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Introduction

Marine biodiversity is generally underestimated in terms of its scale and impor-
tance (Poore and Wilson 1993; Tickell 1997). Whilst current figures indicate that
it is only a fraction of that in terrestrial environments (Briggs 1994), marine biodi-
versity gives us a different perspective compared to that on land, which is crucial
for understanding the causes and consequences of biodiversity on a global scale
(Willamson 1997). Biodiversity as a concept includes all scales of variability in
the natural world (Angel 1997), however it is common to deal with numbers of
species in order to quantify biodiversity (Schluter and Ricklefs 1993). Estimates of
species diversity vary considerably depending upon the criterion used to define a
species (Williamson 1997). In a strict sense the basic requirement of a species is
reproductive isolation (Mayr 1963), however this can be difficult to establish and
many studies therefore rely on a morphological definition, or so-called mor-
phospecies concept. Several analyses from marine environments have shown that
measurements of biodiversity based upon morphospecies are likely to be underes-
timates (Knowlton 1993). The commonly occurring microplankton group, plank-
tonic foraminifera have demonstrated that significant biodiversity, reflecting often



very ancient evolution, can be hidden within extant morphospecies (Norris 2000).
The occurrence of so-called sibling or cryptic species has indicated that that biodi-
versity and in particular, the significance of very small morphological differences,
in this group is poorly understood. Another numerically important, widespread
single-celled planktonic group, which may display cryptic or sibling species is the
coccolithophores. Despite their global distribution and production of extensive
blooms, coccolithophores are represented by only 180 or so recognised species at
present (Jordan and Kleijne 1994). Nevertheless, extensive fine scale morphologi-
cal variation has been reported within several commonly occurring coccolitho-
phorid species, including Calcidiscus leptoporus (Knappertsbusch 1990; Kleijne
1993; Knappertsbusch et al. 1997), Gephyrocapsa oceanica, Gephyrocapsa
muellerae and Gephyrocapsa ericsonii (Bollmann 1997), Coccolithus pelagicus
(Baumann 1995; Baumann et al. 2000) and Emiliania huxleyi   (McIntyre and Bé
1967; Young and Westbroek 1991). These species can be subdivided into separate
intra-specific morphological groups, some of which display contrasting geo-
graphic distributions in the ocean (Bollmann 1997) and different cell physiologies
(Young and Westbroek 1991). Furthermore, significant genetic variability has
been demonstrated within the species E. huxleyi and G. oceanica in terms of their
reproductive rates (Brand 1982). New evidence suggests that intra-specific groups
are a common occurrence among many extant coccolithophores and as such they
are very important for the discussion of hidden biodiversity in this group and ma-
rine plankton as a whole.

In this chapter, we review the degree and nature of biodiversity within one of
these species: C. leptoporus. Several published and unpublished studies on extant
C. leptoporus resulting from the CODENET project are reviewed alongside all
previous work on the biodiversity of this species (Table 1) and new morphologic
data from sediment traps and clonal cultures is presented. The different lines of
evidence point to the existence of three separate groups, probably species, which
may have evolved during the last ca. 12 MA. The picture presented here for extant
C. leptoporus indicates that the concept of biodiversity in coccolithophores needs
to be revised. The findings also have serious implications for the interpretation of
morphological variation in the extensive fossil record of coccolithophores, which
covers some 200 MA of geological time (Bown and Young 1998). Calcidiscus
leptoporus in particular, consists of a succession of several morphological groups
during the last ca. 20 MA (Knappertsbusch 2000). These may also represent sepa-
rate biological groups, which have undergone periods of rapid evolution and sta-
sis.

Background

In their initial description of living C. leptoporus as Coccosphaera leptopora,
Murray and Blackman (1898) reported morphological differences between the
coccoliths on individual coccospheres of this species from the North Atlantic.
With respect to the central-area on the distal shield of C. leptoporus coccoliths,



they found cells in which the elemental sutures can be traced into this structure
and others in which it cannot. This distinction, which was elucidated using light
microscopy, was ignored by many subsequent authors studying living
C. leptoporus, but is now considered to be a key feature in distinguishing intra-
specific groups within the species.

Lohmann (1920) observed that two size groups occurred in populations of liv-
ing C. leptoporus from the Atlantic Ocean. The large cells, which he called
C. leptoporus forma typica, had a coccolith diameter of 18–24 µm and the small
cells (C. leptoporus forma parva) were between 9 and 15 µm (Table 1). Lohmann
(1920) suggested that these two forma had different bathymetric ranges, with
C. leptoporus forma parva occurring in large numbers throughout the entire photic
zone and C. leptoporus forma typica being restricted to shallower water between 0
and 75 m. Knappertsbusch (1990) has subsequently interpreted this bathymetric
differentiation in terms of a preference of C. leptoporus  forma typica for warmer
water. A further distinction between the two groups was that cells of the smaller
forma were found to occur in chains, whereas the larger ones were usually solitary
(Lohmann 1920).

During their study of the latitudinal distribution of coccolithophores in the sur-
face waters of the Atlantic Ocean, McIntyre and Bé (1967) discovered large cells
occurring in the sub-Antarctic region. These were said to be of “greater size” than
the rest of the C. leptoporus cells encountered in their study and had an average of
40 elements in the distal shield of their coccoliths (McIntyre and Bé 1967, p. 569).
In the absence of definite measurements on the coccosphere diameter of this large
group, comparison with the forma of Lohmann (1920) is difficult. However, the
observation of large C. leptoporus cells associated with cold water conflicts with
the ecological interpretation of Lohmann`s (1920) two forma above.

As part of an in-depth study on living and fossil C. leptoporus, Knappertsbusch
(1990) analysed, in detail, the morphological variability of 337 coccospheres from
the Atlantic and Pacific Oceans and the Mediterranean Sea. He concluded that the
coccoliths on individual coccospheres of C. leptoporus were unimodal with re-
spect to size and the number of elements in the distal shield. These two parameters
exhibited a strong positive linear correlation (r = 0.860). In addition, the cocco-
sphere diameter and mean coccolith diameter of individual cells were also highly
correlated (r = 0.936), so that one parameter may be used to predict the other.

By analysing the coccosphere and coccolith morphology of living C. leptoporus
in this way, Knappertsbusch (1990) confirmed the presence of two size groups, as
suggested by Lohmann (1920). The two groups or “morphotypes”, which he
called C. leptoporus morphotype P and morphotype T (after Lohmann`s forma
parva and typica), were separated at 10.5 µm coccosphere diameter, 5 µm mean
coccolith diameter and a mean of 21 elements in the distal shield (Table 1).

Knappertsbusch (1990) then interpreted the diameter and mean number of ele-
ments of C. leptoporus coccoliths in 35 Holocene globally distributed surface
sediment samples in terms of these two living morphotypes. A plot of the mean
number of elements of 200 coccoliths from each Holocene sample against the
mean sea surface temperature revealed a shift towards larger coccoliths at 23.5 ºC.
This was considered to be a consequence of a dominance of the large morphotype



T in tropical waters above 23.5 ºC. Knappertsbusch (1990) concluded that this
morphotype has a preference for warmer water and the smaller morphotype P is
eurythermal, exhibiting a more cosmopolitan distribution.

