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ABSTRACT: A revision of the coccolithophores in the extinct Order Discoasterales is made possible by the realization that the coccoliths in this order

were delicate skeletal entities similar in every way to the coccoliths secreted in today’s oceans, and not the massively crystallized objects that are found

as fossils in deep-sea calcareous oozes. Phylogenetic reconstruction based on morphostructural analysis of the original coccoliths properly oriented

with regard to the live cell leads to the establishment of the earliest Paleocene genus Biantholithus at the root of the Cenozoic proliferation of the order

into 16 mostly highly diverse genera. Identification of the stem genus, with its spherical coccosphere, low coccolith count, and no flagella opening,

permits a reconstruction of the coccospheres in different lineages leading to the crown taxa of the late Neogene. Due to the unusual texture or shape of

their coccoliths, the Discoasterales coccospheres were remarkably cavernous, with minimal calcified matrix, particularly in these crown taxa. Several

lines of evidence indicate that this was part of an adaptive strategy towards oligotrophy. The .64-million-year longevity of the Cenozoic

Discoasterales, to which about a quarter of all Cenozoic fossil species belongs, reflects the adaptive potential of the basic wedge-shaped element of its

coccoliths in an ever-changing ocean.
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INTRODUCTION

The coccolithophores are playing an increasingly important role in
the concerted effort of the scientific community to assess the effect
of the current global warming, in particular with regard to their
capacity to calcify as they have done for over 150 million years
(Bown et al. 2004). Complementary approaches to predicting the
effect of global warming have included experimentation on cultures
of the ~250-thousand-year-old, cosmopolitan species Emiliana

huxleyi and closely related taxa (e.g., Langer et al. 2009, Beaufort
et al. 2011, Bolton et al. 2016) as well as analysis of the responses of
coccolithophores to past episodes of global warming such as the
Paleocene-Eocene Thermal Maximum (e.g., Bown and Pearson
2009; Gibbs et al. 2012, 2013, 2015). A potential problem with the
latter approach is that the paleobiology of extinct coccolithophores is
poorly known, although their Cenozoic evolutionary history
indicates an intimate relation between their radiations, turnovers,
and extinctions and the major oceanographic and climatic changes of
the Paleogene and Neogene (e.g., Aubry 1992, 1998; Bown et al.
2004; Aubry and Bord 2009; Aubry et al. 2012; Dunkley Jones et al.
2008). Coccolithophores also experienced distinct morphologic
trends during the Cenozoic, with one of the most striking being a
late Neogene decrease in size indicative of widespread abiotic
forcing on lineages in phylogenetically distant orders since ~3 Ma
(Aubry 2007).

Despite several decades of coccolithophore studies, limited
attention has been paid to the original anatomy of coccoliths in
extinct taxa prior to their incorporation in sediments, even though
emphasis has been placed on taxonomy to satisfy the needs of
biostratigraphic dating. As a result, and with few exceptions
(Henderiks 2008, Gibbs et al. 2013), little is known of extinct
species other than the calcitic skeletal pieces (coccoliths) that were
once secreted and arranged into enveloping coccospheres by single-
celled organisms living in the photic zone of the global ocean. With
the exception of those consisting of interlocking coccoliths (those

used in the above two studies), coccospheres are only exceptionally

preserved in sediments. Yet, in the living plankton, these tiny shells

vary considerably between taxonomic orders, not only in their shape,

size, and number of component coccoliths, but also in characters as

important as the ratio of their diameter to that of the encased cell.

The question, thus, is whether it is possible to infer the biology of

taxa in extinct orders from their coccoliths alone. In an attempt to

answer this question, I have undertaken a revision(1) of coccolitho-

phores in extinct orders, placing emphasis on the description of the

anatomy of their coccoliths from which phylogenetic relationships

can be objectively established (Perch-Nielsen 1971a, Prins 1971,

Romein 1979, Aubry 1998). I have also made tentative reconstruc-

tions of the coccospheres of selected species in these orders by

taking into account the shapes of coccospheres encountered in living

species, themselves also part of the revision. This makes it possible

to think of the Cenozoic evolution of coccolithophores in terms of

coccospheres—that is the whole organisms themselves—and not in

terms of coccolith morphologies only. Even if much remains to be

determined about the once-living organisms in extinct orders, in

particular with regard to future quantification of biological

characters (e.g., cell size, ratio of diameter of cells to that of

coccospheres, number of coccoliths/coccospheres), this documenta-

tion shows remarkable evolutionary trends on short and long scales,

as well as patterns of iterative evolution that are so pervasive as to

imply a limited number of adaptive strategies among the Cenozoic

coccolithophores.

In this paper, I highlight important characters of the coccoliths of

the Order Discoasterales, an extinct group of coccolithophores that

evolved during the mid-Cretaceous and became extinct (1.93 Ma;

Backman et al. 2012) shortly prior to the beginning of the Pleistocene

(sensu McGowran et al. 2009). I discuss the possible role of these

coccoliths, attempt reconstitutions of the coccospheres, and hypoth-

esize on the general biology of the Discoasterales cell. Only Cenozoic

taxa are discussed.
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TAXONOMIC POSITION OF ORDER
DISCOASTERALES

The first attempt at a comprehensive classification up to the

taxonomic rank of order in the coccolithophores was by Hay (1977),

soon followed by Tappan’s revision (1980). While classification at this

rank has generally been avoided during the subsequent three decades,

the introduction of cladistic classification of molecular biology as a

complement to morphologic analysis of living species (Edvardsen et

al. 2000, Young et al. 2003), together with recognition of the

usefulness of the rank in describing long-term morphologic trends in

Cenozoic coccolithophores (Aubry and Bord 2009), has resulted in a

reconsideration of the full hierarchical classification of the group.

Concurrent classifications extending to the rank of order are now

available for Cenozoic coccolithophores (Table 1). While there is

generally good agreement over living taxa, there are substantial

differences elsewhere, and in particular with regard to the definition,

content, and position of the Order Discoasterales(2). For Bown and

TABLE 1.—Comparison between the taxonomic content of Order Discoasterales developed by different authors in the last two decades.

Young and Bown

(1997)

Bown

(2005)

Bown and Dunkley

Jones (2012)

Bown and

Newsam (2017)

Aubry (1998, 2014a)

Aubry and Bord (2009)

Order Zygosdiscales Y Y Y Y

Family Zygodiscaceae Y Y Y Y

Genera

Jakubowskiella — — — ?

Lophodolithus Y — Y Y

Neochiastozygus Y — — Y

Zygodiscus Y — — Y

Neococcolithes Y Y Y NO

Chiphragmalithus — — Y NO

Isthmolithus — Y — NO

Nannotetrina NO NO Y NO

Helicosphaeroides

Order Pontosphaerales

Family Helicosphaeraceae Y Y Y Y

Genera: Helicosphaera Y Y Y Y

Family Pontosphaeraceae Y Y Y Y

Genera

Pontosphaera Y Y Y Y

Scyphosphaera Y — Y Y

Transversopontis — — NO

Helicosphaerella

Aciculosphaera

Nannoliths Y Extinct nannoliths Y Coccoliths

Order Discoasterales NO Y Y Y

Family Discoasteraceae Y Y Y Family Eudiscoasteraceae

Genera

Catinaster — — Y

Discoaster Y Y Y Eudiscoaster

Myrsaster

Family Heliodiscoasteraceae

Genera: Heliodiscoaster

Nannotetrina

Family Fasciculithaceae Y — — Y

Genera: Fasciculithus Y — — id

Gomphiolithus

Lithoptychius

Family Heliolithaceae — — — Y

Genera

Bomolithus — — — Y

Heliolithus — — — Y

Heliotrochus

Family Sphenolithaceae Y Y Y Y

Sphenolithus Y Y Y Y

Ilselithina
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coauthors (e.g., Young and Bown 1997, Bown 2005, Bown and
Dunkley Jones 2012, Bown and Newsam 2017), this order does not
belong to the coccolithophores, and its skeletal remains (e.g.,
discoasters, sphenoliths, fasciculiths) are referred to as nannoliths.
In contrast, Aubry et al. (2012) rooted the Cenozoic lineages of the
order in the genus Biantholithus, for which the coccosphere is known,
thereby demonstrating that the order belongs to the coccolithophores.
They further documented the Early Paleocene lineages in the order,
marked by the divergence between two suborders, both of which
remained successful until the late Neogene, although dwindling
progressively in abundance and diversity during the Late Pliocene
(sensu McGowran et al. 2009).

Lineages among Discoasterales have been discussed by Prins
(1971), Romein (1979), and Aubry (2014a, 2014b, 2015a, 2015b)
with regard to the whole order, and by Theodoridis (1984), Peleo-
Alampay et al. (1998), Raffi et al. (1998), Aubry et al. (2012), and
Monechi et al. (2013) with regard to specific genera. The possession
of (1) shared structural units, the differential development of which
may be unequivocally followed through time, (2) highly modified
homologous elements such as the ‘‘triades,’’ as well as (3) mosaics of
morphologic characters at evolutionary divergences provides firm
evidence from which to infer lineages (Fig. 1). This is discussed
extensively in Aubry (2014a), to which the reader is referred.

As presented here, the Order Discoasterales includes two Cenozoic
suborders with seven families, 16 genera, and ~600 (paleontological)
species (Table 2). The concepts of order, families, and genera in
extinct coccolithophores are objective in the sense that these ranks can
be delineated based upon precise structural characters (see discussion
in Aubry 1998). In contrast, the concept of paleontologic species is
less satisfactory in being generally removed from that of biological
species. This is due to complications such as (1) dimorphism (the
occurrence of coccoliths with different morphologies on a mono-
thecate coccosphere) and dithecatism (coccospheres consisting of two
layers [theca] of morphologically different coccoliths), which cannot

be recognized among extinct taxa unless coccospheres are preserved
(Aubry 1989, Young et al. 2009), (2) pseudocryptic speciation, which
is common in living populations (Geisen et al. 2002, 2004; Hagino et
al. 2009) but difficult to determine in fossil assemblages (Criscione et
al. 2017), and (3) diagenesis, which may obliterate species-specific
morphologic details (e.g., Martini 1976, Wise 1977, Perch-Nielsen
1977, Young et al. 2009). Thus, the number of species in the Order
Discoasterales is only a rough estimate, which is likely to increase as
morphometric analyses on well-preserved populations are conducted.
Until then, diversity in the order is more satisfactorily measured by its
lineages.

