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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includes thus far published and unpublished findings of the authors.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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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 term may be applied based

© Springer-Verlag Berlin Heidelberg 2017

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

R. Schiebel and C. Hemleben, Planktic Foraminifers in the Modern Ocean,

DOI 10.1007/978-3-662-50297-6_1



1 Introduction

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

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 20006), 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

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 pm

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
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paleoceanography (e.g., Signes et al. 1993; Zari¢
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 (**C) 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,
CaCOs) 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., ey 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



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 B¢, 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-Miicke 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
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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 Tiibingen
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 Filat, Gulf of Aquaba (e.g., Erez etal. 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., Honisch et al.
2011; Allen etal. 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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Fig. 1.1 Phylogenetic relationships of the four major
groups of modern planktic foraminifers, macroperforate
spinose, macroperforate non-spinose, microperforate

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

Neogloboquadrina incompta

Globorotalia menardii

Globorotalia truncatulinoides

Macroperforate non-spinose

) Microperforate non-spinose

spinose, and Hastigerinidae, based on a maximum
likelihood reconstruction from SSU rDNA. Modified
after Aurahs et al. (2009), from Weiner et al. (2012)

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
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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

Beella
Berggrenia
Bolliella
Candeina
Dentigloborotalia
Gallitellia
Globigerina

Globigerinella

Globigerinita

Globigerinoides

Globoquadrina

Globorotalia

Globorotaloides

Globoturborotalita

Hastigerina

Neogloboquadrina

Orbulina
Orcadia
Pulleniatina
Sphaeroidinella
Streptochilus

Species
digitata
pumilio
adamsi
nitida
anfracta
vivans
bulloides
falconensis
calida
siphonifera
glutinata
minuta
uvula
conglobatus
ruber
sacculifer
conglomerata
cavernula
crassaformis
hirsuta
inflata
menardii
scitula
theyeri
truncatulinoides
tumida
ungulata
hexagonus
rubescens
tenella
digitata
pelagica
dutertrei
incompta
pachyderma
universa
riedeli
obliquiloculata
dehiscens

globigerus

Author
(Brady)
(Parker)
Banner and Blow
d’Orbigny
(Parker)
(Cushman)
d’Orbigny
Blow
(Parker)
(d’Orbigny)
(Egger)
(Natland)
(Ehrenberg)
(Brady)
(d’Orbigny)
(Brady)
(Schwager)
Bé

(Galloway and Wissler)

(d’Orbigny)
(d’Orbigny)
(d’Orbigny)
(Brady)

Fleisher
(d’Orbigny)
(Brady)

Bermudez
(Natland)

Hofker

(Parker)
(Rhumbler)
(d’Orbigny)
(d’Orbigny)
(Cifelli)
(Ehrenberg)
d’Orbigny

(Rogl and Bolli)
(Parker and Jones)
(Parker and Jones)

(Schwager)

Year
1879
1962
1959
1839
1967
1934
1826
1959
1962
1839
1895
1938
1861
1879
1839
1877
1866
1967
1927
1839
1839
1865
1882
1974
1839
1877
1960
1938
1956
1958
1911
1839
1839
1961
1861
1839
1973
1865
1865

1866
(continued)
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Table 1.1 (continued)

Genus Species Author Year
Tenuitella compressa (Fordham) 1986
fleisheri Li 1987
iota (Parker) 1962
parkerae (Bronnimann and Resig) 1972
Turborotalita clarkei (Rogl and Bolli) 1973
humilis/cristata (Brady)/Heron-Allen and Earland 1929 1884
quinqueloba (Natland) 1938

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,
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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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

© Springer-Verlag Berlin Heidelberg 2017

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

R. Schiebel and C. Hemleben, Planktic Foraminifers in the Modern Ocean,
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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 and
Globanomalina archaecompressa as the first
non-spinose species at the base of the Tertiary
(Olsson et al. 1999). In Zone PO, 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’.

taurica
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2.1 Classification and Taxonomy

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-Miicke
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
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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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Fig. 2.2 Conventional SSU rDNA phylogenetic tree showing the relative positions of planktic foraminifer P
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)

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)

| Globigerinoides sacculifer
Planktic _ | Globigerinelia siphonifera Typ |
Foraminifers | Orbulina universa

Globigerinoides ruber
| Neogloboquadrin dulertrel

Hexamita inflata (diplomonad)
Giardia lambiia (diplomonad

cuniculf {mis

necalrx (microsporidi;

Ameson michaelis (microsporidian)

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

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 the mid 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

Trypanosoma cruzi (kineloplastid)

|, Crithidia fasciculata (kinetoplastid) EU“WO'B_

Euglena gracilis {euglenoid)

FPhysalum polycephalum (acellular sime mould)
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Gracillaria verrucosa (red alga)

Crown group

10%
{

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)
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Plate 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 pm, bars of close-ups 20 um. (/) Photo A. Kiefer and R. Schiebel

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 pum) 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.
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Plate 2.2 (/-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 (/-3) 100 pm, (6—8) 200 um. Bar of close-up (4) 20 pm, (5) 100 pm. (3,7)

Photo A. Kiefer and R. Schiebel

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 (29° 59" 98"N, 21° 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 and Wade 2008) or Beella
(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
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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 >, 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 pm? of test surface area. Pore diameters range
from about 0.7-1.2 um, and hence embrace the
pore-size range delimiting ‘microperforate’
(<1 pm) from ‘macroperforate’ (>1 um) 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., la-f, Ila-g, and IIla 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 Ila 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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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)
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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)

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

“n eyejoioqinl

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
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Globigerina bulloides
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<« Plate 2.3 (/-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. (/0) Pores and spine-collars with spine-holes (arrows) and GAM calcite. (/1) GAM
calcite covers spine-collars, spines-holes still open. (/2) Test surface with spines (mostly broken). (/3) Pores, spine
collars, and spine-remnant (arrow) in cross section. Bars of overviews 100 um, bars of close-ups (8, 1/-13) 10 um, (9,

