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Abstract. A contingent of weakly calcified coccolithophorid genera and species were described from polar regions almost 40 years ago. In
the interim period a few additional findings have been reported enlarging the realm of some of the species. The genus Wigwamma is revisited
here with the purpose of providing, based on additional sampling from both polar regions, an update on species morphology, life history
events and biogeography that can serve as a reference for the future. A new genus, Pseudowigwamma gen. nov. is described to accommodate
Wigwamma scenozonion, a species which critically deviates from a core group of five Wigwamma species in terms of coccolith morphology
and life history events. Wigwamma armatura sp. nov. is described on the basis of material from the Weddell Sea, Antarctica. While fitting
nicely into the Wigwamma generic concept, the species adds new dimensions to the overall appearance of the coccolith armour of the cell.
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Abbreviations: TEM — transmission electron microscope; SEM — scanning electron microscope; LM — light microscope; AMERIEZ,
EPOS, ANT X/3 — acronyms for Antarctic cruises (see Materials and Methods); NEW, NOW — acronyms for Arctic cruises (see Materials
and Methods)

INTRODUCTION when considering the unmineralized and weakly calci-
fied haptophytes, whereas fully mineralized coccolitho-
phorids typically abound to 10°-10° cells I%.
Haptophytes at large remain a significant component
when entering polar waters which are characterized by
low and relatively invariant temperatures (-2 to +5°C),
and extreme variation in irradiance and daylength. The
seasonal ice cover of these waters also contributes to

the prolonged periods of low light conditions and has

Haptophyte algae (Prymnesiophyceae) are known
to be a significant component of marine phytoplankton
in lower latitude regions of the world’s oceans. Results
from e.g. Pacific Ocean surveys indicate (Thomsen et al.
1994) that the biomass and relative contribution of hap-
tophytes to autotrophic biomass is relatively constant
(13 £ 9%) over a wide variety of environmental settings.

Cell abundances typically fluctuate around 10° cells I
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in general a year round profound impact on the living
conditions of all marine life in these waters. Fairly dra-
matic changes are, however, evident with regard to spe-
cies diversity when approaching high latitude waters.
The genus Phaeocystis is from a biomass perspective
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the key haptophyte taxon in these waters, whereas it is
obvious that species abundance and diversity is declin-
ing when considering other unmineralized haptophyte
taxa, e.g. Chrysochromulina spp. Fully mineralized
coccolithophorid species are virtually absent from high
latitude polar waters (e.g. Charalampopoulou et al.
2011, Findlay and Giraudeau 2000).

A contingent of weakly mineralized coccolitho-
phorid species referred to the genera Papposphaera
Tangen 1972, Pappomonas Manton and Oates 1975,
Turrisphaera Manton, Sutherland and Oates 1976,
Wigwamma Manton, Sutherland and Oates 1977, Cal-
ciarcus Manton, Sutherland and Oates 1977, and Trigo-
naspis Thomsen 1980a, has been shown to be consis-
tently present in polar waters (e.g. Manton and Oates
1975; Manton and Sutherland 1975; Manton et al.
1976a, b; Manton et al. 1977; Thomsen 1980a, b, ¢, d;
Thomsen 1981; Thomsen et al. 1988). It should be em-
phasized that the taxa described in the above cited pa-
pers form a recurrent and characteristic, however not
in all cases endemic, element of polar nanoplankton.
Whereas the typical haptophyte alga is photosynthetic,
the polar weakly calcified taxa are without chloroplasts
and appear to be heterotrophs that scavenge bacteria
and other small sized particles (Marchant and Thom-
sen 1994, Masanobu Kawachi, pers. com.). The docu-
mentation for the aplastidic condition stems so far from
light microscopy of live and fixed material using e.g.
epifluorescence techniques. Many haptophyte taxa are
known to be mixotrophic. It therefore appears likely
that the absence of a chloroplast should be considered
a secondary loss and the switch to heterotrophy an ad-
aptation to life in prolonged seasonal darkness.

The coccolithophorid life cycle typically consists of
an alternation of a diploid, motile phase bearing hete-
rococcoliths and a haploid, motile phase which pro-
duces holococcoliths (Billard 1994, Cros et al. 2000,
Houdan et al. 2004). Each phase has the ability to re-
produce asexually for an extended period of time. It is
incompletely known what triggers the transition from
one phase to the other and what selective benefits these
organisms gain from maintaining an alternation of hap-
loid and diploid phases in their life cycle. While it is ob-
vious that diploidy has an immediate advantage for the
organism in a variety of genetic aspects, e.g. buffering
against deleterious mutations, it has been hypothesized
(e.g. Lewis 1985, Valero et al. 1992) that the advan-
tage of haploidy can confer significant ecological ad-
vantages to the cell in particular when confronted with
a nutrient scarce habitat. A reduction in cell size of the

haploid cell in comparison with its diploid counterpart
improves its nutrient uptake potential, and there is ad-
ditionally a direct saving of essential nutrients coupled
to the reduction of the DNA inventory. Houdan et al.
(2006) has provided experimental evidence in favour
of the nutrient scarcity hypothesis. A strong UV back-
scattering has been linked to the crystalline photonic
structure of certain holococcoliths (Quintero-Torres et
al. 2006). This phenomenon might provide the holo-
coccolith bearing haploid stage with additional com-
petitive advantages when populating the surface waters
of a nutrient depleted stratified water mass. Noél et al.
(2004) managed to experimentally induce an alterna-
tion of the holococcolithophorid and heterococcolitho-
phorid phases of Calyptrosphaera sphaeroidea Schil-
ler. An extrapolation from their laboratory experiments
indicates that the phase regulation is based on changes
between pelagic and coastal environments, coupled
with changes in seasonal conditions (e.g. light regime
and temperature).

