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Abstract. A two-dimensional morphometric programme, recently designed to measure fossil skeletons of the
silicoflagellate genus Corbisema, was used to investigate specimens of the C. apiculata—C. triacantha complex
found in a sample from the Fur Formation on the island of Mors, Jutland, Denmark. The semi-automated pro-
gramme measured the lengths of the basal sides and radial spines, the basal side curvature, and the location of the
pikes (if present) from a photographic database (N = 469). As a result, two distinct morphological groups were
revealed based on their radial spine length : basal side length ratio and the presence or absence of pikes: group A
(ratio of 1:1.3, no pikes) and group B, with the latter subdivided into B1 (ratio of 1:7, with pikes) and B2
(ratio of 1: 6, no pikes). Group A (C. triacantha sensu lato) possesses a small basal ring with relatively straight
basal sides and long radial spines, while group B has a large basal ring with curved basal sides and short radial
spines. In B1 specimens (C. apiculata sensu stricto) the pikes are positioned O to 1 ym away from the junction
point of the strut and basal ring. This would suggest that B1 double skeletons are likely to be in the Star-of-
David configuration, while A and B2 double skeletons (which lack pikes) are likely to be in the corner-to-corner
configuration. Compared with the previously published biometric studies of extant Stephanocha (Stephanocha
speculum complex in the Southern Ocean and S. medianoctisol in the Arctic Ocean), the results are somewhat
different: although C. triacantha sensu lato (group A) is similar to the modern species of Stephanocha, the latter
have smaller basal ring diameters, whereas specimens of C. apiculata sensu lato (types B1 and B2) have large
basal rings. If their cell diameters are calculated, B1 is the largest, with S. speculum being the smallest — about
half the size of B1. This could suggest that the relationship between radial spine length and mean basal ring size
has shifted over geological time.

1 Introduction forming two new identical daughter skeletons (after discard-
ing the mother skeleton) or producing a daughter skeleton
opposite the original mother skeleton before the separation

of the two cells. Sometimes thinner skeletons have been ob-

Silicoflagellates are unicellular marine phytoplankton that
are either motile (uniflagellate) and possessing an ex-

ternal basket-like siliceous skeleton or naked and amoe-
boid (Henriksen et al., 1993; Chang, 2015). According to
Chang (2015), Octactis pulchra (cited therein as Dicty-
ocha octonaria) has a complicated life cycle, in which the
skeleton-bearing forms divide by simple binary fission either

served in association with thicker skeletons (e.g. Marshall,
1934; Abe et al., 2015; Malinverno et al., 2016), and these are
now thought to be the daughter and mother skeletons, respec-
tively. However, this has not been supported yet by culture
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observations. Although the existence of double skeletons has
been known for almost 100 years (e.g. Gemeinhardt, 1930),
and they were often illustrated as sketches in subsequent pub-
lications (e.g. Loeblich et al., 1968; Dumitricd, 1974), light
and scanning electron micrographs of a wide range of both
fossil and modern double skeletons were only documented
recently by McCartney et al. (2014, 2015). This has led to
the proposal that double skeleton configurations (corner-to-
corner or Star-of-David) and the position of the pikes (if
present) that hold the skeletons together may be useful in sil-
icoflagellate taxonomy (Dumitrica, 2014; McCartney et al.,
2015; Tsutsui and Jordan, 2016).