10) 2 pm. (14-18) CourtesyA. Movellan

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 3'%0 (up to +1 %o) and negative
for 8'3C (=1 to —2 %) caused by its ecologic
preferences (cool and eutrophic waters), and
including ontogenetic and ecologic effects in the
<200-pum 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 of G. bulloides tests is slightly
higher than average among extant species (Dittert
etal. 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).
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<« Plate 2.4 Globigerina falconensis (I-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 pm, bars of

close-ups 20 pm

2.2.,5 Globigerinella calida (Parker

1962) (Plate 2.5)

0O.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. calida may 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 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 m> 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;

calida

Schmuker and Schiebel 2002). Maximum stand-
ing stocks of G. calida of up to 150 ind. m ™ 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)

0.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 to Weiner et al.
(2015) the G. 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 pum), higher spine density than Type II), and
Type II (relatively slender, involute, smaller
pores (av. 2.2 um), lower spine density than
Type 1) 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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<« Plate 2.5 (/-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 pm, bar

of close-up 10 pm. (Z,3) Photo A Kiefer and R.Schiebel
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Type lllc
Beella digitata

Fig. 2.5 SSU rDNA phylogenetic tree of G. siphonifera
with B. digitata as outgroup. Type la and Ib occur within
the Indo-Pacific region, but also unevenly distributed in
the global Ocean. Types Ilal, IIa2 + 3, IIa4, IIa5 + 6 are
cosmopolitans, whereas type IIb occurs in the Atlantic
only. Type Illa 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 pm 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
siphoniferalG. 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

Ia G. radians

Ib G. siphonifera
Ilal G. siphonifera
a2 G. siphonifera
ITa3 G. siphonifera
IIa5 G. siphonifera
1Ta6 ?

IIb G. siphonifera
Ila ?

IIIb G. calida

Illc G. calida

Classical taxonomy

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

. calida

. calida

Q@

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)
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<« Plate 2.6 (I) 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 mm, (2-9) 100 pm. Bars of close-ups 20 um

Globigerinella radians Globigerinella siphonifera Globigerinella calida

Fig. 2.6 SEM images of the spiral, umbilical, and lateral — Globigerinella radians specimens are from the Mozambique
view, and close-ups of the pores of two individuals of three ~ Channel, G. siphonifera specimens from the Mozambique
Globigerinella morphotypes, G. radians, G. siphonifera,and ~ Channel and the Arabian Sea, and G. calida specimens are
G. calida. Bars of overviews 60 um, close-ups 20 pm.  from the Mozambique Channel. From Weiner et al. (2015)
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Plate 2.7 (/-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. (/) Close-up of pores and spine-holes from specimen (2). (/2) Cross section of outer test
wall with pores, spine-mold (arrow), calcite layers, and inner test wall with pores. Bars of overviews 200 um, bars of

close-ups 20 um

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., B& 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-Miicke
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).
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Plate 2.8 (/) 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. (/—//) Normal morphotype (sensu
stricto, s.s.), and (/2—16) morphotype variants referred to as ‘sensu lato’ (s.l.), including (/2, 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. (/8) Outer test wall with pores and broken spines, one spine
being repaired (arrow). Bars of overviews 100 um, (5, 6) 20 um, close-ups 10 pm

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. ruber,,), and a pink variety (G.
ruber) stained by so far unclassified pigments. On
average, G. ruber, grows about 50 um larger than
the white variety. The white variety is extant in all

- - [
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100 0 p

8__ G. conglobatuss.str.

0.1 substitutions per site
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la2'
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Ib2 (Pacific)dg
1b2'* Ibl (Atlantic)

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.1.) 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).

~ ITa (sub-)types
@ from Pacific Ocean

lla2 e
lla1

® |ib/lib'

G. conglobatus

0.01 distance
—

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)
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Fig. 2.8 Geographic distribution of genetic types and subtypes of Globigerinoides ruber plexus according to the

data-synthesis of André et al. (2014)

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. ruber,, are
described so far, whereas G. ruber,, 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 (1a, Ib, Ila,
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 Ilal and
IIa2; Type Ib Indo-Pacific and Carribean,
whereas Ia, Ib, and Ila 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 Ila 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 ruber,, may be abundant from
upwelling (eutrophic) regions to subtropical
(oligotrophic) gyres (Kemle-von-Miicke and
Hemleben 1999; Schiebel et al. 2004).
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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)

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.1. 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.

35 [
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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 (2249 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
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Plate 2.9 Globigerinoides sacculifer (1-3) forma trilobus, (4) with kummerform chamber, (5) with newly built P
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 pm

Atlantic Ocean than that of the pink form (Hem-
leben et al. 1989; Hilbrecht 1996). Globigerinoides
ruber, may be considered a ‘summer species’
whereas G. ruber,, occurs year-round in the tropi-
cal to subtropical ocean (e.g., Kemle-von-Miicke
and Hemleben 1999). Modern G. ruber;, are much
less abundant than G. ruber,, (Kemle-von-Miicke
and Hemleben 1999, South Atlantic; Schmuker
and Schiebel 2002, Caribbean; Rigual-Hernandez
et al. 2012, Mediterranean).

The quantity of tests in the underlying sedi-
ment (e.g., van Leeuwen 1989; Kemle-von
Miicke and Oberhénsli 1999) suggests that pro-
duction of tests of G. ruber, 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), Glagon 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), Oberhénsli
et al. (1992), Kemle-von Miicke (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
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<« Plate 2.10 (/) 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. (/1) Broken
spines and spine holes. (7, 9—11) Terraced plate-like crystals covering outer test wall. (/) Spine holes (arrows), (12)
partly, and (/3) entirely covered by GAM calcification. Bars (/-3) 20 pm, (4-6) 100 pm, (7-13) 10 pm

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
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

sac-

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), B¢ (1980), Caron et al.
(1982), Duplessy et al. (1981), B¢ 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-
fias-Bohorquez et al. (2011), Coadic et al. (2013),
Schmidt et al. (2013), André et al. (2013),
Spezzaferri et al. (2017).
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<« Plate 2.11 (/-8) Globoturborotalita rubescens with (9, 10) normal-sized pores and spine-collars showing signs of
early GAM calcification. (//-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 pum, bars of close-ups 10 pm