Evidence has accumulated (Thomsen et al. 1991) in
favour of also linking the above mentioned polar gen-
era into consistent hetero-/holococcolithophorid pairs,
i.e. Papposphaera-Turrisphaera, Pappomonas-Trigo-
naspis, and Wigwamma-Calciarcus. This obviously has
profound impact on basic nomenclature within the group
and how to handle practical issues related to transparent
cross referencing to earlier observations. Realizing that
we are still at an early stage with regard to unraveling
the complete pattern of such cross-generic relationships
we will in most cases in this and subsequent papers take
a pragmatic approach and utilize the genus name and
species epithet under which the taxon in question was
originally described. Once life history stages and the
unique combinations of species have been unequivocal-
ly established, a single formal name should be selected
based on normal taxonomic rules and principles, and
applied to both phases of a life-cycle (Thomsen et al.
1991, Cros et al. 2000, Young et al. 2003). Once this is
achieved it is further suggested (Young et al. 2003) that
whenever needed for the purpose of a precise recording
of findings the life history phase can be stated be adding
HET (heterococcolith) or HOL (holococcolith) to the
species name.

We are currently preparing a series of papers that
will in turn provide an update with regard to species
diversity, life history events etc. with reference to each
of the weakly calcified polar coccolithophorid genera.
The current paper provides an overview of the genus
Wigwamma, incl. the description of Wigwamma arma-



tura sp. nov., and Pseudowigwamma gen. nov. (based
on W. scenozonion). Circumstantial evidence exists in
favour of linking species of Wigwamma with species
of Calciarcus in a shared life cycle (Thomsen et al.
1991). The current status with regard to species diver-
sity within Calciarcus will be covered in a subsequent
paper (Thomsen and Ostergaard 2014).

MATERIALS AND METHODS

For the purpose of this paper we have, with regard to the South-
ern Ocean, considered material sampled from south of the Antarctic
Convergence and, in the northern hemisphere, the Arctic Ocean and
its surrounding ice-covered seas.

The Antarctic material originates from the R/V ‘Polarstern’
ANT VII/3 ‘EPOS II’ cruise (Nov. 1988—Jan. 1989) and the R/V
‘Polarstern’ ANT X/3 ‘Herbst im Eis’ cruise (April-May 1992), with
both cruises occupying stations in the Weddell Sea region (Fig. 1).

The Arctic material originates from the R/V ‘Polarstern” ARK
IX/3 North-East Water Polynya (NEW) cruise June—July 1993 and
the R/V ‘Pierre Radisson’ North Water Polynya cruise (NOW)
April-May 1998 (Fig. 2). The term ‘polynya’ refers to an area of
open water surrounded by sea ice. A polynya can be formed by the
presence of a heat source that keeps the area from freezing, but the
formation process may also involve wind or ocean currents that
carry ice away from the polynya. Additional northern hemisphere
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sampling took place at the University of Copenhagen Arctic Station
(Disko Bay, West Greenland) during the summers of 1988, 1990
and 1994 (Fig. 2) and from the Rijpfjorden, Svalbard (Fig. 2), dur-
ing 2012.

The protocol for processing water samples for transmission
electron microscopy (TEM) and light microscopy (LM) were simi-
lar on all sampling occasions (see Moestrup and Thomsen 1980).
The nanoplankton community was concentrated for further pro-
cessing by means of either centrifugation of a prefiltered (usually
20 pwm) water sample or centrifugation of prefiltered material re-
suspended from an initial filtration of cells on top of e.g. a 1 pm
nucleopore filter. Small droplets of cells from the resuspended final
pellet of material were — irrespective of the initial concentration
procedure — placed on either carbon coated grids for TEM or rinsed
coverslips for LM. Cells were subsequently fixed in the vapour from
a 1-2% solution of OsO,. After drying both grids and coverslips
were carefully rinsed in distilled water in order to remove salt crys-
tals. Grids were shadow cast with either Au/Pd of Cr prior to the ex-
amination in JEOL electron microscopes property of the Botanical
Institute at the Univ. of Copenhagen. Coverslips intended for LM
were air mounted upside down in order to render possible the use of
a x 100 objective (see Thomsen 1982). Material for SEM (Svalbard,
see Fig. 25) was prepared by gentle filtration of a water sample on
top of a 1 um nucleopore filter. The formation of salt crystals that
might obstruct the visibility of cells was minimized by allowing
the pumping system to almost completely dry out the filter. Filters
were sputter coated with gold and examined on a Zeiss Supra 55VP
scanning electron microscope at the Bergen University Laboratory
for Electron Microscopy.
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Figs 1-2. Collection sites. 1 — map of the Weddell Sea, Antarctica, indicating sampling sites during three cruises; 2 — map of the Arctic
showing the location of sampling sites where species of Wigwamma and Pseudowigwamma have been recorded.
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RESULTS AND INTERPRETATION

Wigwamma Manton, Sutherland and Oates 1977

The genus Wigwamma comprises approximate-
ly 5 um sized nanoflagellates with two flagella and
a somewhat shorter haptonema. The cell surface is cov-
ered by two layers of different-sized organic scales. The
inner layer (see e.g. Figs 16, 38) consists of small rim-
less scales with a patterning consisting of both radial
elements and arcs of circular threads with focal points
differing from the geometrical centre of the scale (Man-
ton et al. 1977). The somewhat larger scales forming
the exterior layer has a similar plate patterning but is
additionally calcified along the rim (narrow-rimmed
muroliths) and with all or some circum-flagellar scales
carrying a superstructure of rod-shaped crystallites con-
verging to a single point distally. The rim calcification
typically consists of two tiers of differently sized rect-
angular crystallites.