There is still an ongoing debate about the number of ex-
tant genera, with biologists often lumping them into one
genus, Dictyocha, while palaecontologists often opt for two or
three genera, Dictyocha and Octactis (e.g. Dumitrica, 2014)
or with Stephanocha included (e.g. McCartney et al., 2014,
2015). Modern silicoflagellates are cosmopolitan, but their
distribution can be roughly separated into warm water (Dic-
tyocha), cold water (Stephanocha), and coastal (Octactis) re-
gions (e.g. Ignatiades, 1970; Rigual-Hernandez et al., 2010,
2016; Malinverno, 2010; Onodera and Takahashi, 2012; Abe
et al., 2015). Taxonomic studies on fossil silicoflagellates
have been largely related to biostratigraphic analyses, with
little consideration about their morphologic plasticity (i.e.
aberrants, morphometric data). This has led to morpholog-
ically similar forms being regarded as taxonomic synonyms
or species complexes having long stratigraphic ranges. One
such example is the Corbisema triacantha—apiculata com-
plex. Hanna (1931) distinguished the two species as follows:
C. apiculata has curved basal sides, short radial spines, and
pikes attached to the junction point between the strut and the
basal ring, and C. triacantha has linear basal sides, radial
spines of the same length as the basal sides, and no pikes.
Subspecific taxa of C. triacantha (including var. apiculata)
have been recorded from the Cretaceous to the Holocene,
with a range of morphologies. According to Loeblich et
al. (1968) the type locality of C. triacantha is Maryland,
USA and thus Miocene in age, while that of C. apiculata ap-
pears to be Mors and therefore early Eocene in age. Herein
we regard some of our specimens as belonging to C. tria-
cantha sensu lato, since it is beyond the scope of the present
study to investigate its entire biostratigraphic range. In ad-
dition, given that Tsutsui and Jordan (2016) recognised pike
and pikeless forms of C. apiculata, we have designated only
the former specimens as C. apiculata sensu stricto, referring
to both of them collectively as C. apiculata sensu lato.

Some studies have shown the usefulness of collecting mor-
phometric information and producing computer programmes
that can analyse large quantities of numerical or photo-
graphic data. One such programme that measures Corbisema
skeletons has been published recently (Tsutsui and Jordan,
2016) and the preliminary measurement data showed therein
revealed two morphologic groups within Corbisema apic-
ulata. In the present study we further investigate the C.
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triacantha—C. apiculata complex using the same programme
in order to shed some light on the problems surrounding this
taxonomic confusion.

2 Materials and methods

Sample E1758, labelled “Mors Didnemark Zementstein 27,
was obtained from the Friedrich Hustedt diatom collection
housed at the Alfred Wegener Institute in Bremerhaven, Ger-
many. The online database gives no indication as to where,
when, and by whom the sample was collected. However, it
is likely to be from a cement works on the island of Mors,
Denmark (see Fig. S1 in the Supplement), which mined the
Fur Formation, an interval known to contain silicoflagellates
(Perch-Nielsen, 1976).

Subsamples of the Mors sample were strewn onto cover
slips, dried on a hot plate and made into permanent mounts
using Mountmedia (Wako Pure Chemical Industries, Ltd.)
as a mountant, following the method outlined in Shiono and
Jordan (1996). A total of 469 specimens were photographed
and measured, which is statistically sufficient when the mi-
nor group is N > 20 and is close to normal distribution (e.g.
Takeuchi, 2011; Tsuzaki, 2011). An example of the three
Corbisema forms investigated in the present study is shown
in Fig. S2a, b and c in the Supplement.

Details of the photography and the semi-automated pro-
gramme used to take skeletal measurements can be found in
the online Supplement and are similar to those given in Tsut-
sui and Jordan (2016).

3 Results

3.1 Photographic database

During this study, 469 specimens (i.e. individual skeletons)
of the Corbisema triacantha—apiculata complex were pho-
tographed and measured. Based on the separation criteria
of Hanna (1931), two groups were recognised and identi-
fied; group A belongs to Corbisema triacantha sensu lato
(Fig. S2a, Plate 1), while group B represents C. apiculata
sensu lato. However, in this study (as in Tsutsui and Jordan,
2016), there were two types within group B, B1 with pikes
(Fig. S2b, Plate 2) and B2 without pikes (Fig. S2c, Plate 3).
The number of specimens for each group and/or type was
289 (A), 153 (B1), and 27 (B2).