The morphology of living C. leptoporus  has also been investigated by Kleijne
(1991, 1993), from surface water samples collected in the Indian Ocean, Red Sea,
Mediterranean Sea and eastern North Atlantic. At one station in the eastern Medi-
terranean, she discovered a single cell containing heterococcoliths belonging to
C. leptoporus and holococcoliths corresponding to the species Crystallolithus ri-
gidus. Kleijne (1991) interpreted this combination as a transition between two
stages in the life cycle of C. leptoporus. These two stages were subsequently clas-
sified as forma, with C. leptoporus forma leptoporus representing the heterococ-
colith stage and C. leptoporus forma rigidus as the holococcolith-bearing stage.

Based on heterococcolith morphology, Kleijne (1993) considered there to be
three intra-specific groups of living C. leptoporus  (Table 1). She combined mor-
phometric data, such as coccosphere and coccolith diameter and the number of
elements, with ultrastructural observations on the distal shield of heterococcoliths
to define three “types” of C. leptoporus forma leptoporus. One important feature
distinguishing her three groups is the nature of the central-area on the distal side of
coccoliths. This characteristic was first observed by Murray and Blackman (1898)
in their original light microscope description of C. leptoporus. Kleijne`s (1993)
type B has an obscured, infilled central-area on the distal side of the coccolith into
which the elemental sutures cannot be traced. It is also characterised by having a
large coccosphere diameter (7.5–9.6 µm) and was found living in water tempera-
tures of 24.6–30.5 °C. In the remaining cells observed by Kleijne (1993), the ele-
mental sutures could be traced into the central-area on the distal shield of their
coccoliths. However, two additional types were distinguished within these speci-
mens based upon coccolith size and the shape of the sutures on the distal shield.
Type A has coccoliths 3.0–4.9 µm in diameter with kinked, incised suture patterns
and Type C, which is intermediate in size between types A and B, has more
curved, smooth suture patterns. Like the large type B, type A had a restricted dis-
tribution and was confined to temperatures of 25.3–30.3 °C, whereas the interme-
diate-sized type C appeared to be more cosmopolitan.

A reassessment of the morphological data of Knappertsbusch (1990), con-
firmed the presence of three size groups as suggested by Kleijne (1993). In this
study, Knappertsbusch et al. (1997) redefined the C. leptoporus  morphotype con-
cept by measuring the coccosphere diameter and mean coccolith diameter of 63
coccospheres. A plot of these two parameters produced three size groups, sepa-
rated at 10.5 and 16 µm coccosphere diameter and 5 and 8 µm mean coccolith di-
ameter. These three clusters or morphotypes (small, intermediate and large) are
broadly equivalent to Kleijne`s (1993) types, in terms of size (Table 1). However,
Knappertsbusch et al. (1997) made no distinction between their morphotypes
based upon the sutures or central-area of the distal shield of the coccoliths.

By reassessing the isolated C. leptoporus coccoliths in the 35 globally distrib-
uted Holocene surface sediment samples analysed by Knappertsbusch (1990) us-
ing this new scheme, Knappertsbusch et al. (1997) determined that the mean
C. leptoporus diameter at different geographical locations was produced by



changes in the relative abundance of the three morphotypes. Coccoliths of the
large morphotype (>8 µm diameter) were more or less restricted to sediment sam-
ples collected within the 23.5 °C sea surface winter isotherms, once more sug-
gesting a preference of large C. leptoporus cells for warm water. In agreement
with Kleijne (1993), the intermediate morphotype was found to have a more cos-
mopolitan distribution.

The coccolith morphology of living C. leptoporus has been investigated in
sediment trap material by Baumann and Sprengel (2000). The coccolith diameter
of all C. leptoporus coccoliths encountered during a 13-month period at the
ESTOC station off the Canary Islands, showed a distinctive trimodal distribution
(Table 1). These modes corresponded well to the limits defined by Knapperts-
busch et al. (1997) and Kleijne (1993), leading Baumann and Sprengel (2000) to
confirm that each of the three previously described morphotypes were present in
their sample set. In addition, the distinction between Kleijne`s (1993) C. lep-
toporus type B and types A and C in terms of the nature of the central-area on the
distal shield, was confirmed in this study.

The relative abundance of C. leptoporus morphotypes in sediment trap material
has been analysed by Beaufort and Heussner (2001) in the Bay of Biscay. These
authors subdivided the C. leptoporus  coccoliths encountered during an 18-month
period using a twofold scheme (Table 1) similar to the morphotype concept of
Knappertsbusch (1990). Two peaks in the coccolith flux of C. leptoporus were en-
countered at this site, one in summer, which was produced by their small mor-
photype (< 5 µm) and one in late autumn-early winter resulting from an increase
in the flux of coccoliths belonging to their large morphotype (> 5 µm). The peak
in large C. leptoporus coccoliths during winter conflicts with the suggestion of
Knappertsbusch et al. (1997) and Kleijne (1993) that large cells have a preference
for warm water. However, the different morphologic subdivision applied by
Beaufort and Heussner (2001) complicates the comparison of these studies. The
latter authors suggested that large cells grow preferentially in winter and the abun-
dance patterns recorded in the Bay of Biscay may be related to seasonal variations
of the thermo-nutricline.



Table 1.  Comparison of different schemes proposed for the subdivision of C. lep-
toporus in plankton and sediment trap material

Author Material Scheme Comments
Murray and
Blackman
1920

Plankton Indicated
two differ-
ent groups
based upon
the struc-
ture of the
central-
area

Lohmann
1920

Plankton Forma parva
Sphere:
9–15 µm

Forma typica
Sphere: 18–24 µm

Knapperts-
busch
1990

Plankton Morphotype
P Cocco-
liths: <5 µm
<21 ele-
ments

Morphotype T Cocco-
liths: >5 µm >21 ele-
ments

Kleijne
1993

Plankton Type A
Sphere:
6.5–12.5 µ
Coccoliths:
3–4.9 µm
15-20 ele-
ments. Su-
tures
straight then
kinked with
incised
laevogyre.
Extend into
central-area

Type C
Coccoliths:
4.9–7.2 µm
18–26 ele-
ments. Su-
tures curved
or slightly
kinked but
not incised.
Extend into
central-area

Type B
Coccoliths:
7.5–9.6 µm
27–34 ele-
ments. Su-
tures curved
with smooth
laevogyre.
Not visible
in central-
area, which
is infilled

Knapperts-
busch et al.
1997

Plankton Small mor-
photype (S)
Sphere:
≤10.5 µm
Coccoliths:
≤5 µm

Intermediate
morphotype
(I) Sphere:
10.5-16 µm
Coccoliths:
5–8 µm

Large mor-
photype (L)
Sphere: ≥16
µm Cocco-
liths: ≥8 µm

Baumann and
Sprengel
2000

Sediment
trap

Cluster <5
µm

Cluster 5–8
µm

Cluster >8.5
µm

Central-
area in-
filled in
large-sized
morpho-
type

Beaufort and
Heussner
2001

Sediment
trap

Small mor-
photype <5
µm

Large morphotype >5
µm



Evidence from the CODENET project

Morphometry

New data on the morphology of C. leptoporus coccoliths from additional sediment
trap analyses by participants of the CODENET project has shed more light on the
nature of the intra-specific groups of this species in the plankton.