The genus currently comprises 5 species: W. arc-
tica Manton, Sutherland and Oates 1977 (type spe-
cies), W. annulifera Manton, Sutherland and Oates
1977, W. antarctica Thomsen in Thomsen et al. 1988,
W. triradiata Thomsen in Thomsen et al. 1988, and the
somewhat enigmatic W. scenozonion Thomsen 1980
that is here transferred to Pseudowigwamma gen. nov.
(see below). A sixth species, W. armatura sp. nov., is
described below based on material from Antarctica.
Biogeographical details of all taxa are accounted for in
Table 2.

The small narrow-rimmed muroliths which is char-
acteristic feature of species of Wigwamma suggest affin-
ity with the Papposphaeraceae Jordan and Young 1990.
The genus is treated under the heading ‘genera incertae
sedis aff. Papposphaeraceae’ in Young et al. (2003).

Wigwamma arctica Manton, Sutherland and Oates
1977

The W. arctica coccoliths are monomorphic although
in some specimens examined (e.g. Figs 10, 12) it is evi-
dent that the coccoliths clustered at the flagellar pole

are larger than other coccoliths (varimorphic). The most
conspicuous feature of the coccolith is the tent-like su-
perstructure composed of four converging rods which
arise from the calcified scale rim. The type material from
West Greenland (Manton et al. 1977; loc. cit. Fig. 7) is
characterized by rods arising from slightly enlarged rim
crystallites and also by the fact that the four rods are ex-
actly equal in length and fuse apically at the very same
point. Sampling of additional material from West Green-
land (Thomsen 1981) consistently reveals coccoliths of
W. arctica that exactly mirrors those of the type mate-
rial. However, coccoliths like those illustrated in Fig. 4
are also frequently observed. In these the rim crystallites
that support the rods are significantly enlarged giving
the coccolith a pentagonal outline in side view.
Examination of material from a range of polar habi-
tats has revealed additional variability in details of the
morphology of individual calcified elements and in the
assembly of these. Variation encountered in material
from the Antarctic encompasses coccoliths (Thomsen
et al. 1988 and Figs 3, 5) in which the four rods meet
at a single point apically, but attach to rim crystallites
that do not deviate morphologically from neighbouring
crystallites. A typical feature of many W. arctica cells
encountered in e.g. Antarctic ‘EPOS’ samples is the ex-
tension of a single rod above the point of union of the
remaining three rods (Figs 6, 10). The overall consis-
tency and homogeneity of this phenomenon rules out
the possibility that the protruding tips can be considered
preparational artefacts involving distortion of a single
element of a ‘wigwam’. In the vast majority of cells ex-
amined displaying coccolith tip extensions this feature
is coupled with the presence of proliferated rim crystals
that support the converging rods of the superstructure.
The possible taxonomic significance of the morpho-
logical variability encountered, i.e. presence or absence
of enlarged supporting rim crystals and presence or ab-
sence of a protruding tip from a single rod, is eliminated
when examining the rare Antarctic (EPOS) individual
(Figs 9, 11) that combines the two basic types of coc-
coliths, i.e. coccoliths with struts that adjoin at a single
point and without proliferation of the supporting rim

»

Figs 3-8. Wigwamma arctica TEM (Figs 3—6) and LM (Figs 7-8) whole mounts. 3 — complete cell (Antarctica / EPOS) showing flagella
and haptonema; 4 — single coccoliths with proliferated rim crystallites supporting the superstructure (Arctic Station); 5 — detail of coccoliths
without enlarged supporting rim crystallites; notice the organic base plate meshwork (Antarctica / AMERIEZ); 6 — cluster of coccoliths
with superstructure extensions distally and enlarged widened crystallites that support the superstructure (Antarctica / EPOS); 7-8 — the
‘wigwams’ are clearly visible in whole cell preparations for LM when examined using Nomarski optics (Antarctica / EPOS).
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crystals (Figs 9, 11 arrows) and other coccoliths that
display a protruding single rod and proliferated sup-
porting rim crystals (Figs 9, 11 arrowheads).

High arctic material of W. arctica from the North
East Water polynya comprises cells (Fig. 12) that are
basically identical to the West Greenland type material.
However, other cells from the same water mass (Fig.
14) mirror Antarctic material with regard to the anterior
protrusion of a single rod which in this particular case is
morphologically distinct from the remaining three rods
by having a sharp pointed tip (Fig. 14 and inset). In
these coccoliths the rods attach to scale crystallites that
are not morphologically deviant from those forming the
remaining part of the rim calcification.

The coccolith variability accounted for above and in
Figs 3—14 is summarized in Table 1.

The overall conclusion is that W. arctica is most
adequately dealt with as a taxon that is characterized
by coccoliths of one type (with the occasional apical-
antapical size differences), a scale rim calcification that
consists of two tiers of crystallites and a tent-like su-
perstructure with a fourfold symmetry. Superstructure
attachment and termination is variable. When scrutiniz-
ing the additional morphological variability tabulated
below no clear cut picture emerges that could support
e.g. a separation of material from either of the poles.
Wigwamma arctica must be interpreted and dealt with

as a taxon characterized by extensive morphological
plasticity.

W. triradiata Thomsen in Thomsen et al. 1988

The original description of this taxon (Thomsen et
al. 1988) was based on only two specimens from the
Weddell Sea (AMERIEZ cruise). Subsequent collec-
tion of material from Antarctic waters has documented
that this taxon is consistently present and allows for
a reanalysis of details of coccolith morphology.