3.2 Primary measurements

The primary measurements of the skeletal parts (radial spine,
basal side, strut length, basal ring corner—strut attachment
position distance) of all 469 specimens of the Corbisema
triacantha—apiculata complex are shown in Fig. la—d and
summarised in Table 1, with the strut—pike distance provided
for the 153 B1 specimens only (Fig. le). The radial spine
length ranges from 3—49 um with a mean of 17 um, and the
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Plate 1. Corbisema triacantha sensu lato (group A) with photographs separated into class sizes of radial spine length.
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Plate 2. Corbisema apiculata sensu stricto (group B, type B1) with photographs separated into class sizes of radial spine length.
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Plate 3. Corbisema apiculata sensu lato (group B, type B2) with
photographs separated into class sizes of radial spine length.
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basal side from 15-74 um with a mean of 38.3 um. If the data
on radial spine (Fig. 2a) and basal side (Fig. 2b) lengths for
group A and types B1 and B2 are presented, the two groups
can be clearly separated, while the two types overlap. The
peak of the pike position is O—1 um, which is slightly away
from the strut position, while the maximum distance is 4 um
away from the strut, with a mean of 0.71 um (Table 1 and
Fig. 1e). Only approximately 25 % (153 of 469) of the total
Corbisema triacantha-apiculata assemblage had pikes.

A database of theoretical skeletons can be produced for C.
triacantha in which basal side length increases on the y axis
and radial spine length on the x axis. If the data of measured
specimens are inserted into the plot (as bold skeletons) with
their relative abundances, then it is clear that they occupy the
bottom left-hand quadrant (Fig. 3). In other words, few or
no giant specimens were found (large basal rings and very
long spines) with one extreme skeletal part (very long spines
and small basal rings or large basal rings with small spines).
The same pattern was seen in C. apiculata (B1 data only) for
which the measured data plotted in the left-hand quadrant
(Fig. 4).

Since all the elements on individual Corbisema specimens
were measured, we have plotted the maximum and minimum
radial spine lengths (Fig. 5a) and basal side lengths (Fig. 5b)
for groups A and B. This clearly shows that both radial spine
lengths and basal side lengths are variable on a single skele-
ton.

The basal ring diameter for Corbisema triacantha and C.
apiculata (both types) was plotted against radial spine length,
along with the data from two other published species (the
Stephanocha speculum complex and S. medianoctisol), as a
scattergram (Fig. 6a) and with ranges and error bars (Fig. 6b).
Corbisema triacantha was clearly separated from the oth-
ers, while the two types of C. apiculata plotted on top of
each other, and the two Stephanocha species were close to
each other. Herein we refer to S. speculum as a species com-
plex given the fact that the type locality is Oran in Algeria
(Miocene in age) according to Loeblich et al. (1968), and
modern Stephanocha speculum is sometimes separated into
numerous subspecific taxa (e.g. Malinverno, 2010).

3.3 Simple statistics

All measured skeletal parts show a wide range in kurtosis
and skewness. When the data of radial spine and basal side
lengths are plotted they appear to show a roughly bimodal
distribution (Fig. 1). The bimodal boundary of radial spine
length is 15 um (Fig. 1a), and the basal side length is 48—
53 um (Fig. 1b). The distance between the basal ring cor-
ner and the attachment point of struts on the basal side (e.g.
the distance between B1 and R1 in Fig. S2d) also indicated
a roughly bimodal distribution. The bimodal distribution of
strut length is also affected by the basal side length, but the
radial spine kurtosis value in Table 1 is —1.13, which sug-
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Figure 1. Primary measurement histogram of all skeletal parts; (a) radial spine, (b) basal side, (c) strut length, (d) the distance from the
basal ring corner to the strut attachment position, and (e) strut—pike distance (B1 data only, as other forms lacked pikes). (a—d) Based on
three skeletal parts of 469 specimens (N = 1407). (e) Based on three skeletal parts of 153 specimens (N = 459).