The morphology of isolated C. leptoporus coccoliths was analysed from
monthly sediment trap samples collected at four sites in the North, Equatorial and
South Atlantic (Figure 1). In all samples, the distal shield diameter and number of
elements was recorded for all C. leptoporus coccoliths in the SEM (Table 2). In
addition, observations were made of the nature of the central-area and the suture
patterns on the distal shield, in accordance with the descriptions of Kleijne (1993).
The distinction between coccoliths with an obscured central-area (type B of Klei-
jne 1993) and those in which the sutures can be traced into this structure (types A
and C) was very clear in the material. However, the sutural differences between
types A and C were not consistently applicable. All coccolith measurements were
carried out at the Fachbereich Geowissenschaften, Universität Bremen using a
Zeiss DMS 940A SEM at 5000 or 1000x magnification. No calibration was per-
fomed, however the reproducability of size data collected with this system is good.

Fig. 1. Location of sediment traps analysed in this study. See Table 2 for details of
analysis

A scatter plot of diameter and number of elements for all C. leptoporus cocco-
liths measured at all four sites reveals the presence of three clusters (Figure 2A).
In terms of coccolith diameter (Figure 2B), these three size modes correspond
quite well with those defined by Knappertsbusch et al. (1997). However, by plot-
ting the diameter of those coccoliths with and without an obscured central-area
separately, it can be seen that they overlap in size (Figures 2C and 2D). From this
we can conclude that Kleijne`s (1993) C. leptoporus type B, with its distinctive
obscured central-area, is not strictly equivalent to the large morphotype (>8 µm)
of Knappertsbusch et al. (1997). The overlap in size between coccoliths with an



obscured and a clear central-area can be seen more clearly by highlighting them in
a scatter plot of distal shield diameter versus number of elements (Figure 3A).
This also reveals that coccoliths with an obscured central-area exhibit a different
relationship between coccolith diameter and number of elements to those with a
clear central-area (Figures 3B and 3C).

Fig. 2.  Morphology of C. leptoporus coccoliths from sediment trap data. A. Scatter plot of
diameter and number of elements in the distal shield of all coccoliths analysed from all
sediment traps. B. Histogram of coccolith diameter of all coccoliths. C. Histogram of coc-
colith diameter of coccoliths with an obscured central-area on the distal shield. D. Histo-
gram of coccolith diameter of coccoliths with a clear central-area on the distal shield. Verti-
cal lines indicate the 5 and 8µm boundaries of coccolith diameter proposed by
Knappertsbusch  et al. (1997) to separate their three C. leptoporus morphotypes

A conspicuous zone of minimum overlap exists in the distribution of coccolith
diameter at ca. 5 µm. This is in agreement with the occurrence of a small and an
intermediate-sized morphotype, as suggested by Knappertsbusch et al. (1997). In
the absence of consistent discrimination between the different sutural patterns of
Kleijne`s (1993) small and intermediate-sized types A and C, it is not possible to
compare the size and morphological characteristics of these two groups. However,



a small and an intermediate-sized cluster are clearly visible by comparing cocco-
lith diameter and number of elements (Figures 3C and 3D). These two clusters
have a different coccolith diameter/element ratio and fall either side of 5 µm in
terms of coccolith diameter.

Fig. 3.  Morphology of C. leptoporus coccoliths from sediment trap data. A. Scatter plot of
diameter and number of elements in the distal shield of all coccoliths analysed from all
sediment traps indicating those coccoliths with an obscured central-area. B. Linear correla-
tion between diameter and elements of all coccoliths with an obscured central-area (r =
0.76). C. Linear correlation of coccoliths >5 µm with a clear central-area (r = 0.53). D. Lin-
ear correlation of coccoliths >5 µm with a clear central-area (r = 0.66). Vertical lines indi-
cate the 5 and 8 µm boundaries of coccolith diameter proposed by Knappertsbusch  et al.
(1997) to separate their three C. leptoporus morphotypes

This new data confirms that three intra-specific groups of C. leptoporus do ex-
ist in the plankton, but indicates that the definition of these is not as simple as pre-
viously thought. Contrary to the suggestion of Knappertsbusch et al. (1997), size
alone is not a reliable parameter to distinguish the three intra-specific groups, as
coccoliths with different distal shield morphologies overlap in terms of size. The
distinction between coccoliths with a clear and an obscured central-area on their
distal shields appears to be valid. However, those with an obscured central-area
have a large size range and cannot be considered to be strictly equivalent to the



large C. leptoporus morphotype (>8 µm) of Knappertsbusch et al. (1997). The
new data presented here also reveals a previously unrecorded difference in the re-
lationship between the diameter and the number of elements in the distal shield of
coccoliths with a clear and an obscured central-area.

The sutural differences between Kleijne`s (1993) C. leptoporus types A and C
are considered to be too subjective to apply to the discrimination of intra-specific
groups within isolated coccoliths. However, a small and an intermediate-sized
cluster of coccoliths with contrasting diameter/element ratios were readily distin-
guishable in our data. These appear to be equivalent to the small (<5 µm) and in-
termediate (5–8 µm) morphotypes of Knappertsbusch et al. (1997) in terms of
coccolith diameter.

Table 2.  Morphological analysis of C. leptoporus  coccoliths from four sediment
traps in the Atlantic Ocean

Trap L3 WA8 WR2a NU2u
Location N. Atlantic Eq. Atlantic S. Atlantic S. Atlantic
Depth (m) 2200 718 608 2516
Sampling
period

8.1995–6.1996 8.1994–2.1996 3.1989–3.1990 1.1992–2.1993

Coccoliths
measured

16 48 77 14

Minimum
diameter
(µm)

5.7 3.0 3.2 4.6

Maximum
diameter
(µm)

11.3 8.9 10.0 8.7

Mean di-
ameter (µm)

7.4 5.5 5.6 6.4

SD diameter
(µm)

1.6 2.0 1.2 1.0

Minimum
elements

19 10 10 16

Maximum
elements

36 31 32 29

Mean ele-
ments

24.9 20 17.8 21

SD elements 5.6 6.5 3.8 3.6
SD Standard Deviation

The different coccolith diameter/element relationships of the three groups in
Figure 3, contradicts with the suggestion of Knappertsbusch (1990) that living
C. leptoporus forms a continuous “morphocline”. In fact, the three intra-specific
groups, which have been distinguished here form separate clusters in which the
two parameters are well correlated.



Fig. 4. C. leptoporus coccosphere and heterococcolith morphology. A–B. C. leptoporus S.
Small sized with a clear central-area, holococcolith stage as yet unreported. C–D C. lep-
toporus I. Intermediate sized with a clear central-area and a C. rigidus-bearing holococco-
lith stage. C. leptoporus of Sáez et al. (submitted). E–F. C. leptoporus “L”. Usually large in
size, possessing an obscured central-area, with a S. quadriperforatus-bearing holococcolith
stage. C. quadriperforatus of Sáez et al. (submitted)



In the following discussion, we use the labels small, intermediate and “large”
(S, I and “L”) to describe the three intra-specific groups of C. leptoporus above
(Figure 4). The label C. leptoporus “L” includes all cells with coccoliths display-
ing an obscured or infilled central-area, regardless of their coccosphere diameter,
mean coccolith diameter or the mean number of elements in the distal shield of
their coccoliths.