W. triradiata is a dimorphic species with a ring of
larger circum-flagellar coccoliths that differ markedly
from those that cover the remaining part of the cell body
(Figs 15, 19). All coccoliths display a base plate cal-
cification that consists of two tiers of crystallites (Fig.
17), with narrow rods forming a proximal layer which
is superimposed by a distal ring comprised of larger
rectangular crystallites. All coccolith base plates appear
to be of approximately the same size, ca. 0.7 X 1 um.
The flagellar pole coccoliths range in height from 1.3
to 2.0 um. Despite the very large number of specimens
available for scrutinizing the exact configuration of the
superstructure is not fully elucidated. The superstruc-
ture appears to consist of four rods arranged in pairs
that attach individually to much enlarged neighbouring
crystals from the distal scale rim tier (Fig. 17). One rod
from each pair is fairly narrow, whereas accompanying

Table 1. A summary of coccolith superstructure morphological plasticity within W. arctica.

Superstructure Rim crystallite Antarctic Arctic
(point of rod attachment)
Rods distally united No enlargement AMERIEZ (Fig. 5), EPOS

at a single point

Enlargement

One rod protruding distally
above the remainders

No enlargement

Enlargement

(Figs 9, 11) and ANT X/3 material

AMERIEZ and EPOS (Fig. 11)
material

West Greenland (type material and
Fig. 4) and NEW material (Fig. 12)

NEW material (Fig. 14)

EPOS (Figs 6, 9, 10) and ANT X/3 material

»

Figs 9-14. Wigwamma arctica TEM whole mounts. 9 — cell with a mixture of coccolith types; arrows point to coccoliths where the four
rods terminate at a single point; coccoliths in which one rod protrudes above the others are marked by arrowheads (Antarctica / EPOS);
10 — complete cell; notice the coiled up haptonema and a decrease in coccolith size from the anterior towards the posterior cell end (Antarc-
tica/ EPOS); 11 — detail from Fig. 9; notice neighbouring coccoliths with deviant morphology; for further description see Fig. 9 (Antarctica /
EPOS); 12 — complete cell with larger coccoliths encircling the flagellar pole; rods fuse at a single point and arise from enlarged rim crystal-
lites (Arctic / NEW); 13 — single coccolith in polar view (Arctic / NEW); 14 — coccoliths in sideview; notice the pointed protruding tip (see
also inset) and the absence of proliferated rim crystallites supporting the rods (Arctic / NEW).
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rods are wider and one of them with a characteristic
attenuated tip that projects above the point of union of
the remaining rods (Figs 18, 19). Whereas the differ-
ence in appearance of neighbouring rods is fairly con-
spicuous in Fig. 17, this is by no means always the case,
see e.g. Fig. 19 where all rods appear to be quasisimi-
lar. Body coccoliths of W. triradiata are characterized
by a three-armed superstructure (Fig. 16) that is only
slightly raised above the base plate, ca. 0.7 pm (Fig.
19). Each rod attaches to enlarged rim crystallites. The
linkage between rim crystallite and rod is when consid-
ering both circum-flagellar and body coccoliths facili-
tated by a distal notch in the subtending crystallite (Fig.
17, arrows). Non-mineralized underlayer scales (ca. 0.2
x 0.3 um) are present and sometimes visible between
coccoliths (e.g. Fig. 16, arrow).

The analysis and documentation of a large number
of EPOS and ANT X/3 W. triradiata specimens has
provided material (Figs 15-19) that constitutes an im-
proved basis for future recognition of this taxon. How-
ever, it is also obvious that the abundance of cells avail-
able for study has not substantially altered the original
interpretation of this taxon. Thomsen et al. (1988)
states that ‘it deserves mentioning that in W. triradiata
the two parallel rows of rod-shaped crystallites, which
make up the base-plate rim calcification, appear to be
almost of the same size (like in W. arctica)’. However,
this is not convincingly documented in Thomsen et al.
1988 (l.c. Fig. 20) and the access to additional material
has in fact unequivocally documented that W. triradiata
is in fact similar to e.g. W. annulifera in terms of dis-
playing a noticeable size difference between elements
of the two tiers (e.g. Fig. 17). It is further evident from
scrutinizing Fig. 17 that the elements in the upper tier
are offset relative to the ones in the lower tier so that
they overlap like bricks. If this proves to be a general
feature for species of Wigwamma it will support their
affinity with genera currently allocated to the Pappos-
phaeraceae (see Andruleit and Young 2010).

The threefold symmetry of body coccolith super-
structures remains a unique feature among species of
Wigwamma. The circum-flagellar coccolith superstruc-
tures display a functional bilateral symmetry which is

achieved through a grouping of four rods in neighbour-
ing pairs. In this sense and also with reference to the
‘wing-like” appearance of one rod within each pair, the
W. triradiata circum-flagellar coccolith superstructure
can be interpreted as morphologically bridging the gap
between W. arctica with a distinct fourfold symmetry
and single rod distal projections, and W. annulifera
which is characterized by a full-fledged bilateral sym-
metry and a dramatic hypertrophy of the wing-like ele-
ment of each pair of rods (Figs 20, 25).

