorotalia bermudezi Rögl and
Bolli 1973 is a junior synonym of G. scitula (cf.
Saito et al. 1981).

Further readings: Baumfalk et al. (1987),
Steinhardt et al. (2015).

2.4.14 Globorotalia theyeri Fleisher
1974 (Plate 2.27)

Description: Globorotalia theyeri has a low tro-
chospiral rather large and thin-shelled test with
4.5–5 chambers in the last whorl. The equatorial
periphery exhibits a lobulate outline, and a dis-
continuous peripheral keel. Sutures on the
umbilical side of the test are straight or slightly
curved, and more curved on the spiral test side.
The aperture is an umbilical-extraumbilical slit
bordered by a narrow lip. The test surface is
smooth and uniformly penetrated by pores.

Molecular genetics: No data available.
Ecology: Globorotalia theyeri is a rare surface

dweller in the tropical to subtropical Indian and
Pacific Oceans (e.g., Bé 1977; Fairbanks et al.
1982). In the central Arabian Sea, G. theyeri is
most frequent in oligotrophic above-thermocline
waters at 40–60 m depth (Schiebel et al. 2004).
Globorotalia theyeri occurs in low numbers in
the upwelling region in the western Arabian Sea
off Somalia (Conan and Brummer 2000, sedi-
ment trap samples, 1265 and 1617 m water
depth). A change in depths habitat from ther-
mocline to surface waters may be caused by a
shoaling thermocline during intensified upwel-
ling in the Panama Basin (Thunell and Reynolds
1984, sediment trap samples, 890, 2590, and
3560 m water depth).

Remarks: Globorotalia theryeri can be con-
fused with G. scitula but differs by the posses-
sion of a keel, and uniformly distributed pores on
the spiral and umbilical side of test.

Plate 2.27 (1–8) Adult Globorotalia scitula of increasing size from (1, 2) to (3, 4, 5). (6) Pores of final chamber, (7)
pores of second last chamber, and (8) pustules off the aperture. (9–12) Adult Globorotalia theyeri with (10) low convex
and (11) high convex umbilical side. Bars of overviews 100 µm, bars of close-ups 10 µm
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2.4.15 Globorotalia truncatulinoides
(d’Orbigny 1839)
(Plates 2.28 and 2.29)

O.G.A.: Truncorotalia Cushman and Bermúdez
1949.

Description: The trochospiral test of
Globorotalia truncatulinoides is medium to high
conical on the umbilical side, and flat on the
spiral side. Globorotalia truncatulinoides has
4.5–5.5 tetrahedral chambers in the last whorl.
The narrow aperture spans from the rather deep
umbilicus towards the periphery, and is bordered
by a lip. Multiple umbilical apertures may
occasionally exist. The periphery is keeled from
the neanic stage onward. Pores are distributed
over the entire surface. Pustules develop from
older to younger chambers. A thick calcite crust
may be developed by adult specimens when
dwelling in subsurface waters below 8–10 °C
(see Chap. 6).

Molecular genetics: De Vargas et al. (2001)
suggest four cryptic species, two of them right
coiling and two of them left coiling, respectively.
Ujiié et al. (2010) describe five types distributed
in well-defined regions of the global ocean.
Quillévéré et al. (2013) confirm the morphos-
pecies G. truncatulinoides and its five genotypes
from morphometric evidence. André et al. (2014)
analyzed all existing genetic data by using
ABGD, and show that putative delimitations
between Types I and II, and Types III and IV, are
somewhat doubtful. When using GMYC, Types I
and II can be clearly separated, but the separation
between Types III and IV is doubtful (André
et al. 2014). Both methods ABGD and GMYC
corroborate Type V.

Ecology: Globorotalia truncatulinoides prob-
ably populates the deepest habitat of all extant
species, having been sampled alive from the water

column below 2000 m water depth (Schiebel and
Hemleben 2005). Globorotalia truncatulinoides
was found to reproduce once per year, i.e. in late
winter in surface waters at different regions at the
poleward margin of the subtropical gyres (Bé and
Hutson 1977: Indian Ocean; Weyl 1978: North
Atlantic; Hemleben et al. 1985: Bermuda;
Kemle-von-Mücke and Hemleben 1999: South
Atlantic; Schiebel et al. 2002: Azores), and this is
probably true for the Pacific Ocean (cf. Bé 1977).

It is speculated that G. truncatulinoides gen-
erally reproduces in surface waters to provide
sufficient food for offspring (compared to deeper
waters), and to avoid competition (or predation?).
The offspring descends in the water column, and
disperses over the vast expands of the deep
ocean, where they spend most of the year
growing a mature test and producing a calcite
crust. In the subtropical ocean towards higher
latitudes, G. truncatulinoides dwells at decreas-
ing water depths, possibly driven by the avail-
ability of food. A similar shoaling of habitat
towards the poles has been observed in other
subsurface dwelling globorotalid species like G.
crassaformis (Hemleben et al. 1985).

Globorotalia truncatulinoides may enter
marginal basins like the Mediterranean Sea and
the Caribbean Sea through shallow and narrow
passages, and occurs at some distance from the
passage at subsurface depth (e.g., Schmuker and
Schiebel 2002). Globorotalia truncatulinoides is
absent from the modern Red Sea and Arabian
Sea (e.g., Ivanova et al. 2003). In the Arabian
Sea, G. truncatulinoides was present in low
standing stocks during the past glacials, possibly
imported by currents from the southern Indian
Ocean (e.g., Auras-Schudnagies et al. 1989;
Ivanova et al. 2003).

Right and left coiling morphotypes of
G. truncatulinoides were distinguished from

Plate 2.28 (1) Living Globorotalia truncatulinoides producing pseudopodia. (2–6) Adult specimens with
high-conical umbilical side. (7–10) Neanic to pre-adult specimens with low-conical umbilical side. (11–13) Adult
tests with kummerform final chambers, wide umbilicus, and apertures of earlier chambers with apertural lips. Bars
100 µm
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surface sediments, and interpreted for their bio-
geographic and ecological significance (Ericson
et al. 1954). Healy-Williams (1983), and
Healy-Williams et al. (1985) were the first to
suggest two sub-populations of G. truncatuli-
noides. Stratification and productivity in surface
waters are interpreted to affect the distribution of
different genotypes of the deep dwelling G.
truncatulinoides (De Vargas et al. 2001; Darling
and Wade 2008). Morphometric variability of the
tests of different genotypes in the South Atlantic
over the past 140 kyrs is discussed in connotation
with environment and glacial-interglacial climate
change (Renaud and Schmidt 2003).

The deep habitat of G. truncatulinoides makes
the species an ideal proxy of surface ocean
stratification. In comparison to the stable isotope
and element ratio (notably Metal/Ca ratio) of
various surface dwelling species, the chemical
composition of G. truncatulinoides tests provides
a measure of environmental conditions above
and below the seasonal thermocline (Hemleben
et al. 1985; Mulitza et al. 1997; Cléroux et al.
2007, 2008). Care needs to be taken because of
long-distance transport of G. truncatulinoides
within currents, and hence uncertain locations
and water depths of calcite precipitation (Deuser
et al. 1981; Lohmann and Malmgren 1983;
Cléroux et al. 2009). The effect of encrustation
and dissolution of G. truncatulinoides tests on
the isotope signal is discussed by Lohmann
(1995).

Remarks: With its distinct conical test mor-
phometry, G. truncatulinoides is different from all
other extant planktic foraminifers and easy to
identify. Globorotalia crassaformis may resemble
low-conical G. truncatulinoides in test outline, but
it lacks a keeled test periphery, and has fewer
chambers in the lastwhorl thanG. truncatulinoides.

Globorotalia truncatulinoides is one of the species
most often investigated from sediment samples.

Further readings: Healy-Williams andWilliams
(1981), Spencer-Cervato and Thierstein (1997),
Sexton and Norris (2008), Spear et al. (2011).

2.4.16 Globorotalia tumida (Brady
1877) (Plate 2.30)

Description: Trochospiral test with medium to
high-convex umbilical side, and low-convex
spiral side, and 4.5–6 chambers in the last
whorl. The final two chambers often somewhat
elongated and twisted. The narrow
umbilical-extraumbilical aperture is bordered by
a prominent lip. A typical keel is well developed.
A thick calcite crust may form from the older to
younger chambers on spiral and umbilical side,
as in Globorotalia menardii. Tests of G. tumida
are more elongate and higher bi-convex than
tests of G. menardii. The genetic relation of the
two species has not yet been analyzed.

Molecular genetics: Only one genotype has
been identified for this species, thus no cryptic
species do exist (André et al. 2014).

Ecology: Globorotalia tumida is a rare spe-
cies of the tropical to subtropical ocean (Conan
and Brummer 2000). Globorotalia tumida occurs
in low productive subsurface waters (40–80 m
depth) in the northern Arabian Sea (Schiebel
et al. 2004), and at low-latitudes around the
seasonal thermocline/DCM in the Atlantic Ocean
(Ravelo et al. 1990; Ravelo and Fairbanks 1992).
Due to its rather low dissolution susceptibility,
the faunal portion of G. tumida tests in sediment
samples is higher than in the water column (cf.
Dittert et al. 1999).

Further readings: Malmgren et al. (1983).

b Plate 2.29 (1–4) Globorotalia truncatulinoides with calcite crusts and euhedral crystals covering the test wall except
of final chamber. (1, 3) and (2, 4) from same specimen, respectively. (5–7) Test surface with pores and pustules. (8)
Pores and pustules of variable shape off aperture and on top of apertural flap. (8) Pustules on keel. Bars of overviews
100 µm, bars of close-ups 20 µm
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2.4.17 Globorotalia ungulata
Bermudez 1960
(Plate 2.30)

Description: Globorotalia ungulata has a med-
ium to high-convex trochospiral test. The final
chambers are slightly elongate, resulting in an
overall elongated adult test. Globorotalia ungu-
lata has a prominent keel, and a sharp ridge
(“keel”) on the shoulder of the final chamber.
The rather narrow umbilicus and a slit-like
umbilical-extraumbilical aperture are typical of
the globorotaliid species.

Molecular genetics: Only one genotype has
been identified for this species (André et al.
2014).

Ecology: Rare species with poorly known
ecological affinities, probably similar in its dis-
tribution to Globorotalia menardii. It occurs
somewhat sporadically in tropical to subtropical
waters, and may attain as many as two individ-
uals per cubic meter in the oligotrophic Arabian
Sea.

Remarks: Tests of G. ungulata may resemble
those of G. menardii and G. tumida, but the keel
on the umbilical shoulder of the final chamber of
G. ungulata is absent in G. menardii and G.
tumida. In addition, the test wall of G. ungulata
is thinner and smoother, and the apertural side is
more convex and angular than in G. tumida.

Further readings: Bermudez (1960), Seears
et al. (2012).

2.4.18 Globorotaloides hexagonus
(Natland 1938)
(Plate 2.31)

O.G.A.: Globoquadrina Finlay 1947.

Description: Very low trochospiral test with
4.5–6 chambers in the last whorl. The aperture at
the base of the final chamber is high arched and
bordered by a rim or lip. Globorotaloides hex-
agonus has a coarsely pitted perfect honeycomb
surface texture, which is unique among modern
planktic foraminifers (cf. Parker 1962). GAM
calcification may occur (see Chap. 5).

Molecular genetics: No data available.
Ecology: Globorotaloides hexagonus is a rare

species restricted to the Indian and Pacific
Oceans (Bé and Tolderlund 1971; Thunell and
Reynolds 1984). Globorotaloides hexagonus
tolerates a wide range of environmental condi-
tions, and occurs from the tropical to temperate
ocean including a broad depth habitat. In the
central equatorial Arabian Sea, and the central
equatorial Pacific Ocean, G. hexagonus occurs in
maximum standing stocks of 2–4 individuals per
cubic meter in the sub-thermocline layer of the
water column, at 100–200 m (Fairbanks et al.
1982; Zhang 1985; Watkins et al. 1996; Schiebel
et al. 2004). Subthermocline waters of 100–
200 m depth at both sampling locations in the In
the Arabian Sea and Pacific Ocean correspond to
the upper limit of prominent Oxygen Minimum
Zones (cf. Warren 1994). It is hence interpreted
that G. hexagonus is adapted to low-oxygen
conditions by its wide and numerous pores,
which facilitate respiration even at oxygen limi-
tation. In addition, it is assumed that G. hex-
agonus exploits food sources particular to its
depth habitat and environmental conditions, i.e.
oxygen limitation. The cytoplasm of G. hex-
agonus sampled from the Arabian Sea was col-
ored either dark green or dark orange, which
might be indicative of its so far unknown diet.

Further readings: Kennett and Srinivasan
(1983), Chaisson and d’Hondt (2000).

b Plate 2.30 Globorotalia tumida (1–3) without and (4–6) with calcite crusts mostly on top of older chambers. (7–9)
Globorotalia ungulata producing a ridge on the shoulder of last chamber (7, 8). Bars 100 lm
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2.4.19 Streptochilus globigerus
(Schwager 1866)

Description: Streptochilus globigerus is the only
modern planktic foraminifer species with biserial
test architecture through its entire ontogenetic
development. The test of S. globigerus is
macroperforate throughout. The test wall is
smooth to slightly rugose, and lacks spines and
pustules. The aperture is umbilical, and bears a
distinct lip on the extraumbilical side, as well as a
toothplate (Hemleben et al. 1989). The species
resembles the benthic foraminifer Bolivina vari-
abilis genetically and morphologically (Darling
et al. 2009). However, tests of S. globigerus bear a
geochemical signature (Mg/Ca ratio) that clearly
indicates a planktic habitat (Darling et al. 2009).

Molecular genetics: Darling et al. (2009) show
that the modern biserial planktic species Strep-
tochilus globigerus “belongs to the same biolog-
ical species as the benthic Bolivina variabilis”.

Ecology: Modern S. globigerus occur from
tropical to temperate regions (cf. de Klasz et al.
1989; Schmuker and Schiebel 2002). Since live
S. globigerus are rare in plankton samples, and
since the species cannot be distinguished from
benthic B. variabilis, the actual distribution of
the planktic tychotype is possibly much larger
than so far reported. Mg/Ca derived calcification
temperatures of 26–29 °C on average correspond
to 30 m and 75 m water depth in the north-
western Indian Ocean, and indicate ontogenetic
migration from the shallow to deep surface
mixed layer of the ocean (Darling et al. 2009).

Remarks: Streptochilus globigerus is possibly
the oldest extant planktic foraminifer species,
descending from the Aptian/Albian (Lower Creta-
ceous, *125–100 Ma) ancestors, and is reported
from the upper Paleogene and Neogene (Brönni-
mann and Resig 1971; Resig and Kroopnick 1983;

Poore andGosnell 1985; Smart and Thomas 2007).
The rarely developed tychopelagic lifestyle of S.
globigerus is discussed for its phylogenetic signif-
icance, and the repopulation of empty ecological
niches after the Cretaceous-Tertiary mass extinc-
tion (Darling et al. 2009).

2.5 Microperforate Species

Microperforate planktic foraminifer species have
pores <1 µm in diameter, in contrast to
macroperforate (normal perforate) species with
pores >1 µm. Microperforate planktic fora-
minifer species bear no spines.

2.5.1 Gallitellia vivans (Cushman
1934) (Plate 2.32)

Description: Gallitellia vivans is the only triserial
extant planktic foraminifer species. Mature indi-
viduals may abandon the triserial test symmetry,
and produce a multiserial chamber arrangement.
Chambers are globular, with deeply depressed
sutures. The test wall is smooth. The aperture is a
symmetric arc, occasionally with a tooth-like
flap, and has an umbilical position.

Molecular genetics: No data available.
Ecology: The species has been discussed as a

surface (from plankton net samples) to subsur-
face (from d18O data) dwelling species in the
global subtropical to temperate ocean (Kroon and
Nederbragt 1990). In the Tsushima Strait,
between Japan and Korea, G. vivans occurred at
exceptionally high numbers in November 2006
(Kimoto et al. 2009). Similar d13C and d18O data
of tests of G. vivans and G. bulloides may indi-
cate similar ecological demands (Kimoto et al.
2009).

b Plate 2.31 (1–9) Adult Globorotaloides hexagonus producing large pore pits and regular hexagonal test surface
structure. (7) Specimen showing change in test surface structure from neanic to adult stage. (9) Oblique view of test
surface showing pore pits separated by ridges with small pointed epitactic spikes. Bars of overviews 100 µm, bar of
close-up 10 µm. (4) Photo A. Kiefer and R. Schiebel
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Remarks: Because of its small test size, most
of the populations of G. vivans are not sampled
with the typically employed plankton-nets of
>100-µm mesh-size. Therefore, the regional
distribution and ecological demands of G. vivans
are still insufficiently known.

Further readings: Loeblich and Tappan
(1986); Kroon and Nederbragt (1988).

2.5.2 Globigerinita glutinata (Egger
1893) (Plate 2.33)

O.G.A.: Globigerina d’Orbigny 1926.
Description: Globigerinita glutinata has a

medium trochospiral subglobular test with 4
globular chambers in the last whorl. The final
chamber may be slightly compressed. The nor-
mal umbilical aperture of adult individuals is
frequently covered by a bulla, leaving one or
more apertural openings. The entire test surface
is covered by numerous small and pointed pus-
tules. Pores are usually smaller than 1 µm in
diameter. Tests of juvenile G. glutinata are
planispiral with an equatorial aperture provided
with a large flange. During the neanic stage the
aperture migrates to an umbilical position, and
the umbilicus closes.

Molecular genetics: Genetic distances within
G. glutinata suggest that several cryptic species
are included in this morphospecies (Ujiié and
Lipps 2009; André 2013). André et al. (2014)
established four cryptic species (Types I, II, III,
and IV) of G. glutinata, which are delimitated by
regional occurrences.

Ecology: Globigerinita glutinata is possibly
the most ubiquitous planktic foraminifer in the
modern ocean. Globigerinita glutinata is most
abundant in subtropical to temperate waters, and
decreases in frequency towards high latitudes (cf.
Ottens 1992; Schiebel and Hemleben 2000;
Volkmann 2000a; Schmuker and Schiebel 2002).

In the NE Atlantic, G. glutinata is present in
surface waters throughout the year and consti-
tutes up to 20 % of the live fauna during spring,
following enhanced phytoplankton production in
surface waters (Schiebel et al. 1995; Schiebel and
Hemleben 2000; Chapman 2010). A second
seasonal maximum of G. glutinata in the NE
Atlantic occurs in fall, when wind-driven nutrient
entrainment into surface waters triggers phyto-
plankton production at the nutricline (Schiebel
et al. 2001). Similarly, the occurrence of G.
glutinata in the Gulf of Aden is related to nu-
trient entrainment into surface waters during the
NE monsoon (Ivanova et al. 2003). With up to 35
individuals per cubic meter, G. glutinata is the
2nd most frequent species in the Caribbean Sea
after G. ruber, being related to eddy-driven
nutrient entrainment into surface waters, and
phytoplankton production (Schmuker and
Schiebel 2002). Calcification depths of G. gluti-
nata tests range from surface waters down to
thermocline depths (Lončarić et al. 2006; Frie-
drich et al. 2012). The ratio of bulla vs. non-bulla
bearing individuals is possibly not related to
ecological conditions.

The cytoplasm of G. glutinata is often colored
dark red. According to TEM analyses, the diet of
G. glutinata consists mainly of diatoms, but also
of chrysophytes (Anderson et al. 1979; Spindler
et al. 1984). Chrysophytes may have faculta-
tively been harbored as symbionts when present
in abundance, and were subsequently digested
(Hemleben et al. 1989). Gametogenesis and
gametogenic calcification have repeatedly been
observed (Hemleben et al. 1989).

Remarks: Small G. glutinata tests might be
confused with G. minuta, the latter bearing sec-
ondary apertures on the spiral side. Globigerinita
glutinatamay also be misidentified asGlobigerina
bulloides. However,G. glutinata exhibits a smooth
surface with rather flat but pointed pustules that
are scattered over the entire surface, whereas

b Plate 2.32 (1–4) Adult trochospiral pine-cone shaped Globigerinita uvula with pointed pustules off aperture. (5–9)
Adult triserial Gallitellia vivans with smooth-walled apertural face. Bars 50 lm
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G. bulloides has a rather rough surface, no pustules
but spines, and no milky but glassy appearance.

Further readings: Parker (1962), Kahn and
Williams (1981), Spindler et al. (1984), Li
(1987), Brummer (1988b), Ortiz et al. (1995).

2.5.3 Globigerinita minuta (Natland
1938) (Plate 2.34)

O.G.A.: Globigerinoides Cushman 1927.
Description: Small-sized and medium high

trochspiral test with 4 subspherical chambers in
the last whorl. Secondary apertures on the spiral
test side. The test of G. minuta may be heavily
pustulate over the entire surface (Brummer
1988b). A bulla might cover the primary aperture
of mature individuals of G. minuta, similar to
G. glutinata.

Molecular genetics: No data available.
Ecology: Globigerinita minuta has been rec-

ognized as a ubiquitous species in tropical and
subtropical assemblages (Schmuker and Schiebel
2002; Schiebel et al. 2004), though possibly is
frequently overlooked and misclassified as
pre-adult G. glutinata. Globigerinita minuta
occurs at highest numbers of 13 individual per
cubic meter (*5 % of the fauna >100 µm) in the
upper 60 m of the mesotrophic water column
marginal to the upwelling center off Oman
(Schiebel et al. 2004). From subtropical towards
higher latitudes, G. minuta becomes less fre-
quent. In the temperate NE Atlantic, up to one
individual >100 µm per 10 m3 occurred during
late spring (Schiebel and Hemleben 2000).

Remarks: Globigerinita minuta is the
small-sized relative of G. glutinata. In contrast to
both G. glutinata and G. uvula, G. minuta bears
secondary apertures on the spiral test side (cf.
Saito et al. 1981).

Further readings: Brunner and Culver (1992).

2.5.4 Globigerinita uvula
(Ehrenberg 1861)
(Plate 2.32)

Description: High trochospiral pine cone shaped
test with 4 chambers in the last whorl, and an
umbilical aperture. Adult tests are easy to dis-
tinguish from all other extant species. Glo-
bigerinita uvula is possibly the only
microperforate species, which resorbs its septa
prior to reproduction (Hemleben et al. 1989).

Molecular genetics: Two genotypes, Type I
and II, from subtropical and subpolar waters,
respectively, have been identified for this species
so far (André 2013; André et al. 2014).

Ecology: Globigerinita uvula is a frequent
faunal component of the temperate to polar
ocean, and decreases in abundance towards lower
latitudes (Schiebel and Hemleben 2000; Schiebel
et al. 2002; Bergami et al. 2009). Globigerinita
uvula attains up to 5 % of the live assemblage
(>100 µm) during spring and early summer in
the temperate NE Atlantic (Schiebel et al. 1995;
Schiebel and Hemleben 2000), and about 0.5–
1.2 % in marginal Arctic Seas (Volkmann
2000a). The distribution of G. uvula in the South
Atlantic and southern Indian Ocean resembles
that of northern hemisphere waters
(Kemle-von-Mücke and Hemleben 1999). In
marginal basins like the southern Bay of Biscay,
G. uvula was most abundant within the surface
water column during spring (Retailleau et al.
2011). First data on the molecular genetics of G.
uvula suggest a subtropical (G. uvula Type I) and
subpolar (G. uvula Type II) genotype (André
2013). In general, G. uvula displays an oppor-
tunistic behavior to seasonally (i.e. spring)
enhanced phytoplankton production in the sur-
face ocean.

Remarks: Pre-adult tests of G. uvula are
similar to G. minuta, the latter often producing a

b Plate 2.33 (1–12) Adult Globigerinita glutinata, with (3, 4) bulla with multiple openings covering the aperture. (6)
Smooth pustules on central part of spiral test side. (7, 8) Young adult specimens with pointed pustules. (9, 10)
Cross-sections of bilamellar test wall with POM, and internal and external calcite layers. (11, 12) Conical pustules
showing lateral growth and approaching pores. Bars of overviews 50 µm, bars of close-ups (6) 20 µm, (9–12) 10 µm.
(7) Photo A. Kiefer and R. Schiebel
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more pointed juvenile spire than the former, and
secondary apertures on the spiral test side
(Brummer 1988b). Tests of G. minuta may show
a (‘smooth’) satin-like reflection under the inci-
dent light microscope, whereas G. uvula may
exhibit a (‘hard’) glass-like reflection according
to dissolution intensity. Globigerinita bradyi
Wiesner 1931 is a junior synonym of G. uvula
(Parker 1962; Saito et al. 1981).

Further readings: Parker (1962), Li (1987),
Saito et al. (1981), Brummer (1988b).

2.5.5 Candeina nitida (d’Orbigny
1839) (Plate 2.34)

Description: Test with 3 chambers per whorl, and
a high spiral winding. The primary aperture is
situated over the umbilicus. Numerous accessory
apertures along the sutures characterize the test of
adult specimens of C. nitida. Numerous accessory
apertures along the sutures gradually replace the
primary aperture during the adult ontogenetic
development. Being the largest microperforate
species, C. nitida possesses one of the largest
proloculi known in modern planktic foraminifer
taxa (Sverdlove and Bé 1985). A very smooth
surface characterizes this species at an early adult
stage. Pustules are formed only in pre-adult
stages, and are lacking on the adult test.

Molecular genetics: According to André et al.
(2014) no cryptic species have been found so far.

Ecology: Candeina nitida is a rare faunal ele-
ment in the tropical to subtropical ocean (e.g.,
Bradshaw 1959; Parker 1962; Bé 1977; Watkins
et al. 1996). In the Caribbean Sea, C. nitida occur-
red with a maximum abundance of one individual
per cubic meter (Schmuker and Schiebel 2002).

Remarks: Candeina is a single species genus,
C. nitida, and not comparable with other planktic
foraminifer species. Producing small pores
<1 µm, C. nitida is grouped with the

microperforate species. Pre-adult test of C. nitida
are similar to those of the genus Globigerinita.

Further readings: Brummer (1988b).

2.5.6 Tenuitella compressa
(Fordham 1986)
(Plate 2.35)

Description: Low trochospiral test compressed on
both sides with 4.5–6 chambers in the last whorl.
The chambers may develop an ovoid character,
and an ampullate final chamber is frequent. The
aperture stretches from the umbilicus towards the
rounded periphery and shows a medium broad
lip. Test surface smooth pustules are scattered
over the entire test surface.

Molecular genetics: No data available.
Ecology: Tenuitella compressa is assumed

cosmopolitan though rare tropical to temperate
species occurring in surface waters (cf. Brummer
1988b; Schmuker and Schiebel 2002).

2.5.7 Tenuitella fleisheri Li 1987
(Plate 2.35)

Description: Small test with lobulate outline and
round periphery composed of 5–6 globular to
ovate chambers in the last whorl. The extraum-
bilical aperture is low-arched. Additional open-
ings may exist at the umbilical ends of sutures.
Pustules are more prominent at the proximal than
distal parts of the test wall.

Molecular genetics: No data available.
Ecology: Tenuitella fleisheri is a small sized

species, which has rarely been sampled with
plankton nets, which are most often equipped with
100-µmnets, or even larger mesh-sizes. Tenuitella
fleisheri has been reported from the subtropical to
temperate global ocean, but its distribution may
well reach beyond the mid latitudes.

b Plate 2.34 (1–4) Globigerinita minuta with (4) secondary apertures on the spiral test side. (5–11) Globuligerina
oxfordiana from the Jurassic showing test features similar to modern G. minuta. (10, 11) Cross sections of test wall of
G. oxfordiana with pores and pustules. (12–16) Candeina nitida with (17) sutural openings and (18) pores. Bars of
overviews and (17) 50 µm, bars of close-ups (10, 11) 5 µm, (18) 10 µm
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Remarks: The three Tenuitella species
T. fleisheri, T. iota, and T. parkerea are almost
indistinguishable in their pre-adult ontogenetic
stages, and classification is only possible in
mature tests under the incident light microscope.
In contrast to all other microperforate taxa, T.
fleisheri does not develop an apertural flange
during the juvenile stage, and may (rarely)
develop a bulla in its terminal ontogenetic stage
(Li 1987). Tenuitella fleisheri differs from D.
anfracta by being microperforate, and producing
small pustules covering the umbilical to apertural
areas of the test wall (Li 1987).

2.5.8 Tenuitella iota (Parker 1962)
(Plate 2.35)

O.G.A.: Globigerinita Brönnimann 1951, Tur-
borotalita Blow and Banner 1962.

Description: Low trochospiral test with 4–5
chambers in the last whorl. A bulla with multiple
apertures is frequently produced in the final
ontogenetic stage. Small pustules are scattered
over the entire test. Juvenile stages of this
microperforate species show the same planispi-
rally coiled test with an equatorial aperture as in
Globigerinita.

Molecular genetics: No data available.
Ecology: Tenuitella iota frequently occurs at

low standing stocks in the surface subtropical to
tropical oceans, and sporadically occurs in tem-
perate waters. In the Caribbean, maximum
standing stocks of T. iota attain one individual
per cubic meter at mixed layer depths (40–60 m)
well above the thermocline (Schmuker and
Schiebel 2002). Similar to D. anfracta and T.
quinqueloba, T. iota occurs in highest numbers

towards the late phase of the SW
monsoon-driven upwelling off Somalia (Conan
and Brummer 2000).

Remarks: Earlier ontogenetic stages without a
bulla are not easy to distinguish under the
binocular microscope from the other small-sized
tenuitellids T. fleisheri and T. parkerae. Glo-
bigerina atlantisae Cifelli and Smith 1970 is a
junior synonym of T. iota (cf. Cifelli and Smith
1970). Li (1987) attributes T. iota to a new genus
called Tenuitellita when producing a bulla.

Further readings: Parker (1962).

2.5.9 Tenuitella parkerae
(Brönnimann and Resig
1971) (Plate 2.35)

Description: The test of T. parkerae is
small-sized, and consists of 12–13 chambers in
total and 4–5.5 chambers in the last whorl (cf.
Brummer 1988b). The aperture is bordered by a
large lip (Saito et al. 1981). The final chamber
may be slightly ampullate. The test surface is
smooth, and some pustules may be present in
front of the aperture.

Molecular genetics: No data available.
Ecology: Tenuitella parkerae is a cosmopoli-

tan though very rare species in the tropical to
temperate ocean (Saito et al. 1981).

Remarks: Due to its inconspicuous test mor-
phology, T. parkerae may often be overlooked in
samples from the water column and surface
sediment. Tests of T. parkerae could be confused
with T. iota without bulla, and any small sized
Tenuitella and Globigerinita species.

Further readings: Brönnimann and Resig
(1971), Li (1987).

b Plate 2.35 (1–4) Tenuitella compressa in (1) umbilical, (2) lateral, and (3) spiral view. (4) Final chamber of T.
compressa with umbilical flap. (5) T. fleisheri in umbilical view. (6–9) T. iota, (6) in umbilical, (7) in spiral view, and
(8, 9) with bulla. (10–14) T. parkerae, both specimens in umbilical view. Bars 50 µm. (7,9,13) Photos A. Kiefer and R.
Schiebel
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Appendix

Table 2.2 Morphospecies, genotypes, and subtypes of extant planktic foraminifers

Species/genotype Geographic distribution Faunal province Remarks Ref. no.

Beella digitata (1 genotype)

Type I S Pacific Subtropical 17

Berggrenia pumilio No data available

Bolliella adamsi No data available

Candeina nitida (1 genotype)

Type I W Atlantic Tropical 17

Dentigloborotalia anfracta No data available

Gallitellia vivans No data available

Globigerina bulloides (3 genotypes incl. 16 subtypes)

Type Ia Coral Sea, Arabian Sea,
Central Pacific,
cosmopolitan

Subtropical/tropical 2, 4, 14, 19, 25

Type Ib Mediterranean Sea, W
Indian Ocean, Red Sea,

Subtropical 8, 19, 11

S North Atlantic Current,
Canary Current, Canary
Islands

Transitional/subtropical 3, 19

Type Ic NW Pacific Transitional 17, 21

Type Id NW Pacific Transitional 17, 21

Type Ie NW Pacific 17,21

Type If 21

Type IIa North and South Atlantic,
NE Pacific

Subpolar 3, 9,19

Nordic Sea, S Indian
Ocean

23

S North Atlantic Current,
Canary Current

Transitional 3, 19

Santa Barbara Channel Transitional 14

Type IIb Drake Passage, Atlantic,
Nordic Sea

Subpolar/transitional 3, 9,19

S Indian Ocean 23

S North Atlantic Current,
Canary Current, Azores
Current?

Transitional/subtropical? 3, 19

Type IIc Drake Passage, Antarctic,
S Indian Ocean

Subpolar 9, 14, 19, 23

Type IId Southern California Bight,
NE Pacific

Transitional 3, 4, 14, 19

Santa Barbara Channel

Type IIe NE Pacific, Sea of Okhotsk Subpolar 19, 21, 18

(continued)
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Table 2.2 (continued)

Species/genotype Geographic distribution Faunal province Remarks Ref. no.

Type IIf NW Pacific Subpolar

Type IIg S Indian Ocean 23

Type IIIa E Atlantic

Globigerina falconensis (1 genotype)

Off Canary Islands Subtropical/transitional 3

Globigerinella calida (2–3 genotypes)

Type IV of G. siphonifera 29

Type IIIb Red Sea, W Indian Ocean,
Atlantic

Ocean margins in the Atlantic 32, 34

Type IIIc Red Sea, W Indian Ocean,
Atlantic

Ocean margins in the Atlantic 32, 34

Globigerinella siphonifera (4 genotypes)

Type Ia (1) Caribbean Sea, Atlantic,
Arabian Sea

Tropical/subtropical Only >17.5 °C SST,
cosmopolitan

1, 2, 19, 29, 32

Azores Current, off Canary
Islands

Subtropical Probably confined to
tropics/subtropics

3

Type Ia (2) Indo-Pacific Tropical/subtropical Oligotrophic waters

Type Ib Red Sea, W Indian Ocean patchy cosmopolitan 32

Type IIa
complex (incl.
6 subtypes)

Caribbean Sea, Arabian
Sea, cosmopolitan

Tropical to transitional Tropical waters at 25 °C 2, 19, 25, 32

Southern California Bight,
Santa Barbara Channel

Waters as cold as 12 °C,
mesotrophic waters, DCM

4, 5

Off Canary Islands, Azores
Current, cosmopolitan

Subtropical/transitional 3, 19, 29

Type IIa = II Coral Sea Tropical Slight modification of Type IIa
(1)

2, 19

Type Iib = III E North Pacific, Southern
California Bight

Tropical to transitional Probably occurring together
with Type IIa

4, 5, 19, 32

Santa Barbara Channel,
Red Sea, W Indian Ocean

Transitional 13, 19

North Atlantic Current,
Canary, Azores Current

Subtropical/transitional 3, 19, 29

Type IV North Atlantic Drift Subtropical/transitional 29

Globigerinita glutinata (4 genotypes)

Type I North Atlantic, NW Pacific Subtropical/transitional 26,17

Type II NW and SW Pacific Subtropical 26,17

Type III North Atlantic, NW Pacific Subtropical 17

Type IV Arabian Sea Subtropical 17

Globigerinita minuta No data available

Globigerinita uvula (2 genotypes)

Type I Subarctic Atlantic Polar to transitional 3, 8, 17, 19

Type II Not specified Not specified 17

Globigerinoides conglobatus (1 genotype)

Closely related to G. ruberW 17

Globigerinoides elongatus

1 genotype 33

Globigerinoides ruber (5 genotypes)

(continued)
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Table 2.2 (continued)

Species/genotype Geographic distribution Faunal province Remarks Ref. no.

Pink Caribbean Sea off
Curaҫao, Atlantic

Tropical/subtropical 2, 19

Off Canary Islands,
Mediterranean Sea

subtropical Atlantic only 3, 19

Type Ia Coral Sea, Pacific, Indian
Ocean

Tropical SST 19–23 °C 2, 12, 13, 25

Type Ia1 Atlantic, off Canary
Islands

Subtropical 12, 13

Caribbean Sea off Puerto
Rico, Mediterranean Sea

tropical 7

Type Ib Atlantic, Indian Ocean Tropical/subtropical 12, 13, 25

Type Ib1 Caribbean Sea, Arabian
Sea

12, 13, 19, 25

Type Ib2 Arabian Sea, Pacific off
Japan

Transitional Probably also present in colder
waters

4, 5, 13, 19, 25

Type 1c Central Pacific Subtropical/tropical 20

Type IIa NE Pacific, Southern
California Bight

Subtropical Probably G. elongatus plexus 19, 25

Santa Barbara Channel,
Arabian Sea, Atlantic

12, 13, 19

Type IIa1 Pacific, E Mediterranean
Sea

Transitional Probably G. elongatus plexus 12, 13

Type IIa2 Pacific, W Mediterranean
Sea

Subtropical Probably G. elongatus plexus 12, 13

Type IIb E Atlantic Globigerinoides sp. (new name
aquired)

12, 13

Globigerinoides sacculifer (1 genotype)

Type I Subtropical/tropical Incl. 5 different morpho-types:
G. trilobus, G. sacculifer, G.
immaturus, G. quadrilobatus,
G. fistulosa

11

Globoquadrina conglomerata (1 genotype)

Type I Indian Ocean Tropical/subtropical 17

Globorotalia cavernula No data available

Globorotalia crassaformis No data available

Globorotalia hirsuta

1 Type Atlantic 8

Globorotalia inflata (2 genotypes)

Type I Cosmopolitan Transitional/subtropical 15, 22

Type II Antarctic Subpolar 15, 22

Globorotalia menardii

Type I 8

Globorotalia scitula (1 genotype)

Type I 8

Globorotalia theyeri No data available

Globorotalia truncatulinoides (4 genotypes)

Type 1 (I) Brazil Current, S Indian
Ocean, S Pacific

Tropical to transitional DCM, deep water column,
vertical and spatial niche
separation

10, 19, 23, 24, 27

(continued)
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Table 2.2 (continued)

Species/genotype Geographic distribution Faunal province Remarks Ref. no.

Type 2 (II) Brazil Current, Canary
Current

Tropical/subtropical North Equatorial Current 10, 19, 24

Sargasso Sea,
Mediterranean, South
Atlantic

27

Type 3 (III) South Atlantic, Subantartic
Convergence

Transitional/subpolar Strong vertical mixing, high
productivity

10, 19, 23, 24

S Indian Ocean,
Subtropical Frontal Zone

Subtropica to subpolar Subtropical Frontal Zone 27

Type 4 (IV) Falkland Current, Polar
Frotal Zone

Subpolar/polar Cold, dense, nutrient rich
productive

10, 19, 23, 24, 27

Type V NW Pacific Subtropical Off Japan 24

Globorotalia tumida (1 genotype)

Type I Cosmopolitan Tropical/subtropical 17

Globorotalia ungulata (1 genotype)

Type I 25

Globorotaloides hexagonus No data available

Globoturborotalita rubescens No data available

Globoturborotalita tenella No data available

Hastigerina pelagica (3 genotypes)

Type I Mediterranean Sea, W
Pacific

17, 30, 33

Type IIa Cosmopolitan 300–400 m depth 30, 33

Type IIb Cosmopolitan Upper 100 m 30, 33

Hastigerinella digitata No data available 30

Neogloboquadrina dutertrei (3 genotypes)

Type Ia Caribbean Sea off
Cuaraҫao

Tropical Inconclusive after André et al.
(2014)

2, 14, 15

Azores Current subtropical 3, 14

Type Ib Coral Sea tropical 14,15

Type Ic Santa Barbara Channel transitional 14,15

Neogloboquadrina incompta (2 genotypes)

Type I Atlantic Subpolar/transitional 16, 19

Type II E North Pacific Subpolar/transitional 16, 19

Neogloboquadrina pachyderma (4 genotypes)

Type I sin Arctic/North Atlantic Polar 16

Type I dex Drake Passage, North
Atlantic, Nordic Sea,
Benguela Current

Subpolar/transitional 9, 15, 16

Type II sin Antarctic 15, 16

Type II dex Santa Barbara Channel, E
North Pacific

Transitional 15, 16

Type III sin Antarctic, Drake Passage Subpolar 9, 16

Type IV sin Antarctic, Drake Passage Polar In sea ice 9, 15, 16

Type V sin Benguela Current Transitional 15, 16

Type VI Benguela Current 18

Type VII North Pacific 18

Orbulina universa (3 genotypes)

(continued)
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Table 2.2 (continued)

Species/genotype Geographic distribution Faunal province Remarks Ref. no.

Type I Caribbean Sea off
Curaҫao, Coral Sea

Tropical Throughout the Atlantic 2, 19

Caribbean Sea off Puerto
Rico, Atlantic, S Indian
Ocean, S Pacific

Subtropical/tropical Oligotrophic waters 6, 19, 23, 31

Type II Sargasso Sea, Atlantic, S
Pacific

Subtropical/tropical Spezialized adaptions? 6, 19, 31

Type III Southern California Bight,
Mediterranean Sea, Santa
Barbara Channel, S Indian
Ocean

Transitional/subtropical Eutrophic waters throughout the
Atlantic

4, 6, 19, 23

Mediterranean Sea,
Atlantic, Red Sea, S Indian
Ocean

Subtropical/tropical Marginal transitional zones 6, 19, 23, 31

Orcadia riedeli No data available

Pulleniatina obliquiloculata (3 genotypes)

Type I Coral Sea, cosmopolitan Transitional to tropical 17, 28

Type IIa equatorial Pacific Subtropical/tropical 17, 28

Type IIb Pacific Transitional to tropical 17, 28

Sphaeroidinella dehiscens (1 genotype)

Type I Indo-Pacific Tropical 17

Streptochilus globigerus

Benthic species identical to
Bolivina variabilis

36

Tenuitella compressa No data available

Tenuitella
fleisheri

No data available

Tenuitella iota No data available

Tenuitella parkerae No data available

Turborotalita clarkei No data available

Turborotalita humilis/cristata No data available

Turborotalita quinqueloba (5 genotypes)

Type Ia Coral Sea Subtropical/tropical 3, 9, 14, 19

Type Ib Arabian Sea, N Indian
Ocean

Subtropical/tropical 19, 25

Type IIa Drake Passage, North
Atlantic

Subpolar 3, 9, 14, 19

Type IIb North Atlantic, Nordic
Seas

Polar/subpolar 3, 9, 14, 19

Type IIc Antarctic, NE Pacific Subpolar/transitional 9, 14, 19

Type IId Antarctic, NE Pacific Subpolar/transitional 14, 19

Geographic distribution, faunal province, and remarks as referred (Reference-Number, Ref. No., 1–36). DCM is Deep chlorophyll
maximum, and SST is sea surface temperature
(1) Huber et al. (1997), (2) Darling et al. (1997), (3) Stewart et al. (2001), (4) Darling et al. (1999), (5) Kucera et al. (2001), (6) De
Vargas et al. (1999), (7) Pawlowski et al. (1997), (8) De Vargas et al. (1997), (9) Darling et al. (2000), (10) De Vargas et al. (2001),
(11) André et al. (2013), (12) Aurahs et al. (2009b), (13) Aurahs et al. (2011), (14) Darling et al. (2003), (15) Darling et al. (2004),
(16) Darling et al. (2006), (17) André et al. (2014), (18) Darling et al. (2007), (19) Darling and Wade (2008), (20) Kuronayagi et al.
(2008), (21) Kurasawa et al. (accepted), (22) Morard et al. (2011), (23) Morard et al. (2013), (24) Quillévéré et al. (2013), (25) Seears
et al. (2012), (26) Ujiié and Lipps (2009), (27) Ujiié et al. (2010), (28) Ujiié et al. (2012), (29) De Vargas et al. (2002), (30) Weiner et al.
(2012), (31) Morard et al. (2009), (32) Weiner et al. (2014), (33) Weiner (2014), (34) Weiner et al. (2015), (35) Aurahs et al. (2011),
(36) Darling et al. (2009)
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3Cellular Ultrastructure

Although the shell is one of the most obvious
features of the living and dead planktic for-
aminifers, the cytoplasm is clearly of central
biological importance as the site of the dynamic
properties of life including transformation of the
information stored in the genetic code into sub-
stantive morphology, metabolism, sensitivity,
and activity, as well as shell deposition and
reproduction. Moreover, comparative cytoplas-
mic fine structural studies of living planktic and
benthic foraminifers and their relations to other
Sarcodina may provide evidence of phylogenetic
affinities, and help to elucidate evolutionary ori-
gins in concert with data on shell morphology.
To a large extent, the shell and cytoplasm are
complementary in form, and dynamically inter-
related both in the process of calcite deposition,
which is clearly determined by the activity of the
cytoplasm, and subsequently in the intimate
topological association of the cytoplasm with the
surfaces and enclosing spaces of the shell. The
close morphological complementarity of shell
and cytoplasm is visualized in an overall view of
a light microscopic and electron microscopic
image of a section through a planktic foraminifer

(Plate 3.1). Much of the inner shell space is filled
by the vacuolated cytoplasm, but the final
chamber may be incompletely filled with cyto-
plasm, owing either to poor nutrition or lack of
health, thus reducing the total cytoplasmic mass.
In normal growth and development of the
organism, the final chamber is also devoid of
large quantities of cytoplasm immediately after
new chamber addition. If the organism is
well-nourished, the cytoplasm soon enlarges to
partially or completely fill the final chamber.
Under optimal feeding conditions, a newly con-
structed final chamber will be replete with cyto-
plasm within 24 h. The dynamic flowing of the
cytoplasm into and out of the shell does not
permit a definitive delineation of zones of cyto-
plasm within the cell mass, but for purposes of
convenient reference, the term internal cytoplasm
is used to denote that part of the cell mass
enclosed within the shell and external cytoplasm
for all remaining cytoplasm outside of the shell.
Consequently, three major zones of intergrading
cytoplasm can be identified: (1) Compact internal
cytoplasm, (2) frothy or reticulate cytoplasm
often observed in the final chamber or at the
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transitional zone between internal space and
external space near the shell aperture, and
(3) alveolate masses of cytoplasm or reticulate to
filose strands of rhizopodia engulfing the outer

surface of the shell and radiating outward into the
surrounding environment as a rhizopodial net
(Plate 3.2). The most peripheral structures of the
rhizopodial array are typically long thread-like

b Plate 3.1 TEM micrograph of oblique thin section through entire specimen of Globigerinita glutinata in a ‘feeding
cyst’, fixed immediately after sampling, with the test wall (W) being removed. Numerous empty diatom frustules (black
arrows) are present in the space between cyst wall (CW) and cytoplasm (FC). Isolated diatom cytoplasts (grey arrows)
are placed next to empty frustules, and others are enclosed in digestive vacuoles within the foraminifer cytoplasm (white
arrows). Bar 20 µm. From Spindler et al. (1984)

Plate 3.2 Different forms of pseudopodial networks. (1) Globigerinoides ruber with finely reticulate network of
rhizopodia between calcareous spines. (2) Globigerinoides sacculifer with long web-like rhizopodia. Bars (1) 100 m,
(2) 500 µm. From Hemleben et al. (1989)
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rhizopodia (filopodia) that create a halo of sticky
cytoplasmic filaments surrounding the organism
(e.g., Plate 3.3-1 to -4).

3.1 Cytoplasmic Streaming

The fine structural features of cells as observed
with the transmission electron microscope pro-
vide a detailed fixed view of the organization of
cellular components (e.g., Plate 3.1). This gen-
eral organizational scheme of the cytoplasm
rather provides a convenient static perspective
representing a moment in time during a very fluid
state of existence. The cytoplasm is seldom sta-
tionary and even in the innermost chambers,
where the cytoplasm is compact and more slug-
gish in streaming, it is rare to find a region where
the cytoplasm is fully quiescent. Typically the
nucleus and surrounding cytoplasm are fairly
stationary and located in one of the inner cham-
bers well protected from the surrounding envi-
ronment (Plate 3.1). The remainder of the
cytoplasm is mobile and increasingly so as one
progresses from the internal chambers toward the
aperture and surrounding external cytoplasm.
Indeed, the external cytoplasmic strands (net-like
reticulopodia and thread-tike filopodia) exhibit a
most remarkable state of streaming activity. The
fluid behavior of the rhizopodia permit them to
be moved in all directions in space, not only
flowing forward to expand into the surrounding
space but also retracting and spreading laterally
to form compact masses or sheet-like layers of
flowing cytoplasm covering the shell, and in
spinose species, spanning the spaces in a
web-like pattern between the radially disposed

spines. Thus, at any moment some parts of the
rhizopodial mass may be extending to form long
filopodia projecting outward into the surrounding
environment while other parts are coalescing into
a reticulate or sheet-like mass of cytoplasm on
the shell surface. In all aspects, this process is
remarkably protean, yet ordered, clearly provid-
ing constant communication between the external
environment and the internal mass of cytoplasm.
At other places, the constant streaming motion of
the rhizopodial network may result in an undu-
lating motion of the network, the total array
expanding and withdrawing within a limited
space among the spines, thus constantly moving
the cytoplasm throughout the space. Likewise,
the ever moving cytoplasmic system ensures that
the planktic foraminifer can, among other
essential life activities, advantageously snare
passing food, efficiently organize its digestive
vacuoles to maximize assimilation of food, and
dispose of waste material at the conclusion of the
digestive process. It is not uncommon to see
particles of waste carried by cytoplasmic
streaming to the tips of rhizopodial strands and
ejected into the surrounding environment. Con-
currently, the rhizopodial strands exhibit bidi-
rectional streaming, a form of countercurrent
flow, whereby cytoplasm not only flows out-
ward, but simultaneously flows inward thus
constantly conserving the mass of cytoplasm
surrounding the organism. This bidirectional
flow within a rhizopodial strand, typically exhi-
bits a surface layer moving toward the periphery
and an inner concentrically situated layer moving
centripetally. Intracytoplasmic particles can be
seen flowing within the cytoplasmic stream at
high magnifications with the light microscope

Plate 3.3 (1) Straight rhizopodia, and (2) reticulate rhizopodial web ofG. truncatulinoides. (3) Straight rhizopodia inG.
inflata attached to the surface of the culture vessel. (4) Club-shaped tips of rhizopodia in G. truncatulinoides (from
Hemleben et al. 1985). (5) Rhizopodia on freeze dried G. truncatulinoides. (6) Continuous sheath of cytoplasm
(CY) covering the outside of the decalcified test wall (W) of G. siphonifera. (7) Longitudinal section through rhizopod of
O. universa containing microtubules (MT) and mitochondria (M). (8) Filamentous strands (F) in rhizopodium of
P. obliquiloculata. Bars (1) 20 µm, (4,5) 50 µm, (2,3) 100 µm, (6-8) 1 µm
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(200x or more). At some locations within the
rhizopodial network, cytoplasmic flow within the
various strands occurs in all directions in the
spatial array, permitting cytoplasmic contents to
be intermixed and constantly deployed through-
out the complex web of living substance. Sub-
stantial fine structural data have been
accumulated that elucidate the detailed organi-
zation of the cytoplasm in relation to the gross
morphology and activity as observed by light
microscopy (Zucker 1973; Anderson and Bé
1976a, 1976b, 1978; Bé et al. 1977; Hemleben
et al. 1977; Spindler et al. 1978; Spindler and
Hemleben 1982; Anderson 1984; Anderson and
Tuntivate-Choy 1984).

3.2 Peripheral Cytoplasm
and Rhizopodial Morphology

The morphology of peripheral cytoplasm differs
between specimens (Plate 3.3) while performing
different activities, for example, collecting food,
chamber formation, and external disturbance.
The variety of forms is rather common in all
species, except of H. pelagica. In H. pelagica,
the large mass of internal cytoplasm produces a
distinctive, alveolate envelope called the “bubble
capsule”. This array gives the appearance of
closely packed soap bubbles (see Plates 2.17-1
and 4.4). The content of the alveoli is not known
but they may aid buoyancy. Loss of the bubble
capsule in laboratory cultures usually leads to
sinking in the water. However, a bubble capsule
in H. pelagica is not necessary to maintain
buoyancy as some specimens have been
observed in the open ocean floating without a
bubble capsule. The fibrillar bodies within the
cytoplasm as also observed in all other planktic
foraminifer species (see Sect. 3.5.5 below)

probably enhance buoyancy in the absence of the
bubble capsule. The external cytoplasm in other
spinose and non-spinose species exhibits varying
forms of networks, being somewhat finely retic-
ulate in Globigerinoides spp. (Plates 3.3-1 and 4.
3), but more densely web-like in G. siphonifera
and G. truncatulinoides (Plate 3.3-2). In some
forms of G. siphonifera, the rhizopodial web
becomes further organized into arching arrays
interlacing the spines yielding a halo-like
appearance in trans mitted light. The peripheral
cytoplasm of G. ruber and G. sacculifer fre-
quently exhibits a distinctive zonal distribution
when viewed by transmitted light, including (1) a
peripheral halo formed by the spine tips and fine
strands of rhizopodia, (2) a more proximal fringe
of denser rhizopodia, and (3) an inner
symbiont-rich cytoplasmic layer immediately
surrounding the shell.

In general, in planktic foraminifers, the
peripheral rhizopodia are slightly tapered, elon-
gate, thin filopodia projecting almost linearly into
the surrounding environment (Plate 3.3-3). The
typical form of the rhizopodium in spinose spe-
cies is a rather wand-like straight, slightly tapered
filopodium radiating outward into the surround-
ings, or as often observed in non-spinose species
forming an enlarged lip (Plate 3.3-4) resembling
a wheat kernel supported on a rather stocky shaft
of cytoplasm (Hemleben et al. 1985). The main
mass of cytoplasm that issues from the aperture
of the shell in non-spinose species of planktic
foraminifers forms a thin network of cytoplasm
covering the outer surface of the shell from
which the elaborate rhizopodial network is
developed (Plate 3.3-5 and -6). During culture in
Pyrex laboratory dishes, the peripheral rhizopo-
dia become firmly attached to the bottom of the
dish and rather straight as though under tension.
It is not known whether this condition is the

Plate 3.4 (1) Section through lobate nucleus (N), and (2) nuclear envelope (NE) of H. pelagica. NU is nucleolar
material. (3) NE of G. menardii with pores (PO) visible in tangential view. (4) NE of O. universa in cross-section with
polyribosomes (P). (5) Dense masses of chromatin (C) close to the NE in H. pelagica. (6) Fission of mitochondria
(M) in H. pelagica, and tubular cristae (arrows) originating from inner mitochondrial membrane. Fibrous strands in the
center of the mitochondria are possibly mitochondrial DNA. Bars (1,4,5) 2 µm, (2,3,6) 0.2 µm
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result of microtubules forming an intracytoplas-
mic skeleton, augmented by contractile micro-
filaments, or if it is due to attachment of the
rhizopodia to the glass while they are under
tension. If the rhizopodial strands are perturbed,
they contract into a flaccid strand indicating
contractile processes are involved. Subsequently
they elongate apparently by microtubular exten-
sion within the cytoplasm (see Bereiter-Hahn
et al. 1987). When subjected to turbulence or
agitation, the organisms secure themselves firmly
to the glass surface by forming peripheral radial
arrays of triangular masses of rhizopodia that
effectively anchor the organism in all directions
around the shell. The external cytoplasm of some
non-spinose species with pustules (e.g. G.
menardii) forms thick strands of rhizopodia that
are organized around the surface of the pustule
and radiate into the surrounding environment.

In some cases, the surface layer of cytoplasm
surrounding the shell of spinose species may be
quite uniformly sheath-like making a thin cyto-
plasmic envelope, while under most other con-
ditions, the layer may be very reticulate forming
a web of rhizopodia enshrouding the shell. These
variations may reflect different physiological
states of the organism. For example, when the
organism is undernourished and much of the
external cytoplasm is deployed as feeding rhi-
zopodia, the amount of cytoplasm on the shell
surface may be quite limited. When, however,
the organism is well-nourished and especially if
it is adding additional calcite to the surface of the
shell, then the surface coat of cytoplasm forms a
thin and rather continuous sheath.

3.3 Cytoskeletal Structures

Transmissionmicroscopic examination of ultrathin
sections of rhizopodia and filopodia in spinose and
non-spinose species frequently reveals the pres-
ence of axially arranged microtubules (Plate 3.3-
7). These ultramicroscopic tubules (ca. 30 nm
diameter) composed of protein form a rigid scaf-
foldingwithin the cytoplasm and provide structural
support for the elongate strands. The microtubules
provide intracytoplasmic surfaces guiding the flow
of organelles as they are translocated from one part
of the cell to another (see, e.g., Travis et al. 1983,
for microtubules in benthic foraminifers). Produc-
tion of microtubules critically depends on the
protein ‘Type 2’ b-tubulin (b2), which occurred
before the divergence of benthic foraminifers and
radiolarians, i.e. at some 300 Ma before the first
planktic foraminifers (Hou et al. 2013).

Microtubules are not regularly observed in
ultrathin sections of planktic foraminifers fixed by
conventional means as they require special prepa-
rations to stabilize them and protect them against
calcium ion disruptive effects during initial fixa-
tion. Also, fixation with cold medium can result in
destabilization of labile microtubules (Hemleben
et al. 1989). Hence, the absence of microtubules in
conventionally fixed preparations is not sufficient
evidence to declare that they do not exist in that part
of the cell. Even so, well-preserved elongated rhi-
zopodia frequently exhibit internal parallel arrays
ofmicrotubules,which undoubtedly account in part
for the remarkable rigidity and strength of these
cytoplasmic extensions.

Plate 3.5 (1) Peroxisomes (arrows) in cytoplasm of G. ruber. (2) Vesicles (arrows) containing fibrillar material and
adhesive substance secreted from Golgi (G) complex, and (3) schematic drawing of vesicles being secreted from Golgi
complex. (4) Golgi complex in H. pelagica showing the surface (black arrow) where vesicles fuse to produce the
cisternae, and the dispersal surface (red arrow) on the opposite side where secretory bodies are released, as well as
endoplasmatic reticulum (E). (5) Cytoplasm of G. siphonifera with Golgi bodies. (6) Rhizopodium of O. universa with
vesicle containing adhesive substance. (7) Two stacks of annulate lamellae (AL) with 7 and 14 membranous layers in H.
pelagica 30 h before gamete release (from Spindler and Hemleben1982). (8) AL in G. scitula. Bars 0.5 µm, (5) 1 µm
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3.4 Filaments

Contractile protein fibrils (microfilaments), ca.
5 nm in diameter, are commonly observed in
rhizopodia, and are particularly apparent as
widely dispersed filamentous strands within
contracted rhizopodia (Plate 3.3-8). In most
ultrathin sections viewed by electron micro-
scopy, the microfilaments present a somewhat
felt-like appearance due to the numerous fine
filaments that have been cut obliquely or in
cross-section. Careful observation of high mag-
nification views, however, will reveal the pres-
ence of some segments of the filaments that have
been sectioned more longitudinally.

3.5 Fine Structure of Cytoplasmic
Organelles

3.5.1 Nucleus

The nucleus of planktic foraminifers is large
compared to other protozoa (ca. 50 µm or greater
than 200 µm as in H. pelagica) and varies in
form from a spheroid to an elongated, lobate
body. In some cases, it is bilobate and extends
within the cytoplasm between two chambers. The
two lobes are connected by a thin strand that
passes through the septal aperture between the
chambers. Otherwise, the planktic foraminifer
nucleus exhibits a typical fine structure of
eukaryotic cells. It is enclosed by a double-
membrane envelope (Plate 3.4-1 and -2) con-
taining numerous pores (Plate 3.4-3 and -4),
whereby continuity is established between the
nucleoplasm and the surrounding cytoplasm.
The nucleoplasm is lightly granular and con-
tains finely dispersed strands of chromatin

(euchromatin) filling the intranuclear space.
More dense masses of chromatin (heterochro-
matin) often occur near the periphery of the
nucleoplasm in close contact with the inner sur-
face of the nuclear envelope (Plate 3.4-5). At
other places, masses of heterochromatin are also
observed suspended within the central part of the
nucleoplasm. The chromatin composed of DNA,
forms the chromosomal material in the cell
containing the genetic information for control of
cellular activity. Nucleolar material is often
observed aggregated into granular electron-dense
masses either scattered throughout the nucleo-
plasm as spheroids, organized into a massive
body filling over half of the nucleoplasm, or as a
centrally located nucleolus. The nucleolus con-
tains ribonucleoprotein (RNA and protein) and
among other functions produces ribosomal RNA
to be exported into the cytoplasm where protein-
synthesizing ribosomes are assembled. The outer
membrane of the nuclear envelope is commonly
shrouded by a thin layer of filamentous material
resembling nucleic acid polymers (perhaps mes-
senger RNA) with clusters of polyribosomes
attached to them (Plate 3.4-2 and -4). It is not
known how the presence of this fringe of
polyribosomes correlates with cellular function
(Hemleben et al. 1989). Further research is nee-
ded to examine the nuclear envelope during
various phases of cellular metabolism to deter-
mine if there are correlated changes. These
observations may be made following feeding,
expansion of the cytoplasm after chamber addi-
tion, or during cytoplasmic changes accompa-
nying chamber formation and reproduction.

In all species examined using transmission
electron microscopy, only a single nucleus was
observed, except at the time of reproduction,
when multiple nuclei (see Plate 5.2) fill the
cytoplasm (Hemleben et al. 1989). Although Lee

Plate 3.6 Fibrillar bodies in spinose species (1) in longitudinal section in H. pelagica, and (2) in O. universa.
(3) Fibrillar bodies in cross section in O. universa, and (4) in G. sacculifer in oblique and cross sections. (5) The hollow
structure of the tubules is visible in larger magnification in G. ruber. (6) Fibrillar bodies in non-spinose N. dutertrei.
Bars (1-4,6) 3 µm, (5) 0.5 µm
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et al. (1965) reported Feulgen-positive bodies in
the cytoplasm of G. ruber and G. bulloides
suggesting that there may be more than one
nucleus during vegetative growth, no multiple
nuclei, except at the time of reproduction, were
found in more than 20 specimens of each of these
species (Hemleben et al. 1989). It may be pos-
sible that Lee et al. (1965) collected their speci-
mens close to reproduction, which in both
species is cyclic. Another explanation may be
that the stained nuclei are those of recently
ingested food organisms (e.g., dinoflagellates).

3.5.2 Mitochondria

The surrounding cytoplasm contains organelles
typical of eukaryotic protists. Numerous mito-
chondria (ca. 1–2 µm diameter) surrounded by a
double membrane contain tubular cristae
appearing as small finger-like protrusions from
the inner membrane (Plate 3.4-4 and -6). The
majority of the cristae appear as circular bodies
in ultrathin sections. The cross-sections through
these sinuous tubular structures produce only an
oval to circular profile. The mitochondria in all
planktic foraminifers observed thus far exhibit
this typical protistan ultrastructure. The distri-
bution of the mitochondria tends to be rather
uniform throughout the external and internal
cytoplasm. However, during chamber formation,
mitochondria congregate near the pores in the
shell wall. This may enhance uptake of oxygen
diffusing through the pore plate. Mitochondrial
division by binary fission is frequently observed
in this peripheral location. The dividing mito-
chondria present a distinctive bilobate or
dumb-bell configuration during fission. The
function of the mitochondria in part is to produce
adenosine triphosphate (ATP), a high-energy
storage compound, which is distributed
throughout the cell and provides energy to drive
cellular metabolic processes and sustain cyto-
plasmic activity. The mitochondrion is also the
site of major oxygen consumption in the process

of oxidation of food substances with the con-
comitant production of ATP. These are not the
only functions of the mitochondrion, but repre-
sent some of the more typically recognized ones.

3.5.3 Peroxisomes

Cytochemical fine structure evidence clearly
confirms the presence of peroxisomes in many
species of planktic foraminifers, for example, H.
pelagica and G. ruber (Anderson and
Tuntivate-Choy 1984). These organelles (ca.
0.2–0.5 µm diameter) are surrounded by a single
membrane, and contain a finely granular matrix
exhibiting in some sections a centrally located
ensemble of parallel arranged membranous
tubules (Plate 3.5-1). Peroxisomes are scattered
throughout the cytoplasm of planktic for-
aminifers, and are often observed in close asso-
ciation with mitochondria. The biochemical
activity of peroxisomes as determined generally
in other eukaryotic cells is gluconeogenesis
(production of storage carbohydrate, frequently
from lipid precursors), and conversion of poten-
tially toxic waste products into metabolically
useful substances as, for example, the conversion
of alcohol to acetaldehyde and lactate to pyru-
vate. Their enzyme content and physiological
functions in planktic foraminifers, however, have
not been fully investigated. The cytochemical
evidence reported by Anderson and
Tuntivate-Choy (1984) indicates the presence of
peroxidases, a group of enzymes that convert
potentially toxic peroxides into water and
regenerate oxidized intermediate compounds
(e.g., nicotinamide adenine dinucleotide, NAD)
to sustain metabolism.

Peroxisomes with similar internal membranous
structures, sometimes forming closely spaced lat-
tices, occur in G. bulloides (Fèbvre-Chevalier
1971). Single internal membranous tubules have
also been observed in peroxisomes of the benthic
sarcomastigophoran Gromia oviformis (Hedley
and Wakefield 1969), but are not typical in other
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eukaryotic cells where the internal inclusion is an
electron dense particle often exhibiting a very fine
crystalline protein lattice structure.

3.5.4 Endoplasmic Reticulum, Golgi
Complex, and Vacuolar
System

Among the membrane-bound cisternal and vac-
uolar spaces within the planktic foraminifer cell,
a wide variety of forms are observed. The
endoplasmic reticulum is quite uniformly orga-
nized into networks of flattened or cylindrical
tubules of varying cisternal width, but in the
order of 30 to 50 nm as observed in other
eukaryotic cells (e.g., Grell 1973; Anderson
1987). The vacuolar system, however, presents a
wide variety of single membrane bound struc-
tures including, (1) electron lucent vacuoles of
undetermined content varying in diameter from
several hundred nanometers to several microns,
(2) vacuoles filled with organic or mineral matter
of undetermined function, (3) perialgal vacuoles
enclosing the algal symbionts and structurally
segregating them from the host cytoplasm (see
Chap. 4), (4) food vacuoles enclosing recently
ingested prey, (5) primary lysosomes
(Golgi-derived vesicles) containing digestive
enzymes produced by budding off of the Golgi
peripheral saccules, and (6) digestive vacuoles
containing food particles that are being digested
by enzymes contributed by the primary lyso-
somes. A transmission electron microscopic view
of lysosomal vesicles is presented in Plate 3.5-2,
and a schematic drawing of the Golgi-lysosomal
vacuolar system is presented in Plate 3.5-3.
Smaller membrane-bound bodies, ca. 30-50 nm
in diameter, are usually classified as vesicles.
Some of these are primary lysosomes, but others
of unknown composition are observed through-
out the cytoplasm. The microanatomy of these
structures is presented in greater detail.

A fine network of the endoplasmic reticulum
is commonly observed scattered throughout the
cytoplasm of the cell (Plate 3.5-4). Both rough
endoplasmic reticulum (RER) containing ribo-
somes on the cytoplasmic surface, and smooth

endoplasmic reticulum lacking ribosomes, occur
in most species observed thus far. The rough
endoplasmic reticulum is the site of protein
synthesis in the cell, while the smooth endo-
plasmic reticulum is involved in lipid synthesis
among other functions. Free ribosomes scattered
in the cytoplasm are sometimes observed. The
proteins released by ribosomes and endoplasmic
reticulum are glycosylated and sulphated by
Golgi bodies. Resulting glycosaminoglycans
(polysaccharides) are major component of or-
ganic linings and organic cements, and assumed
of structural importance in the foraminifer shell
(Langer 1992).

The Golgi bodies (secretory organelles)
exhibit a typical eukaryotic profile in ultrathin
sections (Plate 3.5-4 and -5), consisting of a
stack of membranous cisternae producing infla-
ted saccules (swollen enlargements of the cis-
ternae at the perimeter of the Golgi complex)
containing secreted substances. Depending on
the physiological status of the cell, these secre-
tions may be digestive enzymes or other macro-
molecules synthesized by the cell and
concentrated within the Golgi complex, pack-
aged into vesicles and secreted into the cyto-
plasm. In the case of digestive enzymes, the
peripheral saccules of the Golgi complex become
concentrated with the hydrolytic enzymes, and
then are budded off as small vesicles called pri-
mary lysosomes. Cytochemical finestructure
evidence confirms that the Golgi complex in H.
pelagica, for example, is the site of lysosomal
enzyme production as evidenced by the dense
reaction product for the lysosomal acid phos-
phatase (digestive vacuole marker enzyme)
deposited in the cisternae and peripheral saccules
(Anderson and Bé 1976b).