Laboratory cultures

The conflicting taxonomic categories to which the various intra-specific groups of
C. leptoporus have been assigned (Lohmann 1920 – forma; McIntyre et al. 1967 –
variants; Knappertsbusch 1990; Knappertsbusch et al. 1997; Baumann and
Sprengel 2000 – morphotypes; Kleine 1993 – types) demonstrate the uncertainty
surrounding their true biological significance. One hypothesis is that they repre-
sent temperature-related ecophenotypes (Knappertsbusch 1990; Knappertsbusch et
al. 1997; Kleijne 1993).  Knappertsbusch et al. (1997) believed that this idea may
be confirmed, “if it could be demonstrated, that clonal decendants of a certain
morphotype would change into a different morphotype under varying culturing
conditions in the laboratory” (p. 315). Within CODENET, three separate experi-
ments have been carried out to test this hypothesis (Renaud et al. 2000; Steel
2001; Quinn et al. in press). Two of these experiments (Renaud et al. 2000; Steel
2001) made use of the CODENET culture collection (see Probert this volume),
which is also the subject of ecological and physiological investigations on other
common coccolithophorid species.

Fig. 5. Ecophenotypic size change in C. leptoporus cultures induced by Quinn et al. (in
press). A. Average mean coccosphere diameter of four clonal C. leptoporus I strains main-
tained under different environmental conditions for 36 days. B. Average mean coccolith di-
ameter of four clonal C. leptoporus I strains maintained under different environmental con-
ditions for 36 days. For details of experiments see Table 3

Clonal populations of C. leptoporus I and C. leptoporus “L” cells, were grown
in batch culture under different temperature and light conditions (Table 3). In one
experiment (Quinn et al. in press), a significant difference was recorded between



the coccosphere and coccolith size of C. leptoporus I maintained under warm (28
ºC) and cool (16 ºC) conditions (Figure 5). However, this was small and the
populations remained within size limits reported for this intra-specific group. Ob-
servations of distal shield morphology throughout the experiment revealed cocco-
lith ultrastructure to be stable under different environmental conditions. In the
other two experiments, no significant size or morphological changes were reported
in the C. leptoporus populations.

Table 3. Summary of CODENET C. leptoporus culture experiments

Experiment Renaud et al.
1999

Quinn et al.
in press

Steel
2001

Group cultured C. leptoporus I C. leptoporus I C. leptoporus I and
“L”

Type of culture Batch Batch Batch
Temperatures (°C) 17, 22 16 , 28 13, 15, 17, 19, 23
Light intensity

(µE/m2/sec)

- 20, 80 Gradient: 30 - 34

Light/dark cycle
(hours)

- 14/10 16/8

Duration (days) - 36 39
Measurement Mean coccolith di-

ameter, growth rate
Mean sphere and
coccolith diameter,
mean elements

Mean coccolith di-
ameter, growth rate

Outcome No significant dif-
ference between
populations grown
at 17 and 22 °C

Significant differ-
ence in mean sphere
and coccolith di-
ameter between 16
and 28 °C popula-
tions. Effect of light
intensity unclear

No significant dif-
ference between
populations grown
at various tem-
peratures. Different
physiological re-
sponse of two
C. leptoporus
groups. Holococ-
colith phase ob-
served

The results of these three independent experiments do not support the existence
of ecophenotypes. This is in agreement with the rejection of the morphocline hy-
pothesis of Knappertsbusch (1990) above. An interesting outcome in one of the
experiments was the observation of a possible physiological difference between
C. leptoporus I and C. leptoporus “L” populations (Steel 2001). The latter grew at
a more restricted temperature range (13–23 ºC) than the C. leptoporus I popula-
tions (15–23 ºC). Both experienced their optimum growth at a temperature of 19
ºC, but differed in terms of the rate of cell division (C. leptoporus “L” – 0.44 log
divisions / day (or DPD) and C. leptoporus I – 0.30 log DPD). Whilst these differ-
ences are small and could represent the unpredictable outcome characteristic of
laboratory experiments on living organisms, they support the hypothesis of Klei-



jne (1993) that C. leptoporus “L” cells have a more restricted geographical range,
which may be correlated with water temperature.

Plankton observations

The body of data on the distribution of intra-specific groups of C. leptoporus is
confusing. Confusion has arisen due to different sample materials (plankton,
sediment trap, surface sediments) and conflicting definitions of the groups. We
can however be certain that the intra-specific groups do exhibit some geographic
and temporal differences. There seems to be agreement within the literature that
larger cells of C. leptoporus have a preference for warm waters of tropical and
subtropical latitudes (McIntyre et al. 1970; Knappertsbusch 1990; Kleijne 1993;
Knappertsbusch et al. 1997), although their exact geographical limits have been
variously defined. In comparison, intermediate-sized cells have been reported to
have a more cosmopolitan distribution.

Lohmann (1920) suggested bathymetric differences between his two forma,
with the small forma parva occurring throughout the photic zone and the larger
forma typica restricted to shallower water. This would agree with a preference of
large cells for warmer water. However, plankton data from the year 1991 at Ber-
muda (Renaud and Klaas 2001), failed to confirm this bathymetric distribution. At
Bermuda, intermediate and large-sized C. leptoporus had different seasonal dy-
namics. Large cells (>8 µm) only occurred in winter, whereas intermediate cells
were present all year round and peaked in late spring. A comparable situation was
recorded by Beaufort and Heussner (2001) in sediment trap material from the Bay
of Biscay. They saw a peak in the flux of their large C. leptoporus (>5 µm) in
winter. So, whilst large cells may have a limited geographical distribution (Kleijne
1993; Knappertsbusch et al. 1997), their occurrence in winter months suggest that
this may not be a consequence of temperature. Seasonal patterns in the abundance
of different intra-specific groups of C. leptoporus could be related to variations in
the thermo-nutricline (Beaufort and Heussner 2001) or interactions within the
plankton community (Renaud and Klaas 2001).

The analysis of C. leptoporus in sediment trap material from several time series
using a combination of size and the morphology of the central-area to identify the
three C. leptoporus groups equivalent to S, I, and “L” described above, has been
carried out by Renaud et al. (2002). Seasonal patterns in the abundance of the
groups differed between the sites, perhaps due to their contrasting oceanographic
settings. However, comparisons between the intra-species relative abundance of
the three groups at all sites and several environmental variables, suggests differ-
ences in their ecology. Whilst both C. leptoporus I and C. leptoporus “L” dis-
played a general increase in absolute abundance with decreasing temperature, the
relative abundance of C. leptoporus “L” was greater at higher temperatures and
nutrient conditions, and visa versa for C. leptoporus  I. Renaud et al. (2002) have
suggested that C. leptoporus “L” is an opportunistic form, following the dynamics
of the total flora. This interpretation could perhaps explain the occurrence and
peak of large cells in winter at Bermuda and the Bay of Biscay respectively (Ren-



aud and Klass 2001; Beaufort and Heussner 2001) when mixing increases the
availability of nutrients.