W. annulifera Manton, Sutherland and Oates 1977

Coccoliths of W. annulifera are dimorphic. Whereas
coccoliths covering the major part of the cell body are
of a fairly standard Wigwamma design, with the usual
two tiers of crystallites forming an upright rim along the
periphery of the oval, organic baseplate (Figs 22, 23),
those that form a circum-flagellar rosette are very dis-
tinct in this species (Figs 20, 21). The superstructures
here consist of two narrow rods that converge to a point
distally (Fig. 20). Each rod emanates from an enlarged
upper rim crystallite and is associated with a wing-like
calcified lamina. One of the wings is typically twice as
wide as the other. The narrow wing has an obliquely
truncated distal end (Figs 20, 21). Material of W. annu-
lifera from either polar region appear to be morphologi-
cally very similar (see Figs 20 and 24) when examining
details of the superstructures. However, a Svalbard cell
examined using a scanning electron microscope reveals
(Fig. 25) slightly deviating features by possessing su-
perstructure lamina plates that are unusually large and
closely appended for their entire length. It is similarly
evident that the W. annulifera body coccoliths are virtu-
ally identical in material from both hemispheres, and
also that all cells displayed (Figs 20, 24 and 25) share
a distinct variability in overall size among body cocco-
liths from the same periplast. Smaller sized coccoliths
(0.8—1.0 um) occupy the middle region of the cell, while
larger coccoliths (1.2—-1.5 pm) occur at either end of
the cell and most conspicuously so towards the anterior
end of the cell. A final feature that deserves mentioning
is the fact that superstructures of markedly reduced di-
mensions may occur at the antapical cell end (Fig. 25).

»

Figs 15-19. Wigwamma triradiata TEM whole mounts. 15 — complete cell with coiled up haptonema (Antarctica / EPOS); 16 — inversed
printing of body coccoliths; notice (arrow) the non-mineralized under layer scales (Antarctica / ANT X/3); 17 — detail of flagellar pole and
body coccolith. Notice the base ring calcification and patterning of the organic base plate, the notched interlocking (arrows) of rod and sub-
tending crystallite and the pointed tip on one rod (Antarctica / ANT X/3); 18 — cluster of coccoliths from abandoned periplast (Antarctica /

ANT X/3); 19 — detail of the cell from Fig. 15 (Antarctica / EPOS).
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This feature is to our knowledge so far only observed in
a single cell from Svalbard. However, a similar condi-
tion is observed in e.g. W. antarctica (see Thomsen et
al. 1988, l.c. Fig. 9) and is also known from a range of
taxa belonging to other genera of weakly calcified po-
lar coccolithophorids. It thus seems that the occurrence
of miniaturized ‘apical coccoliths’ at the antapical cell
end is a sporadic morphological manifestation that can
hardly be assigned taxonomic significance.

W. antarctica Thomsen in Thomsen et al. 1988

The material from the EPOS and ANTX3 cruises to
Antarctica (Figs 26-31) corroborates in all details the
observations provided in the original species descrip-
tion (Thomsen et al. 1988). The W. antarctica coccol-
iths are of two discrete types. The scale rim calcifica-
tion consists in all coccoliths of an upright rim formed
by two tiers of crystallites (rod shaped proximally ver-
sus distally more rectangular, see Figs 29, 30). A coc-
colith superstructure is a characteristic feature of a ring
of circum-flagellar coccoliths (Figs 28, 29). Rods arise
pairwise from neighbouring widened scale rim crystal-
lites. It is evident from Fig. 29 that both the rod and the
subtending enlarged crystallite are apically notched to
improve contact. One rod protrudes distally as a claw-
like structure above the others (Fig. 29). Rods within
each pair are differentiated by size (width). Wigwamma
antarctica most closely resembles W. annulifera. Both
species have dimorphic coccoliths, basically identical
scale rim calcification, simple body coccoliths with
only scale rim calcification, and flagellar pole super-
structures that consist of pairs of rods arising from op-
posite points along the scale periphery where each pair
consists of a slender rod and a wing-like lamina (which
is little pronounced in W. antarctica while profusely de-
veloped in W. annulifera), and a claw-like anterior pro-
jection terminating the superstructure. The claw arises
from a wing-like element. The stunning similarity be-
tween the flagellar pole coccoliths of W. triradiata and
W. antarctica must also be emphasized.

W. armatura Thomsen sp. nov.

Diagnosis: Cells spherical, ca. 5 um in diameter
with two flagella and a somewhat shorter haptonema.
Cells are devoid of chloroplasts. Cell surface covered
by an underlayer of organic scales and coccoliths of
two types, i.e. body coccoliths with a simple rim calcifi-
cation and circum-flagellar coccoliths with an addition-
al superstructure. Organic under layer scales measure
1.0-1.5 pm and display fairly regular radiating threads
that are crossed by irregular arcs of eccentric fibrils.
Oval body coccoliths (1.8-2.2 pm) form a complete ar-
mour that surrounds the cell at some distance (ca. 1 pm)
from the plasmalemma. The rim calcification consists
of aring of rod-shaped crystallites encircling the organ-
ic base plate and superimposed on this a ring of larger,
rectangular crystallites. The organic base plate displays
radiating microfibrils and a pattern of irregular threads
crossing these. The superstructure of a circum-flagellar
coccolith is composed of four fairly narrow rods (ca.
1.5 um long) that attach to enlarged crystallites from
the rim calcification. All rods cross apically to form
a cluster of short, projecting claw-like spines.

Ethymology: The specific epithet ‘armatura’ (L) =
‘armour’ denotes the protective layer of coccoliths en-
casing the cell body.

Type specimen: Holotype: Fig. 35.

Type locality: ANT X/3 # 21/355, Antarctica, Wed-
dell Sea at 7.20 W and 70.22 S. Sampling depth 2 m and
water temperature —0.6°C.