2.2.10 Globoturborotalita rubescens
Hofker 1956 (Plate 2.11)

Description: Globoturborotalita rubescens is a
rather small species not much exceeding
250 pm. 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. ruber, 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. fenella 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
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<« Plate 2.12 (/) 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. (/4) Pore and multiple layers of
calcite. (/5) Triradiate spine lodged in test wall. Bars of overviews (/, 2, 7, 8, 9, 15) 200 um, (3—6) 100 um. Bars of

close-ups 10 pm. (3,4) Courtesy A. Movellan

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 Illa and IIIb, which are very
closely related (Fig. 2.9). Between Types L, 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 (B¢ 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 (B¢ 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 (3'°C and 3'%0)
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.
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Plate 2.13 (/-11) Orcadia riedeli. (10, 11) Distal parts of chambers with pores, and round and triangular spine bases. P
Note concentration of spines at distal parts of chambers. For comparison: (/2) Hastigerina digitata with (13) details of
surface of 4th last chamber showing triradiate spines. (/4, 15) Turborotalita quinqueloba with even distribution of
spines (and spine bases) on the entire test wall. Bars of overviews 50 pm, (/2) 200 um. Bars of close-ups (10, 11)

10 pm, (13) 50 pm. (2,5,6) Courtesy J. Meilland

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)

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 to O.
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),
Kohler-Rink and Kiihl (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).
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Plate 2.14 (/-6) Adult Sphaeroidinella dehiscens with increasing calcite cortex on the outer test from (/) 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 pm, bars of close-ups 20 pm

2.2.13 Orcadia riedeli (Rogl 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)

0.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).
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Plate 2.15 (/-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 (/8) egg-shaped
specimen with outer calcite layer partly taken off. (20) T. humilis morphotype T. cristata. Bars 50 pm

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

Description: Turborotalita clarkei ranges among
the smallest modern species (<150 um). 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 7. 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 7. 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 7. 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 7. 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 pm) 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 um in diam-
eter and distally enlarged. When migrating from
surface to subsurface waters during ontogeny, 7.
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-um 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
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Plate 2.16 (/-17) Turborotalita quinqueloba at different stages of encrustation, and formation of calcite cortex. (6) »
Specimen with apertural rim, (4, 7, 8) apertural flaps, and (/2) bulla-like flap with multiple openings. (/4, 17) Encrusted
egg-shaped specimens, with (/4) the outer calcite layers partly taken off. To avoid confusion with 7. clarkei and T.
humils see Plate 2.15 for comparison. (/8) Smooth calcite layer partly covering pores and spine-holes. Bars of

overviews 50 um, bar of close-up 10 pm

as smaller, having five to six more club shaped
chambers in the last whorl, and having more
heavily calcified spine-collars than 7. humilis.
Molecular genetics should provide proof on the
differentiation between 7. humilis and T. cristata.
Assuming that 7. 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)

0O.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 7. clarkei and T.
humilis.

Molecular genetics: Two major genotypes
(Types I and II) and six subtypes (Ia, Ib, Ila, IIb,
Ilc, 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 um) 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-Miicke and Hemleben 1999).
Simultaneous with decreasing relative abundance
of T. quinqueloba from high towards low
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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)

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 11,
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 (Oberhidnsli et al. 1992) may
indicate the presence or absence of symbionts in
T. quinqueloba. In case of absence of symbionts,
the cytoplasm of 7. quinqueloba has often been
found to be colorless and transparent. Cyclical
abundance of T. quinqueloba observed in the
North Atlantic suggests a monthly reproductive

Turborotalita quinqueloba

SSU rRNA genotypes

Type lla - Arctic, Antarctic and NE Pacific

Type lld - Antarctic and NE Pacific

Type llb - Arctic, Atlantic} Polar/Sub-polar

Type llc - Antarctic and NE Pacific

I Type la - Coral Sea

1%

‘— Type |b- Arabian Sea

} Sub-polar

Sub-polar and
Transitional

Sub-polar and
Transitional

Sub-polar and
Transitional

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 Ila 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. lla
and IIb) occur almost globally. These findings
support the idea of depth-stratified populations,
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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 1 dwells above 100 m water
depth, Type Ila 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


http://dx.doi.org/10.1007/978-3-662-50297-6_1
http://dx.doi.org/10.1007/978-3-662-50297-6_5
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<« Plate 2.17 (/) 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 pm, bar close-up (5) 100 pm, (6) 10 pm,

(7,8) 2 pm

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 arather 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 of H. 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

24.1 Berggrenia pumilio (Parker

1962) (Plate 2.18)

0.G.A.: Globorotalia Cushman 1927.

Description: Berggrenia pumilio is a small
(max. 180 pm 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).
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<« Plate 2.18 (/-8) Berggrenia pumilio with (5) typical narrow grooves on umbilical test side. (8) Test with
kummerform chamber. (9-15) Adult and (/6) juvenile Dentigloborotalia anfracta. (17) Typical shark-teeth shaped
pustules of D. anfracta off aperture and (/8) on test surface. Bars of overviews 50 pm, bars close-ups (5) 10 pm,

(17, 18) 3 um

24.2 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 pm. However, due to its small
size, D. anfracta is rare in test size-fraction
>100 um often analyzed from water and sedi-
ment samples, and virtually absent from the
>150 um size fraction (cf. Brummer 1988a;
Kemle-von-Miicke and Hemleben 1999).

In the Caribbean Sea, D. anfracta has maxi-
mum standing stocks of 1.2 individuals per cubic
meter (>100 pum) 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).

