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Based on scanning electron microscopy observations, a new species of the coccolithophore genus Calciopappus
(Syracosphaeraceae, Prymnesiophyceae) is described from the surface waters off Bergen and from the lower
photic zone of sub-tropical and tropical waters. Morphological, coccolith rim structure and biometric analyses
strongly support separation of this morphotype from the two described Calciopappus species, but inclusion of it
within the genus. The new form differs from the other species in being noticeably smaller and in morpho-
structural details of each of the three coccolith types that form the coccosphere: (1) the body coccoliths have
an open central area; (2) the whorl coccoliths have a wide central opening and two thumb-like protrusions; and
(3) the appendage coccoliths are curved. On this basis, the species is formally described as Calciopappus curvus sp.

nov., its systematic affinity is discussed and compared with other extant coccolithophores.

1. Introduction

Coccolithophores (Prymnesiophyceae, Haptophyta) are single-celled
photosynthetic eukaryotes that inhabit the present-day oceans and
represent up to 10% of both the primary production (Poulton et al.,
2007) and the global phytoplankton biomass (Tyrrell and Young, 2009).
Coccolithophores produce delicately shaped calcite plates (coccoliths)
to form an intricately made cell covering known as a coccosphere
(Monteiro et al., 2016; Wallich, 1877). Coccolith production is an
intracellular process that begins with the formation of a proto-coccolith
ring (Young et al., 1999). This consists of crystal units with alternating
vertically and/or radially oriented axes, known as the V/R model
(Young et al., 1992), and the structure and morphology of the coccolith

crystals has largely formed the basis for the development of coccoli-
thophore taxonomy, and the elucidation of their biodiversity and
evolutionary patterns.

The family Syracosphaeraceae (Syracosphaerales, Prymnesiophy-
ceae) is one of the largest and most diverse (c. 25% of all modern species;
(Young et al., 2023; Young et al., 2005)) groups of extant coccolitho-
phores and its evolutionary root is likely placed deep within the Meso-
zoic divergence period (Bown et al., 2017; Medlin et al., 2008; Young
et al., 2014). The family currently accommodates four morphologically
distinct heterococcolith-bearing genera (Fig. 1): the type genus Syr-
acosphaera Lohmann and the extant genera Calciopappus Gaarder &
Ramsfjell emend. Manton & Oates, Michaelsarsia Gran and Ophiaster
Gran emend. Manton & Oates. Presently, only members of Syracosphaera
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B. Michaelsarsia

D. Syracosphaera

(1a)

have been shown in life cycle associations with holococcolithophores
(see Archontikis et al. (2020) and references therein). All four genera
produce coccospheres with similar body coccoliths (Kleijne and Cros,
2009; Young et al., 2009; Young et al., 1997). These are muroliths with a
rim that shows a lower/inner cycle of V-units and an upper/outer cycle
of R-units (Bown et al., 2017); the R-units form an elevated wall with
usually one to three lateral flanges. The central area is variable in
morphology but typically formed by radial (T-unit) laths with tangential
orientation of their calcite axes. The T-unit elements interdigitate with
the rim units and form a disjunct cycle at the central structure (see more
details in Kleijne and Cros 2009; Bown et al., 2017). In addition to the
body coccoliths, Syracosphaera species (Fig. 1D) typically show two
other types of coccoliths: circum-flagellar coccoliths and exothecal
coccoliths. The circum-flagellar coccoliths are usually similar to the
body coccoliths but with spines. The exothecal coccoliths form a com-
plete or partial outer layer to the coccosphere and are highly variable in
morphology being either planoliths or muroliths (Kleijne and Cros,
2009; Young et al., 2003). The exothecal planoliths show a smooth and
convex distal side and a concave proximal surface (Fig. 1D). The other
three genera, Calciopappus, Michaelsarsia and Ophiaster, do not have
exothecal coccoliths as conventionally recognised but instead have
whorl coccoliths and/or appendage coccoliths that are possibly homol-
ogous with the exothecal coccoliths (Young et al., 2009). In Calciopappus
(Fig. 1A) and Michaelsarsia (Fig. 1B) the whorl coccoliths and the
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Fig. 1. Syracosphaeraceae. SEM micrographs and
comparison of (A) Calciopappus, (B) Michaelsarsia, (C)
Ophiaster and (D) Syracosphaera coccosphere and
coccolith types. Scale bars = 2 pm. (A). Calciopappus.
(A.1). Side view of a C. rigidus coccosphere deprived
of appendage coccoliths but showing the ring of whorl
coccoliths (arrow 1) at the flagellar opening, and body
coccoliths (arrow 2) embodying the main part of the
coccosphere. Arrow 1 indicates the proximal smooth
side of the whorl coccoliths. Image code: 148101
(40.7764°N, 0.7497°E, November 1997, El Fangar
Bay, 0-4 m; courtesy of Fortuno & Delgado). (A.2).
Individual appendage coccolith of C. rigidus consisting
of an arcuate base and a straight appendage. Image
code: 7962 (Station 95MS, SO-139 cruise, —-6.57°N,
104.90°E, February 1999, 50 m depth). (B). Michael-
sarsia. SEM image of a Michaelsarsia elegans Gran
coccosphere showing whorl coccoliths in proximal
(arrow la) and distal (arrow 1b) views, circum-
flagellar coccoliths (arrow 2), body coccoliths
(arrow 3) and appendage coccoliths (arrow 4); the
appendage coccoliths are attached to the whorl coc-
coliths. Image code: 7951 (Station 2MS, SO-139
cruise, —9.22°N, 106.29°E, February 1999, 63 m
depth). (C). Ophiaster. SEM image of an Ophiaster
hydroideus (Lohmann) Lohmann coccosphere consist-
ing of circum-flagellar coccoliths (arrow 1), body
coccoliths (arrow 2) and appendage coccoliths (arrow
3). The appendage coccoliths are located at the
antapical pole. Image code: 7933 (Station 2MS, SO-
139 cruise, -9.22°N, 106.29°E, February 1999, 63 m
depth). (D). Syracosphaera. SEM image of a complete
coccosphere of Syracosphaera anthos (Lohmann) Janin
with exothecal planolith-type coccoliths in distal
(arrow la) and proximal (arrow 1b) views, and
endothecal circum-flagellar coccoliths (arrow 2) and
body coccoliths (arrow 3). Image code: 203-11 (Sta-
tion MD-04, 57.8°N, -10.2°E, 13 June 2004, R/V
Marion Dufresne, North-eastern Atlantic, 0 m depth).