MATERIAL AND METHOD

Material

The material used for description of the Order Discoasterales
consists of a compiled database of more than 6000 transmission and
scanning electron microscopy (TEM and SEM) images published over
almost three quarters of a century and documenting coccoliths from
dated and geographically referenced epicontinental and deep-sea
sediments from around the world.

The great majority of Discoasterales coccoliths illustrated in the
literature have been considerably overgrown after deposition in most
sedimentary settings, particularly in the deep sea. These coccoliths
may in fact be overgrown in sediments that otherwise have yielded
some of the best-preserved coccoliths in other taxonomic orders
(compare Bown 2010, plates 10 and 7; compare also with remarkably
well-preserved holococcoliths in Bown 2010, plate 8). Special
attention was thus given to coccoliths recovered from shallow buried
sediments in which diagenetic alteration was minimal, such as
epicontinental/hemipelagic (e.g., New Jersey and Tanzania: Bybell
and Self-Trail 1995, Bown and Pearson 2009, Dunkley Jones et al.
2009, Bown 2010) and deep-sea sediments (e.g., off New Zealand:

TABLE 1.—Continued.

Young and Bown

(1997)

Bown

(2005)

Bown and Dunkley

Jones (2012)

Bown and

Newsam (2017)

Aubry (1998, 2014a)

Aubry and Bord (2009)

Family Hayellaceae Family Hayellaceae

Hayella

Genera

Incertae sedis Family Rhomboasteraceae — Y

Imperiaster — — Y

Rhomboaster Y — Y

Tribrachiatus Y — Y

Trochasrites — X — ?

Nannotetrina NO NO

Genera incertae sedis Incertae sedis nannoliths Y — Family Biantholithaceae

Biantholithus Y — — Y

Nannotetrina NO Y — NO

Diantholitha

Young and Bown (1997) set new bases for the classification of Cenozoic coccolithophores. This was modified progressively, notably by Bown
(2005), Bown (2010), Bown and Dunkley Jones (2012), and Bown and Newsam (2017). Aubry (1998) integrated earlier morphostructural
studies in organizing genera in higher rank taxonomy. This was expanded in Aubry and Bord (2009) and Aubry (2014a, 2014b). Important
differences occur between the two schemes. The Order Discoasterales belongs to the coccolithophores, its coccoliths are heterococcoliths, which
represent the diploid phase of organisms, and its Cenozoic radiation is rooted in the genus Biantholithus. Because I review here the inconsistent
assignment of Nannotetrina to the Order Zygodiscales as well as to an ‘‘Incertae sedis nannolith’’ (Young and Bown 1997 proposed both
alternatives), a revised taxonomic classification of the Order Zygodiscales is also shown (see Aubry and Bord 2009). Nannotetrina diverged
from a four-rayed asterolith during the late Early Eocene. Its assignment to the Discoasterales is well supported by the study of Romein (1979).
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Edwards and Perch-Nielsen 1975). However, remarkably few well-

preserved Discoasterales coccoliths have been recovered (see Aubry

2015a, table 2). These were selected for careful analysis of

morphostructure and texture in the different genera, and they have

served as models for the artwork in Aubry (2014a, 2014b, 2015a,

2015b) and here. They have also guided general structural

interpretation of less-well-preserved specimens that were unsuitable

for documentation of texture (see below). Parallel analysis in bright

field and crossed nicols of specimens from my collection has been

integrated with the morphostructural analysis.

Very few images of complete fossil coccospheres are available, and

most are of the sturdy type (placolith built), consisting of interlocking

coccoliths (e.g., Mai et al. 1997, 1998; Bown et al. 2014).

Coccospheres are not known for Cenozoic Discoasterales, with the

serendipitous exception of Biantholithus (Mai et al. 1994, 1997; Mai

2001; Bown et al. 2014), the basal genus in which the Cenozoic

radiation of the order is rooted. A Sphenolithus coccosphere

encountered in Neogene sediments in the Gulf of Mexico (D. Jutson

and M. Styzen, personal communication, February 2014) was not

illustrated.

Method

I used the morphostructural method developed by Prins (1971),

perfected by Romein (1979), and adapted by Perch-Nielsen in her

numerous works (e.g., Perch-Nielsen 1971a, 1971b). It consists of

describing heterococcoliths (see below) in terms of structural units

(Aubry 1998). Each unit consists of strongly modified rhombohedra

(elements) arranged in one or more cycles. Structural units differ from

each other within and between coccoliths by the size, shape,

imbrication, and crystallographic orientation of their elements.

Particular attention has also been given to the texture of coccoliths.

Texture here refers to the surface of the individual elements of

structural cycles. This surface may be smooth or ‘‘chiseled’’ in various

ways (see, for instance, Coccolithus pelagicus [smooth] and

Umbellosphaera tenuis [chiseled] at www.mikrotax.org/nannotax3/

FIG. 1.—Evolutionary history of Order Discoasterales (from Aubry 2014a, p 3, fig 1). Lineages are based on coccoliths. Note Biantholithus

sparsus at the origin of the Middle to Late Paleocene radiation of the order. The time scale here and elsewhere in this work is based on

Berggren et al. (1995) to avoid the problem of chronology around the Paleocene/Eocene boundary. The positions of the chronostratigraphic

boundaries were adjusted where necessary (although the Pliocene/Pleistocene boundary is retained at 1.81 Ma).
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index.php?dir¼Coccolithophores). Elements are typically textured in
the Order Discoasterales.

Consistent orientation of coccoliths is a prerequisite for comparison
of homologous structural units within and between genera, and
description of their successive transformation in lineages. The
coccoliths of familiar living species are easily oriented with respect
to the living cell, with the proximal face facing the cell at the outer
edge of the periplast and the distal face at the interface with seawater.
However, in the absence of fossil coccospheres, not all Discoasterales
coccoliths are readily oriented, and the orientation of asteroliths (¼
discoasters) has been a vexing problem. A consistent way to orient
them consists in determining the serration pattern at the coccolith
periphery (a method which is in fact applicable to all coccoliths and is
a conservative character within an order or suborder).

Discoasterales coccoliths are composed of wedge-shaped elements
arranged radially around a central axis (Fig. 2A–E). The elements
meet along two consecutive sides (b and a) of equal length, whereas
the other two sides (d and c), typically of different length, give the
coccoliths an uneven serrate periphery (Fig. 2E). In fasciculiths,
helioliths, asteroliths, and tetrinaliths, the serrate margin is such that,
on the proximal (p) face, proceeding clockwise between sutures, the
longer free side (L) of an element precedes the shorter free side (S)
(Fig. 2E). This is called the LSp pattern, which is characteristic of all
coccoliths in the Suborder Eudiscoasterineae (Fig. 2E–G). The pattern
is reversed (SLp) in the Suborder Sphenolithineae (Fig. 2H, I). The
LSp and SLp (or, conversely, if the coccoliths are examined from the
distal [d] side, SLd and LSd, respectively) patterns are traceable back
to the stem structural group of biantholiths (Fig. 3), which show some
degree of variability with regard to the serration pattern, although the
LSp pattern is more common (see further discussion in Aubry 2014a).
The strength of the morphostructural methodology is seen in the
consistency between, on the one hand, orientation of the coccoliths
based on the peripheral serration pattern and, on the other hand, the
constant distal or proximal location of the structural units.

A brief clarification with regard to terminology is required here
because it is important to recognize that the Discoasterales coccoliths
are heterococcoliths that represent the diploid phase of the

Discoasterales coccolithophores. The two commonly used terms
‘‘nannolith’’ and ‘‘heterococcolith’’ have acquired a dual meaning
(Aubry 2013). The term ‘‘nannolith’’ was introduced for skeletal
remains similar to coccoliths and associated with them as sedimentary
particles, but which were of shapes unknown among living
coccolithophores. The skeletal pieces of the extinct Order Discoast-
erales thus qualified as nannoliths, a qualification that is no longer
appropriate since it is now established that they were derived from an
Early Cretaceous lineage of coccoliths. The term ‘‘heterococcolith’’
was introduced as a morphostructural term to designate coccoliths
characterized by specific cyclic arrangements of morphologically
diverse calcite crystals, in opposition to the term ‘‘holococcolith,’’
introduced for coccoliths uniformly made of rhomboidal crystallites
(Braarud et al. 1955). As it became recognized that heterococcoliths
and holococcoliths represent, respectively, the equally extended
diploid and haploid vegetative phases in the life cycle of living
coccolithophores (Billard 1994, Noël et al. 2004), the two terms have
acquired a biological meaning as well. This conflation of a
morphostructural and a biological term applicable to living forms
has resulted in a potential conflict in the fossil such that ‘‘a nannolith is
neither heterococcolith nor holococcolith’’ (Young et al. 2003, p 3), a
position that has been followed by many to this day. Even when
sphenoliths, fasciculiths, and asteroliths of the Order Discoasterales
are regarded as nannoliths rather than true coccoliths (e.g., Table 1),
they exhibit a heterococcolith structure.

The evidence is firm that the Discoasterales are coccolithophores
(Aubry et al. 2012, Aubry 2015a). Their abundant skeletal remains in
oceanic oozes are thus coccoliths, which, because of their cyclic
morphostructure, are objectively described as heterococcoliths. By
analogy with living forms, they represent the diploid phase of a
distinctive group of coccolithophores (see below).

Finally, as in previous studies, I use traditional names for
morphostructural groups, even though this practice is often discour-
aged because of the frequent overlap between their vernacular and
generic names (e.g., sphenolith/Sphenolithus). Morphologic groups
are factual entities. Genera are interpretative, and generic division may
be objectively debatable. The recent subdivision of the fasciculiths,

TABLE 2.—Order Discoasterales (Cenozoic only): Taxonomy, diversity, and longevity.

Sphenolithineae Eudiscoasterineae No. spp.

FAD LAD Long. Size

(Ma) (Ma) (million years) (Ø 3 H)

Myrsaster [m] 1 (?) 7.9 3.8 4.1 5.0–8.0

Catinaster [c] 6 10.8 9.67 1.3 4.0–13

Eudiscoaster [a] 150 ~42.0 1.926 22.7 1.5–30

Nannotetrina [n] 10 48.3 42.25 6.05 7.5–30

Heliodiscoaster [a] 150 57.6 ~24 33.6 4.0–30

Heliolithus [h] 3 57.5 55.8 1.7 7–11

Heliotrochus [h] 8 58.26 55.9 3.36 6–17

Bomolithus [h] 2 ~59 ~57 2 6–11

Fasciculithus [f] 16 59.7 55 2.7 4.0–17 3 6.0–17

Lithoptychius [f] 16 61.1 56.9 4.7 3.5–12 3 3.5–10

Gomphiolithus [f] 2 62.4 61.5 0.9

Ilselithina 3 35 22.8 13.2 2–4

Sphenolithus [s] 59 ~60.5 3.52 58.48 2.5-5.0 3 2.5–19.8

Diantholitha [b] 3 61.2 60.8 0.4 6.0–9.0 3 5.5–8.5

Biantholithus [b] 2* 66 55 11 8.0–18

No. spp.¼ species richness; FAD¼first appearance datum; LAD¼ last appearance datum; Long.¼ longevity. S¼ sphenolith; b¼biantholith;
f ¼ fasciculith; h ¼ heliolith; a ¼ asterolith; n ¼ nannotetrine; c ¼ catinalith, m ¼myrsalith.