243 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).
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<« Plate 2.19 (/-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 (0, 11) merging pustules forming chains and finally ridges between pore pits. Note contrast to N. pachyderma
(see Plate 2.21). Bars of overviews (/, 3) 200 pum, (4—9) 100 pm. Bars of close-ups (2, 11) 20 pm, (/0) 100 pm

Fig. 2.13 Ultrametric tree
based on SSU rDNA of the
non-spinose species N.
pachyderma, G. inflata,

N. incompta, N. dutertreli,
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)

244  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
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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-Miicke and Hemleben 1999;



60

2 Classification and Taxonomy of Extant Planktic Foraminifers

Neogloboquadrina dutertrei



2.4 Macroperforate Non-spinose Species

61

<« Plate 2.20 (/) 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 pm, bars of close-ups 20 pm

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 3'%0 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 pm, adult N. incompta
rarely grow larger than 350 pum. 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).

245 Neogloboquadrina incompta
(Cifelli 1961)

(Plate 2.19)

Description: Low to medium 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;
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Neogloboquadrina dutertrei Caribean
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Fig. 2.14 Conventional tree with 2 Types of N.
incompta, Type 1 in the Atlantic, and Type II in the
Pacific Ocean. The relation N. pachyderma as

Kemle-von-Miicke 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).

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)

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.
pachydermalN. 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
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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).

24.6 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
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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 1V 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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<« Plate 2.21 (/-9) Neogloboquadrina pachyderma with increasing crust formation. (10) Test surface of newly formed
chamber without calcite crust. (/7) Calcite ridges are forming, (/2) calcite crust covering the test surface, and (/3)
euhedral calcite crystals forming the typical thick calcite crust of N. pachyderma. Bars of overviews 100 um, bars of

close-ups 10 pm

Globorotalia inflata

Neogloboquadrina dutertrei - Caribbean
Neogloboquadrina dutertrei - Coral Sea
Pulleniatina obliquiloculata - Coral Sea

Type Il - Antarctic
Type lll - Antarctic

N. pachyderma
Type V - Benguela pachy!

Type IV - Antarctic left coiling

Type |- Arctic

100%

N. pachyderma

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

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

right coiling
v v
| Type Il - Santa Barbara Channel (n=8)
Type Il - Eastern North Pacific (n=20)
Type | - Norwegian Sea (n=17)
Type | - Denmark Strait (n=24)
Type | - North Atlantic Current (n=55)
Typel -Benguela (n=15)
Type | - Subantarctic Atlantic (n=34)

for branches that are strongly supported in over 70 % of
bootstrap replicates. NGenBank accession numbers are N.
pachyderma (sin) Types 1-V, AY305329, AY305330,
AY305331, AF250120, and AY305332 and N. pachy-
derma (dex) Types I-1I, AF250117 (Denmark Strait) and
AF250118 (Subantarctic) and AY241711. From Darling
et al. (2006)

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).
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Plate 2.22 (/-6) Adult to pre-adult Pulleniatina obliquiloculata. (3-5) Specimens with smooth calcite veneer P
covering the test. (7) Aperture with lip and pustules, and (9) pores. Bars of overviews 100 um, bars of close-ups 20 pm

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 Ila 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., B¢ 1977; Li et al. 1997;
Kemle-von-Miicke 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).

Globorotalia cavernula Bé
1967

24.8

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.

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

24.9

O.G.A.: Globorotalia crotonensis Conato and
Follador 1967, G. crassula Cushman, Stewart,
and Stewart 1930.
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Plate 2.23 (/-10) Globorotalia crassaformis. (6, 7) Tests with final kummerform chambers. (I, 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 pm, bars of close-ups (8) 20 um, (9, 10) 10 pm

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

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-Miicke 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

Maximum diameter

interval.
~420 pm. From Bé (1967)

of the specimen is

depths of G. crassaformis (Kemle-von-Miicke
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).
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Plate 2.24 (/) Living Globorotalia hirsuta producing pseudopodia, and attached empty diatom frustrules after P
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. (/2)
Fossil and (/3) living specimen. Bars of overviews 100 um, bars of close-ups 20 pm

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-Miicke 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; B¢ 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 of G. 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: Glagon et al. (1973); Bol-
tovskoy (1974).

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

2.4.11

O.G.A.: Globigerina d’Orbigny 1826, Trun-
corotalia Cushman and Bermudez 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
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Plate 2.25 (/) Living Globorotalia inflata producing pseudopodia. (2—6) Adult specimens, (2) with pristine test P

surface, (3) with complete calcite veneer, and (5) with early calcite crust. (7, 8) Early adult, and (9, /0) neanic
specimens. (/1) Early pustules, and (/2) pustules after addition of calcite and lateral growth. (13) Calcite crust on top of
thickened test wall, (/4) merging calcite crust, and (/5) calcite veneer covering the test. (/6) Cross-section of test wall
(lower part with wide pores) covered by thick calcite crust (upper part with narrow pores). Bars of overviews 100 pum,

bars of close-ups (/1-15) 20 um, (16) 10 pm
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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

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; Loncari¢
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. Loncari¢ et al. 2007; Storz
etal. 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
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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)

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).
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Plate 2.26 (/-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. (/0) Sutures and pores on spiral test side. (/1) Euhedral calcite crystals on test surface. (/2) Umbilicus and
aperture with lip and pustules. (/3) Pustules on keel. (/4) 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 pm, bars of close-ups

20 um

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 Francois 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
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Plate 2.27 (/-8) Adult Globorotalia scitula of increasing size from (Z, 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 (/) high convex umbilical side. Bars of overviews 100 pm, bars of close-ups 10 pm

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 Ilatitudes
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 Rogl 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.
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Plate 2.28 (/) Living Globorotalia truncatulinoides producing pseudopodia. (2—-6) Adult specimens with P
high-conical umbilical side. (7—10) Neanic to pre-adult specimens with low-conical umbilical side. (//-13) Adult
tests with kummerform final chambers, wide umbilicus, and apertures of earlier chambers with apertural lips. Bars

100 pm

2.4.15 Globorotalia truncatulinoides
(d’Orbigny 1839)
(Plates 2.28 and 2.29)

O.G.A.: Truncorotalia Cushman and Bermudez
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 I, and Types III and 1V, 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 (B¢ and
Hutson 1977: Indian Ocean; Weyl 1978: North
Atlantic; Hemleben et al. 1985: Bermuda;
Kemle-von-Miicke 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
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<« Plate 2.29 (/—4) Globorotalia truncatulinoides with calcite crusts and euhedral crystals covering the test wall except

of final chamber. (/, 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. (§) Pustules on keel. Bars of overviews

100 pum, bars of close-ups 20 um

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 last whorl than G. truncatulinoides.