During feeding, one of the most prominent
features of internal and external cytoplasm is the
abundant appearance of digestive vacuoles con-
taining a variety of prey matter in various stages
of decomposition (see Plate 4.1). These orga-
nelles varying in size from less than one micron
to several microns in diameter are quickly iden-
tified by the presence of a single peripheral
membrane surrounding a vacuolar space con-
taining clearly degraded or recently engulfed
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food material. When the vacuoles contain only
food material and have not yet formed digestive
stages, they are known as food vacuoles or
phagosomes. It is difficult to distinguish between
phagosomes and early lysosomes without special
cytochemical stains, as it is not possible to detect
the presence of the digestive enzymes in standard
fine structure preparations. The phagosome (food
vacuole) is converted to a digestive vacuole by
fusion of its membrane with a Golgi-derived
lysosomal vesicle, which empties its digestive
enzyme contents into the phagosome thus ini-
tialing enzymatic degradation of the food. The
pH of the phagosome is initially alkaline, but
becomes acidic usually before or concurrent with
fusion of the lysosomal vesicle (Anderson 1987).
Thus, the digestive vacuole is fundamentally a
small stomach within the cell containing an acid
environment and digestive enzymes to render the
large food molecules into smaller, more readily
assimilated compounds. After digestion is com-
plete, the vacuoles contain non-digestible debris
and are known as residual bodies. These waste
vacuoles or residual vacuoles as they are some-
times called, are typically transported by cyto-
plasmic streaming to the periphery of the cell,
where their contents are expelled into the sur-
rounding environment. Hence, these waste vac-
uoles are among the most commonly observed
larger cytoplasmic particles streaming toward the
periphery of the cell when viewed by light
microscopy.

Mitochondria and other membranous orga-
nelles are also observed in the streaming cyto-
plasm both in the region near the shell aperture
and within the rhizopodial strands surrounding
the shell or covering the spines. Upon death of
the cell, as occurs due to poor health, or when
there is some residual cytoplasm remaining in the
shell after gametogenesis, the masses of cyto-
plasm become moribund and usually decay
rather quickly within a few hours. This is caused
partially by action of residual digestive enzymes
within the cytoplasm that are released when the
digestive vacuoles decay, and also due to inva-
sion of the cell by bacteria, microflagellates, and
other lytic scavengers. Under some conditions,

however, the dead cytoplasm may linger for
considerably longer periods of time. It is inter-
esting to note that tests of G. hirsuta, G. trun-
catulinoides, and G. inflata, containing dead
cytoplasm, have been collected from the seabed
at a depth of 4000 m (Hemleben and Auras
1986). These either were living there or sank to
the sea-floor while still filled with dead
cytoplasm.

When planktic foraminifers capture prey,
vesicles containing adhesive substance
(Plate 3.5-6) are commonly observed in the
peripheral cytoplasm. These vesicles (ca. 1.0 µm
diameter) contain a clearly identifiable fine floc-
culent substance sometimes presenting a
fan-shaped configuration in ultrathin sections.
The vesicles are distributed throughout the rhi-
zopodial strands, and when the rhizopodial
plasma membrane is in contact with a prey sur-
face, the vesicles fuse with the membrane and
release their contents by exocytosis onto the prey
surface. The chemical composition of the adhe-
sive substance and its mechanism of forming the
masses of flocculent matter surrounding the prey
are not known.

During nuclear division accompanying
preparation for reproduction, numerous
multi-lamellar membranous bodies, called annu-
late lamellae, are observed in the cytoplasm close
to the Golgi complex of some species of planktic
foraminifers (Plate 3.5-7 and -8). As evidenced
by Spindler and Hemleben (1982), these annulate
lamellae are the origin of the double-membranes
used to form the nuclear envelope during rapid
division and dispersal of reproductive nuclei into
the cytoplasm (see Chap. 5.1).

3.5.5 Fibrillar Bodies

Large vacuoles filled with a fibrillar to fluffy
appearing substance, often of species-specific
morphology (Plate 3.6), are observed in the
cytoplasm of spinose and non-spinose species
(e.g., Hansen 1975; Anderson and Bé 1976a;
Leutenegger 1977). These “fibrillar bodies” or
vesicular reticulum (Hansen 1975) originate in
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the internal cytoplasm, and occur first as small
vacuoles with a densely packed mass of inter-
twined fibrillar material and tubules of varying
electron opacity. Subsequent stages enlarge and
the fibrillar contents become expanded, and
appear more fluffy forming a finely filamentous
mass, at places loosely laced with more sub-
stantial tubules of electron opaque material
(Plate 3.6-5). The degree of expansion and the
general electron opacity of the fibrillar system
may be species specific. For example, H. pelag-
ica possesses a compact array (Plate 3.6-1),
whereas O. universa and G. sacculifer exhibit
more expanded and fluffy fibrillar material in
mature stages (Plate 3.6-2, -3, and -4). In
non-spinose species, generally, the fibrillar bod-
ies exhibit a more electron-dense composition
with the tubules closely spaced within the oblong
vacuoles (Plate 3.5-6). The function of these
fluffy fibrillar bodies is unknown, although,
Hansen (1975) and Anderson and Bé (1976a;
1976b) suggested that among other functions
they may aid flotation.

Spero (1986, 1988) has hypothesized that the
fibrillar bodies may be a site of calcium storage
prior to shell calcification, based on transmission
electron microscopic observations that some
fibrillar bodies were released from cytoplasmic
vacuoles in the region of calcification during
spherical chamber deposition in O. universa.
Therefore, he concludes that these bodies are
calcification devices.

The large volume of the final stages of the
vacuoles and the apparent low density of the
organic matter filling the vacuolar space suggest
that the fibrillar bodies may enhance buoyancy.
With the possible exception of H. pelagica, none
of the planktic foraminifers possess a clearly
detectable external flotation device. The sub-
stantial weight of the calcite shell and spines
when present clearly produce negative buoyancy
and require some mechanism to sustain flotation
and permit the foraminifer to adjust its position in
the water column. Moreover, spines are pre-
sumed to provide anchorage for the rhizopodia

that radiate outward from the shell to enhance
food capture, and of themselves do not aid
buoyancy (Hemleben et al. 1989, and references
therein). At present, the fibrillar bodies appear to
be the most likely cytoplasmic structures medi-
ating buoyancy. They are present in all species of
planktic foraminifers examined by transmission
electron microscopy. They appear to be unique to
the planktic foraminifers as they have never been
observed in benthic foraminifers. In addition to
the fibrillar bodies, it is likely that buoyancy may
be enhanced by the presence of lipid droplets
dispersed throughout the cytoplasm.

3.5.6 Lipids and Various Cytoplasmic
Inclusions

Lipid droplets (food reserve bodies), vacuoles of
varying size and translucency, pigment granules,
and vesicles of unknown chemical composition
are commonly observed distributed throughout
the cytoplasm of many planktic foraminifers.
Lipid stores are frequently observed more den-
sely packed in the cytoplasm of the innermost
chambers, and become increasingly less abun-
dant in the peripheral cytoplasm. Likewise,
within a given chamber, lipid droplets are more
likely to be concentrated near the central cyto-
plasm and less abundantly at the periphery near
the wall. During the initial stages of gametoge-
nesis, the larger lipid bodies are fragmented into
smaller droplets and dispersed throughout the
cytoplasm. Moreover, in H. pelagica, a distinc-
tive red pigment appears prior to gametogenesis
and spreads throughout the internal cytoplasm
concurrent with lipid dispersal (see Chap. 5.1.2).

3.6 Summary and Concluding
Remarks

The living planktic foraminifers exhibit character-
istic cytoplasmic features and streaming activity
within and outside the calcareous test. In both
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regions, the cytoplasm is in constantmovement, but
more so in the external than in the internal cyto-
plasm. The internal cytoplasm can be differentiated
into three types of pseudopodia: (1) Rhizopods
(anastomosing and branching forms), (2) filopodia
(long, thin and straight), and (3) reticulopodia
(net-like). The filopodia are supported mostly by
internal filaments and sparsely grouped micro-
tubules.The cell organelles (nucleus,mitochondria,
peroxisomes, Golgi complex, endoplasmic reticu-
lum, annulate lamellae, vacuolar system, lipids, and
other inclusions) are typical of those observed in
other eukaryotic cells. A fibrillar system, floating
device or possibly calcification organelle, seems to
be unique among all known protozoa. Still, many
open questions on the ultrastructure of the planktic
foraminifers remain to be answered. For example,
high-resolution TEM analyses and molecular
genetic data shouldclarify the reproductionmodeof
planktic foraminifers, i.e. sexual versus asexual
reproduction.
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4Nutrition, Symbionts, and Predators

The temporal and spatial distribution of diet is
presumably a major cause for the regional dis-
tribution of planktic foraminifer species, by
providing the basis for growth and affecting their
fecundity. Species capable of subsisting on a
broad range of prey and efficiently assimilating
prey biomass more likely survive environmental
change, and more readily invade and adapt to
new environments than less tolerant species
(Hemleben et al. 1989). Planktic foraminifers are
basically omnivorous. Spinose species prefer a
wide variety of animal prey, including larger
metazoans such as copepods, pteropods, and
ostracods (Rhumbler 1911; Caron and Bé 1984;
Spindler et al. 1984). In addition, cannibalism
has been reported (Hemleben et al. 1989, and
references therein). Non-spinose species are lar-
gely herbivorous, and accept animal prey. In
addition to prey organisms such as diatoms,
dinoflagellates, thecate algae, and eukaryotic
algae, muscle tissue and other animal tissue have
been found as contents of food vacuoles in
non-spinose species (Anderson et al. 1979).
Subsurface dwelling species like Globorotalia
scitula may feed on settling organic matter, and
may be characteristic of vertical flux of organic
matter within tropical to temperate waters (Itou
et al. 2001). Little is known about the possible
role of bacteria in the diet of planktic fora-
minifers. The position of planktic foraminifers in
the marine food web differs from that of other
protozoans, and ranges above the base of het-
erotrophic consumers (Hemleben et al. 1989).

Predators specialized on planktic foraminifers are
not known, but tests have been found in pter-
opods, salps, shrimps, and other metazooplank-
ton (e.g., Berger 1971).

4.1 Capture and Digestion of Prey

When capturing prey (Plate 4.1-1 and -2), the
foraminifer rhizopodia engulf the major appen-
dages and broad surfaces (Plate 4.1-7) of the
prey (Spindler et al. 1984). Masses of adhesive
substance originating from the Golgi apparatus
surround the prey, and apparently enhance
attachment and aid in subduing the struggling
prey (Anderson and Bé 1976a). Subsequently,
the carapace of the prey is ruptured, and rhi-
zopodial streaming carries lipids, muscle tissue
(Plate 4.1-3 and -8), and other soft tissues toward
the aperture of the foraminifer (Hemleben and
Spindler 1983). Digestive vacuoles formed in the
external and internal cytoplasm (Plate 4.1) con-
tain prey tissue in various stages of digestion.
Lysosomal (digestive) enzymes may be secreted
by primary lysosomes (digestive vesicles), and
are concentrated within the larger and smaller
digestive vacuoles distributed throughout the
cytoplasm (Anderson and Bé 1976a). Large
quantities of lysosomal enzymes are also
observed in extracellular spaces surrounding the
prey, and may be secreted as a means of predi-
gesting some of the prey tissue before it is
enclosed within digestive vacuoles.
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4.1.1 Natural Prey

Planktic foraminifers similar to other protozoa
rapidly form digestive vacuoles and quickly
consume their prey. Larger prey organisms may
be visible in the corona of rhizopodia and spines.
Empty carapaces of copepods may remain for
several hours within the rhizopodial net of some
foraminifer species, for example, H. pelagica and
G. sacculifer for some hours (Spindler et al.
1984). Light microscopic examination of speci-
mens immediately after sampling, and rapid fix-
ation for transmission electron microscopy
facilitates identification of large and small prey
(Plate 4.1) within the peripheral and internal
cytoplasm (Anderson and Bé 1976a; Bé et al.
1977; Anderson et al. 1979; Spindler et al. 1984).

In general, spinose planktic foraminifers
prefer zooplankton protein (Table 4.1) over

phytoplankton protein (Anderson 1983). In turn,
non-spinose species are more adapted to herbiv-
orous than carnivorous diet, as deduced from
field and laboratory observation (Anderson et al.
1979; Hemleben and Auras 1984; Hemleben
et al. 1985; Hemleben and Spindler 1983).
Metazoan tissue in the digestive vacuoles of non-
spinose species may be obtained from inactive or
dead animals, since the ability of non-spinose
species to catch motile prey has been observed
(in laboratory culture) to be rather limited.

Prey of spinose species collected from the
Sargasso Sea near Bermuda, and open ocean
locations off the West Indies included copepods,
hyperiid amphipods, and tunicates (Anderson
et al. 1979). Spinose planktic foraminifer species
examined for prey contained both animal and
algal prey, with the exception of presumably
exclusively carnivorous H. pelagica (Hemleben

b Plate 4.1 (1) Adult O. universa with fresh copepod prey captured in the natural environment. (2) Ingested tissues of a
copepod and empty carapace to be discarded by G. sacculifer. (3) Copepod muscle tissue in G. siphonifera. (4) Largely
undigested thecale dinoflagellate in food vacuole of G. truncatulinoides. (5) Empty diatom frustrules in G. inflata. (6)
Digestive vacuole of N. dutertrei with an empty diatom frustule and unidentified material. (7) Artemia salina snared
by H. pelagica, with bundles of rhizopodia (arrow) carrying the prey toward the foraminifer test (from Spindler
et al. 1984). (8) Artemia salina snared by N. dutertrei and transported toward the aperture. Bars (1, 2, 7, 8) 250 µm,
(3–5) 3 µm, (6) 0.5 µm

Table 4.1 Relative share of food organisms in the diet of various planktic foraminifers. Data on G. sacculifer after
Caron and Bé (1984).

G. sacculifer G. siphonifera O. universa G. ruber H. pelagica

Number of observations 1124 812 198 456 207 625

Specimens with prey (%) 17.0 29.6 26.8 36.0 24.6 43.2

Copepods 44.0 45.4 47.2 41.5 39.2 *

Ciliates 26.7 27.5 30.1 33.6 19.6

Tunicates 6.3 2.1 – 1.8 2.0

Pteropods 1.0 2.5 1.9 – 2.0

Chaetognaths 0.5 1.3 1.9 – –

Radiolarians 6.8 2.5 5.7 1.2 3.9

Crustacean & Polychaete larvae 2.1 4.2 5.7 4.9 7.8

Ostracods 0.5 0.8 – – 2.0

Siphonophores 1.0 – – – –

Various eggs – – 2.1 5.5 9.8

Undeterminable 11.0 11.7 7.5 11.6 13.7

*In H. pelagica, remains of copepods comprised > 90 % of food items. Larvae, non-tintinnid ciliates, and tunicate
remains were rare

4.1 Capture and Digestion of Prey 131



et al. 1989). Laboratory studies and examination
of specimens collected near Barbados have shown
that G. sacculifer is omnivorous, and consumes a
substantial amount of tintinnids and diatoms
(Spindler et al. 1984). Juvenile and neanic
(around 80 µm test size) spinose planktic fora-
minifers collected from the natural environment,
and those observed in laboratory cultures, mostly
consume phytoplankton prey. Individuals col-
lected with a 10-µm net may be reared to maturity
when only fed algae (Hemleben et al. 1989).

Feeding in culture: In some cases, pre-
adult foraminifer individuals accept the
algal prey when simply added to the culture
vessel. Foraminifer individuals, which do
not accept or reach the offered prey may be
gently collected with a wide pipette and
released just beneath the water surface in
the culture vessel. When settling through
the water column, the rhizopodia will cap-
ture prey. The feeding procedure may be
repeated twice a day to ensure adequate
nutrition, depending on the objective of the
experiment. Natural prey from filtered (with
a 10-µm filter to remove large particles)
seawater provides a sufficient source of food
to pre-adult planktic foraminifers. After 10–
20 min in the feeding vessel, the individuals
may be removed with a pipette and returned
to the maintenance culture vessel.

Non-spinose species are omnivorous with a
preference for herbivorous food (Spindler et al.
1984; Hemleben and Auras 1984; Hemleben
et al. 1985). Diatoms are major part of the diet of
many non-spinose species including G. scitula,
G. truncatulinoides, G. hirsuta, G. inflata, N.
dutertrei, P. obliquiloculata, and G. glutinata
(Table 4.2). Tintinnid loricas were observed in
the digestive vacuoles of G. menardii, indicating
that the species preys also upon protozoa in
addition to algae and larger zooplankton prey
(Hemleben et al. 1977). Ingestion of protzoan
prey has been assumed abundant but indis-
cernible in both spinose and non-spinose species,
since the cytoplasm of the protozoa may be
quickly consumed in the digestive vacuoles of
planktic foraminifers, and would appear as
merely non-identifiable animal biomass (Hem-
leben et al. 1989). Ciliary membranes, muco-
cysts, and ejectible organelles were observed
(TEM imagery) among digested cytoplasmic
components, and indicate the presence of ciliate
prey (Caron and Bé 1984). Algal prey is identi-
fiable by plastids, which are rather resistant to
digestion until the late stages of digestion
(Hemleben et al. 1989).

The average ratio of planktic foraminifers
containing prey is rather variable between spe-
cies, and highest in H. pelagica and O. universa
(Table 4.1). Copepods are the major group of
identifiable prey organisms observed in spinose
species (Caron and Bé 1984; Hemleben et al.

Table 4.2 Prey of non-spinose planktic foraminifers as evidenced from contents of food vacuoles by transmission
electron microscopy (including data from Anderson et al. 1979; from Hemleben et al. 1989).

Algal prey Animal prey

G. glutinata D

N. dutertrei D, E, T A

N. pachyderma D, E

P. obliquiloculata D, Dn A, M

G. inflata D, Dn A, M

G. truncatulinoides D, E, T A, M

G. hirsuta D, Dn, E, T A, M

G. menardii D, E, T A, M

A is unidentifiable animal tissue, D are diatoms, Dn are Dinoflagellates, E are eukaryotic algae, M is muscle tissue, T
are thecate algae

132 4 Nutrition, Symbionts, and Predators



1989). Non-spinose species consistently con-
tained phytoplankton prey, i.e. mainly diatoms in
their digestive vacuoles (Table 4.2), visualized
by TEM images (Anderson et al. 1979; Spindler
et al. 1984). Food remains may be stored in
feeding cysts as, for example, in G. glutinata.
A thick organic wall encloses numerous residues
of digested diatoms, i.e. empty frustrules within
the cavity of the cyst, and within digestive vac-
uoles in the cytoplasm of the foraminifer
(Spindler et al. 1984).

4.1.2 Laboratory Studies on Trophic
Activity

Culture experiments to examine the feeding
behavior were done with spinose planktic fora-
minifers collected off Barbados, and non-spinose
species collected near Bermuda (Spindler et al.
1984). Five spinose species were cultured using a
modular system (see Chap. 10, Methods) of
constant temperature baths (26.5 °C or 29.5 °C
equivalent to open ocean conditions) with
fluorescent illumination simulating a water depth
of 10–30 m. Five non-spinose species were
cultured at 15 to 20 °C equivalent to the temper-
atures in their natural habitat (Hemleben et al.
1989). Not all of the foraminifer species were
present throughout the period of the experiment as
seasonal abundances varied (Tables 4.3 and 4.4).

The food organisms offered to the planktic
foraminfers were copepods from the suborders
Calanoida (Calocalanus pavo (Dana), Euchaeta
marina (Prestandrea), Clausocalunus sp., Und-
inula vulgaris (Dana), and Acartia spinata

Esterly, Cyclopoida (Oncaea venusta Philippi,
Oncaea mediterranea Claus, Farranula gracilis
(Dana)), and Corycaeus speciosus Dana, and
Harpacticoida (Macrosetella gracilis (Dana), and
Miracia efferata Dana).

Globigerinoides sacculifer was observed to
capture and digest three of the four offered
calanoid copepods. Euchaeta marina offered
twice to G. sacculifer was the only calanoid
copepod species, which escaped the predator
after some minutes, and could not be devoured.
In general, the acceptance rate of cyclopoid
copepods was much lower than that of calanoids
(Table 4.3). Out of 75 feeding trials only 18 of
the trials with F. gracilis were successful (24 %).
Oncaea venusta, O. mediterranea, and C.
speciosus were offered 38 times to G. sacculifer,
but were never accepted. Likewise, harpacticoid
copepods were never accepted. A variety of other
zooplankton were readily accepted and digested
including pteropods, tunicates (Oikopleura),
polychaete larvae, ostracods, heteropods, gas-
tropod larvae, unidentified eggs, tintinnids, radi-
olarians, and acantharians.

Globigerinoides ruber was least adapted
among the spinose species to feeding on cope-
pods in laboratory culture. The acceptance rate of
calanoid copepods was 20 %, and lowest among
the examined species examined. G. ruber seems
not to be as robust as G. sacculifer in laboratory
culture, and tends to shorten or lose its spines.
Hence, its low food acceptance rate in laboratory
culture may not be representative of its behavior
in the open ocean.

Globigerinella siphonifera rejected half of the
offered copepod individuals (Table 4.3).

Table 4.3 Acceptance rates of copepod suborders by planktic foraminifers.

Calanoida Cyclopoida Harpacticoida

ac:re % ac ac:re % ac ac:re % ac

G. ruber 5:19 20 0:7 0 0:6 0

G. siphonifera 25:24 51 3:28 10 0:16 0

H. pelagica 6:3 67 3:11 21 0:10 0

G. sacculifer 66:16 80 18:57 24 0:28 0

O. universa 19:22 61 4:6 33 1:3 25

Adopted from Spindler et al. (1984). ac signifies accepted, re signifies rejected
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Cyclopoid copepods were digested in only 10 %
of the trials, and harpacticoids were always
refused. Hastigerina pelagica digested both
calanoid and cyclopoid copepods, whereas
harpacticoids were also refused (data on H.
pelagica are based on a rather limited set of 24
observations). The average digestion time
(Table 4.4) for cyclopoid copepods is much
longer than for calanoids, even though some of
the cyclopoids were smaller (Spindler et al.
1984). The longer average digestion time for
cyclopoids may be due to a different structure of
the carapace compared to that of calanoids
(Hemleben et al. 1989). Average feeding inter-
vals of about 26–31 h indicate total food
requirements (DT total) at the species level
(Table 4.4). The actual feeding intervals in the
natural environment are assumed shorter than in
the laboratory experiments. A mixed diet of
smaller prey including juvenile stages of cope-
pods typical of the natural environment probably
requires less time for digestion than less diverse
laboratory food.

Orbulina universa appears to be best adapted
to copepod predation among the five spinose
species studied (Table 4.3), capturing and
digesting at least five species from the three
suborders calanoid, cyclopoid, and harpacticoid
copepods (Spindler et al. 1984). Among other
zooplankton-prey, O. universa consumed tuni-
cates (Oikopleura), copepod (Artemia) nauplii,
and acantharians (Anderson et al. 1979). Algal
prey contained in the digestive vacuoles of O.
universa included the colorless dinoflagellate

Cryptothecodinium cohnii (Seligo), the chryso-
monad flagellate Dunaliella sp., and the diatom
species Thalassiosira pseudonana (Hasle and
Heimdale). The diatom Skeletonema costatum
(Greville) was offered to O. universa but not
devoured. However, the diet of O. universa
changes over the course of ontogeny from more
herbivorous in pre-adult, to more carnivorous in
adult individuals. O. universa is clearly omniv-
orous considering the range of prey consumed
and digested.

4.1.3 Laboratory Experiments
on Omnivorous Feeding

The adaptability of planktic foraminifers to a
wide variety of environmental conditions, and
ability to survive changes in food-availability
may depend in part on the extent of their
omnivorous behavior, i.e. the dependence on
zooplankton versus phytoplankton carbon (e.g.,
Anderson et al. 1979). In a laboratory experi-
ment, dinoflagellate prey (Amphidinium carteri)
and crustacean prey (Artemia nauplii) was
offered at discretion to the omnivorous and
symbiont-bearing species G. siphonifera, G.
sacculifer, and G. ruber collected near Barbados
(Anderson 1983). The prey consumed over a
two-hour feeding interval, and subsequently
digested over the ensuing 24-hour period was
determined from the algal and animal protein
biomass consumed by each foraminifer species
(Table 4.5).

Table 4.4 Digestion time (DT [hours]) of different food organisms.

Food organisms

Foraminifer
species

Food remains
(%)

A. salina
Nauplius

Calanoid
Copepod

Cyclopoid
Copepod

Harpacticoid
Copepod

DT
total

O. universa 36 2:26 7:07 16:32 11:05 28:53

G. sacculifer 30 3:34 7:10 9:39 (+) 26:00

G. ruber 25 3:55 7:45 (−) (−) 31:12

G. siphonifera 27 3:47 7:57 9:27 (−) 30:44

H. pelagica 53 3:34 8:54 25:49 (−) 24:20

Digestion times for Artemia salina nauplii only account for the time from catching to total digestion. Times for other
copepods include the ejection time of the empty carapace (adopted from Spindler et al. 1984). Plus (+) indicates
digestion observed without exact times, minuses (−) indicate that food was not accepted
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Globigerinoides ruber seems to be less
dependent on zooplankton consumption than G.
siphonifera and G. sacculifer (cf. Spindler et al.
1984). The relatively enhanced consumption of
algal protein by G. ruber may indicate its capa-
bility of obtaining more energy input from pri-
mary producers than the other two species, and is
thus more competitive in regions of low primary
productivity. Consequently, the abundance of G.
ruber may in part be attributed to its capacity to
efficiently feed on primary producers, and thus
establish an advantage in competing for energy
resources in regions of limited productivity by
preying at the base of the trophic pyramid.

The efficiency of spinose planktic foraminifers
in capturing and digesting zooplankton prey is
possibly supported by their spines, as demon-
strated in laboratory studies, and might account
in part for their success in inhabiting a wide
range of marine environments. Those environ-
ments accommodate diverse groups of phyto-
plankton and zooplankton serving as food
sources of the planktic foraminifers.

The rhizopodial net of non-spinose species
including G. truncatulinoides, G. hirsuta, G.
inflata, P. obliquiloculata, and G. glutinata is
possibly not suited to capture living prey like
copepods (laboratory observations). Small pieces
of prey produced by chopping the copepods into
small servings are accepted by non-spinose spe-
cies when being moved near the rhizopodia.
However, non-spinose species might prey on
some small zooplankton in their natural envi-
ronment. Muscle tissue and other metazoan re-
mains were identified in the digestive vacuoles of

non-spinose species collected near Bermuda
(Anderson et al. 1979). The behavior of
non-spinose species in laboratory culture is likely
biased by the fact that they often adhere to the
bottom of the culture vessel, and are rarely
floating as in the open ocean. Therefore, their
rhizopodial net may not be freely extended, and
is often spread out on the glass surface of the
culture vessel. Nonetheless, there is evidence that
generally omnivorous non-spinose species prefer
herbivorous over carnivorous prey (Spindler
et al. 1984). A mixed diet of diatoms (Nitzschia
sp.) and Artemia nauplii (chopped) seems to
support growth rates and extended survival of
cultured non-spinose species (Anderson et al.
1979).

4.1.4 Cannibalism

Cannibalism is a particular case of a carnivorous
diet, and may occur when two or more specimens
of non-spinose species come into contact. The
rhizopodia of involved individuals become clo-
sely intertwined, and the larger individual usually
invades and consumes the cytoplasm of the
smaller one. In laboratory cultures, juvenile
specimens are often cannibalized if placed in the
same dish with an adult organism regardless of
the species of the two organisms. Cannibalism of
adult individuals feeding on juveniles has been
observed in laboratory cultures of the non-spinose
species G. hirsuta, G. inflata, and G. truncatuli-
noides, and has been suspected in the spinose
species G. ruber, G. sacculifer, and O. universa.

Table 4.5 Comparative
data on zooplankton and
phytoplankton predation of
three planktic foraminifer
species (after Anderson
1983)

Species Prey protein consumeda (lg) Z/P ratiob

Zooplankton Phytoplankton

G. siphonifera 5.56 0.02 278

G. sacculifer 4.82 0.026 158

G. ruber 3.74 0.032 117
aBased on a standard aliquot of Amphidinium carteri as a phytoplankton prey and 1-day
old Artemia nauplii as zooplankton prey offered in laboratory cultures
bRatio of zooplankton protein to phytoplankton protein consumed during a period of 2 h
exposure to prey
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4.1.5 Effect of Food Availability
on Test Development

The amount of food available during different
ontogenetic stages was shown in culture experi-
ments to affect the test development in O. uni-
versa. Unfed juvenile specimens construct very
small final spherical chambers, while well-fed
individuals develop larger spherical chambers,
independent of the temperature at which they are
cultured. Excess feeding of adult individuals with
a spherical chamber can induce the construction
of a second spherical chamber. Either a complete
sphere may be attached to an earlier smaller
sphere, or an incomplete second sphere may be
added, intersecting the first sphere (Plate 5.3-9
and -10, see Sect. 5.1.3). These forms are termed
‘Biorbulina’ morphotypes (e.g., Hemleben and
Spindler 1983). Although those culture experi-
ments provide basic information on the food
requirements in planktic Foraminifera, they may
not be fully representative of optimal nutritional
conditions in the natural environment.

4.1.6 Feeding Frequency

Based on observations of natural prey density
and an empirical quantitative model, G. sac-
culifer is assumed to capture on average one
copepod every 3.3 days (Caron and Bé 1984),
which is significantly longer than the 26 h
deduced by Spindler et al. (1984). However,
about 56 % of the natural prey of G. sacculifer
were found to be organisms other than copepods,
such as chaetognaths, acantharians, and ciliates,
and with digestion times shorter than those for
copepods (Caron and Bé 1984). If fed only

copepods in laboratory culture, one specimen per
day again seems reasonable to satiate G.
sacculifer.

Planktic foraminifers are capable of capturing
and digesting considerable quantities of prey
often exceeding their own size by several times.
Foraminifers of about 300 µm in test diameter
may feed on copepods, which are two to three
times their size. Several prey organisms can be
digested simultaneously if the planktic fora-
minifer is in need of food. G. sacculifer was
observed in laboratory culture to digest four
Artemia nauplii at the same pace required for
digestion of one nauplius. In turn, spinose spe-
cies can survive several weeks without food
supply in laboratory culture. H. pelagica was
observed to survive for an average of 16.4 days
without food supply (Anderson et al. 1979).

4.1.7 Trophic Activity and Longevity

Survival rates and vitality of G. truncatulinoides
and H. pelagica are affected by the quality of
algal food, as assessed in laboratory cultures
(Anderson et al. 1979). Globorotalia truncatuli-
noides shows clear preference for E. huxleyi over
diatom and dinoflagellate prey (Table 4.6).
Emiliania huxleyi is abundant also in the natural
environment off Bermuda (Hulburt et al. 1960),
where the G. truncatulinoides individuals for the
laboratory cultures were obtained. Vitality of G.
truncatulinoides assessed by the number of
chambers filled with cytoplasm (Table 4.7).

Daily feeding of G. truncatulinoides with
food as large as Artemia nauplii results in a mass
of moribund cytoplasm around the aperture of
the foraminifer test, and causes premature death.

Table 4.6 Average survival times (AS Time) of four groups of G. truncatulinoides of 20 specimens each, fed with
different food items. Data from Anderson et al. (1979)

Food Item Species AS Time (days)

Diatom Thalassiosira pseudonana 11.4

Dinoflagellate Gymdoninium sp. 11.4

Coccolithophore Emiliania huxleyi 21.6

Unfed control group none 16.9
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In turn, three-day feeding intervals yield maxi-
mum average longevity of 34.6 days (Table 4.7).
When G. truncatulinoides are allowed to feed at
discretion from naturally grown diatoms (Nitz-
schia spp.), the foraminifers establish a regular
temporal pattern of ingestion, and longevity is up
to 16.4 days. Having occupied a site on the
bottom of the dish, they gather diatoms by rhi-
zopodial streaming, and digest the prey in a
feeding cyst. When the prey is consumed, food
remain are discarded as a ring of debris around
the specimen, and the foraminifer moves to a
new location by rhizopodial extension and con-
traction, and the feeding cycle is repeated.
Finally, a series of waste disposals indicate the
former feeding sites of the foraminifer on the
bottom of the culture vessel.

When G. truncatulinoides is allowed to feed
at discretion, food consumption leads to an
increase in cytoplasmic mass, and a new chamber
may be added every 24–48 h. In turn, if the
foraminifer is over-fed, excess cytoplasm may
not be included in a single new chamber, and
fragments of the excess cytoplasm are discarded.
Those fragments of cytoplasm may exist for
several days as amoeboid-like bodies exhibiting

regular cycles of expansion and contraction, and
their rhizopodial cytoplasm appears to stream in
a normal way. However, those cytoplasm frag-
ments have never been observed to develop into
a mature test-bearing individual in laboratory
culture, and may not contain a nucleus.

Vitality of H. pelagica is indicated by the
presence of rhizopodia and a well-developed
bubble capsule, i.e. the abundance of cytoplasm
in floating specimens (Table 4.8). When fed at a
daily schedule, gametogenesis (see Chap. 5) of
H. pelagica is more regular and more prompt
than at longer feeding-intervals, resulting in
shorter average survival times than at a six-day
feeding schedule (Table 4.8). Six-day feeding
intervals appear to merely keep H. pelagica at a
basic subsistence level, and longer feeding
intervals even cause significantly reduced aver-
age survival times (Table 4.8). Assuming that
daily feeding is more likely than a six-day
feeding regime in the natural environment
(Spindler et al. 1984), it may be concluded that
gametogenesis of H. pelagica follows a rather
prompt periodic timing within the lunar synodic
cycle under normal open ocean conditions.

Table 4.7 Median survival times and vitality scores for G. truncatulinoides as a function of feeding interval.

Feeding interval Mean survival (days) Mean vitality score (days)

Three days 34.6 4.0

Twelve days 22.3 3.2

Starved 16.3 1.6

The vitality score is based on the number of chambers filled with cytoplasm. A score of 4 was given in case all
chambers were filled, 3 if the final chamber was empty. When two, three, or four chambers were empty, the score of 2,
1, and 0 was applied, respectively. The overall score assigned was the most frequent score during the life span of each
specimen. Ten specimens were analyzed per group. After Anderson et al. (1979); from Hemleben et al. (1989)

Table 4.8 Median survival time and vitality score (mean days floating) for H. pelagica as a function of feeding
interval. 30 specimens analyzed per group.

Feeding interval Mean survival (days) Mean floating time (days)

Daily 23.2 17.7

Six days 26.8 21.7

Twelve days 17.4 12.9

Starved 16.4 13.7

After Anderson et al. (1979); from Hemleben et al. (1989)
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Longevity as well as test size of planktic fora-
minifer individuals is affected by the availability of
food. Daily feeding of G. sacculifer with Artemia
nauplii results in more rapid growth rates and
earlier gametogenesis (i.e. decreased longevity)
than feeding at longer time-intervals, at varying
temperature, salinity, and illumination (Table 4.9)
under laboratory conditions (Bé et al. 1981; Caron
et al. 1982; Caron and Bé 1984; Hemleben et al.
1987). Hence, it may be assumed that food
deprivation in the natural environment may result
in slower growth rates and prolonged life spans of
G. sacculifer, and survival until more favorable
ecological conditions arise for reproduction and
enhanced survival rates of the offspring.

4.2 Biomass

Quantity and distribution of planktic foraminifer
biomass are indispensible measures for the
assessment of their effect on the modern and past
marine carbon turnover and biological carbon
pump. The ratio of organic carbon and inorganic
CaCO3 bound carbon of planktic foraminifers
provides a proxy for the reconstruction of the
ancient biological carbon pump in addition to the
d13C proxy of their tests (e.g., Sigman and Haug
2003). Most of the planktic foraminifer biomass is
included in the cytoplasm, and amounts to *2.8
times the carbon mass included in the test calcite.
Put the other way round, the calcite-carbon mass
of the test of living specimens is approximately
36 % of the protein-C biomass (Schiebel and
Movellan 2012). In addition, biomass contained in

organic tissues within the planktic foraminifer test
wall amounts to *0.025 % by weight (King
1977), although considerably varying between
species, and is negligible in comparison to
carbon-biomass of cytoplasm. About 10 % of
cytoplasm-bound carbon of planktic foraminifers
is at depths below the surface ocean (i.e. export
production, see, e.g., Koeve 2002) and results
basically from the downward flux of cytoplasm
filled tests, and to some degree from
deep-dwelling species (see Chap. 7).

The size-normalized protein-biomass of dif-
ferent species, and the planktic foraminifer
assemblage biomass from different latitudes and
different months and seasons (Fig. 4.1) are affec-
ted by trophic conditions, i.e. chlorophyll a con-
centration and availability of prey (Meilland
2015). Lower assemblage biomass in the western
North Pacific off northern Honshu (Japan) than in
the eastern NorthAtlantic results from a small-size
fauna dominated by N. incompta (Movellan
2013). The same is true also for high latitudes and
High-Nutrient Low-Chlorophyll (HNLC) regions
(see Glossary), as shown by first data from the
southern Indian Ocean (Meilland 2015). Higher
assemblage biomass in surface waters, and
decreasing biomass towards the deeper water
column results fromdecreasing standing stocks (in
addition to flux-related effects). Differences in
individual planktic foraminifer biomass are
assumed to result from the quantity and quality of
prey. However, effects exerted on the planktic
foraminifer biomass production by ecological
conditions are far from understood, and need to be
determined for the ontogenetic development of

Table 4.9 Influence of light intensity on chamber formation.

Light regime N Survival time Frequency of gametogenesis Rates of chamber formation

Fed daily Ev. 3. day Ev. 7. day Unfed

H 189 15.6 90 0.30 0.21 0.008 0.01

L 189 9.1 92 0.37 0.28 0.21 0.07

D 189 4.2 85 0.34 0.25 0.18 0.08

High light intensity (H), low light intensity (L), and darkness (D). Feeding intervals and survival time in days,
occurrence of gametogenesis (%), ev. means every. Shell growth given as rates of chamber formation per day,
calculated from the total number of chambers formed during the survival time of G. sacculifer. Adopted from Caron
et al. (1982)
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species, before being used in modeling, and
applied as a proxy of the biological carbon pump
in paleoceanography (Meilland 2015).

In contrast to assemblage biomass, variation of
the protein and carbon biomass of individuals
planktic foraminifers is rather limited (Fig. 4.2),
as shown by data of 21 different morphospecies,
and a total of 2570 samples from different ocean
basins (Schiebel and Movellan 2012; Meilland
et al. 2016). Exceptions are species with different
test architecture like adult spherical O. universa,
as well as very large specimens of various species
(Fig. 4.2). Although the ontogenetic development
of biomass in H. pelagica is similar to other spe-
cies (Fig. 4.2a), the biomass-to-weight ratio ran-
ges above the ratio in other species due to the thin
and light test of H. pelagica (Movellan 2013).

The ontogenetic development of biomass fol-
lows a logarithmic increase with test volume
typical of allometric relationship in planktic fora-
minifers (Fig. 4.3). Remarkably, small individu-
als (>100–125 µm in test size) of various species
produce the same or even larger quantity of

biomass as individuals of the next larger test-size
interval, >125–150 µm (Movellan 2013). The
phenomenonmight be explained due to changes in
the metabolism during ontogenetic development,
and transition from the juvenile to neanic, or
neanic to adult stage depending on species (see
Chap. 6). The phenomenonmay also be explained
by methodical/statistical effects, and a higher fre-
quency (and thus more data) of small than large
individuals (cf. Peeters et al. 1999; Schiebel and
Hemleben 2000). The size-related development of
biomass also differs between the trochospiral and
spherical tests produced byO. universa (Fig. 4.4).
Test mass in spherical O. universa seems to be
larger than in trochospiral individuals (Fig. 4.4a),
whereas the protein-biomass is larger in the latter
(Fig. 4.4b, c). Although none of those relations is
statistically significant, the trend in biomass-
distribution in O. universa is assumed to be real,
and the magnitude follows the average overall
ontogenetic development (Fig. 4.3). Data from
additional species and from are wider variety of
regions and environmental settings, are needed to

Fig. 4.1 The increase in protein biomass and test mass
with size (minimum diameter) in individuals from differ-
ent ocean basins follows the same trends. (a) In general,
variability of biomass is higher in small-sized than
large-sized individuals (n = 561, r2 = 0.745 (exponential
fit), p < 0.00001, standard deviation of the residu-
als = 1.612). (b) Variation of test weight with size relates
to species with different test architectures (n = 646).

Different size-to-weight ratios of different species result in
a low r2 = 0.571 (linear fit), p < 0.00001, standard
deviation of the residuals = 6.623. (c) Relation of size
and silhouette area, the latter of which has been shown to
constrain size-and-weight changes to a high degree (Beer
et al. 2010), with n = 660, r2 = 0.974, p < 0.00001. From
Schiebel and Movellan (2012)
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better understand the production of biomass dur-
ing the ontogenetic and metabolic development of
planktic foraminifers.

4.3 Symbiosis

Associations of algae and spinose planktic fora-
minifers are visible with the naked eye, and were
first reported as early as the late 19th century
(Murray 1897). Species such as G. sacculifer
appear colored distinctly yellowish-brown due to
the abundance of dinoflagellates within the rhi-
zopodial system and in the internal cytoplasm. In
the absence of algae, the cytoplasm is colorless

or only faintly colored amber, reddish, or
greenish, depending on the type of food con-
sumed by the foraminifer. The significance of
algae as symbionts of planktic foraminifer hosts
was recognized in the mid 20th century (Hem-
leben et al. 1989, and references therein). The
widespread occurrence of algal associations
especially with the spinose planktic foraminifers
suggests that those relations are of profound
significance in the physiology and possibly
phylogeny of species. Photosymbiosis in planktic
foraminifers was possibly developed in the late
Cretaceous as indicated by the isotopic compo-
sition of fossil tests (e.g., Houston and Huber
1998; Houston et al. 1999).

Globigerina bulloides
Globigerinella siphonifera
Globigerinita glutinata
Globigerinoides ruber
Globigerinoides sacculifer 

Globorotalia inflata
Globorotalia scitula
Globorotalia truncatulinoides
Hastigerina pelagica
Neogloboquadrina dutertrei

Neogloboquadrina pachyderma
Orbulina universa
PD intergrade
Turborotalita quinqueloba
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Fig. 4.2 Protein-biomass of 16 planktic foraminifer
species from different hydrologic and trophic settings in
the Atlantic and Pacific Oceans, sampled between the sea
surface and 2500 m water depth. (a) Size-to-protein,
(b) size-to-test mass, and (c) size-to-test weight relations
show that the biomass distribution in most species is
largely similar. Exceptions are very small (see N.
incompta) and very large specimens (see O. universa

and H. pelagica), and species with different test architec-
ture. Data from additional five species (G. calida,
G. falconensis, G. rubescens, G. tenella, G. uvula) are
not shown here because too few data points are available.
Regression-lines are given on a double-logarithmic scale.
The entire legend is valid for all three panels of graphs
a–c. From Movellan (2013)
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Fig. 4.3 The development of biomass with increasing
size is largely logarithmic. However, the smallest ana-
lyzed test-size fraction >100–125 lm generally bears
slightly more biomass than the next larger test
size-fraction >125–150 lm. Average protein-biomass
versus minimum diameter displayed as median values,

notches, and the upper and lower quartiles for the
respective size bins. The arithmetic mean of
protein-biomass of the two smallest size bins is similar
at 0.7 lg C per specimen. Circles and crosses indicate
outside and far outside values, respectively. From
Schiebel and Movellan (2012)
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Fig. 4.4 (a) The size-to-protein development in O.
universa changes between the production of the
pre-adult trochospiral test (red circles), and the adult
spherical test (black circles), and is related to
(b) size-to-test mass changes between the two stages in

test formation. (c) The test weight-normalized biomass in
O. universa is larger in the trochospiral than the spherical
stage. All of those differences are statistically not
significant. The dashed line gives the regression for all
data. From Movellan (2013)
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Most spinose planktic foraminifers are asso-
ciated with algal symbionts. The cellular struc-
ture of algal associates indicates only one type of
dinoflagellate symbiont, and at least two kinds of
chrysophycophytes, which differ in the organi-
zation of plastids at the periphery of the cell
(Hemleben et al. 1989). Some non-spinose spe-
cies appear to facultatively harbor symbionts,
which are capable of photosynthesizing within
the perialgal vacuoles, and may eventually be
digested by the foraminifer. In comparison to
planktic foraminifers, benthic foraminifers har-
bor a wide variety of algal symbionts including
dinoflagellates, diatoms, and red algae, most of
which are non-motile endobionts within the
cytoplasm and perialgal vacuoles.

Data from culture experiments suggest that
photo-receptive algae are intimately involved in
the daily rhythm of the foraminifer including
cytoplasmic activity, and the diel pattern of algal
symbiont distribution in the external cytoplasm
(cf. Bé et al. 1977). Symbiont activity in some
planktic foraminifer species affects oxygen levels
and pH, and hence potentially calcification
(Jørgensen et al. 1985; Rink et al. 1998; Köh-
ler-Rink and Kühl 2000, 2001, 2005; Hönisch
et al. 2003; Lombard et al. 2009).

Whereas symbiosis is relatively well known in
planktic foraminifers, relations and processes of
commensalism and parasitism are less well
understood. The presence of algae within or near
the rhizopodial array of planktic foraminifers
does not provide sufficient evidence for active
symbiotic association. Algae may simply hover
near the planktic foraminifer to obtain metabolic
products as commensals, others ingest

foraminifer cytoplasm, and some mutually ben-
efit from the planktic foraminifer as symbionts.

4.3.1 Host-to-Symbiont Associations

Dinoflagellates and chrysophytes are the pre-
dominant type of symbiont associated with spi-
nose planktic foraminifers (Table 4.10, Fig. 4.5)
(e.g., Spero and Parker 1985; Spero 1987). The
factors determining the association of particular
algae with particular hosts are not known. Pig-
ment analyses using liquid chromatography of
extracts of symbionts abundant in G. ruber
confirm the presence of dinoflagellates (Knight
and Mantoura 1985). Pigment analyses of sym-
bionts in G. sacculifer, G. ruber, and G. sipho-
nifera reveal the presence of chlorophyll a,
chlorophyll c, and carotenoids, i.e. peridinin, and
absence of chlorophyll b (Bijma 1986; Huber
et al. 1997; Bijma et al. 1998). While G. ruber
may bear more symbiont-contained chlorophyll
than G. sacculifer of equivalent size, G. sac-
culifer may absorb more light (i.e. lower light
transmittance) than G. ruber (Hemleben et al.
1989). The phenomenon might be caused by
various reasons including differences in pigment
composition, and chemical differences associated
with the photosynthetic pigments in the plastids
of the dinoflagellate symbionts.

Among spinose species, G. bulloides and H.
pelagica are barren of symbionts. Algal cells
observed in the cytoplasm of presumably
symbiont-barren spinose and non-spinose species
have not shown any symbiotic connection to the
host (Fig. 4.5).

Table 4.10 Kind of
symbionts identified in
planktic foraminifers
according to Gastrich and
Bartha (1988), Faber et al.
(1988), and Hemleben et al.
(1989)

Dinoflagellates Chrysophycophytes Facultative Chrysophytes

G. conglobatus G. siphonifera G. inflata

G. ruber G. humilis G. menardii

G. sacculifer N. dutertrei

O. universa P. obliquiloculata

G. glutinata
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The presence of algal symbionts in most spi-
nose planktic foraminifers, and their absence from
most non-spinose species, raises questions about
the physiological adaptations of species that favor
a symbiotic mode of life, and about sarcodine
evolution in general. Whereas planktic fora-
minifers harbor only few types of dinoflagellate
and chrysophycophyte symbionts, other sarcodi-
nes such as benthic foraminifers and radiolarians
harbor a much wider range of symbiont species

including diatoms. In turn, most larger (benthic)
foraminifers host only one species of symbiont at
a time (Lee 1980, 2006), and most radiolarian
species associate with only one species of algal
symbiont (Anderson 1983). The variation in types
of symbionts across host species may result in
part from the physiological capacity of the sym-
biont to initially invade a host and then prevent
digestion within the host cytoplasm. Successful
host-symbiont associations require particular

Fig. 4.5 Relationship between planktic foraminifers and
symbiotic algae. Some species are obligatorily symbiont-
bearing, others are consistently symbiont-barren, and
some specimens of a few species are found to either

possess or lack symbionts. The latter species are listed as
facultative symbiont-bearing. Modified from Hemleben
et al. (1989)

4.3 Symbiosis 143



nutrient concentrations, and light conditions
within the host, which coincide with the needs of
the symbiont. Variations of symbiont species
across geographical ranges and water depths
possibly result from a combination of factors
including their capacity to adapt to particular
ecological conditions, and may affect the distri-
bution of planktic foraminifers at the regional to
global scale, and on short (seasonal) to long (ge-
ological) time-scales. Additional information on
the geographical and synecological relation of
symbionts and hosts may be obtained from
comparative analyses of different genotypes of the
same planktic foraminifer morphotype (e.g.,
Darling and Wade 2008).

4.3.2 Acquisition of Symbionts
During Ontogeny

Symbionts are possibly not transferred from
parent to offspring during sexual reproduction
(see Chap. 5 on Reproduction). Gametes are
undoubtedly too small to hold dinoflagellate
symbionts. Being not transferred from parent to
offspring during sexual reproduction, symbionts
are digested by the host or expelled from the
foraminifer shortly before the gametes are
released (Bé et al. 1983, for G. sacculifer). In
turn, no aposymbiotic individuals of any species
known to harbor symbionts have been found in
the natural environment. Given the lack of algal
symbionts in gametes of planktic foraminifers,
symbionts are presumably acquired after fertil-
ization (e.g., Hemleben et al. 1989; Shaked and
De Vargas 2006). Juvenile planktic foraminifers
apparently acquire algal symbionts from ambient
seawater when they reach the two-chambered to
three-chambered stage, i.e. within the first few

days of ontogeny (Brummer et al. 1986). Even
adult individuals rendered aposymbiotic in the
laboratory are able to acquire symbionts, and
re-establish symbiosis with symbionts offered
from donor individuals of the same species (Bé
et al. 1982).

Juveniles with two to three chambers may
already host three to five symbionts. During
maturation the number of symbionts increases by
cell division (Plate 4.2-2) concomitant with
increasing size of the host. An average number
of *3200 symbionts was estimated in a mature
spherical O. universa of 350–720 µm test
diameter (Spero and Parker 1985). In one large
specimen with a spherical test of 892 µm about
23,000 algal symbionts were found.

Since all symbiont-bearing planktic foramin-
fer species maintain perpetual species-specific
association with only one kind of symbiont
(Table 4.10), they must rely on encounters with
algae of the appropriate species in sufficient
density to ensure uptake and establishment of the
symbiosis. This mechanism very likely occurs at
the deep chlorophyll maximum (DCM) associ-
ated with the pycnocline where both sufficient
food and appropriate symbiotic algae can be
obtained by planktic foraminifers (Fairbanks and
Wiebe 1980). The probability of an encounter
between the host and the symbiotic algae
depends on the distribution of both partners,
which is subject to daily, seasonal (or other)
patterns of variation in temperature, salinity, or
trophic conditions. The distribution and abun-
dance in time and space of potentially acceptable
symbiotic algae has not been quantified. This is
due in part to the incomplete knowledge of the
taxonomic position of some of the symbionts.
Since the engulfed symbionts within the fora-
minifer cytoplasm are coccoid, and typically lack

Plate 4.2 (1) Coccoid dinoflagellate symbiont in O. universa surrounded by a perialgal membrane (arrow) within the
internal cytoplasm. (2) Dividing symbiotic dinoflagellate. (3) Dinoflagellate symbiont within internal cytoplasm of G.
sacculifer. (4) Type I and (5) Type II symbionts in G. siphonifera (from Faber et al. 1988). (6) Section of final chamber
of N. dutertrei with symbionts accumulated beneath the test wall. Ch are chromosomes, ER is an endoplasmatic
reticulum, GC is a Golgi complex, M is a mitochondrion, N is the nucleus, P are plastids, PV is a perialgal vacuole, Py
is a pyrenoid, S is a starch sheath around a pyrenoid, TV is a thecal membranous vesicle, V is a vacuole with waste
products, VM is a perialgal vacuolar membrane. Bars (1–5) 1 µm, (6) 5 µm
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structures needed for identification at the species
level such as thecae, frustules, and flagella, they
need to be isolated, cultured, and analyzed for
their molecular genetics to permit definitive
identification (Spero 1987; Gast and Caron 1996;
Gast et al. 2000).

4.3.3 Structural Host-to-Symbiont
Associations

Algal symbionts associated with planktic fora-
minifers are predominantly dinoflagellates in a
coccoid state, i.e. non-flagellated and athecate,
and about 5–10 µm in size (Plate 4.2-1 and -2).
The fine structure of dinoflagellate symbionts is
identical in the planktic foraminifer species
G. conglobatus, G. ruber, G. sacculifer, and
O. universa. Spero (1987) isolated and cultured
symbionts of O. universa, and characterized the
flagellated gymnoid form with epicone and
hypocone of equal size, and assigned them to the
new species Gymnodinium beii. Analyses of the
small subunit ribosomal DNA (srDNA) have
confirmed the classification as G. beii (Gast and
Caron 1996). According to molecular analyses,
the two types of symbionts (Type I and Type II)
hosted by G. siphonifera (Faber et al. 1988) are a
prymnesiophyte, and presumably a chrysophy-
cophyte or chrysophyte (Gast et al. 2000; Gast
and Caron 1996).

The non-motile endosymbionts of planktic
foraminifers are enclosed within perialgal vac-
uoles surrounded by a thin layer of cytoplasm in
the rhizopodial system, thus permitting visual-
ization with the light microscope (e.g., Spindler
and Hemleben 1980; Hemleben et al. 1985;
Spero and Parker 1985). From a biological per-
spective, the thin cytoplasmic sheath facilitates
light penetration to the symbiont for photosyn-
thesis, while also separating the host cytoplasm
from direct contact with the symbiont. When the
symbionts are withdrawn by rhizopodial
streaming into denser regions of cytoplasm near
the test or into the internal cytoplasm, the

perialgal vacuolar membrane (Plate 4.2-3) fur-
ther serves as a structural barrier separating the
symbiont from the host. Apparently, this barrier
regulates physiological processes between host
and symbiont, and permits exchange of essential
chemical products (cf. Jørgensen et al. 1985;
Hemleben et al. 1989; Uhle et al. 1997, 1999).

4.3.4 Physiological Interactions
Between Symbiont
and Host

Carbon and nitrogen compounds are transferred
to the planktic foraminifer host by the symbionts
(Uhle et al. 1997). Osmiophilic dense deposits
immediately adjacent to perialgal vacuoles
within the planktic foraminifer cytoplasm are
interpreted as photosynthates released by the
symbiont to the host (Anderson and Bé 1976b).
Carbon uptake by G. sacculifer during photo-
synthsis of its symbionts was quantified in ra-
diocarbon experiments (Bijma 1986).
Radiocarbon is incorporated into the cytoplasm
by G. ruber when exposed to light, while
incorporation in the dark is negligible (Gastrich
and Bartha 1988). The photosynthetic activity of
the symbiotic algae in O. universa and G. sac-
culifer affect the d18O than the d13C ratio of the
test calcite, and change with test size (Spero and
DeNiro 1987; Spero and Lea 1993). High d13C
values were obtained at intense illumination, and
lower values under low-light conditions or in
darkness (Spero and Lea 1993).

Close interaction between algae and host in
planktic foraminifers is indicated by the diel
cycle of symbiont distribution within the host
cytoplasm (Anderson and Bé 1976b; Bé et al.
1977; Hemleben and Spindler 1983). Symbionts
are withdrawn into the test of the host by rhi-
zopodial streaming before sunset. The perialgal
vacuoles are carried by cytoplasmic flow along
the rhizopodial strands centripetally toward the
host’s central cell mass, and many are withdrawn
into the internal cytoplasm through the aperture.
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Reversely, the host disperses the symbionts
towards the outside into the peripheral cytoplasm
at dawn (Plate 4.3). Since the symbionts lack
flagella and are enclosed within the host’s vac-
uoles, they are entirely controlled by the cyto-
plasmic activity of the host (Hemleben et al.
1989). In turn, the diel cycle is triggered by the
light sensitivity of the symbionts (Caron et al.
1982; Bé et al. 1982). When a photosynthetic
inhibitor such as 3-(3,4 dichlorophenyl)-l,
l-dimethylurea (DCMU) is applied to inhibit light
reception, the symbionts are continuously with-
drawn as though in darkness, even though a
dark-light cycle is maintained. If the phase of the
diel dark-light cycle is altered by one half cycle,
i.e. illumination at night and darkness during the
day, the cycle is usually changed to the new

schedule within 48–72 h. The altered cycle may
be restored to the former (‘normal’) phase by
returning the individual to the regular
day-and-night schedule (Hemleben et al. 1989).
If aposymbiotic DCMU-treated specimens
are subsequently reinfected with new symbionts
from a donor G. sacculifer, the results are similar
to control-group of untreated specimens
(Fig. 4.6).

In prolonged darkness, symbionts are gradu-
ally digested over a period of several days even if
the host is fully nourished by externally supplied
prey, and the host commences early gametoge-
nesis (Hemleben et al. 1989). Finally,
DCMU-induced inhibition of symbiont activity
or continuous darkness in G. sacculifer results in
significantly decreased survival times.

1 2 

Plate 4.3 Circadian symbiont distribution controlled by
the host G. ruber. (1) Symbionts carried out by rhizopo-
dial streaming along the spines during light period, and

(2) withdrawn into test during darkness. Both pictures
taken from the same specimen. Bars 200 µm. From Bé
et al. (1977)
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Photosynthetic activity of the symbionts
(Fig. 4.7) is also essential for calcification and
test formation, as indicated by suppressed calci-
fication and chamber growth during prolonged
darkness. A similar effect is induced if the sym-
bionts are treated with DCMU, as shown by
laboratory cultures of G. sacculifer (Bé et al.
1982). However, high DCMU concentration may
also directly affect the role of light in calcifica-
tion rather than through symbionts and photo-
synthesis (Erez 1983). Reduced final test sizes of
light-deprived specimens compared to naturally

grown specimens were observed in G. sacculifer
and O. universa (Bé et al. 1982; Spero 1986; cf.
also Hemleben et al. 1987). Consequently, water
depth and turbidity, and resulting illumination
and symbiont activity may also affect the size of
chambers and tests of symbiont-bearing species
grown in the natural habitat (cf. Spero 1986).
Reduced test sizes observed in specimens treated
with DCMU and kept in darkness may represent
terminal deposition of residual calcium within
the calcium pool accumulated during photosyn-
thesis. The calcium pool would normally be
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Fig. 4.6 Final test size of G. sacculifer treated with
DCMU (Groups 1, 2, and 3), kept in the dark (Group 4),
and of a control Group 5 grown in untreated seawater at
normal diel illumination. The left-hand test represents the
initial average size of 230 µm of the 202 individuals of

G. sacculifer used in the experiments. Four individuals of
each group were randomly selected to represent variations
in test morphologies and test sizes produced under the five
different experimental conditions. Modified from Bé et al.
(1982)
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Fig. 4.7 Photosynthesis rate of G. ruber, G. siphonifera, and O. universa. a Net photosynthesis rate (nmol O2 ind.
−1 h−1)

in relation to temperature. b Net photosynthesis rate in relation to temperature of the different specimens normalized by the
mean observed value at 24 °C. c Gross photosynthesis rate in relation to temperature of the different specimens
normalized by the mean observed value at 24 °C. Solid lines: least-squares regression for data fitted with Arrhenius
relationships. Dashed lines give 95 % confidence intervals for the regressions. From Lombard et al. (2009)
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replenished during illumination after each
chamber addition, and is suppressed in the
DCMU-treated and non-illuminated specimens
(Hemleben et al. 1989).

The physiology of G. sacculifer including
symbiont photosynthesis and respiration (Fig. 4.8)
was first assessed by Jørgensen et al. (1985) using
microelectrodes to probe the O2 concentrations,
and pH at varying positions peripheral to the
test of the host with a resolution of 50–100 µm
(see Chap. 10, Methods). Photosynthetic rates

were mapped by moving the microelectrodes
carefully around within the halo of symbionts in
the rhizopodia surrounding the test. Under illu-
mination, O2 concentrations increased to 2.5
times air saturation, while pH increased to 8.62,
and hence well above the pH of 8.23 of ambient
water. In darkness, and at a temperature of 24 to
25 °C, planktic foraminifer respiration lowered
the O2 concentration at the test surface to 50 %
of air saturation, while the pH lowered from the
ambient value to 8.15. The compensation light
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Fig. 4.8 Respiration rate of G. ruber (of different test
diameter: 1 = 189 µm, 2 = 241 µm, and 3 = 249 µm),
G. siphonifera (347 µm test diameter), and O. universa
(521 µm test diameter). a Respiration rate (nmol O2

ind.−1 h−1) in relation to temperature. b Respiration rate
at 24 °C in relation to the organic weight (lg C)
calculated from test size and a conversion factor from
Michaels et al. (1995). Solid line gives least-squares
regression for data fitted with a power model with a

0.57 ± 0.18 exponent. c Respiration rate in relation to
temperature of the different specimens calculated for a
1 lg C individual using the precedent relationship (b).
d Respiration rate in relation to temperature of the
different specimens normalized by the mean observed
value at 24 °C. Solid line: least-squares regression for
data fitted with Arrhenius relationship. Dashed lines give
95 % confidence intervals for the regressions. From
Lombard et al. (2009)
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intensity of the algal-to-host system was deter-
mined at 26–30 µE m−2 s−1, and light saturation
intensity was 160–170 µE m−2 s−1. Gross pho-
tosynthesis at light saturation was 18.1 nmol
O2 h

−1 per foraminifer individual, and respiration
rates ranged between 2.7 and 3.3 nmol O2 h−1

per individual under dark and light saturation,
respectively. Such high photosynthetic activity of
the symbionts could in theory supply all of
the organic carbon required for growth and
metabolism of the host, but limited concentra-
tions of dissolved nitrogen and phosphorus
necessitates capture of prey to supply those
essential elements (Jørgensen et al. 1985).

Respiration rates of the symbiont-bearing
planktic foraminifers are possibly related to so-
lar irradiation and photosynthetic activity of their
symbionts, as well as temperature (Rink et al.
1998; Lombard et al. 2009) (Figs. 4.7 and 4.8).
Respiration rates of the symbiont-bearing species
G. ruber, G. siphonifera, O. universa, and G.
sacculifer vary by several orders of magnitude
(*0.15 to 6 nmol O2 h−1 per individual) possi-
bly resulting from differences in ontogenetic
stage and size of the host, number of symbionts
hosted, state of ‘health’ of the host after sam-
pling, differences in experimental set-up (e.g.,
temperature and light intensity), as well as dif-
ferences between the foraminifer species (Spero
and Parker 1985; Jørgensen et al. 1985; Gastrich
and Bartha 1988; Rink et al. 1998; Lombard
et al. 2009, and references therein). However,
more data would be needed from the same spe-
cies, and from other species including
symbiont-barren species, different size-classes,
and different environmental conditions to better
constrain planktic foraminifer respiration rates.

4.3.5 Dinoflagellate Symbiont Fine
Structure

Dinoflagellate symbionts (Plate 4.2-3) exhibit
characteristic cytoplasmic features, which distin-
guish them from the planktic foraminifer host. The
nucleus of dinoflagellates contains dense whorls
of chromosomes (DNA) typical of mesokaryotic
algae. The surrounding cytoplasm contains

mitochondria with tubular cristae, endoplasmic
reticulum, food vacuoles, and other vacuoles of
varying size. At the periphery of the symbiont,
lobes of plastids (light-trapping organelles) with
internal lamellae containing thylakoids are visible
in TEM images. Pyrenoids surrounded by a starch
sheath projecting from the plastid surface, are
commonly observed in dinoflagellate symbionts.
Pyrenoids are sites of carbohydrate deposition
during photosynthesis. Additional starch grains
may be scattered throughout the cytoplasm.
Crystalline waste products contained in vacuoles
where identified as guanine and calcium oxalate
(Hemleben et al. 1989). The peripheral mem-
branes surrounding the symbionts are complex
owing in part to the several layers of membranes
associated with the dinoflagellate cell surface, and
the additional layer of cytoplasm formed by the
host’s rhizopodial sheath enclosing the symbiont.
In coccoid dinoflagellate symbionts the organic
plates, which normally form the dinoflagellate
thecae, are absent and only vesicles with electron
translucent cisternae may be observed at the
periphery of the cell (Plate 4.2-3).

4.3.6 Chrysophycophyte Symbiont
Fine Structure

Chrysophycophytes are eukaryotic algae with a
characteristic fine structure. Those small
yellow-green algae of about 2–3 µm size are
associated with G. siphonifera (Plate 4.2-4 and -
5), G. glutinata, and Turborotalita humilis
(Hemleben et al. 1989). In general, chrysophy-
cophytes exhibit a prominent eukaryotic nucleus
(Plate 4.2-4 and -5) containing finely dispersed
strands of euchromatin surrounded by a
double-membrane nuclear envelope. The
peripherally arranged plastids are enclosed
within the cisterna of the nuclear envelope, and
contain internal laminae each composed of a
stack of three thylakoids. Mitochondria, endo-
plasmic reticulum, and small vesicles occur
within the central mass of cytoplasm.

Two types of the small yellow-green sym-
bionts were observed in G. siphonifera collected
near Barbados and Jamaica. Each of the two types

4.3 Symbiosis 151



(Plate 4.2-4 and -5) possibly exerts a different
effect on the host. The mean final test size of G.
siphonifera was consistently larger when Type I
algae were present compared to those with
Type II algae both grown under the same exper-
imental conditions (Faber et al. 1988, 1989).
Starved individuals containing Type I symbionts
formed very few chambers and died without
undergoing gametogenesis, while foraminifers
with Type II algae produced more chambers and
most of them produced gametes. The role of those
algae in other foraminifer species like G. gluti-
nata, G. hirsuta, G. menardii, N. dutertrei
(Plate 4.2-6), P. obliquiloculata, G. inflata, and
Candeina nitida is uncertain. Although algae
were observed in stages of division within vac-
uoles of those planktic foraminifer species, sym-
biotic relations could not yet be proven
(Hemleben et al. 1989, and references therein).

4.4 Commensalism

Dinophytes are abundant commensals within the
cytoplasm of planktic foraminifer hosts. Com-
mensals like the cocale dinophytes Pyrocystis
noctiluca and P. robusta were found immersed
within the bubble capsule of H. pelagica
(Plate 4.4-1 and -2), or loosely associated with
the rhizopodial net of G. sacculifer (Plate 4.4-3
and -4), G. ruber, O. universa, and occasionally
G. truncatulinoides. Pyrocystis commensals are
possibly present in most H. pelagica. More than
200 specimens of P. robusta were found hosted
by an individual H. pelagica (Spindler and
Hemleben 1980). Those large autotrophic dino-
phytes (150–400 µm) within the external cyto-
plasm of the foraminifer host apparently do not
provide any organic products from photosyn-
thesis to the host, as indicated by 14C experi-
ments (Hemleben et al. 1989). The filamentous

diazotroph (nitrogen fixing) blue-green algae
(cyanobacteria) Trichodesmium, which typically
occurs in oligotrophic waters, was found har-
bored between the spines of G. siphonifera
Type I (but not G. siphonifera Type II, see
Chap. 2), and assumed in extracellular com-
mensal association with the foraminifer host
(Huber et al. 1997; Bijma et al. 1998).

Feeding experiments indicate that Pyrocystis
dinophytes neither harm nor support the host
when subjected to starvation (Anderson et al.
1979). The large numbers of commensals
observed in the bubble capsule of H. pelagica
suggest that a substantial amount of metabolic
by-products and undigested prey particles may
be present in the cytoplasm of the host. Pyro-
cystis increases in numbers when the host
(H. pelagica) is well fed, and commensals may
simply utilize the waste products of their hosts as
food source. Further potential commensals in the
bubble capsule of H. pelagica include
P. fusiformis, Dissodinium lunula, and D. ele-
gans (Bé et al. 1977; Elbrächter et al. 1987).

The mechanism of protection of dinophytes
against digestion by the planktic foraminifer is
unknown. The robust theca or any other mech-
anism may help to protect the dinophytes against
digestion by the host. However, empty thecae of
Pyrocystis found within G. sacculifer indicate
that the protection may not always work (Hem-
leben et al. 1989).

4.5 Parasitism

Small free-swimming dinoflagellates (Plate 4.4-4)
of the orders gymnodiniales and peridiniales are
assumed parasites of spinose planktic fora-
minifers. Those dinoflagellates have frequently
been observed hovering in and around the

Plate 4.4 (1) Commensal Pyrocystis robusta dinoflagellates within the bubble capsule of H. pelagica, with (2)
rhizopodia attached to the P. robusta at the lower left side. (3) Commensal P. noctiluca within the bubble capsule of H.
pelagica. (4) Colorless dinoflagellate attached to spine. (5–8) Parasitic sporozoans infesting and digesting H. pelagica
with (5) bubble capsule, and sporozoans close to the test. (6) Sporozoans withdraw from the test 26 h later. (7) Again
10 h later, all sporozoans have evacuated the test. Bars (1, 3, 5–7) 400 µm, (2) 100 µm, (4, 8) 20 µm
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rhizopodial array of G. siphonifera, G. ruber,
G. sacculifer, H. pelagica, and O. universa,
and feeding on the foraminifer cytoplasm
(Spindler and Hemleben 1980). H. pelagica
heavily infested with sporozoans were found to be
in poor health. The foraminifer may eventually be
digested by the sporozoans leaving an empty test
(Plate 4.4-5 to -8).