Note that genera are given in chronologic order of appearance in the fossil record. (Genus Hayella, which is poorly documented, is not
considered in this study.)
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FIG. 2.—Serration pattern at the periphery of coccoliths in the Order Discoasterales. A–D) Single wedge-shaped elements, where a and b are

sutural sides, and c and d are free-standing sides. Dash line: plane of symmetry bisecting equally the angle between the sutural sides. Note

that the latter are of equal length, whereas side c is shorter than side d, as seen in proximal view. This is at the origin of the characteristic

LSprox pattern in proximal view (E) and, conversely, SLprox pattern in distal view (F). E–G) LSprox pattern in proximal view in the

suborder Eudiscoasterineae. Proximal face of the proximal structural unit (column) in most coccoliths in the suborder (E, F) and in

fasciculiths in which the elements are weakly organized in pairs (G; note that the LSprox pattern is preserved). H, I) SLprox pattern in

proximal view in the suborder Sphenolithineae. SLprox pattern in proximal view (E) and, conversely, LSdist pattern in distal view (F) of the

column. (adapted from Aubry 2014a, p 4, figs. 2, 3, and p 112, fig. 12c, a; Aubry 2014b, p 90 fig. 3).
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formerly assigned to the sole genus Fasciculithus, into three genera
(Aubry et al. 2011, 2012; Monechi et al. 2012, 2013) is a case in point.
New morphostructural groups (e.g., catinalith, biantholith) have also
been introduced. The objective is not to clutter the literature with
additional terms but to facilitate the objective description of closely
related coccoliths from which lineages are established. To this end, I
have also expanded the earlier practice of assigning names to structural
units (Prins 1971, Romein 1979, Theodoridis 1984). Heterococcoliths
are composed of a small number (1 to 4) of structural units, and the
Discoasterales coccoliths are no exception to this.

CHARACTERISTICS OF THE ORDER
DISCOASTERALES COCCOLITHS

The comparative analysis of coccoliths of the Order Discoasterales
has led to (1) characterization of their constitutive structural units; (2)
description of their textures; and (3) documentation of the structural
changes that were associated with evolutionary divergences during the
Cenozoic.

Morphostructural Units, Morphologic Groups, and

Genera

Two superposed structural units characterize coccoliths in the Order
Discoasterales (Aubry 2015a; Figs. 3, 4). Although their shape varies
greatly, they are readily identified by the presence or absence of
imbrication of the elements and their sutures. The proximal column
(blue in Figs. 3, 4) consists of essentially non-imbricate, wedge-
shaped elements with radial sutures; the distal calyptra (green in Figs.
3, 4) also consists of wedge-shaped elements, but with sutures
strongly curved anticlockwise at the coccolith periphery and with
some degree of imbrication. Two other units are restricted to a few
genera. The collaret is a single cycle of elements with sinistral
imbrication and sutures oriented clockwise (Fig. 4G, H, K–M). It
overlies the column and underlies the calyptra. The central body
(Romein 1979) is a conical or diamond-shaped, porous, distally
located unit at the intersection of the collaret, calyptra, and column in
the central axis of a coccolith (Fig. 4F, H). The descriptions below
summarize the main characters of morphologic groups among
discoasterales coccoliths.

The column and calyptra are essentially evenly developed in
biantholiths, being thin and disc-shaped in Biantholithus (Figs. 3, 4A,
5), but in the shape of truncated cone and corolla, respectively, in
Diantholitha (Fig. 4B). The two units are well developed in
sphenoliths, in which the calyptra develops into a spine of variable
length (Fig. 4C), as well as in the Ilselithina coccolith (Fig. 4D). The
column is cylindrical and dominant in fasciculiths. The calyptra is
reduced to a thin distal veneer in Gomphiolithus fasciculiths, which
also possess a central body (Fig. 4E, F). It is roughly lens-shaped in
Lithoptychius fasciculiths, which are readily characterized by a
collaret and a central body (Figs. 4G, 4H, 5B). Fasciculithus
fasciculiths with a low conical to needle-shaped calyptra do not
possess either collaret or central body (Figs. 4I, 4J, 5C). The
morphologically diverse helioliths consist of cylindrical column,
collaret, and calyptra, with the latter being polycyclic. Both collaret
and calyptra flare distally in Bomolithus (Figs. 4K, 5D). The collaret is
intimately associated with the column in Heliotrochus, while the
calyptra expands laterally (Figs. 4L, 4M, 5E). The collaret is poorly
developed in Heliolithus helioliths, in which column and calyptra are

FIG. 3.—Structure of biantholiths (Biantholithus sparsus herein). A)

Proximal face of the column. Note the very weak imbrication of

the elements and the mostly radial sutures. B) Side view showing

the calyptra superposed over the column. C) Approximate cross

section. D) Distal face of the calyptra. Note the central imbrication

of the elements and the peripheral anticlockwise curvature of the

sutures. Note the variability of the elements of both the calyptra

 
and column. Throughout this paper, the color code is as follows:

Blue: column; green: calyptra. (from Aubry 2014a, p 66 fig. 1).
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FIG. 4.—Morphostructural units in Discoasterales cococoliths. A, B) Biantholiths. A: Biantolithus; B: Diantholitha. C–D) Sphenoliths. C:

Sphenolithus. D: Ilselithina: (a strongly derived sphenolith) E–J) Fasciculiths. E, F: Gomphiolithus; G, H: Lithoptychius; I, J: Fasciculithus.

K–M) Helioliths. K: Bomolithus; L, M: Heliotrochus; N: Heliolithus. N, O) Asteroliths. N: H-asterolith, Heliodiscoaster; O: E-asterolith,

Eudiscoaster. P) Tetrinalith: Nannotetrina. Q) Catinalith, Catinaster. R) Myrsalith, Myrsaster. All drawings are side views except F, H, and J,

which are cross sections to show collaret (light green) and central body (dark green). Note: The insufficiently well-documented Hayella

coccoliths are omitted. (Drawings are from Aubry 2014a, 2014b, 2015a, 2015b, except E and I.)
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FIG. 5.—Distal face of monocyclic and polycyclic calyptras in Discoasterales cococoliths. A) Biantholith (Biantholithus sparsus). B, C)

Fasciculiths. B: Lithoptychius with well-developed collaret (light green); C: Fasciculithus with paired elements of the column. D, E)

Helioliths. D: Bomolithus with flaring collaret; E: Heliotrochus (Heliotrochus kleinpelli). F, G) Asteroliths. F: Heliodiscoaster; G:

Eudiscoaster. Cross sections (c.s.) and side view (s.v.) are given for location of the calyptras.
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in the shape of two inverted truncated cones (Fig. 4N). Asteroliths
(Figs. 4O, 4P, 5F, 5G) are formed by the calyptra alone, which is
bicyclic in all forms (but the very oldest in which it is polycyclic, a
character shared with the ancestral Heliotrochus). Both cycles are
composed of the same number of elements (rays). The inner cycle, or
‘‘rosette,’’ is characteristic with its dextrally imbricated elements and
anticlockwise sutures. Together with the serration pattern, it serves as
a reliable means of orienting an asterolith. In Heliodiscoaster
asteroliths, the tips of the elements of the rosette are aligned with
the sutures of the rays of the main cycle (Fig. 5F), whereas in
Eudiscoaster asteroliths, they are aligned with their axes (Fig. 5G).
There is a host of other differences between the two groups of
asteroliths that justify generic differentiation (Theodoridis 1984;
Aubry 2015a, 2015b). The bowl-shaped nannotetrines, catinaliths, and
myrsaliths consist of strongly derived calyptras (Fig. 4Q–S).

Coccolith Textures and Special Features

In the Order Discoasterales, the basic wedge-shaped element is
modified and chiseled in ways that are specific to given genera. This
has resulted in grooved, hollowed, and ridged elements. In the crown
taxa, central knobs and peripheral bifurcations have also developed.

Fluted and Honeycombed Fasciculiths (Fig. 6): In fasciculiths,
every element of the column is a tall wedge, which appears to be thick
and massive in recrystallized specimens. In reality, the wedges are
carved in ways that produce delicate columns. In the Lithoptychius
fasciculiths, the wedges are U-shaped in transverse section, so that the
column appears deeply fluted (Fig. 6B). In the Fasciculithus
fasciculiths, the wedges are hollowed, and thin transversal strands of
calcite delineate large fenestrae, giving the column a honeycomb
texture (Fig. 6C). These wedges are referred to as ‘‘double E-shaped
elements’’ for convenience. The smaller calyptra exhibits the same
character as the column in both groups of fasciculiths.

En-Creux and En-Relief Textures: Partial hollowing on the rays
of asteroliths creates small depressions or cupules (en-creux texture).
Multiple cupules that increase in size along the ray produce a
concentric pattern of striking regularity on the proximal and distal
faces of some Heliodiscoaster asteroliths (Fig. 7A). Alternatively, a
single, large, diamond-shaped cupule occupies the broader part of the
rays on both faces (Aubry 2015a, p 7, fig. 4). A single, large, proximal
cupule occurs in the inner part of the rays in other Heliodiscoaster
asteroliths, while lateral nodules aligned along a flat and broad,
slightly sloping, axial ridge create an ‘‘en-relief texture’’ on their distal
side (Fig. 7B). A single, large, proximal cupule occurs also in all
Eudiscoaster asteroliths (Fig. 8A, B).