Globorotalia truncatulinoides is one of the species
most often investigated from sediment samples.
Further readings: Healy-Williams and Williams
(1981), Spencer-Cervato and Thierstein (1997),
Sexton and Norris (2008), Spear et al. (2011).

24.16 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).
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<« 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 um

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)

0.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).
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<« Plate 2.31 (/-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 pm, bar of

close-up 10 um. (4) Photo A. Kiefer and R. Schiebel

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 (Bronni-
mann and Resig 1971; Resig and Kroopnick 1983;

Poore and Gosnell 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 um in diameter, in contrast to
macroperforate (normal perforate) species with
pores >1 um. 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 8'%0 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 8'*C and 5'%0 data
of tests of G. vivans and G. bulloides may indi-
cate similar ecological demands (Kimoto et al.
2009).
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<« Plate 2.32 (/—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 um

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-um 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)

0.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 pm 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 (Ujii¢ and
Lipps 2009; André 2013). André et al. (2014)
established four cryptic species (Types I, I, 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 (Loncari¢ 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
glutinata may also be misidentified as Globigerina
bulloides. However, G. glutinata exhibits a smooth
surface with rather flat but pointed pustules that
are scattered over the entire surface, whereas
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<« Plate 2.33 (/-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. (/1, 12) Conical pustules
showing lateral growth and approaching pores. Bars of overviews 50 pm, bars of close-ups (6) 20 pm, (9—12) 10 pm.

(7) Photo A. Kiefer and R. Schiebel

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)

0.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 um) 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 pm per 10 m* 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 pm) 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-Miicke 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
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<« Plate 2.34 (I/-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 (/8) pores. Bars of
overviews and (/7) 50 um, bars of close-ups (10, 11) 5 um, (/8) 10 pm

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
<l um, 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-um nets, 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.
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<« Plate 2.35 (/-4) Tenuitella compressa in (I) 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 pm. (7,9,13) Photos A. Kiefer and R.

Schiebel

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 Bronnimann 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 7. 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
(Bronnimann 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: Bronnimann and Resig
(1971), Li (1987).
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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, Subtropical/tropical 2, 4,14, 19, 25
Central Pacific,
cosmopolitan
Type Ib Mediterranean Sea, W Subtropical 8, 19, 11
Indian Ocean, Red Sea,
S North Atlantic Current, Transitional/subtropical 3,19
Canary Current, Canary
Islands
Type Ic NW Pacific Transitional 17, 21
Type Id NW Pacific Transitional 17, 21
Type Ie NW Pacific 17,21
Type If 21
Type Ia North and South Atlantic, = Subpolar 3,9,19
NE Pacific
Nordic Sea, S Indian 23
Ocean
S North Atlantic Current, Transitional 3,19
Canary Current
Santa Barbara Channel Transitional 14
Type IIb Drake Passage, Atlantic, Subpolar/transitional 3,9,19
Nordic Sea
S Indian Ocean 23
S North Atlantic Current, Transitional/subtropical? 3,19
Canary Current, Azores
Current?
Type Ilc Drake Passage, Antarctic, Subpolar 9, 14, 19, 23
S Indian Ocean
Type IId Southern California Bight, = Transitional 3,4, 14, 19
NE Pacific

Santa Barbara Channel
Type Ile NE Pacific, Sea of Okhotsk = Subpolar 19, 21, 18

(continued)



2.5 Microperforate Species

Table 2.2 (continued)

Species/genotype
Type IIf
Type Ilg
Type Illa

Geographic distribution
NW Pacific
S Indian Ocean

E Atlantic

Globigerina falconensis (1 genotype)

Off Canary Islands

Globigerinella calida (2-3 genotypes)

Type 1V of G. siphonifera

Type IIIb

Type Ilc

Red Sea, W Indian Ocean,
Atlantic

Red Sea, W Indian Ocean,
Atlantic

Globigerinella siphonifera (4 genotypes)

Type Ia (1)

Type Ia (2)
Type Ib

Type Ila
complex (incl.
6 subtypes)

Type Ha =11

Type Iib = III

Type IV

Caribbean Sea, Atlantic,
Arabian Sea

Azores Current, off Canary
Islands

Indo-Pacific
Red Sea, W Indian Ocean

Caribbean Sea, Arabian
Sea, cosmopolitan

Southern California Bight,
Santa Barbara Channel

Off Canary Islands, Azores
Current, cosmopolitan

Coral Sea

E North Pacific, Southern
California Bight

Santa Barbara Channel,
Red Sea, W Indian Ocean

North Atlantic Current,
Canary, Azores Current

North Atlantic Drift

Globigerinita glutinata (4 genotypes)

Type I

Type II
Type 11
Type IV

North Atlantic, NW Pacific
NW and SW Pacific
North Atlantic, NW Pacific

Arabian Sea

Globigerinita minuta

Globigerinita uvula (2 genotypes)

Type 1
Type II

Subarctic Atlantic

Not specified

Globigerinoides conglobatus (1 genotype)

Globigerinoides elongatus

Globigerinoides ruber (5 genotypes)

Faunal province

Subpolar

Subtropical/transitional

Tropical/subtropical

Subtropical

Tropical/subtropical

Tropical to transitional

Subtropical/transitional

Tropical

Tropical to transitional

Transitional

Subtropical/transitional

Subtropical/transitional

Subtropical/transitional
Subtropical
Subtropical
Subtropical

Polar to transitional

Not specified

Remarks

Ocean margins in the Atlantic

Ocean margins in the Atlantic

Only >17.5 °C SST,
cosmopolitan

Probably confined to
tropics/subtropics

Oligotrophic waters
patchy cosmopolitan

Tropical waters at 25 °C

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

Slight modification of Type Ila

@

Probably occurring together
with Type Ila

No data available

Closely related to G. rubery

1 genotype

95

Ref. no.