appendage coccoliths are disposed around the flagellar pole. The whorl
coccoliths show a proximal side that is smooth and convex, and a distal
side that is concave and stepped. The appendage coccoliths are formed
of one or two types of highly modified coccoliths (Aubry, 2009; Manton
et al., 1984; Manton and Oates, 1983; Young et al., 2009) and can be
either extended forming a radial structure at the top of the coccosphere
or arranged “swept back” parallel to the body of the coccosphere. Young
et al. (2009) concluded that the appendages are probably formed in the
swept back orientation in Calciopappus and Michaelsarsia and wrapped
around the cell in Ophiaster, and are subsequently deployed in the
extended orientation, possibly as a defence mechanism.

Gaarder and Ramsfjell (1954) formally erected the genus Calcio-
pappus and its type species Calciopappus caudatus from the surface waters
of the Northern Norwegian Sea. The species was described as “narrowly
conical, with a thin antapical process” and bearing “ordinary coccoliths
long-elliptical, nearly flat, narrow-rimmed; longitudinally arranged in
close coaxial rings. A whorl of deviating coccoliths bearing long, thin,
distally constricted spines borders the flagellar field.”. An additional
species, C. rigidus, was later proposed by Heimdal in Heimdal & Gaarder
(1981, p. 42) and was discriminated from the first on the grounds of
showing body coccoliths “...smaller and having a lower number of
central lamellae running at nearly right angles to the elliptical outline of
the coccolith”. By means of light and transmission electron micros-
copies, Manton & Oates (1983) later demonstrated from material from
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the Galapagos Islands that Calciopappus cells are motile with both
flagella and a short haptonema. In addition, the arrangement of the
appendage structures across the coccospheres of Calciopappus, Michael-
sarsia and Ophiaster was shown to be different- around the flagellar
opening in Calciopappus and Michaelsarsia, but at the antapical pole in
Ophiaster (Aubry, 2009; Manton et al., 1984; Manton and Oates, 1983;
Young et al., 2009).

The two formally described species of Calciopappus, C. caudatus
Gaarder & Ramsfjell and C. rigidus Heimdal, are well-established, readily
separable, and widely reported. In addition, one rare morphotype has
previously been noted and informally proposed (Cros and Fortuno,
2002; Young et al., 2003). This form is smaller and shows body cocco-
liths with an open central area and curved appendage coccoliths. As in
the other species of Calciopappus, the appendage coccoliths vary in
orientation, i.e., being either extended radially or swept-back parallel to
the body of the coccosphere (Figs 2, 3).

For the present work, we have assembled thirty-five scanning elec-
tron microscope (SEM) images of this morphotype from our individual
collections from several environments (Fig. 4) to compare its coccolith
structure with other currently known coccolithophores. Morphological,
biometric and coccolith rim structure analyses support its circumscrip-
tion as a new species and, therefore, it is formally described, and its
systematic affinity is discussed.

2. Results
2.1. Taxonomy

Division Haptophyta Hibberd (1972) ex. Edvardsen & Eikrem in
Edvardsen et al. (2000)

Class Prymnesiophyceae Hibberd (1976) emend. Cavalier-Smith et al.
(1996)

Order Syracosphaerales Hay (1977) emend. Young et al. (2003)

Family Syracosphaeraceae (Lohmann, 1902) Lemmermann (1903)

Genus Calciopappus Gaarder and Ramsfjell (1954) emend. Manton
and Oates (1983)

Species Calciopappus curvus Archontikis, Millan, Cros & Young sp.
nov. (Figs 2C, 3C, 5-7, 11A-B).

Synonymy: Calciopappus sp. 1 (very small) Cros and Fortuno (2002,
pp 27, 86, Figs 24C, 24D).

Calciopappus sp. Young et al. (2003, pp 32-33, Figs 14, 15).

Etymology: After Latin curvus -a -um (adjective), curved; referring to
the distinctly curved appendage of the appendage coccoliths of the
species.

Diagnosis: Species of Calciopappus with a monothecate coccosphere
composed of c. 60-90 body coccoliths with an open central area, c. 8-12
whorl coccoliths with a central opening and two thumb-like protrusions,
and c. 8-12 curved appendage coccoliths.

Holotype: Stub no. 459/3 deposited at the collections of NHM, UK
(PM NF 4815 199-04). Specimen shown in Fig. 5A.

Paratype: Stub no. 459/3 deposited at the collections of NHM, UK
(PM NF 3728 OA330-453). Specimen shown in Fig. 5E.

Type Locality: North-western Mediterranean and Alboran Seas
(37°25.8'N, 0°25.3'W, depth 90 m, 5 October 1999, MATER-II Cruise,
Station 69-6).

Distribution: Sub-tropical lower photic zone (LPZ) waters and iso-
lated records from the tropical LPZ and North Sea surface waters.

Number of specimens studied: 35.

2.2. Description of C. curvus sp. nov.

Coccosphere. All observed coccospheres are elongate, slender and/
or with an obpyriform shape, and taper progressively towards the
antapical pole of the coccosphere (Figs 5-7). Coccosphere dimensions
are c. 6-8 pm with swept-back appendages, parallel to the body of the
coccosphere, and c. 14-18 pm with radially extended appendages. The
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coccospheres are monothecate and they are characterised by the pres-
ence of three types of coccoliths: (1) body coccoliths covering the main
body of the coccosphere; (2) whorl coccoliths arranged in an imbricate
ring around the flagellar opening showing anticlockwise imbrication;
and (3) appendage coccoliths also located around the flagellar pole, and
seen attached to the proximal side of the whorl coccoliths. No differ-
entiated circum-flagellar coccoliths are observed. The number of the
body coccoliths, whorl coccoliths and appendage coccoliths range,
respectively, from 60 to 90, 8 to 12 and 8 to 12.

No direct observation for the presence of flagella can be made,
however, on 12 out of 35 collapsed coccospheres, we have observed
flagellum-like structures on the filter membranes (Figs 5F, 6A) that are
similar to those observed on other coccolithophores, e.g., Calciopappus
rigidus as imaged by Manton & Oates (1983, Fig. 42a).