Table 1. Summary of the measurement data for each skeletal part, including the distance between the basal corner to strut (e.g. B1 to R1 in
Fig. S2d), for which the total number of specimens is 469 (i.e. groups A and B combined), and the distance from the pike to the strut, for
which the total number of pike-bearing specimens is 153 (i.e. B1 only). SD: standard deviation.

Radial Basal Struts Distance from basal  Distance from

spines sides corner to strut pike to strut

Min (um) 3 15 6 0
Max (um) 49 79 29 38 5
SD (um) 9.1 11.9 33 5.5 0.95
Mean (um) 17.9 394 12.2 19.1 0.81
Variance 83.28 143.69 10.69 30.09 0.91
Skewness 0.07 0.62 0.57 0.53 1.39
Kurtosis —1.13  —-043 0.59 —-0.33 2.20
(N =469) (N =153)

gests that radial spines, basal sides, and struts have a bimodal
or trimodal normal distribution.

The base of the normal distribution of radial spine length
or basal side length is very wide (Fig. 1a and b), with the first
and second peaks of radial spine length being 9—12 um and
24-30 um, respectively, while the first and second peaks of
basal side length are 33—43 and 58—63 um, respectively.

J. Micropalaeontology, 37, 283—293, 2018

4 Discussion

4.1 Separation of taxa by morphometrics

In this study, the lengths of radial spines and basal sides
and the presence or absence of pikes have been used to
distinguish previously confused taxa within the Corbisema
triacantha—apiculata complex. Histograms of radial spine
length (Fig. 2a) and basal side length (Fig. 2b) clearly sep-
arated the individuals into two groups: group A with long
spines and short basal sides and group B with short spines
and long (and curved) basal sides. However, 27 out of 180

www.j-micropalaeontol.net//37/283/2018/



H. Tsutsui et al.:

2507 (a) All spines
— Group A
200 = ==Type B1

== 1ux Type B2

150

Individuals

100

50

18
Length (um)

0 9 27 36 45 54

Morphometric analysis of early Eocene Corbisema skeletons

Individuals

289

300+

(b)

All basal sides

250

200 4

-

(4]

o
1

N

o

o
1

13 23 33 43 53 63 73 83 93
Length (um)

Figure 2. Separation of groups A and B (subdivided into B1 and B2) using (a) radial spine length and (b) basal side length. Based on three

skeletal parts of 469 specimens (N = 1407).

Contribution (%)

(N=289)
10203040

AAAAA A

o

sess s
PP bt

AAAAA

AN A
AANAAKAL
SRAAAAAAAAAANLE
S AAAA KA A AAE S
foiAAKANKAN DAL
%40A A Aﬁ)]&s)ﬁﬂ/&s/&f /A\ A (&)

§34 A AOBK"‘/&’SKM/&SA /g\ /g\ i

N A A()Jﬁ.&)fe f1.8:§1 f.a//i //i //1% /i |

A°'3A3'5 JEPN 1 03 )03 |

f; 8A11°/;)\16 Z; 24}\9*32/1\37*40)\45/1\49)\—

Spine length (um) oum

Figure 3. A plot of theoretical skeletal forms of Corbisema group A
(C. triacantha) exhibiting a range of basal ring sizes and radial spine
lengths, with bold skeletal forms representing those found in this
study. The relative percentage of each form and the total contri-
butions with respect to basal side length (vertical axis) and spine
length (horizontal axis) are indicated on the plot. The scale bar is
20 um. Based on the total number of measured specimens (group A;
N =289).