23

29
32, 34

32, 34

1,2,19, 29,32

32
2,19, 25,32

(5]

, 19,29

4,5,19, 32

13, 19

3,19, 29

3,8,17, 19
17

33

(continued)
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Table 2.2 (continued)

Species/genotype = Geographic distribution

Pink Caribbean Sea off
Curagao, Atlantic
Off Canary Islands,
Mediterranean Sea

Type Ia Coral Sea, Pacific, Indian
Ocean

Type Ial Atlantic, off Canary
Islands
Caribbean Sea off Puerto
Rico, Mediterranean Sea

Type Ib Atlantic, Indian Ocean

Type Ibl Caribbean Sea, Arabian
Sea

Type 1b2 Arabian Sea, Pacific off
Japan

Type lc Central Pacific

Type Ila NE Pacific, Southern
California Bight
Santa Barbara Channel,
Arabian Sea, Atlantic

Type Ilal Pacific, E Mediterranean
Sea

Type ITa2 Pacific, W Mediterranean
Sea

Type IIb E Atlantic

Globigerinoides sacculifer (1 genotype)
Type 1

Globoquadrina conglomerata (1 genotype)
Type I Indian Ocean
Globorotalia cavernula
Globorotalia crassaformis

Globorotalia hirsuta

1 Type Atlantic
Globorotalia inflata (2 genotypes)
Type 1 Cosmopolitan
Type I Antarctic

Globorotalia menardii

Type I

Globorotalia scitula (1 genotype)

Type 1

Globorotalia theyeri

Globorotalia truncatulinoides (4 genotypes)

Type 1 (I) Brazil Current, S Indian

Ocean, S Pacific

2 Classification and Taxonomy of Extant Planktic Foraminifers

Faunal province

Tropical/subtropical

subtropical

Tropical

Subtropical

tropical

Tropical/subtropical

Transitional

Subtropical/tropical

Subtropical

Transitional

Subtropical

Subtropical/tropical

Tropical/subtropical

Transitional/subtropical

Subpolar

Tropical to transitional

Remarks

Atlantic only

SST 19-23 °C

Probably also present in colder
waters

Probably G. elongatus plexus

Probably G. elongatus plexus

Probably G. elongatus plexus

Globigerinoides sp. (new name
aquired)

Incl. 5 different morpho-types:
G. trilobus, G. sacculifer, G.

immaturus, G. quadrilobatus,
G. fistulosa

No data available

No data available

No data available

DCM, deep water column,
vertical and spatial niche
separation

Ref. no.

2,12,13,25

12, 13

12, 13, 25
12, 13, 19, 25

4,5,13,19, 25

20
19, 25

12, 13, 19

12, 13

12, 13

12, 13

15, 22
15, 22

10, 19, 23, 24, 27

(continued)
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Table 2.2 (continued)
Species/genotype
Type 2 (IT)

Geographic distribution

Brazil Current, Canary
Current

Sargasso Sea,
Mediterranean, South
Atlantic

Type 3 (III) South Atlantic, Subantartic

Convergence

S Indian Ocean,
Subtropical Frontal Zone

Type 4 (IV) Falkland Current, Polar
Frotal Zone
Type V NW Pacific

Globorotalia tumida (1 genotype)
Type 1 Cosmopolitan
Globorotalia ungulata (1 genotype)
Type 1

Globorotaloides hexagonus
Globoturborotalita rubescens
Globoturborotalita tenella

Hastigerina pelagica (3 genotypes)

Type I Mediterranean Sea, W
Pacific

Type Ila Cosmopolitan

Type IIb Cosmopolitan

Hastigerinella digitata
Neogloboquadrina dutertrei (3 genotypes)

Type Ia Caribbean Sea off
Cuaragao
Azores Current

Type Ib Coral Sea

Type Ic Santa Barbara Channel

Neogloboquadrina incompta (2 genotypes)

Type 1 Atlantic

Type II E North Pacific

Neogloboquadrina pachyderma (4 genotypes)

Type I sin Arctic/North Atlantic

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

Type 1I sin Antarctic

Type II dex Santa Barbara Channel, E
North Pacific

Type III sin Antarctic, Drake Passage

Type IV sin Antarctic, Drake Passage

Type V sin Benguela Current

Type VI Benguela Current

Type VII North Pacific

Orbulina universa (3 genotypes)

Faunal province

Tropical/subtropical

Transitional/subpolar

Subtropica to subpolar

Subpolar/polar

Subtropical

Tropical/subtropical

Tropical

subtropical
tropical

transitional

Subpolar/transitional

Subpolar/transitional

Polar

Subpolar/transitional

Transitional

Subpolar
Polar

Transitional

Remarks

North Equatorial Current

Strong vertical mixing, high
productivity

Subtropical Frontal Zone

Cold, dense, nutrient rich
productive

Off Japan

No data available
No data available

No data available

300-400 m depth
Upper 100 m

No data available

Inconclusive after André et al.

(2014)

In sea ice

97

Ref. no.
10, 19, 24

27

10, 19, 23, 24

27

10, 19, 23, 24, 27

24

25

17, 30, 33

30, 33
30, 33
30

2,14, 15

3,14
14,15
14,15

16, 19
16, 19

15, 16
15, 16

(continued)
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Table 2.2 (continued)