Body coccoliths. The body coccoliths are predominantly minuscule,
irregularly elliptical muroliths with a narrow rim (0.2 pm wide) and an
open central area. The rim lacks flanges and appears to be formed of a
single cycle of sub-rectangular crystals (Fig. 5H), although it is possible
that a second cycle of very small units is present. Length 0.5-1.3 pm
(average 0.9 pm from 698 measurements). Width 0.4-0.9 pm (average
0.6 pm from 698 measurements).

Whorl coccoliths. These are concavo-convex planoliths with an
irregular but broadly sub-circular outline and a widely open central
area. The rim is composed of two cycles of imbricate crystals, an inner
and narrow cycle of elongate units and an outer cycle of more robust,
rectangular elements (Figs 5C, 6C). The proximal side of the whorl
coccoliths is convex and typically smooth (Figs 5D, 6C, 7C), whereas the
distal surface is concave and stepped (Fig. 6D). Two thumb-like pro-
trusions are developed from the outer whorl coccolith cycle, extend from
its margin and taper to a fine tip (Fig. 6C, arrow 3). One of the pro-
trusions is directed into the flagellar opening, whilst the other is directed
towards the adjacent whorl coccolith, forming a tangentially anti-
clockwise pattern aligned with the outer edge of the ring of whorl coc-
coliths (Fig. 6D). Whorl coccolith length is 0.5-1.8 pm (average 1.0 pm
from 152 measurements) and width is 0.2-1.5 pm (average 0.8 pm from
152 measurements).

Appendage coccoliths. The appendage coccoliths consist of an
arcuate base bearing two delicate struts, each formed of a row of elon-
gate crystals. These show dextrogyral curvature in distal view and lae-
vogyral in proximal view. The struts merge (Fig. 6E) to form a long and
distinctly curved appendage ending in a sharp tip (Fig. 7D). The base of
the appendage coccoliths is 0.4-0.7 pm (average 0.6 pm from 65 mea-
surements) long, and 0.2-0.5 pm (average 0.3 pm from 65 measure-
ments) wide. The appendage is c. 4-6 pm long and its curvature angle is
9.9°-37.7° (average 21.9° from 119 measurements).

2.3. Biometric Analyses

To test whether C. curvus sp. nov. differs morphometrically from the
two other described Calciopappus species, we carried out biometric an-
alyses on 4226 coccoliths (3445 body coccoliths, 567 whorl coccoliths
and 214 appendage coccoliths) from coccospheres of C. caudatus, C.
rigidus and C. curvus sp. nov., from our collections and previously pub-
lished images ((Andruleit et al., 2005; Konno and Jordan, 2006;
Thomsen, 2016); see Table S1). To avoid any subjectivity in the resulting
datasets, in each case we measured all the suitably oriented coccoliths.
To quantify as objectively as possible the total curvature of the ap-
pendages in C. curvus sp. nov., we calculated the difference in the
orientation between tangents to the ends of the appendage (see Fig. 8)
and used this as the ‘curvature angle’.

The morphometric frequency plots (Fig. 9) show clear differences
between the three species with regard to the dimensions (see Table 2) of
each of the three coccolith types (body coccoliths, whorl coccoliths and
appendage coccoliths). In C. curvus sp. nov., the body coccoliths range
from 0.5 pm to 1.3 pm (mean value 0.9 pm) in length and 0.4 pm to 0.9
pm (mean value 0.6 pm) in width, while whorl coccoliths are,
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A. Calciopappus caudatus
A1

B. Calciopappus rigidus
[

|

\

CA1

Fig. 2. Comparison and SEM micrographs of (A) C. caudatus, (B) C. rigidus and (C) C. curvus sp. nov. coccospheres. A.1., B.1., C.1. Well-preserved coccospheres with
radially extended appendages. Image codes: 313-20, 193-62, 199-04. A.2., B.2., C.2. Coccospheres with swept-back appendages parallel to the body of the coc-
cosphere. Image codes: 5180, 2420, 140807. Scale bar = 5 pm (Figs A.1, A.2, B.1, B.2) and 2 pm (Figs C.1, C.2).
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A. Calciopappus caudatus

AA1
B

(caption on next page)
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Fig. 3. SEM micrographs and comparison of body coccoliths, whorl coccoliths and appendage coccoliths of (A) C. caudatus, (B) C. rigidus and (C) C. curvus sp. nov.
Scale bar = 1 pm (Figs A.1, B.1, C.1.) and 0.5 pm (Figs A.2, A.3, B.2, B.3, C.2, C.3). (A). C. caudatus. (A1). Imbricate ring of whorl coccoliths and appendage
coccoliths. Whorl coccoliths with a central opening covered by elements and no thumb-like projection, observed in proximal view. Appendage coccoliths with an
arcuate base and a straight appendage (arrow). Image code: 07204 (Bergen Fjord; 60.40°N, 5.3°E; 0 m depth). (A2). Distal view of whorl coccoliths. Image code:
135-04. (Station 69, 37.4301°N, —0.4199°E, October 1999, North-western Mediterranean & Alboran Seas, R/V Hesperides, 42.5 m depth). (A3). Body coccolith
showing laths with sinistral obliquity and two cycles of rim elements (arrow). Image code: 324-034 (Sample JRY271-CTD56, 71.740°N, 8.442°E, June 2012, Arctic
Ocean, 20 m depth). (B). C. rigidus. (B1). Ring formed of whorl coccoliths and appendage coccoliths, and the circum-flagellar coccolith. Whorl coccoliths with a
central opening covered by elements, and one thumb-like projection, observed in their proximal side (arrow 1); circum-flagellar coccolith with a central spine (arrow
2). Appendage coccoliths with an arcuate base and a straight appendage (arrow 3). Image code: 221-04 (Station 69-11, 37.430°N, -0.4199°E, October 1999, North-
western Mediterranean & Alboran Seas, R/V Hesperides, 42.5 m depth). (B2). Whorl coccolith distal side. Image code: 6502 (Station GeoB10045-2, —8.477°N,
109.021°E, 23 August 2005, South-eastern Indian Ocean, R/V Sonne, 55 m depth). (B3). Body coccolith with laths radially oriented and two cycles of rim elements
(arrow). Image code: 135-10 (Station 69, 37.4301°N, —0.4199°E, North-western Mediterranean & Alboran Seas, R/V Hesperides, 42.5 m depth). (C). C. curvus sp. nov.
(C1). Imbricate ring with whorl coccoliths and appendage coccoliths. Whorl coccoliths with a wide central opening and two thumb-like projections in distal view.
Appendage coccoliths with an arcuate base and a curved appendage (arrow). Image code: 6423. (C2). Proximal view of a whorl coccolith. Image code: 6157. (C3).
]iody coccolith with an open central area and one cycle of rim elements. Image code: 6423.