Coinciding with a peak in the abundance of C. leptoporus I in late spring 1991
at Bermuda was the occurrence of hetero/holococcolith combination cells (Renaud
and Klass 2001). C. leptoporus combination cells (C. leptoporus I and C. rigidus)
were first reported by Kleijne (1991) and are thought to represent a transition in a
complex haploid/diploid life cycle (Geisen et al. 2002). Similar associations have
been discovered for other extant coccolithophores (Cros et al. 2000; Cortés and
Bollmann 2002). Cortés (2000) also reported the association of C. leptoporus I
and C. rigidus in May at Bermuda. In addition, she figured a single specimen in
which this holococcolith occurs in association with C. leptoporus S heterococco-
liths (Cortés 2000, p. 36, plate I, figure 1). In the experiments of Steel (2001) the
transformation between C. leptoporus I hetero- and C. rigidus holococcoliths was
observed in culture for the first time. An identical, near-synchronous transforma-
tion also took place in two C. leptoporus I cultures in the CODENET culture col-
lection (Caen, France) during summer 2001, suggesting that this process may be
driven by an endogenous biological rhythm. Recent plankton observations have
also revealed a different holococcolith/heterococcolith combination for C. lep-
toporus “L” (with Syracolithus quadriperforatus - Geisen et al. 2000). Whilst ob-
servations of combination cells are rare in general, this may suggest a life cycle
difference between C. leptoporus I and C. leptoporus “L” cells.

Molecular genetics

The subject of genetic biodiversity in living coccolithophores was first addressed
by Brand (1982). Based on the acclimatized reproductive rates of E. huxleyi  and
G. oceanica cultures, he inferred that significant genetic differences existed be-
tween populations of these two species from different water masses. Subsequently,
the first molecular genetic analyses of coccolithophores were carried out by Med-
lin et al. (1996). This study failed to discriminate between the intra-specific groups
of E. huxleyi based on the DNA sequences examined. However, analysis of ge-
nome size from laboratory cultures confirmed the separation of E. huxleyi types A
and B of Young and Westbroek (1991). As part of the CODENET project, mo-
lecular genetic analyses have been applied widely within the haptophytes to inter-
pret the evolutionary history of many calcifying and non-calcifying species. To
determine the genetic significance of intra-specific groups within C. leptoporus
(and other species), the plastid gene TufA and the more conservative 18S ribo-
somal DNA gene, have been analysed by Sáez et al. (submitted) from 13 clonal
cultures from different geographic regions (Figure 6).



Fig. 6. Origin of clonal C. leptoporus I and “L” cultures from the CODENET culture col-
lection analysed morphologically in this study and used for molecular genetic analysis by
Sáez et al. (submitted)

From the CODENET culture collection, all populations of C. leptoporus  were
identified using mean coccolith diameter and the nature of the central-area. All
measuerements were performed with a Philips XL30 SEM at the Geologishes In-
stitut, ETHZ and calibrated using a 10 µm grid. From the available cultures, eight
C. leptoporus “L” populations and five C. leptoporus I populations were chosen
for genetic analysis. No populations of C. leptoporus S were available for analysis
as this group has not yet been successfully maintained in culture.

Sáez et al. (submitted) found that these two groups of C. leptoporus cultures
had separate TufA genotypes, differing by 64–67 nucleotide substitutions. All C.
leptoporus I populations were identical to each other in terms of the TufA gene.
However, of the eight C. leptoporus “L” cultures, three with a very small mean di-
ameter (Figure 7), were separable by three substitutions from the five other cul-
tures on the basis of TufA, and both subgroups were identical among themselves.
For the slower evolving 18S rDNA gene, all eight C. leptoporus “L” populations
were identical, but differed from the C. leptoporus I populations by four substitu-
tions. The strains belonging to the C. leptoporus I group were also identical in
terms of 18S rDNA.



Fig. 7. Morphology of clonal C. leptoporus I and “L” cultures from CODENET culture
collection analysed morphologically in this study and used for molecular genetic analysis
by Sáez et al. (submitted). Plot of mean diameter and mean number of elements in the distal
shield of coccoliths from 5 C. leptoporus I and 8 C. leptoporus “L”. The genetic subgroup
of C. leptoporus “L” strains identified by Sáez et al. (submitted) is indicated. Vertical lines
indicate the 5 and 8 µm boundaries of coccolith diameter proposed by Knappertsbusch et
al. (1997) to separate their three C. leptoporus morphotypes

The 18s rDNA and TufA molecular results indicate that C. leptoporus I and
C. leptoporus “L” are genetically separate. The C. leptoporus TufA gene also sug-
gests the presence of a third group, closely related genetically and morphologi-
cally to the isolates from the C. leptoporus “L” group. This third group has not
been previously identified. The mean coccolith size difference between these three
populations and that of the other five C. leptoporus “L” cultures is very small
(Figure 7). Further studies are therefore needed to establish the biological signifi-
cance of these two C. leptoporus “L groups and identify additional morphological
criteria to separate them.

Molecular clock calibration using 23 MA for the emergence of the genus Cal-
cidiscus and Umbilicosphaera (de Kaenel and Villa 1996; Young 1998), suggests
that the C. leptoporus I and C. leptoporus “L” lineages originated in the Middle
Miocene at about 11.57 ± 1.61 MA (Figure 8). The genetically distinct subgroup
of C. leptoporus  “L” populations may be part of a separate lineage that appeared
in the Late Pleistocene at 0.32 ±0.19 MA (Figure 8).



Fig. 8. Phylogenetic relationships in C. leptoporus. Linearised TufA tree for C. leptoporus
and related species from Sáez et al. (submitted). Age estimations for the three lineages of C.
leptoporus were calibrated using 23 MA for the appearance of Calcidiscus and Umbili-
cosphaera (de Kaenel and Villa,1996; Young, 1998). Tree redrawn from Sáez et al. (sub-
mitted)

Further morphological analysis of these CODENET C. leptoporus populations
(performed in the SEM at the Geologishes Institut, ETHZ and calibrated with a 10
µm grid) supports the conclusions of the sediment trap analysis above. A compari-
son of the diameter and mean elements of coccoliths from all C. leptoporus  I and
C. leptoporus “L” populations analysed, confirms that there is a strong overlap
between the two morphotypes in terms of coccolith size (Figure 9). Most of the C.
leptoporus “L” populations had a mean coccolith diameter of <8 µm (Table 4) and
were at the lower end of the size range reported for this group in the sediment trap
data. Similarly the C. leptoporus I populations analysed contained individual coc-
coliths <5 µm in diameter (Figure 9A), however the mean of all individual popu-
lations was >5 µm (Table 4).

A comparison of the coccolith diameter and number of elements of all cocco-
liths from each group of C. leptoporus cultures also supports the suggestion that
they exhibit a different relationship between these two parameters (Figures 9A and
9B). These two scatter plots reveal that there was a large variation in terms of coc-
colith diameter and number of elements in the clonal laboratory populations. In
some of the cultures analysed, the coccoliths ranged from perfectly formed to
badly malformed, however care was taken to analyse only those coccoliths, that
were well formed. It therefore appears that the morphology of C. leptoporus is less
stable when grown under artificial laboratory conditions compared to wild popu-
lations (compare Figure 9 with Figure 3).