2 Classification and Taxonomy of Extant Planktic Foraminifers

Species/genotype = Geographic distribution Faunal province Remarks Ref. no.
Type 1 Caribbean Sea off Tropical Throughout the Atlantic 2, 19
Curagao, Coral Sea
Caribbean Sea off Puerto Subtropical/tropical Oligotrophic waters 6, 19, 23, 31
Rico, Atlantic, S Indian
Ocean, S Pacific
Type II Sargasso Sea, Atlantic, S Subtropical/tropical Spezialized adaptions? 6, 19, 31
Pacific
Type 11 Southern California Bight, ' Transitional/subtropical  Eutrophic waters throughout the 4,6, 19, 23
Mediterranean Sea, Santa Atlantic
Barbara Channel, S Indian
Ocean
Mediterranean Sea, Subtropical/tropical Marginal transitional zones 6, 19, 23, 31
Atlantic, Red Sea, S Indian
Ocean
Orcadia riedeli No data available
Pulleniatina obliquiloculata (3 genotypes)
Type I Coral Sea, cosmopolitan Transitional to tropical 17, 28
Type Ha equatorial Pacific Subtropical/tropical 17, 28
Type IIb Pacific Transitional to tropical 17, 28
Sphaeroidinella dehiscens (1 genotype)
Type 1 Indo-Pacific Tropical 17
Streptochilus globigerus
Benthic species identical to 36
Bolivina variabilis
Tenuitella compressa No data available
Tenuitella No data available
fleisheri
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 Subtropical/tropical 19, 25
Ocean
Type Ila Drake Passage, North Subpolar 3,9, 14, 19
Atlantic
Type IIb North Atlantic, Nordic Polar/subpolar 3,9, 14, 19
Seas
Type Ilc 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) Ujii¢ et al. (2010), (28) Ujii¢ 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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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

© Springer-Verlag Berlin Heidelberg 2017

(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

111

R. Schiebel and C. Hemleben, Planktic Foraminifers in the Modern Ocean,

DOI 10.1007/978-3-662-50297-6_3



112

3 Cellular Ultrastructure




3 Cellular Ultrastructure

113

<« 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 um. 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

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

sacculifer with long web-like rhizopodia. Bars (1) 100 m,
(2) 500 pm. From Hemleben et al. (1989)

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
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Plate 3.3 (1) Straight rhizopodia, and (2) reticulate rhizopodial web of G. truncatulinoides. (3) Straight rhizopodiain G. »
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 um, (4,5) 50 pm, (2,3) 100 pm, (6-8) 1 pm

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
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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 um, (2,3,6) 0.2 pm

(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
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Plate 3.5 (1) Peroxisomes (arrows) in cytoplasm of G. ruber. (2) Vesicles (arrows) containing fibrillar material and »
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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 pm, (5) 1 um

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

Transmission microscopic 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-
folding within 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
of microtubules, which undoubtedly account in part
for the remarkable rigidity and strength of these
cytoplasmic extensions.



3.3 Cytoskeletal Structures




120

3 Cellular Ultrastructure

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 pm, (5) 0.5 pm

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 pm or greater
than 200 um 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
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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 pm 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
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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 pm 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 (Fébvre-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
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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,
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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 pm
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
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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 constant movement, 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 should clarify the reproduction mode of
planktic foraminifers, i.e. sexual versus asexual
reproduction.
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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).

© Springer-Verlag Berlin Heidelberg 2017

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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<« Plate 4.1 (I) 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 pum,

(3-5) 3 um, (6) 0.5 pm

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

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 44.0 454 472 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 25 1.9 - 2.0
Chaetognaths 0.5 13 1.9 - -
Radiolarians 6.8 2.5 5.7 1.2 39
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 55 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
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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 pum 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-pm 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-um 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.
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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
G. glutinata D
N. dutertrei D E T
N. pachyderma D, E
P. obliquiloculata D, Dn
G. inflata D, Dn
G. truncatulinoides D,E T
G. hirsuta D,Dn, E, T
G. menardii D,E T

Animal prey

A

A,M
AM
AM
A,M
AM

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

are thecate algae
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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
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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

ac:re % ac
G. ruber 5:19 20
G. siphonifera 25:24 51
H. pelagica 6:3 67
G. sacculifer 66:16 80
O. universa 19:22 61

Cyclopoida Harpacticoida

ac:re % ac ac:re % ac
0:7 0 0:6 0
3:28 10 0:16 0
3:11 21 0:10 0
18:57 24 0:28 0
4:6 33 1:3 25

Adopted from Spindler et al. (1984). ac signifies accepted, re signifies rejected
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Table 4.4 Digestion time (DT [hours]) of different food organisms.

Food organisms

Foraminifer Food remains | A. salina Calanoid Cyclopoid Harpacticoid DT

species (%) Nauplius Copepod Copepod Copepod 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

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 26-31h 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 (Arfemia 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).
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Table 4.5 Comparative Species Prey protein consumed® (ug) Z/P ratio®
data on zooplankton and
phytoplankton predation of Zooplankton Phytoplankton
three planktic foraminifer G. siphonifera 5.56 0.02 278
i fter And
?g%c;;es (after Anderson G. sacculifer 482 0.026 158
G. ruber 3.74 0.032 117

“Based on a standard aliquot of Amphidinium carteri as a phytoplankton prey and 1-day
old Artemia nauplii as zooplankton prey offered in laboratory cultures
PRatio of zooplankton protein to phytoplankton protein consumed during a period of 2 h

exposure to prey

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.
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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
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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 pm 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
Diatom Thalassiosira pseudonana
Dinoflagellate Gymdoninium sp.

Coccolithophore Emiliania huxleyi

Unfed control group none

AS Time (days)
114
114
21.6
16.9
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Table 4.7 Median survival times and vitality scores for G. truncatulinoides as a function of feeding interval.

Feeding interval Mean survival (days)

Three days 34.6
Twelve days 223
Starved 16.3

Mean vitality score (days)
4.0
32
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 O 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)

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 4.8 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)

Daily 232
Six days 26.8
Twelve days 17.4
Starved 16.4

After Anderson et al. (1979); from Hemleben et al. (1989)

Mean floating time (days)
17.7
21.7
12.9
13.7
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Table 4.9 Influence of light intensity on chamber formation.

Light regime N Survival time

H 189 | 15.6 90
L 189 9.1 92
D 189 4.2 85

Frequency of gametogenesis

Rates of chamber formation
Fed daily Ev. 3.day Ev.7.day Unfed

0.30 0.21 0.008 0.01
0.37 0.28 0.21 0.07
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)

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
CaCOj3 bound carbon of planktic foraminifers
provides a proxy for the reconstruction of the
ancient biological carbon pump in addition to the
3'3C 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 North Atlantic 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 from decreasing 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
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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, % = 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).