§
s
]
|5
8

90°w 0° 90°E
Fig. 4. Map of the locations in which Calciopappus curvus sp. nov. specimens were found. Map is generated using the software OceanDataView v. 5.5 (Schlit-
zer, 2021).

respectively, 0.5-1.8 pm (mean value 1.0 pm) long and 0.2-1.5 pm 3. Discussion & Conclusions
(mean value 0.8 pm) wide. The appendage coccoliths in C. curvus sp.
nov., span 0.4-0.7 pm (mean value 0.6 pm) in length and 0.2-0.5 pm

(mean value 0.3 pm) in width, while their curvature angle ranges from

3.1. Morphological diversity in Calciopappus

9.9° to 37.7° (mean value 21.9°). In C. rigidus, body coccoliths are
0.7-1.9 pm (mean value 1.3 pm) long and 0.4-1.5 pm (mean value 0.9
pm) wide. The length and width of the whorl coccoliths are measured at,
respectively, 0.7-1.8 pm (mean value 1.3 pm) and 0.4-1.6 pm (mean
value 1.1 pm), while appendage coccoliths demonstrate length and
width values ranging, respectively, from 0.9 pm to 1.5 pm (mean value
1.2 ym) and 0.3 pm to 0.8 pm (mean value 0.6 pm). In C. caudatus, body
coccolith length and width are measured, respectively, at 1.0-2.0 pm
(mean value 1.6 pm) and 0.5-1.2 pm (mean value 0.8 pm). The whorl
coccoliths range from 0.7 pm to 1.9 pm (mean value 1.4 pm) in length,
and 0.5 pm to 1.5 pm (mean value 1.0 pm) in width. In relation to the
appendage coccoliths, these are 0.7-1.3 pm (mean value 1.0 pm) long
and 0.3-0.7 pm (mean value 0.4 pm) wide in C. caudatus. We therefore
observed that C. curvus sp. nov., is noticeably smaller in all coccolith
types compared to both C. rigidus and C. caudatus.

Calciopappus curvus sp. nov. differs substantially from C. caudatus and
C. rigidus in terms of morphology and biometry, and, therefore, warrants
its circumscription as a distinct species. However, it is equally evident
that the combination of its morphological characteristics fits the main
diagnostic features of Calciopappus (Cros and Fortuno, 2002; Gaarder
et al., 1954; Gaarder and Ramsfjell, 1954; Heimdal and Gaarder, 1981;
Manton and Oates, 1983; Young et al., 2009; Young et al., 2003), i.e.,
monothecate coccospheres formed of (1) body coccoliths with a narrow
murolith-type rim and a central area; (2) imbricate planolith-type whorl
coccoliths forming a ring; and (3) appendage coccoliths with an arcuate
base and a distinctly long appendage. In comparison to C. caudatus and
C. rigidus (see Table 2; Figs 2, 3), whose body coccoliths are charac-
terised by a central area floored by slightly overlapping lath units,
C. curvus sp. nov., shows body coccoliths that are noticeably smaller
(Fig. 9) and with no central area calcification at all. In addition, in
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Fig. 5. SEM micrographs of Calciopappus curvus sp. nov., from the North-western Mediterranean and Alboran Seas. Scale bar = 2 pm (Figs A, B, E-G) and 0.5 pm (Figs
C-D, H). (A). Holotype. Coccosphere showing (1) a ring of imbricate whorl coccoliths; (2) appendage coccoliths with a curved appendage and an arcuate base that is
attached to (or loosely detached from) the whorl coccoliths; and (3) lightly calcified body coccoliths forming the main part of the coccosphere. Image code: 199-04.
(B). Coccosphere with swept-back appendage coccoliths that curve around the main body of the coccosphere forming a narrow cone. Image code: 140807. (C).
Detailed view of a whorl coccolith showing the stepped distal but flattened side and two thumb-like protrusions (arrows). Image code: OA330-459. (D). Detailed
image of whorl coccoliths showing the smooth, convex, proximal side; bottom whorl coccolith in stepped distal view. Image code: OA330-463. (E). Paratype.
Coccosphere elongate and broad with swept-back appendage coccoliths. Image code: OA330-453. (F). Complete coccosphere. Arrows indicate the presence of
flagellum-like structures. Image code: OA330-539. (G). Collapsed coccosphere in antapical view showing body coccoliths and appendage coccoliths, and a G. huxleyi
(see Bendif et al. (2023)) coccolith. Image code: OA330-514. (H). Detail of Fig. G, showing the simple ring morphology of the body coccoliths and a whorl coccolith

in its proximal view.

C. caudatus and C. rigidus, the body coccolith rim is clearly formed of two
cycles of units (Figs 3A.3, 3B.3, 10E, 10F) whereas in C. curvus sp. nov.,
it appears to have been reduced to a single cycle (Fig. 3C.3). The whorl
coccoliths overlap slightly and form an anticlockwise imbricate ring
around the flagellar opening similar to those of C. caudatus and C. rigidus
(Gaarder and Ramsfjell, 1954; Manton and Oates, 1983). These show a
central and sub-circular opening and two thumb-like protrusions (Figs
3C, 6C) in the exterior edge of their outer cycle, as opposed to both
C. rigidus and C. caudatus, in which, whorl coccoliths have one and no
thumb-like projection, respectively. When examining the appendage
coccoliths, it also appears that the three known species are remarkably
similar, all consisting of an arcuate base with two crystal-made struts
that merge progressively to form an appendage. However, in C. curvus
sp. nov., the appendage differs in that it becomes increasingly curved
after the two struts merge (Fig. 7D), whereas appendages of C. rigidus
and C. caudatus coccoliths are straight (Gaarder & Ramsfjell, 1954;
Heimdal & Gaarder, 1981; Manton & Oates, 1983; Young et al., 2009).
No circum-flagellar coccolith that is analogous to the one in C. rigidus
(Fig. 3B.1) is observed in C. curvus sp. nov. It should finally be noted that

neither life cycle observations involving members of Calciopappus nor
molecular genetic data are currently available for the genus. Chloro-
plasts are clearly visible by light microscopy in the other species of
Calciopappus (Manton & Oates, 1983; our observations) and so, it is
likely they are also present in C. curvus sp. nov.