Bacteria have frequently been observed within
vacuoles of G. ruber both at the periphery and
the more internal cytoplasm, but parasitism is not
proven. Those bacteria could be prey of the
foraminifer. In turn, it has been observed that
bacteria rapidly invade and consume the cyto-
plasm of unhealthy and deceased foraminifers
(Hemleben et al. 1989).

4.6 Predation

One of the most frequently asked questions
concerns the predators of planktic foraminifers.
Whereas a large variety of predators of benthic
foraminifers have been identified, the nature of
planktic foraminifer predators is largely enig-
matic. Even if planktic foraminifers are eventu-
ally found in the guts of predators like tunicates,
pteropods, euphausids, sergestid prawns, poly-
chaetes, and holothurians (Bradbury et al. 1971;
Brand and Lipps 1982) predation might have
been active or accidental. Selective predators of
living planktic foraminifers have not yet been
reported. Random ingestion of planktic fora-
minifers is assumed for large non-selective filter
feeders like salps, and other large predators like
shrimps and crabs, as well as suspension feeding
invertebrates from subtropical to polar environ-
ments (Berger 1971; Brand and Lipps 1982).
Raptorial predation of planktic foraminifers was
suggested but has never been observed (Culver
and Lipps 2003). Somehow quantitative obser-
vations are based on evidence, i.e. the contents of
fecal pellets of salps, which were mainly com-
posed of juvenile planktic foraminifer tests
(Wiebe et al. 1976; Bé 1977).

Observations from laboratory cultures,
including attacks from ciliates, may not be
transferable to healthy and well-fed individuals

in natural environments (Hemleben et al. 1989;
Culver and Lipps 2003, and references therein).
Round borings of 10–20 µm in diameter in
planktic foraminifer tests sampled from the water
column are rare, and may indicate predation by
nematodes or gastropods similar to observations
made on benthic foraminifers (Sliter 1971).
Other types of presumably predator-inflicted
bioerosion have not been observed in planktic
foraminifer tests sampled from the water column
by the authors. Since predation and cannibalism
may affect planktic foraminifer carbon budgets of
both calcite bound carbon and cytoplasm-carbon
at the regional to global scale, quantitative
observations would be important for a better
understanding of their role within the pelagic
food chain, carbon turnover, and taphonomy.

4.7 Summary and Concluding
Remarks

Planktic foraminifers are basically omnivorous,
and consume a wide variety of phytoplankton
and zooplankton prey, but during the earliest
ontogenetic stages, they are most likely herbiv-
orous. A clear preference for animal prey exists
among the spinose species, as deduced from
culture experiments and observation of natural
prey in individuals collected from the natural
environment. Non-spinose species are largely
herbivorous. Planktic foraminifers may hence be
positioned at the base of heterotrophic consumers
within the marine food web. However, spinose
species prey to some extent on larger metazoans
such as copepods, and may therefore be placed at
a trophic level different from other protozoans.
Food availability has been found to affect test
size and survival time of specimens. The indi-
vidual size-normalized protein-biomass of dif-
ferent species, and the planktic foraminifer
assemblage biomass are mostly affected by
trophic conditions and availability of food.
Future experiments should investigate the food
source of juvenile individuals by means of cul-
ture experiments and electron microscopy anal-
yses. Predators selectively feeding on planktic
foraminifers have not yet been observed.
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Most spinose planktic foraminifers are associ-
ated with dinoflagellate or chrysophycophyte
algal symbionts. Some non-spinose species
appear to facultatively harbor symbionts, which
are capable of photosynthesising within the peri-
algal vacuoles, or are digested. Only one type of
dinoflagellate, and at least two kinds of chryso-
phycophyte symbionts have been identified in
planktic foraminifers so far. Experimental data
suggest that symbiontic algae are involved in the
daily rhythm of the foraminifer, including cyto-
plasmic activity and diel pattern of symbiont dis-
tribution in the external cytoplasm. Exchange
products between symbiont and host include
oxygen, carbon, and nitrogen compounds, sup-
porting the foraminifer’s metabolism, and affect-
ing the stable isotope ratios of the foraminifer’s
organic products (e.g., fatty acids) and test calcite.
Experimental evidence points toward a significant
role of the algal symbionts also in the calcification
processes and chamber formation. Additional
research is needed on the complex physiological
interdependence and possible effects of symbiont
activity on growth, calcification, and the test
morphology of the foraminifer.
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5Reproduction

Continuity of the species in the vastness of the
deep ocean is ensured by adaptive mechanisms
characteristic of pelagic organisms to promote
sufficient reproductive success. Whereas wide
dispersal poses no problem for monoecious
(offspring produced from a single parent)
organisms, gametes of sexually reproducing
dioecious organisms with different parents need
to fuse for successful reproduction. Therefore,
dioecious organisms with a wide dispersal as
assumed for planktic foraminifers need a strategy
to ensure successful reproduction (cf. Hemleben
et al. 1989).

The standing stock of planktic foraminifers is
rather heterogeneous at an average of 10–100
individuals per m3, i.e., one specimen per 10–
100 L of seawater, or a distance of about 25–
60 cm between individuals. Given an average
size of a planktic foraminifer test of 250 µm, the
distance between the individuals would be
*1000–4000 times their size. Assuming random
(plankton-like) movement of the individuals, the
distance would possibly be too long for suc-
cessful reproduction in a limited time-interval of
a couple of days, even at unlimited fertility. In
addition, the distribution of planktic foraminifer
species is patchy including temporal scales from
sub-seasonal to interannual time-intervals, and
spatial scales from local (kilometer scale) to
meso-scale of some tens to hundred kilometres,
as well as different depth habitats spanning the
surface to mesobathyal depths in the water

column (e.g., Schiebel and Hemleben 2000;
Siccha et al. 2012).

Since the odds against gametes of the same
species coming into contact in the open ocean are
extremely large given the average distance between
individuals, planktic foraminifers have developed
adaptive strategies that help to maximize the
probability of gamete fusion. These include (1) re-
lease of large numbers of gametes, (2) production
of motile gametes that contain sufficient food
reserves for prolonged locomotion, (3) synchro-
nization of gamete release at distinct frequencies,
and (4) establishment of a depth preference for
reproduction to limit the vertical range and enhance
the chance ofmating. All of the four strategies have
been reported for different planktic foraminifer
species both from laboratory observation and field
data (Spindler et al. 1978, 1979; Almogi-Labin
1984; Hemleben et al. 1989; Bijma et al. 1990,
1994; Erez et al. 1991; Bijma and Hemleben 1994;
Marchant 1995; Schiebel et al. 1997).

Direct observations of the reproduction of
planktic foraminifers in the laboratory, and data
from natural assemblages provide statistical evi-
dence on their reproductive behavior. Processes
in reproduction also provide information on the
biology of planktic foraminifers necessary to
understand calcification and chemistry of their
tests including stable isotope signals and chemi-
cal element ratios, and hence are relevant for the
use of planktic foraminifers as proxy in paleo-
ceanographic research.
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5.1 Gametogenesis

Release of gametes in planktic foraminifers was
reported as early as 1911 by Rhumbler. Le Cal-
vez (1936) described gamete release in Glo-
bigerinella siphonifera and Orbulina universa.
Details of gametogenesis and reproduction were
described later from laboratory experiments and
by applying electron microscopy (SEM and
TEM) (e.g., Bé and Anderson 1976). Planktic
foraminifers reproduce by release of flagellated
cells, i.e. gametes, as observed in the spinose
species Hastigerina pelagica, O. universa, Glo-
bigerinoides conglobatus, Globigerinoides
ruber, Globigerinoides sacculifer, Globigerina
bulloides, Turborotalita humilis, and G. sipho-
nifera, and non-spinose Globigerinita glutinata,
Neogloboquadrina pachyderma, Neoglobo-
quadrina dutertrei, Globorotalia inflata,
Globorotalia truncatulinoides, Globorotalia
hirsuta, and Globorotalia menardii (Hemleben
et al. 1989, and references therein). The vast
numbers of the flagellated cells released by a
single parent cell (typically 300,000–400,000)
and their small size (ca. 3–5 µm) suggests that
these flagellated swarmers are indeed gametes.
Definitive evidence of syngamy (fusion of the
swarmers) or definitive evidence for the haploid
nature of the gametes still needs to be confirmed.

5.1.1 Succession of Events
in Gametogenesis

As a first sign of impending gametogenesis in
laboratory experiments, the normally floating spi-
nose individuals sink to the bottom of the culture
dish (Hemleben et al. 1989). Shortly after sinking,
the spinose species shorten their spines by resorp-
tion from top to base (Fig. 5.1, Table 5.1) (Bé et al.
1983). Spine-fragments are discarded by rhizopo-
dial streaming (Plate 5.1-1). In G. sacculifer, the
formation of a final sac-like chamber is the earliest
visual indication of impending gametogenesis

(Fig. 5.1). Symbiont-bearing species consume or
expel their symbionts, which appear as moribund
masses of yellow-brown pigmented particles
around the test. The cytoplasm becomes granular
andmilkywhite, or orange to reddish due tomasses
of fat in many species, and withdraws to the inside
of the test. Some feeble rhizopodia with granular
cytoplasm may remain outside of the test and
exhibit cytoplasmic streaming. Subsequently, a
mass of granular cytoplasm appears in the aperture,
and gradually enlarges to form a substantial bulge
(Plate 5.1-2). The bulge eventually ruptures,
sometimes explosively, and hundreds of thousands
of flagellated gametes are released, which swim
away from the parent cell with a slight undulating
motion (Spindler et al. 1978). Partially expelled
gametes may form string-like masses issuing from
the aperture of the parental test in early stages of
gamete release, then gradually spread distally, and
separate into individuals or clumps of flagellated
cells (Plate 5.1-6), which disperse into ambient
water (Plate 5.1-3 to -5). When gamete-release is
completed, only the empty parental test remains.
The gross morphological and cytoplasmic events
during gametogenesis ofG. sacculifer are similar in
G. ruber, G. conglobatus, G. siphonifera, and
O. universa. In G. sacculifer, O. universa,
G. truncatulinoides, G. hirsuta, and H. pelagica,
remnants of fine rhizopodia may occasionally be
attached to the parental test after gamete release,
and exhibit rhizopodial streaming for up to 8 h
before dissipating.

Due to architectural (spinose vs. non-spinose
species) and autecological (symbiont-bearing vs.
symbiont-barren species) differences, the overall
pattern of reproduction varies among species.
Abnormal gametogenesis is occasionally ob-
served in individuals maintained in laboratory
culture, resulting in abortive release of gametes.
In some cases, the bulge forms, but the gametes
are not expelled, or some gametes may be
released, but the majority of the cytoplasm
remains sequestered in the test and is moribund
(cf. Hemleben et al. 1989).
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5.1.2 Fine Structural Processes
During Gametogenesis

Early during gametogenesis, as exemplified by
H. pelagica, the foraminifer descends in the
water column. While sinking, prior to shedding
of the bubble capsule, the cytoplasm changes
from orange to bright red color. The color change
commences as a small patch near the center of
the cell and gradually disperses to encompass the
entire cytoplasm in H. pelagica (Spindler et al.

1978). Upon descent of the reproducing indi-
vidual (in the culture dish, and possibly also in
the natural environment) early in gametogenesis,
the fibrillar bodies, which are assumed to aid
flotation, are reduced in abundance (cf. Chap. 3).
In some specimens, fibrillar bodies persist into
the late stages of gamete release, and appear as
dense tubules (in TEM imagery) within an
expanded vacuolar membrane (Hemleben et al.
1989). The vacuolar bodies are occasionally
surrounded by a thin layer of cytoplasm.

Spine length

Fig. 5.1 Timetable of external and internal cellular changes associated with gametogenesis in G. sacculifer. Duration
of the six stages of gametogenesis given by white and dark gray horizontal bars is based on numerous (i.e. hundreds of
cases) observations. Arrows indicate the average time of day of each stage. Occasionally, formation of a final sac-like
chamber, the earliest visual indication of impending gametogenesis, occurs in some individuals. Gradual shortening of
the spines at midday and complete shedding of the spines at midnight on the day preceding gamete release clearly signal
the onset of gametogenesis. Fine structural analyses indicate the onset of nuclear division, and development of large
vacuoles within the cytoplasm occurs during the period from midnight until noon of the day when gametes are released.
Flagella appear on the multinucleid cytoplasmic masses early in the morning, and gamete formation and release occurs
in the afternoon and the early evening. Redrawn after Bé et al. (1983)

5.1 Gametogenesis 161

http://dx.doi.org/10.1007/978-3-662-50297-6_3


The lipids disperse within the cytoplasm, and
droplets reduce in size upon descent of the
reproducing individual (Spindler et al. 1978).
The lipids will eventually be passed over to
gametes as energy reserves. In symbiont-bearing
species, there is increasing evidence of symbiont
lysis within the perialgal vacuoles, which appear
to be converted to digestive vacuoles. Excess
moribund symbionts are expelled by exocytosis
into the surrounding environment, and the
digestive vacuoles entirely disintegrate until the
late stages of gametogenesis (cf. Hemleben et al.
1989).

The nucleus commences repeated divisions
producing hundreds of thousands of small
daughter nuclei (Spindler et al. 1978). Each of the
small nuclei are enclosed within a double mem-
branous envelope sourced from annulate lamellae
produced in quantity in the cytoplasm of H.
pelagica, and also in other spinose species during
early stages of gametogenesis prior to nuclear
proliferation (Spindler and Hemleben 1982). The
endoplasmic reticulum in the vicinity of the Golgi

complex is transformed into flat vesicles piled up
in successive layers to form the annulate lamellae,
which proliferate and disperse throughout the
cytoplasm. At a later stage (12–16 h before
gamete release) most annulate lamellae are
assembled in whorls (Plate 5.2-1). Eventually, the
lamellae are arranged next to the cytoplasmic side
of the membranous envelope surrounding divid-
ing nuclei (Plate 5.2-1), and contribute to the
expanding nuclear membrane during mitosis and
production of daughter nuclei (Spindler and
Hemleben 1982). Similarities in pore configura-
tion within the membranes of the lamellae and
those of the nuclear envelope, and the close
association of lamellae with expanding and
dividing nuclei of reproducingH. pelagica further
support the conclusion that the lamellae are the
origin of the massive increase in nuclear mem-
brane during production of daughter nuclei. Sim-
ilar annulate lamellae have been observed in early
reproductive stages of G. sacculifer during spine
shedding, and prior to production of the daughter
nuclei (Spindler and Hemleben 1982; Bé et al.
1983).

After the nuclei are fully dispersed throughout
the cytoplasm (Plate 5.2-3 and -4), the cytoplasm
is separated into interconnected, multinucleated
masses possessing lipid droplets, mitochondria,
endoplasmic reticulum, and a full array of typical
organelles found in the cytoplasm of the parent
cell. Flagella begin to project from the plasma
membrane surrounding the masses of multinu-
cleated cytoplasm (cf. Hemleben et al. 1989).
The interconnected network of flagellated cyto-
plasm becomes increasingly dispersed into indi-
vidual flagellated gametes, which, upon release
from the parent test, are biflagellated with flag-
ellae of unequal length (Plate 5.1-6), similar to
those found in the benthic foraminiferMyxotheca
(Angell 1971). Each planktic foraminifer gamete
consists of a dense nucleus (in TEM imagery)
surrounded by an irregular zone of mitochondria,

Table 5.1 Generalized schedule of gamete release in
reproduction of planktic foraminifers. Gametes are
released predominantly during the early afternoon. Com-
piled from Spindler et al. (1978), Hemleben et al. (1979),
and Spindler and Hemleben (1982). After Hemleben et al.
(1989)

Event Time before
gamete
release

Formation of ultimate chamber 5–1 Days

Spine shortening and shedding
(in spinose species)

24–10 hours

Nuclear division 20–4 hours

Vacuolization of cytoplasm 14–6 hours

Development of flagella 9–7 hours

Cytoplasmic bulge emerges
and expands

6–2 hours

Gamete release 0 hours

Plate 5.1 (1) Spines are discarded before gamete release (GR) in G. sacculifer (Kage Microphotography©, with
permission). When gametogenesis starts (2) the cytoplasmic bulge expands, and (3) gametes are released. Gametes are
released and (4) are still in close vicinity to the parental tests (N. dutertrei). (5) Released gametes around parental test
(H. pelagica). (6) TEM image of stained gamete of H. pelagica with flagella of different lengths and whip-like ends
(from Spindler et al. 1978). Bars (1,3,4) 200 µm, (2) 50 µm, (5) 500 µm, (6) 2 µm

c

162 5 Reproduction



1 

2 

5 

3 

4 

6 

5.1 Gametogenesis 163



endoplasmic reticulum, and at the periphery
typical basal bodies and their flagella (Hemleben
et al. 1989).

The gametes of planktic foraminifers contain
a single nucleus with finely dispersed chromatin.
Lipid droplets form conspicuous inclusions in the
cytoplasm. Gametes are distinguished from pos-
sible motile stages of the symbionts by their
nucleus with a ‘foraminifer-type’ fine structure
(as in the parent cell cytoplasm), which is not
mesokaryotic (containing persistently condensed
chromatin) as in the dinoflagellate symbionts of
some spinose planktic foraminifers. In addition,
chloroplasts and other inclusions characteristic of
symbionts are absent in the gametes, and no algal
symbionts are associated with the gametes.
Symbionts are present in the intratest cytoplasm
of G. sacculifer and G. ruber, but not before the
three-chambered ontogenetic stage of the test,
and it is not known how symbiont-bearing spe-
cies acquire their symbionts (see Chap. 4).

Species-specific variations in cytoplasmic fine
structural processes during gametogenesis
include differences in the size and shape of
reproductive nuclei. Large spheroidal cytoplas-
mic residual bodies (spherical bodies) of some
tens of micrometers in diameter are produced by
H. pelagica during reproduction (Plate 5.2-5 and
-6). They consist of a thin layer of cytoplasm
with several nuclei bearing flagella at the
periphery, surrounding a massive vacuole con-
taining waste materials (Spindler et al. 1978).
Similar vacuolar bodies often of smaller size
have also been observed in the final mass of
cytoplasm released during gametogenesis in
other spinose species. Those bodies are expelled
during gametogenesis, and appear to be residual
digestive vacuoles. They are situated within the

protective sheath of cytoplasm, which prevents
the gametes from potentially destructive effects
of lytic enzymes that are isolated within the
digestive vacuoles. The process of gametic nuclei
proliferation is not yet entirely understood, and
additional observations of the earliest stages of
nuclear division would be needed to fully docu-
ment the proliferation.

The small gametogenic nuclei are almost
isodiametric. Additional daughter nuclei are
formed by binary fission (Plate 5.2-3). During
karyokinesis (nuclear fission), the nuclear
envelope remains intact. Microtubular centers
outside of the nuclear envelope with attached
microtubules pass through it into the nucleo-
plasm. When the chromosomes separate
(Plate 5.2-2), the nuclear envelope expands, and
finally when it is in telophase two daughter
nuclei are produced. The initial production of
daughter nuclei from the non-reproductive
nucleus appears to occur very rapidly, either by
repeated budding off of smaller nuclei from the
larger nucleus, or by simultaneous fragmentation
of the large nucleus into many smaller nuclei
(Hemleben et al. 1989). Successful reproduction
results in large numbers of offspring. The earliest
calcified stages of juveniles include a protoconch
and a deuteroconch (Plate 5.2-7 and -8, see
Chap. 6).

5.1.3 Morphological Changes
of Tests During
Gametogenesis

The tests remaining after gamete release bear
distinct signs of gametogenesis. Resorption and
shedding of spines during early stages of

Plate 5.2 (1) Annulate lamellae in H. pelagica forming concentric aggregates when transported toward the nucleus
12–16 h before gamete release (Spindler and Hemleben 1982). (2) Gamete nucleus (N) of G. ruber with separating
chromosomes (white arrow), and flagella in cross-section (red arrows). (3,4) Vacuolated cytoplasm with gamete nuclei
(N) and flagella in longitudinal (black arrows) and cross-section (red arrows) of (3) G. ruber and (4) G. sacculifer. (5)
Spherical bodies close to the empty shell of H. pelagica after gamete release, with (6) large central vacuole
(V) including debris, and some nuclei in the surrounding cytoplasm (from Spindler et al.1978). (7a) Offspring of G.
truncatulinoides with protoconch (dark) and deuteroconch (light). (7b) Offspring of G. glutinata with protoconch (dark
red), deuteroconch (light red), and 3rd chamber (uncolored). (8) Offspring of G. glutinata with pustules and
deuteroconch with pores (7b and 8 from K. Kimoto, with permission). Bars (1–4,6) 1 µm, (5,7) 100 µm, (8) 10 µm
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gametogenesis leave characteristic spine rem-
nants, as exemplified in H. pelagica (Hemleben
et al. 1979). Holes remain where spines were
shed, and distinguish all modern and fossil spi-
nose (subsequent to the C/T boundary) from
non-spinose tests (Plate 5.3-1 to -4). These
spine-holes may be entirely or partially covered
by additional deposition of calcite during game-
togenic (GAM) calcification (Plate 5.3-2 and -3)
(Bé 1980; Hemleben and Spindler 1983).
Resorption of internal septae, and dissolution of
the test wall as in H. pelagica (Plate 5.3-5 and -
6) is assumed to aid gamete release (Hemleben
et al. 1979).

Variations in final test morphology may indi-
cate gametogenesis in existing and fossil speci-
mens (Hemleben and Spindler 1983). One or
more (up to four) chambers may be smaller
(kummerform) than the last pre-gametogenic
chamber (Berger 1970). In spinose species, the
kummerform chambers often lack spines, and
may be either incompletely calcified or rather
thick-walled, with scarce and scattered pores. In
fossil specimens, kummerform chambers are
often broken (Plate 5.3-7) because of their
insufficiently calcified walls, and might only
leave a rim where the wall was attached to the
earlier chambers. In G. sacculifer, one polymor-
phous sac-like chamber, including the ‘fistulose’
type may be produced (Plate 5.3-7; see also
Chap. 2, Plate 2.9-6 and -9). In other cases, the
final chamber may be significantly larger than the
previous chambers (Plate 5.3-8). In mature
specimens of O. universa, the formation of a
second sphere joined to the first one (Plate 5.3-9)
or surrounding it (Plate 5.3-10) produces
so-called ‘Biorbulina’ morphotypes (see also
Chap. 4.1.5). In most cases, the final chamber
may well be of normal shape and size following

the logarithmic growth phase even if reproduction
had occurred.

Kummerform chamber: The term kum-
merform (German for kümmerlich, klein,
i.e. measly, small) was defined by Berger
(Berger 1969, 1970), who favored the
interpretation that stress, i.e. non-optimum
growth conditions cause formation of
kummerform chambers (see also Hecht and
Savin 1972, stable isotope data of kum-
merform chambers). Olsson (1973) con-
cluded that kummerform phenotypes
represent mature individuals, which have
achieved full adult size, and suggested that
comparisons between kummerform and
normal-form individuals are insignificant,
and the use of the term kummerform is
confusing (for summaries see Kennett
1976; Hemleben et al. 1989). Kummerform
chambers are formed last in ontogeny prior
to reproduction, and may be smaller or
equal in size compared to the previous
chamber. To speculate, the size of kum-
merform chambers depends on the internal
calcium pool of the individual.

5.1.4 Gametogenic Calcification

An additional more or less patchy calcite layer
covering the whole test after shedding of spines
may be formed up to 16 h before gamete release
(e.g., Bé 1980). Consequently, the test surface is
thickened by additional deposition of calcite, i.e.
gametogenic calcification (GAM). Spine holes
are closed to varying degrees by additional cal-
cification as observed by SEM visualization.

cPlate 5.3 (1–3) Increasing GAM calcification in G. sacculifer. (1) Spine holes and remains of spines (red arrows) are
visible, (2) some spines holes covered, and (3) all spine holes are covered by GAM calcite (blue arrows). (4) Some
remains of spines (red arrows) are visible in G. bulloides. (5,6) Empty tests of H. pelagica after gametogenesis in the
laboratory, with spines and septae resorbed (from Hemleben et al. 1979, 1989). (7) Thin-walled broken kummerform
chambers in G. sacculifer. (8) N. dutertrei with enlarged final chamber. (9,10) ‘Biorbulina’ types of O. universa may
indicate reproduction and/or excess food availability, e.g., when overfed in laboratory culture. (10) Incomplete second
sphere surrounding previous sphere. Bars (1–4) 10 µm, (5–10) 200 µm
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Gametogenic calcite deposited on top of the test
surface (Plate 5.3-2 to -4) is an unequivocal
indicator of reproduction, as found also in fossil
specimens (Bé 1980). However, not all gameto-
genic specimens produce a substantial gameto-
genic calcite layer. The amount of thickening of
the test wall appears to be related to the amount of
excess calcium stored in the cytoplasm at the time
of gametogenesis (cf. Chap. 6). It is assumed that
test wall thickening in gametogenesis serves as
physiological disposal of excess calcium prior to
cellular changes of nuclear proliferation and
gamete production (Hemleben et al. 1989).

The amount of CaCO3 deposited prior to
gametogenesis is specimen-specific, and may be
absent or present to a varying degree in both
symbiont-barren and symbiont-bearing species
(cf. Bé 1980; Hemleben and Spindler 1983).
Close to 100 % of adult G. bulloides (>150 µm
in test diameter) produce a more or less complete
layer of gametogenic calcite. GAM calcification
in G. bulloides starts at structures, which are
elevated above the surface of the outer shell
(Plate 5.3-4), and may finally merge to form a
thin veneer of calcite over most of the outer shell
(Schiebel et al. 1997).

The chemical composition of the planktic
foraminifer test represents a mixed signal related
to the dwelling depth of the foraminifer, and is
formed at the average dwelling-depth plus water
depth of reproduction (Berger et al. 1978). The
gametogenic calcite layer covering the test sur-
face of G. bulloides, and other species, such as
Globorotalia truncatulinoides and Globorotalia
tumida, may be depleted in Mg relative to the
pre-gametogenic test calcite, while being enri-
ched in Mg in G. sacculifer, or varying in the
Mg/Ca ratio as in N. pachyderma (Eggins et al.
2003). These differences are assumed to result
from the relative position of reproduction in the
water column, which is shallower in G. trun-
catulinoides and G. tumida, and deeper in G.
bulloides (e.g., Hemleben et al. 1985; Schiebel
et al. 2002; Schiebel and Hemleben 2005). These
differences may be attributed to various factors
including the presence (e.g., G. ruber) and
absence of symbionts (e.g., G. bulloides), as well
as regional hydrographic conditions.

GAM calcification may add about 4–20 %
additional calcite to the shell that was formed
during earlier ontogeny of ‘thin-walled’ mor-
photypes (and genotypes, de Vargas et al. 1999)
of the symbiont-bearing species O. universa
(Hamilton et al. 2008). In addition to differences
in calcite precipitation between different species,
and within the same (morpho-) species (e.g., the
genotypes of G. bulloides, Darling and Wade
2008) GAM calcite may produce tests of differ-
ential size-normalised weight (Spero and Lea
1996). The same is true for G. sacculifer cultured
under varying light intensity (Bé et al. 1982;
Spero and Lea 1993). However, in contrast to
G. bulloides, G. sacculifer has only one genotype
including various morphotypes (André et al.
2013). Differences in presence, amount, and
composition of gametogenic calcite within and
between genotypes, plus resulting changes in
dissolution susceptibility, add complexity to the
interpretation of chemical data of tests from
sediments (Eggins et al. 2003).

5.2 Reproduction Inferred
from Population Dynamics

Shallow-dwelling species have been shown to
reproduce once per month (G. bulloides), or twice
each month (G. ruber), triggered by the synodic
lunar cycle (Berger and Soutar 1967; Spindler
et al. 1979; Reiss and Hottinger 1984; Schiebel
et al. 1997). Lunar periodicity has also been
inferred from population dynamics of Globiger-
inella calida, Globigerinella siphonifera, Glo-
bigerinita glutinata, Globigerinoides sacculifer,
Globorotalia menardii, Neogloboquadrina
dutertrei, Orbulina universa, and Pulleniatina
obliquiloculata (e.g., Jonkers et al. 2015). How-
ever, not all specimens may reach the reproduc-
tive ontogenetic stage during one reproductive
cycle and may reproduce during one of the fol-
lowing cycles (Spindler 1990). Intermediate to
deep-dwelling species are assumed to reproduce
less often than shallow-dwelling species (Hem-
leben et al. 1989; Schiebel and Hemleben 2005).
The deep-dwelling species G. truncatulinoides
is believed to reproduce only once per year
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(Hemleben et al. 1989). For reproduction, G.
truncatulinoides ascends from depths to the sea
surface during early spring, possibly at the mar-
gins of the subtropical gyres (cf. Hemleben et al.
1985: Sargasso Sea; Schiebel et al. 2002: Azores
Current). In contrast, shallow-dwelling species
are assumed to descend for reproduction in the
upper water column to water depths around the
Deep Chlorophyll Maximum (DCM) (see also
Chap. 7, Ecology, Fig. 7.7). The reproductive
descent possibly marks the greatest water depth
that shallow-dwelling planktic foraminifers attain
during their ontogenetic cycle (Schiebel and
Hemleben 2005).

Although lunar reproductive cyclicity is well
known especially in the reproduction of meta-
zoans (Richmond and Jokiel 1984), among other
organisms, triggering mechanisms are still under
debate, i.e., for example whether it is the affects
of light and/or gravitation. The concept of lunar
cyclicity (i.e. a synodic cycle) in the life cycle of
some spinose planktic species is largely coherent
(Schiebel and Hemleben 2005). However, as
spinose species differ significantly in their bio-
logical behavior and habitat, reproductive modes
may differ between species (Bijma et al. 1990;
Schiebel et al. 1997). The spatial and temporal
components of the population dynamics of G.
sacculifer, G. ruber, and G. siphonifera from the
Red Sea, and G. bulloides from the eastern North
Atlantic, indicate differential lunar reproduction
cyclicity from the population dynamics com-
pared to those that are analyzed from net tow
samples of the surface waters. Whereas the
cohorts of the G. sacculifer and G. bulloides
assemblages show quite clear synodic lunar
cyclicity (Figs. 5.2 and 5.3), the distributions of
G. ruber and G. siphonifera are rather less well
defined and within the semi-lunar domain (Bijma
et al. 1990; Jonkers et al. 2015). In G. ruber
(white), biweekly reproduction was already sus-
pected by Berger and Soutar (1967) and
Almogi-Labin (1984). In turn, G. siphonifera has
been assumed to reproduce on a synodic lunar
frequency by Schiebel and Hemleben (2005, data
from the Arabian Sea).

The ontogenetic development of species pro-
vides information on the timing of reproduction

as reconstructed from large individuals
(>100 µm). The diameter of the proloculus of G.
bulloides is 20 µm on average (see Chap. 6).
Juvenile specimens grow rapidly, and a test size
of >100 µm can be reached in less than 10 days
after reproduction (Hemleben et al. 1989; Spero
and Lea 1996). Growth rates are affected by
various factors, such as temperature, and quality
and abundance of food. Accordingly, resulting
pulses of young adult tests >125 µm were
recorded between the second half of the waxing
moon and the new moon of the following lunar
cycle (Fig. 5.3). Those small specimens possibly
resulted from the reproduction of adult (i.e. large)
G. bulloides, mainly during the first half of the
waxing moon. During the second half of the
waxing moon, and during the waning moon,
these individuals reach maturity, and during the
first week of the following waxing moon large
numbers of terminal test stages (GAM individu-
als) generate a new start of the ontogenetic life
cycle (Fig. 5.3). All other surface dwelling spe-
cies have been found (from plankton net data
>100 µm) to reproduce once per fortnight or
once per month (Schiebel and Hemleben 2005;
Jonkers et al. 2015).

A rather blurry distribution of cohorts of G.
siphonifera and G. ruber, and differences in
assemblage data from different ocean basins
might result from the somehow lower standing
stocks than in G. bulloides, and hence larger
standard deviations. In addition, different ‘types’
(morphotypes and genotypes?) of G. ruber and
G. siphonifera (Huber et al. 1997; Bijma et al.
1998; Wang 2000; Darling and Wade 2008;
Aurahs et al. 2011) may reproduce at different
schedules, and display varying distribution pat-
terns resulting from biological and ecological
prerequisites. The analyzed samples originate
from different geographic locations, from differ-
ent seasons and years, and different ecologic
conditions as indicated by regional differences of
temperature and salinity of the surface water.
However, taking into account that reproduction
in G. bulloides, or in any other shallow-dwelling
planktic foraminifer species is triggered by the
synodic lunar cycle, temporal changes in the
specific population structure (e.g., size
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distribution) should be similar at equivalent
longitudes, although local biotic and abiotic
parameters may mask the signal. Consequently,
each sample represents a transitional state of the
standing stock of any species, and appears to be
affected by the time of collection including sea-
son, geographic location, and day within the
synodic lunar cycle.

According to data from vertical plankton
tows, reproduction of shallow-dwelling planktic
foraminifers at best takes place close to or within
the Deep Chlorophyll Maximum (DCM), at the
base of the mixed layer (i.e. thermocline, pycn-
ocline). The DCM is thought to be the depth
level where trophic conditions best support ali-
mentation of juvenile planktic foraminifers

(Hemleben et al. 1989; Schiebel and Hemleben
2005). Reproduction depth may thus be not only
biologically fixed, but also affected by variations
in hydrology and ecology, i.e. food sources.
After reproduction close to the base of the pro-
ductive layer in the water column, the empty
adult tests sink toward the seafloor. The export
layer hence contains mostly post-gametogenic
specimens, i.e. empty tests or tests filled with
various amounts of cytoplasm remnants.

Synchronized reproduction at a narrow depth
range located near the seasonal thermocline and
DCM enhances the chance of successful fertil-
ization (gamete fusion), and favors survival of
the offspring by providing prey in abundance,
perhaps in the form of more or less degraded

Fig. 5.2 Test-size distribution of G. sacculifer over an entire synodic lunar cycle from October 1 through November
17, 1984, from the Gulf of Aqaba. FM full moon, NM new moon. Surface samples were obtained every 4th day, and
specimens were measured individually. Contour lines show residuals of test-size classes. Distribution of tests of any
size, either under-represented, over-represented, or at maximum abundance, is given in white, fine stippled, and coarse
stippled areas, respectively. Specimens grow larger over the synodic lunar cycle starting from around the first FM
(upper line) to the following FM. The cycle is repeated as indicated by the contour lines before the 1st and after the 2nd
FM. From Hemleben et al. (1989), and Bijma et al. (1990)
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organic tissues (e.g., Bijma et al. 1990; Erez et al.
1991). Hastigerina pelagica releases up to
500,000 gametes (Spindler et al. 1979), and other
species release thousands to some tens of thou-
sands gametes (Bé and Anderson 1976). Repro-
duction in H. pelagica occurs during the same
time of day, i.e., the early hours of the afternoon
(Spindler et al. 1979), which further enhances the
chance of successful contact between the game-
tes of different parents.

Size-variations of proloculi of the same planktic
foraminifer species are statistically insignificant
(Parker 1962; Sverdlove and Bé 1985; Brummer
et al. 1987). Therefore, alternation of different
generations (i.e. sexual and asexual) is likely lim-
ited, and it is assumed reproduction is predomi-
nantly sexual. However, asexual reproduction has
been reported from individually cultured
Neogloboquadrina incompta (Kimoto and Tsu-
chiya 2006, and written communication K. Kimoto
2014).

In contrast to the results discussed above, G.
bulloides is assumed to reproduce twice per
month (Marchant 1995), according to data from

sediment trap samples from 2173 and 3520 m
water depth off the coast of Chile. From the same
samples, N. pachyderma, N. dutertrei, and G.
calida are discussed as probably reproducing
once per month (Marchant 1995; cf. also Jonkers
et al. 2015 for sediment trap data from the Gulf
of Mexico). From an ecologically similar sam-
pling setup off Namibia, Lončarić et al. (2005)
conclude that the only species bearing a synodic
lunar reproduction strategy is H. pelagica, and all
other 27 analyzed species bear no such lunar
periodicity. Any other frequency of reproduction
is reported in the 16–90 days domain, with G.
trilobus (i.e. the trilobus type of G. sacculifer,
Plate 2.9.1 to -3) assumed to reproduce on a
42-day cycle (Lončarić et al. 2005). However,
reproduction cycles inferred from specimens
from sediment trap samples are possibly affected
by differential settling velocities of different
species and test sizes, as well as transport of tests
by currents. Those affects are increasingly diffi-
cult to account for with increasing sampling
depths (cf. Berelson 2002; Von Gyldenfeldt et al.
2000; Jonkers et al. 2015). Best proof of timing
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Fig. 5.3 Average test-size distribution of G. bulloides over a synodic lunar cycle, with FM full moon (Day 0), NM
new moon (Day 14). Data in the upper panel show the relative distribution of tests >125 µm from plankton tows of the
surface 60 m of the water column (linear time-scale, and 4-point interpolation). Largest individuals are assumed to
reproduce mostly between Day 14 and 21. The offspring grows larger and reaches the >125-µm test-size fraction from
Day 23. The lower panel shows assumed schematic growth curves of small (<125 µm) individuals starting from 20 µm
(see Chap. 6), i.e. a hypothetic proloculus of G. bulloides. Redrawn from Schiebel et al. (1997)
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and periodicity of reproduction may be derived
from observations using laboratory cultures as
done for H. pelagica. In turn, planktic fora-
minifers are sensitive to exogenous changes
including sensitivity to ecologic conditions.
Therefore, laboratory cultured planktic fora-
minifers might not accurately display the natural
reproductive behavior of any planktic foraminifer
species reproducing in the natural environment
(Spindler 1990).

5.3 Deviations from the Synodic
Lunar Cycle in H. pelagica
According to Laboratory
Experiments

Deviations from the synodic lunar cycle provide
information to better understand the reproduction
cycle, and the effect of the moon (i.e. gravitation
and tides, and light) on planktic foraminifer
reproduction in general. Out of a total of 848
cases of gametogenesis of H. pelagica observed
in the laboratory, 80.7 % (97.8 %) of the speci-
mens released their gametes between Day 3 and
7 (Day 1–9, respectively) after the full moon
(Figs. 5.4 and 5.5) similar to the gametogenesis
observed in the natural habitat. Only 2.2 % of all
specimens reproduced earlier (up to 7 days
before the full moon) or later (up to 15 days after
the full moon) possibly depending on the avail-
ability of food and light (i.e., light-and-dark
cycles). The closer in time before the full moon
that H. pelagica was sampled from surface
waters and transferred to the laboratory, the
higher was the chance of successful reproduction
(Spindler 1990).

To examine the effect of light on reproduc-
tion, specimens of H. pelagica were sampled one
or two days before the full moon, and exposed to
varying light-and-dark cycles under laboratory
conditions (Spindler 1990). Depending on the
number of days of prolonged light or dark peri-
ods of several days, all specimens reproduced
later than the control group of specimens.
Reproduction was retarded according to the
number of days of both prolonged continuous
(A) light or (B) dark periods (Fig. 5.6).

Hastigerina pelagica seemed to have registered
(perhaps by a physiological clock) the number of
dark and light periods to synchronize reproduc-
tion, which would argue against an affect of
gravitation/tides on the synodic lunar reproduc-
tion cycle. It still remains unclear, how H.
pelagica senses the light, and in which way light
affects the timing of reproduction. Experiments
on sub-circadian light-and-dark cycles would add
information on the trigger and synchronization of
the reproduction of H. pelagica.

The synchonized release of gametes during
the same time of day (i.e., early afternoon) would
possibly indicate H. pelagica as being heteroga-
mous (Spindler et al. 1979). However, the cyclic
reproduction of H. pelagica might be an excep-
tion within the planktic foraminifers, since the
genus Hastigerina is different from other planktic
foraminifers, especially such characteristics as
the mono-lamellar shell, triradial spines, and the
cytoplasmic bubble capsule (Spindler et al.
1979). Cyclic reproduction triggered by the
synodic lunar cycle in all other planktic fora-
minifer taxa (Schiebel and Hemleben 2005) has
so far been inferred from statistical models on
population dynamics, and hence likely affected
by any one or more of the following factors:
Physical (e.g., expatriation by currents), ecolog-
ical (e.g., availability of food), and biological
(e.g., mortality), which may occur on much
shorter or longer time-scales (cf. Lončarić et al.
2005).

Fig. 5.4 Percentage of field-collected H. pelagica, which
reproduced in the laboratory on the days indicated over a
7-month time-period from March through September
1977. The full moon is indicated by triangles. From
Spindler et al. (1979)
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Fig. 5.5 Numbers (No) of specimens of H. pelagica
reproducing relative to the day of the full moon (0 days).
Observations started nine days before the full moon (−9),

and were terminated 15 days after the full moon (15).
Mean value (X), standard deviation (SD). From Spindler
et al. (1979)
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8 17

100
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Fig. 5.6 Laboratory experiments of the effect of
light-and-dark cycles on the timing of gametogenesis in
H. pelagica. Experiments include circadian changes of
12-h light and 12-h dark (white-black symbols), 24 h
darkness (black symbols), and 24 h light (white symbols).
Day of reproduction and percentage of specimens which
reproduced indicated by arrows with numbers. Full moon
is given by FM and a dashed line. a 25 specimens,
collected 2 days before the full moon were kept under a
12-h light/12-h dark cycle for 6 days after the full moon,
then for 2 days in darkness, and from the morning of day
8 exposed to a 12-h/12-h light/dark cycle again.

Consequently, reproduction was retarded and occurred
between 9 and 15 days after the full moon. Experiment
(a) was carried out without a control group. b After
having been collected on the day of the full moon, part of
the specimens were kept in darkness for 3 days, and
reproduction occurred 3 and 4 days after the time when
the specimens of the control group reproduced, which
were continuously kept under 12-h/12-h light/dark cycles.
c and d Same experiments as in (b) but part of the
specimens were exposed to continuous light for several
days. After Spindler (1990)
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5.4 Summary and Concluding
Remarks

Morphological changes, including spine shedding,
and gametogenic calcification characterize speci-
mens that undergo gametogenesis. Asexual repro-
duction (i.e. a haploid generation) in planktic
foraminifers is assumed much less likely to be the
case than sexual reproduction (cf. Hemleben et al.
1989, and references therein). Morphological
alternation of microspheric (diploid generation)
and macrospheric (haploid generation) generations
as in benthic foraminifers has not yet been reported
among planktic foraminifers. Size-variations of
proloculi of the same planktic foraminifer species
are statistically insignificant, supporting the
assumption of predominantly sexual reproduction
in planktic foraminifers. In turn, asexual repro-
duction has been reported from individually cul-
tured Neogloboquadrina incompta.

Strong evidence shows that the reproductive
cycle in spinose species living in the photic zone is
linked to a synodic lunar or semi-lunar cycle,
particularly well established for H. pelagica, G.
sacculifer, G. siphonifera, G. ruber, and G. bul-
loides. Subsurface dwelling species such as G.
truncatulinoides and G. hirsuta appear to have an
annual or semi-annual reproduction frequency.
Despite detailed knowledge of timing and cyto-
plasmic events during reproduction of planktic
foraminifers, the complete life cycle is still not
sufficiently known. More complete information
from laboratory cultures and natural populations is
needed to understand the events of reproduction
early ontogeny of planktic foraminifers.
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6Ontogeny and Test Architecture

Tests of varying complexity represent the most
obvious and persistent visual expression of the
overall planktic foraminifer morphology. Conse-
quently, understanding the biological processes
and environmental controls involved in the for-
mation and deposition of the planktic foraminifer
shell is of major interest to any related discipline,
including marine biogeochemistry, sedimentol-
ogy, biostratigraphy, and paleoceanography.
Adult morphotypes are relatively easy to classify
and have formed the basis of the taxonomic sys-
tem of modern and fossil planktic foraminifers. In
addition, pre-adult growth stages add important
information on the biology, ecology, phylogeny,
and test chemistry of planktic foraminifers. The
ontogenetic development of planktic foraminifer
species has hence been of interest starting from
the earliest modern studies in the 20th century.
Near logarithmic growth of tests during ontogeny
(the rather large proloculus excluded) was rec-
ognized in Globorotalia menardii as early as in
1911 by Rhumbler, and subsequently confirmed
for other planktic foraminifer species (e.g., Ols-
son 1971; Hemleben et al. 1985; Brummer 1988;
Brummer et al. 1987).

The first detailed information on internal test
morphology and ontogenetic development has
been provided from sectioning of tests (e.g.,
Brönnimann 1950), X-Ray imagery of tests by Bé
et al. (1969), and the comparative papers of
Huang (1981), and Sverdlove and Bé (1985).
However, reconstruction of ontogeny from the
inner whorls of mature shells provides incomplete

information on the development of tests, since
additional layers of calcite are deposited at each
successive addition of a new chamber, and alter
the thickness and morphology of the early
chambers. Calcite layers may even be deposited
at a daily rate, as shown in adult Orbulina uni-
versa (Spero et al. 2015). In addition, resorption
of previously deposited calcite, and loss of septa
and spines may lead to misinterpretations of early
ontogenetic stages as, for example, in O. universa
(Hemleben et al. 1989, and references therein).
Since planktic foraminifers have not yet been
grown in continuous cultures in the laboratory,
knowledge of the succession of growth stages
from syngamy (zygote formation) to reproductive
maturity is incomplete. Early ontogenetic stages,
i.e. juvenile and early neanic individuals of
field-collected individuals less than about 80 µm
in size are particularly difficult to grow to matu-
rity in laboratory culture.

By backtracking individual growth stages
from the adult tests to the earliest detectable
two-chamber stage, i.e. the proloculus and
deuteroconch, Brummer et al. (1986, 1987) have
reconstructed the ontogeny of various species
(Plate 6.1-1 and -2). Adult tests were collected
with a 10 µm net, and examined by incident light
and scanning electron microscopy to establish the
morphological characteristics, linking successive
ontogenetic stages from old to young. The entire
sequence is arranged in reverse order to represent
the ontogenetic sequence from juvenile to adult.
Based on sequential analysis, ontogenies of
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several globigerinid species have been developed
and conceptualized for a sequence of five suc-
cessive growth stages (Brummer et al. 1987).

6.1 Morphological Development
of Spinose Species

Analysis of various spinose species has resulted
in a conceptual description of ontogeny catego-
rized in five stages (Brummer et al. 1987). The
growth stages represent a dynamic and continu-
ous process. Transitions between stages possibly
result from ontogenetic changes in physiological
boundary conditions. The successive addition of
chambers to the planktic foraminifer test pro-
vides a means to delimit boundaries between
stages, based on individual or multiple steps in
the process of chamber addition. Ontogenetic
stages are indicated by changes in the arrange-
ment of the chambers, onset of spine and pustule
formation, occurrence and pattern of pore dis-
tribution, structure of septae between chambers,
and morphology and orientation of the aperture.
Those features may be developed individually or
in combination. The following five growth stages
are assumed to delimit the ontogenetic develop-
ment of modern spinose species (Brummer et al.
1987).

1. The prolocular stage (Plate 6.1-1 and -2) is
probably very short-lived and includes all events
from zygote formation to formation of the first
spheroidal chamber, i.e. the proloculus (or pro-
toconch). Individual gametes are about 5 µm in
size, and initial development of the proloculus
must involve substantial cytoplasmic expansion.
The amount of expansion after gamete fusion is
presumed to be least in species with large prolo-
culi. It is assumed that the earliest prolocular stage
is not calcified. Diameters of proloculi in spinose
species typically range between 7 and 34 µm
(Fig. 6.1). Brummer et al. (1987) report diameters
of 12 and 25 µm, respectively. Proloculi sizes
analyzed from dissected larger tests may differ
between species, and measure on average
*15.7 µm in diameter (Sverdlove and Bé 1985;

Hemleben et al. 1989). Despite rather large
size-variations, size differences of proloculi in the
same species (Fig. 6.1) are statistically
non-significant (Parker 1962; Sverdlove and Bé
1985; Brummer et al. 1987). In addition, no
alternation of generations could be detected based
on size patterns of proloculi. It is hence assumed
that only one reproductive mode, i.e. sexual
reproduction predominates in planktic
foraminifers.

The distinct morphological features of prolo-
culi, such as the presence or absence of pores and
spines, are uncertain. Details of the early devel-
opment are deduced from the earliest
multi-chambered stages, because proloculi have
not yet been found (confirmed) in the water
column or sediment samples. Calcified proloculi
may exist in the surface water column (Bishop
et al. 1980; Bé et al. 1985), but their reported
occurrence has not been confirmed. In contrast to
proloculi, calcified two-chambered juvenile
individuals occur in large numbers in the water
column (see Chap. 5), as confirmed from
plankton tows using 10 µm nets, and short-term
sediments traps (cf. Hemleben et al. 1989).

2. The juvenile stage (Plate 6.1-2 to -4) com-
mences with the formation of the deuteroconch
(second chamber) as cytoplasmic growth contin-
ues. The well-calcified deuteroconch is smaller
than the weakly or non-calcified proloculus. The
deuteroconch is followed by a number of subse-
quent chambers of uniform morphology. Juvenile
tests of Globigerinoides species have a more or
less planoconvex (or globorotalid) shape
(Rhumbler 1911; Parker 1962; Huang 1981)
(Plate 6.1-3). Juvenile Globigerina species pro-
duce globular chambers resulting in spheroidal
tests called globigerine tests (Huang 1981).
Alternatively, a streptospiral whorl may be
formed around the proloculus (Desai and Banner
1985).

During the juvenile stage, variable and
species-specific numbers of chambers are added in
a low trochospiral whorl containing about 1.5
turns. Six chambers are added in Globigerinella
siphonifera, and nine in G. ruber, resulting in test

178 6 Ontogeny and Test Architecture

http://dx.doi.org/10.1007/978-3-662-50297-6_5


diameters of 80 µm and 65 µm, respectively. In
Globigerinoides sacculifer, up to eleven chambers
are added to the juvenile test, which increases in
size from about 20 µm to 90 µm in maximum
diameter. Juvenile tests produce a wide umbilicus
and amarginal extra-umbilical aperture. Shapes of
sutures and lobateness of tests varies among spe-
cies. Juvenile chambers of Globigerinoides ruber
are separated by deeply incised sutures producing
a lobate test shape, whereas the sutures of juvenile
G. sacculifer are shallow and the perimeter of the
test has a smooth and shallow scalloped profile

(Plate 6.1-3 and -4). Large pores are aligned along
the sutures, giving the test a typical smooth and
suturally perforate morphology. Pores may be
produced on both dorsal and ventral surfaces.
Pores are present along both spiral and umbilical
sutures of the test of juvenile G. sacculifer
(Plate 6.1-4), and limited to the spiral side in
G. ruber. The few thin spines at this stage lack
supporting spine collars. Juveniles consume
microplankton (largely phytoplankton), and may
possess photosynthesizing symbionts from the
three-chambered stage on.

Fig. 6.1 Proloculus diameters of different planktic fora-
minifer species sorted by group. Midpoints show average
diameters. Thick bars show standard deviations. Whiskers
indicate the total range of data. White bars after data from

Sverdlove and Bé (1985), and black bars according to
data from Brummer et al. (1987). After Hemleben et al.
(1989)
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3. The neanic stage is a transitional ontogenetic
stage leading from the juvenile to the adult stage.
This stage (Plate 6.1-5) is marked by substantial
overall changes in test morphology. The average
number of chambers per whorl decreases in com-
parison to the juvenile stage. During the neanic
stage, typically about four chambers are added to
the test in approximately one whorl. InG. sacculif-
er, the number of chambers per whorl decreases
from 6.5 to 3.5 (Plate 6.1-3 to -5), and from 5 to
about 3.5 chambers in G. ruber. Chamber shapes
become increasingly globular in Globigerinoides
species, and radially elongate in Globigerinella
species, resulting in spheroidal or palmate tests,
respectively. The umbilicus closes in most spinose
taxa, and the position of the aperture changes from
marginal extra-umbilical to umbilical. In other taxa,
the umbilicus remains open while the aperture is
situated in an extra-umbilical position as in Tur-
borotalita. Pores are developed on the entire test
surface. These changes in morphology occur while
chambers are added, and gradually lead to the
adult stage.

Characteristics of the final (adult) stage
emerge in the neanic stage, including a more
rugose texture of the test surface, development of
numerous thick spines with spine collars,
inter-spine ridges, and pore pits distributed over
the entire test surface. The gradual increase in
chamber volume during the neanic stage is larger
than in the pre-neanic development. At the same
time, the trophic demand changes from a her-
bivorous to a largely omnivorous diet.

4. In the adult stage (Plate 6.1-6), test features
including secondary apertures are produced,
which may vary between generic groups such as
Globigerinoides, Orbulina, and Sphaeroidinella
(e.g., Huang 1981; Desai and Banner 1985).

Subequatorial main apertures appear in Glo-
bigerinella. Chambers may deviate in shape,
from the rather spherical forms of neanic cham-
bers to forms ranging from compressed as in
Globigerinoides conglobatus to digitate as in
Beella digitata. Changes in chamber form may
result in alterations in coiling mode, and spherical
terminal chambers as observed in O. universa.
Digitate chambers and streptospiral coiling occur
in Hastigerinella. In G. sacculifer, two or three
large chambers are added during the adult stage
(test diameter >210 µm). The diet of adult stages is
mainly carnivorous or omnivorous (see Sect. 4.1).
At least one chamber, but usually two or three
chambers are added before reproduction.

5. The terminal stage (Plate 6.1-7) is related to
reproduction, andmarkedby the sheddingof spines,
and partial wall thickening in some species (i.e.
gametogenic calcite, GAM, see Chap. 5). Terminal
stages show substantial variation among some
genera such as the sac-like chamber ofG. sacculifer
(cf. Plate 6.1-6 and -7). Bulla-like additions or
elongated last chambers cover the umbilicus in
Turborotalita species, and normalform or kum-
merform final chambers are common among other
species (Berger 1970; Hemleben and Spindler
1983). The term kummerform signifies chambers,
which show no size-increase, or even a
size-decrease in comparison to the previous cham-
ber. In addition, some species resorb septa (e.g.,
Hastigerina pelagica) or entire previous chamber
walls (e.g., O. universa). The resulting final step in
maturation is marked by gametogenic tests with
coarsely cancellate or smooth surface texture. Open
spine-holes indicate shed spines. Finally, terminal
resorption of calcite and/or calcification may alter
the surface texture, grossmorphology, and chemical
composition of tests of various species.

b Plate 6.1 (1) Dissected test of adult G. ruber with first chambers (arrow). The test wall thickens on the juvenile part of
the test when chambers are added. (2–7) Successive ontogenetic stages of G. sacculifer. (2) Dissected G. sacculifer with
open protoconch (p) and deuteroconch (d), and foramen (f) connecting both chambers. (3) Early juvenile stage, (4) late
juvenile stage, (5) late neanic stage, (6) adult stage and (7) terminal stage. Bars (1) 50 µm, (2) 10 µm, (3–5) 20 µm,
(6, 7) 100 µm. (1, 2, 3, 4, 6) From Brummer et al. (1987)
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6.2 Morphological Development
of Non-spinose Species

The ontogenetic developmental pattern observed
in spinose species can be applied to the
non-spinose species in most aspects. Proloculi of
non-spinose species (16.3–23.9 µm) exhibit a
wider size-range and are larger than proloculi of
spinose species (av. 15.7 µm) on average
(Fig. 6.1). Those differences are most pronounced
in surface dwellers (Sverdlove and Bé 1985;
Hemleben et al. 1989).Candeina nitida produces a
particularly large proloculus of 28.3 µm in diam-
eter on average. Neogloboquadrina dutertrei,
N. pachyderma, and Pulleniatina obliquiloculata
(sampled from the Weddell Sea) vary most
markedly in proloculus sizes from 11 to 54 µm,
with an average of 29 µm. Microperforate species
produce proloculi, which are on average equal in
diameter to those of spinose species (Brummer
unpublished data; Hemleben et al. 1989).

According to Brummer (1988), juvenile tests
of microperforate species (e.g., Globigerinita
glutinata, C. nitida, Tenuitella iota) are morpho-
logically different from spinose species by being
planispiral instead of trochospiral. The aperture of
microperforate species has an equatorial rather
than marginal position, and produces a pro-
nounced spiral flange. The pores of microperfo-
rate species are extremely small, and evenly
distributed over the entire chamber surface. In this
respect, microperforate species differ from other
non-spinose and spinose species, which produce
larger pores along the chamber sutures (e.g.,
N. dutertrei, Globorotalia truncatulinoides).

In the deep-dwelling non-spinose species
G. truncatulinoides, juvenile sutural pores are
subsequently covered with additional calcite
layers (Hemleben et al. 1985). Similar to
G. sacculifer, the spiral and umbilical sides of the
test of G. truncatulinoides exhibit marked dif-
ferences in pore density during ontogeny, with
more pores per unit area on the spiral side than
on the umbilical side during the juvenile stage
(ca. 8-11 chambers), and more pores on the
umbilical side of the test thereafter (Fig. 6.2).
A similar, although less marked pattern, occurs
in Globorotalia hirsuta (Fig. 6.2). Only a few of

the second chambers produce pores in G. hirsuta.
The percentage of chambers with pores increases
markedly after the third chamber, considering the
proloculus as chamber number one. Pores are
present in almost all specimens from chamber
number six onward. The keel as a significant
morphological feature of adult specimens of both
globorotalid species develops from onset of the
neanic stage. The first five to seven chambers
produce no keel. In specimens larger than
100 µm, the keel is a prominent feature. The
shell surface where the keel develops is initially
porous in early stages, similar to the surface of
newly formed chambers, and increasingly thick-
ens with advancing test growth and calcification.
Eventually, a distinctive ridge is formed along
the test periphery. Keel development is similar in
other globorotalid species as, for example,
Globorotalia menardii (Hemleben et al. 1977).
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Fig. 6.2 The number of pores per chamber rapidly
increases between chambers 6 and 7 (spiral side, open
triangles), and chambers 8 and 9 (umbilical side, filled
triangles) in G. truncatulinoides, and chambers 7 and 8
(spiral side, open circles) and chambers 10 and 11
(umbilical side, filled circles) in G. hirsuta. Modified after
Hemleben et al. (1985)
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During the adult stage, C. nitida forms its
characteristic accessory apertures along sutures
(Plate 2.33-12 to -17). A pronounced apertural
flange develops in Dentigloborotalia anfracta
(Plate 2.18-13). The morphology of adult stages
of other non-spinose species is similar to that of
the late neanic stages. Similar to spinose species,
terminal features, such as kummerform chambers
(e.g., Plate 2.9, Plate 5.3-7) or bullae (Plate 2.32-3
and -4) may be formed by non-spinose species.
These systematic variations in the morphology of
chambers and tests are not to be confused with
abnormal growth such as twinned tests (e.g.,
Boltovskoy 1982).

6.3 Coiling Directions of Tests

Most extinct and modern planktic foraminifer
species produce trochospiral tests, either coiled
in clockwise (dextral, right coiling) or anti-
clockwise (sinistral, left coiling) direction viewed
from the spiral side. Coiling direction can usually
be determined as early as the two-chambered or
three-chambered stage, although coiling direction
may be fixed prior to calcification of the deute-
roconch (Hemleben et al. 1989 and references
therein).

In modern planktic foraminifers, some species
are coiled almost exclusively sinistral (e.g.,
Globorotalia tumida) or dextral (e.g.,
P. obliquiloculata). In some species like
G. truncatulinoides, coiling direction may
change over geological time periods in relation to

temperature variations or other environmental
factors (e.g., Ericson et al. 1954). Those changes
in coiling direction have been used for strati-
graphic purposes (Hemleben et al. 1989, and
references therein). Whereas some non-spinose
species have been analyzed for the paleoceano-
graphic significance of coiling directions of tests,
equivalent data on spinose species have so far not
been published.

Molecular genetic evidence reveals that for-
merly distinguished left and right coiling forms
of Neogloboquadrina pachyderma are in fact
different species, i.e. N. pachyderma and N. in-
compta, respectively (Darling et al. 2006) (see
Chapter 2). All of the N. pachyderma genotypes
are typically left coiling, and include <3 % of
right coiling individuals. In turn, typically right
coiling N. incompta produce <3 % left coiling
specimens. Coiling ‘failure’ of typically <3 % is
realized within the same species. Such coiling
failure occurs also in other trochospiral species
like Globorotalia inflata. In turn, ratios of any
coiling direction left or right >3 % possibly
indicate different genotypes (cf. Darling et al.
2006).

6.4 Formation of Chambers
and Pores

One of the most apparent phenomena in planktic
foraminifer ontogeny is the deposition of new
chambers (Table 6.1) approximately once every
other day in the adult stage, and at a higher

Table 6.1 Major events during chamber formation in non-spinose species (Hemleben et al. 1986)

Time (h) Stage Observation

0:00–0:30 Extrusion of
cytoplasmic bulge

Reduced activity and withdrawal of rhizopodia. Extrusion of cytoplasmic bulge

0:30–1:30 Organization of
bulge

Fanlike rhizopodia radiate from bulge and form the outline of the outer
protective envelope. Bulge gradually expands up to the protective envelope

1:20–1:40 Construction of
anlage

Periphery of bulge slowly smoothens. The surface of bulge forms the position
and outline of new chamber

1:30–3:00 Calcifying process Small plaques of calcite are secreted on inner and outer surfaces of the primary
organic membrane (POM). Plaques increasingly coalesce to form the first
continuous bilamellar wall

3:00–6:00 Further thickening Further thickening of completed wall, and spine development in spinose species
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frequency in pre-adult stages. Planktic fora-
minifers increase their overall test size by up to
25 % per day, contributing to a geometric
increase in test volume (Caron et al. 1982; Bé
et al. 1982; Erez 1983; Anderson and Faber
1984). Growth of a new chamber is completed
within *6 h. Each new chamber ideally increa-
ses in volume relative to the preceding one. New
chambers appear hyaline, and are only partially
filled with cytoplasm, visible in low power light
microscopic examination (Hemleben et al. 1986,
and references therein). Major events in chamber
addition and pore formation in non-spinose and
spinose planktic foraminifer species are pre-
sented in the following sections.

6.4.1 Chamber Formation
in Non-Spinose Species

The earliest indication of impending chamber
formation in non-spinose species as, for example,
in G. truncatulinoides and G. hirsuta (maintained
in laboratory culture), is the withdrawal of the
feeding rhizopodia, and concentration of cyto-
plasm within the test or near the aperture
(Table 6.1, Plate 6.2) (Bé et al. 1979). A bulge of
cytoplasm with a thin hyaline cover and optically
dense interior emerges from the aperture
(Plate 6.2-1). Initially, the bulge is delimited by a
smooth membrane. Subsequently a fine halo of
rhizopodia radiates from the surface of the bulge.
The rhizopodia increase in density and length,
producing a fan-like profile (Plate 6.2-2) about
30 min after the start (ST) of chamber formation.
Those rhizopodia are different in organization
and granularity from the typical feeding rhi-
zopodia surrounding the test. The bulge is divi-
ded into an inner portion of compact and opaque

granular cytoplasm (probably cytoplasm pro-
truding from the last chamber), and an outer
translucent and less dense layer, in about half of
the specimens observed during chamber-
formation. The outer layer consists of a dense
network of radiating rhizopodia. In the other half
of observed specimens, the bulge is homoge-
neously translucent. About one hour after ST, the
periphery of the fan-like array of rhizopodia
reaches its maximum extent, and forms the out-
line of the outer protective envelope, thus creat-
ing a transparent region between the protective
envelope and the translucent bulge. The translu-
cent bulge expands gradually towards the outer
protective envelope, while the opaque section (if
present) expands only slightly, and occupies
about one third to half of the bulge.

When the translucent bulge has attained
maximum expansion, its periphery rapidly
transforms from a rough and undulating to a
smooth surface (Plate 6.2-3). The process takes
only about 10 min, starting with the formation of
a distinct border between the translucent and
opaque regions, and is completed upon the dis-
appearance of the rhizopodial fan. Concurrently,
smoothening of the periphery starts at or near the
aperture and spreads to peripheral parts of the
bulge. When fully completed after about 2 h, the
smooth peripheral surface of the translucent
bulge forms the final position and outline of the
new chamber, which is now ready for calcifica-
tion (Plate 6.2-4 and -5). The new chamber wall
is calcified at the periphery of the translucent
section (Plate 6.2-5 and -6). Two ultrastructural
elements (Plate 6.3-1 and -2) associated with the
appearance of calcite deposits are the cytoplas-
mic envelope (CE), and the primary organic
membrane (POM). CE and POM are assumed (in
analogy to benthic foraminifers) to form the

b Plate 6.2 Chamber formation in G. truncatulinoides. (1) A cytoplasmic bulge with rhizopodia protrudes from the
aperture, about 20 min after start (ST) of chamber formation. (2) Cytoplasm emerged from the test increases the size of
the bulge (B). Radiating rhizopodia (R) are in contact with the surrounding outer protective envelope (E), *30 min.
after ST. (3) Further extension of the bulge fills the space between bulge and E, *1:30 h after ST. The anlage of the
new chamber has been formed, visible by the smooth outline of the bulge, *1:50 h after ST. (4) White specks (arrow)
indicate calcification of the chamber anlage in polarized light,*2:15 h after ST. (5,6) Calcite plaques are visible as dark
specks (arrow) on the chamber anlage in transmitted light, *2:15 h after ST. From Bé et al. (1979). Bars 100 µm for
all images
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anlage (Angell 1967), providing a surface struc-
ture for initiating calcification, and providing the
final three-dimensional shape to the new cham-
ber (Towe and Cifelli 1967; Hemleben et al.
1989).

The CE derives from the distal rhizopodial
network by differentiation and lateral extension
of thin segments each about 3 µm in length, and
separated by spaces, forming a patchwork of
plaques interconnected by narrow bridges. The
continuous and extremely thin (0.05–0.06 µm)
POM forms the site of initial calcification, and
probably serves as a template for calcite depo-
sition. The POM may originate from secretory
activity of the CE, assembled from a thin layer of
organic fibrils on the outer surface of the mem-
brane facing the POM. The CE is present on the
distal but not on the proximal side of the POM.
Calcification occurs on both sides of the POM,
indicating that the CE is not exclusively involved
in calcite secretion, if at all. Moreover, at
advanced stages of calcification, the CE is either
absent or not in direct contact with the calcareous
surfaces. Alternatively, the surrounding rhi-
zopodia may be involved in POM formation. The
outer protective envelope (OPE) forms the
outermost layer, probably providing a protective
envelope consisting of a network of rhizopodia
and organic filamentous matter, which protects
the delicate anlage and rhizopodia during
calcification.

Two to three hours after the onset of calcifi-
cation, when the POM and CE are fully devel-
oped, a few small dark specks (in light
microscopy) appear on the cytoplasm exterior in
non-spinose planktic species (Plates 6.2-6 and
6.3-1). The dark specks are identified by optical
interference (under polarized light) as initial
secretions of calcareous particles. In specimens

simultaneously fixed for transmission electron
microscopy, calcite plaques occur at the POM,
being lined at both the inner and outer side by
cytoplasmic strands (Plate 6.3-2 and -3). These
plaques are bilamellar with one lamella on the
distal surface of the POM, and the other lamella
on the proximal surface. The plaques grow lat-
erally and fuse at their edges to form the first thin
bilamellar test wall (Hemleben et al. 1989, and
references therein).

6.4.2 Calcification of the Test Wall
and Pore Formation

Calcification on the surface of the primordial test
wall occurs by addition of single calcite layers
each nucleated on an organic membrane
(Plate 6.3-2, and Plate 6.4-1 and -2). No appar-
ent calcification occurs at the inner organic
membranes during later ontogenetic stages (after
two to four additional chambers) although an
inner organic membrane is deposited each time a
new chamber is added. Those membranes form a
dense inactive inner organic lining (IOL) cover-
ing the inner walls of previous chambers (Hem-
leben et al. 1989). The calcification system is
primarily bilamellar, and calcification occurs on
both the inner and outer side of the POM.