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 pm in test size) of various species
produce the same or even larger quantity of

Size (um)

Size (um)

Different size-to-weight ratios of different species result in
a low ?=0571 (linear fit), p < 0.00001, standard
deviation of the residuals = 6.623. (¢) 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, P = 0.974, p < 0.00001. From
Schiebel and Movellan (2012)

biomass as individuals of the next larger test-size
interval, >125-150 um (Movellan 2013). The
phenomenon might 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 phenomenon may 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 by O. 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
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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

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

Test Diameter (um)

Globorotalia inflata
Globorotalia scitula
Globorotalia truncatulinoides
Hastigerina pelagica
Neogloboquadrina dutertrei
Neogloboquadrina incompta

Test Diameter (um)

Neogloboquadrina pachyderma
Orbulina universa
PD intergrade

—— Turborotalita quinqueloba

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)

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).
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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 um generally bears
slightly more biomass than the next larger test
size-fraction >125-150 pm. 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 pg 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 Diameter (um)
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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
(Jorgensen et al. 1985; Rink et al. 1998; Koh-
ler-Rink and Kiihl 2000, 2001, 2005; Honisch
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
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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 ¢, and carotenoids, i.e. peridinin, and
absence of chlorophyll » (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

products as commensals, others ingest host (Fig. 4.5).
Tablg 4‘19 Kif’d Of. Dinoflagellates Chrysophycophytes Facultative Chrysophytes
symbionts identified in
planktic foraminifers G. conglobatus G. siphonifera G. inflata
according to Gastrich and ruber G. humilis G. menardii
Bartha (1988), Faber et al. .
N. dutertrei

(1988), and Hemleben et al.

G.
G. sacculifer
(1989) 0.

universa

P. obliquiloculata
G. glutinata
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G. glutinata

N. dutertrei

G. menardii

Symbiont-barren

N. pachyderma

G. hirsut:

G. truncatulinoides

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

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

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

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
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Plate 4.2 (I) Coccoid dinoflagellate symbiont in O. universa surrounded by a perialgal membrane (arrow) within the »
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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 (/-5) 1 pm, (6) 5 pm

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 pm test
diameter (Spero and Parker 1985). In one large
specimen with a spherical test of 892 pm 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
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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 pm 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
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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. Jorgensen 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 8'®0 than the 5'C ratio of the
test calcite, and change with test size (Spero and
DeNiro 1987; Spero and Lea 1993). High §8'°C
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; B¢ 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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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

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,
I-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
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(2) withdrawn into test during darkness. Both pictures
taken from the same specimen. Bars 200 um. From Bé
et al. (1977)

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.
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in seawater and darkness continuously

|

initial
size

72 in DCMU, then in seawater
and reinfected with symbionts

in seawater continuously

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 um of the 202 individuals of

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

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 B¢ et al.
(1982)

grown specimens were observed in G. sacculifer
and O. universa (B¢ 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. 4.7 Photosynthesis rate of G. ruber, G. siphonifera,
and O. universa. a Net photosynthesis rate (nmol O, ind.™
h™") 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. ¢ Gross
photosynthesis rate in relation to temperature of the

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)

25 30
Temperature (°C)

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)

was first assessed by Jergensen et al. (1985) using
microelectrodes to probe the O, concentrations,
and pH at varying positions peripheral to the
test of the host with a resolution of 50-100 um
(see Chap. 10, Methods). Photosynthetic rates
were mapped by moving the microelectrodes
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Fig. 4.8 Respiration rate of G. ruber (of different test
diameter: 1 = 189 um, 2 = 241 pm, and 3 = 249 pum),
G. siphonifera (347 pm test diameter), and O. universa
(521 pum test diameter). a Respiration rate (nmol O,
ind.”" h™") in relation to temperature. b Respiration rate
at 24 °C in relation to the organic weight (ug 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

carefully around within the halo of symbionts in
the rhizopodia surrounding the test. Under illu-
mination, O, 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 O, 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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intensity of the algal-to-host system was deter-
mined at 26-30 pE m 2 571, and light saturation
intensity was 160-170 uE m~2*"'. Gross pho-
tosynthesis at light saturation was 18.1 nmol
O, h! per foraminifer individual, and respiration
rates ranged between 2.7 and 3.3 nmol O, h™"
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
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metabolism of the host, but limited concentra-
tions of dissolved nitrogen and phosphorus
necessitates capture of prey to supply those
essential elements (Jorgensen 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 O, h™! 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; Jorgensen 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 mito-
chondria with tubular cristae, endoplasmic retic-
ulum, food wvacuoles, 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

151

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 pum 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
(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 1I 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
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Plate 4.4 (/) 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 (/, 3, 5-7) 400 pm, (2) 100 pm, (4, 8) 20 um

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 um) 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 '*C 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 1I, 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; Elbréchter 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 rhi-
zopodial 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).
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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 um 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
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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.

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
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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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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 m?, 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 pm, 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

© Springer-Verlag Berlin Heidelberg 2017

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 of mating. 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 pm) 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

5 Reproduction

(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
and milky white, or orange to reddish due to masses
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 of G. 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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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, forma-
tion 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

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.

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)

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.
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Plate 5.1 (I) Spines are discarded before gamete release (GR) in G. sacculifer (Kage Microphotography©, with P
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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 (/,3,4) 200 pm, (2) 50 pm, (5) 500 pm, (6) 2 pm

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 24-10 | hours

(in spinose species)

Nuclear division 204 hours

Vacuolization of cytoplasm 14-6  hours

Development of flagella 9-7 hours

Cytoplasmic bulge emerges 62 hours

and expands

Gamete release 0 hours

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 lamellac 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 reproducing H. 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 foraminifer Myxotheca
(Angell 1971). Each planktic foraminifer gamete
consists of a dense nucleus (in TEM imagery)
surrounded by an irregular zone of mitochondria,
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Plate 5.2 (/) Annulate lamellae in H. pelagica forming concentric aggregates when transported toward the nucleus P
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 (/I—4,6) 1 pm, (5,7) 100 um, (8) 10 um

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