Table 4. Morphological analysis of 13 clonal populations of C. leptoporus from
the CODENET culture collection

Population Analysis
Diameter (µm) Elements

Code Location ID N Min Max Mn SD Min Max Mn SD
N470/10 South

Atlantic
I 30 7.8 6.3 5.5 0.4 22 25 22.2 1.4

N470/11 South
Atlantic

I 30 4.1 6.1 5.1 0.5 17 25 21.8 2.4

N470/12 South
Atlantic

I 30 4.6 6.1 5.5 0.4 19 25 22.5 1.4

AS31 Western
Med.

I 30 5.0 7.4 6.2 0.6 20 28 24.1 2.0

NAP12 Western
Med.

I 30 5.7 8.3 6.9 0.7 25 31 28.1 1.5

PC11M1 North
Atlantic

“L” 30 5.2 7.0 6.1 0.5 21 29 25.5 1.9

PC11M3 North
Atlantic

“L” 30 5.5 8.2 6.3 0.6 22 31 26.4 2.1

PC13 North
Atlantic

“L” 30 5.2 7.9 6.5 0.6 23 31 26.7 2.2

ASM27 South
Atlantic

“L” 30 7.0 9.2 7.7 0.6 23 33 27.4 2.5

NS10/2 South
Atlantic

“L” 30 4.6 6.4 5.4 0.4 18 23 20.2 1.3

N482/3 South
Atlantic

“L” 30 6.9 10 8.1 0.7 24 32 27.8 1.9

N482/4 South
Atlantic

“L” 30 6.7 9.5 8.0 0.7 24 31 27.1 1.8

ASM35 Western
Med.

“L” 30 6.3 9.1 7.5 0.7 23 34 28.0 2.4

ID. C. leptoporus group, N. number of coccoliths measured



Fig. 9. Morphology of clonal C. leptoporus I and “L” cultures from CODENET culture
collection analysed morphologically in this study and used for molecular genetic analysis
by Sáez et al. (submitted). A. Linear correlation between diameter and elements of cocco-
liths from five C. leptoporus I strains. B. Linear correlation between diameter and elements
of coccoliths from eight C. leptoporus “L”. Vertical lines indicate the 5 and 8 µm bounda-
ries of coccolith diameter proposed by Knappertsbusch et al. (1997) to separate their three
C. leptoporus morphotypes

Discussion and conclusions

Biodiversity in extant C. leptoporus

Significant morphological, ecological and genetic biodiversity occurs in the extant
coccolithophore C. leptoporus. Much of this variability has been known for some
time. However, early attempts to describe it have differed in terms of the number
of intrapecific groups, the criterion used to define them and opinions surrounding
their biological significance. By reviewing several lines of evidence resulting from
the CODENET project in the context of all previous research on the nature of ex-
tant C. leptoporus, we conclude that the intra-specific variation within this cocco-
lithophore is not as easy to define as previously thought. Nevertheless, by com-
bining biometric data with qualitative observations on the coccolith ultrastructure
in extant C. leptoporus , three morphological groups can be seen, which differ in
terms of their geographic distribution, ecological preferences and perhaps life cy-
cles. Furthermore, molecular genetic analysis of extant C. leptoporus has con-
firmed the existence of two of these three and demonstrated that they are separate
biological groups, which evolved as independent lineages ca. 12 MA ago. We
predict that the small morphotype will also be genetically distinct given the
amount of divergence found between the other morphotypes.

Based upon the morphology of the central-area on the distal shield of the het-
erococcoliths of C. leptoporus, two groups can be distinguished (Murray and
Blackman 1898; Kleijne 1993). These are a group in which the sutures between



the elements of the distal shield can be traced into the central-area and a group in
which they cannot. In the latter group, referred to here as C. leptoporus  “L”, the
central-area is obscured and often infilled. Individuals of this group usually form
large coccospheres, containing large coccoliths with a high number of distal shield
elements. The remaining cells form coccospheres that are <16 µm in diameter and
have a mean coccolith diameter of <8 µm. These cells can be subdivided based
upon size, into two additional groups: a small group with cells <10.5 µm and a
mean coccolith diameter of <5 µm (C. leptoporus S) and an intermediate group
with cells >10.5 µm and a mean coccolith diameter of >5 µm ( C. leptoporus I).
Whilst some overlap in the size distribution of these two groups certainly occurs
(Renaud et al. 2002), their existence is confirmed by new sediment trap data pre-
sented here, in which C. leptoporus S and C. leptoporus I exhibit different rela-
tionships between the diameter and number of elements in the distal shield of their
coccoliths. In this data set and new morphological analysis of the clonal laboratory
cultures studied by Sáez et al. (submitted), C. leptoporus “L” coccoliths also pos-
sesses a separate diameter/element relationship. These new findings conflict with
the suggestion of Knappertsbusch (1990) that the three intra-specific groups of C.
leptoporus belong to a continuous morphocline. In the analysis of C. leptoporus
morphology from sediment traps, the sutural differences between C. leptoporus
types A and C of Kleijne (1993) were not consistently applicable.

Rare observations of C. leptoporus combination coccospheres suggest that this
species has a complex life cycle. This has been interpreted as consisting of a hap-
loid holococcolith bearing stage and a diploid heterococcolith stage by Kleijne
(1993) and Geisen et al. (2002). Furthermore, at least two of the three groups of C.
leptoporus may bear different holococcoliths during the haploid stage of their life
cycle, as C. leptoporus I heterococcoliths occur in combination with holococco-
liths of C. rigidus (Kleijne 1991; Renaud and Klass 2001) and C. leptoporus “L”
heterococcoliths have been discovered in association with holococcoliths of the
species S. quadriperforatus (Geisen et al. 2000). The single C. leptoporus S/C. ri-
gidus combination cell figured by Cortès (2000) has been re-examined and is con-
sidered to contain heterococcoliths belonging to C. leptoporus I. The transition
from hetero- to holococcolith phase has been observed in culture by Steel (2001),
who also recorded possible physiological differences, in terms of growth rate at
optimum temperature, between strains of C. leptoporus I and C. leptoporus “L”.

Results from controlled culture experiments on clonal strains of C. leptoporus I
suggest the morphology of the central-area is stable under different environmental
conditions (Quinn et al. in press). These experiments also refute the hypothesis of
Knappertsbusch (1990), Kleijne (1993) and Knappertsbusch et al. (1997) that the
intra-specific groups of C. leptoporus are temperature related ecophenotypes.

The morphological distinction of three groups of C. leptoporus described above
seems to be accompanied by differences in their geographic and temporal distri-
bution, ecology, life cycle and perhaps physiology. C. leptoporus “L” cells may
have a somewhat restricted distribution, occurring mainly in tropical and subtropi-
cal latitudes (McIntyre et al. 1970; Knappertsbusch et al. 1997). They also appear
to have a preference for warmer, nutrient rich waters and may be opportunistic,
often occurring during periods of winter mixing (Renaud and Klass 2001; Renaud



et al. 2002). In comparison, cells of C. leptoporus I seem to have a less restricted
geographical distribution with a preference for colder, less nutrient rich waters.
They appear to be less opportunistic. Although, data on C. leptoporus S is less
conclusive, it may have a restricted distribution (Kleijne 1993; Knappertsbusch et
al. 1997). Lohmann (1920) and more recently, Beaufort and Heussner (2001), de-
scribed bathymetric differences in the distribution of their intra-specific groups of
C. leptoporus. However, in the absence of observations on the central area struc-
ture, these cannot be equated with any certainty to the groups described above.