During early calcification, the test wall of
G. menardii is flexible and only about 1 µm
thick. Individual crystallites are surrounded by
loosely packed organic matter (Plate 6.4-1),
equivalent to the plaques observed in TEM
images (see above). The new chamber is loosely
connected to older chambers at a few points, the
site of the suture being covered by a thin layer of
cytoplasm. Subsequently, the new wall is more
firmly attached by calcification.

b Plate 6.3 (1) Completion of the anlage of a new chamber in G. truncatulinoides, fixed *1.5 h after onset of chamber
formation. The primary organic membrane (POM) is secreted to the proximal side of the cytoplasmic envelope (CE),
and outer protective envelope (OPE) situated towards the distal side. (2) Calcite plaques (CP) delineated by rhizopodia
are secreted at either side of the POM, in decalcified specimen. (3) POM (arrows) enveloped by cytoplasmic strands
(grey). (4) New test wall of G. menardii (*1.5 µm thick) with 12–18 Micropores per pore area. (5) Early pores, and (6)
final pores in G. menardii. (7) Pore in G. sacculifer showing straight edges of calcite crystals. (8) Pore plate in
G. sacculifer with cytoplasmic strands passing through micropores (arrows). Bars (1–3,8) 1 µm, (4–7) 10 µm. (1, 2, 3)
From Hemleben et al. (1986, with permission from the Systematics Association). (4, 7) From Hemleben et al. (1977)
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In both spinose and non-spinose species, the
deposition of additional layers of calcite on the
surface of the new chamber as well as on the older
chambers results in multiple layers of organic
linings spanning the suture region between adja-
cent chambers (Hemleben et al. 1977; Bé and
Hemleben 1970). Multiple organic layers mark
the successive calcite layers (Plate 6.4-2) depos-
ited upon the older chambers as each new

chamber is added and calcified to form the bil-
amellar wall (Reiss 1957; Towe 1971;
Oelschläger 1989; Erez 2003). Consequently, the
multiple organic layers form an increasingly thick
IOL within previous chambers (Oelschläger
1989). During initial and subsequent stages of test
wall formation, including formation of the keel
and apertural lip, microgranular (anhedral) crys-
tals are produced. Euhedral crystals (Plate 6.5)

Plate 6.5 Euhedral calcite crystals on top of the shell of G. truncatulinoides grown under laboratory conditions,
similar to calcite crust formed in the natural environment (see Plate 2.14). Bar 10 µm

b Plate 6.4 (1) Bilamellar test wall of G. menardii in cross section with one inner and nine outer calcite layers, as well
as calcite crust (CC) on top. (2) Test wall of G. menardii during early calcification stage. (3) Keel development in
G. menardii. In an early stage, the chamber wall folds upon itself and calcifies more than other parts of the wall, and (4)
the keel is strengthened by additional calcite layers. (5) The smooth area of the new keel is covered by pores. (6)
Layered pustules of G. menardii in cross section (etched with EDTA for 2 min). (7) Pustules in Globuligerina
oxfordiana from the early Jurassic. (8) Layered test wall and pustules in Morozovella aequa (Paleocene). Bars (2,3-8)
10 µm, (2) 1 lm. (1,2,3,5,6) From Hemleben et al. (1977)
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may be formed during late calcification stages
(e.g., Bé et al. 1966; Pessagno and Miyano 1968;
Takayanagi et al. 1968; Hemleben 1969b).

The position of pores is already determined on
the early bilamellar test wall. This wall is dis-
solved at multiple sites, and fine strands of
cytoplasm pass through sieve-like micropores
(Plate 6.3-4), and form early (Plate 6.3-5) and
final pore structures by resorption (Bé et al.
1980) (Plate 6.3-6 and -7). A pore plate is pro-
duced, and spans the pore at the level of the POM
(Fig. 6.3), probably by deposition of organic
matter on the POM during maturation of the new
chamber. The pore-wall is lined by an organic
membrane, termed outer pore lining (OPL) at the
distal side, and inner pore lining (IPL) at the
proximal side of the shell (Fig. 6.3c, d). The pore
lining is apparently thickened by repeated
deposition of organic layers concurrent with each
addition of plaques to the growing bilamellar
wall. Micropores occur in the pore plate. In
non-spinose species, the IOL of mature chambers
is separated from the pore plate and positioned
proximal to the cytoplasm (Fig. 6.3c, d). In spi-
nose species (Plate 6.3-8), the IOL is fused with
the pore plate (Fig. 6.3e, f), and located much
closer to the chamber wall than in non-spinose
species. In H. pelagica, different from other
species, the thin and organic-rich shell exhibits
(in electron micrographs) no apparent differenti-
ation of the IOL, resulting in a monolamellar and
not bilamellar test wall (Fig. 6.3a, b).

Fine rhizopodia and perhaps colloidal parti-
cles pass through the pores of the planktic fora-
minifer test wall. An accumulation of
mitochondria at the proximal side of the pores in
several benthic species indicates oxygen diffu-
sion through the pore into the cytoplasm
(Leutenegger and Hansen 1979). Symbiont-
bearing Amphistegina lobifera take up 14CO2

through the pores indicating gas exchange, and
the support of photosynthesis of the algal sym-
bionts by the pores. Larger molecules like
14C-labelled glucose may not pass through the
pores in traceable amounts (Leutenegger and
Hansen 1979). In non-spinose species, the IOL
seals the pore plate almost completely at least in

the ultimate and penultimate chambers, and
increasingly so in earlier chambers.

Porosity of the outer test wall appears to be
related to temperature and oxygen concentration
of ambient seawater (Fig. 6.4) (Bé 1965, 1968;
Frerichs et al. 1972; Caron et al. 1987; Kuroy-
anagi et al. 2013). The inner walls of spiral
planktic foraminifer tests sometimes exhibit
pores, which connect chambers. Those pores were
previously connecting to the outside of test and
not closed by calcite deposition during formation
of a new chamber. The entire functionality of
pores in planktic foraminifers is not yet resolved.

6.4.3 Keel Development

The peripheral keel in compressed and
disc-shaped planktic foraminifer tests as, for
example, G. menardii and other globorotalids,
may serve as structural reinforcement of cham-
bers and test (Brönnimann and Brown 1956;
Scott 1973a; b). Keels in modern planktic fora-
minifers are all of the same ‘inflational fold’ type,
whereas four more types of keels evolved from
the Cretaceous to Neogene (Norris 1991). The
keel is formed by collapse of the peripheral
chamber wall (Hemleben et al. 1977). Formation
of the inflational fold keel commences during
thickening of the chamber wall at the onset of the
neanic stage. The ventral and dorsal chamber
walls fold upon one another and double up to
form a primordial keel (Plate 6.4-3) as an integral
part of the chamber wall. The primordial keel
possesses eight to ten micropores per pore similar
to pores in other regions of the chamber wall
including the lip. Those micropores are not
functional, and form only shallow depressions of
the ultimate pore area. The keel pore area is only
imperfectly resorbed over the course of pore
development, and more rapidly calcified than the
chamber wall, and more calcite layers are formed
to cover the keel than the remaining test wall
(Plate 6.4-4) during the final stages of calcifica-
tion (cf. Hofker 1971). Concurrently with thick-
ening of the keel, an inner wedge (Plate 6.4-4)
formed through doubling of the chamber wall
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during keel formation is filled in, and rounded off
(Plate 6.4-5). Initially, the outer surface of the
keel is relatively smooth and shows very little
relief (Plate 6.4-3), except of some occasional
pustules, and becomes increasingly more crys-
talline with the addition of calcite layers (Bé
et al. 1966).

6.4.4 Pustule Formation

The surface of the test in most non-spinose spe-
cies bears small conical protuberances (Fig. 6.5)
called pustules. Pustules first occur during the
juvenile stage, and increase in number and size
during ontogeny. Pustules are larger and more

(a) (b)

(c) (d)

(e) (f)

Fig. 6.3 Schematic block diagrams and cross-section of
pores of different planktic foraminifer groups. a,
b Hastigerina pelagica (from Hemleben et al. 1989), c,
d non-spinose species, and e, f spinose species (from Bé
et al. 1980). CM is copepod muscle tissue within a
digestive vacuole; CY is foraminifer cytoplasm; D is a

diatom within digestive vacuole; GC is a Golgi complex;
ICL is an inner calcite layer; IOL is the inner organic
lining; IPL is the inner pore lining; M is a mitochondrion;
MP is a micropore; OCL is an outer calcite layer; OL is an
outer organic layer; OPL is the outer pore lining; POM is
the primary organic membrane; PP is a pore plate
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densely distributed near the aperture, and smaller
and less numerous (per unit area of test surface)
near the periphery of the test (e.g., Plate 2.27)
(Hemleben 1975). Pustules occur on the apertural
lip, in the area between pores, and on the keel
(e.g., Plate 2.26-13). Pustules are of structural
importance and serve as anchor points for rhi-
zopodia that radiate out from the test (see
Chap. 3). Pustules start to grow when the test
wall is about 4–8 µm thick, at the time of keel
thickening, and soon after the onset of pore for-
mation. New pustules are formed during each
successive calcification episode of the new
chamber wall. As the pustules grow laterally,
they may branch (Fig. 6.5c) or merge, and cover
the pores. The tips of the pustules may be
rounded as in G. menardii (Plate 2.26-8) or
pointed, and resemble shark teeth (Fig. 6.5e) as
in D. anfracta (Plate 2.18-17).

Based on the mode of formation and mor-
phology, pustules are not homologous with the

elongate spines of spinose planktic foraminifers
(Hemleben 1969a, b; Hemleben 1975; Hem-
leben et al. 1977). Pustules are phylogenetically
old features occurring as early as the first
planktic foraminifers in the early Jurassic
(Plate 6.4-7). In contrast, spines are rather new
developments in planktic foraminifers, and first
occur during the early Tertiary, i.e. in the early
Paleocene right after the Cretaceous/Paleocene
boundary.

Pustules: The term pustules is synony-
mous to hispid wall structures, rugosities,
tubercules, and pseudospines. Pustules
produce the same layering as the test wall
(Hemleben 1975; Benjamini and Reiss
1979), and due to the organic lamellae
deposited with each increment of calcite,
they are concentric in cross-section (Plate
6.4-6 and -8, Fig. 6.3).
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relation to latitude. Pore densities increase from the polar
to tropical water masses, i.e. with ambient water temper-
ature, and may vary (gray boxes) considerably as shown
for G. bulloides, T. quinqueloba, and O. universa (dots
from Bé 1968; circles from Bé et al. 1969; Hemleben

et al. 2017). The two micro-perforate species Candeina
nitida and Globigerinita glutinata show very high pore
numbers (>100 pores per unit area, and pores <1 µm), and
low pore densities <1 %, which are not related to water
temperature. Deep-dwelling globorotalids (see Chap. 7)
produce pore densities typical of cold subsurface water
masses, and dissemble north of their actual latitudinal
distribution. Redrawn after Bé (1968) and Bé et al. (1969)
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6.4.5 Chamber Formation in Spinose
Species

Chamber formation in spinose species follows
the same pattern as in non-spinose species, with
the exception of spine growth. Fine spines start
to grow on the test surface about 2–3 h after
onset of chamber formation after the earliest
stage of the bilamellar wall is established
(Plate 6.6-1). These spines gradually elongate
and may be distinguished from the mature spines
by their round cross-section. Spines originate
from the POM or one of the later appearing
calcifying organic layers (Fig. 6.3). Each spine is
a single crystal (Plate 6.6-2) structurally sup-
ported by a calcareous spine-collar or spine-base
(Fig. 6.6). Spine growth occurs at its tip through
calcite deposition by a thin but continuous sheath
of cytoplasm.

During the early stages of chamber formation,
spines of the previously formed chambers project

through the new chamber. The anlage of the new
chamber is suspended on cytoplasmic strands
attached to the spines. The internal array of
previously formed spines is resorbed as the new
chamber matures producing an open space within
the new chamber (Rhumbler 1911). Involvement
of the CE and the POM in early stages of
chamber formation in spinose species as G. sac-
culifer is similar to non-spinose species. In con-
trast, plaques of calcite fuse to form the early
bilamellar wall more extensively on the distal
than proximal side, and cause a deeper proximal
position of the POM than in non-spinose species.
In spinose species, the IOL is thicker under the
pore plate than under the inter-pore wall. In
general, the IOL in spinose species is thinner
than in non-spinose species (Fig. 6.3). In spinose
species, very fine rhizopodia may occasionally
pass through the micropores, and extend into the
surrounding environment.

Hastigerina pelagica produces a monolamel-
lar test wall, which lacks a visibly layered
structure (Fig. 6.3a and b, Plate 6.7-1). The test
wall of H. pelagica contains large quantities of
organic matter distributed in a sponge-like way
(Hemleben et al. 1989). Spines in H. pelagica
develop within a sheath of cytoplasm at the tip of
the spine. At some distance from the spine tip a
thickened protective envelope of cytoplasm
forms a sheath-like pellicle. More mature sec-
tions of the spine are covered by a thin layer of
cytoplasm or by a rhizopodial net (Plate 6.7-2).
Near the thin cytoplasmic envelope enclosing the
alveoli, which form the bubble capsule in
H. pelagica, the spine-bases are covered by a thin
layer of reticulate cytoplasm, from which strands
of rhizopodia protrude laterally to surround the
spines. The pores in the chamber walls of
H. pelagica produce a pore plate possibly at the
level of the POM (Fig. 6.3). However, the POM
is not clearly discernable in H. pelagica owing to
the non-stratified, spongy, and organic-rich test
wall. All of those differences in test wall archi-
tecture between H. pelagica and other modern
spinose species (Fig. 6.3) suggest substantial
differences also in phylogenetic histories (cf.
Weiner et al. 2012).

a d

b

c

b

c

e

f

Fig. 6.5 Pustule morphologies in non-spinose planktic
foraminifers originating from a initial stage (from Hem-
leben et al. 1989). b Types in, e.g., G. hirsuta, G. trun-
catulinoides, G. menardii, and G. inflata, which in the
latter species may develop still further (e). Additional
types were found in d P. obliquiloculata, e D. anfracta,
and in the genus Globigerinita (f). The variations in
morphology are not species specific in modern species
with the exception of the pustules in D. anfracta (see
Chap. 2)
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The spiral pre-mature test of O. universa is
less calcified and contains more organic matter
than tests of other spinose species, and, in con-
trast to H. pelagica, exhibits a stratified test wall
typical of most other spinose species. Similar to
H. pelagica, the pre-mature test of O. universa is
extremely fragile. The earliest sign of formation
of a spherical chamber is the appearance of a
frothy layer of cytoplasm at the surface of the
trochospiral test. The onset of chamber formation
may be delayed for an uncertain period of time
after the frothy layer is produced. Immediately
prior to the formation of the anlage of the
spherical chamber, a bulge of cytoplasm con-
taining vesicles and mitochondria surrounds the
trochospiral test, forms a distinct sphere, and
expands. As the cytoplasmic layer approaches
maximum expansion, its perimeter becomes
more distinct. Full expansion of the spherical
anlage takes about 40 to 60 min. A POM is
probably produced by the vesicle-rich cytoplasm,
and marks the final perimeter of the anlage.
During the first 6–12 h of wall thickening, calcite
may be added equally to both sides of the POM
producing a typical bilamellar wall, or it may be
more pronounced at the distal part of wall (Spero
1986).

Data from laboratory cultures show that wall
thickening may proceed at an average rate of
0.1–0.7 µm over a 12-h period at a constant
feeding rate. First, round spines are produced
from the POM and appear on the surface of a 2–
3-h old spherical chamber. The new spines
become triangular to triradiate approximately
20 µm above their base, and attain a final length
of 1.5–2.5 mm.

6.4.6 Types of Spines

The morphology of mature spines includes five
general spine types (Saito et al. 1976). The
Globigerina-type (Fig. 6.6a) and Globigeri-
noides-type (Fig. 6.6b) spines are circular in
cross-section throughout their length, and occur
in the two genera Globigerina and Globigeri-
noides. In Globigerinoides, the outermost spine
tips may become triangular. In Globigerina,
spines are thinner and more densely distributed
on the test surface than in Globigerinoides. The
same type of spines occurs on the spiral test of
O. universa, but they are thinner and more den-
sely distributed than in Globigerinoides. In
addition to the round spines, pre-adult spiral tests

Plate 6.6 (1) The first spines grow on the newly formed chamber about 2–3 h after the onset of chamber formation in
G. ruber. (2) Crystal faces of a spine populated by bacteria. Bars (1) 50 µm, (2) 1 µm
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of O. universa produce triradiate spines. Orcadia
riedeli exhibits triangular spines throughout the
entire length (Fig. 6.6c). The mature spherical
tests of Orbulina and Globigerinella possess
both Globigerina-type spines and Globiger-
inella-type spines. Spines of the latter genus have
a somewhat triangular cross-section at their base,
and gradually become triradiate with thin and
elongate ridges (Fig. 6.6d). Hastigerina pelagica
and H. digitata produce triradiate spines
(Fig. 6.6e) with thin elongate ridges throughout
the length of spines, and the perimeter of spines
is equipped with small barbs (Rhumbler 1911;
Hemleben 1969b). In contrast to the Globiger-
inella type, the ridges of the Hastigerina spines
are overall thinner and more elongate.

Spines are different from pustules by being
secondary structures, which are lodged in the test
wall, and surrounded by a characteristic spine
collar. Spines originate from the POM or one of
the outer organic linings (OLs). In contrast,
pustules are primary wall structures bearing the
same layered, organic matrices as the lamellae of
the wall. Spines typically do not possess internal
organic matrices (Hemleben 1975).

6.5 Test Wall Thickening

Calcite precipitation during the formation of a
new chamber is assumed to represent only about
one-tenth of the entire test calcite mass. Most of
the test CaCO3 is deposited by additional calci-
fication (e.g., Oelschläger 1989; Erez 2003).
New calcite layers are actively added to the test
at different intervals of maturation, i.e., during
formation of new chambers, to the mature test
before gametogenesis, and by gametogenic cal-
cification. Maturation in spinose and non-spinose
species is accompanied by thickening of the
distal test wall (Bé and Hemleben 1970; Bé
1980). The tropical species S. dehiscens, for
example, produces a thin and smooth calcite
veneer in its mature ontogenetic stage (e.g., Bé
and Hemleben 1970). After initial deposition of
the bilamellar test wall, and additional lamellar
thickening on the outer surface, euhedral calcite
crystals are produced on the outer surface and
gradually thicken to form a robust final layer
with a rough textured surface, the typical
‘dehiscens’ stage (see Chap. 2, Plate 2.14-4).

Fig. 6.6 Spines and spine bases of a Globigerina type
with a small round spine base and round spine throughout.
b Globigerinoides type with a round spine base and round
spines, which may change to rounded triangular. c Orca-
dia riedeli type rounded triangular spine base and

triangular spine throughout. d Globigerinella type
rounded spine base and triangular spine becoming
triradiate. e Hastigerina type shallow round spine base
and barbed triradiate spine throughout. Compiled after
Saito et al. (1976; from Hemleben et al. 1989)

6.4 Formation of Chambers and Pores 195

http://dx.doi.org/10.1007/978-3-662-50297-6_2
http://dx.doi.org/10.1007/978-3-662-50297-6_2


The calcite veneer is an amorphous cortex
eventually secreted at the distal part of shell (e.g.,
Steinhardt et al. 2015). In O. universa, thickening
of the outer shell wall of the spherical adult test
by diurnal (i.e. day and night) layers lasts over
about two to nine days before gametogenesis
(Spero et al. 2015).

Formation of diel calcite layers was first sus-
pected from the presence of diurnal Mg/Ca bands
in test walls of O. universa cultured in seawater
enriched in Mg, Ca, and Li (Eggins et al. 2004;
Gagnon et al. 2012). Diurnal formation of calcite
layers <10 µm in thickness was confirmed in
O. universa cultured in seawater labelled with
Ba/Ca and d18O, and analyzed with high (<6 µm)
resolution LA-ICP-MS and SIMS (Vetter et al.
2013). Precipitation of diurnal calcite layers
(Fig. 6.7) follows a light/dark cycle (Vetter et al.
2014; Spero et al. 2015). About two-thirds of the
calcite is produced during the light period, and
one-third during darkness (Vetter et al. 2013;
Spero et al. 2015). The calcite layers precipitated
periodically at a diurnal cycle produce a distinct
d18O, d13C, Ba/Ca, 87Sr/Ca, and Mg/Ca signa-
ture. Outer layers precipitated in the daytime and
at night differ in thickness and measure about 2–
3 µm, and *1–1.5 µm, respectively (Fig. 6.7).
Layers formed below the POM are only about

0.3-0.8 µm thick. The formation of high-Mg
layers has been assumed to be supported by
mitochondrial activity (Spero et al. 2015).

Multiple calcite layers at the submicron scale,
which have been repeatedly observed in SEM
analyses of cross-sections of the outer test wall of
different species (Plate 6.4-2), may represent
layers of diurnal calcite precipitation in
symbiont-barren non-spinose species. If it turns
out that diel calcite layers are a prevalent feature
in modern and fossil planktic foraminifer tests,
analyses of diurnal resolution would significantly
improve the understanding of the paleo-
environment at high temporal resolution. High-
resolution analyses are feasible by, for example,
LA-ICP-MS and (Nano-) SIMS (see Chap. 10)
analyses of samples from a wide range of pale-
oceanographic settings (e.g., Vetter et al. 2014;
Spero et al. 2015) (see Chap. 10.7).

A calcite crust is produced on the distal surface
of the primary test wall in many spinose and
non-spinose species when specimens sink into
deeper and colder layers of the water column
(e.g., Hemleben et al. 1989, and references
therein; Lohmann 1995; Simstich et al. 2003).
Globorotalia hirsuta and G. truncatulinoides (cf.
Chapter 2, Plate 2.29-1 to -4) grown below 10 °C,
and N. dutertrei grown below 15 °C produce a

Plate 6.7 (1) The cytoplasm (C) of the ultimate chamber of H. pelagica with organic rich wall (W) and pore (P). (2)
Cytoplasmic cover of a triradiate spine of H. pelagica. Bars (1) 2 µm, (2) 5 µm
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calcite crust identical to that observed in field
collected specimens (Hemleben and Spindler
1983). Those experiments confirm that changes in
water temperature and accompanied changes in
ambient water chemistry may lead to secretion of
calcite and formation of a secondary layer of
calcite on the distal test wall (see Chap. 9).
Additional overgrowth may occur on top of tests
when buried in surface sediments (Lohmann
1995). Differences in stable isotope and metal/Ca
(Me/Ca) ratios confirm changes between the inner
and outer test wall deposited under varying
taphonomic conditions including water depths
and calcification temperatures (e.g., Douglas and
Savin 1978; Duckworth 1977; Bé 1980; Duplessy

et al. 1981; Blanc and Bé 1981; Eggins et al.
2003; Ripperger et al. 2008; Katz et al. 2010).

During gametogenesis, prior to gamete
release, a substantial amount of calcite may be
secreted on the outer test wall forming, for
example, inter-pore ridges or smooth veneers of
calcite (gametogenic calcification), and resulting
in generally thicker walls than in
pre-gametogenic tests. In turn, resorption of the
spines and chamber wall may result in a loss of
original test diameter and calcite mass (see
Chap. 5). Consequently, these small and dense
individuals lose buoyancy and sink towards the
seafloor. This explains why thick-walled game-
togenic tests of G. sacculifer (and other species)
are rarely sampled from surface waters, but are
frequently part of sedimentary assemblages (e.g.,
Berelson 2002; Schiebel 2002) (see Chap. 8).

6.6 Biomineralization and Test
Calcite Mass

Calcite mass and original planktic foraminifer
test weight (in addition to test size) is coupled to
the overall marine carbonate turnover, and hence
to the parameters, which affect the marine car-
bonate system at the individual to global scale
(Zeebe and Wolf-Gladrow 2001; Schiebel 2002;
Bentov et al. 2009). We here present current
hypotheses on biomineralization in benthic and
planktic foraminifers.

Test mass of different planktic foraminifer
species is positively affected by temperature, pH,
[Ca2+], and [CO2�

3 ], and total alkalinity of
ambient seawater, as well as oxygen concentra-
tion (Kuroyanagi et al. 2013), and symbiont
activity (e.g., Spero and Lea 1993) (Fig. 6.8).
Concentration profiles of O2, CO2, and the
derived [CO2�

3 ], and [HCO3
−] measured within a

thin layer (250–800 µm) of seawater at the out-
side of the test of O. universa show minimum
and maximum pH during light and dark
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Fig. 6.7 Upper panel NanoSIMS image of a
post-gametogenic spherical test of O. universa.
Cross-section of test-wall showing seven high (bright
bands) and low (dark bands) Mg banding pairs on the
outer surface of the POM, reflecting 7 days of growth in
the laboratory. Closely spaced Mg bands can be seen on
the inner side of the POM. Both the low and high Mg
bands near the outer test surface contain elevated Mg
relative to earlier bands near the POM. Voids in the image
are oblique cuts through pores. Sfc is the sphere surface.
After Spero et al. (2015). Lower panel Cross section of
test wall of G. menardii with nine calcite layers beneath
calcite crust (CC).
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conditions, respectively (Köhler-Rink and Kühl
2005). Concentration changes within this layer
are possibly affected by symbiont activity, and
may change over very short time-intervals of
minutes (Köhler-Rink and Kühl 2005). How
symbiotic activity and changes in the chemical
microenvironment affect Ca2+ uptake is so far not
entirely understood (Köhler-Rink and Kühl
2005).

Hamilton et al. (2008) suspect that gameto-
genic (GAM, see Chap. 5) calcite in O. universa
is formed through the release of Ca2+ or alka-
linity from a not yet identified ‘cytoplasmic pool’
(cf. Anderson and Faber 1984; Erez 2003). In
addition to active calcite production, the forma-
tion of calcite crusts, and dissolution while set-
tling through the subsurface water column affects
calcite mass of planktic foraminifer tests (see
Chap. 8).

Biomineralization in planktic foraminifers is
assumed to be extracellular, in spaces bounded
by cytoplasmic extensions of the main cell mass,
in analogy to calcite formation in the
symbiont-bearing benthic foraminifer Amphiste-
gina lobifera (Bentov et al. 2009). In contrast to
planktic foraminifers, biomineralization in, for
example, miliolid (i.e. benthic, imperforate)
foraminifers and coccolithophores occurs in
intracellular structures. Miliolid foraminifers
precipitate needle-like calcite crystals within
cytoplasmic vesicles. The crystals are then
transported by pseudopodia to the site of shell
formation and placed there without orientation
according to crystal axis (Berthold 1976; Angell
1980; Hemleben et al. 1986). Coccoliths are
formed within cell organelles called ‘coccolith
forming vesicles’ (e.g., Brownlee and Taylor
2004). In planktic foraminifers, seawater is
assumed engulfed in vacuoles by the plasma
membrane that encloses the individual, a process
called endocytosis (Fig. 6.9). The size of vac-
uoles ranges at some ten micrometers, and resi-
dence times of vacuoles are reported <1 h in the
benthic foraminifer A. lobifera (Bentov et al.
2009). The implication that vacuolization may be
a discontinuous process, and the question if and
when vacuoles are open or closed systems poses
important questions for the interpretation of iso-
tope and element ratios in foraminifer test CaCO3

(Elderfield et al. 1996).
Calcification in planktic foraminifers is

assumed to be affected by carbon from a cyto-
plasmic carbon pool similar to the benthic fora-
minifer A. lobifera over short time-intervals (Ter
Kuile 1991; Ter Kuile and Erez 1991). Mito-
chondria and acidic vesicles are assumed to
increase the inorganic carbon pool (including
CO2) from which carbonate ions are obtained
(Fig. 6.9). An effect of the cytoplasmic enrich-
ment of CO2 on d13C values of the planktic
foraminifer test calcite could not be verified
(Hamilton et al. 2008, for O. universa).
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Fig. 6.8 The symbiont-bearing species G. sacculifer
secretes larger and more massive tests when maintained
under high irradiance levels than individuals grown under
lower light levels. From Spero and Lea (1993)
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In contrast, an effect of the cytoplasmic Ca2+

pool was shown for G. sacculifer, and may
contribute to an average increase of 11 % of the
final test calcite mass (Anderson and Faber
1984).

Differences between the inorganic carbon
pool in symbiont-barren and symbiont-bearing
planktic foraminifers are likely, since competi-
tion for CO2 between the foraminifer and sym-
bionts occurs only in the latter. Calcification

mechanisms are shown to be similar in various
symbiont-barren benthic foraminifer species and
even at the systematic level of sub-orders (de
Nooijer et al. 2008), and may be similar also in
planktic foraminifers. However, observations on
benthic foraminifers may not be representative
for planktic foraminifers. In contrast to benthic
foraminifers, planktic foraminifers bear fibrillar
bodies, which are hypothesised to play a role in
biomineralization, although of inconclusive
functional significance (Spero 1988). Fibrillar
bodies may serve as floating devices by
decreasing the density of planktic foraminifer
individuals, and enhancing their buoyancy
(Hansen 1975; Anderson and Bé 1976a, b;
Hemleben et al. 1989) (see Chap. 3).

Deposition of CaCO3 starts with the formation
of rather soluble high-Mg granules within cell
membrane-bound spaces, so far observed in
symbiont-bearing G. sacculifer, G. ruber, and
O. universa (Erez 2003). Concentric micro-
spherulites of 1–5 µm size then grow to 20–
60 µm sized spherules. Microspherulites were
observed in intracellular and extracellular loca-
tions, and are composed of platelets, which then
form the primary calcite of a new chamber wall
(for more information on planktic and benthic
foraminifers see Erez 2003). In a second step,
low-Mg CaCO3 (i.e. ‘secondary calcite’, not to
be confused with secondary calcite crusts) is
precipitated and a massive test wall is formed.
However, seawater vacuolization, endocytosis,
exocytosis, and precipitation of calcite from
those relatively small volumes of seawater of low
calcium concentration does not explain the
quantity of ions needed for calcification of a test
wall over a time-period of several hours (de
Nooijer et al. 2009, 2014; Nehrke et al. 2013).

In addition to endocytosis, transmembrane ion
transport would sufficiently explain the quantity
of calcium needed for test wall calcification in
planktic (Lea et al. 1995) and benthic foraminifers
(Toyofuku et al. 2008; Nehrke et al. 2013;
de Nooijer et al. 2014). Calcium ions (Ca2+) and
dissolved inorganic carbon (DIC) are concen-
trated by transmembrane ion transport from vac-
uolized seawater, which forms a secluded site of
calcification separated from the surrounding

Fig. 6.9 Schematic view of seawater vacuolization, and
secondary calcification (d, dotted area) in perforate
foraminifers. The primary test wall (solid black) was
produced during chamber formation. A first additional
layer is given in dashed signature. Seawater (sw) vacuoles
(v) are formed by endocytosis (ec is extralocular cyto-
plasm, ic is intralocular cytoplasm). Total carbon (CT)
including CO2, and Ca2+ are exchanged between the
vacuoles and the cytoplasm, and Ca2+ and [CO2�

3 ] are
enhanced in concentration, supported by light-dependent
(photosynthesis, symbionts) Ca2+-ATPase. Metabolic
processes and symbiotic algae (S) affect pH changes
within microenvironments, as well as Mg2+ and Ca2+

concentration. Modified seawater vacuoles are exocytosed
into the delimited biomineralization space, excess Ca2+

and CO2�
3 ions are supplied to the cell membrane, and

CaCO3 is precipitated over the existing shell. p are
pseudopodia. From experiments with benthic foraminifers
(Erez 2003; see also Bentov et al. 2009)
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seawater (e.g., Erez 2003; Bentov et al. 2009).
The process has been experimentally shown for
the benthic foraminifer Amphistegina (Nehrke
et al. 2013), and, by analogy, assumed feasible in
planktic foraminifers. The process of transmem-
brane ion transport has been shown to fractionate
against magnesium ions, and explains the low-Mg
test calcite of planktic foraminifers (de Nooijer
et al. 2014). In the model of de Nooijer et al.
(2014), magnesium is assumed actively removed
during the process of calcification. Ion pumps are
proposed to facilitate the exchange of ions, and to
transport the different ions from the seawater to
the cytoplasm or vice versa, and to be responsible
for the fractionation of, for example, Ca2+ and
Mg2+ ions (Bentov and Erez 2006; de Nooijer
et al. 2014, and references therein).

Although symbionts and metabolic processes
are involved in pH regulation during calcification,
CO2 concentration of ambient seawater nega-
tively affects calcification rates of foraminifers,
which has a negative feedback on [CO2] coun-
teracting ocean acidification (e.g., Barker and
Elderfield 2002; Jansen et al. 2002; Erez 2003; de
Moel et al. 2009; Moy et al. 2009; see also Glas
et al. 2012). A combination of the effects and
processes given above, including positive and
negative feedbacks, is recorded by the chemical
composition of planktic foraminifer tests, and
may provide powerful proxies that can be used in
paleoceanography. An additional source of cal-
cite deposited on the surface of the test wall is
produced by gametogenic (GAM) calcification,
which is a specimen-specific feature, and may be
absent or present to varying degrees in planktic
foraminifers (see Chap. 5).

Size-normalized planktic foraminifer
test-weight has been discussed as a (paleo-) proxy
of the carbonate ion concentration ([CO2�

3 ]) of
ambient seawater (e.g., Broecker and Clark 2002;
Bijma et al. 2002; Barker and Elderfield 2002;
Bassinot et al. 2004). The quantitative effect (re-
lated to [CO2�

3 ]) on calcite precipitation is
species-specific, and may be positive or negative
as shown for G. bulloides (i.e. heavier test at
increasing [CO2�

3 ]) and G. ruber (i.e. lighter
tests), respectively, collected from the Arabian

Sea (Beer et al. 2010a) (Fig. 6.10). In G. bul-
loides from the SW Pacific Ocean, the effect of
[CO2�

3 ] on test weight seems to be reversed, and
parameters other than [CO2�

3 ] may affect test
weight under varying environmental conditions
(Gonzalez-Mora et al. 2008; Marr et al. 2011).
While net calcification in N. pachyderma
decreased under laboratory conditions at low-pH
(7.8 vs. 8.1) and low-temperature (1 °C), calcifi-
cation was unaffected at a temperature of 4 °C
(Manno et al. 2012). In addition, juvenile and
adult N. pachyderma were shown to differentially
react to low-pH conditions with 30 and 20 %
decrease in calcification, respectively.

While G. bulloides is symbiont-barren and
G. ruber bears symbionts, the absence or pres-
ence of symbionts may be assumed to

Fig. 6.10 Size-normalized test weights of G. bulloides
(black circles) and G. ruber white (gray circles) show
opposite relationships with carbonate ion concentration in
surface waters (<60 m water depth) of Arabian Sea.
Samples were obtained from transects across the upwel-
ling area off Oman to the oligotrophic waters of the
central Arabian Sea during spring and summer 1995 and
1997 (RV Meteor cruise 32-5, and RV Sonne cruise 120,
respectively). Error bars are based on reciprocal numbers
of specimens weighed per aliquot multiplied by mean test
weight. From Beer et al. (2010a)
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quantitatively affect calcification through pH
changes within microenvironments in proximity
to the shell surface (see Köhler-Rink and Kühl
2005). Test weight in symbiont-bearing O. uni-
versa has been shown by culture experiments to
be related to [CO2�

3 ] (Bijma et al. 1999). Since
both temperature and [CO2�

3 ] positively affect the
size-normalized test weight, and occur in com-
bination with other variables (e.g., depth habitat
and pressure) affecting the marine carbonate
system, the two effects are difficult to disentangle
in naturally grown individuals (cf. Bijma et al.
2002; Zeebe and Wolf-Gladrow 2001).

Size-normalized test-weight: The
size-normalized test-weight (SNW) is the
size-related measure of test wall thickness
and density (i.e. calcite mass) of a planktic
foraminifer test. Different methods
employed to establish SNW are sieving
(i.e. sieve size) or discrete individual
test-size measurement (i.e. discrete size).
Analysis of sieved tests is less time con-
suming than discrete individual measure-
ment, but associated with an average
analytical error of up to ±11 % (Beer et al.
2010b). Accurate and precise morphomet-
ric data on species-specific test size and
weight, produced with an automated image
analysis system provides paleoceano-
graphic information on past changes in
ambient seawater [CO2�

3 ], and other envi-
ronmental conditions affecting calcification
of the planktic foraminifer test (Beer et al.
2010a).

Ocean acidification, OA: The term ocean
acidification (OA) describes decreasing
seawater pH (e.g., Intergovernmental Panel
on Climate Change 2013). Modern OA
from surface seawater pH 8.2 to pH 8.1
over the course of decades results from
increasing atmospheric CO2 concentration,
and CO2 uptake by the surface ocean.
Modern atmospheric CO2 increase mainly
results from anthropogenic burning of
fossil fuels. OA is mediated by, for

example, reduced calcification of the mar-
ine calcareous plankton including planktic
foraminifers, resulting in reduced shell
calcite mass. Increasing CO2 concentration
and decreasing pH may threaten the pro-
duction planktic foraminifers (see also
Sects. 9.4 and 10.14).

6.7 Resorption and Repair
Processes

Calcite resorption occurs in all planktic fora-
minifer species, usually during gametogenesis
(see Chap. 5). Spines are shed (in spinose spe-
cies), and septa may be resorbed (e.g., in
H. pelagica, Plate 5.3 and -6). Resorption also
occurs during chamber formation when the inner
spine segments projecting from the surface of the
previous chamber are resorbed (e.g., Rhumbler
1911). Thick masses of granular cytoplasm may
form at the site of calcite resorption, and may be
involved in the resorption process by locally
lowering pH. Resorption of spines commences
with the formation of notches on the surface of
the spine. Notches (Plate 6.8-1) progressively
enlarge and deepen until the shaft of the spine is
fully dissolved. When a spine is sufficiently thin
at the site of resorption, a rhizopodium attaches
to the spine segment, rotates it away from the
test, and by rhizopodial extension, carries it to
the periphery of the individual where it is
discarded.

Repair of the test wall after resorption or
mechanical damage caused by sampling or
predators, is remarkably efficient. Specimens
with broken spines collected by plankton tows,
produce new spines overnight if they are suffi-
ciently cleaned from adhering debris. Spine
regeneration (Plate 6.8-2 and -3) in healthy
individuals is complete and leaves little or no
detectable evidence of resorption.

In O. universa, parts of the wall of the inner
spiral test and the outer spherical chamber may
be entirely resorbed (Rhumbler 1911; Hemleben
et al. 1979), and the spherical chamber may be
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successively reconstructed (Hemleben and
Spindler 1983). Partially resorbed chambers can
be either repaired, or more typically, completely
resorbed before a new chamber is produced,
leaving no evidence of the former chamber. Even
if the test is partly crushed, regeneration and
repair is possible if the nucleus-containing part of
the cytoplasm is not harmed (Bé and Spero
1981). The pieces of a crushed test are rearranged
by cytoplasmic streaming. The broken edges are
fused by calcite deposition to create a repaired
test, which resembles the original one, depending
on the degree of damage. Ragged edges of old
wall fragments may project from the surface of
the repaired test where reassembly was imper-
fect. Tests with signs of repair, however rare,
may indicate physical stress and predation in
fossil specimens (Bé and Spero 1981).

6.8 Organic Composition
of the Test Wall

Organic matter is included in the calcareous tests
of planktic foraminifer species to different
degrees (see above). The test wall of H. pelagica,
for example, includes more organic matter than
other spinose species. Higher concentrations of
organic matter might result in higher dissolution
susceptibilities of tests (Hemleben et al. 1989).

The amino acid composition of fossil and live
planktic foraminifer tests confirms the presence

of proteinaceous material, and may add infor-
mation on the phylogeny and classification at the
species level (King and Hare 1972a, b). Three
informal groups of 16 species analyzed for their
composition of amino acid (AA) are rich in dif-
ferent combinations of AA: (1) alanine, proline,
and valine, (2) aspartic acid, and threonine, and
(3) glycine, serine, and glutamic acid. Variability
of amino acids is greater in spinose than in
non-spinose species. The overall amino acid
composition of tests resembles the classification
of species according to test morphology. The
amino acid composition of modern planktic
foraminifers is more similar to benthic fora-
minifers and coccoliths than to radiolarians and
diatoms. The siliceous groups produce signifi-
cantly higher aspartic acid-to-glycine ratios than
the calcareous groups (King 1977). The average
quantity of 17 amino acids analyzed in planktic
foraminifers is 2523 nmol per gram of test wall
material, i.e. about 0.025 % by weight (King
1977; benthic foraminifers 2546 nm g−1, radio-
larians 1439 nm g−1, coccoliths 1267 nm g−1,
diatoms 1138 nm g−1).

The nature of the red pigment in tests of
G. ruber pink and G. rubescens is not yet known.
The pigment concentration in the G. ruber pink
is extremely low, and could not be analyzed in
one thousand tests >200 µm (G. Trommer, per-
sonal communication, 2011). Modern G. ruber
pink occur only in the Atlantic Ocean and mar-
ginal seas, and have been absent from the Indian

Plate 6.8 (1) Partially resorbed spine of H. pelagica. (2) Regrowth of broken spine in H. pelagica. (3) Regrown
broken spine of G. ruber. Bars (1) 10 µm, (2) 50 µm, (3) 2 µm
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and Pacific Oceans for about 125 k years, i.e.
following the last interglacial, MIS 5.5
(Thompson et al. 1979).

6.9 Summary and Concluding
Remarks

Ontogenetic development of species under
varying environmental conditions, and test
architecture of the juvenile to mature individual,
is of fundamental importance for the under-
standing and application of planktic foraminifers
in ocean and climate research. Spinose and
non-spinose species follow similar ontogenetic
stages from (1) proloculus, to (2) juvenile,
(3) neanic, (4) adult, and (5) terminal stage.
Structure of the shell (i.e. calcite and organic
layers), and architectural characteristics (i.e.
spines, pustules, keels, pores) add information on
discriminations among different taxonomic
levels. From the size-distribution of proloculi,
and from laboratory observation foraminifers are
assumed to predominantly reproduce sexually.
Coiling direction of the test is genetically
determined.

Chamber formation occurs within a cytoplas-
mic envelope produced by rhizopodia, which also
secrete the primary organic membrane (POM).
The POM is the site of calcite deposition. Shell
calcite deposition is affected by chemical (e.g.,
[CO2�

3 ]) and physical (e.g., temperature) condi-
tions of ambient seawater, as well as autecological
characteristics such as the absence or presence of
symbionts. Biomineralization in planktic fora-
minifers is assumed extracellular, by deposition in
cytoplasmic-bound spaces outside of the main cell
mass, and sequestered from seawater that is
engulfed in vacuoles by invagination of the
plasma membrane enclosing the individual (i.e.
endocytosis). Calcification is possibly supported
by carbon from a cytoplasmic carbon pool.
Transmembrane ion transport may provide the
quantity of calcium needed for calcification of the
shell, beyond the calcium engulfed from seawater.
Calcite precipitation during each chamber forma-
tion produces only minor amounts of the entire

shell calcite mass. Themajor part of the test calcite
is deposited by additional calcification on the test
surfaces. Thickening of the adult shell may result
from diurnal precipitation of micron-scale calcite
layers, and gametogenic calcification, both of
which processes vary between species. Diurnal
calcification is assumed supported by mitochon-
drial activity. Euhedral calcite crystals, and a
smooth calcite veneer may be produced on the
outer test surface, and add substantial amounts of
calcite to the test wall. In addition to active calcite
precipitation, the formation of calcite crusts and
dissolution during sedimentation affect the calcite
mass of planktic foraminifer tests.

Damaged shells and spines can be repaired by
cytoplasmic activity resulting in partial rear-
rangement of shell and restoration by calcifica-
tion. Resorption of calcite and associated organic
matter is assumed integral part of the fora-
minifer’s metabolic cycle during gametogenesis
and under unfavorable environmental conditions.

Finally, modern analytical methods facilitate
detailed analyses of a wide range of chemical,
structural, and morphometric characteristics of
planktic foraminifer tests. However, most of the
biological and environmental factors affecting
calcite precipitation and planktic foraminifer test
formation, and their use as proxies in paleo-
ceanography and paleoclimate research, have not
yet been fully determined.
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7Ecology

“The dynamic interaction of individual organisms
and populations with the physical and biotic com-
ponents of the marine environment is of central
importance in understanding the manifold charac-
teristics of oceanic ecosystems. This includes the
productivity of the oceans, the factors governing the
distribution and range of organisms in a geographic
region, the abundance and fecundity of species, the
pattern of energy flow through the marine ecosys-
tem, and the analysis of fossil remains in recon-
structing ancient environments and interpreting the
history of the Earth. Planktonic Foraminifera are of
special significance in the study of modern and
ancient marine ecosystems owing to their wide-
spread occurrence in modern oceans, with rather
clearly defined faunal provinces for many species,
and the fact that they produce calcitic shells that
contribute substantially to the micro-fossil faunal
record” (Hemleben et al. 1989).

Most of the about 50 extant planktic
foraminifer morphospecies are ubiquitous in the
global ocean (e.g., Bé 1977; Hemleben et al.
1989). Single genotypes of those morphotypes
are more limited to ocean basins and regions
(e.g., Darling and Wade 2008). Three modern
morphospecies are endemic to the Pacific and
Indian Oceans, i.e. Globigerinella adamsi,
Globoquadrina conglomerata, and Globoro-
taloides hexagonus. In addition, certain mor-
photypes (e.g., G. sacculifer forma immaturus)
are limited to the Pacific and Indian Oceans

(André et al. 2013). The pink variety of Glo-
bigerinoides ruber has been limited to the mod-
ern Atlantic Ocean, and became extinct in the
Pacific and Indian Oceans following Marine
Isotope Stage (MIS) 5.5 around 125 kyrs
(Thompson et al. 1979). The global distributions
of some ten small-sized, rare, and dissolution-
susceptible species, including Globorotalia cav-
ernula, Gallitellia vivans, and most tenuitellid
species are not well constrained due to
under-sampling with plankton tows (usu-
ally >100-µm mesh-size) and dissolution during
sedimentation. Best documented are the distri-
butions of the *35 most abundant, large-sized,
and dissolution-resistant species, from plankton
tows and surface sediment samples. In this
chapter, general ecological demands of planktic
foraminifers, the effects on shell production, and
spatial and temporal distribution patterns are
discussed. Particular ecological demands at the
species level are discussed with their classifica-
tion in Chap. 2.

Subtropical and temperate waters harbor the
most diverse planktic foraminifer assemblages
(e.g., Bé and Tolderlund 1971; Schmidt et al.
2004a; cf. Peters et al. 2013). Patchy distribution
patterns of planktic foraminifers on various
temporal and spatial scales are caused by
small-scale to meso-scale hydrographic features
such as fronts and eddies (Boltovskoy 1971;
Beckmann et al. 1987; Siccha et al. 2012).
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Hydrology, availability of nutrients in surface
waters, and primary production affect the pro-
duction of planktic foraminifers. Average stand-
ing stocks of adult specimens (>100 µm) range
from 10 to 100 specimens per cubic meter. Lar-
gest standing stocks of *190 individuals per
liter are reported from Antarctic sea ice (Spindler
and Dieckmann 1986), 1250 individuals
(>63 µm) per cubic meter occurred in surface to
subsurface waters off the ice edge in the Arctic
summer (Carstens et al. 1997), and 720 individ-
uals (>100 µm) per cubic meter in the temperate
North Atlantic during spring (Schiebel and
Hemleben 2000). Those large standing stocks
result from high prey availability supporting the
production of a wide range of opportunistic
species. For example, standing stocks of oppor-
tunistic species like G. bulloides, N. dutertrei,
and N. pachyderma are positively related to
upwelling intensity and eutrophic conditions
(e.g., Naidu and Malmgren 1996; Ivanova et al.
1999; Schiebel et al. 2004). In contrast, the lar-
gest overall standing stocks in tropical and sub-
tropical waters occur rather marginal than central
to major upwelling cells, caused by overall
negative effects high primary production,
chlorophyll concentration, and turbidity exert
through light attenuation on symbiont-bearing
species in central upwelling cells (Schiebel et al.
2004). However, the same morphospecies may
react to overall similar ecological conditions
(e.g., upwelling) in different ways, which may
have various reasons. Ecological conditions may
differ in detail. For example, the supply of prey
may be different in quality and quantity at the
spatial and temporal scale. In addition, certain
morphospecies may be represented by different
genotypes with different ecological adaptations.
For example, N. dutertrei is positively related to
increasing upwelling intensity (early bloom spe-
cies) in the Arabian Sea (Kroon and Ganssen
1988), whereas it signifies post-upwelling con-
ditions in the San Pedro Basin, NE Pacific
(Sautter and Sancetta 1992). The wide (at least)
bimodal temperature range and ecological cov-
erage of N. dutertrei may indicate the presence of
different genotypes (cf. Morard et al. 2015).

Average annual export production of planktic
foraminifers is highest in mesotrophic waters in
the temperate to subpolar ocean, caused by low
average stratification of the surface water col-
umn, and frequent nutrient supply. Seasonally
enhanced availability of prey during spring and
fall fosters production of opportunistic species,
and generalist species persist during more strat-
ified and lower productive summer conditions
(cf. Schiebel 2002; Žarić et al. 2005). Olig-
otrophic waters of the subtropical gyres host the
lowest standing stocks due to lack of prey (e.g.,
Bé 1960). However, trophic conditions do not
directly translate into standing stocks, and the
distribution of planktic foraminifers results from
a variety of factors in addition to hydrology and
food (Schiebel 2002; Siccha et al. 2009).

Following the most obvious observations, sea
surface temperature (SST, surface mixed layer
temperature, well documented by discrete mea-
surements and satellite imagery) may affect the
distribution of species. The assumption is abun-
dantly pursued in paleoceanography following the
temperature effect on the d18O signal of planktic
foraminifer tests. In turn, a direct affect of SST on
the distribution of planktic foraminifer species
could not yet be demonstrated, and various
temperature-dependent parameters like the quality
of prey (e.g., various algae) may be involved. In
addition, most planktic foraminifer species are
largely eurythermal (Fig. 7.1), and occur over a
wide temperature range of 15–20 °C (up to 25 °C,
Bé and Tolderlund 1971), with an optimum tem-
perature range of *10 °C (Lombard et al. 2011).
In addition to alimentation and temperature,
salinity is a limiting factor to the distribution of
planktic foraminifers. According to results from
culture experiments, some species endure a wide
salinity range of 20–45 PSU, and are most pro-
ductive (reproduction rate >70 %) in waters of
33–38 PSU (e.g., Bijma et al. 1990b, 1992).

Practical salinity units, PSU: Salinity of
water may be given in practical salinity
units (PSU). PSU is used for practical
reasons, for example, when deriving
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seawater salinity from data on electrical
conductivity. The more descriptive ‘per
mil’ (‰) unit of seawater salinity is usually
very close to PSU. Salinity of seawater
typically amounts to 35 g/kg.

In contrast to surface dwelling species, sub-
surface dwelling species like most globorotalids
(Fig. 7.1), are not exposed to sea surface condi-
tions, and hence not affected by, for example,
SST. The distribution pattern of subsurface
dwellers is possibly limited by the flux of organic
matter arriving at depth, as well as the distribution
of subsurface water bodies (e.g., Weyl 1978;

Deuser et al. 1981; Durazzi 1981; Hemleben et al.
1985; Healy-Williams 1983; Healy-Williams
et al. 1985; Itou and Noriki 2002; Schiebel et al.
2002a, b; Peeters et al. 2004).

7.1 Distribution in the Global
Ocean

7.1.1 Biogeographic Provinces

Modern planktic foraminifer assemblages are
attributed to five major faunal provinces at the
global scale (Figs. 7.1 and 7.2): Tropical, sub-
tropical, temperate, subpolar, and polar (e.g.,

Tropical Subtropical Transitional Subpolar Polar
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Fig. 7.1 Temperature related distribution of planktic
foraminifer species in surface-sediment data from the
Atlantic Ocean (Kucera et al. 2005) averaged at one degree
centigrade intervals. The relation of species and sea surface
temperature (SST) largely resembles the distribution in
other ocean basins (Bradshaw 1959; Bé and Tolderlund

1971; Bé 1977; Bé andHutson 1977;Žarić et al. 2005). The
proportions of the major species of the respective assem-
blages are displayed by colored bars. Subsurface-dwelling
Globorotalia species merely coincide with the given SSTs,
and are possibly affected by ecological parameters related
to SST. Modified after Kucera (2007)
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Bradshaw 1959; Bé 1959, 1977; Hemleben et al.
1989; Kucera 2007). Those faunal provinces
roughly follow zonal and areal distribution pat-
terns, displaying water temperature and salinity
(Phleger 1960; Bé and Tolderlund 1971; Told-
erlund and Bé 1971; Caron et al. 1987; Bijma
et al. 1990b), radiation (symbiont-bearing spe-
cies; Erez 1983; Erez and Luz 1983), turbidity of
ambient water (Ortiz et al. 1995), the abundance
of prey, and trophic demands of planktic
foraminifers at a species level (e.g., Spindler
et al. 1984; Schiebel et al. 2001). To a yet
unknown extend, distribution and abundance of
planktic foraminifers may also follow the distri-
bution of predators (Berger 1971). A sixth pro-
vince follows the major upwelling regions, and is
almost exclusively defined by eutrophic condi-
tions, the abundance of prey, and to some extent
by turbidity. Upwelling conditions are charac-
terized by a dominance of the symbionts-barren
species G. bulloides (e.g., Thiede 1975). In

general, the biogeography of foraminifers, and
foraminifer provinces are characterized by the
overall distribution of species, as well as the
presence of indicator species like G. bulloides.
Depending on the genotype, G. bulloides
(Fig. 7.3) indicates enhanced production of algal
prey at temperate to high latitudes during spring,
or upwelling conditions at low to mid latitudes.

Additional provinces are defined by particular
ecological conditions, and mixing of different
water bodies and faunas, particularly conspicu-
ous in the Arabian Sea and northern Pacific
Ocean (Fig. 7.2). Planktic foraminifer population
dynamics in the Arabian Sea is affected by
monsoon-induced effects in physical and bio-
logical properties of surface waters, and suboxic
to anoxic conditions below the seasonal ther-
mocline (e.g., Kroon 1988; Kroon and Ganssen
1988; Brock et al. 1992; Curry et al. 1992; Iva-
nova et al. 1999; Schiebel et al. 2004). The North
Pacific is characterized by seasonal changes in

Fig. 7.2 Foraminifer provinces according to data from
plankton tows and sediment samples (Hemleben et al.
1989, and references therein). Latitudinal provinces are
polar (p), subpolar (subp), transitional (trans), subtropical
(s), and tropical (tr). A sixth province is characterized by
upwelling (u) and eutrophic conditions. Provinces in the

Indian Ocean are characterized by mixing of
subtropical-to-tropical (s/tr) faunal elements, and
transitional-to-subpolar (trans/subp) faunal elements in
the North Pacific and Atlantic Ocean. Modified after
Hemleben et al. (1989)
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the Kuroshio-Oyashio confluence, and mixing of
tropical-to-subtropical and polar-to-subpolar
faunal elements (e.g., Eguchi et al. 1999; Mohi-
uddin et al. 2002). Faunal mixing caused by
hydrodynamic features (e.g., upwelling and cur-
rents), and regional shifts of faunal provinces
occurs on various temporal scales such as, for

example, seasonal to glacial-interglacial
time-scales (e.g., Ivanova et al. 2003; Ishikawa
and Oda 2007). In addition, changing planktic
foraminifer assemblages, and ‘warmer’ faunal
elements in the eastern Pacific Ocean off Cali-
fornia since the 1970s presumably indicate a
warming trend (Field et al. 2006).
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Fig. 7.3 Biogeographic distribution (upper panel) and
evolutionary relationships (lower panel) of SSU rRNA
genotypes isolated for the morphospecies G. bulloides,
superimposed on the map of five major planktic
foraminifer faunal provinces according to Bé and Told-
erlund (1971). Genotypes isolated by Darling et al. are
shown in light grey (1999, 2000, 2003, 2007; Stewart

2000). Mediterranean Type Ib (shown in dark grey) from
De Vargas et al. (1997). The tree is re-drawn from Darling
et al. (2007), and is rooted on the G. bulloides Type I
genotypes at the base of the G. bulloides clade in the
phylogenetic tree of Darling et al. (2000; see also André
et al. 2014). The bipolar genotypes are underlined. From
Darling and Wade (2008)

7.1 Distribution in the Global Ocean 213



7.1.2 Diversity

Diversity of modern planktic foraminifers on the
global scale is highest within the oligotrophic
subtropical gyres (Fig. 7.4), as a consequence of
both biological and ecological effects (Ottens and
Nederbragt 1992; Brayard et al. 2005; Žarić et al.
2005; Beaugrand et al. 2013). Slightly enhanced
diversity in particular at the poleward boundaries
of the subtropical gyres (Fig. 7.4) may result
from hydrodynamic effects, i.e. expatriation and
mixing of faunal elements by currents (cf. Berger
1970a; Weyl 1978; Ottens 1991; Ottens and
Nederbragt 1992). Particular ecological condi-
tions like very high productivity in upwelling
areas, and the short productive season in polar
latitudes cause decreased diversity in comparison
to adjacent waters, and lower latitudes, respec-
tively (e.g., Ottens and Nederbragt 1992). Sec-
ondary effects causing decreased diversity of
sediment assemblages (i.e. data used in numeri-
cal models, from, e.g., Prell et al. 1999) are dif-
ferential dissolution and winnowing (e.g., Dittert
et al. 1999). Reflecting the sum of parameters
affecting ecological niches, the global diversity
pattern is positively related to, and may be best
explained (following numerical models) by
absolute temperature (Rutherford et al. 1999;
Beaugrand et al. 2013).

The distribution of genotypes appears geo-
graphically more restricted than the distribution
of morphotypes, as for example in G. bulloides
(Darling and Wade 2008). Primary production
and the availability of prey are assumed major
driving forces for regional and vertical ecological
partitioning, and diversity of planktic
foraminifers (Seears et al. 2012). The association
of symbiont-bearing planktic foraminifer species
may affect ecological partitioning by limiting
those species to euphotic waters (Seears et al.
2012). Symbiont-barren species may well be
depth-parapatric, as shown for H. pelagica
Type I (above 100 m), and H. pelagica Type IIa
(below 100 m) from the same site (Weiner et al.
2012). Both Seears’s et al. (2012) and Weiner’s
et al. (2012) conclusions are supported by
extensive genetic analyses. Gene flow and

speciation are interpreted to follow ecological
adaptation.

Species populate their typical depth habitat
(e.g., Weiner et al. 2012) according to specific
ecological demands, and may ascend and des-
cend in the water column during ontogeny
(Hemleben et al. 1989). For example, Globoro-
talia truncatulinoides spends most time of its life
in subsurface and deep waters, and ascends to the
sea surface during late winter/early spring to
reproduce, for example, near the Azores Island
and Bermuda (e.g., Durazzi 1981;
Healy-Williams 1983; Healy-Williams et al.
1985; Hemleben et al. 1985; Mulitza et al. 1997;
Schiebel et al. 2002a, b). The vertical separation
of species is more evident in the tropics than in
polar waters owing to a wider diversity of
hydrographic and biotic variables from surface to
depth at low latitudes compared to the more
homogeneous water column at high latitudes on
average (Schmidt et al. 2004a, b).

7.2 Interannual and Seasonal
Distribution

Interannual variability in the production of
planktic foraminifers follows variations in sea-
sonal hydrographic and ecological changes.
Consequently, standing stocks in mid latitudes
may vary by more than one order of magnitude at
the species to assemblage level (e.g., Schiebel
and Hemleben 2000). Interannual variability of
planktic foraminifer assemblages has been
assumed primarily caused by trophic conditions
in the productive (euphotic) surface ocean (e.g.,
Schiebel 2002). Regional variability may be
caused by shifting fronts between water bodies
due to differences in climate zones and wind
patterns. In contrast, species assemblages may be
(qualitatively) similar when comparing corre-
sponding seasons. Quantitative changes in pro-
duction and flux of planktic foraminifer tests may
be best recorded from different latitudes and
ocean basins by sediment trap samples (e.g.,
Žarić et al. 2005) (see Chap. 10 Methods,
Table 10.1 and Fig. 10.2).
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Fig. 7.4 High planktic foraminifer diversity at the global
scale occurs at the poleward margins of the subtropical
gyres. Diversity is lowest in polar waters. Upper panel:
Shannon diversity is best represented in coretop assem-
blages according to the data of Prell et al. (1999). Middle

panel: Modeled Shannon-Wiener diversity (H′, see
Chap. 10). Lower panel: Modeled species richness (# of
species) calculated from the model. White and pink
G. ruber combined. Higher values correspond to higher
diversity. Note different scale bars. After Žarić et al. (2005)

7.2 Interannual and Seasonal Distribution 215

http://dx.doi.org/10.1007/978-3-662-50297-6_10


The seasonal distribution pattern of planktic
foraminifers is most pronounced at mid to high
latitudes, displaying phytoplankton succession
and food chain (e.g., Bé 1960, 1977; Schiebel
and Hemleben 2005; Fraile et al. 2009). In polar
oceans, single maximum planktic foraminifer
production occurs during the short summer,
when light and temperature conditions cause
enhanced primary and secondary production
(Fig. 7.5). The planktic foraminifer fauna of the
polar ocean is dominated by two rather small
species, Neogloboquadrina pachyderma and
Turborotalita quinqueloba, with G. bulloides,
Globigerinita glutinata, and Globigerinita uvula
being the most common accessory species (Car-
stens et al. 1997; Volkmann 2000; Pados and
Spielhagen 2014). Neogloboquadrina pachy-
derma survives even in brine channels (up to 82
PSU) within the annual Antarctic sea ice (not in
the Arctic!), where it feeds on diatoms (Dieck-
mann et al. 1991; Spindler 1996). In mid lati-
tudes, two seasons of enhanced production
during spring and fall are caused by the interplay
of increased mixing depth of surface waters,
nutrient recycling, and light intensity. Spring
production of planktic foraminifers in
mid-latitudes was shown to considerably out-
number the autumn-production (Schiebel and
Hemleben 2000; Schiebel et al. 2001). In low
latitudes, light intensity and temperature are high
throughout the year, seasonality is low, and
productivity follows regional conditions like
monsoonal activity and upwelling intensity (e.g.,
Kroon and Ganssen 1989; Ivanova et al. 1999;
Conan and Brummer 2000; Schiebel et al. 2004).

Seasonality is expressed by the co-occurrence
of planktic foraminifer species, which signify
different zonal distributions and hydrographic
conditions (Hemleben et al. 1989; Schiebel 2002;
Schiebel and Hemleben 2005; Jonkers and
Kučera 2015). Seasonal changes between
monsoon-driven upwelling, surface ocean mix-
ing versus stratification, and trophic conditions
result in a mix of sedimentary test assemblages.
Absolute changes in water temperature (ΔT) and
productivity (ΔP) may hence be reconstructed
from species assemblages, as well as stable iso-
topes (d18O and d13C) and Mg/Ca ratios (e.g.,

Williams et al. 1979; Saher et al. 2009; Wit et al.
2010; Feldmeijer 2014), and Cd/Ca ratios of tests
from different species (Ripperger et al. 2008). In
addition to multi-species analyses, ontogenetic
changes in the chemical compositions (stable
isotopes and element ratios, see Chap. 10) may
provide additional information for more refined
reconstructions of hydrographic changes (e.g.,
Katz et al. 2010). Considering the complexity of
both planktic foraminifer population dynamics
and regional hydrology, modern analytical
methods as LA-ICP-MS (see Sect. 10.7.1) pro-
vide detailed quantitative data to achieve a higher
level of understanding of paleoceanographic
processes (e.g., Eggins et al. 2003; Wit et al.
2010).

7.3 Trophic Effects

The relative preference for zooplankton and
phytoplankton prey by spinose and non-spinose
planktic foraminifers, respectively (see Chap. 4),
affects the spatial and temporal distribution of
species according to the quantity and variety
(i.e. quality) of available food. Most symbiont-
bearing species prefer lower latitudes and less
turbid (i.e. less productive) waters, whereas
symbiont-barren species occur at higher relative
abundance at higher latitudes and more produc-
tive (i.e. more turbid) waters (e.g., Bé and
Tolderlund 1971; Bé 1977; Ottens 1992; Ortiz
et al. 1995; Schiebel and Hemleben 2000). At the
global scale, relative abundance of spinose spe-
cies is highest in the oligotrophic central water
masses in the subtropical gyres, where copepods
and other zooplankton predominate (Hemleben
et al. 1989 and references therein; Barnard et al.
2004; Schiebel et al. 2004; Buitenhuis et al.
2013; Moriarty and O’Brien 2013). In contrast,
non-spinose species are more abundant in
eutrophic waters with high phytoplankton pro-
duction, such as upwelling regions, with
the exception of symbiont-barren spinose
G. bulloides.

Differential reaction of planktic foraminifer
species to changing ecological conditions causes
species successions, which are characteristic of
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Fig. 7.5 Schematic view of seasonality, depth habitat
(living specimens shown by white tests), and sedimenta-
tion of empty planktic foraminifer tests (grey), compiled
from plankton-tow and sediment-trap samples (see
Table 10.1, Fig. 10.2). Ecological parameters after Long-
hurst (1998). Mixed layer water depth (y-axis to the left,
blue line) and photic depth (1 % isolume, yellow line),
and integrated primary production (PP, green line, y-axis
to the right). Biological production depends on the
availability of nutrients, mixed layer depth, and light
level. Seasonal succession of species according to their
ecological demands (e.g., food) is exemplified by
Neogloboquadrina pachyderma for the polar ocean
(upper panel), and by Globigerinita glutinata and Glo-
bigerina bulloides for the temperate ocean (middle panel).

During winter, N. pachyderma lives in the lower layers of
the Antarctic (not Arctic) sea ice. Turborotalita quin-
queloba is present in the polar ocean during summer and
in the temperate ocean during seasons of low water
temperature. Mass flux of empty tests follows periods of
major biological production. Intermediate and deep-
dwelling planktic foraminifer species ascend to the sea
surface to reproduce (black ‘R’), and empty tests settle to
the seafloor after reproduction. In the tropical to subtrop-
ical ocean (lower panel), intermediate and deep-dwelling
species inhabit deeper waters than at mid-latitudes. In the
tropical to subtropical ocean, production of planktic
foraminifers is more balanced than at higher latitudes.
From Schiebel and Hemleben (2005)
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different ecosystems (e.g., Deuser et al. 1981;
Kroon and Ganssen 1989; Schiebel et al. 2001).
At the regional and seasonal scale, the quantity
and quality of food is predominantly important
for the distribution of shallow- and subsurface-
dwelling planktic foraminifers (Fig. 7.6). Within
several days, planktic foraminifers have been
shown to respond to the redistribution of
chlorophyll and entrainment of nutrients by
enhanced growth rates and increasing numbers of
large individuals (Schiebel et al. 1995). When
surface water mixing increases and the thermo-
cline shifts to depth, for example, caused by
enhanced wind stress (e.g., Schiebel et al. 1995)
or induced by eddies (Kupferman et al. 1986;
Beckmann et al. 1987; Fallet et al. 2011; Stein-
hardt et al. 2014), chlorophyll may be redis-
tributed from the deep chlorophyll maximum and
nutrients may be entrained into surface waters
(Fig. 7.6). As a first consequence, the faunal
portion of opportunistic species increases (e.g.,
G. bulloides). Globigerina bulloides is the most
common morphospecies in the temperate ocean
(Fig. 7.1), and has been the first planktic

foraminifer species, which has been identified as
indicator of trophic conditions by Thiede (1975).
Subsequently, planktic foraminifer species that
prefer ‘fresh’ prey (e.g., Globigerinita glutinata)
proliferate, caused by entrainment of nutrients
into the mixed layer and new phytoplankton
(e.g., diatoms) production (Schiebel et al. 2001,
2004).

After food sources are exhausted, oppor-
tunistic species and species specialized on par-
ticular food sources decline in numbers, and a
‘background fauna’ displays the average regional
hydrology and biogeographic zone (Schiebel and
Hemleben 2000). Consequently, opportunistic
species are not characteristic of distinct depth
habitats and absolute temperatures but of the
quantity and quality of prey, which should be
considered when interpreting the isotopic com-
position of their tests.

Distribution and ecological demands of inter-
mediate- and deep-dwelling species like
Globorotalia scitula, Globorotalia hirsuta, and
G. truncatulinoides, are not as well known as
those of shallow-dwelling species. Deep-dwelling

Fig. 7.6 Schematic view of hydrographic, trophic, and
faunal development in the eastern North Atlantic around
47 °N, 20 °W (BIOTRANS), between 10 September and
3 October 1996. A first change in the planktic foraminifer
assemblage resulted from mixing and chlorophyll redis-
tribution in the upper 100 m of the water column.
A second change due to increased mixing depth and
entrainment of nutrients from below the nutricline (incl.

nutricline) followed by new phytoplankton production. As
a result of chlorophyll redistribution, mainly G. bulloides
increased in numbers. Subsequent to nutrient entrainment,
G. glutinata proliferated (front panel). Depths distribu-
tions of N. incompta and G. bulloides are within the
frontal area are interlocked (side panel). Redrawn from
Schiebel et al. (2001)
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species reproduce much less often (possibly as
little as once per year) than shallow-dwelling
species (every fortnight to once per month;
Fig. 7.7). The intermediate to deep habitat is
ecologically more uniform than the surface
habitat, and fine scale changes in the deep
planktic foraminifer distribution have not yet
been sufficiently quantified. Due to their slow
reaction on changing ecologic conditions,
deep-living species can be used as tracers of
intermediate to deep water-masses (e.g., Berger
1970b). For example, G. truncatulinoides prob-
ably enters the Caribbean Sea with the Subtropi-
cal Underwater through the Anegada Passage in
water depths between 100 and 300 m (Schmuker
and Schiebel 2002). Globorotalia truncatuli-
noides and Globorotalia menardii are transported
within ambient water bodies by currents (e.g.,
Gulf Stream) over long distances (Weyl 1978),
and the isotopic signature of tests is applied to the
reconstruction of major current patterns, as well
as life-modes of deep-living species (Mulitza
et al. 1997; Spencer-Cervato and Thierstein 1997;
Cléroux et al. 2007, 2009; Feldmeijer 2014).