3.2. Ultrastructure in C. curvus sp. nov. and Calciopappus

As discussed in Inouye and Pienaar (1988), Young et al. (2004) and
Bown et al. (2017), body coccoliths of species of Syracosphaera and
Calciopappus, Michaelsarsia and Ophiaster have similar coccolith struc-
tures with a simple and narrow murolith-type rim and a central area, and
therefore, they are all included in the Syracosphaeraceae (Jordan et al.,
2004; Young et al., 2003). The rim structure is best known from the
species Syracosphaera pulchra Lohmann and Ophiaster formosus Gran
(Bown et al., 2017; Young et al., 2003; Young et al., 2004; our Fig. 10).
In both species, the rim is formed of two cycles of elements. An upper/
outer cycle of R-unit elements that usually form the main part of the rim,
and a lower/inner cycle of V-units. In S. pulchra, the V-units are well-
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Fig. 6. SEM micrographs of Calciopappus curvus sp. nov., from the south-eastern Indian (Figs A, D) and Pacific Oceans (Figs B-C, E-F). Scale bar = 2 pm (Figs A-B, D,
F) and 0.5 pm (Figs C, E). (A). Coccosphere elongate and broad becoming tapering antapically. It shows lightly calcified body coccoliths, whorl coccoliths and radially
disposed appendage coccoliths. Arrow indicates a flagellum-like structure. Image code: 6508. (B). Complete coccosphere with body coccoliths, whorl coccoliths and
appendage coccoliths. The appendage coccoliths are swept-back surrounding and extending beyond the tapered main body of the coccosphere (arrow). Image code:
6157. (C). Detail of Fig. B. Proximal view of a whorl coccolith showing a central opening and a rim consisting of an inner cycle (arrow 1) of short elongate crystals and
an outer cycle (arrow 2) of rectangular elements. Two thumb-like spinous projections (arrow 3) are formed from elements of the outer cycle of the coccolith. (D).
Well preserved coccosphere in apical view, with an imbricate ring of whorl coccoliths in distal view. Arrow indicates the position of an appendage coccolith un-
derneath the whorl ring. Image code: 6423. (E). Detail of Fig. B. Appendage coccolith with an arcuate base and two struts that merge (arrow) to form an appendage.
(F). Collapsed coccosphere with parts of body coccoliths, whorl coccoliths and appendage coccoliths. Upper right side with broken elements of a G. huxleyi coccolith.
Image code: 212-12.
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Fig. 7. SEM micrographs of Calciopappus curvus sp. nov. from the Sargasso Sea (Figs A-E, G) and off Bergen, Norway (Fig. F). Scale bar = 2 pm (Figs A-B, D-G) and
0.5 pum (Fig. C). (A). Collapsed coccosphere with all three coccolith types: body coccoliths as simple rings, whorl coccoliths, and appendage coccoliths whose
appendage is noticeably curved (arrow). Image code: GF374C14.155m_JM56. (B). Swept-back coccosphere that tapers antapically. Image code:
GF374C14_.155m_JM17. (C). Detailed view of a detached ring of imbricate whorl coccoliths and appendage coccoliths (arrow). The whorl ring is observed in
antapical view and the proximal, smooth side of the whorl coccoliths shows protrusions in a clockwise pattern. Image code: AB2019_80m_JM3. (D). Three appendage
coccoliths. Arrow indicates the appendage coccolith base connected to two struts that progressively meet and jointly form a curved appendage. Image code:
HS1391C3_1500X_170m_JM423. (E). Fragment of a coccosphere with body coccoliths, whorl coccoliths and three appendage coccoliths. Image code:
AB2019_140m_JM19. (F). Well-preserved coccosphere with lightly calcified body coccoliths with a rim of a single ring of crystallites (arrow). The body coccoliths
cover the appendage coccoliths which, however, show noticeably curved appendages. Image code: Calciopunknownl. (G). Collapsed swept-back coccosphere. Image
code: AB2019_80m_JM5.

developed, forming much of the rim including the basal and median
flanges, whilst in Ophiaster they are much smaller forming a low basal
cycle. In plan view, the V-units are weakly birefringent with sub-vertical
c-axis orientation, while the R-units show radial crystallographic
orientation and are strongly birefringent under polarising light (e.g.,
Young et al., 2004; Bown et al., 2017; our observations). The V-units
form the base of the rim but a zone of alternation of V- and R-units
occurs above this and is the likely locus of the proto-coccolith ring. It has
been inferred that all members of the Syracosphaeraceae have similar
rim structure; however, this has not been demonstrated in most cases,
primarily because in small coccoliths from plankton samples, organic
material usually obscures the base of the coccoliths in SEM.
Calciopappus caudatus and C. rigidus obviously have similar rim
structures (Figs 3A.3, 3B.3) but a better developed inner rim cycle is
observed in C. caudatus. The structure, however, is only easily visible in
two high resolution transmission electron micrographs of C. rigidus (Figs
Fig. 8. Technique for measuring the total curvature of the appendages in 10E, 10F). These images clearly show that the species has a structure
C. curvus sp. nov. The angle (a°) of curvature is calculated as the difference in essentially identical to that of Ophiaster (Figs 10A, 10B), which Bown

orientation between tangents to the ends of the appendage. Scale bar = 2 pm. et al. (2017) considered to be the typical Syracosphaeraceae structure.
Image code: GF374C14_155m_JM56. In C. curvus sp. nov. however, the basal V-units cannot be
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Fig. 9. Length and width measurements of (A) body coccoliths, (B) whorl coccoliths and (C) appendage coccoliths. On each sub-figure, data for C. curvus sp. nov. is
shown in blue, C. rigidus in grey, and C. caudatus in red. SEM images show where the measurements were taken. Scale bars = 0.5 pm.

unambiguously distinguished in any of our SEM micrographs. Therefore,
it appears that the V-units are either absent, or, more likely, significantly
reduced in C. curvus sp. nov. This pattern is commonly observed in
smallest murolith-type coccoliths (see section below), in which the rim is
simplified, the central area structures are greatly reduced or lost
completely and as a result, the coccoliths may look almost identical in
morphology.