Wigwamma armatura resembles W. triradiata (Fig.
17), W. annulifera (Figs 22, 23) and W. antarctica (Fig.
30) with regard to details of body coccolith calcification.
Also the flagellar pole coccoliths that occur interspersed
among body coccoliths (Figs 35, 37) are ‘wigwams’
reminiscent of those found in other species of Wigwam-
ma. It is difficult due to the lack of proper three-dimen-
sional images and the frequent dislocation of coccolith
elements when cells are dried down on a grid surface,
to verify whether rods are equidistantly arranged as in
W. arctica (Fig. 4) or grouped in two quasi-opposing

»

Figs 20-25. Wigwamma annulifera TEM (Figs 20-24) and SEM (Fig. 25) whole mounts. 20 — complete cell showing a tuft of flagellar pole
coccoliths with winged superstructures and simple oval body coccoliths that vary significantly in size (Antarctica / EPOS); 21 — reversed
printing of flagellar pole coccolith showing details of the superstructure and the base plate rim calcification (Arctic Station); 22 — body coc-
colith (reversed printing) showing very clearly the two-layered scale rim calcification (Antarctica / EPOS); 23 — body coccoliths (reversed
printing) with very distinct base plate patterning (Arctic / NEW); 24 — complete cell; notice the marked difference in body coccolith dimen-
sions (Arctic / NEW); 25 — SEM image of complete cell; notice the highly conspicuous flanges on the flagellar pole coccolith superstructures
and the size diversification of body coccoliths; some coccoliths at the posterior end carry minute superstructures (Arctic / Svalbard).
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Figs 26-31. Wigwamma antarctica TEM (Figs 26-30) and LM (Fig. 31) whole mounts (Antarctica / EPOS). 26 — complete cell with coiled
up haptonema; 27 — complete cell; notice that the entire cell almost equals an Emiliana huxleyi coccolith in overall size; 28 — detail from
Fig. 26 showing the two basic types of coccoliths; 29 — detail of flagellar pole coccolith; notice the protruding finger-like projection of one
rod, the notched interlocking between a rod and the subtending enlarged crystallite; 30 — reversed printing of body coccolith showing scale
rim calcification and base plate patterning (radial fibres); 31 — light micrograph (Nomarski contrast) of whole cell.

»

Figs 32-39. Wigwamma armatura sp. nov. LM (Figs 32-34) and TEM (Figs 35-39) whole mounts (Antarctica /ANT X/3). 32-34 — light
micrographs (Nomarski contrast) of the same living cell in different focal planes; notice the absence of a chloroplast and the space between
the cell surface and the coccolith periplast; 35 — complete cell (type specimen) with the flagella and haptonema curled up; the periplast is
composed of oval body coccoliths of varying sizes and a few interspersed flagellar pole coccoliths with tent-like superstructures; 36 — detail
of flagellar pole coccoliths; 37 — a second complete cell with appendages and coccolith periplast; 38—39 — details of body coccoliths (Fig.
38 reversed printing) showing scale rim calcification, base plate patterning and unmineralized under layer scales.



Coccolithophorids — Wigwamma revisited 249




250 H. A. Thomsen et al.

pairs as in W. riradiata, W. annulifera and W. antarctica
circum-flagellar coccoliths. However, most evidence
(e.g. Fig. 36 showing two superstructures in side view)
seems to support that the geometry of W. armatura su-
perstructures is basically similar to that of e.g. W. arc-
tica and characterized by rods that distribute themselves
fairly regularly along the scale periphery.

A feature which unequivocally sets W. armatura
apart from other species of Wigwamma is the highly
distinct gap between the cell surface and the coccol-
ith armour (Figs 32-34), a feature which also manifests
itself by the voluminous appearance of the coccolith
investment compared to the protoplast itself in TEM
whole mounts (Figs. 35, 37). The tuft of projecting
spines terminating the W. armatura superstructure is
another unique feature for this taxon.

The description of W. armatura is based solely on
material from ANT X/3. However, when re-examining
material from the AMERIEZ cruise it was evident, that
a few somewhat damaged cells of W. armatura were
also recorded here.

Combination cells involving Wigwamma cfr. body
coccoliths

Thomsen et al. (1991) in a survey of Arctic hetero-
and holococcolithophorid combination cells with refer-
ence in particular to the genera combinations Pappo-
sphaera/Turrisphaera and Pappomonas/Trigonaspis
also included a single specimen (Thomsen et al. 1991,
l.c. Fig. 18) that simultaneously displayed heterococ-
coliths highly reminiscent of those found in e.g. W. an-
nulifera and holococcoliths similar to those of Calci-
arcus alaskensis Manton, Sutherland and Oates (1977).
The indirect evidence in favour of combining species
of Wigwamma and species of Calciarcus in a common
life history is strengthened significantly by finding ad-
ditional combination cells from West Greenland (Figs
40, 41) and Antarctica (Figs 42—44 / EPOS material).

The only currently known northern hemisphere spe-
cies of Wigwamma that morphologically matches the
rim calcification shown in Figs 40, 41 is W. annuli-
fera. However, the Calciarcus component illustrated in
Thomsen et al. (1991, l.c. Fig. 18) deviates from that
shown here (Fig. 40) to an extent that clearly implies
that Calciarcus is present in West Greenland waters
with more than one species. One possible conclusion to
be drawn from this is, despite the immediate similarity
of the ‘Wigwamma’ coccoliths in the two combination
cells so far encountered in West Greenland waters, that
there must be at least a second, though not yet encoun-