Based on the occurrence of intra-specific morphological groups in living
C. leptoporus, Sáez et al. (submitted) have conducted the first molecular genetic
analysis of this species. Only C. leptoporus  I and C. leptoporus  “L” strains were
available for analysis. The genes TufA and 18S rDNA both supported the separa-
tion of these two morphological groups into distinct evolutionary lineages and
molecular clock inferences based on TufA dated their divergence as 11.57 ± 1.61
MA. The gene TufA also indicated the presence of two closely related genetic
subgroups within the eight C. leptoporus “L” strains analysed. This separation was
not supported by the results of the slower evolving gene 18S rDNA, but a size dif-
ference between the two genetic sub-groups was recorded. The genetic difference
between these strains is likely to represent a very recent evolutionary split within
the species, occurring at 0.32 ±0.19 MA. However, the presence of this small
morphologic subgroup of C. leptoporus “L” has not yet been confirmed in the
plankton. Calcidiscus leptoporus S, on the other hand, has yet to be cultured and
analysed genetically, however, we predict that this may also exhibit a distinct
genotype.

Taxonomy and biological significance

A first attempt at amending the taxonomy of C. leptoporus has been made by
Geisen et al. (2002). Based on the groups described above, this species has been
subdivided into three subspecies: C. leptoporus ssp. leptoporus (intermediate-
sized with a clear central-area and with a C. rigidus-bearing holococcolith stage -
C. leptoporus I in the above discussion), C. leptoporus ssp. quadriperforatus (usu-
ally large in size, possessing an infilled central-area, with a S. quadriperforatus-
bearing holococcolith stage - C. leptoporus  “L”) and C. leptoporus ssp. SMALL
(small sized with a clear central-area, holococcolith stage as yet unreported - C.
leptoporus S). In accordance with the concept of Cros et al. (2000), a single taxo-
nomic name has been used for both hetero- and holococcolith phases of this coc-
colith. Cros et al. (2000) proposed that the non-Linnaean suffix HO should be
added to denote the holococcolith-bearing phase of species in which a complex
life cycle has been demonstrated. This is preferable to the use of separate forma,
as proposed by Kleijne (1991). Forma, the lowest category of botanical is used to
describe minor variations within a population (Lincoln et al. 1982), and as such is
not appropriate for the description of life cycle phases within a single species.

According to Mayr (1963), the basic requirement for a species is reproductive
isolation. Subspecies on the other hand are capable of interbreeding, yet may pos-



sess minor genetic differences. Knappertsbusch (1990, p.82) has altered Mayr`s
(1970) definition of a subspecies to include phytoplankton by stating that they in-
habit “a geographic, bathymetric and ecological subdivision of the range of the
species”. This is in agreement with the different distributions and ecologies sug-
gested for the three groups of C. leptoporus. However, species also differ in terms
of their ecological, geographic and bathymetric limits (Winter et al. 1994), in
which case, tests are required to determine whether the different groups of C. lep-
toporus can interbreed. Nevertheless, the genetic analyses of Sáez et al. (submit-
ted) suggest C. leptoporus I and “L” have been reproductively isolated for ca. 11.6
MA. This conclusion was based on the absence of genetic variation in TufA and
18S rDNA within each group (with the exception of the small subgroup of C.
leptoporus “L) and the genetic differences between the two in terms of these two
genes. If C. leptoporus I and “L” were interbreeding and had exchanged genetic
material by recombination (18S rDNA) and chromosomal segregation (TufA),
then such close correspondence between morphology and genetics would not be
expected. Based on this molecular evidence from TufA and 18S rDNA, Sáez et al.
(submitted) have raised the subspecies Calcidiscus leptoporus ssp. leptoporus and
Calcidiscus leptoporus ssp. quadriperforatus of Geisen et al. (2002) to full species
rank, as Calcidiscus leptoporus and Calcidiscus quadriperforatus respectively.

Biodiversity in coccolithophores

The review presented here demonstrates that wide biodiversity occurs on several
levels within the extant coccolithophore Calcidiscus. This can be most conven-
iently defined by the presence of three morphological groups, which may be sepa-
rate species. Studies on several other taxa, including Gephyrocapsa oceanica,
Gephyrocapsa muellerae and Gephyrocapsa ericsonii (Bollmann 1997), Cocco-
lithus pelagicus (Baumann 1995; Baumann et al. 2000) and Emiliania huxleyi
(McIntyre and Bé 1967; Young and Westbroek 1991) have also revealed the exis-
tence of intra-specific variation and it appears that this may be a common picture
within the coccolithophores (Geisen et al. this volume). It is clear that significant
biodiversity may be revealed by the detailed analysis of single taxa of coccolitho-
phores, which is not accounted for in the current morphospecies concepts. As can
be seen in extant Calcidiscus, this variation is genotypic in origin and what has
been described as a single biological group may in fact be a plexus of closely re-
lated species. In the only other genetic studies on coccolithophores published to
date, Medlin et al. (1996) and Iglesias-Rodriguez et al. (2002) have revealed that
two of the three intra-specific groups of living E. huxleyi can also be distinguished
on the basis of their DNA, suggesting that they may also reflect genotypic varia-
tion within this coccolithophore.
If the separate genetic groups within Calcidiscus and other coccolithophores such
as E. huxleyi are indeed separate species, then the picture of biodiversity in terms
species richness needs revising. The occurrence of several closely related taxa
within what was previously described as a single species suggests that the number
of coccolithophore species may be an underestimation. However, the documenta-



tion of combination cells containing different hetero-and holococcoliths (Kleijne
1991; Cortés 2000; Cortés and Bollmann 2002; Cros et al. 2000; Geisen et al.
2002) indicates many coccolithophores classified as separate morphospecies may
in fact be different stages in the life cycle of the same organism.
The picture of coccolithophore biodiversity in Calcidiscus and other common coc-
colithophores also has serious implications for the interpretation of fossil coccolith
morphology and the assessment of species diversity during the 200 MA history of
these organisms. Given the low preservation potential of holococcolithophores
(Bown and Young 1998), the fossil record of coccolithophores is dominated by
heterococcoliths. Fossil heterococcolith taxonomy is based solely upon the infor-
mation contained within coccolith morphology and crystallography (Bown and
Young 1997; Young and Bown 1997a,b). Given the occurrence of dimorphism
and polymorphism in heterococcolith morphology in some living coccolithopho-
res, this approach may lead to an overestimation in terms of the number of fossil
species (Jordan and Chamberlain 1997). However, if the morphological groups of
Calcidiscus and other common coccolithophores, such as E. huxleyi are in fact
separate species, then minor differences in the morphology of fossil coccoliths
classified as a single taxa may reflect the presence of additional extinct biological
groups.