Open Alveolar Texture: This texture encountered in sphenoliths is
produced by uniquely delicate trihedral elements called triades. Their
shape depends on location in the coccolith (Fig. 9A). The column
consists of keeled triades; these are asymmetrical with a smooth,
slightly concave proximal face (to espouse the cell surface) and a
keeled distal face. The calyptra may consist entirely of triradiate
triades (Fig. 9B), or its upper part may be formed of symmetrical or
asymmetrical winged triades (Fig. 9C, D), which, in some species,
merge into a single conspicuous spine (Fig. 4C). Radiating along the
central axis, triades confer sphenoliths a remarkable texture, in which
adjacent triradiate triades delineate deep alveolae that are accentuated
in the vicinity of the keeled and winged triades (Fig. 9A). The
coccoliths of Diantholitha and Ilselithina also consist of keeled
(column) and winged (calyptra) triades.

Cavernous Rays: Peripheral bifurcations occur commonly in
asteroliths. Simple and short in Heliodiscoaster (Fig. 7B), they are

asymmetrically developed in Eudiscoaster asteroliths (Fig. 5G). The
webbed tips often form concavo-convex, lateral expansions that
delineate small proximal cavities (Aubry 2015b, fig. 13). A broad and
short or long and narrow limb with a proximal bend may also project
from the center of a bifurcation, enlarging the proximal cavity (Fig.
8A).

Knobs and Stems: Distal and/or proximal knobs occur in many
asteroliths. When present, the distal knob is formed by the raised,
sometimes laterally expanded rosette (Figs. 7B, 8). Proximal knobs
and stems result from the bending of the rays in the proximal direction
and their coalescence (Figs. 7B, 8).

Other special features include the median distal ridge on the rays in
Eudiscoaster asteroliths that link the rosette to the center of the
bifurcated tips or its central limb (Fig. 8); the lateral and terminal
nodes on the rays in Heliodiscoaster asteroliths (Fig. 7B); and folds
(in fact elongate thickenings) that end as peripheral spines in
nannotetrines (Fig. 4D). This list may not be complete because
texture is known in a relatively small sample of Discoasterales
coccoliths. For instance, the texture remains indeterminate in the
crateriform Gomphiolithus fasciculith (Fig. 6A); there are indications
that helioliths have a corrugated surface; and while the textural
features of many Eudiscoaster asteroliths are known, those of many
Heliodiscoaster asteroliths remain to be documented.

Temporal Distribution of Morphostructural Units and

Textures

The Discoasterales coccoliths are remarkable by their macroevo-
lution, with changes in the relative development of the column and
calyptra concomitant with the appearance of new textures and other
features. This is particularly striking in the Suborder Eudiscoaster-
ineae, although remarkable as well in the Early Paleocene history of
the Suborder Sphenolithineae. The result is a sequence of genera, each
with a unique combination of morphostructural and textural characters
(Fig. 1; Table 2). For instance, all fasciculiths (~62.4–55 Ma) have a
cylindrical column larger than the calyptra. However, only those of
Lithoptychius (~61.1–~56.9 Ma) possess a collaret and a central
body, and they also exhibit a fluted texture. Those of Fasciculithus
(~59.7–55 Ma) have a honeycomb texture. Those of Gomphiolithus
(62.4–61.5 Ma) have a central body (but no collaret); their texture in
unknown. The differences between the coccoliths of different genera
have been described above.

DISCUSSION

It would be tempting to relate the macroevolutionary features
described above to linear evolution, with one genus evolving into
another in sequential fashion, i.e., Biantholithus–Gomphiolithus–
Lithoptychius–Fascicuthus–Bomolithus–Heliotrochus–Heliolithus–
Heliodiscoaster succession. In fact, as argued in Aubry (2014a,
2014b, 2015a, 2015b), it is more likely that Gomphiolithus and
Lithoptychius each evolved independently from Biantholithus, and
that Lithoptychius gave rise independently to Fasciculithus and
Bomolithus, and the evidence is strong that Heliodiscoaster evolved
from Heliotrochos (and not the younger Heliolithus; Romein 1979).
The discussion below, then, is not concerned with morphologic
changes along lineages, but with evolvability within an order and in a
changing ocean. These ideas are discussed in turn.

Evolvability

The Order Discoasterales was prolific during the Cenozoic, which it
spanned almost entirely. Sixteen genera evolved in over 65 million
years (Fig. 1; Table 2). This corresponds to one evolutionary
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divergence occurring on average every ~4 million years. This figure is
somewhat distorted because in fact 10 genera evolved within the 10-
million-year duration of the Paleocene. A high rate of diversification
of 1 genus/million years was no doubt prompted by rapidly changing

oceanic and climatic conditions (e.g., Zachos et al. 2001, Cramer et al.
2009). However, adaptation and diversification in the face of
environmental pressure required a coccolith morphostructure capable
of repeatedly undergoing major transformation. This was made

FIG. 6.—Texture of fasciculiths. A) Crateriform fasciculith of Gomphiolithus. Note the crateriform distal face. The texture of the column is

unknown, because of strong recrystallization. It may have been weakly fluted. B) Fluted fasciculith of Lithoptychius. Note the deep

longitudinal grooves on the column. Note also the wide central canal that ends at the central body. C) Honeycombed fasciculith of

Fasiculithus. Note the deep alveoli that perforate the column. Note also the absence of central body; the central canal is very narrow. Left:

side views; right: cross sections.
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FIG. 7.—Texture of H-asteroliths. A) En-creux texture in a rosette-shaped asterolith (Heliodiscoaster perpolitus). A dense pattern of cupules

regularly arranged occurs on the distal and proximal faces of the asterolith (‘‘cupule’’ is a botanical term as in ‘‘acorn cupule’’). B) En-creux

and en-relief texture on, respectively, the proximal and distal face of a star-shaped asterolith (Heliodiscoaster binodosus). A single deep

cupule occurs on the proximal face; two rows of nodules delineate a sloping thickening on the distal side of each ray. (Note that the lobes of

the proximal knob and rosette point towards the sutures on both faces of the asteroliths.) Drawings from Aubry (2015a, slightly modified).
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FIG. 8.—Texture of E-asteroliths. A) Eudiscoaster surculus. B) Eudiscoaster brouweri. The en-creux texture (large diamond-shaped cupule)

occurs on the proximal side of the rays in both asteroliths. A marked depression between the rays occurs on their distal side, whereas a ridge

runs along the axis of each ray. Note the highly differentiated tips of the rays, indicative of specialization. (Note that the lobes of the proximal

knob point towards the sutures [as in H-asteroliths], whereas those of the distal knob (rosette) point towards the axis of the rays [unlike in H-

asteroliths]. Drawings from Aubry (2015b).
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possible by two favorable traits that reflect high evolvability in the
order. One is the calcitic wedge of Biantholithus, and the other is the
superposition of the structural units in the Discoasterales coccolith.
Together, they gave rise to lightweight constructions that guaranteed
the success and longevity of the order.

Evolvability is used here as described by Kirschner and Gerhart
(1998, p 8420): ‘‘The capacity of a lineage to evolve has been termed
its evolvability, also called evolutionary adaptability [. . .] Evolvability
is an organism’s capacity to generate heritable phenotypic variation.’’
Repeated adaptive radiations in the Order Discoasterales were
determined by the capability of evolving cells to vary the shapes of
the original scaly platelet [element herein] of which coccoliths are
formed and, in concert, to control the shape of their coccoliths.

Calcification of heterococcoliths during the diploid phase of a
coccolithophore is a complex intracellular process (Brownlee and
Taylor 2004, Monteiro et al. 2016), which involves multiple genes
(Lohbeck et al. 2014), with genes regulating coccolith shape (Langer
et al. 2009). Thus the ‘‘Biantholithus wedge’’ and shapes of the
coccoliths are primary phenotypic expressions of evolving genes.

The Biantholithus Wedge: The potential for morphologic
transformation of this heterococcolith element is unparalleled among
Cenozoic coccolithophores. This simple, thin, slightly concavo-
convex scaly element was modified in the many ways that guaranteed
successful divergence in the order. It expanded (1) vertically to
produce the tall wedge of the prominent column of fasciculiths,

FIG. 9.—Texture of sphenoliths. A) Typical sphenolith. The column is comprised of keeled triades (B–D). The calyptra consists of superposed

cycles of triades, with the lower cycles composed of symmetrical and narrow triradiate triades and the upper cycles composed of elongated

and broad winged triades. The triradiate triades form the lower calyptra; the winged triades form the upper calyptra. In this example, the

winged triades are symmetrical, but they can also be highly asymmetrical with one side broadly expanded (e.g., in Sphenolithus

furcatolithoides). In other sphenoliths, the calyptra may consist of either triradiate or winged triades only (Fig. 4C).
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simultaneously becoming grooved, first moderately in the fluted
fasciculith (U-wedge), and then deeply in the honeycombed
fasciculiths (double E-wedges), and (2) horizontally to form the
calyptra of helioliths and asteroliths. (3) It bent to produce the
proximal knob of all asteroliths (except the earliest), which is no less
than the coalesced vertical extension of the elements of the calyptra.
(4) It divided at the tips of rays to form asymmetrical webbed
bifurcations. (5) It grew on three occasions in ways such that the
peripheral part of the calyptra merged with the proximal knob to form
the bowl-shaped tetrinaliths, catinaliths, and myrsaliths (Figs. 1, 4). (6)
Most impressively perhaps, it acquired the trihedral shape of the
triade, itself capable of different configurations, and characterizing
Suborder Sphenolithineae.

Superposition of Structural Units: The Discoasterales coccoliths
are remarkable in being composed of fewer morphostructural units
than other orders, and yet they have arguably achieved a greater range
of morphologic diversity than any other order(3). This is due to the
exceptional arrangement in superposition of the units, and not in
concentric rings as in other orders. The anatomy of most coccoliths is
such that a marginal structural unit delineates a central area that is
fully or partly filled by one or more structural units, each consisting of
cycles organized concentrically to the marginal unit. The shape of
these coccoliths is constrained by the marginal unit, and diversifica-
tion occurs within the limits imposed by its shape. There is much less
constraint on diversification when structural units are in superposition,
with each unit being able to evolve independently of the other. This
arrangement, at the origin of my emendation of the order, has one of
two possible origins in the ancestral Mesozoic Discoasterales: either
the migration of a structural unit from the central area to the margin to
produce, respectively, the calyptra and column; or the loss of a distal
marginal unit, resulting in the central area unit (now calyptra)
overlying the marginal unit (now column) (Aubry 2014a, fig. 9). The
Cenozoic diversification of the Discoasterales was rooted in a simple
coccolith that consisted of two superposed, slightly differentiated
monocyclic structural units in which we recognize the column and
calyptra of the more typical coccoliths of the order.