group B specimens lacked pikes, so these were treated as
type B2, with those bearing pikes named type B1. Figures 3
(group A) and 4 (type B1) showed that the degree of vari-
ability in the two more common morphologies was relatively
constrained to the bottom left-hand quadrant. Based on the
criteria proposed by Hanna (1931), two of the morphological
entities can be identified: group A is Corbisema triacantha
sensu lato, while type B1 is C. apiculata. However, the iden-
tity of type B2 (which lacks pikes but is otherwise identical
to type B1) is uncertain at present. Indeed, the histograms
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Figure 4. A plot of theoretical skeletal forms of Corbisema type
B1 (C. apiculata) exhibiting a range of basal ring sizes and radial
spine lengths, with bold skeletal forms representing those found in
this study. The relative percentage of each form and the total con-
tributions with respect to basal side length (vertical axis) and spine
length (horizontal axis) are indicated on the plot. In order to ac-
centuate the curvature of the basal ring, dotted lines on each im-
age represent a mathematically perfect triangle. The scale bar is
20 um. Based on the total number of measured specimens (type B1;
N =153).

of radial spine (Fig. 2a) and basal side (Fig. 2b) lengths and
the plots of maximum-minimum basal side length and spine
length (Fig. 5) failed to separate B1 from B2 specimens, leav-
ing the presence or absence of pikes as the sole distinguishing
characteristic.
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4.2 Potential and observed C. triacantha and C.
apiculata skeletons

Figure 3 represents a series of potential skeletal images for
Corbisema triacantha (group A) based on increasing basal
side length and increasing radial spine length. The most com-
mon forms have a basal side length of 28—40um, a radial
spine length of 20-29 pm, and represent about 32 % of the to-
tal C. triacantha assemblage. Extreme skeletons were largely
absent in our study, i.e. with short basal sides but long spines
(basal side length 15-21 pm, spine length > 49 um) or long
basal sides and short spines (basal side length 72—78 um,
spine length 8—12 um). In fact, most observed skeletons plot
in the left-hand quadrant, suggesting that the skeletal dimen-
sions of C. triacantha are relatively constrained.

J. Micropalaeontology, 37, 283—293, 2018

Figure 4 represents a series of potential skeletal images
for Corbisema apiculata (type B1 only) based on increas-
ing basal side length and increasing radial spine length. The
most common forms have a radial spine length of 7-9 um, a
basal side length from 47-58 um, and represent about 23 %
of the total C. apiculata assemblage. Extreme skeletons were
largely absent in our study, i.e. with short basal sides but long
spines (basal side length 2652 um, spine length > 12 um) or
long basal sides and short spines (basal side length 68—79 um,
spine length <5 pum). The curvature becomes conspicuous
when the basal side is > 74 um.

In C. triacantha and C. apiculata the skeletal shape is an
isosceles (not equilateral) triangle in which one of the radial
spine lengths is slightly longer than the other two (Fig. 5a)
and one of the basal sides is slightly shorter (Fig. 5b). This

www.j-micropalaeontol.net//37/283/2018/
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is similar to other fossil species such as Corbisema hastata
and Mesocena apiculata (e.g. Loeblich et al., 1968; Tappan,
1980; Perch-Nielsen, 1985). In addition, other genera (such
as Stephanocha, Octactis, and Dictyocha) also possess one
or two radial spines of unequal length, whereby in the case
of two spines they are opposing (Bukry and Foster, 1973;
Malinverno, 2010; Chang, 2015), resulting in bilateral rather
than radial symmetry.

4.3 Morphometric comparison between fossil
Corbisema and living Stephanocha

Corbisema triacantha and C. apiculata can be easily sep-
arated by their radial spine length and basal side length.
However, types B1 and B2 can only be distinguished by the
presence or absence of pikes. The correlation coefficients
between the radial spine length and basal side length are
0.7 (probability < 1 %) for C. triacantha, 0.47 (probability
< 1 %) for C. apiculata (B1 only), and 0.44 for type B2. The
mean radial spine length vs. basal side length ratio in C. apic-
ulata (B1 only) is 1:7 (min. 1:3, max. 1:13) and for type
B21:~6 (min. 1:5.5, max. 1:12).