3.3. Similarities of C. curvus sp. nov. to other extant coccolithophores

Rather strikingly, Calciopappus curvus sp. nov., appears to show
similarities in its body coccoliths to those of some other extant cocco-
lithophores, namely Ophiaster minimus Manton & Oates, Pseudo-
wigwamma scenozonion (Thomsen) Thomsen, members of the genus
Wigwamma Manton, Sutherland & Oates (W. annulifera Manton,
Sutherland & Oates, W. antarctica Thomsen, and W. armatura Thomsen)
and Jomonlithus littoralis Inouye & Chihara. All these are characterised
by the presence of almost identical, in morphology and size, body coc-
coliths that are simple rings with a central area showing no calcification
(Inouye and Chihara, 1983; Manton and Oates, 1983; Manton et al.,
1977; Probert et al.,, 2014; Thomsen, 1980; Thomsen et al., 1988;
Thomsen et al., 2013). Yet, all of them differ from C. curvus sp. nov., in
numerous ways (Fig. 11). First, in Ophiaster minimus, the body coccoliths
are simple rings with a rim that bears an additional, proximal cycle of
microcrystals (Fig. 11D), the whorl coccoliths are entirely absent (in
both O. minimus and the genus Ophiaster), and there are circum-flagellar
coccoliths, all showing a short spine supported by an axial cross
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(Fig. 11C). The circum-flagellar coccoliths are located near the flagellar
opening and are perpendicular to the position of the appendage cocco-
liths surrounding the antapical pole across the coccosphere (Gaarder,
1967; Manton et al.,, 1977; Young et al., 2009). In addition, the
appendage coccoliths in Ophiaster are formed of strings of coccoliths,
termed osteoliths, and they demonstrate a rather rectangular shape
(Keuter et al., 2021; Manton et al., 1977; Young et al., 2009) as opposed
to a thin appendage with a fine tip. Second, the species P. scenozonion,
which is the type species of the genus Pseudowigwamma Thomsen, is
characterised by coccospheres that are monothecate and monomorphic
consisting of body coccoliths that are simple rings. These, however,
demonstrate a rather hoop-like shape and a rim formed of single rod-
shaped crystallites that may occasionally show an additional quadrate
element projected outwards (Thomsen, 1980; Thomsen et al., 2013).
Third, Wigwamma annulifera, W. antarctica and W. armatura are also
similar in bearing simple rings as body coccoliths; their rim, however, is
made by two rings (Fig. 11F) of rod-shaped crystals (Thomsen et al.,
1988; Thomsen et al., 2013), not one as in body coccoliths of Calcio-
pappus curvus sp. nov., and the coccospheres are predominantly dimor-
phic with simple-ring body coccoliths but also circum-flagellar
coccoliths showing a wigwame-like structure (Manton et al., 1977;
Thomsen et al., 2013). Lastly, J. littoralis, the type species of the genus
Jomonlithus Inouye & Chihara, is characterised by a monothecate coc-
cosphere that consists of one type of monomorphic, small oval coccoliths
with a rim and an open central area (Inouye and Chihara, 1983; Probert
et al., 2014). The rim is formed of single cubic-like crystal elements
(Fig. 11H) and it develops into a distal and a slight proximal flange
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Table 1
List of all sampling locations, including environmental parameters, from which specimens of Calciopappus curvus sp. nov. were observed.
Study Station Sampling Latitude Longitude Sampling Temperature Salinity Conductivity Dissolved NO3~ PO4 Seawater Number of Figures
Area Date (°N) (°E) Depth (m) Q) (psu) (S/m) Oxygen (pmol/ (pmol/ Vol. Filtered  Specimens
(pmol/kg) L) L) (L) Studied
Northwestern Mediterranean & Alboran Seas
FRONTS- 24W 22-06- 40.565 2.645 70 0.5 1
5 1995
MESO-96 E8 02-07- 40.918 3.610 100 0.5 1 2C.2, 5B
1996
MATER II 69-6 05-10- 37.430 -0.422 90 1 5 2C.1, 5A,
1999 5C, 5D, SE,
5SF, 5G, 5H
Eastern Pacific Ocean
BIOSOPE CTD184 02-12- -32.680 -84.070 105 13.89 34.12 241.35 cl 1 6F
2004
SO-161/ 108MS 20-01- -38.346 -74.163 73 2 1 3C.2, 6B,
5 2002 6C, 6E
Indian Ocean
SO-184/ GeoB10044-2 22-08- —8.499 109.014 100 15.4 34.51 261.7 16.39 0.93 4.5 1 3C.1, 3C.3,
3 2005 6D
GeoB10045-2 23-08- —8.744 109.021 80 16.7 34.48 262.7 15.09 0.617 4 1 6A
2005
North Sea
Bergen Alge-26 10-2008 60.400 5.300 0 0.5-1.5 1 7F, 11A,
11B
Sargasso Sea
BATS- Hydrostation 14-10- 32.170 -64.500 110 20.82 36.74 5.09 218.32 8 3
BIOS ‘S 2020
Hydrostation 14-10- 32.170 -64.500 130 20.14 36.72 5.02 209.27 8 1
‘S 2020
Hydrostation 14-10- 32.170 -64.500 150 19.72 36.69 4.97 203.22 8 1
‘S 2020
Hydrostation 14-10- 32.170 -64.500 170 19.47 36.67 4.95 200.53 8 3 7D
‘S 2020
Hydrostation 26-10- 32.166 -64.499 155 19.40 36.66 4.94 205.96 2 2 7A, 7B
‘S 2020
Hydrostation 26-10- 32.166 -64.499 175 19.24 36.66 4.92 206.59 2 1
‘S 2020
Hydrostation 22-11- 32.166 -64.499 80 21.02 36.74 5.12 208.94 2 6 7C, 7G
‘S 2020
Hydrostation 22-11- 32.212 —64.525 120 20.28 36.71 5.03 204.03 2 2
‘s 2020
Hydrostation 22-11- 32.212 —64.525 140 19.80 36.68 4.98 204.61 2 1 7E
‘S 2020
Hydrostation 22-11- 32.212 —64.525 160 19.48 36.67 4.95 204.66 2 3
‘S 2020
Total 35

I 30 SPIUOYILY YO

£865CI (£202) ¥LI IS0
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Diagnostic features and dimensions of the coccosphere and three coccolith types (body coccoliths, whorl coccoliths and appendage coccoliths) of all currently known

Calciopappus species.