The relative development of the column and calyptra in different
morphostructral groups (sphenoliths, fasciculiths, asteroliths, etc.) has
been described above, showing that the potentials for transformation
of the column and calyptra were different in the two suborders. The
column was a conservative unit in the Suborder Eudiscoasterineae,
changing little as lineages diverged(4). The calyptra, in contrast,
underwent multiples innovations, and its potential for radical
morphological evolution was facilitated by its distal position on the
living cell together with the regression and subsequent disappearance
of the column. Once the only structural unit in Late and post-
Paleocene coccoliths of that suborder, the calyptra developed in
remarkable ways and gave rise to unique star-shaped (asteroliths) and
cup-shaped (tetrinaliths, catinaliths, myrsaliths) coccoliths.

The difference in the ability of the column and calyptra to transform
was less pronounced in the Suborder Sphenolithineae, in which the
two morphostructural units remained present throughout its ~58-
million-year-long temporal span. This is probably because the two
units consist of the same highly specialized triades arranged to form
harmoniously constructed coccoliths. We note, however, that differ-
ences between sphenoliths are more concerned with the calyptra than
with the column.

Stiff, Lightweight Constructions: It is clear from the above
description that the Discoasterales coccoliths were of fragile
appearance(5). Made of calcite, which is brittle, they should have
easily fragmented, possibly leaving a scant fossil record. Yet, their
record is one of the most abundant in sediments deposited at low and
middle latitudes. It is known that the presence of organic components

in the crystalline matrix of aragonitic shells considerably improves
their strength and toughness (Jackson and Vincent 1990, Hamm et al.
2003). This applies to coccoliths as well, which also consist of
functional composites (calcite þ polysaccharides þ proteins). The
intracellular secretion of coccoliths in the living species occurs in
vesicles associated with the Golgi apparatus, where it is regulated by
intra- and intercrystalline polysaccharides and a calcium-binding
protein (Marsh 1994, Corstjens et al. 1998). In addition, an organic
coating protects the finished coccolith (Godoi et al. 2009).
Considering that the calcification processes are thought to be
ubiquitous in all coccolithophores (Jong et al. 1994), Discoasterales
coccoliths likely consisted of functional composites that conferred
them strength and toughness. These composites also conferred the
initial, scaly wedge the morphological plasticity that permitted its
transformation (1) first into the triades (~61.2 Ma) that became
characteristic of sphenoliths and the U-elements of the fluted
fasciculiths (~61.1 Ma), and through the latter into (2) the double
E-elements of the honeycomb fasciculiths (~59 Ma), (3) the 908
bending of the rays of asteroliths into a central knob or stem (~57
Ma), or (4) into a webbed tip (in Eudiscoaster), and (5) their 1808
bending to form the calyx of bowl-shaped calyptras (~48.3, 10.8, and
7.9 Ma). Through smooth morphologic integration of the column and
calyptra, these derived wedges are at the origin of some of the best
examples of the naturally stiff lightweight constructions of the
microplankton world, readily comparable to those encountered among
diatoms and dinoflagellates (Hamm and Smetacek 2004), except for
being compound. By uniformly distributing stress and creating a high
moment of inertia, the grooves, honeycomb structures, corrugated
surfaces, and ridges have guaranteed toughness to the Discoasterales
coccoliths despite their extreme delicacy. In turn, this has led to high
morphologic diversification.

Adaptive Strategy

The evolvability of the Discoasterales should be understood in the
context of successive radiations characterized by specific textures and
morphologic convergence indicative of successive adaptive strategies.
This is most obvious in the Paleocene, when multiple morphologic
groups arose.

To refer to the fasciculiths (and ignoring the rare, less-well-
documented Gomphiolithus fasciculiths), the fluted Lithoptychius
fasciculith (61.1–56.9 Ma) radiated prior to the honeycomb
Fasciculithus fasciculiths (59.7–55 Ma); when the latter became well
established, the former dwindled in abundance, although surviving for
another ~2.8 million years. This double phenomenon is known as the
first (61.1–60 Ma) and second (~56–55 Ma) radiations of the
fasciculiths (Romein 1979, Aubry et al. 2012, Monechi et al. 2013). In
a similar fashion, the Heliodiscoaster asteroliths displaced the earlier
helioliths from which they arose. Morphologic convergence between
fasciculiths and sphenoliths reinforces the view of sequential adaptive
strategies. Hemispherical, and with a tall column sporting keeled
triades and a low calyptra, the earliest sphenoliths are not without
resemblance to the fluted Lithoptychius fasciculiths, with which they
occurred during the Middle Paleocene, whereas the Late Paleocene
sphenoliths, with their square column and pointed calyptra with open
alveolar texture, are morphologically convergent on the honeycombed
Fasciculithus fasciculiths (Fig. 10).

A radical change in geometry in the Suborder Eudiscoasterineae
occurred in the Late Paleocene, from coccoliths (fasciculiths and
helioliths) developed along the (vertical) Y-axis to coccoliths
(asteroliths) developed along the (horizontal) c-axis as a result of
the flattening and broadening of the calyptra into a large concavo-
convex disc, concomitant with the loss of the column. This led to a
notable, although little noticed, turnover, in which all Paleocene
genera had vanished by the earliest Eocene (~55 Ma), except for
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Sphenolithus and Heliodiscoaster (Fig. 11). Triade and open alveolar

texture represented a robust morphologic strategy in Sphenolithus, the

only Discoasterales with a vertical radial symmetry that radiated

several times until the Middle Miocene (Aubry 2014a, fig. 35). The

success of a new geometry is manifest in the collective longevity of

the asterolith-bearing Heliodiscoaster and Eudiscoaster from the

Eocene through Pliocene compared to their short-lived Paleocene

predecessors (Table 2).

FIG. 10.—Convergent evolution between Late Paleocene sphenoliths and fasciculiths. The coccoliths became increasingly convergent from

Middle to Late Paleocene (from Aubry 2014a, p 29, fig. 19).
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Post-Paleocene sequential morphologic strategies were subtler. The
calyptra continued to undergo changes, with the most obvious being a
reduction in the number of rays and in the length of their sutures in
asteroliths. A little-recognized modification is the change in
orientation with regard to the cell surface of the umbrella-shaped
asteroliths, where the Heliodiscoaster asteroliths (57.6–~24 Ma) were
concave proximally and the Eudiscoater asteroliths (~42–1.93 Ma)
were concave distally. Regardless of the new geometry, the same
adaptive strategy was operative as during the Paleocene, as indicated
by the en-creux and en-relief textures, the acquisition of knobs and
stems, the specialized, asymmetrical webbed tips of the rays in
Eudiscoaster asteroliths, and the iterative evolution of bowl-shaped
coccoliths, all leading to ‘‘cavernous’’ coccoliths.

To date, there has been little appreciation of the unusual
morphologies that evolved among the Discoasterales. Fasciculiths,
sphenoliths, and asteroliths are remarkable enough in shape, but the
basket/bowl-shaped Middle Eocene tetrinaliths, Middle Miocene
catinaliths, and Late Miocene and Early Pliocene myrsaliths may be
even more unusual (Fig. 12), both in their shape and origin. There has
been considerable controversy as to the anatomy of the latter two
groups(6), and to the taxonomic position of the former(7). In fact, the
three groups arose from profound modification of the arms and knobs
of ancestral asteroliths. In other words, the same gross morphology
has arisen three times through convergent modifications of the
asterolith calyptra (Fig. 1). This remarkable morphologic convergence
is strongly indicative of a shared adaptive strategy.

Forcing Mechanisms in the Radiation of the

Discoasterales

Much has been learned about the living coccolithophores since
Margalef (1978) summarized in three sentences and 47 words the state
of knowledge on their ecologic requirements. However, no agreement
has yet been reached on the leading adaptive role of the coccoliths.

The coccosphere may constitute sheer protection of the fragile
plasmalemma (Manton 1986), or protection against predation
(copepods, bacterial and viral; e.g., Honjo and Roman 1978, Bratbak
et al. 1996, Hamm and Smetacek 2004, Frada et al. 2008, Johns et al.
2018) or photodamage (e.g., Paasche 1968, Quintero-Torres and
Aragón 2006, Xu et al. 2011). The shape and number of coccoliths
possibly control buoyancy and sinking through the water column in
relation to nutrient absorption (e.g., Young 1994, Lecourt et al. 1996).
Coccoliths may act as light collectors or light reflectors (e.g., Braarud
et al. 1952, Gartner and Bukry 1969); together with the periplast of
organic scales, the coccosphere may help regulate the uptake of
nutrients through the plasmalemma (Manton 1986, Young 1994,
Riegman et al. 2000). Calcification itself may benefit cell growth by
enhancing photosynthesis through increasing intracellular pCO2 (e.g.,
Anning et al. 1996, Paasche 2002, Brownlee and Taylor 2004). None
of these possible functions, and others, has yet been considered of
prime importance, and the efficiency of several has been questioned
(Brownlee and Taylor 2004). In recent reviews, Raven and Crawfurd
(2012) examined the effects of environmental factors on calcification,
while Monteiro et al. (2016) interpreted coccospheres as the primary
response to grazing pressure in the Late Triassic ocean, a role that has
been sustained to this day, with the addition of secondary benefits
such as protection from photodamage and bacterial/viral infections.

The benefits of an exoskeleton with regard to selected ecological
parameters are testable in the laboratory for living species, and there is
a vast literature on this subject (see Monteiro et al. 2016). While most
short-term laboratory tests are not applicable to extinct taxa, adaptive
strategies inferred from long-term morphologic history offer the
unique opportunity to assess forcing mechanisms from a deep-time
perspective. If coccoliths protect living cells from an environmental
factor that can be known from the geological record, it may be
possible to relate their morphologic evolution to this history. With
their abundant fossil record and long temporal range, Discoasterales
coccoliths constitute a choice material to test some hypotheses.

FIG. 11.—Change in coccolith symmetry at the end of the Paleocene (from Aubry 2014a, p 29, fig. 16).
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FIG. 12.—Basket morphologies among Discoasterales coccocliths. A) Tetrinatliths (Nannotetrina cristata). B) Catinaliths (Catinaster coalitus

[left]; C. calyculus [right]). C) Myrsaliths (Myrsaster mexicanus). In these coccoliths, the calyx is divided into smaller compartments by four

or six septa. The calyx may also be thickened locally, which increases the coccolith external surface.

82 MARIE-PIERRE AUBRY

 
This is an author e-print and is distributed freely by the authors of this article. Not for resale.