7.4 Vertical Distribution
in the Water Column

The vertical distribution (Figs. 7.6 and 7.7) of
planktic foraminifers is affected by the distribu-
tion of prey in the same way as the horizontal,
regional to global pattern (e.g., Bé 1960; Schiebel
et al. 2001; Seears et al. 2012). Highest standing
stocks of planktic foraminifers on the vertical
scale are associated with the deep chlorophyll
maximum usually sited around the seasonal ther-
mocline and pycnocline in the upper 100 m of the
water column (e.g., Fairbanks and Wiebe 1980;
Schiebel et al. 2001; Field 2004). A comprehen-
sive statistical analysis of the variable depth
habitat of individual species in response to envi-
ronmental and biological factors is exemplified for
the subtropical NE Atlantic by Rebotim et al.
(2016). Understanding the vertical distribution,
i.e. depth habitat of planktic foraminifers in the
water column is of crucial importance for reliable
reconstruction of, for example, temperature and

primary productivity in paleoceanography (e.g.,
Phleger 1945; Wang 2000). The depth habitat of
species has been directly determined from vertical
plankton tows and the use of opening-closing nets
(e.g., Bé 1962; Fairbanks et al. 1982; Hemleben
et al. 1989; Schiebel et al. 1995), and indirectly
from data on stable oxygen isotopes and Mg/Ca
ratios of test calcite as temperature proxy, and
hence relative measure of stratification and water
depth at a regional scale (Fairbanks et al. 1980,
1982; Kohfeld et al. 1996; Mulitza et al. 1997;
Field 2004; Cléroux et al. 2007, 2009; Hathorne
et al. 2009; Groeneveld and Chiessi 2011).

Vertical distribution of planktic foraminifers in
the water column is presumably affected by vari-
ous biogenic effects such as (i) the need of sun-
light of the symbiont-bearing, and independence
from light by symbiont-barren species (e.g., Bé
1960; Vincent and Berger 1981; Seears et al.
2012; Weiner et al. 2012), (ii) ontogenetic vertical
migration and reproduction at certain water depths
(e.g., Hemleben et al. 1989; Bijma et al. 1990a;
Schiebel et al. 1997), and (iii) the distribution and
quality of prey (e.g., Schiebel et al. 2001). In
addition, abiogenic environmental effects have
been reported as affecting the depth distribution
among which are surface water mixing and
transportation of specimens caused by gales
(Schiebel et al. 1995; Brunner and Biscaye 1997),
and fresh water lenses impeding the ascent of
individuals to surface waters (Deuser et al. 1988;
Carstens and Wefer 1992; Carstens et al. 1997;
Ufkes et al. 1998; Schmuker and Schiebel 2002).

Continent-derived matter affects the vertical
distribution patterns of planktic foraminifers in
hemipelagic regions along continental margins
differently than in the pelagic ocean. Shelf seas
are largely barren of living planktic foraminifers
(e.g., Sousa et al. 2014), except where individu-
als have been transported onto the shelf by cur-
rents (cf. Bandy 1956; Berger 1970b). Test-size
cohorts of species increasingly lack small (i.e.
pre-adult) tests with decreasing water depth when
approaching the continent (Retailleau et al.
2011). The lack of small test, and fragmentation
of assemblages in comparison to deep marine
test-size cohorts (e.g., Peeters et al. 1999;
Schiebel and Hemleben 2000) is interpreted to be
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an indication of changing ecological conditions.
River discharge from the continent affects sur-
face salinity and trophic conditions in neritic and
hemipelagic waters, which may not provide the
ecological needs of planktic foraminifers
(Retailleau et al. 2009). Those planktic
foraminifers individuals expatriated to hemi-
pelagic waters may still grow in size but may not
reproduce. The depth-distribution of species may
differ from that in pelagic waters. Subsurface
dwelling G. scitula (Itou et al. 2001, NW Pacific;

Schiebel et al. 2002a, NE Atlantic; see also
Oberhänsli et al. 1992) were found to dwell in
surface waters in the hemipelagic SE Bay of
Biscay (Retailleau et al. 2011), and to the NE off
the Congo River mouth (R. Schiebel, unpub-
lished data). In addition to other offshore-onshore
effects, tidal currents and local upwelling over
the shelf-break and submarine canyon heads are
discussed as sites of enhanced primary produc-
tion, and to foster the production of opportunistic
planktic foraminifer species like G. bulloides

Fig. 7.7 Idealized scheme of planktic foraminifer depths
habitats and life cycle in the pelagic ocean. The average
water depth inhabited by planktic foraminifers (av.,
stippled horizontal lines) varies at the species level.
Different foraminifer species inhabit average water depths
ranging from the upper 10 m to 400 m, and
G. truncatulinoides dwells in extreme depths down to
2000 m. Dwelling depths result from ecologic conditions
and biologic prerequisites, and affect relative depths of
different species rather than absolute water depths. For
example, the average dwelling depth of G. ruber (white,
sensu lato, s.l.) usually ranges above the pycnocline;
depending on hydrographical conditions, the
depth-distribution of any G. ruber-type may be within
reach of the pycnocline. Symbiont-bearing species depend
on light and live in the euphotic zone of the ocean.

Symbiont-barren species may settle in deep waters below
the euphotic zone. Planktic foraminifers reproduce (R.) at
species-specific depth relative to the pycnocline (i.e.
seawater density), and distinct temperature and salinity
conditions. Enhanced availability of prey at the deep
chlorophyll maximum (DCM, associated with the pycn-
ocline) provides trophic conditions, which support the
survival of juveniles. In the upper panel, species are
arranged according to their relative latitudinal position.
Globigerinoides ruber is known to reproduce twice per
month. Globigerina bulloides, G. sacculifer, N. pachy-
derma, T. quinqueloba, H. pelagica, and other shallow-
dwelling species reproduce on a synodic lunar cycle. An
annual reproduction cycle is assumed for G. truncatuli-
noides, and may be similar in other deep-dwelling species.
After Schiebel and Hemleben (2005)
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(Brunner and Biscaye 2003; Machain-Castillo
et al. 2008; Retailleau et al. 2012).

7.5 Diurnal Vertical Migration

Diurnal changes in depth habitat have been sus-
pected of various planktic foraminifer species
(e.g., Boltovskoy 1973, and references therein;
Bé 1960; Bé and Hamlin 1967; Berger 1969;
Holmes 1982). Rhumbler (1911) already pre-
sumed higher abundances of planktic
foraminifers in day tows than in night tows (see
also Bradshaw 1959; Bé 1960). However, sys-
tematic diurnal changes in dwelling depth could
not yet be deduced from assemblage data.
Depth-related distribution patterns have been
attributed to heterogeneity, i.e. patchiness, which
is best explained by differences in the spatial
rather than temporal variability (cf. Boltovskoy
1971; Siccha et al. 2012).

Diurnal changes in dwelling depth are difficult
to prove because any (sub-) diurnal migration
pattern could be overlain and masked by other
periodic changes such as depths changes of
individuals over a reproduction cycle (e.g.,
Schiebel et al. 1997), local episodic events like
storms (Schiebel et al. 1995), and transportation
of planktic foraminifers within surface water
masses by currents (Kupferman et al. 1986;
Schiebel and Hemleben 2000). In addition,
relations between grazers and prey, as well as
parameters, which affect the absolute abundance
of species during reproduction, both of which
potentially affecting the depth distribution of
species, so far remain unanswered.

Planktic foraminifers may be capable of lim-
ited active vertical migration by changing the
quantity of lipids in their cytoplasm, and through
activity of fibrillar bodies (see Chap. 3), to a yet
unknown degree (Hansen 1975; Anderson and
Bé 1976a, b). Individuals are presumed to
migrate up and down the water column to occupy
species-specific depth habitats predominantly for
reproduction and alimentation at a synodic lunar
cycle (i.e. two to four weeks on average, see
Sect. 5.2), they can possibly not undertake active
vertical diurnal migration over tens of meters like

other zooplankton and phytoplankton (cf. Bol-
tovskoy 1973; Riley 1976; Holmes 1982; Ral-
ston et al. 2007).

Evidence of systematic though passive diurnal
change in the depth habitat of planktic
foraminifers is provided by analyses of floating
sediment traps (Siccha et al. 2012). The
kilometer-scale and sub-diurnal variability of
planktic foraminifer distribution in the surface
water column in the central Bay of Biscay was
sampled in spring 2009, using drifting sediment
traps deployed at 200 m depth for three consec-
utive intervals between April 7 and 19, 2009. The
hydrodynamic bias and its effects on the sampling
efficiency, trap track, and sample composition
(incl. species-specific size distributions) were
carefully checked for sampling artefacts, and
autocorrelation of the planktic foraminifer flux at
distances <2 km could not be attributed to the
temporal domain. Significant negative autocorre-
lation of the distribution of the total live for-
aminifer assemblage, as well as of living G.
scitula, was detected for intervals of 2 km and 6 h,
following the temporal signal of the internal tide in
the Bay of Biscay. Globorotalia scitula is partic-
ularly well suited to detect depth changes in this
study, because its average depth-habitat between
100 and 300 m (e.g., Erez and Honjo 1981; Ortiz
et al. 1995) is bracketing the deployment depth of
the sediment traps. Accordingly, the distribution
of G. scitula indicates passive (non-selective for
size!) diurnal displacement of assemblages by
internal tidal waves rather than active individual
depths migration (Siccha et al. 2012).

7.6 Test Size

Planktic foraminifer test size provides informa-
tion on (paleo-) ecological conditions of the
ocean (Figs. 7.8 and 7.9). Test-size analyses have
been pursued since the early works of Ericson
(1959) and Hecht (1976), following the ideas of
Bergmann’s (1847) rule relating body size to
temperature, and hence ecogeography. Whereas
ecological effects on body size are obvious (e.g.,
Bergmann 1847), the multiple factors that may
affect foraminifer test size are difficult to
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disentangle (Schmidt et al. 2006, and references
therein). Over long time-intervals, evolutionary
effects should be considered. The test size of
species may increase over evolutionary time
following Cope’s rule (Stanley 1973; Schmidt
et al. 2006). Mixing of fossil assemblages may
result in test-size changes, which cannot be
explained by evolution and ecological effects
alone. When interpreting fossil assemblages,
taphonomic effects including differential sedi-
mentation and preservation of tests need to be
taken into account (see Chap. 8). Fortunately,
planktic foraminifers occur in large standing
stocks and usually at sufficient numbers of
ubiquitous species in above-CCD sediments over
the past 100 million years, and serve as model
organisms (among others) in deciphering rela-
tionships of body size, environment, and evolu-
tion (Schmidt et al. 2004b).

The modern ocean hosts some of the largest
planktic foraminifers of all times (Schmidt et al.
2004b), resulting in high modern calcite flux and
burial rates of foraminifer CaCO3 (Schiebel
2002). Climate warming since the 1970s is
assumed to still enhance planktic foraminifer
calcite production (Field et al. 2006). Largest

assemblage test-size in the modern ocean occurs
at tropical and subtropical latitudes, and smallest
test assemblages characterize high-latitude waters
(Fig. 7.8). Given that most planktic foraminifer
species occur over wide temperature and salinity
ranges, and associated environmental parameters
(Bé and Tolderlund 1971; Hemleben et al. 1987;
Lombard et al. 2009, 2011), the positive corre-
lation of maximum average test size and abun-
dance with surface water temperature at the
global scale is possibly significant (Fig. 7.9).

The latitudinal distribution pattern of planktic
foraminifers is disrupted by currents and hydro-
graphic fronts (Fig. 7.10a), including regional
hydrographic features such as upwelling cells
(e.g., Schiebel et al. 2001; Schmidt et al. 2004a, b).
Hydrographic fronts presumably negatively affect
test size, in addition to an overall negative affect on
planktic foraminifer diversity (Ottens and Neder-
bragt 1992). Upwelled waters are colder than
surrounding surface waters, comprise more
macronutrients, and hence produce more food for

Fig. 7.8 Average test size (µm) of the largest 5 % of
specimens from samples (Sizeassemblage5) per biogeo-
graphic area, plotted against annual average sea surface
temperature (SST, data from Levitus et al. 1994). Error
bars give the 95 %-confidence intervals. Linear regres-
sion, r = 0.938, p = 0.006). From Schmidt et al. (2004a)

Fig. 7.9 Relationship of sea surface temperature (data
from Levitus et al. 1994), maximum test size, and
maximum (max.) relative abundance of single taxa
(r2 = 0.928, p = 0.001) in surface sediments (data from
Prell et al. 1999). Note thatG. inflata andG. bulloides have
two optima both in size and abundance, possibly displaying
varying ecological demands of different genotypes at the
regional scale (cf. Darling and Wade 2008; Morard et al.
2011; André et al. 2014). N. pachyderma (sinistral coiled
test) is signified by (s), and dextral N. pachyderma (i.e.
N. incompta) by (d). From Schmidt et al. (2004a)
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planktic foraminifers. Due to enhanced biological
productivity, upwelledwaters aremore turbid than
lower productive waters, which favors small-sized
symbiont-barren opportunists like G. bulloides,
whereas larger symbiont-bearing generalist spe-
cies like G. sacculifer are disadvantaged and
hence less frequent, which results in an overall
decreased test size and diversity. In contrast, low
productivity in well-stratified surface waters, for
example, in the subtropical gyres favors
large-sized symbiont-bearing species (Figs. 7.8,
7.9 and 7.10b). Whereas primary production and
the availability of freshly produced food (see
Sect. 4.1) in surface waters affect the size of sur-
face dwelling planktic foraminifer species and
assemblages, subsurface dwelling species are
affected by the flux of more or less degraded
organic matter arriving at depth (e.g., Itou et al.
2001). Subsurface dwelling foraminifers, includ-
ing predominantly globorotalid species, produce
rather large-sized tests (at rather low water

temperature), which might in part be caused by
their longer life cycle in comparison to shallow-
dwelling species, as well as by their generalist
(K-selected) behavior.

The effect of ecology on test size is applied as
a proxy of a variety of physical and chemical
marine parameters as well as alimentation at the
regional scale, and over the recent geological
past. The largest sized tests of G. ruber in the
eastern Mediterranean during the Holocene
occurred during the formation of Sapropel S1,
and far from optimum ecological conditions
(Mojtahid et al. 2015). Decreased surface water
salinity during S1 apparently caused a descent of
the symbiont-bearing G. ruber to deeper waters
(Deuser et al. 1988; Schmuker and Schiebel
2002; Rohling et al. 2004). Less favorable
light-conditions and hence decreased symbiont
activity at depth, in combination with decreased
salinity, may have caused the production of
smaller tests (Hemleben et al. 1989, and

polar
subpolar
temperate
subtropical
tropical
upwelling

(b)(a)

Fig. 7.10 Average test size (µm) of the largest 5 % of
specimens (Sizeassemblage5) from Holocene sediment sam-
ples plotted against (a) mean annual sea surface temper-
ature (SST [°C]). The areas of minimum size (arrows) at
2 °C and 17 °C correspond to the polar and the subtrop-
ical fronts, respectively. (b) Surface water stratification,
given as the difference between mean annual SST and
temperature at 200 m water depth (ΔT0-200). Small and
large assemblage test sizes occur at weak (e.g., upwelling)

and strong (e.g., central subtropical gyres) annual mean
surface water stratification, respectively. Accordingly,
planktic foraminifer test size indicates regional surface
ocean stratification, and consequently of trophic condi-
tions. The black line represents the five-point moving
average in panel (a) and the regression line in panel (b).
The legend relates to both panels (a) and (b). Temperature
data from Levitus et al. (1994). Modified after Schmidt
et al. (2004a)

7.6 Test Size 223

http://dx.doi.org/10.1007/978-3-662-50297-6_4


references therein). The opposite reaction, i.e. the
production of larger tests may be explained by
delayed reproduction and prolonged maturity,
resulting in longer individual growth and larger
tests (Mojtahid et al. 2015).

The life of adult planktic foraminifer indi-
viduals is most often terminated by reproduction
(see Chap. 5), after which the empty tests settle
to depth through the water column, and, if not
dissolved, form part of the sedimentary assem-
blage. Accordingly, sediment assemblages are
biased towards the largest test-size attained by
any species. In addition to individuals that have
completed their life cycle by reproduction,
smaller prematurely deceased individuals con-
tribute to the sediment assemblages. Taking into
account the usually log-normal size-distribution
of planktic foraminifer species assemblages
(Peeters et al. 1999; Schiebel and Hemleben
2000; Schmidt et al. 2006, and references
therein), about half of the adult individuals are
lost between the smaller size-class and the next
larger size-class. Premature death may be caused
by horizontal or vertical expatriation by currents
(Berger 1970b; Vincent and Berger 1981;
Schiebel et al. 1995) to waters, which provide
suboptimal ecological conditions, for example,
concerning the quality and quantity of food (cf.
Schiebel et al. 2001), light attenuation (Bé et al.
1982, only in symbiont-bearing species), and
salinity (cf. Bijma et al. 1994). Consequently,
only specimens, which have completed their
ontogenetic development (see Chap. 6) count
towards the ‘maximum size’ proxy in
paleo-ecological analyses (Schmidt 2002). In
contrast, growth rate, survival rate and premature
mortality, and the ratio of pre-adult tests of a
certain species in sediment assemblages could
serve as measure of expatriation and ecological
change during the life of a planktic foraminifer.

7.7 Summary and Concluding
Remarks

Ecological parameters affect production and dis-
tribution of planktic foraminifers (e.g., test calcite
and biomass) at the species and assemblage level.

Consequently, foraminifer tests are indicators of
modern and past environmental change and car-
bon turnover. Unfortunately, the understanding of
planktic foraminifer ecology remains fragmentary
although first ideas date back to the late 19th and
early 20th century (Murray 1897; Rhumbler
1911), and first targeted programs have been
conducted from the 1950s (e.g., Bradshaw 1959;
Bé 1960). The understanding is fragmentary by
nature, since plankton tow samples of living
specimens, and sediment trap samples of the test
flux represent only temporal and local snap-shots
of the population dynamics, Continuous Plankton
Recorder (CPR) hauls only include a narrow
depth-layer of the ocean. Laboratory cultures
facilitate continuous observation over short inter-
vals of time, but cannot entirely simulate ecolog-
ical conditions of the natural habitat of planktic
foraminifers, which embraces at least the upper
50 m of the water column, and includes a natural
composition of prey, which may not be provided
artificially. In addition, climate constantly changes
at the regional to global scale, including ecological
conditions at their entity. Consequently, a com-
bination of the above given approaches needs to be
pursued to better understand the production of
planktic foraminifers. More complete monitoring
programs, and reinforced concerted efforts of the
international community of data producers (i.e.,
sampling, culturing, and modeling) should lead to
a better understanding of foraminifers as qualita-
tive and quantitative proxies of the changing cli-
mate and ocean.
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8Sedimentation and Carbon Turnover

Calcification and dissolution of test CaCO3 cause
changes in the surface water carbonate system.
Deep-water chemistry affects and is affected by
the dissolution of tests (e.g., Berger and Piper
1972; Dittert et al. 1999). Thermodynamic dis-
solution of tests is evident below the calcite
lysocline. Below the calcite compensation depth
(CCD, Fig. 8.1) only minor proportions of cal-
cite are preserved (Broecker and Peng 1982).
However, dissolution of calcareous tests may
occur even some distance above the calcite
lysocline (Anderson and Sarmiento 1994;
Schiebel 2002; Schiebel et al. 2007), possibly
caused by the remineralization of organic matter,
and decreasing pH within microenvironments
(Milliman et al. 1999). On the other hand, tests
may settle below the CCD because they sink
faster than they are dissolved. Consequently,
well-preserved calcareous tests may occur in
sediments deposited below the CCD, although
the quantitative composition of the thanato-
coenosis (fossil tests contained in sea floor sed-
iments over geological time periods) below the
CCD may not display the original fauna.
Supra-lysoclinal dissolution of tests in surface
sediments may be caused by remineralization of
organic matter and chemical conditions at the
fluffy (Fig. 8.2) sediment-water interface (De
Villiers 2005). In addition to changes in the
faunal composition and test calcite budget, en-
crustation and dissolution affect the chemical
composition, i.e. isotope and element ratios of

planktic foraminifer tests (e.g., Lohmann 1995;
Van Raden et al. 2011).

In this chapter, an overview is given on how
foraminifer tests and assemblages are affected by
transportation and expatriation, dissolution, and
encrustation during sedimentation, i.e. when
settling through the water column and being
embedded in the surface sediment. Upon the
arrival of planktic foraminifer tests at surface
sediments taphonomic processes take over (e.g.,
Berger 1971; Lončarić et al. 2007).

8.1 Test Flux Dynamics

Planktic foraminifer assemblages in the water
column and sea floor sediments represent the
sum of production (i.e. population dynamics) and
preservation (i.e. taphonomic processes) of tests,
including transportation, dissolution and encrus-
tation during sedimentation (e.g., Berger 1971;
Vincent and Berger 1981; Schiebel 2002). In
general, increased numbers of empty and sinking
tests result from increased growth rates mostly in
the surface waters. Maximum numbers of empty
tests within the water column occur following
time-intervals of maximum production such as,
for example, in spring at mid-latitudes, and
upwelling seasons in monsoon climates (Schie-
bel 2002). Following seasons of enhanced bio-
logical production in surface waters, a vast
number of large and fast settling tests occur in
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Fig. 8.1 Calcite content in sea floor sediments indicating
varying depths of calcite lysocline and calcite compensa-
tion depth (CCD) at the ocean-basin scale. Maximum
calcite dissolution occurs between the lysocline (about
80 % calcite preservation) and the CCD (<20 % calcite

preservation). The upper limit of the depth-ranges shaded
in blue gives the average depth of the lysocline, the lower
limit gives the CCD. Deviations from the average result
from regional effects. Redrawn from Broecker and Peng
(1982). See also Sarmiento and Gruber (2006)

Fig. 8.2 Planktic foraminifer tests in the fluffy sea floor
sediment surface are exposed to physical and chemical
processes, which may cause alteration of the shell. Fluffy
layer on top of fine-grained sediment contained within

multicorer tube (left panel, width 4 cm). SEM image of
fluffy sediment surface with planktic foraminifer tests
(arrows) in the upper left corner (right panel, width
0.5 mm). Photo Ch. Hemleben
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the deep-water column (Schiebel 2002). At the
same time, small tests become attached to larger
particles and settle to depth. Differential settling
velocities of planktic foraminifer tests result in
different settling tracks (Fig. 8.3), which can be
traced through the water column by repetitive
sampling at the same location (time-series
station).

Regional qualitative and quantitative discrep-
ancies between fluxes are caused by differential
production and preservation of tests. Discrepan-
cies may be due to the better preservation of
settling tests under low-oxygen conditions as, for
example, within the oxygen minimum zone
(OMZ) of the Arabian Sea (cf. Hermelin et al.
1992) in comparison to the well-oxygenated
water column of the eastern North Atlantic.
Although standing stocks in surface waters are
similar at both sites during the SW monsoon and
during spring, respectively, the number of empty
tests in the deep water column in the Arabian Sea
is much higher than in the eastern temperate
North Atlantic (Schiebel 2002).

Assuming an average life expectancy of sur-
face dwelling species of one month, assemblages
of empty planktic foraminifer tests follow the
seasonal production and sedimentation pattern
(see Chap. 7). The settling community is com-
posed mostly of empty tests, and includes

specimens that have undergone reproduction, and
specimens, which died without having repro-
duced, mostly in juvenile and neanic stages.
Following reproduction or death, planktic for-
aminifer tests sink out of their habitat and settle
towards the sea floor (e.g., Berger 1971; Schiebel
and Hemleben 2005). Planktic foraminifer tests
settle to depth mostly individually in contrast to
other particles like coccoliths, which are usually
transported to depth within aggregates (e.g.,
Bishop et al. 1977; Thiel et al. 1989; Schiebel
2002; De La Rocha and Passow 2007; Schmidt
et al. 2014). Settling velocities of individual tests
depend on size, shape, and thickness of the shell,
i.e., calcite mass (Fok-Pun and Komar 1983;
Takahashi and Bé 1984). Small, thin-walled, and
discoidal tests settle slower than large, heavy,
and spherical tests (Table 8.1).

In addition to the empty test assemblage,
cytoplasm-filled individuals, which may be alive
but have lost buoyancy, are dragged to depth and
contribute to the settling assemblage (Boltovskoy
and Lena 1970; Takahashi and Bé 1984; Schiebel
and Movellan 2012). Remaining cytoplasm
within these tests has possibly no effect on their
settling velocities (Table 8.2, Fig. 8.4). Spines
decelerate the tests on their way to the sea floor by
decreasing their weight-to-size ratio (Takahashi
and Bé 1984; Furbish and Arnold 1997). In the

Fig. 8.3 Schematic view of average monthly planktic
foraminifer test calcite flux between 100 and 2500 m in
the eastern North Atlantic around 47ºN, 20ºW. Settling
tracks of fast (a) and slow (b) settling tests are indicated
by arrows. The month of May was sampled over five

years. Black and gray levels correspond to CaCO3

flux >60, >30–60, >10–30, >3–10, >1–3, and <1 mg
m−2d−1. Time-intervals without data coverage are shown
in white. From Schiebel (2002)
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Table 8.1 Settling velocity (m day−1) of empty planktic foraminifer tests calculated after Takahashi and Bé (1984)

Sieve size (lm)

Species >100–125 >125–150 >150–200 >200–250 >250–315 >315–400 >400–500 >500

T. quinqueloba 100 115 142 – – – – –

G. siphonifera 107 167 196 334 361 373 639 –

G. falconensis 83 122 206 322 351 733 – –

G. bulloides 83 115 237 328 434 597 885 1031

G. scitula 129 179 265 326 425 – – –

G. glutinata 100 185 247 359 476 – – –

N. incompta 91 129 222 408 493 – – –

G. inflata 100 173 232 350 515 738 1082 1534

G. hirsuta 122 167 296 441 691 986 1205 1551

Average 102 150 227 358 493 685 953 1339

From Schiebel and Hemleben (2000)

Table 8.2 Average diameter, weight, and sinking speed determined from settling experiments of tests of selected
non-spinose (first five species) and spinose planktic foraminifer species

Test diameter Test weight Sinking speed

P-specimens n (µm) ± (µg) ± (m day−1) ±

G. menardii 12 658 117 27 11 1104 228

G. inflata 10 234 45 4 2 504 91

P. obliquiloculata 13 391 72 14 8 796 362

N. dutertrei 12 458 93 16 8 842 290

G. glutinata 11 221 31 3 1 328 26

O. universa 8 573 74 8 6 277 144

G. ruber 10 314 49 6 3 198 94

G. sacculifer 11 328 99 10 6 274 143

G. siphonifera 10 377 96 5 4 271 191

G. bulloides 12 299 44 4 1 328 174

A-specimens

G. menardii 15 572 174 22 15 918 322

G. inflata 11 309 101 9 8 753 311

P. obliquiloculata 9 399 71 13 11 769 333

N. dutertrei 14 374 94 11 7 766 359

G. glutinata 7 229 96 4 5 259 45

O. universa 8 521 52 17 7 701 219

G. ruber 22 289 82 8 6 723 321

G. sacculifer 16 430 170 25 20 1054 531

G. siphonifera 15 347 130 5 3 364 160

G. bulloides 11 211 28 1 1 208 46

All specimens are from plankton tow samples (P-specimens). A-specimens were treated in low temperature asher to
remove organic matter, and some specimens did not lose all spines in settling experiments. After Takahashi and Bé
(1984)
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general case where adult specimens had under-
gone gametogenesis, the spines would have been
shed in surface waters. In addition, spines are
particularly prone to dissolution due to their high
surface-to-volume ratio, and rapidly dissolved
after being shed or after death of the individual.
Consequently, few spine-bearing tests occur in the
subsurface water column. Subsurface dwelling
species may increasingly contribute to the settling
assemblage in the deeper water column. However,
deep-dwelling species reproduce mostly in sur-
face waters, and are included in the assemblage of
empty tests within surface waters (Hemleben et al.
1987; Schiebel et al. 2002).

8.1.1 Accumulation of Tests Within
the Water Column

Small tests settle through the water column more
slowly than assumed from test size, weight, and
drag coefficient alone (Fok-Pun and Komar 1983;

Takahashi and Bé 1984). In particular, tests of
small and thin-shelled species like T. quinqueloba
settle at low velocity and decelerate with depth
due to increasing seawater viscosity. These light
tests may come to a halt within the water column,
and accumulate at interfaces of changing viscosity
and density between different water bodies. Small
and slow-sinking tests are particularly prone to
accumulate in the mid water column. Meso-
bathyal assemblages of T. quinqueloba form, for
example, during summer in the mid-latitude
eastern North Atlantic, when low-productive
conditions in surface waters allow accumulation
of particles at density-interfaces in the mid water
column (Fig. 8.3). Enhanced plankton production
and consequently enhanced flux of settling matter
during spring and fall causes scavenging of tests
(cf. Honjo and Manganini 1993). Small tests,
which had accumulated over the low productive
summer season would be cleared out from the
water column, and dragged to depths in spring and
fall (Fig. 8.3).

Viscosity and density: The viscosity of a
liquid may also be expressed as ‘fluidity’
or ‘thickness’. Less fluid means thicker and
more viscose. The viscosity of seawater
increases with salinity and decreases with
temperature. In addition, viscosity increa-
ses with increasing pressure and depth.
Temperature, salinity, and pressure affect
(sea-) water density in the same sense as
they affect viscosity, and buoyancy
increases with increasing density. Since
seawater is thicker and denser than fresh-
water, swimming in the sea is much easier
for us (humans) than swimming in a lake.
Hypersaline lakes like the Dead Sea even
allow humans to float without much
physical effort. Likewise, the viscosity and
density of normal saline seawater supports
buoyancy of live planktic foraminifers. In
turn, active vertical displacement of
planktic foraminifers by changing their
buoyancy, via the amount of lipids
embedded in vacuoles and fibrillar bodies
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Fig. 8.4 Test size (µm) related settling speed (m day−1)
of empty tests (blue) and cytoplasm bearing tests (red).
Non-spinose species: G. menardii (m), G. inflata (i),
P. obliquiloculata (o), N. dutertrei (d) and G. glutinata
(g). Spinose species: O. universa (u), G. ruber (r), G.
sacculifer (s), G. siphonifera (si), and G. bulloides (b).
Settling velocities between originally spinose and
non-spinose species, and cytoplasm bearing versus empty
tests are not systematically different. Data from Takahashi
and Bé (1984), see Table 8.2
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(i.e. cell organelles, which may act as
floating bodies; Sect. 3.2.5), is impeded by
the viscosity of ambient seawater.

Changes of viscosity and density of the
mesobathyal water column in the subtropical to
temperate North Atlantic are caused by the
Mediterranean outflow water (MOW), in addi-
tion to the effect resulting from decreasing tem-
perature. MOW is more saline than the adjacent
Atlantic water bodies and spreads from Gibraltar
to mid depths mostly to the west and north (cf.
Van Aken 2000). MOW was repeatedly detected
by CTD recording during sampling campaigns in
summer at the same depths as test ‘clouds’ of
small and thin-shelled T. quinqueloba (Fig. 8.3).
One of those mesobathyal assemblages of empty
tests composed mainly of small (100–125 µm)
sized T. quinqueloba was sampled at 1000–
1500 m water depth in the eastern North Atlantic
in July and August 1992 at the upper limit of the
MOW. A disproportionately large number of T.
quinqueloba tests were also observed during
September when the species constituted about
50 % of the assemblage sampled with a sediment
trap (Schiebel 2002). In contrast, T. quinqueloba
constitutes only 5–15 % of the live fauna in
summer and fall in the eastern North Atlantic
around 47ºN, 20ºW (Schiebel and Hemleben
2000) and about 10 % of the sea floor sediment
assemblage at the same location (Prell et al.
1999). Ratios of T. quinqueloba tests much
higher than 10 % are explained by an accumu-
lation mechanism such as viscosity driven den-
sity separation.

Preservation of T. quinqueloba tests trapped at
horizons of sharp density-changes in the meso-
bathyal water column has generally been good.
Most of the tests show no signs of dissolution
although being highly susceptible to dissolution
(Table 8.3), despite long exposure times to
ambient seawater of several weeks or months
(Fig. 8.3). Above average preservation of tests is
facilitated by the high calcite saturation state
(X >1) at 500–1500 m water depth in the North
Atlantic (Schiebel et al. 2007), and even higher

calcite super-saturation of waters sourced from
the western Mediterranean (Millero et al. 1979).

8.1.2 Pulsed Test Flux

Sedimentation of planktic foraminifer tests occurs
in complex intermittent pulses (Fig. 8.5) rather
than a steady flow (e.g., Sautter and Thunell 1989;
Bijma et al. 1994; Peeters et al. 1999), resulting
from ecological (e.g., food availability) and bio-
logical prerequisites (e.g., reproductive cycles).
Pulsed flux events cause mass dumps of fast set-
tling particles, and yield a major contribution of
tests to the formation of deep-sea sediments
(Sect. 8.5.2, Fig. 8.18). Mass dumps take place at
regions and during periods of high biological
productivity such as, for example, seasonal
upwelling, spring blooms, and during fall (Kemp
et al. 2000; Kawahata 2002; Schiebel 2002).
During low productive periods, a steady rain of
slow-sinking tests contributes only small amounts
of tests to deep marine sediments (Schiebel 2002).
In addition to seasonal test flux pulses, interannual
changes affect different species to varying
degrees, depending on their adaptation to regional
ecologic conditions. Comparatively balanced flux
occurs in the tropical ocean, and displays less
distinct seasonality than at high latitudes. How-
ever, pulsed foraminifer test flux at low latitudes
follows the same processes as at higher latitudes
(Schiebel and Hemleben 2005; Buesseler et al.
2007). Seasonal and Interannual variability of
species-specific flux patterns, and their relation to
ecological conditions are determined by
time-series analyses of samples (e.g., Lončarić
et al. 2007; Wejnert et al. 2010; Kuhnt et al. 2013)
(Sect. 10.1.8).

Quantitative differences between test (i.e. test
numbers) and calcite (i.e. CaCO3 mass) fluxes
result from differential production of species
(environmental conditions and biological pre-
requisites), as well as differential flux modes.
High settling velocities (Tables 8.1 and 8.2) of
relatively large tests dominate the maximum
CaCO3 flux pulses following maximum produc-
tion of planktic foraminifers. In contrast, large
numbers of small tests settle through the water
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Table 8.3 Ranking of average (Av., plus standard deviation, ±) dissolution susceptibility

Genus Species Av. ± [1] [2] [3]

Turborotalita humilis 96 6 100 100 89

Globorotalia tumida 90 10 95 97 79

Berggrenia pumilio 89 – – 89 –

Neogloboquadrina pachyderma 88 12 77 86 100

Sphaeroidinella dehiscens 87 10 91 94 75

Globorotalia crassaformis 82 5 86 77 82

Pulleniatina obliquiloculata 81 10 82 91 71

Neogloboquadrina dutertrei 81 7 73 83 86

Globorotalia inflata 78 16 64 74 96

Globorotalia truncatulinoides 74 17 59 71 93

Globorotalia menardii 68 – – – 68

Globorotalia cavernula – – – – –

Globorotalia theyeri – – – – –

Globorotalia ungulata – – – – –

Globoquadrina conglomerata 65 1 – 66 64

Beella digitata 62 1 – 63 61

Beella megastoma – – – – –

Globorotalia hirsuta 62 10 55 69 –

Globorotaloides hexagonus 60 – – 60 –

Globorotalia scitula 57 0 – 57 57

Candeina nitida 51 1 50 51 –

Tenuitella iota 50 6 – 46 54

Tenuitella compressa – – – – –

Tenuitella fleisheri – – – – –

Tenuitella parkerae – – – – –

Globigerina falconensis 46 4 – 49 43

Globigerinita glutinata 46 4 45 43 50

Globigerinita minuta – – v – –

Globigerinella calida 40 8 – 34 46

Globigerinita uvula 40 – – 40 –

Neogloboquadrina incompta 37* – – – –

Orbulina universa 34 23 9 54 39

Turborotalita quinqueloba 32 8 41 29 25

Turborotalita clarkei – – – – –

Globigerinoides conglobatus 30 3 32 26 32

Globigerina bulloides 29 8 36 31 21

Globigerinoides sacculifer 25 3 23 23 29

Globigerinella siphonifera 22 12 14 17 36

Bolliella adamsi 20 – – 20 –

Globoturborotalita tenella 20 7 27 14 18

(continued)
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column at comparatively low velocity, and con-
stitute low CaCO3 flux during times of low
production (cf. Deuser 1987). Both large and
small tests predominantly result from time
intervals of maximum production (Sect. 8.1.1).
For example, maximum test flux at 2000 m water
depth during summer in the NE Atlantic is
mainly caused by small (20–125 µm in diameter)
and thin-shelled tests of T. quinqueloba of rela-
tively low calcite mass (Schiebel 2002), which
were mainly produced in spring (cf. Schiebel and
Hemleben 2000). Maximum test flux may hence
cause only moderate CaCO3 flux, and vice versa
(Fig. 8.6).

8.1.3 Mass Sedimentation of Tests

Disproportionally high test-calcite flux of >1 g
CaCO3 m−2day−1 at 1000–2500 m water depth
occurred during March 1995 around new moon
in the Arabian Sea (Schiebel 2002) (Sect. 8.5.1).
The CaCO3 flux pulse was mainly caused by
large tests of G. siphonifera and G. sacculifer
(>315–700 µm). Although G. sacculifer is a
frequent faunal element in the Arabian Sea
(Auras-Schudnagies et al. 1989; Conan and
Brummer 2000; Naidu and Malmgren 1996),
mass sedimentation of large tests of G. sacculifer
was only observed in three (consecutive samples)
out of 285 samples obtained in eight sampling
campaigns (Schiebel 2002). Production and flux
of G. sacculifer are related to the synodic lunar

cycle (Almogi-Labin 1984; Bijma et al. 1990a;
Erez et al. 1991; Bijma et al. 1994). Conse-
quently, the observed mass flux event does not
represent the average sedimentation scenario, but
is a monthly recurrent (though under-sampled)
feature of deep marine sedimentation (cf.
Anderson and Sarmiento 1994). Above-average
ratios of large tests in low latitude sea floor
sediments may be proof of these mass flux events
(cf. Peeters et al. 1999). The temporal resolution
of most deep sediment traps (>1000 m water
depth) is too low to record single mass flux
events. Shallow sediments traps (<1000 m depth)
generally sample at low trapping efficiency
(Scholten et al. 2001), and may miss mass flux
events. Mass flux events may not be detected by
most moored sediment traps, because mass flux
over very short time-intervals of a couple of
hours or days have been part of samples, which
integrate over longer time-intervals of typically
one or two weeks (see Sect. 10.1.7, Table 10.1).
In contrast, the ratio of large to small tests
obtained by multinet samples during mass flux
events is much larger than in trap samples.
Variations in standing stocks and fluxes are sta-
tistically significant for shorter time-intervals of
hours rather than days. Unfortunately, mass flux
events have rarely been sampled by plankton
net-haul because their exact occurrence is
unpredictable depending on ecological, biologi-
cal, and hydrographical conditions, and wide
dispersal of tests in the vastness of the deep
ocean.

Table 8.3 (continued)

Genus Species Av. ± [1] [2] [3]

Globoturborotalita rubescens 13 4 18 11 11

Globigerinoides ruber (white) 9 5 5 9 14

Globigerinoides ruber (pink) – – – – –

Hastigerina pelagica 4 1 – 3 4

Hastigerina digitata – – – – –

High numbers correspond to high preservation potentials (after Dittert et al. 1999). Averages are calculated from data
given by [1] Berger (1970), [2] Parker and Berger (1971), and [3] Berger (1979). Data* on N. incompta (i.e. N.
pachyderma subantarctic variety) are from Malmgren (1983). High standard deviation signifies species, which may
produce shells of varying structure (e.g., pore density, thickness, GAM calcification). In case of missing data (e.g., B.
megastoma), the respective species are related to other species of the same genus. No information is given on the
ranking of Dentigloborotalia anfracta, Gallitellia vivans, Orcadia riedeli, Streptochilus globigerus, and tenuitellids
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Fig. 8.5 Total mass flux and planktic foraminifer
(PF) test flux (gray bars) at the SE Bay of Biscay
sampled with a sediment trap moored at 1700 m water
depth from June 2006 to June 2008 (x-axis shows
beginnings of the months). Fluxes of the most abundant
species G. bulloides, N. incompta, and G. inflata are
given as absolute and relative abundances (mean bino-
mial standard errors of 3.8, 4.8 and 5 %, respectively).
Maximum production and flux of planktic foraminifer

relatively occurs with a time lag of some weeks after high
primary production (green) in spring. Time lags depend
on species-specific settling modes and velocities (see
Tables 8.1 and 8.2). Production in summer (red), fall
(white), and winter (blue) is lower than in spring, and test
flux occurs with a time lag of several weeks. Relative
changes in seasonal production according to changes in
sverdrup’s cristical depth (CRD) after Obata et al. (1996).
‘X’ indicates sampling gap. After Kuhnt et al. (2013)
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8.1.4 The ‘Large Tests’ Phenomenon

Planktic foraminifer test assemblages deposited
at the sea floor are biased towards large and fast
sinking (up to 1500 m d−1) tests (e.g., Berelson
2002). In particular, sea floor sediments of the
tropical to subtropical oceans contain dispropor-
tionately high numbers of large tests, when
compared to the live fauna (Peeters et al. 1999).
Those large tests may result from flux events like
the mass sedimentation described above
(Sect. 8.1.3). Pulsed flux events are a major
contribution to deep-sea sediment accumulation
and remove shell-bound bicarbonate over long
time-scales from the upper ocean by transferring
and burying it in deep-sea sediments (cf. Berger
and Wefer 1990; Wefer 1989). Mass sedimen-
tation requires the presence of species that have
the biological prerequisites to form large tests
and large numbers of specimens (Brummer et al.
1987; Hemleben et al. 1987; Caron et al. 1990)
and are adapted to specific environmental con-
ditions (Bijma et al. 1990b; Huber et al. 2000). In

addition to biological prerequisites, hydrographic
conditions need to support mass dumps of large
shells. One example is the fall dump of large
diatoms in the Guaymas Basin, Gulf of Califor-
nia (Kemp et al. 2000), due to breakdown of
stratification in the surface water column and
sedimentation of an accumulated ‘shade flora’ in
fall. A similar scenario is imaginable for planktic
foraminifers.

In contrast to large tests, small tests are
exposed to dissolution in the water column much
longer than large tests due to their low sinking
velocity (around 100 m d−1) and are preferen-
tially removed from the assemblage when settling
freely. The majority of small tests settle through
the water column much slower than assessed from
their test morphology (cf. Takahashi and Bé
1984). In turn, small tests can be quantitatively
transported with good preservation from surface
waters to depth during mass dump events along
with other particles (Schiebel 2002), as observed
from sediment trap samples from 2000 and
3000 m water depth below a naturally fertilized

(a)

(b)

Fig. 8.6 a Planktic
foraminifer CaCO3 flux
(mg m−2day−1), and b test
flux (103 tests m−2day−1)
sampled with sediment
traps moored at 47°N, 20°
W, between 1000 m and
3530 m water depth.
a Maximum CaCO3 mass
flux in spring results from
relatively few tests. In turn,
b maximum test flux in
summer is caused by high
numbers of tests of low
calcite mass. Crosses
indicate sampling intervals.
From Schiebel (2002)
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high-nutrient low-chlorophyll (HNLC) region at
Crozet seamount in the southern Indian Ocean
(Salter et al. 2014). However, small tests are prone
to winnowing, particularly by bottom water cur-
rents along bathymetric features like continental
slopes, seamounts, and canyons (cf. Stow et al.
2002). To conclude, test assemblages result from
a complex combination of biological, ecological,
oceanographic, sedimentological, and tapho-
nomic effects at the local to regional scale,
favoring sedimentation of large tests over small
tests with increasing water depth (cf. Berelson
2002).

8.2 Transportation
and Expatriation

Horizontal transport and expatriation of live
planktic foraminifers and empty tests by surface
and subsurface currents adds complexity to the
ecological and paleoceanographic analysis of
faunas and assemblages (e.g., Weyl 1978). Eco-
logic conditions may change over the individual
ontogenetic development and biogeochemical
conditions, which affect calcite precipitation.
Stable isotopes and Me/Ca ratios of the test cal-
cite provide a mixed signal and do not neces-
sarily display ecological conditions of the
sampling location (Van Sebille et al. 2015).
Transportation and expatriation of foraminifers
within their ‘original water body’ (e.g., within an
eddy) would not make analysis easier, because
conditions at the sampling site would still not be
displayed. The same is true for the transport of
dead individuals and empty tests.

Depending on the velocity of surface and
subsurface currents, planktic foraminifer tests are
horizontally transported by up to several hundred
kilometers. ‘Statistical funnels’ of a radius of up
to *500 km result from a modeling study of
Siegel and Deuser (1997), using input data typical
of small-sized and slow-sinking foraminifer tests
(50–200 m day−1, see Tables 8.1 and 8.2), being
affected by the Gulf Stream recirculation in the
Sargasso Sea near Bermuda. For a sediment trap
deployed at 1125 m water depth in the West
Spitzbergen Current, average trajectory lengths of

25–50 km for N. pachyderma and 50–100 km for
T. quinqueloba were calculated (von Gyldenfeldt
et al. 2000). The reconstructed catchment areas
are up to 230 km long and 140 km wide, i.e.
catchment areas of 23,900 km2 for tests of N.
pachyderma, and 33,300 km2 for tests of T.
quinqueloba (Fig. 8.7). Both species are small
sized and have long residence times in the water
column. At current velocities of up to 40 cm s−1

in the West Spitzbergen Current tests are trans-
ported over long distances and short
time-intervals (von Gyldenfeldt et al. 2000). Since
larger and heavier planktic foraminifer tests settle
through the water column at higher velocity
(Tables 8.1. and 8.2) they are transported over
shorter distances of some tens of kilometers
before arrival at depth. Therefore, larger tests
provide results of higher regional accuracy, which
is of particular importance when working in areas
of high spatial variability such as hydrographic
fronts and in regions which are characterized by
high current velocities (cf. Caromel et al. 2013).

8.3 Dissolution

Dissolution of shells increases with decreasing
carbonate ion concentration ([CO2�

3 ]) and calcite
saturation state (X) at increasing water depth, and
may continue at the sea floor sediment surface
(e.g., Berger 1971; Henrich and Wefer 1986;
Broecker and Clark 2001; De Villiers 2005;
Schiebel et al. 2007). Increasing excess alkalinity
(TA*) below 3500–5000 m water depth may
contribute to benthic carbonate dissolution
(Berelson et al. 2007). In addition to carbonate
chemistry of ambient seawater, the degree of
dissolution is related to structure (i.e. dissolution
susceptibility) of the foraminifer shell (Plate 8.1),
as well as settling velocity and exposure time of
tests (Schiebel et al. 2007).

In general, dissolution susceptibility is
species-specific (Table 8.3), with Hastigerina
pelagica, Globigerinoides ruber, and Globotur-
borotalita rubescens being most susceptible, and
Turborotalita humilis, Berggrenia pumilio,
encrusted Neogloboquadrina pachyderma, and
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Sphaeroidinella dehiscens, as well as some
globorotalid species being most resistant to dis-
solution (see Dittert et al. 1999). Dissolution and
destruction of the shell ultrastructure renders
tests increasingly prone to fragmentation also by
physical force. A fragmentation index is hence
applied to the reconstruction of past [CO2�

3 ] and
X at the basin scale (Berger 1973; Broecker and
Clark 1999; Dittert and Henrich 2000; Conan
et al. 2002; Volbers and Henrich 2002). In
addition, preservation of planktic foraminifer
tests varies at the regional and temporal scale
and might be affected by biogeochemistry of
ambient water and pH within microenvironments

(Milliman et al. 1999). On a global average, one
fourth of the initially produced planktic for-
aminifer calcite is assumed to settle on the sea
floor above the lysocline (Schiebel 2002). Dis-
solution–resistant species (e.g., S. dehiscens, see
Plate 8.1) increasingly dominate towards depth
and may eventually constitute the residual test
assemblages in deep basins (e.g., Ivanova et al.
2003). Starting at the lysocline to calcite com-
pensation depth (CCD), the predominance of
foraminifer calcite mass increasingly shifts
towards a predominance of coccolithophore cal-
cite mass in sediments below the CCD in sub-
tropical gyres (Frenz et al. 2005), while coarser

catchment area

sedimentation area

10°W 0° 10°E

76°
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80°
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80°
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Fig. 8.7 Catchment (gray) and sedimentation areas
(black) calculated from assemblages of T. quinqueloba
and N. pachyderma, sampled by a sediment trap moored
in the West Spitzbergen current west of Svalbard. The
solid black circle within the catchment area indicates the
position of the mooring. The planktic foraminifer tests are

displaced largely from the SE to NW within the catchment
area, and would (if not sampled by the sediment trap) be
displaced further to the NW to finally be embedded within
the surface sediment within the sedimentation area. After
von Gyldenfeldt et al. (2000)

Plate 8.1 Dissolution of planktic foraminifer shells illustrated with SEM images. (1) Well preserved assemblage with
some mechanical damage only, and containing pteropod (P) shells made of aragonite. (2) Assemblage with well
preserved planktic foraminifer shells, (3) moderate dissolution, and (4) heavy dissolution (S is S. dehiscens). (5)
Assemblage with near complete dissolution of calcareous shells, being dominated by agglutinated benthic foraminifer
tests. (6) Loosening of layered shell structure, and peeling off of the inner calcite layers. (7) Labyrinth structures on the
outer shell (left side), and peeling off of outer calcite layers (upper right corner). (8) Close-up of labyrinth structures on
the outer shell. Bars of assemblages (1–5) 1 mm, close-ups (6, 7) 5 µm, (8) 2 µm

c
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particles (i.e. foraminifer tests and fragments)
may dominate elsewhere (Paull et al. 1988). The
phenomenon is caused by the fact that coccoliths
are enveloped in organic matter and often
embedded in fecal pellets, and are composed of
purer and hence more dissolution resistant calcite
than planktic foraminifers.

The most significant decrease in planktic for-
aminifer test flux occurs in the ocean’s twilight
zone at water depths between 100 and 1000 m
(Fig. 8.8), and hence at depths of calcite super-
saturation (Fig. 8.9) where thermodynamic cal-
cite dissolution is unlikely (cf. Broecker and Peng
1982; Zeebe and Wolf-Gladrow 2001; Sarmiento
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Fig. 8.8 Size normalized test weight versus water depth,
in the eastern North Atlantic a in spring 1992, and b in
fall 1996 (47ºN, 20ºW), and c in the Arabian Sea (16ºN,
60ºE) during SW monsoon 1995. Although absolute test
weight largely differs between species and ocean basins,
maximum decrease in test weight uniformly occurs in the
twilight zone (shaded) between about 100 and 1000 m
water depth. Individual tests of G. bulloides and G.
glutinata lose on average about one-fifth in weight while

settling through the twilight zone between about 100 and
1000 m water depth. Cytoplasm bearing tests are indi-
cated by filled symbols, empty tests by open symbols.
Large squares represent large G. bulloides (300 µm
minimum test diameter), small squares represent small G.
bulloides (250 µm), and circles represent small G.
glutinata (250 µm). Standard deviation is given as error
bars. From Schiebel et al. (2007)
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and Gruber 2006; Friis et al. 2006; Schiebel et al.
2007). However, dissolution of planktic for-
aminifer calcite may not only be caused by the Δ
[CO2�

3 ] of ambient seawater at the outside of tests,
and also takes place at the inside of tests. Disso-
lution at the inside of tests possibly results from
bacterially mediated decomposition of cytoplasm
and decreasing pH in microenvironments
(Schiebel et al. 1997; Milliman et al. 1999; cf. also
Boltovskoy and Lena 1970; Turley and Stutt
2000; Jansen et al. 2002). Dissolution of settling
tests has been observed to be stronger in
well-oxygenated waters than in low-oxygen
environments where bacterial activity is limited
by the availability of oxygen (e.g., Schiebel
2002). Accordingly, calcite preservation is better
in the prominent oxygen minimum zone
(OMZ) of the Arabian Sea than in
well-oxygenated waters of the North Atlantic

(Fig. 8.9). In addition, better preservation of for-
aminifer tests in the Arabian Sea than in the NE
Atlantic is probably due to higher average settling
velocities of larger tests, and hence shorter
exposure times of tests to ambient seawater in
particular during seasonal (e.g., SW monsoon)
mass flux events (Schiebel et al. 2007).

Below the twilight zone, at 1000–2500 m
water depth, bacterially mediated dissolution has
largely ceased [CO2�

3 ] and planktic foraminifer
shell flux may increase to values higher than
above (Figs. 8.8 and 8.9). Since mostly large and
dissolution-resistant tests arrive at depths below
the twilight zone, the average weight (i.e. calcite
mass) and settling velocity of the remaining test
assemblage increases with depth (Berelson 2002;
Schiebel et al. 2007).

In addition to thermodynamic and bacterially
mediated processes calcite dissolution far above
the lysocline may take place within the guts of
grazers (Hemleben et al. 1989; Jansen and
Wolf-Gladrow 2001), but which is minor part of
the global planktic foraminifer carbon turnover
and calcite budgets (see Sect. 4.8 Predation).
Quantitative dissolution of tests within fast sink-
ing aggregates of marine snow is unlikely since
planktic foraminifer tests are only occasionally
contained within organic-rich and microbe-rich
aggregates (cf. Ransom et al. 1998; Schmidt et al.
2014). To conclude, dissolution of planktic for-
aminifer tests in supersaturated waters with
respect to calcite (X > 1) is hitherto not suffi-
ciently explained and ‘the global carbonate bud-
get is far from resolved’ (Berelson et al. 2007).

Dissolution and overgrowth of tests during
sedimentation affect the composition of faunal
assemblages through the presence or absence of
tests of more or less dissolution-resistant species
(e.g., Dittert et al. 1999). In the case of uncertain
degrees of dissolution and overgrowth, care must
be taken when analyzing biogeochemical data
(i.e., stable isotopes, and element ratios) mea-
sured on planktic foraminifer tests (e.g., Pearson
and Palmer 2000; Van Raden et al. 2011; Pear-
son 2012). Quantification of dissolution and its
effect on the faunal composition of planktic for-
aminifer assemblages is difficult. Dissolution of

Fig. 8.9 Carbonate ion concentration [CO2�
3 ] in the

North Atlantic (47ºN, 20ºW) during spring (diamonds)
and fall (crosses), and in the Arabian Sea (16ºN, 60ºE)
during SW monsoon (asterisks) indicates calcite super-
saturation throughout the analyzed water depths. From
Schiebel et al. (2007)
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selected specimens can be visualized by scanning
electron microscopy (SEM) or other
high-resolution technology like computed
tomography (CT; Johnstone et al. 2010). Since
analyses of entire assemblages using SEM or CT
would be too laborious, fragmentation indexes
are employed for quantitative assessment of
dissolution of samples (Plate 8.1). A fragmenta-
tion index for the evaluation of the effect of
dissolution proposed by Ivanova (1988) relates
the number of fragments (F) to the number of
fragments plus entire tests (TE):

F = F + TEð Þ � 100 ð8:1Þ

The solution index (SI) of Berger (1973) relates
the number of tests of resistant species (SR) to the
total number of tests of common low latitude
species (ST). When using the SI index of Berger
(1973), the respective resistant and susceptible
species need to be defined for a given region.

SI ¼ SR=ST ð8:2Þ

8.4 Overgrowth

Overgrowth is due to non-biogenic processes.
Dissolution and overgrowth of empty planktic
foraminifer tests may affect tests settling through
the water column (Deuser et al. 1981) and exposed
to ambient seawater over days or weeks depending
on their species-specific (test shape, shell surface
and thickness) and size-related (i.e. test mass)
settling velocity. Laboratory experiments have
shown that various species form calcite crusts
during their ontogeny (Hemleben et al. 1985).
A massive calcite crust of disputed origin may
cover tests of N. pachyderma from polar and
sub-polar waters (Simstich et al. 2003) as well as
other species at lower latitudes (Lohmann 1995).
Deduced from the d18O signal of N. pachyderma
tests, Simstich et al. (2003) suggest active crust
formation by the live foraminifer at
sub-thermocline water depths between 70 and
250 m in the subpolar North Atlantic, whereas T.
quinqueloba hardly forms any crust at the same

time. In contrast to the North Atlantic, calcite
crusts have not been observed to the same extent in
N. pachyderma tests from sediment-trap samples
from 2000 and 3000 m water depth at subpolar
waters near Crozet Seamount in the southern
Indian Ocean (Salter et al. 2014). The questions
arise as to what degree encrustation of N. pachy-
derma is affected by the chemistry (e.g., [CO2�

3 ])
of ambient seawater at subsurface depths and to
what degree calcite crusts of fossil tests of N.
pachyderma in sea floor sediments are of biogenic
or non-biogenic origin.

Calcite crust: Some uncertainty concern-
ing the origin of calcite crusts covering
planktic foraminifer shells may be due to
inconsequent and confusing use of termi-
nology. The formation of calcite crusts is
sometimes attributed to ‘deep growth’.
‘Deep growth’ has been identified in species
like N. pachyderma and is absent in other
species as, for example, G. ruber. The term
‘deep growth’ might have been deduced
from ‘overgrowth’, and does not refer to any
biogenic process. Overgrowth is not engaged
in active calcification of the individual shell
and signifies purely thermodynamic calcite
precipitation. Such calcite overgrowth on top
of fossil shells is assumed precipitated in
equilibrium with sediment chemistry and the
chemistry of interstitial pore waters. Model
calculations on the ratio of dissolution to
encrustation of planktic foraminifer shells by
Lohmann (1995) provide a theoretical
explanation and quantification of the chem-
ical composition, including stable isotopes,
of planktic foraminifer tests from sediment
samples (Fig. 8.10).

A positive DCO2�
3 of surface and subsurface

waters in the subpolar to temperate North
Atlantic (Fig. 8.11) would foster thermodynamic
calcite precipitation and encrustation of tests
during sedimentation (cf. Simstich et al. 2003;
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Sarmiento and Gruber 2006, and references
therein). In contrast, decreasing [CO2�

3 ], and
negative DCO2�

3 in the subsurface to deep water
column would impede calcite precipitation and
may cause dissolution of planktic foraminifer
shells, which is the case in the tropical to tem-
perate Atlantic (e.g., Broecker and Clark 1999;

Broecker and Clark 2001) and Southern Ocean
(cf. Salter et al. 2014). In addition, low pH within
microenvironments produced by degradation of
organic tissues presumably causes considerable
dissolution at the inside of tests (Milliman et al.
1999; Schiebel 2002; Schiebel et al. 2007;
Johnstone et al. 2010; Constandache et al. 2013).

Fig. 8.10 Changes in d18O and d13C of fossil G.
sacculifer tests from surface sediment samples from the
Sierra Leone Rise. Solid dots and open circles indicate
samples from 5104 m and 2931 m water depth, respec-
tively (large symbols indicate mean values). Degrees of

assumed encrustation and dissolution between the hypo-
thetical end-members of ‘0 % Crust’ and ‘100 % dis-
solved’ are indicated by solid and stippled lines,
respectively. MP signifies the mass of primary chamber
calcite. From Lohmann (1995)
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Dissolution at the sediment-water interface
including the benthic fluff layer (see Fig. 8.2)
above and within surface sediments depends on
the residence time of tests and small-scale
chemical conditions (cf. Lohmann 1995; De
Villiers 2005; Feely et al. 2008). Dissolution or
overgrowth of fossils tests within surface sedi-
ments act over much longer time scales, i.e. years
to millennia, compared to days and weeks within
the water column. As a result of long-term
exposure to either carbonate super-saturation or
under-saturation, overgrowth or dissolution of
tests embedded in the sediment may appear less
selective than in short-term processes within the
water column. Precipitation of crusts affects tests
embedded in calcareous surface sediments
(Boussetta et al. 2011) and is a frequent phe-
nomenon in supra-lysoclinal sediments (cf.
Lohmann 1995; Van Raden et al. 2011). In
contrast, little or no overgrowth occurs in clay–
rich sediments and produces perfectly well pre-
served (‘glassy’) tests which provide ideal (un-
contaminated) carriers of paleoceanographic
proxies (Sexton et al. 2006). The fact that the

same species may or may not be encrusted in
calcareous and clayey sediments, respectively,
indicates potential formation of late sedimentary
to early diagenetic overgrowth on top of fossil
planktic foraminifer tests.

The combination of both dissolution and crust
formation adds considerable uncertainty to the
paleoceanographic interpretation of stable iso-
tope data from fossil foraminifer calcite, which is
difficult to disentangle and quantify. The
long-known (e.g., Bouvier-Soumagnac et al.
1986) but often ignored combined signal of
biogenic plus taphonomic effects needs to be
quantified for detailed reconstruction of biologi-
cal, ecological, and sedimentological processes,
rather than information on average conditions
resulting from analysis of the bulk test calcite.
Data on bulk test calcite often foster the mis-
leading idea that isotope and element ratios of
bulk test calcite display the ecology, i.e. depth
habitat and seasonal occurrence of any extinct
species. When differentiating between primary
(i.e. ontogenetic growth) and secondary (i.e.
non-biogenic) calcite, the ecology and

Fig. 8.11 Vertical section of DDICCaCO3 along transect
from Iceland in the North Atlantic to the left, to the South
Atlantic, along 60°S off the East Antarctic into the South
Pacific, and along *160°E into the North Pacific off the
Aleutian Islands. Super-saturation with respect to the
mineral phases of aragonite (hatched line) and calcite
(solid line) occurs above the saturation horizons,

DCO2�
3 = 0. Precipitation of CaCO3 and encrustation of

tests fostered above and impeded below saturation
horizon. Significant dissolution tends to coincide with
the saturation horizon of aragonite. From Ocean Biogeo-
chemical Dynamics by Jorge L. Sarmiento and Nicolas
Gruber. Copyright (C) 2006 by Princeton University
Press. Reprinted by permission
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taphonomy of a planktic foraminifer should be
reconstructed in detail to provide accurate data
on the paleoenvironment.

8.5 Carbon Turnover

Planktic foraminifers affect the regional to global
carbon budget by sequestration of calcareous tests
mainly from bicarbonate (HCO3

−, *90 %), car-
bonate (CO2�

3 , *10 %), carbonic acid (H2CO3,
*1 %), and carbon dioxide (CO2, <1 %)
depending on pH, temperature, salinity, and
concentration of dissolved inorganic carbon
(DIC) of ambient seawater (e.g., Zeebe and
Wolf-Gladrow 2001, Bjerrum plot). When pre-
cipitating their shell, planktic foraminifers fix half
of the CO2 sourced from the different
carbonate-species within their test calcite, and

release the other half to the environment
(Fig. 8.12). Stoichiometrically, calcification of
planktic foraminifer tests follows the equation
Ca2+ + 2HCO3

− ! CaCO3 + CO2 + H2O (for
bicarbonate only). Calcification of planktic for-
aminifer tests is hence a source of CO2 to surface
waters and atmosphere, called carbonate counter
pump, which acts on short time-intervals of days
to seasons. On long geological time-scales of
millions of years, sedimentation and burial of
planktic foraminifer tests is a sink of CO2 (Zeebe
2012). Opposite to the carbon of planktic for-
aminifer tests, the carbon ingested with their food
and stored in the foraminifer cytoplasm is quan-
titatively removed from the surface water carbon
pool during sedimentation, and constitutes a sink
of CO2 (Fig. 8.12).

Sedimentation of planktic foraminifers
removes and transfers carbon from the surface to

Fig. 8.12 Non-stoichiometric scheme of the planktic
foraminifer carbon pump, including the organic (CH2O,
i.e. cytoplasm carbon) and inorganic (test CaCO3) carbon
mass. At a regional to global scale, the planktic
foraminifer CINORG to CORG ratio of settling assemblages
ranges at about 5:1 to 10:1, whereas the CINORG to CORG

ratio of live individuals is *1:3 (Schiebel and Movellan
2012). For one mole of CaCO3-bound CO2, one mole of
CO2 is released into ambient seawater, and is recycled
(round arrow) to HCO3

− or released to the environment,
i.e. the carbonate counter pump (e.g., Zeebe and

Wolf-Gladrow 2001). The ratio between the different
carbonate species HCO3

−, CO3
=, and H2CO3 involved in

the formation of planktic foraminifer shell calcite depends
on temperature (T), salinity (S), pH, pressure (p), and DIC
concentration. Production of organic and inorganic matter
occurs mainly in the surface mixed ocean. Remineraliza-
tion and dissolution (round arrows) occurs primarily at
mesobathyal depths and quantitatively affects sedimenta-
tion and CO2 burial. For absolute numbers on the organic
and inorganic carbon pump see Schiebel and Movellan
(2012) and Schiebel (2002), respectively
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the deep water column where the carbon is
temporarily withdrawn from ocean-to-
atmosphere exchange for intermediate time-
scales of decades to centuries, depending on
upwelling dynamics and turnover rates of the
global marine current systems (cf. Broecker
1987; Archer and Maier-Reimer 1994). When
arriving at the sea floor, planktic foraminifer
CaCO3 including the captured CO2 may be
stored over long time-scales of millions of years
depending on diagenetic effects and tectonic
processes, and the preservation and dissolution of
tests (e.g., Dittert et al. 1999; Broecker and Clark
1999; Broecker and Clark 2003).

The biological carbon pump in the
ocean is the sum of processes, which affect
the production, transportation, and rem-
ineralization of organic (e.g., cytoplasm)
and dissolution of inorganic carbon (e.g.,
planktic foraminifer shell calcite). Planktic
foraminifers affect the marine carbonate
pump mainly through shell CaCO3 flux
from surface waters towards surface sedi-
ments. The soft tissue pump (i.e. cyto-
plasm) concerns organic carbon, and has so
far been regarded virtually non-existent in
planktic foraminifers, because sedimentary
planktic foraminifer tests are in general
produced through reproduction, and settle
to depth after having redistributed most
cytoplasm to their offspring. In addition,
planktic foraminifers have little effect on
the efficiency of the biological carbon
pump, since they are only minor part of
‘ballast’ in aggregates of particulate
organic carbon (cf. De La Rocha and
Passow 2007). However, planktic for-
aminifer soft tissue is systematically
exported from surface waters to the sub-
surface water column (cf. Boltovskoy and
Lena 1970; Schiebel and Movellan 2012;
Salter et al. 2014). Therefore, quantitative
data on fossil planktic foraminifer assem-
blages could complement d13C data as a
proxy of the biological carbon pump of the

ancient oceans (e.g., Broecker 1971;
Hilting et al. 2008).

Planktic foraminifer standing stocks and car-
bon turnover are highest in the surface mixed
layer of the ocean, where CO2 exchange of
ambient seawater is closely coupled to the
atmospheric CO2 pool through diffusion at
sub-seasonal time-scales. Live, i.e. cytoplasm
bearing foraminifer individuals, which grow in
surface waters may be mixed to depth by currents
and surface water mixing, for example by eddies
and during storms (Beckmann et al. 1987;
Schiebel et al. 1995, cf. Koeve et al. 2002). On a
global average, convection removes both
calcite-carbon and cytoplasm-bound carbon at a
ratio of *10:1, respectively, from the
atmosphere-coupled surface ocean to sub-surface
depth (Schiebel and Movellan 2012). Planktic
foraminifers thus contribute, although to a minor
degree, to the marine biological carbon
pump. Because their test size and calcite mass
(Beer et al. 2010) are closely related to biomass
(see Chap. 5, Fig. 5.4 on biomass) their calcite
carbon to soft tissue carbon ratio may be used as
proxy of the marine biological carbon pump
(Movellan 2013).

8.5.1 Regional Calcite Budgets

Regional planktic foraminifer calcite flux ranges
between <0.001 and >2000 mg m−2 d−1 in
oligotrophic, eutrophic, and mesotrophic waters
(Fig. 8.13) of the global ocean (Schiebel 2002).
Highest test calcite flux occurs at mid latitudes
(Fig. 8.14, see also Žarić et al. 2006) caused by
seasonally enhanced primary production and
production of planktic foraminifers (Fig. 8.15).
Data on shell CaCO3 flux span more than four
orders of magnitude within water depth intervals
between the surface ocean and 2500 m water
depth (Fig. 8.13). Export production and flux of
tests starts at the base of the surface mixed layer
at about 100 m water depth (e.g., Koeve 2002).
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The most significant decrease in flux takes place
between 100 and 700 m depth. Changes in test
CaCO3 flux between 700 and 2500 m are of
minor amplitude (Figs. 8.13, 8.14 and 8.15).

Exceptionally high planktic foraminifer
CaCO3 flux results from mass sedimentation of
tests (see Sect. 8.1.3). Since mass flux events are
episodic and rapid, they are rarely sampled by
plankton net tows, and not detectable from sed-
iment trap samples or surface sediments because
of too low temporal sampling resolution.