Morphometric studies have concluded that the basal ring
diameter is a useful index for both fossil and modern sili-
coflagellates (e.g. Kitchell, 1983; Poelchau, 1976; Tsutsui et
al., 2009; Tsutsui and Takahashi, 2009; Malinverno, 2010)
and can be closely approximated to cell size, as the living cell
resides inside the skeletal area. Thus, it is natural to assume
that recent silicoflagellates also inherited these skeletal char-
acteristics from fossil silicoflagellates. Figure 6 compares the
mean radial spine length with mean basal ring diameter of
two Corbisema spp. (C. triacantha and C. apiculata) and
two Stephanocha spp. (the S. speculum complex and S. me-
dianoctisol). The biometric data for modern S. speculum and
S. medianoctisol were re-measured from the datasets of Tsut-
sui et al. (2009), and Tsutsui and Takahashi (2009). As a re-
sult, C. triacantha and C. apiculata are clearly distinguished
from each other (although types B1 and B2 are not), and the
two Stephanocha spp., with their short radial spine length
and small basal ring diameter, cluster together but are clearly
separable from the Corbisema spp. The ratio of mean basal
ring diameter to mean radial spine length of these taxa can
be arranged from largest to smallest: group B in Tsutsui et
al. (2009) (5.5), Corbisema apiculata type B2 (5.1), type B1
(4.5), S. medianoctisol in the Arctic Ocean (1.6), S. specu-
lum (1.5), and Corbisema triacantha (1.3). Roughly, their
cell size can also be sorted from largest to smallest by mean
basal ring diameter: Corbisema apiculata type B1 (37 um),
B2 (36 um), C. triacantha (30 um), group B in Tsutsui et
al. (2009) (30 um), S. medianoctisol (21 um), and S. specu-
lum (19 um). So the cells of modern silicoflagellates appear
to be smaller than their fossil counterparts. Of course, more
data are needed to determine whether this trend is real or
not. In that respect, studies need to be conducted on other
Corbisema species to see if there is an intrageneric trend;

www.j-micropalaeontol.net//37/283/2018/

Corbisema first appeared in the Cretaceous and disappeared
in the late Miocene (e.g. Perch-Nielsen, 1985; McCartney et
al., 2010). There are many examples of body mass down-
sizing in vertebrates, e.g. groundfish (Shackell et al., 2009),
dinosaurs to birds (Chiappe, 2009), dinosaurs (Benton et al.,
2010), and lizards (Pérez-Méndez et al., 2015), and similar
trends have been recognised in various microfossil groups,
such as coccolithophores (e.g. Young, 1990; Henderiks and
Pagani, 2008) and diatoms (e.g. Suto, 2006; Cortese et al.,
2012).

5 Conclusions

1. Early Eocene specimens of the Corbisema triacantha—
apiculata complex from Mors can be separated into two
morphological groups (A and B) using a morphometric
programme specifically designed for Corbisema skele-
tons. In particular, radial spine and basal side lengths
and basal ring diameter proved useful characteristics for
separating these taxa, with the latter group further sub-
divided into types B1 and B2 based on the presence or
absence of pikes, respectively.

2. Two of these morphologies can be identified as C. tri-
acantha sensu lato (group A) and C. apiculata sensu
stricto (type B1) based on the criteria of Hanna (1931).

3. Preliminary data on the ratio of basal ring diameter to
radial spine length suggest that cells of fossil silicoflag-
ellates were larger than their modern counterparts, al-
though morphometric data on more taxa, particularly of
the long-ranging genus Corbisema, are needed.

Data availability. Please see the Supplement for further informa-
tion. The two files 1_SILICO and 2_SILICO contain the new data in
this paper. Data from other papers used in comparison (e.g. Tsutsui
et al., 2009; Tsutsui and Takahashi, 2009) are not provided here.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/jm-37-283-2018-supplement.
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