Grazing: The view that grazing was a major driving force behind
the evolution of calcification in the coccolihophores is attractive. As
lightweight constructions, the Discoasterales coccoliths exhibit the
same prominent features (see above) as those that confer toughness to
the frustules of diatoms and thecas of dinoflagellates thought to
constitute armors against grazing (Hamm and Smetacek 2004). The
long arms of Neogene asteroliths, with their complex bifurcations, the
long extensions beyond the calyx in catinaliths, the curved folds of
nannotetrines, and the spine-shaped sphenoliths themselves, may
indeed compare with the spines in diatoms and dinoflagellates that
threaten predators, as noted by Hamm and Smetacek (2004, p 329),
who concluded that explanations other than grazing ‘‘do not provide
an equally plausible and straightforward explanation on both material
and complexity of forms present in phytoplankton shells, as does
selection pressure to develop lightweight constructions against
physical attacks by grazers.’’ Espousing this view, coccoliths and
coccospheres are merely armors. There are, however, problems in
accepting that grazing fashioned the evolution of the Discoasterales. Is
it possible that grazing pressure from copepods has led to convergent
evolution in this order? If the predators have selective preferences for
their prey (see Hamm and Smetacek 2004), species of copepods
feeding on Discoasterales would have had specialized feeding habits,
with mandibles adapted to the quite different morphologies of
sphenoliths, fasciculiths, and asteroliths. Did convergent evolution
between mandibles of various copepod species drive the Late
Paleocene morphologic convergence between sphenoliths and fas-
ciculiths? Similarly, would the rather abrupt change in geometry from
cyclindrical to disc-shaped coccoliths near the Paleocene/Eocene
boundary have also been driven by an equally profound change in the
structure of the mandibles of copepods? There is, of course, no
possible answer to these questions in the light of the insufficient fossil
record of copepods (although the oldest fossil copepods are from the
Carboniferous; Selden et al. 2010), and the role of grazing in
fashioning phytoplankton evolution is not testable through deep time.
A reasonable conclusion may be that while grazing pressure affects
coccolithophores, as any other phytoplankton group (Monteiro et al.
2016), its impact on their long-term morphologic evolution remains
uncertain (see Margalef 1978).

Nutrient Concentration: A large body of evidence (geographic
distribution, abundance patterns, diachrony, timing of extinction)
indicates that Discoasterales species lived in warm, oligotrophic
waters (Haq and Lohmann 1976; Bukry 1981; Backman and Pestiaux
1984; Chepstow-Lusty et al. 1989, 1991, 1992; Aubry 1992; Fuqua et
al. 2008). It may thus be helpful to examine the essential requirements
of cells growing under such conditions.

Like previous authors (e.g., Hutchinson 1967), Margalef (1978)
stressed the importance of turbulence on plankton communities,
examined the effects of different environments on cell growth, and
explained that sinking speed and nutrient absorption were the main
controls on phytoplankton biology in marine oligotrophic waters.
Sinking is required because cells constantly deplete nutrients from the
water in which they are bathed. Nutrient absorption occurs through the
plasmalemma, the surface (S) of which does not increase proportion-
ally to volume (V) as cell size increases, and a minimal S/V ratio is
necessary to ensure continued growth. As nutrients become depleted
over time in an increasingly oligotrophic environment, one would
expect that the S/V ratio will increase, even if cell size changes little.
Likewise if oligotrophy is maintained through time but cell size
increases, one would expect that the S/V will also increase. This may
be tested using coccolith size as a proxy for cell size(8).

The morphological changes exhibited by the Discoasterales during
the Paleocene are easily interpreted as a means of increasing the S/V
ratio of individual coccoliths, and by extension, of cells (Aubry et al.
2012; Fig. 13). The transformation of the Biantholithus scaly element

into a keeled triade at least doubled its distal surface (in contact with
seawater) for a small increase in volume. In as much as the
honeycomb texture involves very thin septa (e.g., Bybell and Self
Trail 1995, plates 15–17), the change in strategy from fluted to (larger)
honeycomb fasciculiths resulted in an increase in the surface of the
coccolith in contact with seawater and a greater S/V. Modeling is
necessary to determine the net gains associated with each new strategy
(from crateriform to fluted to honeycomb fasciculiths to helioliths to
asteroliths), although a rough estimate indicates that they may be
considerable(9).

Although Discoasterales are considered thermophiles, their Paleo-
cene radiation was not directly correlative with the increase in global
warmth between 59 to 52 Ma, but it appears to have been correlated
with the evolution of the d13C of the ocean, from a Middle Paleocene
increase to a Late Paleocene peak (Zachos et al. 2001, Cramer et al.
2009; Fig. 14), which suggests increased burial of organic matter
likely related to oceanic productivity and nutrients. This in turn
suggests that nutrient concentration was a forcing factor on the
diversification in the order. The diversification of the low-latitude,
surface-dwelling, photosymbiont-bearing planktonic foraminifera by
~62 Ma has been tentatively interpreted as indicative of renewed
oligotrophic conditions in the Paleocene ocean (Coxall et al. 2006).
The oldest radiation of the Discoasterales (~61.1 Ma), which followed
closely this diversification, could thus have been prompted by a
threshold in nutrient conditions in the tropical ocean. A general
scenario may be suggested.

Biantholithus evolved immediately after the Cretaceous/Paleocene
boundary in a nutrient-rich ocean. Its simple coccolith is a far cry from
the complex coccoliths secreted by its Late Cretaceous relatives
(Micula, Ceratolithoides, and Quadrum). Blooms of rapidly evolving
phytoplankton (coccolithophores and dinoflagellates) soon contribut-
ed, along with other organisms (which included planktonic forami-
nifera), to a sustained, slow decrease in nutrient concentrations in the
more tranquil areas of the Early Paleocene ocean. About 4 million
years after the extinction event, competition for nutrients led to
widespread acquisition of photosymbionts by planktonic foraminifera
and, soon after, the initiation of the Cenozoic diversification of the
Discoasterales, first with the divergence of Gomphiolithus, followed
by a first radiation (Diantholitha and, shortly after, Lithoptychius,
~61.2 and 61.1 Ma, respectively). As nutrient consumption continued,
oligotrophic areas expanded and intensified in the warm ocean,
prompting enhancement of the lower-nutrient-induced strategy
initially adopted during divergence from Biantholithus. A second
radiation occurred (diversification of Fasciculithus, ~56 Ma), and
new Heliodiscoaster species soon evolved.

Whereas a main strategy developed (increase the S/V ratio), the two
suborders followed different adaptive paths. One path (the triade and
open alveolar texture) proved almost immediately successful, with the
caveat that it allowed limited morphologic variations. The other path
required stepwise transformations leading to the disc-shaped aster-
olith, which, with its great potential for diversification, lasted .55.5
million years. The change in coccolith geometry may be part of the S/
V strategy; it may also represent adaptation towards slower sinking
rates. It is possible that the asterolith morphology offered more
buoyancy than the diabolo-shaped helioliths and cylindrical fascicu-
liths. Alternatively, the latter morphologies hampered further increase
in cell size. Quantitative analyses are necessary to resolve this
question.

The proposition that coccoliths contribute to the biology/physiology
of cells by increasing their S/V ratio is feasible if, rather than being
passive envelopes (Young et al. 2009), coccospheres have the
capability to mediate some aspects of cell physiology (Aubry 2009),
as discussed for a group of living Syracosphaerales. There are
indications from the fossil record that this may be the case. For
example, Lithoptychius fasciculiths possess a large central canal that
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FIG. 13.—Evolutionary divergences associated with the first radiation of the fasciculiths (sensu Romein 1977). The Cenozoic diversity of the

Discoasterales is the outcome of an early Late Paleocene (late Danian) radiation into four genera rooted in Biantholithus (although Gomphiolithus

may be directly related to Late Cretaceous Ceratolithoides [not shown here; see Aubry 2014a for discussion]). The divergence involved

differential development of the column and calyptra, change in shape of their elements, de novo structural units, and, equally important, textural

changes. The similarities between structural units in biantholiths, fasciculiths, and sphenoliths leave little doubt of their common origin. Described

species of Diantholitha, Gomphiolithus, and Lithoptychius are shown. With regard to sphenoliths, the oldest species, Sphenolithus primus, is

shown together with a more evolved and characteristic taxon (reproduced with minor revision from Aubry 2014a, p 22, fig. 1).
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opens distally, permitting exchanges between the cell and its
environment via the sieve-like central body. The rosette at the center
of the calyptra is present in all Paleogene and Neogene asteroliths;
without a precise biological function, it would possibly have been lost
(as the collaret was). A proximal knob would have elevated asteroliths
above the periplast, creating a buffer zone possibly enriched in
nutrients, as envisioned by Manton (1986). The bowl-shaped
coccoliths may have served as tiny receptacles. It is generally thought
that coccoliths are foreign to the cell after exocytosis, but Taylor et al.
(2007) have shown that cells of Coccolithus braarudii control the
ejection and positioning of coccoliths at their surface, and that
calcifying cells contract and rotate within the periplast. In species of
Syracosphaerales with highly specialized, articulated circumflagellar
coccoliths, not only does a membrane (of unknown composition)
stretch across their central opening, their base also forms a corolla

apparently capable of closing and opening (Aubry 2009). There is
much to discover about the biology of these organisms, and it is
possible that filaments and microtubules (Alberts et al. 2015) are
responsible for connection between cells and coccoliths, possibly via
the columnar deposits present in the periplast as illustrated by Manton
(1986) and Taylor et al. (2007).

The cavernous nature of the Discoasterales coccoliths invites
speculation that these coccolithophores were involved in symbiotic
and/or mixotrophic activities (Aubry et al. 2012). It would seem
unusual for a group capable of the most remarkable morphologic
novelties as those described herein not to have sought collaborative
behaviors with other planktonic groups, and in particular with
bacteria. For instance, nitrogen is a limiting factor on cell growth,
and its low availability to the Discoasterales cells could have been
remedied through symbiosis with diazotroph bacteria. Godoi et al.