tered arctic species, that shares the scale rim calcifica-
tion signature with W. annulifera. The situation is dif-
ferent in the southern hemisphere where three species
are at present known to mirror the W. annulifera scale
rim calcification (W. annulifera, W. antarctica, W. ar-
matura) and thus being candidates to form part of the
Wigwamma/Calciarcus life history. However, a coun-
terbalancing diversity with regard to species of Cal-
ciarcus has not yet been observed in Antarctic waters
(Thomsen and @stergaard in prep.). It is important to
emphasize that lessons learned from the study of life-
cycle associations within normally calcified coccoliths,
e.g. Syracosphaera pulchra and Coronosphaera medi-
terranea (Geisen et al. 2002) are of course of relevance
when evaluating also the Wigwamma-Calciarcus life-
cycle associations. In both Syracosphaera pulchra
and Coronosphaera mediterranea the heterococcolith
phase has been associated with two different holococ-
colithophorid taxa. Geisen et al. (2002) speculate that
cryptic speciation in the heterococcolithophorid phase
is the most likely explanation of the phenomenon ob-
served. There is an obvious possible analogy between
these well documented cases and Wigwamma/Calci-
arcus in West Greenland (HET-HOL-HOL).
Taxonomic conclusions at the generic level need
at a certain point to materialize in consequence of the
highly probable yet only circumstantially documented
life history events that combine Wigwamma and Cal-
ciarcus. However, it is considered relevant to postpone
this formal step until we have a better overall grasp of
the Wigwamma and Calciarcus species diversity and
the biogeographical ranges of the taxa identified. There
are two major prerequisites here. One is the demand for
combination cells that display species diagnostic Wig-
wamma features (i.e. flagellar pole coccoliths) and the
other a better understanding of morphological variability
and species concepts in Calciarcus spp. It must also in
this context be emphasized that there is at present no evi-
dence of a life history linkage between the type species,
W. arctica, and any known holococcolithophorid taxon.

Generic circumscription of Wigwamma

The formal taxonomic diagnosis of Wigwamma
(Manton et al. 1977) reads as follows:

Small coccolithophorids with two equal flagella and
a short haptonema. Calcification, when present, limited to
the rims of otherwise uncalcified plates, some or all rims
carrying a superstructure of rod-shaped crystallites con-
verging to a point distally, each rod attached proximally
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Figs 40-44. Combination cells involving Wigwamma sp. and Calciarcus sp. TEM whole mounts. 40-41 — notice the characteristic pyrami-
dal Calciarcus coccoliths on the right hand side of the cell (Fig. 40), and the simultaneous coverage of Wigwamma cfr. body coccoliths on
the left hand side of the cell; for details of scale rim calcification see Fig. 41 (Arctic Station); 42—-43 — similar set up with Calciarcus and
Wigwamma cfr. coccoliths (see details in Fig. 42) on opposite sides of a protoplast (Antarctica / EPOS); 44 — yet another cell with the very
same basic features; Calciarcus coccoliths are pointed out (Antarctica / EPOS).

to a widened crystallite of the rim; other rim crystallites
rectangular, straight sided and joined end to end, arranged
in two rows parallel to the subtending plate edge with lit-
tle other differentiation. Patterning of the unmineralized
plate centres apparently composed of threads distributed

asymmetrically, some more or less radial but others form-
ing a sparse system of spirals or arcs of circles oriented in
relation to one or more focal points not coinciding with
the geometrical centre of the scale. Some smaller, rimless
unmineralized plates with similar patterning also present.
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When considering the core species of Wigwamma,
i.e. W. arctica, W. annulifera, W. antarctica, W. trira-
diata and W. armatura, the original generic description
provided by Manton et al. (1977) is robust enough to
accommodate all five species. The only point where
subsequent analysis of more cells (in casu the type spe-
cies W. arctica) has documented a larger degree of mor-
phological flexibility is with regard to the attachment
between a rod from a superstructure which may occa-
sionally attach to a rim crystallite that is not enlarged
or in other ways morphologically differentiated from
neighbouring crystallites (e.g. Fig. 5).

Pseudowigwamma Thomsen gen. nov.

Diagnosis: Small coccolithophorids with two equal
flagella and a short haptonema. Calcification, when
present, limited to the rims of otherwise uncalcified
plates. Rim crystallites rectangular, straight sided and
joined end to end to form a single ring. A single en-
larged, almost quadratic crystallite is found in most
coccoliths. The unmineralized plate centres display
a combination of radial threads and concentric fibrils.

Type species: Pseudowigwamma scenozonion
(Thomsen 1980c¢) Thomsen comb. nov.

Ethymology: The genus name Pseudowigwamma
meaning ‘resembling Wigwamma’ is chosen to empha-

size a likely relationship with Wigwamma. Pseudowig-
wamma scenozonion represents — in comparison with
Wigwamma — a simplistic approach with regard to coc-
colith morphology (only one ring of crystallites along
the scale periphery and no superstructures).

P. scenozonion (Thomsen 1980c) Thomsen comb. nov.

Syn. Wigwamma scenozonion Thomsen 1980c

This enigmatic former Wigwamma species is mono-
morphic (Figs 45—47) and characterized by coccoliths
with a much reduced base plate calcification compared
to species of Wigwamma. The scale rim calcification
here consists of a single ring of rod shaped crystal-
lites as opposed to two rings in species of Wigwamma.
A single enlarged crystallite reminiscent of those that
support coccolith superstructures in species of Wig-
wamma is seen in most coccoliths (Figs 46, 47).

The deviant base plate calcification of P. scenozo-
nion and the complete lack of a coccolith superstructure
was originally (Thomsen 1980c) interpreted as reduc-
tional charateristics of this taxon. However, it was also
anticipated (Thomsen 1980c) that in the future it might
prove relevant to establish a new genus to accommo-
date this taxon.

