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Abstract

In this chapter we present a revision of the biogeographical distribution of five
coccolithophorid species (Coccolithus pelagicus, Calcidiscus leptoporus, Heli-
cosphaera carteri, Syracosphaera pulchra and Umbilicosphaera sibogae) and the
genus Gephyrocapsa in the Atlantic Ocean. The mapping is based on surface
sediment samples. Each of the taxa considered here constitutes an unambiguous
morphological group ideal for rapid low taxonomic resolution analysis of assem-
blages, which is a tempting strategy for ecological and paleoecological analysis of
assemblages. However, in each case recent research has indicated that these broad
taxa are in fact composed of several discrete species, or sub-species. The clearest
example is C. pelagicus, with discrete morphotypes in sub-Arctic and temperate
upwelling areas. For Gephyrocapsa and Umbilicosphaera the separation is less
obvious but still unambiguous. Species separation is manifestly essential to under-
standing the biogeography of these taxa. For H. carteri and S. pulchra the mapped
distributions are relatively straightforward and we do not yet know how they relate
to the recently proven genotypic variation within the taxa.

At high latitudes temperature and productivity belts parallel each other and the
effects are difficult to distinguish. At lower latitudes however, the effects are more
clearly separable - it is for instance obvious that S. pulchra shows a warm water
low productivity preference whilst H. carteri shows a warm water higher produc-
tivity distribution. In particular there are several cases where distribution patterns
in the North and South Atlantic are strikingly different. These include the absence
of C. pelagicus in the sub-Antarctic; the much higher abundance of C. leptoporus
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in temperate South Atlantic than North Atlantic; much higher abundance of U. si-
bogae var. sibogae in the oligotrophic South Atlantic than the North Atlantic. The
Calcidiscus and Umbilicosphaera patterns are more symmetric, since the North
and South Atlantic show broadly similar sets of environments in terms of tem-
perature, salinity, productivity and macronutrients (nitrate, phosphate and silicate).
Obvious possible hypotheses are that the populations in the two oceans are suffi-
ciently separated to have evolved slightly different ecological tolerances or that an
additional factor, such as a trace element is responsible for the distribution con-
trasts. More generally we suspect that the comparably broad coccolithophorid bio-
geographic zones in all oceans and the absence of obvious vicariance in coccolith
species distributions may have prevented recognition of significant contrasts be-
tween oceans, although such contrasts may provide key clues for interpreting past
temporal shifts in assemblages.

Introduction

Meaningful integration of paleobiology into studies, and especially modeling, of
global change requires detailed understanding of the ecology of key organisms. As
part of the European CODENET (Coccolithophorid evolutionary biodiversity and
ecology network) project we investigated the prime constraints on coccolitho-
phorid ecology and the ecological significance of biodiversity within the cocco-
lithophores. This study represents a multidisciplinary analysis of the ecology of
coccolithophorid species, including comparison and synthesis of information from
physiological studies, biogeography, seasonal succession, and paleontological re-
sponse to global change (see also Geisen et al. this volume). This is intended both
to maximize the paleoecological information retrieval from these species, and to
enhance understanding of the ecology of the coccolithophores as a group. This
allows critical interpretation of the coccolith record and modeling of the role of
coccolithophores within the global carbon cycle.

Coccolithophores are the predominant group of calcifying phytoplankton. As a
result they have the best fossil record of all phytoplankton and play a unique role
in the global carbon cycle. The outstanding fossil record is provided by open
ocean pelagic sedimentation, where coccolith/nannofossil oozes have been the
most widely developed facies over the last ca. 200 Ma. Assemblages in surface
sediments can be closely related to the living coccolithophorid communities as has
been shown for the North Atlantic when extensive datasets are available (Bau-
mann et al. 2000). Nonetheless, comparison of nannofossil compositions between
plankton and sediment assemblages is not straightforward, because: (a) a plankton
sample represents one instant in time and one water depth whilst a sediment sam-
ple typically is an averaged record of several hundred years production from a
geographic area of at least a few 100 km2 (as a result of variable lateral transport
during deposition) and (b) during deposition the smaller and more delicate species
are liable to be lost. Hence for interpretations of the fossil record, surface sediment
assemblages may represent a more useful calibration link with oceanographic
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conditions than do plankton samples. They are ideal for exploring what types of
patterns are genuinely preserved in the fossil record. Therefore mapping and un-
derstanding surface assemblages is an essential key to interpreting temporal
changes of coccoliths in the geological past.