FIG. 14.—History of generic diversification in Order Discoasterales in the context of Cenozoic global climate and oceanic productivity

(coccolithophores from Aubry 2014a; isotope data from Cramer et al. 2009).
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(2009) suggested that the ‘‘organic coating [on coccoliths] may serve,
at least, as a physical substrate hosting bacteria,’’ and they reported
bacteria in the coccosphere of Emiliania huxleyi. ‘‘Cavernous’’ in the
current context refers to the grooves, fenestrae, cupules, and other
recesses distinctive of the Discoasterales coccoliths, which gave the
coccospheres an unprecedented appearance (Figs. 15A, 15B, 16).
These features created microenvironments and were large enough
(some .1 lm in diameter) to harbor small bacteria and eventually
cells of the picoplankton. They may have been filled with a soup of
egested food particles, digestive enzymes, and other waste products
resulting from metabolism and on which bacteria may have fed in
exchange for providing the coccolithophore cells with nitrogen,
vitamins, and other nutrients. Release of biochemicals such as
polysaccharides in the periplast during extrusion of coccoliths, as
reported in two living coccolithophores (Van Emburg et al. 1986,
Marsh et al. 2002), could possibly have been sources of sugar and
energy for bacteria hovering around coccoliths. Alternatively, each
tiny depression served as a food trap. Mixotrophy is now known to be
very common among living unicellular organisms (Stoecker et al.
2017), and I have argued for mixotrophy in a group of Syracosphaer-
ales as well as in other coccolithophores (Aubry 2009).

Mixotrophy is known in living coccolithophores, but there is no report
of their involvement in symbiosis. However, very little is known of the
living coccolithophores in terms of biology and physiology, and our
understanding of the group is heavily biased by intensive research
conducted on Emiliania huxleyi, a species highly favorable to experiments
due to its global abundance and ready culturing in the laboratory.

Biology of the Discoasterales

Based on the discussion above, the basic living cell of
Discoasterales species may be imagined. As all other coccolitho-
phores, the Discoasterales organism would have had a haploid-diploid
life cycle, with both phases possibly equally represented. The diploid
cell (which results from syngamy) would likely have been spherical,
as supported by the radial symmetry characteristic of the order and
also deduced from Biantholithus. It would also have been nonmotile.
The Biantholithus coccosphere does not exhibit a circumflagellar
opening, and the shapes of the various coccoliths in the order are not
conducive to hydrodynamic capabilities. The cell may have had a
large nucleus, two chloroplasts, and a well-developed Golgi apparatus
with large vesicles in which the heterococcoliths were secreted, and
periplastic scales were probably present, perhaps abundantly. These
are reasonable assumptions based on living coccolithophores. The cell
probably grew relatively large in some species, as often occurs in
oligotrophic environments, and cellular divisions (mitosis) were in
slow succession. The haploid phase (which results from meiosis) is
unknown. The haploid cell was probably motile (as in living species)
and may have had calcified holococcoliths, as most coccolithophores
do. It is possible that some documented Paleogene holococcoliths
belong to the order, but the life associations are unknown, and the
chance of recovering a fossil combination coccosphere is highly
improbable if we consider their rarity in today’s plankton. Alterna-
tively, the haploid cell could have been naked, as in the Order
Isochrysidales, or possessed a periplast of organic scales only.

Firmer general inferences concern the coccosphere. Also spherical,
it was most probably monothecate and monomorphic, although weak
dimorphism may have occurred. Coccoliths would probably have been
contiguous. A major uncertainty concerns the ratio of the diameter of
a cell and its coccosphere (Øce/Øco), to which the coccolith count
(number of coccoliths per coccosphere) is correlated. Although not
attempted here, this may be resolved using the concavity of the
proximal face of coccoliths to determine the size of the cell on which
they rested (Henderiks 2008). The coccosphere of Biantholithus
sparsus may be taken as a model, although of limited value because of

the basal phylogenetic position of the species. The six illustrated
coccospheres (Mai et al. 1994, 1997; Mai 2001) have similar
diameters (25–28 lm) and coccolith counts (12–18). The low
coccolith count is in agreement with counts on Paleogene placolith-
bearing coccospheres from other taxonomic orders (Aubry 2007(6)).
The discoasterales coccosphere therefore likely consisted of few
coccoliths, although this number would have probably varied
somewhat through time. As the overall coccolith size increased
through the Paleocene in the Suborder Eudiscoasterineae, the size of
the coccospheres would have also increased, from an average of
perhaps ~25 lm in Biantholithus to ..30 lm in Early and Middle
Eocene Heliodiscoaster and Nannotetrina. (For comparison, the
largest coccospheres in today’s ocean are of the rare Scyphosphaera
porosa, ~35 lm in diameter, lopadoliths excluded; Young 2008).
While asteroliths mostly specialized in large size, sphenoliths were
probably of small to medium size. High morphologic specialization
indicates that the Discoasterales species were K-selected.

For all their imperfections, my reconstitutions of the coccospheres
here (Fig. 15A, B) yield a good sense of the changing adaptive
strategy through time. No attempt has been made at representing them
at scale, and the ratio Øce/Øco is not constrained. Despite these
obvious shortcomings, these coccospheres illustrate some of the
morphologic diversity among the Discoasterales, with, for instance,
possible intricate relationships between the tips of rays in Eudiscoas-
ter. The large morphologic diversity in any of the morphostructural
groups discussed here suggests a remarkable diversity among
coccospheres as well. Their involvement in the physiology of the
Discoasterales cells is tangible in simplified reconstructions of cross
sections with coccoliths in lateral view (Fig. 16D) or in axial section
(Fig. 16B, C, E). Coccospheres may have formed thick structured
‘‘feutrage,’’ which would easily have retained water loaded with
metabolic products and offered physical space for symbiotic or
mixotrophic activity to take place. This is not far from the ‘‘trapped
water’’ envisioned by Manton (1986) for coccolithophores and the
noncalcifying Prymnesiophyceae.

None of the living species secretes coccoliths similar to those in the
Order Discoasterales. Yet, all things considered, the Discoasterales
coccosphere is similar in its outer appearance (texture) to the
holococcolith-bearing coccospheres secreted by species in the Order
Syracosphaerales. There are of course major differences between the
two groups, with the coccospheres of the latter group being
dimorphic, small (.15 lm), and with small coccoliths (,5 lm),
and, also, being secreted during the haploid phase of the cells.
Nevertheless, the Syracosphaerales holococcoliths are also cavernous,
and they are secreted by cells that live in oligotrophic waters as well
(Kleijne 1991). In addition, among living species coccoliths,
Umbellosphaera species uniquely possess chiseled elements reminis-
cent of those of the Discoasterales coccoliths. These species also live
in oligotrophic waters (Young 1994). This suggests a strong forcing
effect of oligotrophy on the texture of coccoliths and coccospheres in
phylogenetically distant taxa, supporting the view that the evolution of
Order Discoasterales can be read as an adaptive strategy in response to
low nutrient concentrations.

CONCLUSIONS

The Order Discoasterales was a major component of oceanic
communities from the mid-Cretaceous through the Late Pliocene.
Strongly affected by the end Cretaceous extinction event, it diversified
again in the late Early Paleocene and contributed to massive
deposition of nanno-oozes at low and mid-latitudes. Despite this, its
living organisms have remained unknown, partly because the
coccoliths are prone to recrystallization and partly because cocco-
spheres have not been found. However, the lack of biological
information hampers determination of the reason(s) for the evolv-
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FIG. 15.—History of adaptive evolution in the Order Discoasterales. A) Genera of the Suborder Sphenolithineae and genera of the Suborder

Eudiscoasterineae with post-Paleocene ranges. B) Genera of the Suborder Eudiscoasterineae restricted to the Paleocene. Note that there are

as many coccosphere types as there are morphological groups, and that variations occur within groups, particularly in the long-ranging

genera. Phylogenetic template is from Aubry (2015a).
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FIG. 16.—Adaptive strategies in the Order Discoasterales. A) Coccosphere of Biantholithus sparsus. B) Coccosphere of Lithoptychius. C)

Coccosphere of Fasciculithus. D) Coccosphere of Sphenolithus. E) Coccosphere of Heliodiscoaster. All coccospheres are shown as the same

size for lack of constraints on the ratio between the size of the cell and the size of the coccosphere (see text for further explanation; adapted

from illustrations in Aubry 2014a, 2014b, 2015a).
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ability, ecological success, and longevity of the order. Recognition that
the order is rooted in the genus Biantholithus, which arose
immediately after the Cretaceous/Paleocene mass extinction, has
permitted the evolutionary history of the order to be retraced, and
perhaps more importantly, morphologic traits to be analyzed, which
allows the recognition of the unprecedented diversification among
Cenozoic coccolithophores. I have shown here that high evolvability
in the order was due to the capacity of the simple ‘‘Biantholithus
wedge’’ to transform into tall, flat, bent, bifurcated, or even trihedral
elements, which, radially arranged, form two main, superposed
structural units (column and calyptra), each capable of evolving
independently from the other (unlike in other orders, in which
structural units are concentrically arranged). This resulted in
coccoliths being stiff, light constructions, made of tough but delicate
elements of calcite, with textures that conferred on them a cavernous
quality, and with morphologic convergences that imply a common
adaptive strategy. It has been suggested that grazing was a major
forcing mechanism on the evolution of coccolithophores. However,
from a deep-time perspective, it is more likely that low nutrient
concentration drove the successive radiations in the order, particularly
during the Paleocene. This is indicated by an increase in the S/V ratio
of coccoliths and coccospheres during the Paleocene in synchrony
with an increase in carbon burial likely related to oceanic productivity
and nutrients. It also seems reasonable to advance the idea that the
Discoasterales coccoliths not only served the cells by increasing their
S/V ratio, but also by providing substantial physical support for
physiologic enhancement. This is suggested by the textural characters
of the coccoliths and coccospheres, which may have created
appropriate spaces for symbiotic or mixotrophic activities. With
regard to the Discoasterales, it may be inferred that low nutrient
concentration in an oceanic habitat prompted a coccolithophore
(Biantholithus sparsus) to develop a strategy that contributed to
maintaining or even further decreasing the nutrient concentration of
the surrounding waters in a continued cycle of coevolution between an
organism and its environment.

NOTES

1. This revision, undertaken as a continuation and revision of the
Handbook of Cenozoic Nannoplankton, is being published as a
multivolume monograph titled Cenozoic Coccolithophores, which is
organized by taxonomic orders. Volumes CC-B to CC-E [Aubry
2014a, 2014b, 2015a, 2015b] are relevant to the discussion here.