Diagnostic Features
& Dimensions

Extant Species in Calciopappus

Calciopappus caudatus

Calciopappus rigidus

Calciopappus curvus sp. nov.

Coccosphere

Diameter, pm
(extended)
Diameter, pm
(swept-back)

Body Coccoliths

Number of body
coccoliths
Length, pm
Width, pm

Whorl Coccoliths

Caudate, usually elongate and tapering.
25-45

12-18

Parallel sided, oblong, with laths showing
strong sinistral obliquity. An inner rim wall is
usually visible.

c. 70-100

1.0-2.0
0.5-1.2

Concavo-convex with a central opening but no

Usually obpyriform, broader and less elongate
(compared to C. caudatus).
20-32

10-14

Irregularly elliptical showing laths oriented
almost radially. An inner rim wall is visible but
very low.

c. 55-100

0.7-1.9
0.4-1.5

Concavo-convex with a central opening and

Small, lightly calcified and broad.
14-18

6-8

Narrowly, irregularly elliptical, minuscule with open
central area. An inner rim wall is not visible, but
probably present.

c. 60-90

0.5-1.3
0.4-0.9

Concavo-convex with a central opening and two short

projection. one thumb-like projection. thumb-like projections.
Number of whorl c. 8-14 c. 8-12 c. 8-12
coccoliths
Length, pm 0.7-1.9 0.7-1.8 0.5-1.8
Width, pm 0.5-1.5 0.4-1.6 0.2-1.5
Appendage Arcuate base with a straight, long appendage. Arcuate base with a straight, long appendage. Arcuate base with a thin and distinctly curved
Coccoliths appendage.
Number of c. 8-14 c. 8-12 c. 8-12
appendage
coccoliths
Length of base, pm  0.7-1.3 0.9-1.5 0.4-0.7
Width of base, pm 0.3-0.7 0.3-0.8 0.2-0.5
Curvature angle, ° 0 0 c. 10-40°

Circum-flagellar Not present.

Coccoliths
Length, pm n/a 0.9-1.4
Width, pm n/a 0.2-1.0

One with a central spine.

Not present.

n/a
n/a

(Inouye and Chihara, 1983; Probert et al., 2014), as opposed to C. curvus
sp. nov., in which body coccoliths do not bear flanges. Consequently,
and based on the above, C. curvus sp. nov., is readily identifiable and
separable from other living coccolithophores, although identification of
the species and its body coccoliths should be treated with caution,
especially when the other coccolith types are absent from the
coccosphere.

3.4. Ecology

When scrutinising the environmental data of our studied samples, it
becomes clear that Calciopappus curvus sp. nov., is found almost exclu-
sively in the sub-tropical open-ocean waters, and usually below the deep
chlorophyll maximum, at depth ranges from 70 m to 175 m. In addition,
the species demonstrates a broad tolerance to temperature
(13.9-21.08 °C) and dissolved oxygen concentrations (200.53-262.7
pmol/kg), while its occurrence seems to coincide with salinity values
ranging from 34.12 psu to 36.74 psu. Unfortunately, due to our rather
limited environmental dataset, no additional interpretation in relation
to its ecological preferences can be made. Yet, the appearance of a single
specimen of C. curvus sp. nov. in the surface waters off Bergen, Norway,
may further suggest that the species can occur in both polar surface and
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the LPZ sub-tropical waters, a pattern which has already been observed
in Calciopappus caudatus, Algirosphaera robusta (Lohmann) Norris and
species belonging to the genus Ericiolus Thomsen emend. Archontikis &
Young (Archontikis et al., 2023). Clearly, further comprehensive sam-
pling of the LPZ coccolithophore community will shed light into the
ecology of C. curvus sp. nov.

4. Material & Methods

Sample Source: The studied specimens have been collected from
various environments (Fig. 4) and during different periods and pro-
grammes of sampling. In the Northwestern Mediterranean Sea, samples
were taken during the cruises FRONTS-95 (17-23 June 1995) and
MESO-96 (18 June — 3 July 1996) of the Institut de Ciencies del Mar
(ICM, CSIC) on board the R/V Garcia del Cid in the North-western
Mediterranean Sea (see details in Cros & Fortuno, 2002), and MATER-
I (26 September — 6 October 1999) of the R/V Hesperides in the
North-western Mediterranean and Alboran Seas (Font, 1999). Water
samples were also collected in December—January 2001/2002 aboard
the R/V Sonne during the SO-161-5 cruise (Wiedicke et al., 2002) and in
October-November 2004 during BIOSOPE cruise of the R/V L’Atalante
(Claustre and Sciandra, 2004) to the South-eastern Pacific Ocean.
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Fig. 10. Syracosphaeraceae coccolith ultrastructure. Scale bar = 0.5 pm (Figs B-F). (A). Schematic representation of the V-, R- and T-units shown in body coccoliths
of Ophiaster formosus Gran, redrawn from Bown et al. (2017). (B). SEM image and detail view of Ophiaster hydroideus Lohmann body coccoliths. Arrows indicate the
small V-unit elements of the inner rim cycle that interdigitate with the R-units of the outer rim cycle. Image code: 44-31 (Sample 11290/2/11, North Atlantic,
26.17°N, -30°E, 35 m, R/V Discovery). (C). Detail view of a body coccolith of Michaelsarsia elegans. Arrow indicates the presence of V-units forming an inner rim cycle.
Image code: 135-21 (Station 69-11, October 1999, MATER II cruise, 37.401°N, -0.4199°E, Northwestern Mediterranean & Alboran Seas, 42.5 m). (D). SEM
micrograph and detail view of a Syracosphaera anthos body coccolith with a slightly vaulted and lath-made ridge at the central area. This is connected to the inner rim
cycle (arrow) via T-unit laths. Image code: N10U2 (Sample Nu2u/10, South Atlantic, —-29°N, ~13°E, 3055 m). (E). Transmission electron microscope (TEM) image of a
C. rigidus body coccolith showing laths radially oriented and prominent gaps between them (arrow). Image code: 77073 (Station CR3, 16 September 1999, 11.86°N,
109.21°E, Cam Ranh Bay, 5 m). (F). Detail view of a C. rigidus body coccolith, showing the outer rim wall formed of rectangular (R-unit) elements, and the inner rim
wall (arrow) made by smaller (V-unit) crystal elements. Image code: 77053 (Station CR3, 16 September 1999, 11.86°N, 109.21°E, Cam Ranh Bay, 5 m).