Presence and absence of species with different
biological prerequisites and ecological demands
may exert a considerable effect on the flux of
tests and CaCO3. For example, very high
planktic foraminifer CaCO3 flux >1000 mg
m−2 d−1, between 1000 and 2500 m (Fig. 8.13),
was mainly caused by large specimens of G.
siphonifera and G. sacculifer in the Arabian Sea
in March 1995. The same is true for other sea-
sonally pulsed CaCO3 flux peaks observed in the
Arabian Sea in April and during August–
September (see Sect. 8.1) (Schiebel 2002). Those
flux peaks were caused by opportunistic species
(N. dutertrei, G. bulloides), which proliferate
during the late stages of the NE and SW
monsoons, respectively. Test flux pulses
(Tables. 8.1 and 8.2) arrive at depths with the
typical delay resulting from test-size related
settling-velocity (cf. Takahashi and Bé 1984;
Kroon and Ganssen 1989; Rixen et al. 2000;
Schiebel and Hemleben 2000).

Moderate to low production and flux of
planktic foraminifer tests and CaCO3 occurs in
mesotrophic to oligotrophic waters of the tem-
perate ocean and subtropical gyres (Fig. 8.14) and
may be dominated by seasonal mass flux events in
the same way as in eutrophic waters (e.g., Thunell
and Honjo 1987) (see Sect. 8.1). Following mass
flux events such as, for example, during the spring
bloom in the NE Atlantic export flux decreases
and flux pulses occur in the deeper water column.
Maximum seasonality and sharp test flux peaks at
high latitudes are caused by productivity during
the short euphotic time-interval in summer (e.g.,
Fischer et al. 1988). In contrast, relatively bal-
anced export flux, and steady sedimentation of
tests in the tropical to subtropical ocean
(Fig. 8.14, Caribbean; see also Sect. 7.2, Fig. 7.5)
results from low seasonality compared to higher
latitudes and year-round production and flux of
foraminifer test calcite.

Low production and flux of planktic for-
aminifer tests occur in oligotrophic regions such
as subtropical gyres (Fig. 8.14, Azores). How-
ever, seasonal test and CaCO3 flux peaks may
also occur in oligotrophic waters. Distinct
CaCO3 flux pulses at subsurface water depths in
the subtropical gyre of the North Atlantic are, for
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Fig. 8.13 Average planktic foraminifer CaCO3 flux
deduced from multinet samples from the North Atlantic,
Arabian Sea, and Caribbean Sea (n = 1777). Boxes cover
the upper and lower quartile, with horizontal lines for the
upper and lower adjacent values. Whereas the CaCO3 flux
varies over five orders of magnitude, the average flux
between the surface and mesobathyal water column
decreases by only one order of magnitude over the twilight
zone between 100 and 700 m water depth. The upper to
lower quartile of fluxes between the sea surface and 200 m
water depth exceeds one order of magnitude, indicating
large variations in export production (e.g., Koeve 2002).
Outliers (x) result from pulsed flux events following
time-periods of enhanced production. Note that no outliers
exist to the left of average distributions, indicating
relatively constant ‘background’ (off-peak) test flux. Three
extreme outliers between 1000 and 2500 m water depth
result from mass flux events of G. siphonifera and G.
sacculifer tests in the Arabian Sea. From Schiebel (2002)
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example, caused by G. truncatulinoides. After
reproduction in surface waters during winter to
early spring, the empty tests of adult G. trun-
catulinoides form a confined test-cloud settling
through the subsurface water column (e.g.,
Deuser et al. 1981; Hemleben et al. 1987;
Schiebel et al. 2002). Opposite to the flux of
empty tests, live individuals of subsurface to
deep-dwelling species in general contribute only
a minor part to the foraminifer assemblage at
subsurface depths, resulting from small standing
stocks, which are dispersed over the vast
expanses of the deep ocean (e.g., Lončarić et al.
2006).

8.5.2 Global Calcite Budget

The global planktic foraminifer calcite flux at
100 m water depth (F100) is estimated at 1.3–3.2
Gigatons (Gt, 109 tons) year−1 (Fig. 8.16),
equivalent to 23–56 % of the total open marine
CaCO3 particulate inorganic carbon (PIC) flux
(Schiebel 2002). Test and calcite fluxes are cal-
culated from the regional distribution of species
obtained from net-tow (tests >100 µm in mini-
mum diameter) and sediment trap samples and are
assumed to cover most of the entire modern range
of marine biogenic PIC flux (Schiebel 2002).
During most of the year (off-peak periods), a large
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Fig. 8.14 Monthly averages of regional planktic for-
aminifer CaCO3 flux (mg m−2d−1) between 100 (export
layer) and 2500 m water depth, calculated from plankton
net samples (Schiebel 2002). High export flux occurs in
mesotrophic and eutrophic regions such as in the NE
Atlantic and Arabian Sea. Low export flux occurs in
oligotrophic regions such as in the Caribbean Sea. The
most significant decrease in flux takes place between 100

and 700 m water depth. Exceptionally high CaCO3 flux at
100 m water depth in January in waters south of the
Azores Islands was caused by reproduction and flux of
large tests of G. truncatulinoides. Data are given for the
lower level of each water depth interval. Left panel shows
an enlarged view of low fluxes <20 mg m−2d−1 given in
right panel. From Schiebel (2002)
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part of the test calcite is dissolved while settling
through the mesobathyal water column between
100–1000 m depth (Fig. 8.14).

As little as 1–3 % of the test CaCO3 initially
exported from the surface mixed layer to
sub-pycnocline waters may reach the
above-lysocline seafloor on average (Schiebel
2002). Pulsed flux events, i.e. mass dumps of fast
settling particles, yield a major contribution of
tests to the formation of deep-sea sediments
above the CCD. Highest flux and sedimentation
rates of tests and calcite occur at latitudes
between about 30–70° (Fig. 8.17), where high
and pointed spring production (spring bloom),
and food supply coincides with high planktic

foraminifer diversity. The same applies to other
regions of pointed seasonal production in the
tropical to temperate ocean. On a global scale,
about a quarter of the initially produced planktic
foraminifer test CaCO3 settles on the sea floor
and forms a major portion of sediment calcite
above the calcite compensation depth, CCD (e.g.,
Berger 1971; Vincent and Berger 1981; Dittert
et al. 1999; Schiebel 2002; Frenz et al. 2005).

The total planktic foraminifer contribution of
CaCO3 to sediments above the CCD in the
modern global ocean is estimated at 0.36–
0.88 Gt yr−1 (Fig. 8.18), which amounts to 32–
80 % of the total marine sedimentary calcite
budget (see also Archer 1996; Schiebel 2002;
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Fig. 8.15 Average monthly planktic foraminifer CaCO3

flux in the temperate eastern North Atlantic around 47ºN,
20ºW (BIOTRANS). Maximum decrease in CaCO3 flux
occurs above 700 m water depths. Maximum export flux
occurs in spring and fall. Test flux increase in deep waters
below 700 m results from enhanced spring production
and pulsed mass sedimentation in April and May. In

addition, CaCO3 flux is increasingly dominated by large
and fast settling tests with high calcite mass at increasing
water depth (Berelson 2002). In summer, small and slow
settling tests cause low CaCO3 flux. Winter is character-
ized by low production and flux of planktic foraminifer
CaCO3. From Schiebel (2002)
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Fig. 8.16 Global planktic foraminifer CaCO3 flux bud-
get (center) in comparison with CaCO3 budgets given by
Milliman et al. (1999, squares to the left). Planktic
foraminifer shell calcite flux at 100 m depth is assumed
equivalent to 23–56 % of the total open marine CaCO3

flux according to Milliman et al. (1999). An average of
about 25 % of the initially produced planktic foraminifer
CaCO3 is assumed to settle on the seafloor. The global

planktic foraminifer contribution of CaCO3 to marine
sediments amounts to 32–80 % of the total above-CCD
budget and is assumed *1.1 Gt CaCO3 yr

−1. An estimate
of the coccolithophore, pteropod, and calcareous dino-
phyte contribution to the global open marine above-ACD
(pteropods) and above-CCD CaCO3 accumulation is
given to right. From Schiebel (2002)

Fig. 8.17 Modeled annual total foraminifer test flux (103

individuals m−2, for 18 species included in the empirical
model) is highest from the subtropical to subpolar ocean
of the northern and southern hemisphere. Circles mark
positions of sediment traps comprised in the calibration
data set. The general relative pattern of the global test flux
is well represented by the model results. Many regional

patterns are not properly reproduced due to insufficient
forcing by environmental parameters, and the correlation
between primary production and planktic foraminifer test
CaCO3 flux is weak (cf. Schiebel 2002). Absolute fluxes
are assumed significantly underestimated in most cases.
From Žarić et al. (2006)
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Sarmiento and Gruber 2006). The total accumu-
lation of CaCO3 in the modern ocean is estimated
at 1.1 Gt yr−1 (e.g., Milliman 1974; Milliman
1993; Milliman and Droxler 1996). In addition to
planktic foraminifer CaCO3 flux, three major
groups of calcareous plankton, i.e. coccol-
ithophores, pteropods, and calcareous dinophytes
add to the deep marine CaCO3 flux. Aragonite
shells of pteropods are largely dissolved at the
aragonite lysocline to aragonite compensation
depth (ACD) above the calcite lysocline and
CCD, respectively. Below the CCD, coccol-
ithophore calcite takes over and increasingly
constitutes the calcite fraction of abyssal sedi-
ment with increasing water depth and pCO2, i.e.
increasing pH (Frenz et al. 2005).

8.5.3 Global Biomass

In addition to the calcite-bound carbon of the
tests, the global biomass (i.e. cytoplasm) of
planktic foraminifers is estimated at *8.5–32.7
Teragrams (Tg, i.e. 1012 g) C yr−1 including
specimens >125 µm in diameter (Schiebel and

Movellan 2012). When adding juvenile and
neanic specimens (<125 lm in tests size), the
total planktic foraminifer biomass production is
assumed as high as *25–100 Tg C yr−1 (i.e.,
0.025–0.1 Gigatons, Gt). The average global
biomass-bound planktic foraminifer carbon
would hence be four to six times less than the
CaCO3 bound carbon of their test assemblages.
The 25–100 Tg are estimated for a global ocean
area of 322 * 106 km2 assumed to support
planktic foraminifer production over nine months
per year, accounting for three aphotic (winter)
months without any significant production on a
global average (Obata et al. 1996; Schiebel and
Movellan 2012).

Assemblage biomass of planktic foraminifers
varies by up to five orders of magnitude at inter-
mediate water depth (100–700 m) and on average
decreases by three orders of magnitude over 13
distinct water-depth intervals (see Methods
Chap. 12) analyzed between the surface and deep
water column at 2500 m depth (Fig. 8.19).
Highest assemblage biomass in surface waters in
the temperate North Atlantic and Arabian Sea is
possibly biased by data from high-productive
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Fig. 8.18 Map of the CaCO3 weight percent in the
surface sediments. Low partial pressure of CO2 of young
deep-water bodies in the Atlantic Ocean causes deep
CaCO3 lysoclines and compensations depths, and results
in well-preserved calcareous sediments of wide distribu-
tion. Oldest deep-water bodies of high pCO2 in the North
Pacific cause shallow lysoclines and compensations

depths and ample carbonate dissolution. Accumulation
of particles other than CaCO3 in the Southern Ocean
results in dilution and carbonate-poor sediments, at
relatively well preservation of calcareous shells. From
Dunne et al. (2012). See also Sarmiento and Gruber
(2006)
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seasons, i.e. spring and SW monsoon in the
Atlantic Ocean and Arabian Sea, respectively.
Enhanced planktic foraminifer biomass in the
Caribbean Sea, off Japan, and Oregon might be
affected by land-derived input to the hemi-pelagic
ocean, and effects on the primary and secondary
production including planktic foraminifers. Low
biomass in Red Sea waters is caused by olig-
otrophic conditions (Fig. 8.20). Biological pro-
duction (including planktic foraminifers) in both
Artic and Antarctic waters has been assumed for
time-intervals of only three months per year, and
long aphotic polar seasons of nine months (Obata
et al. 1996). However, Boetius et al. (2013) report
significant under-ice primary production in the
Arctic Ocean, which might also enhance the
availability of food to planktic foraminifers. In
conjunction with decreasing sea ice cover in the
Arctic Ocean (e.g., Intergovernmental Panel on
Climate Change 2007; Intergovernmental Panel
on Climate Change 2013) primary production and
secondary production, including planktic

foraminifers, may increase over the 21st century
and beyond.

8.6 Summary and Concluding
Remarks

The value of planktic foraminifers as proxy in
paleoceanography and as part of the marine
carbon turnover critically depends on the under-
standing of production and sedimentation of
tests. Temporal scales of days to seasons, and
regional sedimentation to basin scale transporta-
tion control the production of test assemblages
(thanatocoenoses). Preservation and dissolution
depend on thermodynamic (ΔCO3

2−, X) and
biological (often bacterially mediated processes)
conditions.

Production and flux of planktic foraminifer
test calcite affects, and is affected by, regional to
global ocean carbon turnover. On short
time-scales, test production is a source of CO2 to

Fig. 8.19 Log-normalised carbon-biomass (Log10 lg
m−3) given for the total planktic foraminifer assem-
blage >125 lm (data available from http://dx.doi.org/10.
1594/PANGAEA.777386). Data are calculated from
average individual protein-biomass data and faunal

counts from the eastern North Atlantic Ocean, Caribbean
Sea, and Arabian Sea (n = 1087, without zero values).
All data given for the mid-points of the sampled water
depth intervals. From Schiebel and Movellan (2012)
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the ocean surface and lower atmosphere and acts
as a sink of CO2 on long geological time scales.
Sedimentation of organic carbon within for-
aminifer shells adds to the biological carbon

pump. Increasing [CO2] and decreasing pH
(ocean acidification, OA) are assumed to nega-
tively affect calcification of planktic foraminifers.
In analogy to past acidification events, planktic

Fig. 8.20 Log-normalised (Log10 lg C m−3) average
depth related (a to f) planktic foraminifer assemblage
biomass (PFAB) binned on a 3° � 3° grid, comprising
the North Atlantic Ocean, Caribbean, Arabian Sea, Gulf

of Aden, Red Sea. Data on the eastern and western North
Pacific Ocean off Oregon and Japan, respectively, are
only on the upper 200 m of the water column. From
Schiebel and Movellan (2012)
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foraminifers are assumed to buffer changes in
pH. The buffering capacity of foraminifer shell
formation on increasing [CO2] and OA has not
yet been quantified at the global scale. To date,
calcification of planktic foraminifer tests is nei-
ther well constrained for the biological processes,
nor for the quantitative effects on the marine
carbon turnover. Future studies on the natural
environment, as well as culture experiments
(laboratory and mesocosm) should help to better
understand planktic foraminifer calcification in a
changing ocean and to calibrate new proxies for
the reconstruction of the past marine carbon
turnover.

Processes that affect sedimentation and dis-
solution are still insufficiently understood. This is
partly owing to the fact that experimental
approaches are limited by technological con-
straints. Smart chemostat experiments are needed
to attain a better systematic understanding and
quantification of small-scale to global processes,
and to facilitate new modeling approaches. In
addition, information on the natural environment
is limited by methodological constraints like
trapping efficiency of sediment traps. Concerted
programs and sampling campaigns like the Joint
Global Ocean Flux Study (JGOFS) was core
project of the International Geosphere-Biosphere
Programme (IGBP) (e.g., Ducklow and Harris
1993) and mesocosm experiments (e.g., Riebe-
sell et al. 2013) enhance the systematic and
quantitative understanding of mass fluxes.
A combination of methods may provide a better
qualitative and quantitative understanding of
processes, which determine sedimentation and
preservation versus dissolution of the planktic
foraminifer shell calcite, i.e. the interplay of
chemical, physical, and biological factors. Mod-
ern analytical methods will provide detailed
information on ontogenetic shell calcite, and
different kinds of calcite layers covering the
pre-gametogenic planktic foraminifer shell.
Those data are indispensable for a better under-
standing of carbon budgets and the use of
planktic foraminifers as proxies in paleoceanog-
raphy discussed in other chapters of this book.
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9Biogeochemistry

The calcareous planktic foraminifer shell has
been analyzed for its chemical composition, and
assumed proxy of the chemical composition of
seawater since the pioneering works of Samuel
Epstein and Cesare Emiliani in the 1950s (e.g.,
Epstein et al. 1951; Emiliani 1955). Seawater is a
natural pool of chemical elements and isotopes
mainly resulting from erosion and hydrother-
malism, and being subjected to environmental
change (e.g., Stein et al. 2007; Derry 2009).
Carrying environmental signals, the isotopic
composition and element ratios are used as
proxies in paleoceanography (see, e.g., the
reviews of Fischer and Wefer 1999; Katz et al.
2010). The biogeochemistry of the planktic
foraminifer test has been used in numerous
studies reconstructing past marine conditions.
The large majority of these analyses have utilized
the entire foraminiferal test, i.e. the actively
precipitated calcite during test formation over
different ontogenetic stages, including organic
tissues on top and between the calcite layers, the
latter only in the case of multilayered species. In
addition, those analyses may include additional
calcite occasionally covering the ‘original’ shell
precipitated by the foraminifer (e.g., King and
Hare 1972; Hemleben et al. 1977, 1989; Bé
1980; Lohmann 1995). The biogeochemistry of
entire tests consequently contains data from more
or less wide water-depths and time-intervals, and
is often over-interpreted or misinterpreted when
ecological demands at the species level and

regional scale, as well as remineralisation pro-
cesses during sedimentation, are not considered.

The biogeochemistry is here discussed with a
biological and ecological perspective of the
planktic foraminifer, differentiating between pri-
mary (production) and secondary (remineraliza-
tion and encrustation) effects of proxy formation.
Along with the technological development of
mass spectrometers, it has been possible to ana-
lyze a wide range of trace elements in planktic
foraminifer calcite in addition to major and minor
elements. The composition of the shell calcite,
including effects of secondary overgrowth and
remineralization are discussed in relation to
environmental parameters, which affect the
organism’s habitat, i.e. physical and biological
parameters like surface mixed layer depth, sea-
sonality, and food availability. Detailed reviews
on the geochemistry of the planktic foraminifer
shell with a strong paleoceanographic perspective
are given, for example, by Rohling and Cooke
(1999), Lea (1999), and Katz et al. (2010).

Trace element: A trace element is defined
as average concentration of <10−6 lg per
gram. Cd, V, and U would consequently be
trace elements in planktic foraminifer shell
calcite. Other elements such as, for example
Sr, B, and Zn would classify minor ele-
ments (see Lea 1999).
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9.1 Stable Isotopes and Element
Ratios

Shell formation of planktic foraminifers is gen-
erally assumed to be coupled to the carbonate
equilibrium of ambient seawater (see, e.g.,
Rohling and Cooke 1999, and references therein).
Therefore, stable oxygen (18O/16O ratio, i.e.
d18O), carbon isotopes (13C/12C ratio, i.e. d13C),
and other isotope and element ratios of shell
carbonate are widely applied paleoceanographic
proxies to reconstruct temperature, salinity, pri-
mary productivity, carbon dioxide concentration,
and carbonate ion concentration of ancient oceans
from deep-sea sediments (e.g., Urey 1947;
Epstein et al. 1951; Emiliani 1955; Rohling and
Cooke 1999; Broecker and Clark 1999; Ren et al.
2012a). From the combination of stable isotope
records of different species that live at different
water depths (Emiliani 1954), and often in com-
bination with other proxies like data from benthic
foraminifer tests (Fig. 9.1), a detailed recon-
struction of biogeochemical state and hydrogra-
phy of an ancient ocean is obtained at the regional
scale (Fig. 9.2). Quaternary glacial-to-interglacial
changes in global ice volume and climatically
induced cycles in the terrestrial biosphere largely
coincide with changes in the stable isotope record
in benthic and planktic foraminifer tests, and in
addition to ecological analyses provide a detailed
relative (in comparison to absolute data from
radioactive isotopes) stratigraphic time scale
(Fig. 9.1) of the past *5.3 Million years (e.g.,
Emiliani 1955; Shackleton and Opdyke 1973;
Imbrie et al. 1984; Martinson et al. 1987; Lisiecki
and Raymo 2005). Radiocarbon incorporated in
the planktic foraminifer test calcite allows direct
determination of absolute age (i.e. radiocarbon
data) over the past *50 kyrs (e.g., Voelker et al.
2000; Voelker 2002; Mollenhauer et al. 2005;
Barker et al. 2007).

Isotope: Atoms of the same chemical
element but with different numbers of
neutrons are called isotopes. Isotopes
hence differ in weight. Isotopes with lower
numbers of neutrons are lighter than

isotopes with more neutrons. For example,
the nucleus of the light oxygen isotope 16O
contains 8 neutrons and 8 protons, whereas
the heavy 18O isotope contains 10 neutrons
and 8 protons.

Nitrogen isotopes (15N/14N, i.e. d15N) of the
planktic foraminifer test calcite display the d15N
composition of the ambient seawater nitrate (Ren
et al. 2009, 2012a). Systematic differences in the
d15N between species and ontogenetic stages (i.e.
test sizes) are assumed to display regional vari-
ations in trophic conditions, hydrology of surface
waters (i.e. mixing vs. stratification), and depth
habitats of planktic foraminifers (Ren et al.
2009). In addition to changes of the nitrogen–
pool and d15N of ambient seawater, recycling of
ammonium (NH4

+) affects the d15N of the test in
symbiont-bearing planktic foraminifer species to
a varying degree depending on the availability of
nitrogen from ambient seawater (Uhle et al.
1997, 1999). Taking the sum of biotic and abiotic
effects in planktic foraminifer stable nitrogen
isotope composition into account, d15N data add
important information on the metabolism, ecol-
ogy, and habitat of shallow and deep-dwelling
species from sedimentary archives (Ren et al.
2012a). In turn, past (glacial-to-interglacial)
changes in foraminifer test d15N are assumed to
result from changing nitrogen fixation at com-
plete nutrient consumption in low latitudes (Ren
et al. 2009). Consequently, d15N data indicate
changes in nutrient concentration and primary
production, which finally affects the biological
carbon pump, atmospheric CO2, and climate
(Ren et al. 2009). Test d15N is therefore proxy of
planktic foraminifer paleoecology, as well as
regional to global nutrient and carbon turnover.

Most of the about 50 extant planktic fora-
minifer morphospecies are largely eurythermal
and euryhaline within the limits of the global open
marine temperature and salinity range, and hence
are ubiquitous in the global ocean (Bé and Told-
erlund 1971; Hemleben et al. 1989). Conse-
quently, the entire latitudinal range of the ocean
can be covered by analyzing a relatively small
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number of planktic foraminifer species, i.e. Glo-
bigerinoides sacculifer, Globigerinoides ruber,
Globigerina bulloides, and Neogloboquadrina
pachyderma, and their overlapping distribution
patterns from tropical to polar waters, respectively
(see Chap. 7, Ecology, Fig. 7.1). Biogeochemical
proxies of the tests of those four species, hence are
most applied in paleoceanography to reconstruct
surface hydrology and trophic conditions of the

open ocean (Fig. 9.2). Various other species may
be used in addition to the four ubiquitous species
for further information, and to improve paleo-
ceanographic interpretations of surface and deep
waters over the course of seasons, and between
regions of varying hydrology (e.g., Fischer and
Wefer 1999; Henderson 2002; Cléroux et al.
2009; Richey et al. 2012).

Fig. 9.1 The ‘LR04 stack’ of Lisiecki and Raymo
(2005) constructed by graphic correlation of 57 globally
distributed benthic d18O records is the standard stack
applied for correlation of d18O data. Down-core d18O data
of planktic foraminifers are correlated to the LR04 stack
for graphic construction of an age model. Differences
between the absolute d18O data of the benthic and

planktic foraminifer data result from biotic and abiotic
effects, such as the absence and presence of symbionts,
and varying isotope distributions between surface and
deep water bodies, respectively. Those effects may vary
between regions (see Fig. 9.3). Note that the scale of the
vertical axis changes across panels. From Lisiecki and
Raymo (2005)
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9.1.1 d13C and d18O

Planktic foraminifer tests are ideal recorders of
stable isotopes and minor-element ratios of sur-
face seawater, because the metabolism of planktic
foraminifer individuals is probably not affected
by variations in the same isotopes and element
ratios. Stable oxygen (18/16O) and carbon (13/12C)
isotopes (in delta notation, given in per mil [‰])
of the planktic foraminifer test are standard
proxies in paleoceangraphy, and the formation of
the isotopic signal needs to be understood in the
modern species. Even if assuming that both d18O
and d13C were recorded within the shell calcite in
equilibrium with ambient seawater (Erez and Luz
1983; Lea et al. 1995; Bemis et al. 1998), the
signal would still be affected by a variety of
autecological (e.g., dwelling depth), regional, and
chemical effects. Both O and C isotopes are
affected by the salinity of ambient seawater,
which is affected by evaporation, sea ice freezing
and melting, precipitation, and terrestrial fresh-
water input (see, e.g., Fischer and Wefer 1999).
Ambient water temperature affects the d18O in a
direct way, and d13C through metabolic effects
such as, for example CO2 incorporation at a rate
of 8–15 % (Spero and Lea 1996). On top of those
rather small-scale and short-term effects, both O
and C isotopes are affected by global effects,
which change on longer time-scales. Global
effects, like the ‘ice effect’ and global carbon
turnover affect the isotopic composition on land
and in the ocean (Fig. 9.3). The interplay of
various regional to global effects determines the
isotopic composition of seawater and dissolved
inorganic carbon (DIC) pool, both of which affect
the isotope composition of the planktic fora-
minifer test calcite (see Rohling and Cooke 1999
for a review). Regional ecological conditions,
which affect the isotopic composition of planktic
foraminifer test calcite, are temperature and
salinity of ambient seawater. Between those two
effects, temperature is predominant for most
species due to regional sea surface temperature
(SST) changes on a much wider range than
salinity of open marine waters.

Delta notation: The delta (d) notation in
stable oxygen and carbon isotopes is cal-
culated as:

d18OSAMPLE ¼ 1000 � 18O=16O
� �

SAMPLE

h

� 18O=16O
� �

STANDARD
� = 18O=16O

� �
STANDARD

The same formula works for the 13/12C
ratio. In our case, the SAMPLE is a number
of planktic foraminifer tests, i.e. calcite, large
enough to allow for reproducible analysis
with amass spectrometer. Themeasured data
need to be compared to anoxygen and carbon
isotope standard, which is measured together
with each batch of original planktic fora-
minifer sample. Calcite standards have
changed over time. The first standard to be
used was calcite from the Pee Dee Belemnite
(PDB standard), a cephalopod from the
Cretaceous Pee Dee Formation outcropping
in North and South Carolina, U.S.A. When
the Pee Dee Belemnites were exploited, a
new standard came into use, called the
Vienna PDB standard (VPDB), a synthetic
standard related to the original PDB standard
(Rohling and Cooke 1999; Coplen 1994;
Brand et al. 2014 for further reading).
VSMOW, i.e. Vienna StandardMean Ocean
Water is a recalibration from SMOW (Stan-
dardMeanOceanWater), and is mainly used
as standard in the analyses of water samples
(Coplen 1994). Calcite standard material is
not available for the time being (2016)

The d18O ratio decreases by 0.2 − 0.25‰ °C−1.
The d13C ratio is less, if at all, affected by temper-
ature than d18O. Salinity increases due to evapo-
ration and sea ice freezing. Precipitation, terrestrial
freshwater input, and sea ice melting decrease
salinity of the seawater. Those environmental fac-
tors are affected by currents, changes in air
humidity, and sea surface roughness. Increasing
salinity causes enhanced d18O (0.2–0.4 ‰ PSU−1)
and d13C ratios, and may amount to 1–2 ‰ at the
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regional to global scale (e.g., Rohling and Cooke
1999).

Planktic foraminifer calcite production and flux
have an impact on, and are affected by, carbonate
ion concentration ½CO2�

3 �, and pH of ambient
seawater (Wolf-Gladrow et al. 1999a, b; Beer et al.
2010; Marr et al. 2011; Marshall et al. 2013).
½CO2�

3 �and pH negatively affect d18O and d13C
ratios (Spero et al. 1997; Russell and Spero 2000;
Ziveri et al. 2012), while CO2 concentration has a
positive effect (Spero 1992). ½CO2�

3 � and pH of
seawater are positively affected by photosynthesis
and negatively affected by respiration (Fig. 9.3).
When the planktic foraminifer sequesters calcite
from bicarbonate (HCO3

−) or carbonate ðCO2�
3 Þ,

CO2 is released to the ambient water (e.g., Zeebe
and Wolf-Gladrow 2001). Formation of planktic
foraminifer test calcite and release of CO2

(2HCO3
− + Ca2+ ! CaCO3 + CO2 + H2O)

hence decreases pH, [CO2�
3 ], and total alkalinity.

As CO2 is the second most important greenhouse
gas after water vapor, the production of calcareous
plankton may affect climate on decadal to geo-
logical time scales of hundreds of thousands to
millions of years (e.g., Bramlette 1958; Hay 1985;
Archer et al. 2000; Zeebe 2012).

9.1.2 Vital Effects on Stable Isotopes
and Element Ratios

Biological effects are often attributed to vital
effects, and have an impact on the isotope com-
position of planktic foraminifer tests, as well as
on calcification rates, in addition to global,
regional, and chemical effects on the stable iso-
tope composition of ambient seawater (e.g.,
Billups and Spero 1995). Species-specific effects
of dwelling-depths and trophic demands may
affect seasonal and regional isotope signals
(Duplessy et al. 1981; Ganssen 1983). Symbionts
increase the d13C and d15N, and decrease the
d18O of planktic foraminifer tests according to the
level of irradiance and photosynthesis typically
by up to 1‰ (Spero and DeNiro 1987; Uhle et al.
1997; Zeebe et al. 1999; Ezard et al. 2015; see
also Bemis et al. 2000). In turn, d15N decrease in
some symbiont-bearing planktic foraminifer spe-
cies is suspected to result from ammonium recy-
cling by symbionts (Ren et al. 2012b). The
metabolic incorporation of carbon and oxygen in
general decreases the d13C of the shell according
to the isotopic composition of prey (e.g., Berger
1971; Berger et al. 1978; Uhle et al. 1997). This
effect is possibly masked by the change of

Fig. 9.2 d18O curve of G. ruber (white) from the Red Sea
sediment core KL11 (Hemleben et al. 1996) for comparison
with the LR04 standard stack (Fig. 9.1; Lisiecki and Raymo
2005). Please note the differences in absolute d18O values
between the two curves, resulting from differences between
benthic (LR04) and planktic foraminifers (Hemleben et al.

1996), as well as global to regional differences between the
two data sets. Absence of planktic foraminifers (aplanktonic
zone) during the last glacial maximum (LGM, core depth of
0.9-1.7 m) were caused by extremely high salinities.
Numbering of MISs according to Imbrie et al. (1984). From
Hemleben et al. (1996)
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metabolic activity during ontogeny (Hemleben
and Bijma 1994). Juvenile individuals grow more
rapidly and have a systematically higher meta-
bolic activity than adult specimens (Berger et al.
1978; Bouvier-Soumagnac and Duplessy 1985).
In addition, planktic foraminifers change their
depth-habitat during ontogeny for various reasons
(e.g., food availability), and may dwell in water
masses of different temperature, and carbon and
oxygen isotope composition. Accordingly, stable
carbon and oxygen isotope ratios increase during
ontogeny by up to 1 ‰. Finally, gametogenic
(GAM) calcite may add an effect on the d18O of
up to 1 ‰ to the pre-gametogenic shell in G.
sacculifer (Duplessy et al. 1981). The effect may
vary between species depending on the propor-
tion of GAM calcite added to the shell. Size and
weight-dependent effects of up to 2 ‰ are
reported for N. pachyderma from the Arctic
Ocean (Hillaire-Marcel et al. 2004). Vital effects,
which affect the chemical composition of planktic
foraminifer test calcite, hence need to be evalu-
ated at the level of species and for each ontoge-
netic stage, i.e. for any similar test size increment.
To minimize uncertainty in paleoceanographic
interpretation caused by vital effects, adult spec-
imens selected from a narrow size range are
analyzed for their chemical composition. For an
overview of vital effects and d18O see the review
of Niebler et al. (1999).

Metabolic effect changes during ontogeny
(Fig. 9.3) are stronger in juvenile planktic fora-
minifers with high metabolic activity and rapid
chamber formation than in adult individuals with
rather slow metabolic activity (Berger et al.
1978; Spero and Lea 1996). At the same time,
planktic foraminifers are assumed to change their
depth habitat (Chap. 7, Ecology), and in addition
to metabolic effects, changing environmental
conditions (e.g., temperature) affect the isotope
composition of the shell (e.g., Spero and Lea
1996; Mulitza et al. 1997). Consequently, narrow
test-size ranges of adult specimens are analyzed
for stable isotope ratios, which usually span not
more than *50 µm in test diameter (Spero and
Lea 1996 suggest size ranges ±1 s.d.). Correc-
tion factors are applied to the isotope values of
different species to account species to account for

the so-called vital effects, which supposedly are
the sum of ecological and biological effects on
planktic foraminifer isotope ratios (see Niebler
et al. 1999 for a summary).

9.1.3 Effect of Photosynthesis
on Stable Isotopes

Activity of planktic foraminifer symbionts (see
Chap. 4.3) and changes in the chemical
microenvironment of various carbonate species
(e.g., CO2, H2CO3

−, CO2�
3 ) and pH cause carbon

fractionation (Fig. 9.4). Enhanced photosynthetic
12CO2 uptake and 13C enrichment in inorganic
carbon may occur during shell calcification, as
exemplified for symbiont-bearing Orbulina uni-
versa versus symbiont-barren G. bulloides (Spero
and DeNiro 1987; Bemis et al. 1998, 2000;
Köhler-Rink and Kühl 2005; Lombard et al.
2009; see also the review of Bijma et al. 1999)
(Fig. 9.5). Changes of the chemical microenvi-
ronment, which are caused by the light environ-
ment (between 99 and 365 lmol
photons m−2 s−1), and symbiont activity occur
over time periods of minutes (Rink et al. 1998;
Köhler-Rink and Kühl 2005). Symbiont activity
enhances pH and CO2�

3 , and lowers CO2 near the
planktic foraminifer test wall (shell) (Fig. 9.4),
and hence negatively affects d13C and d18O by up
to 1 ‰ depending on a (symbiont-bearing) spe-
cies (Fig. 9.3) in the water column (e.g., Bijma
et al. 1999; Rohling and Cooke 1999; Zeebe et al.
1999). Note that the effect of photosynthesis on
d18O in shell calcite of O. universa is independent
of temperature, for an absolute temperature range
between 15 and 25 °C (Fig. 9.5).

9.1.4 Effect of Carbonate Ion
Concentration on Stable
Isotopes

Carbonate ion concentration (½CO2�
3 �) affects both

d13C and d18O in natural environments to the same
direction, i.e. both d13C and d18O decrease at
increasing ½CO2�

3 � given that alkalinity and total
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CO2 (RCO2) remain constant (Bijma et al. 1999).
The ‘carbonate-ion effect’ is assumed to affect
symbiont-barren (e.g., G. bulloides) and
symbiont-bearing (e.g., O. universa) species to
about the same degree (Zeebe et al. 1999; Bijma
et al. 1999), and result from an internal (cyto-
plasmic) inorganic carbon pool, by analogy to
observations on benthic foraminifers (ter Kuile
and Erez 1991). These vital effects, i.e.
non-equilibrium test-calcite compositions in iso-
topes and element ratios were suspected by Parker

(1958), and experimentally assessed for the uptake
of 14C and 45Ca in hermatypic corals and benthic
foraminifers by Erez (1978), and 45Ca in G. sac-
culifer by Anderson and Faber (1984). In paleo-
ceanographic analyses, stable isotope data from
planktic foraminifer tests consequently need to be
analyzed on the basis of temporally varying pH
and ½CO2�

3 � of past seawater on the regional scale
(Lea et al. 1999a). ½CO2�

3 � and consequently pH
may be reconstructed to some degree from
size-normalized shell weight (calcite mass) along

(a)(b)

Fig. 9.3 Effects on the stable carbon and oxygen isotope
incorporation, and weight of planktic foraminifer tests
produced in the average surface pelagic ocean at pH >8.1.
a Stable isotope composition of planktic foraminifer tests,
and test weight is formed by a combination of global
(orange), regional (blue), chemical (yellow), and biolog-
ical effects (green). Differential dissolution is both
biologically and chemically (thermodynamically) affected
(Dittert et al. 1999; Milliman et al. 1999; Schiebel et al.
2007). Predominant effects are indicated with bold

arrows. Positive and negative coupling is marked by (+)
and (–), respectively. ‘RCO2’ includes all carbon species
dominated by HCO3

− and CO2�
3 at pH 8.1–8.2 (Zeebe and

Wolf-Gladrow 2001). b Ontogenetic shifts of the isotopic
composition (Berger 1971; Berger et al. 1978) of the shell
calcite are complex, and are attributed to metabolism, and
the formation of additional ontogenetic calcite layers in
some species such as, for example, N. pachyderma (e.g.,
Simstich et al. 2003; Hillaire-Marcel et al. 2004) in
subpolar waters. After Schiebel and Hemleben (2005)
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with stable isotope data to account for effects caused
by environmental change and stratigraphic control in
down-core analyses (cf. Barker and Elderfield 2002;
Broecker and Clark 2003; Beer et al. 2010).

Precision of modern mass spectrometers can
analyze at sufficient reproducibility single large
chambers, single tests of most adult planktic
foraminifer species, or some specimens of
small-sized and thin-shelled species (e.g., Kozdon
et al. 2011). Technological progress in mass
spectrometry allows reproducibility of single-
specimen analyses and comparison of single data
points. Since ecological conditions under which a
planktic foraminifer precipitates test calcite are
subject to statistical variability, multi-specimen
analyses are performed to enhance reproducibility
of results. The number of specimens needed to
achieve a certain level of statistical reproducibility
is exemplified for Pulleniatina obliquiloculata
and G. sacculifer by Schiffelbein and Hills (1984)
(Fig. 9.6). Those results are applicable for any
planktic foraminifer species, with an analytical
precision depending on the variability of regional
ecological conditions and the species’

autecological prerequisites, which are determined
empirically.

Carbonate ion effect: Carbonate ion
concentration ½CO2�

3 � has a positive effect
(among other effects induced, e.g., by pH,
CO2, T, salinity, food) on the calcification
of planktic foraminifer (among other calci-
fiers) tests. The higher the ½CO2�

3 �, the
higher the amount of calcite produced by
planktic foraminifers (e.g., Bijma et al.
1999; Bijma et al. 2002). The carbonate ion
effect seems to be species-specific, and
depends on light (higher at stronger irradi-
ation) in symbiont-bearing species. In
addition, the effect has been shown to be
lower in G. sacculifer than in O. universa
both being symbiont-bearing species
(Lombard et al. 2010). It may be speculated
that the carbonate ion effect is stronger in
symbiont-barren species (e.g., G. bulloides)
than symbiont-bearing species, the former
of which lack the buffering effect of CO2

(a)

(b)

Fig. 9.4 Calculated HCO3
− and CO2�

3 profiles and
measured CO2 and pH profiles under (a) light and
(b) dark conditions in Orbulina universa showing the
effect of photosynthesis on the carbonate chemistry near
the foraminifer shell. Symbiont activity (a) enhances pH,

CO2�
3 , and H2CO3

−, and lowers CO2 near the planktic
foraminifer shell. Note the different scales in (a) and (b).
The vertical dashed line indicates the start of the symbiont
swarm. The gray vertical line indicates the outer exten-
sion of spines. After Köhler-Rink and Kühl (2005)
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consumption by symbiont activity. In turn,
dissolution of planktic foraminifer test cal-
cite increases with decreasing ½CO2�

3 �,
increasing pH (and [CO2]), and decreasing
saturation state (X) at increasing water
depth (Schiebel et al. 2007). Consequently,
dissolution of planktic foraminifer tests
changes with atmospheric [CO2], and hence
seawater [CO2], for example, over
glacial-interglacial cycles (Broecker and
Clark 2001). In addition to the effect on
calcification rate, ½CO2�

3 � affects the stable
carbon and oxygen isotope ratio through
kinetic fractionation processes, and the
consumption of metabolic CO2 by sym-
bionts (Spero et al. 1997; Bijma et al. 1999).

9.1.5 Paleotemperature Equations

The chemical composition of the planktic fora-
minifer shell calcite including stable oxygen
isotopes (18O/16O) represents the sum of biotic
and abiotic effects, i.e. differences in the
species-specific biological prerequisites and
environmental requirements (see Fig. 9.3). Con-
sequently, equations for paleotemperature

(a)

(b)

(c)

Fig. 9.5 Effect of temperature on d18OCARBON-d
18

OWATER values (±1r) in cultured individuals of two
planktic foraminifer species. a Orbulina universa kept
under high light (HL) >380 lEinstein m−2 s−1, and low
light (LL) 20–30 lEinstein m−2 s−1 conditions. Ambient
½CO2�

3 �of 171 lmol kg−1, and high ½CO2�
3 �of 458 lmol

kg−1. Slopes of the regressions are −4.8 (0.21 ‰ °C−1).
b Globigerina bulloides chambers 11, 12, and 13, and
c reconstructed whole G. bulloides shells consisting of 11,
12, and 13 chambers. Data on 10-chambered shells result
from experiments carried out at 16 °C (Spero and Lea
1996), and 22 °C (Bemis et al. 1998). Note the effect of
photosynthesis (O. universa only), i.e. the offset between
the curves is independent of temperature. Absolute
numbers of test for each experimental group are given
in parentheses. From Bemis et al. (1998)
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reconstruction are ideally calibrated at the high-
est possible taxonomic level (i.e. species, mor-
photypes, ecophenotypes) to account for regional
variability in environmental conditions (e.g.,
Bemis et al. 1998, 2002; Peeters et al. 2002;
Mulitza et al. 2003). Temperature equations fol-
low the second order equation

T ¼ K1� K2ðD� AÞþK3ðD� AÞ2 ð9:1Þ

relating temperature (T[°C]) and isotopic com-
position of the planktic foraminifer test calcite (D)
and ambient seawater (A) (see, e.g., Epstein et al.
1951, 1953; Epstein and Mayeda 1953; Erez and
Luz 1982, 1983; see also Kim and O’Neil 1997).
The term ‘A’ in (9.1) may be directly measured
from the ambient seawater when working on
modern systems, and is estimated for past condi-
tions. K1 and K2 are empirically determined
coefficients of slope and intersection, respectively.
Shackleton (1974) provides a general temperature
equation, which yields reasonable results inde-
pendent of species and region analyzed:

T �Cð Þ ¼ 16:9� 4:38 ðd18OC

� d18OWÞþ 0:10 ðd18OC � d18OWÞ2
ð9:2Þ

Species-specific and regionally calibrated
equations provide more reasonable results, but
are, in turn, less applicable on a larger scale.
Bemis et al. (2002) provide temperature equa-
tions on samples from the Southern California
Bight, which account for differences between
species, test size, light level in case of
symbiont-bearing species, and dwelling depth
(Eqs. 9.3, 9.4, and 9.5). Mulitza et al. (2003)
provide equations from samples obtained from
the eastern Equatorial and South Atlantic
(Eqs. 9.6, 9.7, 9.8, and 9.9).

N: incompta N: pachydermað Þ
T �Cð Þ ¼ 17:3�6:07 ðd18OC�d18OWÞ ð9:3Þ

G: bulloides

T �Cð Þ ¼ 13:4� 4:48 ðd18OC�d18OWÞ ð9:4Þ
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Fig. 9.6 Precision-reliability sampling curves for d18O
multi-shell isotope analyses are species-specific. Whereas
about ten tests per analysis are sufficient to increase
precision by 50 % (99.5 % level) in P. obliquiloculata,
about 20 tests are needed in G. sacculifer. One-sided
confidence limits for sample standard deviation (rT) are
generated using the jackknife-based estimates of r.

Dashed line represents machine precision. P. obliquiloc-
ulata (355–420 µm), thirty isotope analyses of three
specimens each (left panel). G. sacculifer (355–420 µm),
thirty isotope analyses of four specimens each (right
panel). Data are from Holocene sediment samples. After
Schiffelbein and Hills (1984)
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O: universa

T �Cð Þ ¼ 15:7� 4:46 ðd18OC

� d18OWÞþ 0:35 ðd18OC�d18OWÞ2
ð9:5Þ

N: pachyderma

T �Cð Þ ¼ 12:69�3:55 ðd18OC�d18OWÞ ð9:6Þ
G: bulloides

T �Cð Þ ¼ 14:62�4:70ðd18OC�d18OWÞ ð9:7Þ
G: ruber

T �Cð Þ ¼ 14:20� 4:44 ðd18OC�d18OWÞ ð9:8Þ
G: sacculifer

T �Cð Þ ¼ 14:91� 4:35ðd18OC � d18OWÞ ð9:9Þ

Temperature-to-d18O relationships from sur-
face seawater samples of the eastern Equatorial
and South Atlantic from Mulitza et al. (2003) are
different from those reported from the Southern
California Bight (Bemis et al. 2002) even for the
same species G. bulloides (see Eqs. 9.4 and 9.7).

Regional differences possibly result from
biological and ecological differences between
morphotypes and ecophenotypes of the same
species. Systematic differences in the stable iso-
tope composition of shell calcite result from
habitat-specific effects like dwelling depth,
region, season, and hence food availability
(Fig. 9.7) highlight the need for species-specific
paleotemperature equations (e.g., Mortyn and
Charles 2003; Birch et al. 2013).

9.2 Clumped Isotopes

A rather new approach on clumped isotopes has
been developed for planktic foraminifer analyses
since the early 2000s. Clumped isotopes provide
quantitative information for paleo-environmental
reconstruction (e.g., Ghosh et al. 2006; Eiler
2007; Dennis et al. 2011). The clumped-isotope
geochemistry utilizes the extent to which the rare
species of the respective isotopes (e.g., 17O, 18O,
13C, 15N, D) bond with each other and not with
the light isotopes (i.e. 16O, 12C, 14N, 1H), and the
deviation from their stochastic distribution.
Bonds of the rare isotopes, called isotopologues
(e.g., 18O13C16O and 17O13C16O) are very rare.

Therefore, a larger volume of sample is required
for a single measurement, i.e. 5–10 mg of
planktic foraminifer calcite provided
by *1000 medium-sized tests (*250 µm) of G.
bulloides. A mass spectrometer designed for
high-precision measurement is needed (Ghosh
et al. 2006; Eiler 2007; Schmid and Bernasconi
2010).

For clumped isotope analyses of planktic
foraminifer test calcite, the carbonate-bound CO2

is released by adding phosphoric acid, and the
excess abundance in 13C-18O is defined as

D47 ¼ R47
SAMPLE= R47

STOCHASTIC � 1
� �� 1000

ð9:10Þ

with R47 being the 47/44 ratio of the analyzed
CO2.

Clumped isotope analysis has been success-
fully applied to planktic foraminifers, and may
add important information on the ecology and
paleoecology at the species level (Tripati et al.
2010; Wacker et al. 2014). However, most of the
existing data on planktic foraminifers are indis-
tinguishable from equilibrium (Tripati et al.
2010).

9.3 Mg/Ca Ratio and d44Ca

The Mg/Ca ratio of planktic foraminifer test cal-
cite (Fig. 9.8) is utilized as a proxy of seawater
(paleo-) temperature (e.g., Cronblad and Malm-
gren 1981; Nürnberg et al. 1996; Hastings et al.
1998; Russell et al. 2004; Martínez-Botí et al.
2011). The Mg/Ca ratio and d44Ca (Fig. 9.9) are
often analyzed in combination with other
metal-to-Ca (Me/Ca) ratios and stable isotopes,
such as, for example, Mn/Ca, Ba/Ca, Zn/Ca,
Sr/Ca, 88Sr, and 138Ba (e.g., Rosenthal et al. 1997;
Eggins et al. 2003; Gehlen et al. 2004; Kunioka
et al. 2006; Marr et al. 2013). Systematic changes
of the sum of Me/Ca ratios are interpreted for
their biological, ecological, and paleoceano-
graphic information, ideally using planktic fora-
minifer species from different ecological niches
and with different dissolution susceptibilities
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Fig. 9.7 Carbon (d13C) versus oxygen (d18O) isotopes of
12 extant planktic foraminifer species across test-size spectra
from core-top samples (GLOW3 Box-Core), showing
systematic changes in stable isotope composition of shell
calcite. The changes result from habitat-specific effects like
dwelling depth, trophic conditions (e.g., upwelling), sym-
biont activity, and metabolic effects. Each symbol corre-
sponds to a single species. Symbol size is scaled to the test
size-fraction analyzed. The taxa selected span the range of

open ocean planktic foraminifer depth habitats, sampling
surface mixed layer to subthermocline zones. Dashed lines/
gray shading indicates target water column d13C DIC
envelope. Inset at the lower right shows habitat groupings:
(1) surface mixed layer (SML), (2) deeper surface mixed
layer/upper thermocline, (3) thermocline, and (4)
sub-thermocline. Size-ordered data arrays of four species
(one from each of the eco-groups) are connected by lines to
illustrate isotopic trajectories. From Birch et al. (2013)

(Dekens et al. 2002; Gussone et al. 2009). Mul-
tispecies and multiproxy analyses provide a
comprehensive understanding of

paleoenvironment from the surface and subsur-
face water column (e.g., Brown and Elderfield
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1996; Sadekov et al. 2010; Hönisch et al. 2013;
Jonkers et al. 2013; Regenberg et al. 2014).

Calibration of the Mg/Ca paleothermometer
from cultured planktic foraminifers (e.g., von
Langen et al. 2005), and empty tests from

sediment trap samples reveals an increase of the
Mg/Ca ratio of 8.5–10.2 % °C−1, which is
a *0.3 mmol mol−1 Mg/Ca change per °C (Lea
2003; Anand et al. 2003). Mg/Ca ratios of planktic
foraminifer calcite are positively correlated to
44Ca isotopes (Fig. 9.10), the latter of which
provides another independent proxy of seawater
temperature, which is probably not affected by
diagenetic alteration (Nägler et al. 2000; Gussone
et al. 2003). Small differential effects of ½CO2�

3 � on
d44Ca in the symbiont-bearing species G. ruber
and Globigerinella siphonifera (Kisakürek et al.
2011) may be explained by species-specific dif-
ferences in the depth habitat and hence calcifica-
tion temperature.

The fact that the Mg/Ca ratio of planktic
foraminifer tests is a more or less reliable pale-
othermometer may be explained by a variety of
temperature-dependent physiological processes
(Bentov and Erez 2006; Jonkers et al. 2013).
Branson et al. (2013) provide evidence for con-
sistent thermodynamically related Mg/Ca uptake
from ambient seawater during precipitation of the
shell calcite. The preference of Ca over Mg, and
production of low-Mg planktic foraminifer

Fig. 9.8 Planktic foraminifer Mg/Ca versus annual tem-
perature [T(°C)] calibrations from d18O data. Mg/Ca
ratios increase with ambient water temperature. Thick
curves illustrate the multispecies calibrations. Thin curves
give the species-specific calibrations. The uncertainties of

Mg/Ca temperatures calculated with the multispecies
calibrations (±1.0 °C for shallow and thermocline dwell-
ers, ±1.3 °C for deep dwellers) are represented by the
shaded areas. Note the parallel offset of the multispecies
calibrations by *8 °C. From Regenberg et al. (2009)
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Fig. 9.9 Temperature effect on d44Ca values of G.
sacculifer cultured under controlled conditions. Data
points and error bars represent weighted means of two to
three independent analyses and statistical uncertainties,
respectively. The bold line gives the absolute temperature
calibration. From Nägler et al. (2000)
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calcite is due to active incorporation of Mg
(Mg-pump) counteracting a large electrochemical
gradient (cf. Zeebe and Sanyal 2002; Bentov and
Erez 2006; De Nooijer et al. 2014).

While the Mg/Ca ratio of planktic foraminifer
tests results from regional hydrographic condi-
tions, d18O-derived temperature results from both
regional and global effects. Consequently, the
difference of Mg/Ca to d18O-derived temperatures
is a measure of global ice volume, and to some
degree of ambient seawater salinity (e.g., Elder-
field and Ganssen 2000; Weldeab et al. 2006;
Kisakürek et al. 2008; Dueñas-Bohórquez et al.
2009; Mathien-Blard and Bassinot 2009; Hönisch
et al. 2013; Arbuszewski et al. 2010) (Fig. 9.11).
Species-specific relations of Mg/Ca versus d18O
ratios are interpreted as a result of differences in
dwelling depth and hence mostly temperature
(Regenberg et al. 2009; Bolton et al. 2011; Hön-
isch et al. 2013) (Fig. 9.12). The effect of ambient
modern surface ocean pH (8.0-8.3) and ½CO2�

3 � on
Mg/Ca ratios is assumed negligible, as exempli-
fied for the symbiont-bearing G. ruber (white) by
Kisakürek et al. (2008) (Fig. 9.12). Small differ-
ential effects of ½CO2�

3 � on d44Ca in the
symbiont-bearing species G. ruber and G.
siphonifera (Kisakürek et al. 2011) are explained
by species-specific differences in the depth habitat
and hence calcification temperature.

In addition to the effects discussed above, the
Mg/Ca ratio is related to the ontogenetic devel-
opment of planktic foraminifer species, i.e. test
size and dwelling depth, as well as the presence
of symbionts (e.g., Elderfield et al. 2002; von
Langen et al. 2005; Friedrich et al. 2012). Mg/Ca
ratios of most large-sized planktic foraminifer
species rapidly decrease over juvenile and neanic
development, i.e. over a test size interval of about
100–200 µm (Fig. 9.13). Mg/Ca ratios of
small-sized species change less over the 100–
200 µm size fraction than those of large-sized
species, and may even increase as in G. glutinata
(Friedrich et al. 2012). In general, Mg/Ca ratios
of adult individuals decrease less, if at all, than in
pre-adult individuals, and might even increase as
in O. universa (Fig. 9.13).

Most ontogenetic Mg/Ca changes are con-
firmed by d18O and d13C data (Fig. 9.14) mea-
sured on samples from the subtropical (Elderfield
et al. 2002, 19°N, 20°W) and temperate North
Atlantic (Friedrich et al. 2012, 47°N, 20°W).
Opposite relationships of d13C to Mg/Ca ratios in
O. universa in comparison to other symbiont-
bearing (e.g., G. ruber) and symbiont-barren
species, are explained by photosynthetic effects
on calcification (cf. Hamilton et al. 2008), and
may in addition be affected by the concomitant
formation of additional calcite layers (‘calcite
crusts’) in O. universa (but not in G. ruber; e.g.,
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Bolton et al. 2011). The outer shell of O. uni-
versa has been shown to comprise low and high
Mg growth bands (Eggins et al. 2004). Both
high-Mg night bands and low-Mg day bands
were produced by O. universa under laboratory
conditions, and are interpreted to result from
changes in mitochondrial uptake of Mg rather
than changes in ambient water temperature
(Spero et al. 2015). Mg/Ca ratios of both night
and day bands hence represent seawater tem-
perature to the same degree. Those diurnal
calcite-bands, formed over 2–9 days, add about
10–30 µm to the absolute thickness of adult shell
with about 30 % of the calcite being produced at
night (see Fig. 6.7; Spero et al. 2015).

In addition to pre-gametogenic (pre-GAM)
Mg/Ca ratios of the shell, low-Mg calcite layers
may form on the proximal part of shells of dif-
ferent species, and to different degrees, ranging
between 20–50 % of the wall thickness in G.
sacculifer, and up to 70 % in Neogloboquadrina
dutertrei, and may even vary between different
chambers of the same specimen such as in G.
ruber and N. dutertrei (Eggins et al. 2003; Bol-
ton et al. 2011; Jonkers et al. 2012). Those
low-Mg calcite layers provide low Mg/Ca calci-
fication temperatures. In contrast, Mg-rich calcite
layers may form up to 20 % of the total calcite in
fossil tests during early diagenesis in Mg-rich
sediments (Boussetta et al. 2011; van Raden et al.
2011). When being analyzed at high resolution,
i.e. chamber by chamber, and calcite layer by
calcite layer using LA-ICP-MS or NanoSIMS
(see Chap. 10), ontogenetic changes of the indi-
vidual depth habitat provide valuable information
on the ecology of planktic foraminifer species,
and the regional paleoceanography at high tem-
poral resolution (Eggins et al. 2003; Kunioka
et al. 2006; Bolton et al. 2011; Groeneveld and
Chiessi 2011; Marr et al. 2011; Branson et al.
2013).

An effect of dissolution on Mg/Ca ratios of
the planktic foraminifer tests settling through the
water column may vary according regional
hydrology, and temperature differences between
surface and deep waters, i.e. stratification of the
water column (Friedrich et al. 2012). In addition,
post-depositional dissolution may affect Mg/Ca
ratios (Brown and Elderfield 1996; Regenberg
et al. 2006, 2007).

9.4 Boron Isotopes and B/Ca Ratio

The uptake of Boron (11B and 10B) isotopes in
planktic foraminifer shells is related to pH, and
hence is a proxy of past seawater pH (Sanyal et al.
1996; Spero et al. 1997; Kasemann et al. 2009;
Allen et al. 2011). In addition, surface ocean pH
affects calcification of planktic foraminifer tests
(Moy et al. 2009; de Moel et al. 2009), and the
skeletons of other major marine calcifiers such as,
for example, coccolithophores (calcite; e.g.,
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Fig. 9.12 Dependence of planktic foraminifer test
Mg/Ca ratios on a carbonate ion concentration, and
b pH as deduced from cultured specimens. G. ruber was
grown at 27 °C, whereas the other species were grown at
24 °C. All experiments were conducted at oceanic
salinity. Grey diamonds G. ruber, filled triangles O.
universa (Russell et al. 2004), empty triangles O. universa
(Lea et al. 1999b), filled squares G. bulloides (Russell
et al. 2004), empty squares G. bulloides (Lea et al.
1999b). Error bars represent 1r. NBS is the National
Bureau of Standards. From Kisakürek et al. (2008)
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Riebesell et al. 2000), and pteropods (aragonite;
e.g., Orr et al. 2005; Bednaršek et al. 2012). Rapid
ocean acidification (OA) events have been
recurrent in Earth’s history (e.g.,

Paleocene-Eocene Thermal Maximum, PETM)
along with major calcite dissolution cycles, CO2

release, and climate warming (e.g., Zachos et al.
2005; Uchikawa and Zeebe 2010). In contrast,

(a) (b)

(c) (d)

Fig. 9.13 Mg/Ca ratio in relation to the ontogenetic
development of planktic foraminifer species. a Mg/Ca
ratio versus sieved test size fraction species from a
core-top sample in the NE Atlantic at 47°N, 20°W,
4577 m water depth (MC575, GeoTü Archive). b Same
as a but including best-fit regression lines (black lines
r2 > 0.9; red lines r2 < 0.9). c Relative temperature

change estimated based on measured Mg/Ca ratios shown
in relation to the 200–250-lm size fraction (horizontal
black line) sensitivity of 10 % per 1 °C. d Sr/Ca versus
test size. G. inflata is categorized deeper dwelling at this
location, since its variable habitat occasionally includes
sub-thermocline waters. From Friedrich et al. (2012)
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slow increase in atmospheric CO2 during the
upper Cretaceous (*100–66 Ma) allowed suffi-
cient time for equilibration of surface to deep
ocean carbon species (CO2, CO2�

3 , HCO3
−, etc.),

as well as to the marine calcifiers to adjust to the
changing conditions, which resulted in massive

calcite (mainly coccolithophores) sedimentation
despite very high atmospheric [CO2] around
2000 ppm (Caldeira and Wickett 2003; Lohbeck
et al. 2012). Good examples of the upper Creta-
ceous paleoenvironment and massive calcite
sedimentation are the cliffs of northern France

(a)

(c)

(b)

Fig. 9.14 Mg/Ca and Sr/Ca plotted against stable iso-
tope values. a Comparison between Mg/Ca and d13C, and
b Sr/Ca and d13C values. c Mg/Ca-based temperature
compared with d18O calcification temperature using a
constant d18OSEAWATER of 0.7‰. Black line represents a
1:1 relation. Equations for d18O temperature calculation
of G. bulloides, N. incompta, and O. universa are from
Bemis et al. (2002), G. ruber from Mulitza et al. (2003),
and all other species from Shackleton (1974). Mg/Ca

calibration for G. bulloides from Elderfield and Ganssen
(2000), G. ruber from Anand et al. (2003), G. truncat-
ulinoides from Regenberg et al. (2009), O. universa from
Lea et al. (1999b), and all other species from
multi-species calibration from Anand et al. (2003). G.
inflata is categorized deeper dwelling at this location,
since its variable habitat occasionally includes
sub-thermocline waters. Symbol size indicates sieved size
fractions. From Friedrich et al. (2012)
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(e.g., Étretat), southern England (e.g., Dover),
Møn (Denmark), and Rügen (Germany).

Changes in seawater pH exerts a quantitative
effect on a variety of calcifying marine organisms
(see Zeebe and Wolf-Gladrow 2001, for a com-
prehensive review) and may result in a signifi-
cant decrease in the number of taxa. Apart from a
loss in biodiversity and biological niches, the
ocean would lose some of its capacity to take up
CO2, the latter of which is the reason for modern
ocean acidification (e.g., Feely et al. 2004; Orr
et al. 2005). Due to the complexity of the marine
carbonate system and the relatively short interval
of time over which pH and its effects on marine
calcification have been monitored (since the early
1980s at Bermuda, Gruber et al. 2002) the entire
effect of OA is not yet completely understood.
An enormous average decrease of 0.1 pH units,
from pH 8.2 to 8.1, i.e. a 30 % decrease in pH of
the surface ocean is assumed since the beginning
of industrialization (Sabine et al. 2004). Analo-
gous situations to the modern OA are analyzed
from the sedimentary record of past climate and
OA change using d11B (‰) as proxy.

The control of d11B by the pH of ambient
seawater was first analyzed from live planktic
foraminifers (O. universa and G. sacculifer) from
cultures by Sanyal et al. (1996; 2001) (Fig. 9.15).
Earlier data from Spivack et al. (1993) had pro-
posed a pH of 7.4 for Miocene (21 Ma) seawater
analyzed from (unspecified) foraminifers from
the western Pacific Ocean Drilling Program
(ODP) Hole 803. The 11B paleo-pH proxy uti-
lizes the pH dependent fractionation of B(OH)4

−

and B(OH)3, the latter being 20 ‰ heavier in 11B
than the B(OH)4− (Sanyal et al. 1996). It is then
assumed that only B(OH)4− is utilized by the
foraminifer for substitution of CO2�

3 when pre-
cipitating the test-calcite (Hemming and Hanson
1992). The measured d11B values are then con-
verted to pH by applying a partition coefficient,
KD (Sanyal et al. 1996).

Although pH dependency of d11B values in
planktic foraminifer calcite is evident, symbiont
activity reduces the sensitivity of the test calcite
to pH driven d11B incorporation in living (cul-
tured and tow-sampled) G. ruberw (Henehan
et al. 2013). Symbiont-barren species probably
record the boron isotope composition of ambient
seawater more directly than symbiont-bearing
species. In addition, d11B of G. ruberw seems to
result from effects related to the ontogenetic
development of individuals, and to increase from
the 250–355-µm to 400–455-µm test-size frac-
tion (Henehan et al. 2013). A similar ontogenetic
effect is reported for G. sacculifer from surface
sediment samples, concluding that increased
d11B incorporation into the shell is caused by
enhanced symbiont activity, and an effect of light
intensity in larger specimens (i.e. adults), which
live at shallower water depth than smaller (i.e.
juvenile) specimens (Hönisch et al. 2003; Hön-
isch and Hemming 2004). In contrast, Ni et al.
(2007) suggest dissolution as a primary cause of
test-size dependent d11B variation. However,
comparing the results of Hönisch and co-workers
(e.g., 2003) on the d11B signal of planktic fora-
minifer tests from surface sediments with those
of Henehan et al. (2013) on live specimens from
surface waters and culture experiments shows
that an ontogenetic (i.e. test-size related) effect

Fig. 9.15 Empirical relationship between boron isotopic
composition of cultured O. universa and pH of culture
media. The pH error bars give maximum variations of
measured pH of the culture solutions during the exper-
iments. The B isotopic composition of O. universa from
core-top samples from the eastern equatorial Pacific
(V19-28), and that of live adult O. universa from the
San Pedro Basin off Santa Catalina Island (CA) are
plotted against the modern surface ocean pH at the
respective locations. Data of Holocene G. sacculifer from
the equatorial W Pacific and tropical Atlantic are shown
for comparison. From Sanyal et al. (1996)
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can be amplified by dissolution. Smaller (lighter)
tests are more affected by dissolution than larger
(heavier) tests due to their lower settling velocity
and longer exposure time to deep and more
calcite-aggressive (low X) waters (Berelson
2002; Schiebel 2002; Schiebel et al. 2007).

The boron-to-calcium (B/Ca) ratio increases at
increasing pH as indicated by culture-grown
O. universa at pH 6.2–8.4 (Sanyal et al. 1996).
In addition to the findings of Sanyal et al. (1996),
Allen et al. (2011) point toward the controls of
different carbonate species including CO2�

3

(measurable), temperature (insignificant at a range
of 17.7–26.5 °C), and salinity and boron con-
centration (increases) on B/Ca ratios. Allen et al.
(2011) also report increasing and inconsistent
B/Ca ratios from the inside to the outside of the
planktic foraminifer shell, which are negatively
correlated to Mg/Ca ratios. These data need to be
confirmed by data from other locations and dif-
ferent species to allow a more solid interpretation.

9.5 Cd/Ca Ratio

Cadmium (Cd) and phosphate (PO4) concentra-
tions in seawater are closely correlated (e.g., the
pioneering work of Boyle et al. 1976; Broecker
and Peng 1982; Zahn and Keir 1994). Both Cd
and the macronutrient PO4 are depleted through
consumption by phytoplankton growth in surface
waters. Both [Cd] and [PO4] rapidly increase in
mesobathyal waters below the surface mixed
layer, and are relatively constant at high con-
centration in the water column below *1000 m
depth (e.g., Broecker and Peng 1982; Rickaby
et al. 2000; Sarmiento and Gruber 2006). Cd
concentration is indicative of different water
masses on the basin scale, and the cadmium-to-
calcium (Cd/Ca) ratio is used as a tracer of
paleo-circulation of deep-water masses, often in
combination with other element ratios, and d13C
of benthic foraminifer tests (e.g., Boyle 1981,
1988; Oppo and Horowitz 2010).

The Cd/Ca ratio of planktic foraminifer shell
calcite is a proxy of seawater phosphate con-
centration (e.g., Boyle 2006), and hence of the

macronutrient concentration in general when
assuming a constant Redfield ratio (cf. Boyle
et al. 1976). In contrast to PO4, Cd is not quan-
titatively consumed by marine biota and frac-
tionation of Cd is hence assumed negligible (cf.
Boyle 1981). Cadmium incorporation into
planktic foraminifer calcite is assumed to be
generally higher in symbiont-barren than in
symbiont-bearing species (Delaney 1989;
Mashiotta et al. 1997; Lea 1999). Cadmium is
taken up in preference to phosphorus at an
average fractionation factor /Cd/P = 2 (Elderfield
and Rickaby 2000). In addition, uptake of Cd in
the planktic foraminifer shell is temperature-
dependent, following a partition coefficient DCd

(Rickaby and Elderfield 1999) (Fig. 9.16). When
used in combination with independent tempera-
ture proxies like the Mg/Ca ratio and d18O, and
when accounting for the different partition coef-
ficients, the Cd/Ca ratio provides an independent
measure of phytoplankton productivity (e.g.,
Boyle et al. 1976; Rickaby and Elderfield 1999;
Ripperger et al. 2008).
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Fig. 9.16 Average temperature-related partition coeffi-
cient DCd of cadmium incorporation in G. bulloides shell
calcite analyzed from surface sediment sampled from the
North Atlantic (dots), interglacial Southern Ocean (cir-
cles), glacial (LGM) Southern Ocean (cross), and N.
pachyderma from the Southern Ocean (triangle). From
Rickaby and Elderfield (1999)
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Redfield ratio: The Redfield ratio (e.g.,
Redfield et al. 1963) describes element
ratios in phytoplankton, and is classically
assumed at 106:16:1 for C:N:P, respec-
tively, but which might deviate (e.g., Tett
et al. 1985). The C:N:P ratio in seawater
would hence be indicative of the avail-
ability of nutrients to primary productivity.
The lack of either nutrient is identified in
case C:N:P ratios would deviate from the
Redfield ratio. It has more recently been
shown that C:N:P ratios may largely
deviate from the classical Redfield ratio
(for a review see Sarmiento and Gruber
2006).

The Cd/Ca ratio of tow-sampled planktic fora-
minifers from the surface water column
(0–2500 m water depth) of the North Atlantic and
Arabian Sea is correlated to mean phosphate
concentration of ambient seawater (Fig. 9.17),
depending on region, season, and species-specific
average dwelling depth over the individual onto-
genetic development (Ripperger et al. 2008).
Accordingly, Cd/Ca ratios are higher in specimens
from eutrophic waters, i.e. SW monsoonal
upwelling off the Arabian Peninsula than in spec-
imens produced during the low-productive inter-
monsoon in the Arabian Sea. Shallow dwelling
G. ruber from upwelled water bear higher Cd/Ca
ratios than G. sacculifer (both symbiont-bearing)
and G. bulloides (symbiont-barren) from olig-
otrophic waters.