2. The Order Discoasterales was introduced by Hay (1977) for ‘‘All
tubular, and disc-, dome-, star-, tower-, or umbrella-shaped nanno-
fossils’’ (p 1146) occurring in the Mesozoic and Cenozoic. Although
its taxa were regarded as ‘‘descendants of the Early Cretaceous
representatives of the genus Eprolithus Stover 1966,’’ the order also
included forms clearly unrelated to the type Family Discoasteraceae.
Tappan (1980) proposed minor adjustments to Hay’s concepts, while
essentially agreeing with them. In this context, Bown’s emendation
(2010, p 22) of the order represents a conceptual departure in that the
order became restricted to the Cenozoic, containing solely ‘‘Radially
symmetrical nannoliths formed from one to several separate cycles of
elements and including disc-like (discoasters), stellate (discoasters),
cylindrical (fasciculiths, helioliths and sphenoliths) and conical
(fasciculiths and sphenoliths) morphologies’’ (p 22; emphasis mine).
In building on the methodology of Prins (1971) and Romein (1979), I
have proposed a rather different emendation so that the order includes
‘‘Coccolithophores secreting heterococcoliths in which the cycles of
the margin and central area are in superposition. Coccoliths exhibit
high morphological diversity but all exhibit a radial symmetry in
proximal and distal view’’ (Aubry 2015a, p 31; emphasis mine).
Morphostructural analysis unambiguously shows that the order is
rooted in a group of early Mesozoic coccolithophores, with genera as

well known as Ceratolithoides, Micula, and Quadrum being Late
Cretaceous representatives (Aubry and Bord 2013, unpublished
manuscript).

3. Maximal generic diversity was achieved in the Order
Coccosphaerales (see Aubry and Bord 2009, fig. 2). However, all
coccoliths in this order belong to the same morphostructural group
(placoliths) and differ relatively little. In contrast, diversification in the
Order Discoasterales has resulted in coccoliths of profoundly different
morphologies, which has somehow delayed recognition of morpho-
structural unity in the group. Present diversity is high in the Order
Syracosphaerales, but the number of morphologic groups, although
higher than in the Coccolithales, is lower than in the Discoasterales.

4. Its elements acquired a tangential arrangement in Heliotrochus
helioliths, and it became bicyclic in some species.

5. It is common to regard the Discoasterales coccoliths as having
been originally massive, ‘‘heavily calcified morphologies’’ (e.g.,
Bukry 1971, Agnini et al. 2007, Fuqua et al. 2008, Raffi and De
Bernardi 2008). If that were true, it would have been unlikely for the
morphologies discussed here to have evolved one into another, and
evolvability in the group would have been rather limited. The
Discoasterales coccoliths evolved into the most unexpected shapes
precisely because they were not made of massive wedges, but of
elements that could easily be transformed. Although generally
preserved as ‘‘heavily calcified morphologies’’ in carbonate-rich
deep-sea oozes, exceptionally well-preserved specimens in clay-rich
deposits (in particular, in New Jersey [Bybell and Self-Trail 1995,
Aubry personal observations] and Tanzania [Bown and Pearson 2009,
fig. 4]) show that, in fact, the massive state is an artifact of
postmortem preservation. Without exception, Discoasterales cocco-
liths were as delicate as any coccolith secreted today, albeit of different
morphology. It is an error to interpret the alveoli of the honeycomb
fasciculiths as evidence of dissolution, when in fact their pristine
presence is indicative of absence of recalcification in the sediments in
which they are buried (see discussion in Aubry 2014b). However, as
recognized by Dedert et al. (2014) and others before them,
Discoasterales coccoliths are prone to overgrowth, so that taking the
image of an overgrown fasciculith or sphenolith at face value will
necessary lead to misinterpretation, not only of isotopic data (as
shown by Dedert et al. 2014), but of a whole range of data, including
the significance of these coccoliths in adaptive strategy.

6. A catinalith is classically interpreted as a six-rayed asterolith
(corresponding to the six central septa), the backwardly bent
bifurcated tips of which form the calyx (Ellis et al. 1972, Theodoridis
1984, Peleo-Alampay et al. 1998, Raffi et al. 1998). A radically
opposite interpretation is that the calyx resulted from a remarkable
expansion and coalescence of six limbs, each projecting from the
center of the bifurcated tips of an ancestral species of Eudiscoaster
(possibly of the Eudiscoaster subsurculus group), while the hexaradial
star made by the six central septa resulted from the radial expansion of
the lobes of the central knob of that ancestor (Aubry 2015b). The
sutural pattern and the relationships between calyx and star support
the interpretation in which the calyx is the main part of the catinalith,
unlike previously thought.

The Myrsaster coccoliths have been regarded as catinaliths.
However, the pattern of sutures, the scalloped periphery, and the
configuration of the septa indicate a different morphostructure, which
also implies a different phylogenetic origin (possibly from the
Eudiscoaster stellulus group; Aubry 2015b).

7. The phylogenetic affiliation of Nannotetrina has been contro-
versial, and the genus has been mostly placed among Incertae sedis
taxa until recently (Bown and Dunkley Jones 2012, p 35). Its
origination from the Neococcolithes-Chiphragmalithus group as
originally proposed by Achuthan and Stradner (1969) was dismissed
on morphostructural grounds (Perch-Nielsen 1971a, 1971b), and
subsequently, using optical characteristics of coccoliths, the Middle
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Eocene genus Nannotetrina was shown to be closely related to the
Late Cretaceous genus Micula (Romein 1979). This significant result
implied that nannotetrines were unrelated to the coccoliths of the
Neococcolithes-Chiphragmalithus group, as further shown by Aubry
(1988, 1999). Additional morphostructural analysis has since shown
that the genus Nannotetrina diverged from Heliodiscoaster (Aubry
2015a) and (together with Micula) belongs to the Order Discoasterales
(Aubry 2015a, Aubry and Bord 2013, unpublished manuscript).

Although retaining Nannotetrina among Incertae sedis while
considering Tappan’s (1980) placement of the genus in the Family
Zygodiscaceae, Perch-Nielsen (1985, p 536) evoked the possibility
that ‘‘Nannotetrina evolved from Chiphragmalithus [. . .] by the loss of
the wall.’’ This unsubstantiated idea was revisited recently (Bown and
Newsam 2017, p 30), with Nannotetrina assigned to Family
Zygodiscaceae on the basis of putative specimens occurring in
Middle Eocene sediments from the North Atlantic and thought to
exhibit progressive loss of the wall indicative of a Neococcolithes/
Chiphragmalithus to Nannotetrina transition. Whereas some degree of
morphologic similarity between the coccoliths of the three genera
under discussion is obvious, morphostructural analysis shows that this
similarity did not result from evolutionary divergence but reflects
evolutionary convergence.

8. Numerous coccoliths with a small proximal face may of course
surround a large cell, but coccoliths with a large proximal surface will
only surround a large cell. Moreover, a low coccolith count seems to
have been prevalent in most Paleogene coccolithophores (Aubry 2007,
supported by data in Henderiks 2008, Gibbs et al. 2013, Bown et al.
2014). The coccosphere of Biantholithus, the basal genus at the root of
the Discoasterales diversification, consists of ~20 coccoliths (Mai et
al. 1994, 1997). This gives a reasonable estimate of similar coccolith
count in related genera, which, in turn validates the use of coccolith
size as a proxy for relative change (larger/smaller) in size.

9. A rough estimate of the effect on the S/V ratio of a surface
increase in fasciculiths from plain to fluted to honeycomb was
obtained here by considering a cylindrical column 10 lm high and 10
lm in diameter. A plain column would have a S/V¼ 0.4 (volume of
calcite ¼ 785 lm3; surface ¼ 314.16 lm2). A similar cylindrical
column with six half-cylindrical grooves would have a S/V ¼ 0.72
(volume of calcite ~573.47 lm3; surface¼ 417.38 lm2); adding three
very thin septa in each column brings the ratio to 0.87 (volume of
calcite basically unchanged; surface ¼ 202.20 lm2). S is the lateral
surface area because the proximal face of the column lies on the cell,
and its distal face is overlain by the calyptra.
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Taxonomical Index

Biantholithaceae Aubry 2014a
Biantholithus Bramlette & Martini 1964 emend. Aubry 2014a
Biantholithus sparsus Martini and Bramlette 1954
Bomolithus Roth 1973 emend. Aubry 2014b
Catinaster Bramlette & Martini 1963 emended Aubry 2015b
Catinaster coalitus Martini and Bramlette 1963
Ceratolithoides Bramlette and Martini 1954
Coccolithus pelagicus (Wallich 1877) Schiller 1930
Coccosphaerales Haeckel 1894 emend. Young and Bown 1997
Diantholitha Aubry in Aubry et al., 2011
Discoasterales Hay 1977 emend. Aubry 2014a
Emiliania huxleyi (Lohmann 1902) Hay and Mohler in Hay et al.

(1967)
Eudiscoasteraceae Prins 1971 emend. Aubry 2015
Eudiscoasterineae Aubry 2014a
Eudiscoaster Tan Sin Hok, 1927 emend. Aubry 2015b
Eudiscoaster brouweri (Tan emend. Bramlette and Riedel, 1954)

Theodoridis 1984
Eudiscoaster surculus (Martini and Bramlette 1963) Theodoridis

1963
Fasciculithaceae Hay & Mohler 1967 emend. Aubry 2015

Fasciculithus Bramlette & Sullivan 1961 emend. Aubry in Aubry,
Bord and Rodriguez 2011

Gomphiolithus Aubry in Aubry, Bord and Rodriguez 2011
Hayella Gartner 1969
Hayellaceae Aubry 2014a
Heliodiscoaster Tan, 1927 ex Tan 1931) Theodoridis 1983 emend.

Aubry 2015a
Heliodiscoasteraceae Prins 1971 emend.Aubry 2014a
Heliodiscoaster binodosus (Martini 1958) Theodoridis 1984
Heliodiscoaster perpolitus (Martini 1961) Theodoridis 1984
Heliolithaceae Hay & Mohler 1967 emend. Aubry 2014a
Heliolithus Bramlette & Sullivan 1961 emend. Aubry 2014b
Heliolithus kleinpelli Bramlette and Sullivan 1961
Heliotrochus Aubry 2014b
Ilselithina Stradner in Stradner and Adamiker 1966
Lithoptychius Aubry in Aubry et al., 2011
Myrsaster Aubry 2015b
Myrsaster mexicanus (Bukry 1971) Aubry 2015b
Nannotetrina Achutan & Stradner 1969 emend. Aubry 2015a
Nannotetrina cristata (Martini 1958) Perch-Nielsen 1971
Prymnesiophyceae Hibberd 1976
Sphenolithaceae Deflandre 1952 emend. Aubry 2015
Sphenolithineae Prins 1971 emend. Aubry 2014a
Sphenolithus Deflandre 1952
Sphenolithus furcatolithoides Locker 1967
Sphenolithus primus Perch-Nielsen 1971
Syracosphaerales Hay 1977 emend. Young et al., 2003
Umbellosphaera Paasche in Markali and Paasche 1955
Umbellosphaera tenuis (Kamptner 1937) Paasche in Markali and

Paasche 1955
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