Arctic material from NEW vyielded a combination
cell (Figs 48-49) that encompasses a lightly calci-

Figs 45-47. Pseudowigwamma scenozonion TEM whole mounts. 45 — complete cell (Arctic / NEW); 46 — detail showing base plate calcifi-
cation (single layer) and the odd enlarged rim crystallite; Notice also the radial patterning of the organic base plate surface (Arctic Station);

47 — complete cell (Arctic Station).



fied coccolithophorid species with a rim calcification
strongly reminiscent of P. scenozonion and an unknown
counterpart (also found as a complete cell, see Figs 50—
52) with unmineralized scales furnished with a lateral
protuberance. Unfortunately none of the calcified coc-
coliths shown in Fig. 48 display the enlarged crystal-
lite singlet that is a key feature of P. scenozonion (Fig.
46). This leaves an element of uncertainty with regard
to the final identification of the calcified component of
the combination coccosphere. However, it seemed to be
a general feature of P. scenozonion from the NEW ma-
terial that enlarged crystallite singlets were sparse if not
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absent in some complete specimens analyzed (e.g. Fig.
45). The scaly periplast of the life history counterpart of
P. scenozonion cfr. comprises apparently unmineralized
and weakly rimmed scales furnished with a peripheral
protuberance that appear to be aligned along the lon-
gitudinal axis of the scale (Figs 50, 52). This type of
scale is unknown to us, although vaguely reminiscent
of Ericiolus spp. (Thomsen et al. 1995).
Pseudowigwamma scenozonion was considered
enigmatic right from its original description (Thomsen
1980c) due to major differences in calcification. The
finding of P. scenozonion cfr. combination cells which

Figs 48-52. Combination cells involving Pseudowigwamma scenozonion cfr. and an unidentified taxon. TEM whole mounts (Arctic /
NEW). 48-49 — combination coccosphere; details of the scale types involved are shown in Fig. 49; 50-52 — partly complete cell (one flagel-
lum missing) of the umineralized counterpart; details of the scales are shown in Fig. 50 (reversed printing) and Fig. 52.
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demonstrates that these are not confirming to the ‘typi-
cal” Wigwamma-Calciarcus scenario calls for a formal
separation at the generic level between W. scenozonium
and the remaining five Wigwamma species.

Biogeography

The known findings of species of Wigwamma and
Pseudowigwamma are tabulated below (Table 2). Two
species of Wigwamma, W. arctica and W annulifera,
and Pseudowigwamma scenozonion are characteristic
elements of the northern high latitude coccolithophorid
community, while a handful of Wigwamma species is
consistently found to be present in samples processed
from the southern high latitudes. A few of the species
accounted for here (i.e. W. annulifera, W. arctica and

P. scenozonion) are also reported from significantly
lower latitudes, i.e. Danish coastal waters and Cape
Town, S. Africa. The recordings of W. arctica and P. sce-
nozonion from Danish coastal waters were associated
with a winter inflow of cold (ca. 3°C) water of presum-
ably North Atlantic origin. Wigwamma annulifera so
far stands apart from all other taxa reported here with
respect to its temperature tolerances. The temperature
at the S. African type locality was ca. 10°C.

The chance to collect and process over a signifi-
cant time span nanoplanktonic samples from highly
diverse polar regions has unequivocally demonstrated
the existence of a persistent polar community of lightly
calcified coccolithophorid taxa comprising a range of
genera and including e.g. species of Wigwamma and

Table 2. Known geographical distribution of Wigwamma spp. and Pseudowigwamma scenozonion.

Region Northern hemisphere Southern hemisphere
Locality — =
— = = 8
z = = ~ 8
= ©) 4 Z < N —~ 2 = =
= Z 2 = ) 2 2 | 5 = 5
4 = B8 £ E 5 o 3 <
8 s £ = 5 £ L | = e & £ 2 3
= E £ IS g < 5 v < 7 = = G
5 € S 5 S s £ g g % g = 5
5 5 S = A 5 2 5 A = %% < 8
Q 5] 2 ] 2 [a) s = > b 153 |31
S = = S g 3 3 3 2
g & = g 3 2 3 2 g
= =] m o =
g E 5 = ° B = = 5
z 3 3 Z
Wigwamma
W. annulifera 4,89 5,11 5 1 1 2 5 5
W. antarctica 2 5 5 10
W. arctica 1,4,7,8,9 11 1 5,11 3 2 5 5
W. armatura 5 5
W. triradiata 2 5 5 11 10
Pseudowigwamma
P. scenozonion 6,7,8,9 11 3

1) Manton et al. 1977

2) Thomsen et al. 1988

3) Thomsen, unpublished data
4) Thomsen 1981

5) This publication

6) Thomsen 1980

7) Hansen et al. 1988

8) Clausen et al. 1994

9) Ostergaard 1993
10) Findlay and Giradeau 2000
11) Gammelgaard 2000



Pseudowigwamma. The lightly calcified polar coc-
colithophorids are known to be non-photosynthetic
heterotrophs, a feature which must be interpreted as
a strong competitive characteristic for organisms that
have to survive life in darkness for a period of several
months every year. Apart from that very little is known
about environmental factors that select for these organ-
isms in high latitude environments while simultane-
ously virtually blocking other coccolithophorid species.

In a recent paper by Charalampopoulou et al. (2011)
analyzing coccolithophorid communities and environ-
mental variables (macronutrients, salinity, temperature,
irradiance, pH and Q_ . ) along a transect from the
southern North Sea to the ice-covered marginal ice edge
north of Svalbard, a multivariate approach was used to
analyze their data. It was shown that most of the varia-
tion in coccolithophorid distribution could be explained
by variation in pH and mixed layer depth illumination.
A very distinct community characterized by species of
Pappomonas and Papposphaera but also encompass-
ing a Wigwamma sp., was found north of Svalbard. The
authors found that high pH values (mean value 8.40)
and low temperatures (mean value —0.9°C) were most
likely responsible for this cluster separating markedly
from all other coccolithophorid communities identi-
fied along the transect studied. It thus appears that the
competitive niche successfully occupied by this contin-
gent of weakly calcified coccolithophorid taxa can be
markedly threatened in a climate change perspective
where increases in sea temperature and a general trend
towards lower pH values will prevail.
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