(a)

(b) (c)

Fig. 9.17 a Seawater phosphate concentration (trian-
gles) in the uppermost 75 m of the water column in the
Arabian Sea at 16°N, 60°E (from Garcia et al. 2006), and
seawater phosphate concentrations determined at the time
of sampling (circles). b Cd/Ca ratios of live G. ruber
(squares) and G. sacculifer (circles). The arrows denote
the life span (i.e. test calcification) of the two species,
which is a fortnight in G. ruber and a full synodic lunar
cycle in G. sacculifer. The different monsoon seasons are
indicated in panel (a), i.e., northeast (NEM), inter (IMS),
southwest (SWM) monsoon. A single in situ data point
from G. bulloides (triangle) from the North Atlantic is

shown for comparison. (c) Cd/Ca ratios of live G. ruber
(squares), G. sacculifer (open circles), and G. bulloides
(open triangles) versus mean seawater phosphate con-
centration for the upper 75 m of the water column. The
horizontal error bars denote the range of seawater
phosphate concentration that prevailed during the lifespan
of the foraminifers. The uncertainty of the Cd/Ca data is
given by the relative standard deviation value of ±18 %
obtained for multiple analyses of G. ruber sampled from
the upper 200 m of the water column. From Ripperger
et al. (2008)
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Specimens from sea floor sediment samples in
general have higher Cd/Ca ratios than those
sampled from the water column (Fig. 9.18). The
phenomenon is explained by their ecological
niche and test production, and not by alteration of
tests during sedimentation (Ripperger et al. 2008).
Since most of the planktic foraminifer test calcite
is produced during times of high productivity, at
high PO4 and Cd concentrations, these tests con-
stitute the major portion of sediment assemblages
produced over short time-periods of mass flux
events (Schiebel 2002). In contrast, planktic
foraminifers from net-tow samples analyzed here
(Fig. 9.18) mostly represent tests, which were
produced at low-PO4 and low-Cd concentration of
ambient seawater (Ripperger et al. 2008).

Original Cd/Ca ratios are probably retained
during sedimentation, as indicated by the distinct
Cd/Ca ratios of deep dwelling Globorotalia trun-
catulinoides, shallow dwelling eutrophic G. bul-
loides, and oligo-to-mesotrophic symbiont-
bearing O. universa from sea floor sediments of
the North Atlantic (Fig. 9.19). However, it cannot

(a) (b)

Fig. 9.18 Water depth related Cd/Ca ratios obtained for
different species from plankton net tows (squares) and
sediment core tops (circles). In situ collected samples and
corresponding sediment core tops are from approximately
the same location. a Cd/Ca ratios of G. ruber tests from
plankton net tows in the surface (category A), subsurface
(category B), and deep (category C) water column from
different months, as well as from surface sediments.

bWater depth related Cd/Ca ratios of G. sacculifer and G.
bulloides. Cd/Ca ratios of specimens from surface sedi-
ments are systematically higher than those of specimens
from the water column since sediment assemblages are
mainly sourced from high-productive seasons (e.g.,
Schiebel 2002), and hence Cd-rich waters. From Rip-
perger et al. (2008)

Fig. 9.19 Planktic foraminifer test Cd/Ca ratios obtained
for three different species analyzed from the sediment core
top from the NE Atlantic at *47°N, 20°W (MC575),
versus seawater phosphate concentration (from Garcia
et al. 2006). The latter corresponds to the mean phosphate
concentration prevailing during the species-specific
bloom month and at the species-specific habitat. From
Ripperger et al. (2008)
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be excluded that dissolution may alter the Cd/Ca
ratio of planktic foraminifer tests (McCorkle et al.
1995), and further analyses should add to a better
understanding of Cd/Ca proxy.

Unfortunately, Cd concentration in planktic
foraminifer calcite is rather low (10−7–10−9

mol mol−1 Ca, Lea 1999), and large sample
volumes are required for analyses of the Cd/Ca
ratio and Cd isotopes, usually not available from
tow-samples (Ripperger and Rehkämper 2007;
Ripperger et al. 2008). In addition, the Cd/Ca
proxy for paleo-productivity needs to be cali-
brated at the species level to account for differ-
ences between symbiont-barren and symbiont-
bearing species (cf. Mashiotta et al. 1997). The
relation of Cd-uptake in planktic foraminifer test
calcite needs to be analyzed from cultured spec-
imens grown under controlled concentrations of
Fe and Zn, and pCO2 of ambient seawater (Cullen
et al. 1999; Cullen 2006).

9.6 Other Isotope and Element
Ratios

Isotope and element ratios other than those dis-
cussed above provide additional information on
the biology and ecology of modern planktic
foraminifers. Sr/Ca and U/Ca ratios in planktic
foraminifer test calcite have been shown to depend
on the carbonate ion concentration (½CO2�

3 �) and
pH of ambient seawater, and to change at a
species-specific rate (Russell et al. 2004). Current
and future work on those isotopes andmetal-to-Ca
ratios may add more data and a better under-
standing of planktic foraminifer biology and
ecology, and provide new paleo-proxies.

9.6.1 Sr/Ca Ratio

Strontium may substitute calcium in foraminifer
test CaCO3, and the Sr/Ca ratio can be easily
measured along with other element ratios such as,
for example, the Mg/Ca ratio (e.g., Lea et al.
1999b; Elderfield et al. 2002; Rosenthal et al.
2004; Friedrich et al. 2012). Sr/Ca ratios seem to
be related to ontogenetic changes in growth rates

of planktic foraminifers, as shown for G. ruber
(white) by Kisakürek et al. (2008), and for G.
ruber and G. siphonifera by Kisakürek et al.
(2011) (Fig. 9.20). As such, the Sr/Ca ratio is used
in combination with the Mg/Ca ratio to calibrate
ontogenetic effects in the uptake of the latter
(Friedrich et al. 2012). The Sr/Ca incorporation in
test calcite of cultured G. bulloides, O. universa,
and G. siphonifera is mostly affected by temper-
ature, and less affected by salinity and pH over the
natural range of open marine surface waters (Lea
et al. 1999b; Kisakürek et al. 2011). Data from
cultured G. ruber (white) indicate similar effects
of temperature and salinity on the Sr/Ca ratio,
whereas a pH-effect seems to be negligible in
modern surface waters (Kisakürek et al. 2008).

9.6.2 Ba/Ca, U/Ca, Nd/Ca, and SO4/Ca
Ratios

Barium-to-calcium (Ba/Ca) ratios of ambient
seawater seem to be quantitatively incorporated

Fig. 9.20 Dependence of Sr/Ca ratios on growth rates in
G. ruber and G. siphonifera. The error bars denote
average values for 2r on Sr/Ca (±0.03 mmol mol−1) and
2r of the mean on average growth rate
(±0.9 µg/day/individual). 95 % confidence intervals are
given for regressions with a significance level better than
5 %. The average Sr/Ca ratios of the dataset are
1.38 ± 0.08 mmol mol−1 (2r for G. ruber),
1.26 ± 0.07 mmol mol−1 for G. siphonifera from the
year 2006 cultures, and 1.36 ± 0.14 for G. siphonifera
from the year 2007 cultures. From Kisakürek et al. (2011)
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into planktic foraminifer calcite, and are a proxy
of hydrographic parameters including stratifica-
tion of water masses, and fresh water river dis-
charge into the ocean (Lea and Spero 1994;
Weldeab et al. 2007). Intra-shell Ba/Ca ratios
around 0.7 µmol mol−1 on average probably
display the Ba/Ca concentration of ambient sea-
water, and are not significantly affected by tem-
perature, salinity (Fig. 9.21), and pH (Hönisch
et al. 2011). A partition coefficient of DBa =
0.15 ± 0.05 (95 % confidence interval) has
been reported for spinose planktic foraminifer
species, and might be different in some
non-spinose species (Hönisch et al. 2011).

The uranium-to-calcium (U/Ca) ratio of
planktic foraminifer test calcite does possibly
indicate the U/Ca ratio of ambient seawater, and
is highly susceptible to dissolution, i.e. decreases
with dissolution (Russell et al. 1994; Hayes et al.
2014). The vanadium-to-calcium ratio in planktic

foraminifer calcite is species dependent and
decreases, like the U/Ca ratio, with the dissolu-
tion of tests (Hastings et al. 1996). Neodymium
isotopes (143Nd/144Nd) and Nd/Ca ratios in
planktic foraminifer tests from surface waters are
assumed to correctly record the distribution of
neodymium in ambient seawater (Vance et al.
2004; Katz et al. 2010; Tachikawa et al. 2013).
However, preservation of the Nd isotope signal
may be affected by redox conditions within
sediments (Roberts et al. 2012). Sulfate-
to-calcium ratios (SO4

2−/Ca2+) in test calcite of
O. universa are possibly related to ratios of
ambient seawater, and may provide a proxy of
the past marine state of oxygenation and carbon
concentration (Paris et al. 2014). The 7Li/6Li
ratio (d7Li) is a proxy of silica concentration in
seawater, driven mainly by continental weather-
ing and hydrothermal activity (Misra and Froe-
lich 2009).

9.7 Summary and Concluding
Remarks

The use of stable oxygen (d18O) and carbon
(d13C) isotopes as classical proxies of water
temperature, salinity, and productivity has been
optimized over the past 40 years. Vital effects
have been taken into account, and effects of
photosynthesis and carbonate ion concentration
½CO2�

3 � have been quantified. In addition to
stable oxygen and carbon isotopes, new proxies
have been developed to assess the biogeochem-
istry and paleoceanographic use of the planktic
foraminifer shell at high precision and accuracy.
In modern approaches, d18O and d13C data are
combined with other geochemical data in
multi-proxy and multi-species analyses. Stable
nitrogen isotopes (d15N) are assessed as proxy of
(paleo-) ecology and productivity, and add
important information on the regional and global
carbon turnover. The use of clumped isotopes is
still in its infancy, and may open new perspec-
tives in the near future. Boron isotopes (d11B)
provide data on the pH of ambient seawater, and
may be combined with morphometric data of the
planktic foraminifer such as, for example, shell

Fig. 9.21 Ba/Ca ratios in shells of cultured O. universa,
G. sacculifer, and G. bulloides relative to the Ba/Ca ratio
of experimental seawater. The symbiont-bearing and
symbiont-barren foraminifers were grown at different
salinities and temperatures, and yet all species and
experiments fall on the same partitioning line. The linear
regression through this data set is
Ba/Cashell = 0.13 + 0.14 * Ba/Caseawater (dashed line).
When forced through the origin, the Ba/Ca partitioning
for this data set can be described as Ba/Cashell = 0.15
(± 0.05) * Ba/Caseawater (solid line), and the linear and
forced regression agree on a 95 % confidence level (gray
bar). From Hönisch et al. (2011)
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thickness, and size-normalized test weight. Cal-
cium isotopes (d44Ca) and Mg/Ca ratios are
temperature proxies. Other Me/Ca ratios are
proxy of primary productivity (Cd/Ca), temper-
ature (Sr/Ca) and salinity (Ba/Ca), dissolution
(U/Ca), and seawater oxygenation (SO4

2−/Ca2+).
The sum of those approaches and proxies, in
combination with faunal data, facilitate more
reliable quantitative reconstructions of the past
ocean, climate, and environment change.
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10Methods

Analyses of planktic foraminifers are targeted
towards three main goals. (1) The understanding
of biological prerequisites and ecological
demands of modern species facilitated by collec-
tion of planktic foraminifers at sea, and culturing
of specimens in laboratory experiments. Those
samples and associated data provide means for the
analyses of the temporal and regional distribution,
including depth habitat, availability of food, tem-
perature, salinity, a variety of chemical parameters
(i.e., stable isotopes, element ratios, pH, and other
parameters of the marine carbonate system), and
the availability of light (i.e. quality and intensity)
to the symbiotic algae of foraminifers. (2) Proxy
calibration and application of foraminifers in
biostratigraphy, paleoecology, paleoceanography,
and paleoclimate reconstruction (see Fischer and
Wefer 1999, and reference therein). In addition to
analyzing population dynamics and faunal
assemblages of planktic foraminifers, (3) technol-
ogy for biogeochemical analyses of foraminifers
has been developed since the early 1950s, and is
still being improved and extended to define and
calibrate new proxies on the foraminifer shell, as
well as on population dynamics (e.g., transfer
functions). In this chapter, those methods are
presented and discussed, which aremost applied in
sampling and analyses of planktic foraminifers at
sea and in the laboratory. Given the rapid devel-
opment of analytical methods, we provide merely
an introduction to the various methods applied
today, meant as first step to find the latest infor-
mation published in specialist journals.

10.1 Sampling

While sampling planktic foraminifers from the
water column, and processing of samples in the
laboratory, any alteration of the individuals, tests,
and assemblages is to be avoided (in theory), or
kept at a minimum. When storing and conserving
samples obtained from the water column, care
should be taken to avoid fragmentation and dis-
solution of the planktic foraminifer tests, and to
keep the pH of processing and storing liquids
� 8.2 at all times. In particular, processed fresh
water from shipboard tanks, and deionized
waters from laboratory devices may be delivered
at low pH. pH should hence be monitored to
avoid irreparable damage to samples.

Assemblages can not be entirely sampled with
plankton nets, and specimens smaller than the net
gauze will not be quantitatively included in the
samples. When sampling with sediment traps,
trapping efficiency, which usually deviates from
100 %, impedes complete samples. In turn, dis-
solution of tests or precipitation of any substance
from the sampling solution on top of the fora-
minifer test can be avoided through correct and
careful treatment of samples. Whereas some
sampling artefacts may be overlooked and
become clear only during data analyses, inade-
quate sampling of live individuals for culturing
experiments emerges at once through inactivity
or death of individuals. Proper sampling and
processing hence constitutes the basis of any
scientific work, good results, and fun at work.
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10.1.1 Manual Collection of Live
Specimens by SCUBA
Divers

Planktic foraminifer specimens for culturing are
ideally being sampled by hand at ‘blue water’
locations. Wide-mouthed glass jars are used as
sampling containers to guarantee for minimal
disturbance of specimens, and to avoid damage of
cytoplasm and test, and particularly of the fragile
spines (Hemleben et al. 1989; Huber et al. 1996).
Spinose species are relatively easy to detect with
the naked eye due to their large diameter, and
could be sampled from oligotrophic (blue) surface
waters using standard SCUBA equipment and
techniques. Foraminifer specimens are relatively
easy to detect at a distance of 50–80 cm in sunlit
waters, and against a dark background such as the
hull of a ship. Opening the lid of the jar close to the
specimen to be collected will suck the foraminifer
into the jar. Glass jars of about 125 mL are large
enough for later culturing of specimens in their
original ambient seawater for thefirst days. During
the transport to the culture laboratory, the jars
should be kept at constant temperature in an
insulated chest. Back at the laboratory, the speci-
mens could be kept in the original jars, or may be
transferred to other culture vessels. Ambient sea-
water should be collected together with the fora-
minifers to serve as replacement water, and treated
in the same way (e.g., same temperature) as the
culture vessels containing live specimens.

10.1.2 Assemblage Sampling

For assemblage analyses and biogeochemical
analyses, planktic foraminifers are preferably
sampled with plankton nets. Some of the seminal
early studies ofBé and co-workerswere carried out
using nets with rather large mesh-sizes between
200 and 366 µm(e.g., Bé1960;Tolderlund andBé
1971; Bé and Hutson 1977). Those nets are com-
paratively inexpensive, robust, and allow quick
hauls, but do not sufficiently capture small-sized
species, as well as pre-adult specimens of most
modern planktic foraminifer species. Attempts
have been made to use small mesh-sizes between

30 and 80 µm (e.g., Schott 1935; Phleger 1945),
and which need to be hauled very slowly (up to
0.3 ms−1) to avoid tearingof thegauze. In addition,
fine-meshed nets easily get clogged with particu-
late matter in mesotrophic and eutrophic waters,
and back-pressure of the water eventually impedes
quantitative sampling. 100-µm nets have been
proven good compromise between employability
onboard research vessels, and applicability to fau-
nistic studies, although some of the small-sized
species (e.g., tenuitellids) might still be largely
underrepresented in the samples, in comparison to
the original planktic foraminifer populations. The
volumeof sampled seawater is quantifiedwithflow
meters (see text box on Flow meters).

Flow meters: Flow meters, analogous
and digital, installed at the outside and
inside of the plankton net and CPR, pro-
vide independent data on the volume of
seawater sampled (e.g., Motoda et al.
1957). Flow meter data are particularly
important to calibrate new sampling devi-
ces, and to measure volumes of sampled
seawater under varying sampling condi-
tions, such as different hauling speeds.
Resulting calibration curves may later be
applied to correct for sampling errors,
which are most certain to occur when
working at sea under sometimes unfore-
seen and difficult conditions. In addition,
winches of vessels, which are poorly
equipped for scientific sampling (like some
‘ships of opportunity’), might not be
manufactured for precise adjustment of
hauling speeds. Resulting deviations in
sampled seawater volumes may later be
corrected by using flow meter data. Even
winches of research vessels may turn out to
be less adjustable than expected.

10.1.3 Single Nets

The smallest, lightest, and cheapest option for
sampling planktic foraminifers from the upper
water column is the Apstein net, optionally being
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hauled by hand and employable even from small
zodiacs. Apstein nets of typically 25 cm diameter
and 50 or 100 cm length are suited to sample well
preserved specimens for culturing and geochemi-
cal analyses, but are not suited for quantitative
sampling of the planktic foraminifer fauna. Larger
ring-nets (e.g., ‘bongo nets’) may be employed for
quantitative sampling, and require a vessel with an
adequate winch for scientific sampling.

10.1.4 Multiple Opening-Closing
Nets

Multiple opening-closing nets (MCNs) have
been employed for vertical and horizontal tows

of up to nine sampling intervals, depending on
the design of the device (Bé et al. 1959; Bé 1962;
Wiebe et al. 1976). Apertures of the multi-nets
usually range between 0.125 and 1 m2 (see, e.g.,
www.hydrobios.de). Multi-nets with 0.25 m2

(50 cm � 50 cm) opening and five net bags have
proven most suitable for sampling of planktic
foraminifers, and to be deployed from ships of
different size and equipped with different types of
winches (Fig. 10.1). MCNs are large and heavy
enough to be employed with long and (option-
ally, for manual release) conductive wire down to
a maximum water depth of 3000 m (recommen-
dation of the manufacturer), and may be hauled
at a speed of 0.5 ms−1 for quantitative sampling
of the water column when using 100-µm gauze.

Fig. 10.1 Multinet
equipped with five 100-µm
nets (type Hydrobios midi,
50 � 50 cm opening)
returning from vertical haul
on the French research
vessel ‘Marion Dufresne’
in the southern Indian
Ocean. The sampling cups
(red) are placed in a rack
below the plankton-nets.
An addition weight below
the cup-rack keeps system
straight. Photo H. Howa,
Angers University, France,
with permission
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New makes of nets can be employed off-line, and
conductive wire is hence not imperative. Hauling
speeds are adjusted to the size of net-gauze used
with the MCN, and need to be adapted to weather
conditions. Rough sea and rolling ship requires
low hauling speeds (e.g., 0.3 ms−1) to prevent
tearing of the net gauze at sharp increases of
back-pressure of the sampled water, which may
be caused by rapid movement of the ship. Sam-
ples obtained under different from ‘normal’
conditions may not be directly comparable with
samples obtained with other hauling speeds. If no
Apstein net or MCN is available, any other type
of net could be used for sampling such as, for
example, a larger MOCNESS (please be aware of
idiosyncratic terminology of net types).

10.1.5 Continuous Plankton
Recorder (CPR)

A Hardy-Plankton Recorder (also Longhurst-
Hardy Plankton-Recorder, LHPR; or Continu-
ous Plankton Recorder, CPR) is towed through
the surface water column behind a sailing ship at
different water depths, and produces under-way
samples for quantitative analyses (e.g., Hardy
1935; Longhurst et al. 1966; Reid et al. 2003; Sir
Alister Hardy Foundation for Ocean Science,
http://www.sahfos.ac.uk/). To avoid tearing of the
sampling gauze (called silk) by back-pressure of
the sampled waters, rather coarse mesh-sizes
(� 200 µm) have usually been used. Pre-adult
and small-sized planktic foraminifers may hence
not be quantitatively sampled, and a large part of
the fauna might is missed.

10.1.6 Seawater Pumps

An elegant method of sampling planktic
foraminifers from surface waters is the use of
shipboard seawater-pumps, which can be
employed during sailing, and hence consume no
additional (i.e. costly) on-site ship-time. For
example, deck wash pumps and fire pumps may
be employed, provided that the sampled water is
neither contaminated nor compressed while

being pumped, which could cause damage to
fragile specimens. Air bubbles produced along
the hull of the sailing ship may affect the water
intake, which needs to be taken into account to
correctly assess the volume of the sampled sea-
water. The pumped seawater may be sampled
with an Apstein net (cf. Ottens 1992).

10.1.7 Sampling the Test Flux

Continuous sampling of settling planktic
foraminifer tests is carried out with moored or
drifting sediment traps of varying design (cf.
Buesseler et al. 2007). Automated sediment traps
of conical shape have been used since the 1970s,
usually derived from traps of the
WHOI PARFLUX design (see Honjo et al. 1980
for the PARFLUX Mark II trap). Moored sedi-
ment traps typically have a 1-m2 opening (size of
the sampling area), and are equipped with 24
sampling cups. A baffle grid covers the opening
to keep large swimmers and large ‘particles’ off
the inside of the trap to avoid any damage of the
sampled matter (e.g., Wiebe et al. 1976; Honjo
and Manganini 1993; Lampitt et al. 2008, and
references therein). Depending on region and
water depth, current strengths, and lateral trans-
port of tests (Siegel and Deuser 1997; von
Gyldenfeldt et al. 2000) (see Chap. 8), data from
sediment traps need to be corrected for possible
under-estimation (or over-estimation) of the ‘real
flux’ (i.e., sampling efficiency) using thorium
(230Th, 234Th) or lead (210Pb) isotope based
methods (e.g., Scholten et al. 2001; Lampitt et al.
2008; Schmidt et al. 2009; Kuhnt et al. 2013).

Sediment trap samples may be affected by
alteration (e.g., dissolution) of particles within
the sampling cups. To prevent degradation of the
trapped matter, formaldehyde (3–4 %), sodium
azide (50 g NaN3 L

−1), or mercuric (II)-chlorid
(3.3 g HgCl L−1) may be added to poison the
sampling vessels (e.g., Fischer and Wefer 1991;
Koppelmann et al. 2000; O’Neill et al. 2005, and
references therein Buesseler et al. 2007). A buffer
(e.g., sodium borate) should be used to keep
pH � 8.2, to prevent dissolution of calcareous
particles including foraminifer tests. Sampling
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vessels should ideally be filled with filtered
in situ seawater obtained from deployment depths
ahead of deployment, and salt (1 g NaCl L−1)
may be added to produce a dense solution, and to
prevent leakage and loss of the sampled matter
(e.g., O’Neill et al. 2005). After the recovery of
the trap, samples should be stored cool, ideally at
4 °C.

First long-term records of the planktic
foraminifer test flux of up to almost seven years
from off Bermuda have led to an understanding of
the seasonal and interannual population dynamics
of planktic foraminifers (Deuser et al. 1981;
Deuser 1986; Deuser and Ross 1989). Those early
projects have stimulated sediment trap studies in
all major ocean basins, from the equatorial to
polar ocean, and across a wide range of trophic
condition from oligotrophic to eutrophic waters
(Table 10.1, Fig. 10.2). The Deuser-traps off
Bermuda were deployed 35 times at 3200 mwater
depth between April 1978 and May 1984, i.e. at
average sampling intervals of 60 days (Deuser
1986; Deuser and Ross 1989). The Ocean Flux
Program (OFP) in the Sargasso Sea off Bermuda
has been run for more than 35 years (see also
Bermuda Atlantic Time-Series Study, BATS).

The long-term deployment run by R. Thunell’s
in the Guaymas Basin was operated at fortnightly
sampling intervals (Wejnert et al. 2010; see also
McConnell and Thunell 2005). The longest
time-series of planktic foraminifer test flux over
12 years, from October 1993 to January 2006,
were sampled with sediment traps in the Gulf of
Lion, in the northwestern Mediterranean Sea
(Rigual-Hernández et al. 2012). However, some of
the time-series are discontinuous due to malfunc-
tion of the sampling gear, and problems while
deploying or recovering the traps. In addition,
‘swimmers’ or any other ‘matter’ may block the
sampling containers, or affect the samples in any
otherway (e.g., pHchanges caused by degradation
of organic matter), and may hence impede quan-
titative analyses.

Sediment traps with very short sampling
intervals of 3 h, drifting at 200 m water depth
within the same water body, were employed
to sample the short-term flux of planktic
foraminifers in the southern Bay of Biscay
(Siccha et al. 2012). Those samples have
revealed small-scale variability of hours and at a
local range (patchiness) of planktic foraminifer
tests flux, in contrast to large-scale variability

Fig. 10.2 Geographic positions of sediment traps ana-
lyzed for planktic foraminifers, and annual global aquatic
chlorophyll a concentration (mg m−3, 2013, from

Aqua MODIS, http://oceancolor.gsfc.nasa.gov/cgi/l3).
Numbering of the trap locations corresponds to
Table 10.1
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(seasonal to interannual, and regional) investi-
gated by most other approaches (Table 10.1).

Data from sediment trap studies (see also
compilations in Schiebel 2002; Žarić et al. 2005,
2006) add information to the systematic under-
standing of the temporal and regional population
dynamics and biogeochemistry of planktic
foraminifers (Table 10.1, Fig. 10.2). Although
the global coverage of samples includes most of
the range of environmental conditions (T, S,
productivity) prevailing in the low to high lati-
tude ocean basins (see Fig. 10.2), most remote
regions like the central South Pacific have not yet
been included in any long-term sampling pro-
gram due to logistic limitations.

10.2 Processing of Samples

Net-collected samples should be fixed immedi-
ately after sampling in a 4 % formaldehyde solu-
tion or in alcohol (Ganssen 1981; Hemleben et al.
1989; Schiebel et al. 1995), i.e. addition of one part
of concentrated (38 %) formaldehyde to ten parts
of seawater sample, or two parts of alcohol to one
part of seawater. To prevent dissolution of the shell
calcite, wet samples need to be buffered at pH 8.2
using hexamethyltetramine (also called hexam-
ine). Sodium-bicarbonate buffered-formaldehyde
solutionmay be used for sample fixation in case no
biogeochemical or morphometric analyses will be
carried out, since crusts could precipitate from the
bicarbonate-seawater solution, and alter the
weight and chemical composition of tests. In case
formaldehyde is not available, methyl alcohol or
ethyl alcohol could be used for sample fixation.
Rose Bengal should not be used to stain the sam-
ples (in contrast to processing benthic
foraminifers, e.g., Lutze and Altenbach 1991),
because the natural color of the planktic
foraminifer cytoplasm would be lost, and with it
some useful information on the pigmentation of
test and cytoplasm. In case samples will not be
analyzed for planktic foraminifers (and other cal-
careous plankton) immediately, buffering needs to
be repeated after two month, six month, and from
then on once per year, to make up for pH changes
caused by degrading organic matter in the sample

solution. Samples should be stored at low tem-
perature (ideally at *4 °C). All steps of prepara-
tion and observation should be noted, including
changes in storing conditions (e.g., changes in pH,
and temperature).

10.2.1 Fixation for Transmission
Electron Microscopy
(TEM)

Sample fixation for Transmission Electron
Microscopy for imaging of the fine structure of the
foraminifer cytoplasm is ideally carried out
immediately after sampling with a protocol devel-
oped by Anderson and Bé (1978). The fixative is
minimally disruptive of a wide range of cellular
structures, as well as symbiotic algal cells embed-
ded in the cytoplasm. For optimum preservation of
the most delicate structures like microtubules,
calcium and other interfering substances are
excluded from the fixative (Hemleben et al. 1989).

Fixing the cytoplasm of live specimens while
stabilizing themolecular structure is achievedwith
2 % glutaraldehyde solution in 0.1 M cacodylate
buffer (pH 8.2), with 1 % OsO4 prepared in the
same buffer. For optimum preservation of micro-
tubules, the individual should be suspended in a
minimum volume of seawater. The fixative should
be prepared in a solution at salinity equivalent to
the sampled seawater, to exclude as much calcium
as possible during fixation.

Following to fixation in OsO4, the foraminifer
shell is removed through decalcification to
facilitate subsequent sectioning. In particular,
thick shells of mature specimens would disrupt
sectioning. To maintain the delicate organic
layers during decalcification, specimen are
embedded in a 0.8 % agar sol at 40 °C, prefer-
ably within a shallow watch glass. The specimen
can be isolated within a small (2-mm sized) cube
of cold agar, using a line razor blade.

The shell is removed by treating the fixed
organisms with 0.1 N HCl or 1 % EDTA
(ethylenediamine tetraacetic acid) sufficiently
long to remove the shell calcite. The progress of
shell dissolution may be monitored with a
polarizing light microscope. Alternative to
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decalcification, the shell can be dissolved after
embedding: The plastic is cut off to expose some
surface of shell. The remaining plastic block is
immersed in 0.1 N HCl until all calcite is etched
away. Subsequently, the block is cleaned with
absolute alcohol or acetone to remove any water,
re-infiltrated with epoxy, and polymerized.

Dehydration of fixed specimens prior to
embedding in a graded series of acetone baths is
preferable to alcohol dehydration as precipitation
of residual OsO4 in the specimen is less likely.
Dehydrated specimens are embedded in a plastic
polymer appropriate in hardness and quality
required by the kind of Glas- or Diatome Dia-
mond Knife used to prepare thin sections for
TEM analyses.

10.2.2 Analysis of Wet Samples

In the laboratory, wet samples are decanted into a
high-rimmed glass dish with a flat bottom, and a
diameter sufficient for ‘gravity sorting’ (e.g., 9-cm
Pyrex dish). Heavy particles including foraminifer
tests will accumulate in the center of the dish when
being carefully rotated. The tests can then be
pipetted from the dish under an incident-light
microscope of sufficient working distance, using a
glass (Pasteur) pipette fitted with a rubber bulb.
Tests should be transferred into an evaporation
dish made of glass or porcelain. A black micro-
scope table facilitates recognition of the usually
whitish tests. Specimens are cleaned from partic-
ulate matter using as little water as possible.
A minimum of 300 specimens should be enu-
merated for statistically sufficiently interpretable
data (van der Plas and Tobi 1965; Patterson and
Fishbein 1989, see Sect. 10.13). Remains of
cytoplasm and internal structures of foraminifer
tests are particularly well visible in wet samples.

10.2.3 Analysis of Dry Samples

Analysis of dry samples may have advantages
over wet analysis, and provides similar results.
Before being dried, as much water as possible
should be pipetted of the sample. The sample

should then carefully be dried over night at room
temperature (*20 °C) or in an oven at a maxi-
mum temperature of 50 °C. Dry samples are best
transferred into ‘Franke cells’ or ‘Plummer cells’
with a black background, analyzed, and stored in
a dry and clean place for many years. When
analyzing very small tests, cardboard cells may
be preferred over plastic cells to avoid electro-
static phenomena like any unwanted displace-
ment of tests. A paintbrush may be used for
manipulation of the foraminifer tests under the
microscope. The finest and most pointed paint-
brush should be selected, and which still needs to
bear two filaments at the tip to allow for capillary
action. Alternatively, a preparation needle can be
used. The paintbrush may be used wet (clean tap
water will do), the needle with care.

Equal aliquots of large dry samples are pro-
duced out with a micro-splitter, also called
Otto-micro-splitter. An ideal split contains just
above 300 specimens to be classified and counted
to produce statistically significant assemblage data
(see Sect. 10.13). Assemblage data on entire
samples are produced by multiplication of count
numbers and split-sizes. Faunal analysis of large
samples is alleviated by size-fractionation (siev-
ing) before splitting into aliquots. Sieve sizes of
63, 100, 125, 150, 200, 250, 315, 355, 400 µm,
followed by 100-µm increments facilitate com-
parison of data with other studies. Often applied
minimum size classes in assemblage analyses are
100µmand 150 µm. In addition, size-fractionated
samples facilitate balanced analysis of all size
classes. In particular, increasingly large and rare
tests are sufficiently considered when applying the
size-classes given above.

Sieve-size analyses of planktic foraminifer
tests usually start at a minimum size of 100 µm
for practical reasons. Most plankton nets are
equipped with 100-µm gauze, and tests smaller
than 100 µm are not quantitatively sampled.
Specimens <100 µm in test-size are difficult to
classify using an incident light microscope, since
those samples include many difficult-to-identify
juvenile individuals of large-sized species. Most
assemblage studies of planktic foraminifers
therefore use the size fractions >100 µm. Tests
<100 µm are usually either treated as uniform
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size class, or analyzed by means of automated
image analyses (see Sect. 10.10).

10.2.4 Wet Oxidation
of Organic-Rich
Samples

In case samples are too rich in organic matter (e.g.,
algae or zooplankton) to allow efficient picking of
planktic foraminifers for faunal analyses or anal-
yses of test chemistry, oxidation of the organic
matter may be advised. For dry oxidation, an
oxygen-plasma low-temperature asher (LTA)may
be employed.Wet oxidation can also be carried out
using standard chemical solutions, i.e. hot (70 °C)
18 % H2O2, and 0.024 M NaOH at pH >8, and
without any additional technology except of
stainless steel sieves, standard laboratory glass
ware, and a fume hood (Fallet et al. 2009). In both
methods, excess seawater should be removed, and
the sample should briefly (to avoid calcite disso-
lution) be washed with deionized (e.g., MilliQ®
water) water to prevent precipitation of salt crys-
tals on the foraminifer tests. While dry oxidation
takes about 8 h for LTA alone, the entire process
of wet oxidation takes only *3 h (Fallet et al.
2009). Both dry and wet oxidation have been
shown to not significantly alter weight, stable
isotope ratios, and element ratios (e.g., Mg/Ca,
Sr/Ca, and Ba/Ca) of the shell calcite of G. ruber,
G. sacculifer (trilobus morphotype), N. dutertrei,
and G. bulloides (Fallet et al. 2009).

10.3 Methods in Molecular
Genetics

10.3.1 DNA Isolation

The eukaryotic genome is composed of double-
stranded desoxyribonucleic acid (DNA) localized
in the nucleus and in mitochondria (and chloro-
plasts in plant cells). TheDNA itself consists of the
four desoxynucleotides adenine (A), thymine (T),
guanosine (G), and cytosine (C). A and T, and G
andC, respectively, are bound by hydrogen bonds.
For nucleotide sequencing, i.e. for determining the

sequence of these nucleotides of a given DNA
region, the respective part of interest of the genome
is amplified by polymerase chain reaction
(PCR) using specific primers. These primers are
short desoxynucleotide sequences reconstructed
from a known sequence. The isolation of DNA is
the initial step, and a necessary prerequisite for
nucleotide sequencing. For single-cell
foraminifers with a calcareous shell, different
methods forDNAextraction have been developed.
Merlé et al. (1994) used proteinase K and
phenol-chloroform to digest the cells and extract
the DNA. Pawlowski et al. (1994) modified the
extraction procedure and used a sodium deoxi-
cholate buffer (DOC), a method, which was sub-
sequently applied for most of the foraminifer
molecular studies. However, the calcareous shells
of planktic foraminifers dissolve in this buffer,
preventing any further taxonomic or morphomet-
ric classification of the specimens after DNA
extraction. Therefore, DOC was later replaced by
some workers by a guanidinium thyocyanat buffer
(DeVargas et al. 2002), which does not destroy the
shells of foraminifers. To date, new methods have
been developed making possible the isolation of
DNA even after preparation of the cell images
(e.g., Seears and Wade 2014).

10.3.2 Selection of Primers and PCR

Before DNA (nucleotide) sequencing, a specific
gene region has to be amplified by PCR. For this
purpose, flanking primers are designed according
to the known conserved regions of the selected
gene (e.g., the partial ribosomal SSU (or 18S)
RNA gene; see Darling et al. 1997). PCR is
carried out with the purified total DNA following
standard procedures with subsequent denaturing,
annealing and replication steps using a specific
DNA polymerase (Taq polymerase) isolated
from the bacterium Thermophilus aquaticus,
which is heat-stable and replicates DNA at high
temperature. The amplified PCR products are
subsequently purified by agarose gel elec-
trophoresis, the respective bands are cut out of
the gel, purified, and then either sequenced
directly or cloned before sequencing.
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10.3.3 Cloning and Nucleotide
Sequencing

In order to gain a high-quality sequence read of the
PCR amplification products from DNA of a single
cell, these are often cloned before sequencing
(Grimm et al. 2007; Aurahs et al. 2009b). The PCR
products are purified using the QIAquick PCR
purification and gel extraction kits (Qiagen) and
cloned. For cloning, a PCR product is ligated into a
plasmid vector (e.g., pUC18), and transformed into
competent Escherichia coli cells (E. coli DH5a,
bacteria strain). Genetic variability within single
foraminifer individuals is determined by sequenc-
ing several clones. Nucleotide sequencing is car-
ried out in both directions, for example, with an

ABI 377 automatic sequencer (Perkin Elmer) using
the standard vector primers M13uni and M13rev.
Newly assembled sequences are uploaded to
Genbank (http://www.ncbi.nlm.nih.gov/nuccore/),
and the accession numbers specify the sequences.
The nucleotide sequences obtained are then eval-
uated by computer analyses. For the different
computer programs used in these studies see below.

PCR products can be also sequenced directly.
While being considerably faster (from DNA
isolation to sequence), the procedure gives rise to
replication errors. Therefore, several readings are
necessary to obtain the reliable sequence. Direct
sequencing can be used if a sequence type is
already known from other studies, and large
numbers of individuals need to be genotyped.

Fig. 10.3 Location and general structural organization of
the eukaryotic nuclear encoded ribosomal RNA genes
(rDNA) within the nucleolus of the cell nucleus, tran-
scription and processing into the mature rRNA molecules.
18S rDNA corresponds to SSU (small subunit) rDNA,
25//28S rDNA corresponds to the LSU (large subunit)

rDNA; ITS, internal transcribed spacer; ETS, external
transcribed spacer; TIS, transcription initiation site; TTS,
transcription termination site; IGS, intergenic spacer;
Pol I, RNA polymerase I; pre-rRNA, rRNA precursor.
Modified after Volkov et al. (2007)
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10.3.4 Molecular Marker

Ribosomal DNA The nuclear encoded genes
(rDNA) are mostly used as molecular marker for
the phylogenetic and molecular genetic analyses
of Foraminifera. Foraminifer ribosomal RNA
genes generally exhibit a similar structure to
those from other eukaryotic organisms
(Fig. 10.3), although the internal structure of the
respective gene regions is highly divergent. The
foraminifer SSU (18S) rDNA sequence contains
specific variable regions (see below; Hancock
and Dover 1988), which can be used for differ-
entiation of species or even different types of
“cryptic” species (e.g., Pawlowski and Holzmann
2002; Darling and Wade 2008; Aurahs et al.
2009b; Ujiié and Lipps 2009). Therefore, the
SSU rDNA became the standard genetic marker
for the characterization of species and different
genotypes, and for phylogenetic approaches in
planktic Foraminifera. In the meantime, a SSU
(18S) rDNA data bank has been established, i.e.
PFR2, Planktonic Foraminifera Ribosomal Ref-
erence database (Morard et al. 2015).

The SSU (or 18S rRNA) gene of foraminifers,
and particularly of planktic foraminifers, is
unique among eukaryotes due to the occurrence
of characteristic variable regions 37/e1′, 41/e1′,
45/e1′ and 46/e1′ (Fig. 10.4). The variable region
37/e1′ corresponds to a universal variable region
of the prokaryote structure model (De Vargas
et al. 1997; Neefs et al. 1990). The other three
length-variable regions of the SSU rDNA are also
known from the SSU rDNA of other eukaryotes.
However, the degree of variability in these gene
regions varies greatly between the different
groups of foraminifers, and only a few species of
planktic foraminifers (e.g. the non-spinose

Globorotaliidae) can be aligned in these regions
to benthic foraminifers. For the spinose planktic
foraminifers this is only possible within con-
served regions of the gene (e.g., De Vargas et al.
1997). Therefore, manual alignments of SSU
rDNA of planktic foraminifers were modified
based on the SSU rRNA universal secondary
structure model (e.g., Van de Peer et al. 1996;
Wuyts et al. 2002), in order to include only
homologous nucleotide positions in the phylo-
genetic reconstructions (Darling et al. 2006; De
Vargas et al. 1997; Pawlowski et al. 1997; Aurahs
et al. 2009b).

In a new approach, the automatical multiple
alignment of the sequences gave rather reliable
results (Aurahs et al. 2009a). This method has the
advantage that the corresponding sequenced gene
region, containing both rather conserved andmore
variable sequences (see Fig. 10.4), can be directly
aligned and used for phylogenetic analyses.

Population genetic studies and differentiation
of cryptic species can be further defined by using
also the even more variable internal transcribed
spacers, ITS I and ITS 2, including the conserved
5.8S rDNA, of the rRNA gene (see Fig. 10.3)
(Ujiié et al. 2010).

RFLP, Restriction Fragment Length Poly-
morphism This method allows rapid analysis of
a large number of DNA samples from related
species or populations. It is faster and cheaper
than cloning and sequencing of the respective
gene regions. For this purpose, the purified, PCR
amplified SSU rDNA products are digested with
the respective restriction enzymes at specific
short nucleotide sequences, resulting in a number
of DNA fragments of different sizes that show
genotype specific patterns after agarose
gel-electrophoresis (e.g., De Vargas et al. 2001;

Fig. 10.4 Schematic representation of the 3′ SSU rDNA
fragment used for the genetic identification of planktic
(and benthic) foraminifers. Black areas represent the
relatively conserved regions, white regions correspond to
the more variable parts of the fragment. The numbering

refers to a hypothetical secondary structure model for the
3′ SSU rDNA according to Wuyts et al. (2002), labeled
after the SSU rRNA helices they are encoding for. From
Aurahs (2010), modified after Grimm et al. (2007)
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Morard et al. 2009). However, it requires previ-
ous knowledge of the respective sequences, and
minor variations are not detected in the SSU
rDNA between closely related genetic types of
planktic foraminifers.

Protein-Coding Genes Gene coding for
specific proteins have as yet seldom been
sequenced and applied to phylogenetic studies of
foraminifers. Actin genes, which are rather con-
served throughout the eukaryotic kingdom offer a
possibility, but have the disadvantage that several
paralogs normally exist in the genome, and
respective homologs may be compared between
different foraminifers (Flakowski 2005).

10.3.5 Next Generation Sequencing
(NGS)

With the enormous improvement in nucleotide
sequencing methods, rapid increase in knowl-
edge about the genetic constitution and genome
evolution of foraminifers is expected in the near
future (Pawlowski et al. 2014). Next Generation
Sequencing will allow sequencing and compar-
ison of whole genomes. This will facilitate
broader information about phylogenetic rela-
tionships among different foraminifer species,
and verify the occurrence of cryptic species (for a
review see Metzker 2010).

10.3.6 Computer Evaluation of the
Nucleotide Sequences
used for Phylogenetic
Studies

ABGD: “Automatic Barcode Gap Discovery”
allows calculation of genetic distances within and
among genetic types delimitated according to
each possible species-level threshold (Puillandre
et al. 2012). ABGD is an automatic procedure
that sorts sequences into putative species based
on a barcode gap, i.e., the gap in genetic dis-
tances distribution between intraspecific and
interspecific diversity. The barcode gap is
observed whenever the divergence among
organisms belonging to the same species is

smaller than divergence among organisms from
different species (André et al. 2014).

GMYC: “General Mixed Yule Coalescent”
uses phylogenetic trees to identify transitions
from coalescent to speciation branching patterns
(Pons et al. 2006). The GMYC approach identi-
fies boundaries between evolutionary units on the
basis of shifts in branching rates. Branching
within species is the result of coalescent pro-
cesses, whereas branching between species
reflects the timing of speciation events. These
methods provide alternative delimitations, and
offer the opportunity to analyze sequences that
lack former assignation of their genetic type.
Finally, these alternative delimitations are con-
fronted in an attempt to connect SSU rDNA
sequences to identified genuine species (André
et al. 2014).

ML: “Maximum Likelihood”, a statistical
probability method, is used to estimate the phy-
logenetic trees for a set of species. The proba-
bilities of DNA base substitutions are modeled by
continuous-time Markov chains (Felsenstein
1981, 2004). PhyML trees used for patristic dis-
tance calculation, BEAST ultrametric trees and
patristic distance matrices (André et al. 2014).

MP: This method in phylogenetics, “Maxi-
mum Parsimony” estimates the parameters of a
statistical model. It provides estimations for the
model’s parameters. As an optimal criterion
under which the phylogenetic tree has mini-
mized, the total number of character-state chan-
ges is to be preferred. The shortest possible tree
that explains the data is considered best.

MrBayes: “Bayesian inference (BI)” is a pro-
gram for Bayesian phylogenetic analysis. The
program uses Markov Chain Monte Carlo
(MCMC) techniques to sample from the posterior
probability distribution (Huelsenbeck and Ron-
quist 2001; Ronquist and Huelsenbeck 2003).

NJ: “Neighbor Joining” is a bottom-up cluster
method for producing unrooted phylogenetic
trees based on DNA sequence data. The algo-
rithm requires knowledge of the distance
between each pair of taxa (e.g., species or
sequences) to form the tree (Saitou and Nei
1987). In contrast, UPGMA (Unweighted Pair
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Group Method with Arithmetic mean) produces
rooted trees.

PAUP: “Phylogenetic Analysis Using Parsi-
mony” (Swofford 2001).

RAxML: “Randomized Axelerated Maximum
Likelihood” is a method used for phylogenetic
studies based on large data sets (Stamatakis 2014).

“SplitsTree” is a program for inferring phy-
logenetic (split) networks (Huson and Bryant
2006).

10.4 Culturing in the Laboratory

Culturing of any biota that serves as proxy in Earth
system-science is an indispensable prerequisite for
calibration of any proxy (e.g., size, weight, stable
isotopes, and element ratios). Planktic foraminifers
have been cultured in the laboratory for various
analytical purposes since the early 1970s (Bé et al.
1977; Hemleben et al. 1989). Analyses of, for
example, radiocarbon (14C) and trace elements
(see, e.g., Lea 1999 for a review), boron isotopes
(Sanyal et al. 1996), Cd/Ca ratios (Ripperger et al.
2008), and clumped isotopes (Tripati et al. 2010,
2014; Eiler 2011;Wacker et al. 2014) fromplanktic
foraminifer tests requires large sample volumes
(severalmilligrams ofCaCO3, i.e. several hundreds
to thousands of tests), which could be provided if
foraminifer tests could be grown under controlled
conditions (e.g., temperature, light) in the labora-
tory over multiple generations. New designs for
culturing of marine micro-biota would allow
investigation of planktic foraminifer growth under
constant chemical and physical conditions such as,
for example, pH, and [CO2]. The rather inexpen-
sive chemostat set-up developed for culturing of
benthic foraminifers by Hintz et al. (2004) would
potentially allow parallel culturing of large num-
bers of specimens of any species in time-series
experiments (see also Hemleben et al. 1989).
A chemostat set-up adopted from the one devel-
oped by Hintz et al. (2004) was used for culturing
planktic foraminifers (Globigerina bulloides,
G. sacculifer, G. siphonifera, T. quinqueloba,
N. dutertrei, N. incompta, and G. inflata) at JAM-
STEC, Yokosuka, Japan (Fig. 10.5).

Culture-protocols are discussed in detail by
Hemleben et al. (1989). Culturing of planktic
foraminifers has been developed as standard
method by H. Spero at the Wrigley Institute for
Environmental Science on Santa Catalina Island,
California, USA (see, e.g., Spero 1992). The
Wrigley Institute for Environmental Science on
Santa Catalina Island is situated close to waters
where sampling of a variety of abundant live
planktic foraminifer species by SCUBA diving is
possible. Successful culture experiments are
facilitated at laboratories sited close to deep
marine waters for sampling of planktic
foraminifers, and with infrastructure for culturing
experiments. Planktic foraminifers have unfor-
tunately not yet been successfully cultured over
an entire generation. Although offspring of
O. universa, G. bulloides, G. truncatulinoides,
and G. glutinata have been kept in laboratory
culture (e.g., Hemleben et al. 1987; Spero 1992;
Spero and Lea 1996; Bijma et al. 1998;
K. Kimoto, personal communication, 2007),
a second generation has not yet reproduced in
culture.

10.4.1 Preparation of Specimens
for Culture
Experiments

Undamaged specimens should be transferred to
the laboratory immediately, i.e. within a couple
of hours after sampling. Specimens need to be
identified and described using an inverted
microscope or incident light microscope. Speci-
mens should ideally be photographed, and
transferred to clean culture vessels with the least
possible delay. Culture vessels should have a flat
bottom to allow for observation with an inverted
microscope. Lids of culture vessels may be
sealed with Parafilm® to impede gas exchange
between culture and atmosphere (Allen et al.
2012). Standard digital cameras are suited for
documentation of, for example, chamber forma-
tion, changes in cytoplasm color, preservation of
spines, gametogenesis, and general behavior
under laboratory conditions.
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Species should ideally be cultured in their
natural ambient seawater, but which needs to be
filtered to remove large particles and other
plankton organisms (see, e.g., Spero and Wil-
liams 1988, 0.45 µm; Allen et al. 2012, 0.8 µm
filter). A mix of natural and artificial seawater
(1:1) was used to perform a low-DIC experiment
(Allen et al. 2012). Filters should be wide enough
to not remove fine particles, which could poten-
tially serve as food source for some of the cul-
tured planktic foraminifer species. Water of the
culture vessels should preferably be replaced by
freshly filtered seawater during days when no

food is provided to the foraminifers to not disturb
feeding (Spero and Lea 1993).

10.4.2 Feeding in Laboratory
Culture

Quality and quantity of food is essential for
successful culturing of planktic foraminifer
individuals in the laboratory. In addition, chem-
ical and physical parameters need to be carefully
chosen and monitored while culturing. Although
planktic foraminifers can survive for some time

Fig. 10.5 Design of chemostat culture system developed
from the design of Hintz et al. (2004). Environmentally
controlled (T, S) 20-L seawater reservoir (light blue,
large) monitored by pH and CO2 electrodes installed at
the top of reservoir. Culture vessels (light blue, small) are
serially connected. Reservoir and culture vessels are
placed in an incubator. Water circulates from the reservoir
to culture vessels via Taigon tubes by a peristaltic
pump. Taigon tubes protect the culturing water from gas
exchange with the outside environment. Culture vessels
are closed by screw-lids. The volume of water flow is
variable (e.g., 5 mL min−1) to provide equal water quality
to all compartments of the culturing system at all times.
Circulating water enters culture vessels at the bottom and

leaves vessel at the top. To reduce contamination of the
system by waste products and particles of all sorts, the
inlet of culture vessels is covered with 8-µm gauze. To
prevent the incubated foraminifer specimens from escap-
ing culture vessels, the water outlet is closed with a 40-
µm mesh. The bottom of vessels is covered with a porous
polystyrene cell, which allows constant and balanced
water circulation. A 12:12 h dark-light cycle is applied.
Light levels within the culture vessel range between 70
and 140 µEinstein m−2 s−1 (cf. Bemis et al. 1998; Spero
and Parker 1985). Culture experiments have been con-
ducted at air-conditioned laboratories at JAMSTEC
(Natsushima, Japan). From T. Toyofuku, JAMSTEC,
Natsushima, Japan, 2014, with permission
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without being fed, optimum growth and matu-
ration only occurs if food is appropriately pro-
vided (Hemleben et al. 1989). The optimum diet
of most species is unfortunately unknown, but
both algal and animal prey is consumed by most
surface dwelling species (Bé et al. 1977;
Anderson et al. 1979; Spindler et al. 1984;
Hemleben et al. 1989). Subsurface dwelling
species (e.g., G. truncatulinoides, G. scitula,
G. hirsuta) possibly prefer rather degraded
organic matter (Itou and Noriki 2002; Schiebel
et al. 2002) at an unknown concentration and
quality, which might be the reason for largely
unsuccessful culture attempts of any planktic
foraminifer species so far.

Most spinose planktic foraminifer species are
omnivorous and tend to favor animal prey over
algal prey. Adult G. ruber and G. sacculifer are
fed live Artemia nauplii, for example, every 48 h
(Hemleben et al. 1989; Spero 1992; Allen et al.
2012). The Artemia nauplii should not be older
than one day. Other foraminifer species may be
offered food of different kind or at different

frequency (Spindler et al. 1984). Juvenile
foraminifer specimens may be fed with small
pieces of Artemia nauplii (Hemleben et al. 1989).
Nauplii food is transferred to the culture dish
with a Pasteur pipette and placed near the
foraminifer rhizopods, where the food might be
accepted within several hours. The feeding pro-
cess should be monitored, and food might need
to be offered several times before being accepted
by the foraminifer. Unconsumed food remains
need to be removed from the culture dish after
feeding (Hemleben et al. 1989).

Non-spinose foraminifer species prefer algal
over animal prey, and cultured algae (e.g.,
Dunaliella or Chlorella) may be offered to the
foraminifers (see Hemleben et al. 1989). In
general, appropriate food should be provided at
optimal time-intervals to the different species
of foraminifers in culture, to keep specimens
active and at good health, and enhance the pos-
sibility of chamber formation and reproduction
(Table 10.2).

Table 10.2 Indications of vitality of spinose and non-spinose species, and H. pelagica in culture (from Hemleben
et al. 1989)

Healthy Poorly nourished Unhealthy

Spinose Spine length 3� max. test
diameter

Reduced spine length Short spines or no spines

Network of rhizopodia at or
between spines

Same as in healthy individuals Rhizopodia generally
shorter than test diameter

All chambers filled with
cytoplasm

Last formed chamber partially
filled or empty

Several chambers only
partially filled or empty

Floating in culture vessel Same as in healthy Resting at bottom of culture
vessel

H. pelagica Bubble capsule surrounding test
and doubling total diameter

Same as in healthy individuals Bubble capsule irregular in
shape and few bubbles only

Reddish cytoplasm Pale reddish to white
cytoplasm

Same as in poorly nourished

Non-spinose Many long rhizopodia may
extend at several times test
diameter

Same as in healthy individuals Few short rhizopodia

All chambers filled with
cytoplasm

Final chamber only partially
filled with cytoplasm or
empty

Several chambers only
partially filled or empty

Attached to and actively moving
on bottom of culture vessel

Same as in healthy individuals Not moving on bottom of
culture vessel
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10.4.3 Illumination
of Symbiont-Bearing
Species in Culture

One of the parameters particularly important for
culturing of symbiont-bearing planktic
foraminifers is an appropriate quality and quan-
tity of light (Jørgensen et al. 1985; Spero and
Williams 1988). Illumination may be chosen
according to the goal of experiment, and may
vary between diurnal 12-h light and 12-h dark
cycles, and more or less rapid changes in illu-
mination (e.g., Caron et al. 1982; Jørgensen et al.
1985; Hemleben et al. 1987; Hönisch et al. 2011;
Allen et al. 2012). Sufficient light intensity is
provided by cool fluorescent light bulbs, and
should be monitored with a light meter (e.g.,
Allen et al. 2012). Compensation light levels
where foraminifer respiration exceeds symbiont
photosynthesis start at 26–30 µEinstein m−2 s−1

(Spero and Lea 1993). Maximum symbiont
activity occurs at 350–400 µEinstein m−2 s−1,
and does not significantly increase at higher light
levels (e.g., Jørgensen et al. 1985; Spero and
Parker 1985; Spero and Lea 1993). Natural illu-
mination at 5–10 m water depth at Barbados

during midday in April ranges at 400–
500 µEinstein m−2 s−1 (Caron et al. 1982). In
addition to light intensity, the quality of light
affects the endosymbiotic activity of planktic
foraminifers (Jørgensen et al. 1985), and light
sources should be chosen accordingly. Maximum
symbiont activity of dinoflagellates in G. sac-
culifer occurs at wavelength of about 450 and
690 nm (Jørgensen et al. 1985).

10.5 Microsensor Analysis

Microsensor analysis of planktic foraminifers
was applied to measure photosynthetic rates of
symbionts in cultured G. sacculifer as early as
1982 by Jørgensen et al. (1985). Oxygen and pH
were measured with microelectrodes, and
manipulated with a micromanipulator at ±5 µm
precision. Measurements were carried out under
a dissecting microscope, between the spines at
the immediate surface of the test of G. sacculifer.
A similar approach was followed to measure
respiration rates of O. universa (Fig. 10.6) and
G. sacculifer (Rink et al. 1998; Lombard et al.
2009a).

Fig. 10.6 Left panel: Schematic drawing of the measur-
ing chamber (10 mL volume) with a single foraminifer
placed on a nylon mesh. Microsensors were positioned
with a micromanipulator. The incident light was adjusted

by neutral density filters. Right panel: Red circles at 50-µm
distances indicate microsensor positioning for the photo-
synthesis measurements (ro is the radius of a spherical adult
O. universa). Schematic drawing, after Rink et al. (1998)
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10.6 Micro X-Ray Imaging
and Computer Tomography
(CT)

Micro-CT is a non-destructive method, which
provides morphometric information on internal
chamber volume, test calcite mass, and dissolu-
tion of tests walls (Johnstone et al. 2010, 2014;
Görög et al. 2012). Resolution of X-Ray
micro-CT ranges between 0.5 and 7 µm
depending on the employed scanning system and
voltage (Speijer et al. 2008; Johnstone et al.
2010). Experiments in the early 1950s had
already shown that microradiography provides
sufficient resolution to visualize internal struc-
tures of foraminifer tests (cf. Schmidt 1952;
Schmidt et al. 2013). Most importantly, X-ray
microscopy was employed to visualize the
internal test architecture, and the early ontoge-
netic development of 23 modern planktic
foraminifer species (Bé et al. 1969), and several
Upper Cretaceous species (Huber 1987). X-Ray
diffraction (XRD) was developed to analyze
calcite crystallinity of the foraminifer shell as
measure of ½CO2�

3 � (Bassinot et al. 2004).

10.7 Analyses of the Chemical
Composition of Tests

10.7.1 Analyses of Stable Isotopes

The ratio of stable carbon and oxygen isotopes,
as well as stable isotopes of a suite of other
elements of planktic foraminifer shell calcite are
major proxies in paleoceanography (e.g., Rohling
and Cooke 1999; Fischer and Wefer 1999;
Henderson 2002; Katz et al. 2010, and references
therein). Pioneering works in the development of
mass spectrometry (isotope chemistry) in paleo-
ceanography, and analyses of stable isotopes in
foraminifer calcite were started by Epstein et al.
(1951, 1953) by developing a paleotemperature
equation based on the carbonate of molluscs.
Those equations were subsequently refined and
applied to foraminifers by Emiliani (1954) when
isotope chemistry became an important tool in
paleoceanography. Those approaches were then

accomplished by N. Shackleton from the 1960s
onward (e.g., Shackleton 1968; Shackleton and
Opdyke 1973). In addition to paleoceanographic
data, stable isotopes add information on the
paleo-ecology of planktic foraminifers (e.g.,
Mulitza et al. 1997; Rohling et al. 2004). For
example, from interpretation of the temperature
effect on the stable isotope composition of
Paleogene planktic foraminifers, Shackleton
et al. (1985) could show that depths preferences
in the habitat of spinose (globigerinid) and
non-spinose (globorotalid) species were opposite
from the modern distribution pattern, and Pale-
ogene globorotalids preferred a shallower habitat
than globigerinids on average.

Various types of Inductively Coupled Plasma
Mass Spectrometers (ICP-MSs) are employed to
measure stable isotope ratios from different cal-
cite volumes, and at different reproducibility.
Depending on the foraminifer test size and calcite
mass, as well as specifications of the employed
mass spectrometer, about 3–25 (at least 10 µg
CaCO3) specimens are needed for a d18O and
d13C analysis (e.g., Niebler et al. 1999; Rohling
et al. 2004). To reduce deviation of results
caused by ‘vital effects’, analysis of stable iso-
topes should be carried out on mono-specific
samples, and from as narrow test size classes of
adult specimens (>200 µm) as possible. Stan-
dardized analysis of tests of adult individuals
reduces the possibility of metabolic effects on the
isotope ratio, which can vary significantly
between individuals of different ontogenetic
stages (Niebler et al. 1999).

Much less volume of calcite is needed in
LASER-Ablation Inductively Coupled Plasma–
Mass Spectrometry (LA-ICP-MS) and Secondary
Ion Mass Spectrometry (SIMS). Between 10 and
100 ng of test calcite are ablated in a helium
atmosphere with LASER pulses over some sec-
onds, and measured with an ICP-MS. Test walls
ablated by LASER ideally measure some 20–
40 µm in diameter, and 0.2–10 µm in depth.
Therefore, single chambers of planktic
foraminifer tests can be analyzed using
LA-ICP-MS (Eggins et al. 2003; Reichart et al.
2003) (Fig. 10.7). Horizontal and vertical (i.e.
depth) resolution of (Nano-) SIMS analysis
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ranges at 6–10 µm and *1 µm, respectively
(Kunioka et al. 2006; Vetter et al. 2014).

All chemical analyses of foraminifer tests, in
particular the high-resolution analyses of small
sample volumes, do critically depend on the
preparation of samples, i.e. on the cleaning steps
to expose the original calcite to be analyzed (e.g.,
Boyle and Keigwin 1985; Barker et al. 2003;
Eggins et al. 2003; Vetter et al. 2013).
A flow-through method for cleaning (dissolving)
foraminifer tests was developed by Haley and
Klinkhammer (2002). The method employs
chromatographic equipment, and is assumed to
produce reproducible results. In addition, the
method provides information on the contaminant
phases.

10.7.2 Analyses of Element Ratios

Element ratios of planktic foraminifer test calcite
are measured with mass spectrometers such as,
for example, Inductively Coupled Plasma-

Optical Emission Spectrometers (ICP-OESs;
e.g., Friedrich et al. 2012), or Multi Collector
ICP-MS (e.g., Fietzke et al. 2004). In general,
cleaning methods are similar to those in stable
isotope analyses (see above), but might need to
account for a much wider range of contaminants
depending on the element ratio to be analyzed.
High-resolution MC-ICP-MS is employed for
analyses of trace elements with very low con-
centrations (see, e.g., Paris et al. 2014; Ripperger
et al. 2008). Ratios of rare elements may also be
analyzed applying Thermal Ionisation Mass
Spectrometry (TIMS, or isotope dilution TIMS,
ID-TIMS) like cadmium-to-calcium ratios
(Rickaby et al. 2000). TIMS is widely applied to
obtain U-Th ages (e.g., Bard et al. 1993).

Electron microprobe or ion microprobe anal-
ysis using an Electron Probe Micro Analyzer
(EPMA, or EMPA) allows high-resolution map-
ping of element ratios of foraminifer test walls
(e.g., Duckworth 1977). EPMA is a
non-destructive method, widely applied to mea-
sure Mg/Ca ratios (Sadekov et al. 2005;

Fig. 10.7 SEM images of LASER ablation pits formed
in (a, b) gem-quality Iceland spar using 10 and 100
LASER pulses, and (c) a fossil P. obliquiloculata test by
10, 20, 50, 100 and 500 LASER pulses using a LASER
fluence of 5 J/cm2. (d) Detail of the 50 pulses pit shown
in panel C, which is approximately 7.5 µm deep. (e) Test
of N. dutertrei in which 14 separate composition profiles
have been analyzed by LA-ICP-MS and up to four

replicates on each chamber. Inset e1 shows detail of the
reticulate surface texture present on the final chamber.
Inset e2 shows detail of 30 µm diameter pits in chamber
f-4 and the surrounding blocky calcite textured test
surface. Labels f, f-1, f-2, etc. indicate the chamber
calcification order, counting back from the final chamber
(f). Note scale bars. From Eggins et al. (2003)
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Toyofuku and Kitazato 2005; Kozdon et al.
2011). For EPMA analysis, specimens are
embedded in epoxy resin on glass slides, pol-
ished to produce a cross section of the test wall,
and coated with carbon. The size of each
spot-measurement is *2 µm. Standard deviation
(2r) is 1.2 % for Mg, and 1.6 % for Ca (Toy-
ofuku and Kitazato 2005). EPMA and
LA-ICP-MS data from the same samples are
comparable by applying a constant calibration
factor (Eggins et al. 2004; Sadekov et al. 2005;
Fehrenbacher et al. 2015). A similar resolution of
*2 µm is achieved with Particle-Induced X-ray
Emission (PIXE) in multi-element analysis of
planktic foraminifer tests (Gehlen et al. 2004).

Secondary Ion Mass Spectrometry (SIMS,
and NanoSIMS) allows measurement of
metal-to-calcium (Me/Ca) and stable isotope
ratios of planktic foraminifer tests at *1–10 µm
resolution, and from small sample volumes <2 µg
(Bice et al. 2005; Kunioka et al. 2006; Vetter et al.
2014). Tests need to be cleaned, mounted on
slides using ethyl cyanoacrylate instant adhesive
and low viscosity epoxy resin, and polished to
expose the test wall to be analyzed (Bice et al.
2005). An even surface is produced by repeated
application of the adhesive and polishing. Sam-
ples need to be cleaned between each step by
sonication. Standard deviation of replicate Mg/Ca
measurements is <1 %. SIMS are in good
agreement with ICP-MS data produced from the
same samples (Bice et al. 2005; Vetter et al.
2014). Accuracy of d18O data from Ion Micro-
probe analyses is affected by preparation and
geometry, as well as instrumental characteristics,
and need to be corrected before being compared
to ICP-MS data (Kozdon et al. 2009, 2011).

Cleaning protocols: Cleaning of planktic
foraminifer tests for analyses of trace metal
ratios is essential to generate accurate and
reproducible results (e.g., Boyle and
Keigwin 1985). To properly clean the tests
from the outside and inside, they are gently
broken open between two glass slides (e.g.,
Barker et al. 2003; Sexton et al. 2006).
Ultrasonication may be applied with care

(for some seconds) to not disintegrate test
fragments. Oxide coatings are to be
removed in particular for Cd/Ca analyses
(e.g., Boyle and Keigwin 1985; Ripperger
and Rehkämper 2007). For analyses of
Mg/Ca and Sr/Ca ratios, most importantly
silicate contamination needs to be
removed, as well as clay, Mn-oxides, and
Fe-oxides by reductive treatment (Barker
et al. 2003). Organic matter is removed by
oxidation (Barker et al. 2003). For analyses
of live planktic foraminifers from
plankton-tow samples the oxidative step
using hydrogen peroxide may be repeat-
edly applied to entirely remove cytoplasm
from within the tests. In turn, the reductive
and oxidative steps may be omitted
because they may remove significant por-
tions of calcite from shell surfaces (Vetter
et al. 2013). The reducing reagent alone
may causes partial dissolution of carbonate
resulting in up to 15 % reduced Mg/Ca
values on average compared to studies
without reductive step (see in-depth dis-
cussions by Barker et al. 2003; Sexton
et al. 2006; Bian and Martin 2010). To
remove any re-adsorbed contaminants, a
final weak acid ‘polish’ may be performed
(e.g., Friedrich et al. 2012).

Calibration for temperature calcula-
tion from Mg/Ca ratio: Species-specific
calibrations are applied to calculate ambi-
ent seawater temperature from the Mg/Ca
ratio planktic foraminifers. Calibrations are
available for G. bulloides and G. ruber
from Elderfield and Ganssen (2000) and
Anand et al. (2003), respectively. For other
species, the multi-species calibration of
Anand et al. (2003) may be applied (Frie-
drich et al. 2012). Those calibrations indi-
cate a temperature sensitivity for Mg/Ca of
*10 % for a 1 °C change in temperature
for almost all planktic foraminifer species
(e.g., Anand et al. 2003; Elderfield and
Ganssen 2000; Lea et al. 1999).
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10.7.3 Radiocarbon Analyses

Radiocarbon (14C) is measured from planktic
foraminifer tests for absolute dating of late
Quaternary sediments (e.g., Bard 1988; Voelker
et al. 1998; Barker et al. 2007). About 800–1000
tests of medium sized (*250 µm in test diame-
ter) planktic foraminifers equal 10 mg of calcite
needed for one 14C Accelerator Mass Spec-
trometry (AMS) measurement (e.g., Voelker
et al. 2000). Although surface dwelling planktic
foraminifers produce their test calcite in relative
vicinity to the atmospheric 14C pool, large
deviation of their 14C AMS signal from calendar
ages have been detected (e.g., Reimer et al.
2013). Those deviations result from reservoir
effects, i.e. the age of ambient water body in
which test calcite is precipitated. Consequently,
radiocarbon should preferably be analyzed from
mono-specific samples, since different planktic
foraminifer species may calcify their tests at
different water depths, different seasons, and
different ecologic conditions, i.e. in waters of
different age. Depending on ocean basin and
region, the most abundant species may be
selected for 14C AMS analysis, still taking its
ecology into consideration. For example, G.
bulloides are most frequent in high-productive
waters like upwelling regions, i.e. waters with
relatively old 14C AMS ages, and high reservoir
ages. In contrast, G. ruber is more productive in
waters marginal to upwelling cells and more
stratified surface waters (e.g., Schiebel et al.
2004), and would hence represent waters of
lower reservoir age. In case a sufficient amount
of mono-specific tests is not available from a
sample, tests from species with similar ecologies
could be combined for 14C AMS dating. In
addition to species-specific, as well as regional
and seasonal differences, reservoir ages change
over time (e.g., Bard 1988; Reimer et al. 2013).
To account for all of the different effects, which
affect the 14C AMS age of planktic foraminifer
calcite (Barker et al. 2007; Mekik 2014, and
references therein), and which cause deviation
from calendar age, raw radiocarbon data need to
be calibrated (Reimer et al. 2013, and references
therein).