Speciation and evolution

Geisen et al. (2002) believe that the different groups or subspecies of Calcidiscus
are an example of cryptic speciation within coccolithophores. Such a phenomenon
has been reported within the extant planktonic foraminifera Orbulina universa by
deVargas et al. (1999). Here, three genetically distinct populations with different
distributions were recorded from the analysis of 18S rDNA. Subsequent detailed
morphological observations of the three genotypes of extant O. universa indicated
that they are distinguishable on the basis of pore structure and test thickness (de
Vargas et al. 1999). A similar situation was revealed within the species Globiger-
inella siphonifera by Huber et al. (1997) and indicates that separate genetic groups
of planktonic foraminifera can be almost indiscernible based on the morphology
of their skeletons. In the case of Calcidiscus, significant morphological differences
have been demonstrated between the hetero- and holococcolith morphology of at
least two of the three living groups. These differences, in terms of the relationship
between heterococcolith diameter and the number of elements, the nature of the
central-area and the gross morphology of the holococcolith-bearing stage are clear
and, as such, suggest that Calcidiscus does not display cryptic speciation to the
same extent as reported in some groups of planktonic foraminifera.

Regardless of whether we are observing true cryptic species in Calcidiscus,
Sáez et al. (submitted) have demonstrated that there has been significant evolution
within this coccolithophore during the last ca. 12 MA. By calibrating the genetic
differences between the species C. leptoporus (sensu Sáez et al. submitted) and C.
quadriperforatus using the molecular clock technique, Sáez et al. (submitted) sug-
gest that these two species may have evolved at around 12 MA (Middle Miocene).



In terms of the various hypotheses proposed for speciation in pelagic organisms
(see Norris 2000 for a review), there are three ways of interpreting this evolution.
Given the overlap in geographical ranges, which has been demonstrated between
C. leptoporus (sensu Sáez et al. submitted) and C. quadriperforatus, the evolution
of these two lineages may have taken place in sympatry. The different ecological
preferences and strategies of these two groups in the plankton (Renaud et al.
2002), suggest that a possible mechanism for such sympatric evolution may be
ecological specialisation. However, if the dominance of these two groups at dif-
ferent times of the year at Bermuda (Renaud and Klaas 2001) reflects differences
in the timing of their sexual reproduction, then it may be possible to invoke sea-
sonal parapatry as the mechanism for this evolution (Norris 2000). On the other
hand, whilst the different groups of Calcidiscus display overlapping geographic
and bathymetric ranges, Beaufort and Heussner (2001) have suggested that large
and small Calcidiscus cells grow preferentially at different depths in the water
column. This would agree with a depth parapatric mode of speciation, where spe-
ciation occurs by a change in the depth of reproduction (Pierrot-Bults and van der
Spoel 1979).

Knappertsbusch (1990, 2000) and Knappertsbusch et al. (1997) have described
numerous morphological groups of Calcidiscus in the geological record based on
the diameter and number of elements of the distal shield of isolated coccoliths.
The appearance and disappearance of these forms during the last ca. 20 MA has
been interpreted in terms of a complex pattern of microevolution in Calcidiscus,
including cladogenesis, phyletic divergence and stasis. However, in the absence of
knowledge about the significance of morphological variation in living groups of
Calcidiscus, Knappertsbusch (2000) commented that these morphological changes
could also represent ecophenotypic variation in response to changing palaeocean-
ographic conditions. On the basis of the evidence resulting from the CODENET
project, we can now conclude that most of the morphological variation of extant
Calcidiscus is genetic in origin. If the morphologic groups of Calcidiscus defined
by Knappertsbusch (1990, 2000) and Knappertsbusch et al. (1997) in geologic
sediments also reflect the presence of separate biological groups, then widespread
speciation has taken place during the history of this coccolithophore.

Sáez et al. (submitted) have dated the origin of C. leptoporus (sensu Sáez et al.
submitted) and C. quadriperforatus to an evolutionary event, taking place at ca. 12
MA using the molecular clock calibration technique. Comparison between this
date and the phylogenetic tree of Knappertsbusch (2000) is confused by the fact
that his three extant groups or morphotypes of C. leptoporus and their occurrence
in the fossil record are defined exclusively on the diameter and number of ele-
ments of the distal shield. The morphological analysis of C. leptoporus coccoliths
presented here has revealed that size alone may be insufficient to define some in-
tra-specific groups of this coccolithophore, and other features such as the nature of
the central-area on the distal shield of coccoliths were found to be significant.
Nevertheless, in the tree of Knappertsbusch (2000), several large-sized fossil mor-
photypes, including his extant morphotype L evolve between 10 and 11 MA. This
period falls within the limits of the molecular clock date (9.96–13.18 MA), which
suggests that the event that Sáez et al. (submitted) have dated may be visible in the



fossil record of Calcidiscus. However, a reassessment of Calcidiscus morphology
during this time period is required, taking into account the nature of the central
area of coccoliths as well as their diameter and number of elements.

Outlook

The GEM (Global Emiliania Modelling initiative) and EHUX (Coccolithophorid
dynamics: the European Emiliania huxleyi programme) projects demonstrated that
multidisciplinary work focusing on a single species of coccolithophore, namely E.
huxleyi, holds great potential for the understanding of this plankton group as a
whole. The subsequent CODENET research project sought to apply this philoso-
phy to six key taxa: Gephyrocapsa spp, Calcidiscus leptoporus, Coccolithus
pelagicus, Umbilicosphaera sibogae, Helicosphaera carteri and Syracosphaera
pulchra. This review indicates that living C. leptoporus also holds great potential
as a test organism to develop theories regarding the biodiversity and evolution of
coccolithophores. The picture we have presented is by no means complete but is a
first attempt at investigating this important coccolithophore using a multidiscipli-
nary approach. Many existing questions still need to be answered and several new
ones have arisen which will hopefully stimulate further research into fossil and
living C. leptoporus.

An obvious task is the isolation and maintenance of C. leptoporus  ssp. SMALL
in laboratory culture. This will provide material for ecological/physiological tests
as well as molecular genetic analysis to confirm whether this group is in fact sepa-
rate from the other two. With all three groups of Calcidiscus in culture the possi-
bility exists to conduct immunological analysis to characterize their polysaccha-
rides in the manner that Young and Westbroek (1991) have for E. huxleyi. Given
that the speculation of different life cycles in the three groups of Calcidiscus is
based on the discovery of a single combination coccosphere (Geisen et al 2000),
observation of phase changes in both C. quadriperforatus  and C. leptoporus ssp.
SMALL is an important goal.

Whilst culture work is the main area in which further research into Calcidiscus
is required, additional plankton observations, in particular from time series sta-
tions, will help to define more clearly the ecological preferences and bathymetric,
temporal and geographic ranges of the three groups within this coccolithophore. In
addition, potential exists for the reassessment of the patterns in fossil Calcidiscus
coccolith morphology given the importance of additional morphological criteria
presented here. In particular, identification of the evolutionary events indicated by
molecular genetics is an important goal.
Finally, the value of the approach to the investigation of a single coccolithophore
presented in this review will hopefully stimulate similar research into other com-
mon taxa.
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