Additional material originates from the LPZ of the eastern Indian Ocean,
off Indonesia that was collected during the geological cruise SO-184-3 (8
July — 13 September 2005) of the R/V Sonne (Hebbeln, 2005), and from
the surface waters off Bergen, Norway in October 2008 with the use of a
bucket. Samples were also obtained from sub-surface waters from
Hydrostation ‘S’ below the deep chlorophyll maximum during a
Bermuda Atlantic Time-series Study (BATS) cruise in October-No-
vember 2020 of the R/V Atlantic Explorer to the Sargasso Sea, North
Atlantic Ocean. Information on the sample source and environmental
parameters is analytically displayed in Table 1.

Filtering process and SEM: On each cruise, seawater samples were
collected using a rosette with Niskin bottles attached to a Conductivity-
Temperature-Depth (CTD) probe. For each sample, approximately 0.5-8
litres of seawater (see Table 1 for details) were filtered with the use of a
vacuum pump onto filter membranes of five types: (1) Whatman mem-
brane track-etched filters (0.8 pm and 1.0 pm porosity, 25 mm diam-
eter); (2) Sartorius fleece-supported regenerated cellulose nitrate filters
(0.45 pm porosity, 47 mm diameter); (3) Isopore hydrophilic, nonsterile
membranes (0.8 pm porosity, 47 mm diameter); (4) Pall Life Sciences
Supor-800 filter membranes (0.8 pm porosity, 25 mm diameter); and (5)
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Poretics OSMONICS Inc. polycarbonate filters (1 pm porosity, 25 mm
diameter). On BATS cruise, samples were prefiltered using a 50 pm
opening size nytex mesh to remove larger particles and contaminants.
During FRONTS-95 and MESO-96, a Millipore cellulose acetate filter
membrane of 3.0 ym porosity was placed below the original filter to
allow for even distribution of the material. During the filtration process,
filter membranes were thoroughly rinsed with either buffered distilled
water (adjusted with NaOH, pH c. 8.0), bottled water (pH = 7.9-8.3) or
a 20 mM sodium carbonate solution (NazCOs, 2 g/L; pH c. 10) to remove
salt crystals. The filters were then put into Millipore plastic Petri-dishes
and were either left at room temperature or placed in an oven at
40-50 °C, for at least an hour, to dry. A portion of each filter was sub-
sequently cut out and mounted onto a stub, sputter-coated with gold or
gold-palladium and examined via electron microscopy using the
following types of SEM: (1) Hitachi S-570 SEM at the facilities of ICM,
CSIS, Spain; (2) VEGA3 TESCAN SEM at the Department of Earth and
Environmental Systems, Indiana State University, USA; (3) FEI Sirion
200 field emission SEM at Bundesanstalt fiir Geowissenschaften und
Rohstoffe (BGR) of the Federal Institute for Geosciences and Natural
Resources, Germany; (4) Zeiss Supra 55VP SEM at the Bergen University
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Fig. 11. Comparison and SEM micrographs of Calciopappus curvus sp. nov., (Figs A-B), Ophiaster minimus (Figs C-D), Wigwamma annulifera (Figs E-F) and Jomonlithus
littoralis (Figs G-H). Scale bar = 2 pm (Figs A, G, E, G) and 0.5 pm (Figs B, D, F, H). (A). Coccosphere of C. curvus sp. nov., with lightly calcified body coccoliths and
appendage coccoliths. Image code: Calciopunknownl. (B). Detail view of Fig. A, showing body coccoliths with an open central area and a rim formed by a single cycle
of microcrystals. Image code: Calciopunknown2. (C). Well-preserved coccosphere of O. minimus bearing body coccoliths, circum-flagellar coccoliths and appendage
coccoliths. Arrow 1 indicates the antapical strings of coccoliths (osteoliths) and arrow 2, the short spine at the central area of the circum-flagellar coccolith observed
in the apical side of the coccosphere. Image code: MHeldal-Alge-26, Bergen Fjord, 60.4°N, -5.3°E, depth 0 m. (D). Detail view of an O. minimus specimen showing
body coccoliths with an open central area and a rim formed of two cycles of microcrystals. Image code: MHeldal-002detailV, Bergen Fjord, 60.4°N, -5.3°E, depth 0 m.
(E). Complete coccosphere of W. annulifera; arrow indicates the wigwam-like structure of the circum-flagellar coccoliths. Image code: MHeldal-6, October 2008,
station Alge-6, 80°N, 22°E, Svalbard, depth 0 m. (F). Detail view of a coccosphere with open-central-area body coccoliths. Arrow indicates that the body coccolith rim
is formed from a simple ring of upward growing microcrystals almost forming a tube. Image code: MHeldal-11, October 2008, station Alge-6, 80°N, 22°E, Svalbard,
depth 0 m. (G). Complete coccosphere of J. littoralis. Image code: 228-45a, Algobank culture collection. (H). Detail view of a J. littoralis specimen showing body
Eoccoliths with a rim formed of a single cycle of elements that develops into a distal (arrow 1) and a slight proximal (arrow 2) flange.

Laboratory for Electron Microscopy; and (5) Phillips XL-30 FEG and and the three anonymous reviewers are warmly thanked for their careful
Zeiss Ultra Plus Field Emission SEM at the Natural History Museum perusal of our article and the thoughtful suggestions.
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