10.8 Biomass Analysis

A non-destructive method for biomass analysis
of individual foraminifers was developed and
calibrated by Movellan et al. (2012). The method
employs nano-spectrophotometry and a standard
bicinchoninic method for protein quantification
(Smith et al. 1985), assuming that foraminifer
protein-biomass equals carbon-biomass (Zubkov
et al. 1999; Movellan 2013). Following protein
measurement, tests are dried and stored for
fuurther analyses.

Foraminifer individuals are isolated immedi-
ately after sampling. Each individual is trans-
ferred into a bath of micro-filtered seawater, and
gently cleaned with a brush to remove particles.
Specimens are then immersed in deionized water
for less than a second to remove remaining sea-
water. Each foraminifer is individually stored in
an Eppendorf cup and immediately analyzed for
biomass, or stored frozen at −80 °C to prevent
degradation of organic matter, and facilitate later
protein-biomass quantification.

For biomass analysis, 20 ll of micro-filtered
tap water is added to each Eppendorf cup
including fresh or unfrozen foraminifers for
30 min. Immersion of foraminifers in
micro-filtered tap water causes an osmotic shock,
and quantitatively exposes the foraminifer cyto-
plasm to the working reagent (400 lL), which is
then added to each Eppendorf cup (Movellan et al.
2012). Efficiency and yield of the osmotic shock
method for cytoplasm exposure was tested on
specimens of Globorotalia hirsuta, Globorotalia
scitula, and Globigerinella siphonifera. The three
species were chosen for their differences in test
architectures, i.e. globular chambers with wide
apertures (G. siphonifera), compressed chambers
with intermediate-sized apertures (G. hirsuta),
and compressed chambers with small apertures
(G. scitula).

Protein-biomass analyses with the bicin-
choninic acid (BCA) method employ a mix of
copper solution (4 % (w/v) CuSO4 5H2O solution;
Sigma-Aldrich) and BCA (Sigma) solution (Smith
et al. 1985; Zubkov and Sleigh 1999; Mojtahid
et al. 2011). In contact with proteins the Cu2+ ions
of the copper solution are reduced to Cu+. The Cu+
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ions react with the BCA, and a purple color is
produced. The intensity of the color increases
proportionally with the protein concentration.
Protein standard solution consists of bovine serum
albumin (BSA) of known concentration. Each
sample and standard solution is measured in trip-
licate (Movellan et al. 2012). Foraminifer samples
and protein standard solutions are prepared simul-
taneously, to make sure that the incubation time
and temperature are identical. The reaction and
resulting coloration of the sample solution depends
on incubation time and temperature. An optimum
color spectrum is obtained at an incubation time of
24 h at room temperature (20 ± 2 °C).

After incubation, each sample is centrifuged
for 3 s at 5000 rpm, and the absorbance of the
562-nm wavelength is measured with a
nano-spectrophotometer on 2 lL of sample or
standard solution (NanoDrop 2000®, Thermo
Scientific). The absorbance of the working
reagent is affected both by color and brightness
resulting from the concentration of proteins.
Each absorbance value is measured three times,
and standard curves are constructed using poly-
nomial regression.

10.9 Determination of Test Calcite
Mass

Calcite mass of planktic foraminifer tests is a
measure both of production and dissolution of
shell, and hence provides information on envi-
ronmental conditions of ambient seawater of live
individuals, and settling tests (e.g., Barker and
Elderfield 2002; de Moel et al. 2009; Moy et al.
2009). Among the parameters affecting produc-
tion and remineralisation of test calcite are, in final
consequence, carbonate chemistry (½CO2�

3 �, and
other carbon species) and pH, which are affected
by light and symbiont activity (i.e. [CO2]) in the
symbiont-bearing foraminifer species. Therefore,
different methods were developed to determine
planktic foraminifer calcite mass.

The most obvious method appears to be
simple weighing of clean, empty, and

well-preserved (i.e. unbroken) tests of similar
ontogenetic stage. To produce comparable
results, size-normalized test weights are deter-
mined (Lohmann 1995; Broecker and Clark
2001a, b; Beer et al. 2010a, and references
therein). Batches of tests from narrow size
intervals (e.g., 200–250 lm) may be produced
by sieving. To compensate for any variability in
size and mass of tests from the same sieve-size
interval, a sufficient number of tests (e.g., 10–50
tests) may be combined for weighing (Broecker
and Clark 2001b). Alternatively, tests may be
analyzed for their discrete size and weight
(Broecker and Clark 2001a, b). Both methods are
inexpensive and fast, and produce interpretable
results.

A microbalance (e.g., Mettler Toledo XP2U,
readability of 0.1 lg) may be employed to weigh
individual foraminifer tests, or batches of tests
(Moy et al. 2009; Movellan et al. 2012).
Weighing should be carried out after a minimum
of 12 h of acclimatisation in an air-conditioned
weighing-room at constant temperature and
humidity. Repeated weighing (three times) of
individual foraminifer tests (>100 lm) is advised
to enhance precision of data (Schiebel and
Movellan 2012).

Unfortunately, fossil tests are often filled with
sediment, and impossible to clean without caus-
ing damage to the original shell. Therefore,
methods independent of test size and weight
were developed to determine shell calcite mass.
Crystallinity of test calcite as measure of disso-
lution is analyzed using X-ray diffraction (Bas-
sinot et al. 2004). The method provides
quantitative results for past ½CO2�

3 �3, given that
conditions of production and sedimentation are
analogous to modern conditions (Bassinot et al.
2004). Measurement of shell-thickness of
equivalent cross-sections (i.e. of the same spe-
cies, and same chamber) with a Scanning Elec-
tron Microscope (SEM, see below) provides
information on calcite mass (de Moel et al.
2009), but would possibly not be suited for
analyses of large sample volumes, since rather
time-consuming and costly.
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Shell calcite mass determination: A
variety of different methods have been
developed for the determination of the
planktic foraminifer test calcite mass as
proxy of shell production and dissolution.
(1) Weighing seems to be the most obvious
method, but it is limited by the precision of
weighing balances within the range of
0.1 µg at the best, and the weight of small
tests (<100 µm) below 0.6–1.2 µg even for
well preserved modern specimens (Schie-
bel and Hemleben 2000; Barker and
Elderfield 2002; Schiebel et al. 2007).
Weighing, hence, would not be suitable to
detect differences between individual small
tests, which are calcified or dissolved to a
different degree. In addition, any kind of
contamination within, or on the surface of,
the test, and any sediment infill, would not
be detected by weighing. The same would
possibly be true for any titration method.
(2) Analyses of the crystallinity of the
planktic foraminifer test calcite, inferred
from X-ray diffraction, requires crushing of
a large number of tests; i.e., for example
about 80 G. ruber of the 250–315 µm size
fraction (Bassinot et al. 2004). Analysis of
crystallinity by particle-induced X-ray
emission (PIXE) requires only single
tests, but is nonetheless a destructive and
laborious method (Gehlen et al. 2004).
Therefore, application of the method is
limited by the availability of tests, as well
as manpower. (3) X-ray computed tomog-
raphy (CT) provides images from the out-
side and inside of the tests at a resolution
of 7 µm. Taking only *50 min per spec-
imen for CT scanning, the method is still
not suited for analyses of entire assem-
blages (Johnstone et al. 2010). (4) SEM
analyses are suited to visualize encrustation
and dissolution of the primary shell calcite
at high detail, but this method requires
expensive technology, and possibly cannot
be quantitatively applied to assemblages,
because it is too costly. (5) A combination

of some of the above given methods may
be suited to resolve the test-calcite-mass
problem to a satisfactory degree.

10.10 Automated Microscopy

Microfossils have played a key role in palaeo-
ceanographic reconstructions, largely as proxies
of changing water mass properties traceable by
their faunal and stable isotopic compositions and
their trace-element chemistry. Although major
effects on the population structures and evolu-
tionary developments of associated assemblages
are expected, little work has been done so far,
largely because of the time-consuming morpho-
metric and taxonomic data collection. This
problem has been overcome by automated
acquisition and processing of data (Schmidt et al.
2003; Bollmann et al. 2004, and references
therein; Schmidt et al. 2004a, b, c; Beer et al.
2010a, b).

Automated particle analysis in palaeoceanog-
raphy and micropalaeontology is carried out with
a fully automated incident light microscope sys-
tem (Bollmann et al. 2004). Images are acquired
and particles are analyzed with analySIS FIVE
(SIS/Olympus©) software supported by a custom
made software add-in. Samples are prepared on
up to six glass trays, and are automatically
moved under a Leica© Z16APO monocular
microscope with a plan-apochromatic objective
using a motorized xy-stage and Lstep-PCI con-
troller manufactured by Märzhäuser© (Ger-
many). Manual positioning of the xy-stage with a
joystick for analyses of particular objects is also
facilitated via analySIS. Images are captured with
a 12-megapixel CC12 colour camera (SIS©).
Constant illumination of samples is provided by
a Leica© CLS100X light source and a Leica©
ring-light (Clayton et al. 2009). Resolution of the
system ranges from 1.44 � 1.44 µm to
24.5 � 24.5 µm per pixel. Depending on aver-
age particle size, between *2000 and *10,000
particles per sample tray can be analyzed
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(Schmidt 2002). Acquisition of images and
morphometric analyses of the images takes
between 15 min and 1.5 h per sample, respec-
tively. Each particle can be analyzed for up to 65
morphometric parameters, 29 color and
gray-scale parameters, and additional 20 param-
eters to be user-defined (analysis FIVE,
SIS/Olympus©) (Fig. 10.8). The data are auto-
matically saved, for example, as an Excel
spreadsheet.

Minimum test diameter: The minimum
test diameter is applied as a measure of test
size, which is easy to acquire and robust.
The minimum test diameter is therefore
acquired and applied in morphometric
analyses of test assemblages. Minimum

test diameter is the longest (!) distance
measured rectangular to the line of maxi-
mum diameter of the test, whereas maxi-
mum diameter of the test is the longest
distance of the two-dimensional
silhouette-area of the entire test
(Fig. 10.8). Minimum diameter is a more
robust size-measure of the test than maxi-
mum diameter, and is therefore used in
most morphometric analyses discussing
test-size. Minimum diameter does well
display test size, being highly correlated to
(two-dimensional) silhouette area, i.e., the
way tests are viewed from above through a
binocular microscope, and which is a good
representative of test volume (Beer et al.
2010a). In addition, minimum test diameter

Fig. 10.8 Screen-shot of automated image analysis sys-
tem (analySIS FIVE, SIS/Olympus©). Planktic foramini-
fer tests are sorted for size (color scheme) in the example
shown here. Minimum test diameter (dmin) rectangular to
maximum test diameter (dmax) acquired automatically. An

additional 111 morphometric measures and color param-
eters can be automatically acquired by the system from
image series obtained from up to six strew mounted
samples at high efficiency
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is comparable to sieve-size, since particles
including foraminifer tests pass through the
mesh of a sieve with their smallest
diameter.

10.11 Electron Microscopy

Scanning Electron Microscopes (SEMs) and
Transmission Electron Microscopes (TEMs) of
various makes are used to analyze fine structures
of test and cytoplasm, respectively. Classi-
cal SEM and Environmental SEM (ESEM) are
employed for high-resolution imaging of hard
surfaces, i.e. tests. Tests are analyzed in near
vacuum conditions, and hence need to be dry.
Classical SEM allows high-quality imaging at
high resolution of up to about 1 nm. Objects
need to be coated with graphite, gold, platinum,
or other conductive materials, though, and may
not further be used for chemical analyses. In turn,
coating of objects in ESEM is not necessary, and
objects stay unchanged during scanning. ESEM
is a non-destructive imaging method, which may
be employed if objects are to be further used, for
example, for stable isotope or element analyses.
ESEM can even be employed on wet objects,
because vacuum conditions are not applied. In
turn, resolution of high-quality images in ESEM
is much lower than in classical SEM, and limited
to objects >1 µm.

Transmission Electron Microscopy (TEM) is
applied for visualization of cytoplasmic fine
structures, at a resolution of several nanometers.
The valid visualization of delicate and labile
cytoplasmic components requires fixation of the
live matter in as natural a state as is possible.
Following fixation of the cytoplasm (see above),
the shell is removed for subsequent sectioning.
Dehydrated specimens are then embedded in a
plastic polymer appropriate in hardness and
quality required by the kind of Diatome Diamond
Knife used for sectioning, and the degree of
stability needed during examination with the
TEM.

10.12 Modeling

Numerical Modeling of planktic foraminifers
follows different avenues to better understand
physiology and population dynamics, and finally
the biology and ecological needs of modern
species and assemblages, and the effect of
planktic foraminifers on the marine carbon turn-
over (biogeochemical modeling). Another
approach including sensitivity analyses (Žarić
et al. 2005), and modeling (‘prediction’) of the
species richness and diversity, relative abundance
of species, and test flux, uses empirical input data
from sediment traps and surface sediments (Žarić
et al. 2006). Modeling of the global distribution
and seasonal bias of surface dwelling species in
fossil assemblages using a dynamic ecosystems
approach is targeted at a better understanding of
planktic foraminifers in paleoceanographic
records (Fraile et al. 2008, 2009a, b).

Ecophysiological modeling has been empiri-
cally based, utilizing input data from laboratory
observations and natural distributions of live
individuals, and aims at a more complete quali-
tative and quantitative use of planktic foraminifer
as proxy in paleoecology (Lombard et al. 2009b,
2011; Roy et al. 2015).

Modeling in planktic foraminifer research had
started much earlier, though. A ‘computer
method’ to calculate planktic foraminifer test
architecture and shell growth from simple spheres
was designed in the late 1980s (Ott et al. 1992;
Signes et al. 1993; Łabaj et al. 2003; Tyszka and
Topa 2005). The model includes assumptions on
allometric shell growth, protoplasmic growth, and
ontogeny of planktic foraminifers, and was
designed with a biogeochemical perspective, i.e.
to explain the carbon budget of planktic
foraminifer shell calcite and biomass (Signes
et al. 1993). A following empirical model of
planktic foraminifer carbonate flux in the central
Red Sea includes biological and ecological
information, such as reproduction rate and length
of the reproductive period at the species level (G.
sacculifer). Final goal of the approach was to
enumerate calcite flux pulses, and to quantify
annual calcite budgets (Bijma et al. 1994).
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10.13 Census Data for Assemblage
Analysis

Assemblages of live individuals or empty tests
are analyzed for population dynamics by count-
ing a certain number of individuals. Those
analyses are preferably conveyed at the species
level, or at a higher systematic level (i.e.
morpho-types) if possible. In case of standard
counts carried out with an incident light micro-
scope 80� to 120� magnification, planktic
foraminifer assemblages are analyzed for
morpho-types or morpho-species. The number of
individuals to be counted depends on the number
of morpho-species in a sample, their relative
abundance, and the level of statistical signifi-
cance and confidence to be achieved. It is gen-
erally suggested to count at least 300 specimens
per (whole) sample, i.e. all test-size fractions of
an entire sample or a representative split of a
sample (Patterson and Fishbein 1989).

For example, in case 300 specimens are coun-
ted from a sample, and the relative abundance of
any species is found to be 15 %, the corresponding
value of 2r is 4 %. The relative abundance of the
species hence ranges at 15 ± 4 %, i.e. between 11
and 19 %, at a 95 % confidence (van der Plas and
Tobi 1965; Patterson and Fishbein 1989). The
relative significance of data increases with
increasing relative abundance of a species
(>15 %), and decreases with decreasing relative
abundance (<15 %). Statistically interpretable
data are limited to about 4 % when counting 300
specimens, and to about 2 % when counting 500
specimens (Fig. 10.9). For reasonable interpreta-
tion of the distribution of rare species, large
numbers of specimens need to be classified and
counted, a task, which is rather time consuming.
Automated methods in microscopy and image
analysis have been developed to speed up and
facilitate otherwise time consuming analyses (see
chapter on Automated Microscopy above).

Species diversity is one of the basic measures
of assemblages, which can be deduced from
count data. The simplest measure of diversity is
‘species richness’, i.e. the number of species in a
sample. ‘Species richness’ does neither account

for the size of sample, i.e. number of specimens
counted in total, nor for the relative frequency of
species within the sample. A more complete
description of species diversity is provided by
indices such as the Fisher a index, and the
Shannon-Wiener index.

The Fisher a index is used to assess species
diversity in a sample, and to estimate species
diversity of large samples from numbers obtained
from smaller sub-samples (Fisher et al. 1943;
Murray 2006). The same is done in ecology by
the ‘rarefaction’ method to assess species rich-
ness (‘rarefaction curves’). Rarefaction curves
are produced by continuously plotting the num-
bers of specimens of each classified species while
counting.

The Shannon-Wiener index (H′) is easy to
calculate, and in combination with the ‘evenness’
(E) provides a rather complete description of
diversity (Shannon 1948; Shannon and Weaver
1963; Hayek and Buzas 1997).
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Fig. 10.9 Reliability of test counting results. Curves
with percentages give 2r values. At 300 tests counted,
lowest interpretable numbers range at 4 %, i.e. 4 ± 2 %
at 50 % rel. r). Fields in the lower right and left corner
are not valid. Redrawn after van der Plas and Tobi (1965)
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H0 ¼ �
Xn

i¼1

pi ln pi ði ¼ 1 to n) ð10:1Þ

with pi being the proportion (numbers � 1, i.e.
per cent divided by 100) of the ith species in a
sample, and ln being the natural logarithm. H′
hence combines information on the number of
species present in a sample, and the relative
abundance of species. Similar H′ may be pro-
duced by different combinations of species dis-
tributions. For a complete and unequivocal
description of species diversity in a sample,
‘evenness’ (0 � EH � 1) or ‘equitability’ pro-
vides a measure of the balance of the distribution
of species in a given sample, with S being the
total number of species present in a sample.

EH ¼ H0=Hmax ¼ H0= ln S ð10:2Þ

10.13.1 Statistical Analysis
of Assemblage Data

Simple linear regression of least squares is the
basic statistical method applied for the compar-
ison of data. Resulting correlation coefficient,
standard error, standard deviation, and probabil-
ity (p-values) are used for a statistical description
of the distribution of data. Student’s t-test and F-
test are applied for the comparison of two pop-
ulations of data. In case more than two popula-
tions data are to be compared, an Analysis of
Variance (ANOVA) may be carried out.

Multivariate analyses may be employed to
group information from data, and to visualize
information of large and complex data sets.
Cluster analyses produce dendrograms, in which
data are grouped in clusters. Differences between
clusters (i.e. groups) are expressed as distances.
Multidimensional correlation of data is called
factor analysis. Factor analysis produces groups
of data called factors. Factors and clusters may
be produced by different methods, and by the
use of different algorithms. Software packages
allow easy application of multivariate methods,
and production of multivariate data. In turn,

interpretation of the resulting data might be more
difficult than the production of results, and it is
strongly advised to seek the help of an expert for
reasonable interpretation of data.

10.13.2 Analyses of Test Size Data

Ontogenetic development of planktic foraminifer
tests occurs at intervals by adding new chambers
to the test. Test size of individuals, and size dis-
tribution of assemblages may hence be analyzed
either from sieve-size classes or discrete size data
(Peeters et al. 1999; Schiebel and Hemleben 2000;
Schmidt 2002; Beer et al. 2010b). To account for
smaller test-size increments when adding smaller
chambers at earlier ontogenetic stages, and larger
increments later in ontogeny, sieve-size intervals
should increase with foraminifer test size (see
above). Discrete size measurement such as, for
example, from image analyses, provides more
detailed data than sieve-size analyses. However,
sieve-size effects may be averaged out when large
numbers of specimens are analyzed. In addition,
any methodological affects caused by sieving, and
physical damage of tests, are largely avoided in
image analyses.

Size-distributions of planktic foraminifer test
assemblages are inherently incomplete to some
degree for test-sizes close to the sampling
mesh-size (e.g., � 100 µm). Small specimens
near the sampling mesh-size may be missed, and
very small specimens just below the sampling
size may be included. The latter are easily iden-
tified during later analytical steps, and may be
excluded from further analyses. Missing of the
former may be detected by cohort analysis: The
number of individuals should increase with
decreasing size (Fig. 10.10), or decrease to a
reproducible degree (Peeters et al. 1999). If this is
not the case, and the smallest sampled size-class
contains fewer individuals than the second
smallest size class, a methodological (sampling)
error may be the reason (Schmidt 2002). An
introduction to the theoretical background of
natural, i.e. biological and ecological effects on
body size is given by Schmidt et al. (2006).
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Fig. 10.10 Interpretation of size frequency distributions
of planktic foraminifer species and assemblages from
plankton net samples, sediment traps, and surface sedi-
ments. a Frequency normalization per size fraction may
be applied if widths of size fractions are not equidistant.
b Curve fitting to obtain a size frequency distribution in
large assemblages. The size of any foraminifer species
within a size fraction may finally be represented by a

single value, i.e. the mean of all size fractions. c Expo-
nential and normal distribution may explain ‘hidden’
cohorts in count data. The sum of both cohorts yields the
size frequency distribution of the whole assemblage.
d Cohorts of three species (A, B, C) with different
size-frequency distributions, caused by (e) differences in
relative abundance and test size within a hypothetical
sample. After Peeters et al. (1999)
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When analyzing test-size data at the species
level, it should be accounted for mortality rates
and reproduction rates of pre-adult and adult
cohorts, respectively (Schiebel et al. 1995;
Peeters et al. 1999). Assemblage size-analyses
may include size-effects caused by both cohorts
of the same species, and size differences between
species (Fig. 10.10). Bimodel or polymodal size-
distribution of the same species within a sample
may also indicate mixing of populations, and
expatriation/immigration of individuals by cur-
rents. The same is true for size-sorted assem-
blages, which may be cut off at either side, and
hence lack either small (juvenile) or large (adult)
individuals.

10.13.3 Transfer Functions

Transfer functions are a suite of statistical
methods used in paleoceanography to reconstruct
past environmental conditions from the distribu-
tion of microfossils (e.g., Imbrie and Kipp 1971;
Hutson 1977; Sachs et al. 1977; Vincent and
Berger 1981; Fischer and Wefer 1999; Guiot and
de Vernal 2007, and references therein). Planktic
foraminifers are employed in transfer calcula-
tions due to their wide distribution, and relatively
well-known paleo-biogeography in relation to
modern distribution patterns and environmental
parameters. Transfer functions have classically
been used to reconstruct Sea Surface Tempera-
ture (SST). Today, transfer calculations are also
employed to reconstruct any other (paleo-)
environmental parameter, which is sufficiently
resolved in the paleo-record (i.e. down-core) and
modern assemblages (i.e. regional coverage of
surface sediment samples), provided sufficient
sensitivity at the species to assemblage level.

The most simple equation to calculate average
temperature (Test) from planktic foraminifer
assemblage data, i.e. the ratios of species (pi) and
their optimum temperature conditions (ti) is
given by Berger (1969) as

Test ¼
X

piti=
X

pi i ¼ 1 to nð Þ

Imbrie and Kipp (1971) developed a concep-
tual ecological model of species abundance in
relation to environmental parameters. The trans-
fer function of Imbrie and Kipp (1971) includes
coefficients, which account for various environ-
mental and biological effects other than temper-
ature, which affect the differential distribution of
planktic foraminifer species:

Pest ¼ k0 þ k1Aþ k2Bþ � � � þ knX ð10:4Þ

with P being the environmental parameter to be
reconstructed, k being the empirically derived
regression coefficients, and A to X being the
ratios of species (of statistically significant
abundance!) from census counts. The Imbrie and
Kipp (1971) model applies the results of factor
analysis (multivariate statistical regression) of
planktic forminifer census counts, and synthetic
variables characteristic of five assemblage groups
(i.e. tropical, subtropical, polar, sub-polar, and
‘gyre margin’), to obtain more refined tempera-
ture reconstruction (see, e.g., CLIMAP 1976).
Apart from the quality of down-core census
counts, the quality of transfer calculations cru-
cially depends on the accuracy of the modern
dataset compiled from surface sediment samples
(e.g., Hilbrecht 1996; Pflaumann et al. 1996;
Kucera et al. 2005).

New transfer methods have been developed
from the classical method of Imbrie and Kipp
(1971), including the Modern Analogue Tech-
niques (MAT, Hutson 1980; and SIMMAX,
Pflaumann et al. 1996), Artificial Neural Net-
works (ANN, e.g., Malmgren and Nordlund
1996), and the Revised Analogue Method
(RAM, Waelbroeck et al. 1998) (for a review see
Guiot and de Vernal 2007). All of those methods
are based on modern analogue data from surface
sediments. Unfortunately, the geographical and
temporal coverage of data on live planktic
foraminifers is too incomplete to be applied as
modern analogue in transfer calculations. In
addition, assemblage data from surface sediments
do better represent down-core assemblages both
of which having experienced alteration during
sedimentation. In turn, ecological data directly
derived from live planktic foraminifers (e.g.,
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Lombard et al. 2011) would possibly improve the
accuracy of transfer calculations.

Transfer calculations using planktic
foraminifers are largely limited to the Quaternary.
Modern analogues could possibly not be applied
to time-intervals much older than Quaternary,
since ecological demands of species, and the
composition of species assemblages have evolved
over geological periods of time (cf. De Vargas
and Pawlowski 1998). In addition, transfer cal-
culations are limited to the regional scale, or the
scale of oceans basins at maximum, depending on
the coverage of the surface (analogue) data (cf.
Pflaumann et al. 1996). The regional distribution
of planktic foraminifer species, i.e. morphotypes,
and more importantly genotypes (e.g., Darling
and Wade 2008, see Chaps. 2 and 7) with varying
ecological demands, further limits the regional
applicability of transfer calculations. Transfer
functions are hence inherently based on simpli-
fication, since it is impossible to account for the
entire complexity of abiotic and biotic parame-
ters. However, transfer calculations may still
produce non-analogue situations at the regional
scale, resulting from the degree of (falsely)
assumed analogy and model calibration, and so
far unidentified changes of environmental and
biological prerequisites over time (e.g., Guiot and
de Vernal 2007).

Transfer calculations on planktic foraminifers
have been applied to the Quaternary North and
South Atlantic Ocean, and Indian Ocean with
great success, facilitated by the good preserva-
tion of planktic foraminifer tests (e.g., Vincent
and Berger 1981; Dittert et al. 1999, and refer-
ences therein). In general, transfer calculations
based on planktic foraminifers have been among
the most valuable tools in paleoceanography over
the past 40 years, and have greatly advanced our
understanding of the changing oceans and cli-
mates during the Quaternary. In addition to
temperature reconstruction, other parameters like
primary productivity have been reconstructed
with transfer functions (Ivanova et al. 2003).
Like any other tool in paleoceanography, transfer
functions are ideally applied in a multi-proxy
approach, i.e. in combination with data on, for
example, stable and radioactive isotopes, and

element ratios (e.g., Fischer and Wefer 1999, and
references therein; see Chap. 9).

10.14 Applications

Planktic foraminifers are widely used proxies in
many fields of academic and commercial appli-
cations such as, for example, paleoceanography,
biostratigraphy, and hydrocarbon exploration.
Planktic foraminifer tests are ubiquitously used
in paleoceanograhy, and have been reported
‘intelligent design for paleocenography’ (Jona-
than Erez, Hebrew University of Jerusalem, oral
communication), and ‘paleo-argo floats’ (Andy
Ridgwell, UC Riverside, oral communication).
The application of planktic foraminifers goes
beyond the use in biostratigraphy and paleo-
ceanography, facilitated by technological and
new methodological approaches. New approa-
ches employ planktic foraminfers for the moni-
toring of ecological impacts of wastewater
disposal by, for example, hydrocarbon industries.
In addition, test production of planktic fora-
minifers may provide a measure of ocean acidi-
fication, and anthropogenic impact other than
CO2 emissions. Since planktic foraminifer pro-
duction is affected by, and does affect, the global
carbon cycle, planktic foraminifers may indicate
and mitigate environmental change on various
temporal and spatial scales.

Considering biological, biogeochemical, eco-
logical, and sedimentological processes, planktic
foraminifers provide powerful tools to recon-
struct ancient marine systems and climatic con-
ditions (e.g., Vincent and Berger 1981;
Shackleton 1987; Sarnthein et al. 2003; Kucera
et al. 2005; Kucera 2007). In addition to the
obvious use of planktic foraminifer in paleo-
ceanographic and paleoecological analyses,
planktic foraminifers provide useful proxy data
in all kinds of studies of the marine carbonate
system, over centennial to orbital (Milankovitch)
time-scales (e.g., Rohling et al. 2012). Con-
tributing a significant amount to the marine
planktic biomass at the lower heterotrophic level
(Buitenhuis et al. 2013), planktic foraminifers are
actively contributing to the marine carbon
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turnover, and are not only ‘passive’ recorders of
the hydrology of ambient seawater. Considering
this, planktic foraminifers may be taken into
account as active mediators of the past CO2

budget, marine carbon turnover, and for their
specie-specific effects on the regional biogeo-
chemistry and ecology. More specifically,
planktic foraminifers counteract the CO2 draw-
down of the non-calcareous plankton in (iron)
fertilized Southern Ocean waters (Salter et al.
2014), and register decreasing pH of ambient
seawater (Ocean Acidification, OA) at the same
time (de Moel et al. 2009; Moy et al. 2009).

10.14.1 First Example: Ocean
Acidification (OA)

Ocean Acidification (OA) caused by increasing
atmospheric and surface water CO2 concentra-
tion potentially affects production and dissolution
of planktic foraminifer tests. Calcification of
modern planktic foraminifer tests has reduced by
*30 % compared tests from below the surface
mixed sediment layer in the Arabian Sea (de
Moel et al. 2009, G. ruber) and pre-industrial
sediments south of Tasmania (Moy et al. 2009,
G. bulloides), the latter of which were sampled
from Southern Ocean waters being major sink of
modern atmospheric CO2 (Khatiwala et al.
2009). A similar negative feedback of planktic
foraminifer test weight has been shown for
glacial-interglacial CO2 changes using G. bul-
loides from the temperate eastern North Atlantic,
but which was affected by an additional change
in calcification temperature (Barker and Elder-
field 2002). However, all three studies (Barker
and Elderfield 2002; de Moel et al. 2009; Moy
et al. 2009) were carried out at sites of different
surface marine pCO2 and atmospheric CO2

uptake of modern surface ocean waters (Khati-
wala et al. 2009), and hence being source of CO2

(Arabian Sea) or sink of atmospheric CO2 (North
Atlantic and Southern Ocean) on an annual
average (Takahashi et al. 2002).

The size-normalized test weight of the symbiont
bearing G. ruber from Arabian Sea waters shows
only very slight positive relation to CO2�

3 concen-
tration between 170 and 280 µmol kg−1 (Beer
et al. 2010a). In contrast, calcification of symbiont-
barrenG. bulloides from the samewater is strongly
related to ½CO2�

3 � and [CO2] to the opposite
direction asG. ruber (Beer et al. 2010a). The same
CO2-related loss in test weight and calcite pro-
duction of*30 % of the two speciesG. ruber and
G. bulloides, although reported from different
water masses, is hence not easy to explain. An
alternative and much easier explanation of
decreasing test calcite mass from the pre-industrial
to modern ocean would be the dissolution of tests
during sedimentation (e.g., Berger and Piper 1972;
Lohmann 1995; Broecker and Clark 2001a). Dis-
solution of tests at decreasing ½CO2�

3 � and X, and
increasing pH in the subsurface water column
(Schiebel et al. 2007) and in surface sediments
would result in weight-loss and shell-thinning of
all species only depending on their dissolution
susceptibility (see Dittert et al. 1999, and refer-
ences therein). In addition, dissolution at deeper
water bodies would be much less regional and
much less affected by seasonal changes and hence
more balanced than changes in calcite production
in surface waters.

The effect of OA and decreasing pH on the
calcite production of planktic foraminifers, and
between different symbiont-barren and bearing
species is not yet well understood. In case
planktic foraminifers would be able to adjust to
increasing CO2 in the same way as coccol-
ithophores by selecting for those species (clones),
which are capable to sustain (or enhance) calci-
fication (Lohbeck et al. 2012), OA might not
affect planktic foraminifer calcite production at
the global scale. Future planktic foraminifer cal-
cite production might hence be even more dom-
inated by symbiont bearing species capable of
compensating for CO2 increase (Köhler-Rink and
Kühl 2005), and shift towards subtropical and
tropical waters of high year-round radiation sus-
taining symbiont activity.
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10.14.2 Second Example: Sapropel
Formation

Formation of Mediterranean sapropels during
anoxic events has been reconstructed in detail
from planktic foraminifer population dynamics,
and stable isotope analysis of major planktic
foraminifer species in combination with other
structural (e.g., alkenones, TEX86) and chemical
(e.g., Ti/Al ratio) proxies of temperature and
terrestrial input (e.g., Weldeab et al. 2002;
Rohling et al. 2004; Hayes et al. 2005; Castañeda
et al. 2010; Hennekam et al. 2014; Mojtahid et al.
2015). Diachronous shifts of stable isotope
values across the Eemian Sapropel S5, and
the presence/absence of different planktic

foraminifer species (Fig. 10.11) are assessed to
reconstruct changes in seasonality (Globigeri-
noides ruber white and Globigerinoides sac-
culifer relative to Neogloboquadrina incompta),
stratification of surface to subsurface water
masses (G. ruber white relative to G. scitula),
surface water salinity and riverine runoff (d18O of
G. ruber white relative to O. universa), and
trophic state of water masses (d13C of O. uni-
versa and G. sacculifer).

The multi-species planktic foraminifer study
of Rohling et al. (2004) confirms significantly
increased freshwater input, enhanced biological
productivity, shoaling of the pycnocline, and
stagnation of subsurface circulation during
sapropel formation, relative to non-sapropel

Fig. 10.11 Stable oxygen isotope and alkenone SST
records of Sapropel S5 from three sites in the eastern
Mediterranean. d18O of the three planktic foraminifer
species N. pachyderma, G. ruber, and G. scitula show
differential reactions to changing environmental condi-
tions, resulting from different dwelling depth and auteco-
logical prerequisites. The subsurface-dwelling G. scitula
(green symbols) disappears during S5, possibly cause by
increasing oxygen deficiency in the subsurface water

column. d18O values of surface-dwelling G. ruber
(symbiont-bearing) and N. incompta (i.e. N. pachyderma
d, symbiont-barren) indicate different synecological and
autecological reactions, which may display differences in
seasonality, ambient water temperature, salinity, and
trophic conditions. The scale of SST records is adjusted
to 1 °C corresponding to 0.23 ‰ on the d18O scales.
From Rohling et al. (2004), and references therein
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conditions in the eastern Mediterranean (cf.
Rossignol-Strick et al. 1982). A similar scenario
is assumed from planktic foraminifer assemblage
counts and morphometric data during formation
of the Holocene Sapropel S1 (Mojtahid et al.
2015). Significantly increased test sizes of both
types of G. ruber white sensu stricto and sensu
lato (see Chap. 2 Classification) during sapropel
conditions indicate increased Nile River fresh-
water runoff, in combination with Ti/Al ratios
(Hennekam et al. 2014). It is assumed that
freshening of surface waters off the Nile River
delta caused impaired ecological conditions, and
delayed reproduction of planktic foraminifers,
which led to prolonged maturity and growth of
large individuals (Fig. 10.12). Finally, planktic
foraminifer based proxies are applied in combi-
nation with additional chemical and structural

proxies such as Sr and Nd isotope ratios, Uk0
37 and

TEX86 records to achieve maximum information,
and facilitate comprehensive syntheses of the
paleo-environment and paleoclimate.

The two examples on Ocean Acidification and
Sapropel Formation presented above in brief
merely indicate to which extent foraminifers can
be employed as proxies in paleoceanography,
climate research, and stratigraphy. The entire
application spectrum is not limited to the

chemical elements and isotopes discussed above,
but includes a wide range of chemical elements
and isotopes (e.g., Henderson 2002), and beyond
the limits of current knowledge and feasibility.
Options multiply when applying the range of
methods (chemical and physical) and proxies to
the different foraminifer species including mor-
photypes and genotypes. Moreover, certain
proxies are applicable as multi-purpose tools. For
example, stable oxygen isotopes yield informa-
tion on the environment (e.g., temperature,
salinity, and ice volume) and stratigraphy at the
same time (Fig. 10.11). When adding data on
population dynamics (e.g., species’ abundance)
and the morphometry of individual tests and
entire assemblages (e.g., calcite mass, test size,
and porosity; Fig. 10.12), information again
multiplies. The ultrastructure and composition of
the organic tissues (e.g., N isotopes; Ren et al.
2009, 2012a) of foraminifers has not yet been
analyzed to its full extent, and will add another
new scope to the understanding of foraminifers
and their applicability. Modern technology such
as LA-ICP-MS and NanoSIMS provides detailed
fine-scale data, for example, on diurnal changes in
calcification under varying environmental condi-
tions (e.g., Spero et al. 2015). Finally, comple-
mentary data from non-foraminifer proxies

Fig. 10.12 Changes in minimum test diameter (MTD) of
a G. ruber white sensu lato (s.l.) and G. ruber white sensu
stricto (s.s.), in relation summer (June, July, August, JJA)
insolation at 30°N. Summer insolation at 30°N affects
Indian monsoons, precipitation at the sources of the White

Nile and Blue Nile, and runoff of Nile waters into the
eastern Mediterranean Sea. S1a and S1b indicate
time-periods of early and late Sapropel S1 formation,
respectively. After Mojtahid et al. (2015)

332 10 Methods

http://dx.doi.org/10.1007/978-3-662-50297-6_2


comprise important information (e.g., Fischer and
Wefer 1999), and synergetic effects foster a better
systematic understanding and quantification of
processes and budgets of the changing ocean.
Along with the rapid technological development,
new questions and challenges will arise, and
remedy may be provided. Ultimate goal of the
community effort in (paleo-) environment and
climate research are implementation in programs
for a more sustainable management of the ocean
and climate, and to preserve a habitable planet.
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Allometry The study of body shape and size.

Amino acid Organic compound for the pro-
duction of protein polymers composed of
carbon, nitrogen, oxygen, hydrogen, and
sometimes sulfur.

Amphipod Crustacean with laterally com-
pressed bodies.

Annulate lamella (pl. lamellae) Concentric or
parallel arrays of membranous flattened sac-
cules interrupted by pores produced prior to
gametogenesis and providing the double
membrane envelope of the gamete nuclei.

Aperture Opening in last formed chamber.

Aposymbiosis Obligatory symbiotic organisms
living independently, usually involving neg-
ative effects for both host and symbiont.

Artemia nauplius (pl. nauplii) The early
developmental stages of the brine shrimp
belonging to the genus Artemia.

Asexual reproduction Reproduction by divi-
sion of the parent organism without formation
of gametes, producing offspring almost iden-
tical to the parent.

Autecology The relationship of an individual
organism to its abiotic and biotic
environment.

Benthic Living on the substratum or attached to
the surface of fixed or floating matter.

Bilamellar wall Primary wall composed of a
primary organic membrane separating two

calcite lamellae. The outer layer is deposited
concurrently over the exterior of previously
built chambers.

Bubble capsule Cytoplasmic alveoli surround-
ing the test of Hastigerina pelagica, resem-
bling a mass of soap bubbles.

Calanoid copepod Abundant small marine
crustacean with elongated ovoid forebody,
which is clearly distinct from the abdomen.
Only one thoracic segment is fused with the
head.

Calcite crust Secretion of calcite over the
exterior of the foraminifer test late in
ontogeny.

Carnivore An organism that preys upon
animals.

CCD, Calcite Compensation Depth Level in
the water column where the deposition of
calcite equals the dissolution of calcite.

Chlorophyll Green pigment in plants (including
algae), which absorbs light, and serves as a
photocatalyst in photosynthesis.

Chrysomonad Flagellate belonging to the
Order Chrysomonadina.

Chrysophycophyte Eclectic group of algae
characterized by yellow-green pigmentation.

Coccoid alga (pl. algae) Altered state compared
to free-living algae, often characterized by
loss of changes in the thecal wall (when pre-
sent). Symbiotic algae in planktic
foraminifers.

Glossary

© Springer-Verlag Berlin Heidelberg 2017
R. Schiebel and C. Hemleben, Planktic Foraminifers in the Modern Ocean,
DOI 10.1007/978-3-662-50297-6

345



Coccolithophorid Photosynthetic marine
gold-brown alga secreting a sphere of calcite
platelets (liths) of species-specific morphol-
ogy (from mid Triassic to Recent).

Commensalism Association between two
organisms where neither member is harmed,
and only one of the associates may benefit.

Copepod Small marine crustacean divided into
head, thorax bearing appendices, and abdo-
men without appendices. The head smoothly
merges into the thorax without distinct
segmentation.

Cope’s rule Following Cope’s rule, species
increase in body size over evolutionary time.

Cristae Inward folds or sacs attached to the
inner membrane of the mitochondrion.

Cyanophyte Bacterium with blue-green pig-
mentation composed of chlorophylls, car-
otenoids, c-phycocyanin, and
c-phycoerythrin.

Cyclopoid copepod Marine crustaceans resem-
bling calanoid copepods, but usually produc-
ing a more ovoid body. The first and
sometimes the second thoracic segment is
fused with the head.

Cytoplasm Living substance of the cell includ-
ing the nucleus and other cell organelles.

Cytoskeletal structures Intracytoplasmic sup-
portive structures including microtubules, and
in some cases microfilaments.

Deep Chlorophyll Maximum Maximum in
chlorophyll concentration, usually at the base
of the surface mixed layer of the ocean or in a
lake.

Deuteroconch Second chamber formed follow-
ing the proloculus.

Diatom Alga producing siliceous shells called
frustrules composed of two halves resembling
a Camembert (cheese from Normandy,
France) box (from Jurassic to Recent).

Dinoflagellate Alga bearing a flagellated theca
(wall) composed of closely intercalated seg-
ments (thecal plates), and non-flagellated

cysts formed of dinosporin, the latter being
well fossilized from the upper Triassic.

Dioecious Reproduction from gametes of two
different parents.

DNA Desoxyribonucleic acid, Nitrogen-contain-
ing sugar-phosphate compound forming the
chromatin polymers in the chromosomes.

Endoplasmatic reticulum (ER) Intracellular
canal-like, membranous network penetrating
deeply into the cytoplasm, and possibly pro-
viding cisternae for the transport of substances
throughout the cell.

Enzyme Biological catalyst composed of pro-
tein, which controls the rate and direction of
metabolic processes.

Euhedral Crystal or crystallite with
well-developed crystal boundaries.

Euphausid Marine planktic crustacean ranging
from 5 to 30 cm in length. Most species
possess luminous organs.

Euphotic Zone Sunlit surface waters supporting
photosynthesis.

Euryhaline Organism tolerating a wide range of
salinities.

Eurythermal Organism tolerating a wide range
of temperatures.

Eutrophic Environment with high nutrient
concentration and high biological production.

Fibrillar body Vacuolar-bound fibrillar mass
within the cytoplasm of planktic foraminifers,
with species-specific fine structural features.
May serve as flotation device.

Filopodium (pl. filopodia) Long, thin rhi-
zopodium without internal stiffened rod.
Micro-tubule bundles forming axonemes.

Galactose A six-carbon sugar.

Gamete Haploid reproductive cell, which fuses
with another gamete to yield a zygote and
initiate the next diploid generation.

Gametogenesis Production of gametes during
reproduction.
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Gametogenic calcification Calcification prior to
gametogenesis (facultative) producing an
additional, more or less continuous layer of
calcite on top of the test wall.

Genetic code Inherited information contained
within DNA in a cell or the base sequence
(nucleotide sequence) of a gene, which con-
tains the information to direct the synthesis of
a specific protein.

Genotype Specific genetic composition of an
organism.

Glucose A six-carbon sugar.

Glutaraldehyde A pentane dialdehyde
(CH2(CH2CHO)2) used as a fixative of
organic matter for Transmission Electron
Microscopy (TEM).

Glycerol A three carbon tri-hydroxy alcohol,
serving in esterification of fatly acids to form
storage lipids.

Golgi apparatus Golgi complex, Golgi body,
Intracellular organelle forming a
horseshoe-shaped or fan-shaped stack of cis-
ternae, which produce secretory vesicles near
the periphery. Origin of some lysosomes and
secretory vesicles distributed throughout the
cell.

Halocline Horizon with strong vertical salinity
gradient over a certain water depth.

Harpacticoid copepod Marine crustacean less
than 1 mm in size, often benthic and some
pelagic, with long slender bodies, and lacking
distinctly visible body segmentation.

Herbivore An organism that preys upon plants.

Heteropod Pelagic gastropod (snail) with a
translucent body, wing-like appendages, and
some with an aragonite shell.

HNLC High-Nutrient Low-Chlorophyll, ocea-
nic region, where primary production is lim-
ited in micronutrient (often iron, Fe)
concentration, or dominated by grazers.
Vast HNLC regions are the Southern Ocean
and the equatorial Pacific.

Holoplankton Planktic organism, which floats
in the open water column during the entire
ontogenetic development.

Holothurian Echinoderms with elongate
cucumber shaped body (sea cucumber).

Hydrolysate Chemically degraded organic
compound reduced to the individual mono-
meric component.

Inner Organic Lining (IOL) Thick, dense
layer between the inner test surface and the
internal cytoplasm of planktic foraminifers.

Isotope Atom with the same number of protons,
and differing numbers of neutrons.

K-selection Species with a survival strategy
based on carrying capacity, i.e. low growth
rate and long life expectancy (see also
r-selection).

Lipid Oily substance forming food reserves
within the cytoplasm, and a significant com-
ponent of cellular membranes.

Lunar periodicity The synodic cycle of the
moon phases with a period of 29.5 days.

Lysocline The level in the water column where
commencing dissolution of calcite (calcite
lysocline) or aragonite (aragonite lysocline)
reaches 10 % (or 20 %, depending on
definition).

Lysosome Digestive vacuole possessing hydro-
lytic enzymes, which perform digestion. The
primary lysosome originates from the Golgi
complex or from the endoplasmatic reticulum.

Mesoscale Expression in oceanography to clas-
sify hydrologic structures such as eddies with
an average diameter of about 100 to 200 km.

Mesotrophic Environment with medium levels
of nutrients and intermediate biological
production.

Microfilament A fine intracellular protein fila-
ment (perhaps composed of actin, a contrac-
tile protein) approximately 6 nm in diameter.

Microtubule A slender intracellular tubule
about 30 nm in diameter composed of protein
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and forming a cytoskeletal framework within
the cell.

Miliolid foraminifer Benthic foraminifer with
test of high magnesium calcite and needle-like
ultrastructure.

Mitochondrion (pl. mitochondria) Subcellular
organelle enveloped by a double membrane
enclosing enzyme systems. Mediating aerobic
metabolism including glucose and fat meta-
bolism, resulting in the production of
high-energy compounds (e.g., ATP) utilized
to drive cellular processes.

Monoecious Reproduction from gametes of the
same parent.

Morphogenesis The origin of form in a living
system, and the pattern of development of an
organism during ontogeny.

Morphology Form and structure of an
organism.

Mucocyst Cytoplasmic organelle containing an
ejectable mucoid mass.

Neanic Growth stage between juvenile and adult
stage.

Nucleus Cell organelle containing much of the
genetic information (chromosomes), and is
the center for coordination of cellular activity.

Nutrient Substance used to obtain energy or to
sustain metabolic activity.

Nutrition Mode of gaining energy, source of
nutrients and food and their transformation to
sustain life activities.

Oligotrophic Environment with low levels of
nutrients and limited biological production

Omnivore An organism that preys upon plants,
animals, and other food sources.

Ontogeny Process of growth and development
of an organism from inception of growth to
maturity.

Organelle Structure within a cell that serves a
particular function (e.g., mitochondrion,
lysosome, Golgi body).

Osmium tetroxide (OsO4) Oxide of the heavy
metal osmium, which is used in buffered
aqueous solution as a fixative and stain in
electron microscopy.

Ostracod Small crustacean with mostly cal-
careous carapace formed of two valves, from
Ordovician to Recent.

Paleoecology The reconstructed ancient
environment.

Parapatric Occurring next to each other. Close
neighbors (see also sympatric).

Parasitism Association between two organisms
with one of them profiting to the expense of
the other.

Perialgal vacuole Vacuole enclosing an algal
symbiont surrounded by a cellular membrane,
which may serve as a specialized barrier for
appropriate isolation of the alga from the host
cytoplasm.

Peroxisome Intracytoplasmic organelle sur-
rounded by a single membrane, and contain-
ing a lightly granular matrix sometimes with a
membranous or crystalline inclusion.

Phenotype Physical characteristics of an
organism resulting from the combined effects
of generic and environmental factors during
development of the organism. In contrast to
genotype, and genetic characteristics of an
organism.

Photosynthesis Production of carbon-containing
compounds from inorganic carbon using the
energy of light.

Phylogeny The evolutionary development of
taxa.

Planispiral Test coiling in one plane producing
a bilateral symmetry.

Plankton Organism with a floating life habit,
and limited and undirected motility, hence
being moved by currents.

Plasma membrane Outer membrane surround-
ing a cell and regulating the exchange of
material between cell and environment.
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Polychaete Annelid worm (related to the earth-
worm). A group of organisms, which includes
most of the marine segmented worms.

Population All individuals of a species in an
area.

Population dynamics Changes within popula-
tions (individuals or groups of individuals)
related to environmental change.

Pore Small canal penetrating the shell wall and
closed by an organic membrane sometimes
containing micropores.

Prasinophyte Alga belonging to the class
Prasinophyceae characterized by tiny scales
covering the flagella, and bearing a nucleus,
which protrudes into the pyrenoid in some
species.

Primary lysosome Vesicle containing digestive
enzymes, which are destined to catalyze the
hydrolytic decomposition of food in sec-
ondary lysosomes produced by fusion of the
primary lysosome with a food vacuole.

Primary Organic Membrane (POM) Organic
layer between the two first-formed calcite
layers of rotaliid test walls in continuation
with the pore plate. Nucleation site of calcite
deposition in a bilamellar wall.

Proloculus First-formed chamber in
foraminifers.

Protista Group of organisms encompassing the
classical ‘protozoa’ possessing a true nucleus
enclosed within a membranous envelope.

Pseudopodium (pl. pseudopodia) Specialized
cytoplasmic projections, which serve loco-
motion, feeding, and other physiological
functions.

Pteropods Obsolete term used for a poly-
phyletic group of pelagic gastropods com-
bining the systematic orders Thecosomata and
Gymnosomata, in which the foot is modified
for swimming, and an aragonite shell may be
present or absent (from Miocene to Recent).

Pustule Small protuberance of the test wall with
internal layers following the contour of the

wall, serving as attachment site for the
rhizopodia.

Pycnocline Horizon with strong vertical density
gradient over a certain water depth.

Pyrenoid Subcellular organelle associated with
the plastid, and a site of starch accumulation
during photosynthesis.

Radiolaria Marine protozoa secreting siliceous
skeletons with axopodia radiating from a
central cell body surrounded by a porous
organic wall (central capsule).

Rhizopodium (pl. rhizopodia) Fine pseudopo-
dia with a branching or reticulate pattern.

Rhodophyceae Red-pigmented algae.

Ribosome Small cellular organelle about 20 nm
in size, composed of a small and a large
subunit, and aiding in protein synthesis.

Rough endoplasmatic reticulum Site of pro-
tein synthesis. Ribosomes are attached to the
cytoplasmic surface of the endoplasmatic
reticulum, causing a granular appearance.

r-selection Species with a survival strategy
based on high growth rate and production of a
large number of offspring (see also
K-selection).

Salp (pl. salps) Translucent planktic tunicate up
to 10 cm in size.

Schizogamy Production of gametes by nuclear
proliferation and cytoplasmic fission.

SCUBA Self-contained underwater breathing
apparatus.

Secondary aperture Additional aperture on
spiral side of the test.

Sediment trap Device to collect particles from
the water column.

Sergestid (pl. sergestids) Group of marine
polychaete worms.

Sexual reproduction Reproduction by gamete
formation and their fusion (syngamy) to form
a zygote, the earliest stage of a new
individual.
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Smooth endoplasmatic reticulum A site of
lipid synthesis. Endoplasmatic reticulum
without ribosomes.

Spine Thin calcite projection anchored within
the test wall like a fence pole, leaving char-
acteristic holes after spine shedding during
gametogenesis. Evolved in the early
Cenozoic.

Spinose (adj.) Presence of surface spines on the
test of planktic foraminifers.

Streptospiral Irregular coiling.

Subhedral Crystals or crystallites with partially
developed boundaries.

Suture Depression between two adjacent
chambers.

Symbiosis Structural and physiological associ-
ation between two organisms and mutual
benefit. Symbiont and host are usually of
different taxonomic status. In planktic for-
aminifers, symbionts are exclusively algal
cells.

Sympatric Occurring together in the same area
(see also parapatric).

Synecology Interactions of species with one
another and their environment affecting their
abundance and reproductive continuity.

Syngamy Fusion of gametes to produce a
zygote.

Terebellid Group of marine polychaete worms.

Thermocline Horizon with strong vertical tem-
perature gradient over a certain water depth

Thylakoid Internal membrane in plastids con-
taining photosynthetic pigments.

Tintinnid Marine ciliate typically forming a
conical or trumpet-shaped lorica, either
formed by secreted organic substance, or by
small agglutinated particles gathered from the
environment.

Trochospiral Coiling in a spiral resembling a
conical snail shell, producing an asymmetric
test with different umbilical and spiral sides.

Trophic activity Mode of feeding activity
including the quantity, kind, and range of prey
consumed, and the physiological mechanisms
for prey apprehension, ingestion, and
digestion.

Tunicate Sac-like animal, either benthic or
pelagic, belonging to the chordate subphylum.

Tychopelagic Adopted planktic (pelagic)
life-style of generally benthic organisms,
which are transported into the open water
column, for example, by currents.

Vesicle Small membrane-bound secretory body
about 0.1 µm in size, with the appearance of a
small vacuole.

Zooxantella (pl. Zooxantellae) Alga associated
with a host, usually in symbiosis, and pos-
sessing a yellow-green pigment. For compar-
ison, Zoochlorellae produce a green pigment.

Zygote Diploid cell produced by the fusion of
gametes, capable of developing into a mature
organism.
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A
Absolute age, 264
Absolute dating, 320
Acantharians, 133, 136
Accelerator Mass Spectrometry (AMS), 320
Accessory apertures, 91
ACD, 254
Acetaldehyde, 122
Acetone, 308
Adenosine triphosphate (ATP), 122
Adhesive substance, 124, 129
Adult, 11, 45
Agarose gel-electrophoresis, 311
Agar sol, 307
Aggregates, 245, 250
Alcohol, 122, 307, 308
Algae, 59
Algal symbionts, 142
Alimentation, 210
Alkalinity, 197
Alkenones, 331
Allometric shell growth, 324
Allopatric, 32
Amino acid, 14, 202
Amphipods, 131
Amphistegina, 200
Amphistegina lobifera, 190, 198
Ampullate, 49, 50, 55
Analysis of Variance (ANOVA), 326
Animal prey, 129
Animal tissue, 129
Anlage, 185
Annulate, 124
Annulate lamellae, 162, 166
Apertural flange, 51
Apertural flaps, 51
Apertural lip, 189
Apertural rim, 50
Apertures, 13, 45
Aposymbiotic, 144
Apstein net, 296, 298
Aragonite, 255
Artemia, 134
Artemia nauplii, 134, 315
Artificial Neural Networks (ANN), 328

Automated particle analysis, 322
Automatical multiple alignment, 311
Automatic Barcode Gap Discovery (ABGD), 312
Autumn-production, 216

B
Bacteria, 124, 129
Ballast, 250
Barium, 284
Bayesian Inference (BI), 312
Bayesian phylogenetic analysis, 312
Benthic, 12
Benthic foraminifers, 142, 202
Bicarbonate, 267
Bicinchoninic method, 320
Bidirectional streaming, 114
Biflagellated, 162
Bilamellar, 13, 15, 53, 89, 187, 190, 193
Binary fission, 122, 164
Bioerosion, 154
Biogeochemical modeling, 324
Biogeochemistry, 13
Biogeographic, 222
Biogeographic variability, 11
Biological carbon pump, 138, 250, 257
Biology, 4, 13
Biomass, 224
Biomineralization, 198
Biorbulina, 43, 136, 166
Biostratigraphy, 4, 295
Biserial, 85
Brine channels, 216
Bubble capsule, 15, 53, 55, 116, 161, 193
Bulla, 87, 89, 93
Buoyancy, 116, 125, 235

C
Cacodylate buffer, 307
Cadmium, 281
Calcification, 148, 200, 231
Calcite, 224
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Calcite cortex, 46, 50
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Calcite crust, 31, 49, 61, 70, 72, 74, 78, 84, 196
Calcite lysocline, 231
Calcite Plaques (CP), 185, 187
Calcite saturation state, 241
Calcite supersaturation, 242
Calcite veneer, 15, 72
Calcium oxalate, 151
Calendar age, 320
Cancellate, 57
Cannibalism, 129
Carbohydrate, 122
Carbohydrate deposition, 151
Carbonate counter pump, 249
Carbonate ion concentration, 200, 241
Carbonate-ion effect, 269
Carbon-biomass, 320
Carbon pump, 249
Carbon turn over, 264
Carnivorous, 43, 55
Catchment areas, 241
CCD, 254
Chaetognaths, 136
Chambers, 13
Chemical microenvironment, 198
Chemostat, 313
Chlorella, 315
Chloroplasts, 164
Chromatin, 120
Chrysomonad flagellate, 134
Chrysophycophyte, 142, 146
Chrysophyte, 31, 49, 59, 66, 72, 142, 146
Ciliary membranes, 132
Ciliate, 132, 136
Cisternae, 118
Classification, 11
Cleaning protocols, 319
Climate, 1, 5
Climate change, 1, 81
Clumped isotopes, 5
Cluster analyses, 326
Coccolithophore, 198, 242, 254, 255, 277
Coccoliths, 202
Coiling, 13
Compact internal cytoplasm, 111
Compensation depth, 253
Compensation light intensity, 151
Copepods, 55, 129, 136, 216
Cope’s rule, 222
Crabs, 154
Cretaceous, 1, 12, 140, 279
Cretaceous/Paleocene boundary, 192
Cretaceous-Tertiary mass extinction, 85
Cristae, 116, 122
Crustacean, 134
Cryptic species, 39, 50, 52, 312
Crystallinity, 317, 321
Crystals, 39
Culture, 4
Culture experiments, 133, 313

Culturing, 4
Currents, 5, 37
Cyanobacteria, 152
Cyclopoid copepods, 134
Cytoplasmic, 15
Cytoplasmic bulge, 162, 183, 185
Cytoplasmic Envelope (CE), 118, 185, 187
Cytoplasmic strands, 114, 187
Cytoplasmic Streaming, 114, 202

D
Dark-light cycle, 147
Datom, 66
Daughter nuclei, 162
Deck wash pumps, 298
Deep Chlorophyll Maximum (DCM), 66, 144, 169, 170,

218, 220
Deep-water masses, 281
Delta notation, 266
Deoxyribonucleic acid (DNA), 13
Depth habitat, 217
Depth-parapatric, 214
Deuteroconch, 164, 177, 178, 181
Diagenetic overgrowth, 46
Diatom, 63, 70, 74, 129, 132, 137, 202, 216
Diatom frustules, 113
Diel calcite layers, 196
Differential dissolution, 269
Differential settling velocities, 171
Digestion, 129
Digestive enzymes, 123, 124
Digestive vacuoles, 113, 123, 129, 162
Digitate, 15, 55
Dinoflagellate, 31, 34, 46, 122, 129, 142, 316
Dinoflagellate symbiont, 142
Dinophyte, 152, 255, 254
Dioecious, 159
Discrete size, 326
Dissecting, 316
Dissodinium, 152
Dissolution, 81, 231, 241, 244, 277, 298
Dissolution susceptibility, 168
Dissolved inorganic carbon, 266
Dissolved nitrogen, 151
Distance matrices, 312
Distribution, 4
Diurnal calcite-bands, 277
Diurnal calcite precipitation, 196
Diversity, 222
DNA sequencing, 5
Double-membrane, 152
Dunaliella, 315
Dynamics, 306

E
Early diagenesis, 277
Ecological partitioning, 214
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Ecology, 4, 13
Ecophenotype, 11, 31, 45
Ecophenotypic variation, 13
Ecophysiological modeling, 324
Eddies, 218
Electron lucent vacuoles, 123
Electron microprobe, 318
Electron Probe Micro Analyzer (EPMA), 318
Emiliania huxleyi, 136
Encrustation, 49, 81, 231
Endemic, 11
Endobionts, 142
Endocytosis, 198, 199
Endoplasmic reticulum, 162
Endosymbionts, 146
Entrainment, 218
Environment, 1
Environmental change, 5
Environmental parameters, 3
Environmental SEM (ESEM), 324
Enzymes, 129
Eobulloides, 12
Eoglobigerina, 12
Epitactic crystals, 46
Epitactic spikes, 85
Epoxy, 308
Epoxy resin, 319
Equitability, 326
Ethyl cyanoacrylate, 319
Ethylenediamine tetraacetic acid (EDTA), 307
Euchromatin, 120, 152
Euhedral calcite crystals, 63, 74, 195
Euhedral crystals, 189
Eukaryotic algae, 129
Euphausids, 154
Euphotic, 251
Euphotic zone, 220
Euryhaline, 35, 264
Eurythermal, 35 , 210, 264
Eutrophic, 216
Evaporation, 266
Evenness, 325
Evolution, 4, 15
Excess cytoplasm, 137
Excess feeding, 136
Exocytosis, 124, 162, 199
Expatriation, 214, 224, 231, 328
Export, 251
Export production, 210
Exposure time, 241, 281
External cytoplasm, 114
Extinction, 12

F
Factor analysis, 326
Faunal provinces, 211
Feeding cyst, 113, 133

Fe-oxides, 319
Feulgen-positive bodies, 122
Fibrillar bodies, 116
Filaments, 114
Filopodium, 114, 116
Fire pumps, 298
Fisher α index, 325
Fistulose, 166
Flagella, 162
Flagellated cells, 160
Flagellated gametes, 162
Flap, 49
Flotation, 125, 161
Flow meters, 296
Flow-through method for cleaning, 318
Fluffy sediment surface, 232
Flux, 250, 251, 254
Food, 17
Food vacuoles, 123, 124, 129
Foramen, 181
Formaldehyde, 307
Fossil, 3
Fragmentation, 246
Franke cells, 308
Fresh water lenses, 219
Fronts, 5
Frustrules, 70

G
GAM calcification, 23, 41
GAM calcite, 268
Gamete release, 162
Gametes, 162
Gametogenic calcite, 181
Gastropod larvae, 133
Gastropods, 154
Gene, 19
Gene flow, 19
Generalist, 223
General Mixed Yule Coalescent (GMYC), 312
Genotype, 15, 37, 39
Genus, 12
Globigerina ooze, 2
Globuligerina oxfordiana, 91, 189
Gluconeogenesis, 122
Glutaraldehyde solution, 307
Glycosaminoglycans, 123
Gold, 324
Granular cytoplasm, 160
Graphite, 324
Gravity sorting, 308
Grooves, 55
Growth rate, 169, 224
Guanine, 151
Guts of grazers, 245
Gymnodiniales, 152
Gymnodinium beii, 146
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H
Haploid, 160
Hardy-Plankton Recorder, 298
Harpacticoids, 134
Hedbergella monmouthensis, 12
Hemipelagic, 220
Herbivorous, 43, 129
Heterochromatin, 120
Heteropods, 133
Heterotrophic consumers, 129
Hexamethyltetramine, 307
High-Mg granules, 199
High-nutrient low-chlorophyll, 241
Holocene, 3, 223, 332
Holothurians, 154
Honeycomb, 83
Hydrogen peroxide, 319
Hydrographic fronts, 222
Hydrolytic enzymes, 123

I
Ice edge, 210
Ice effect, 266
Illumination, 316
Index, 242
Inductively Coupled Plasma Mass Spectrometers

(ICP-MSs), 317
Inductively Coupled Plasma-Optical Emission

Spectrometers (ICP-OESs), 318
Infralaminal apertures, 49
Inner Organic Lining (IOL), 187
Inner Pore Lining (IPL), 190
Interannual variability, 236
Internal septae, 166
Internal tidal waves, 221
Intracytoplasmic particles, 114
Intracytoplasmic skeleton, 116
Invertebrates, 154
Ion microprobe, 318
Ion pumps, 200
Irradiance, 267
Isolume, 217
Isotope chemistry, 317
Isotopologues, 273

J
Jurassic, 1, 12, 91, 189, 192
Juvenile, 45

K
Karyokinesis, 164
Keel, 182, 189
K/Pg boundary, 12
K-selected, 223
Kummerform, 37, 41, 57, 61, 80
Kummerform chamber, 166

L
Laboratory culture, 131
Laboratory observation, 131
Labyrinth structures, 244
Lactate, 122
LA-ICP-MS, 277
Lamellae, 124
Lamellar thickening, 195
Large-scale variability, 306
LASER-Ablation Inductively Coupled Plasma–Mass

Spectrometry (LA-ICP-MS), 317
Light, 268
Light-and-dark cycles, 172, 173
Light intensity, 216, 280, 316
Light levels, 316
Light saturation, 151
Lip, 13, 23, 74, 76, 78, 81, 83, 85, 91, 93
Lipid, 122, 129, 162
Lipid droplets, 125
Longevity, 137
Longhurst-Hardy Plankton-Recorder, 298
Lower Cretaceous, 1, 3
low-Mg CaCO3, 199
Lunar synodic cycle, 59
Lysocline, 242, 245
Lysosomal acid phosphatase, 123
Lysosomal enzymes, 129
Lysosomes, 124
Lytic enzymes, 164

M
Macronutrient, 222, 281
Macroperforate, 13, 15
Marginal basins, 78
Marine carbon turnover, 138
Marine food web, 129
Marine snow, 245
Mass dump, 236, 240
Mass spectrometer, 317
Mass spectrometry, 5, 317
Maturation, 181
Mature, 11, 45
Maximum likelihood, 312
Maximum Parsimony, 312
Mediterranean outflow water, 236
Membranous tubules, 122
Mesobathyal, 281
Mesokaryotic algae, 151
Messenger RNA, 120
Metabolic activity, 268
Metazoan, 129, 135
Metazoan tissue, 131
Metazooplankton, 129
Microelectrodes, 316
Microenvironment, 231, 242, 245, 247, 268
Microfilaments, 116, 118
Microflagellates, 124
Micromanipulator, 316
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Microperforate, 12, 13
Micropores, 187, 190
Microradiography, 317
Microscope, 316
Microspherulites, 199
Micro-splitter, 308
Microtubules, 118, 164
Miliolid foraminifers, 198
Minimum test diameter, 323
Minor elements, 263
Mitochondria, 162
Mitosis, 162
Mixing of populations, 328
Mn-oxides, 319
Modeling, 324
Modern Analogue Techniques (MAT), 328
Molecular genetics, 5, 11
Monoecious, 159
Monolamellar, 13, 15, 53, 190
Morozovella aequa, 189
Morphospecies, 5, 13, 32
Morphotype, 32, 37
Mortality, 224
Mortality rates, 328
Mucocysts, 132
Multi Collector ICP-MS, 318
Multidimensional correlation, 326
Multi-nets, 297
Multinucleated cytoplasm, 162
Multiple calcite layers, 196
Multiple nuclei, 120
Multiproxy analyses, 274
Multiserial, 85
Multivariate analyses, 326
Muscle tissue, 129, 135
Myxotheca, 162

N
NanoSIMS, 277, 319
Neanic, 45
Neighbor Joining (NJ), 312
Nematodes, 154
Neodymium, 285
Neritic, 25, 220
Niche partitioning, 53
Nicotinamide Adenine Dinucleotide (NAD), 122
Nitracline, 218
Nitrogen fixation, 264
Nitrogen isotopes, 264
Nomenclature, 11, 12
Non-analogue situations, 329
Non-pinose, 12
Non-spinose, 13
Normal perforate, 12
Nuclear envelope, 120
Nucleolus, 120
Numerical modeling, 324
Nutricline, 218

Nutrient availability, 17
Nutrient entrainment, 87, 218
Nutrient recycling, 216

O
Ocean acidification, 5, 200, 257, 278
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