Within the auspices of the CLIMAP project reconstructions (CLIMAP 1976,
1981, 1984), extensive study of the biogeographic distribution of coccoliths in sur-
face sediments was carried out (Geitzenauer et al. 1977 and references therein).
However, since CLIMAP, only limited progress has been made in refining global
coccolithophorid biogeography. In this chapter we present a revision of the bio-
geographical distribution of the CODENET keystone taxa (Coccolithus pelagicus,
Calcidiscus leptoporus, Helicosphaera carteri, Syracosphaera pulchra, Umbilico-
sphaera sibogae and the genus Gephyrocapsa) in the Atlantic Ocean. The map-
ping is based on surface sediment samples. These selected species are solution re-
sistant (Schneidermann 1977) and have a very well known stratigraphic record.

The contour maps presented here are based on syntheses of data from quantita-
tive assemblage analyses of about 500 surface sediment samples, some new and
some previously published (Appendix 1, see http://www.coccoco.ethz.ch/ziveri).

Species concepts

A problem of using data from diverse sources is that species concepts are liable to
vary dependent on the authors, the date of the study, and the methodology used.
Hence consistent data can only been obtained for well-defined broad morpho-
types, i.e. at a low taxonomic resolution. Each of the six taxa used here reflects
this, they have well-defined morphologies and are clearly separated from any
other taxon. We can for example be confident that all the authors will have re-
corded all C. pelagicus specimens as C. pelagicus and will not have included any
other taxa. However, recent studies (e.g. Bollmann 1997; Sáez et al. 2003; Quinn
et al. this volume) have shown that many apparently globally distributed cocco-
lithophorid species may be composed of two or more genotypically discrete spe-
cies (or sub-species) with often subtle morphological differences but rather strong
ecological differences. This applies to all the species studied here, as summarized
by Geisen et al. (this volume). Because of the heterogeneity of the datasets used
here we are unable to differentiate these morphotypes. Hence our analysis is per-
haps better seen as a first stage study identifying the large scale patterns and al-
lowing, for each species-group, the identification of key areas for more detailed
future studies. Literature data on morphotype distributions has been added to se-
lected maps and detailed results from a set of South Atlantic samples analyzed by
one of us (BB) are shown in additional maps.

Nomenclatural revisions proposed by Geisen et al. (2002) and Sáez et al.
(2003) add extra complications. Names such as H. carteri and U. sibogae are now
ambiguous. In the traditional meaning U. sibogae included two varieties sibogae
and foliosa. U. foliosa is now regarded as a separate species, so the modern
meaning of U. sibogae is more restricted. Where necessary we use “s.l.” (sensu
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lato) or s.s. (sensu stricto) to indicate the traditional, broad vs. the modern, re-
stricted definitions.

The Atlantic Ocean

The Atlantic Ocean is the second largest of the world’s oceans covering approxi-
mately 20% of the Earth’s surface. The North Atlantic is the warmest and most
saline of the world's oceans, having a mean potential temperature of 5.08°C and
mean salinity of 35.09‰, compared to the global averages of 3.51°C and 34.72‰.
The surface water temperatures range from less than 2° to 29°C. In the mid-
latitudes, the area of maximum temperature variation, values may vary by 7° to
8°C over short time intervals (McCartney 1994).

An important feature of the Atlantic circulatory system (Fig. 1) is the cross-
equatorial northward transport, by means of the South Equatorial Current (SEC),
of surface waters that originated from the Indian Ocean and from the anticyclonic
South Atlantic gyre.

Today, the surface circulation in the North Atlantic is dominated by the warm
North Atlantic Drift (NAD) which is the northward extension of the Gulf Stream
system (Dietrich et al. 1980). The NAD carries heat to the north and maintains the
warm climates of central and northern Europe. After crossing the Mid-Atlantic
Ridge near 50°N the NAD carries the major part of this water toward the north
(Krauss 1986). Some of it enters the Norwegian Sea east of Iceland and some
turns westward, flowing across the Reykjanes Ridge between 53°N and 60°N into
the Irminger Sea. The northern boundary of the NAD is formed by the Subarctic
Front that separates cold subpolar water from warmer Atlantic water (Krauss and
Käse 1984).

The surface current system in the South Atlantic is dominated by a subtropical
anticyclonic gyre and is closely coupled to lower atmospheric wind stress. In the
eastern South Atlantic, the surface water circulation is dominated by the north-
ward directed Benguela Current (BC), and the warmer southward flowing Angola
Current (AC). The BC and AC converge between 14° and 16°S building a marked
front (Angola-Benguela front) which is well defined in terms of both temperature
and salinity. In addition, the prevailing winds in this region in turn drive an off-
shore surface drift and cause coastal upwelling of cold, nutrient-rich water espe-
cially during austral winter. Upwelling occurs in a number of cells south of about
18°S with a major, in principle semi-permanent cell at 27°S (Shannon and Nelson
1996). The upwelling leads to enhanced biological productivity off Namibia. Fur-
ther offshore the oceanic portion of the Benguela Current is characteristic for the
upper-layer waters. This flow feeds into the broad, north-westward flowing South
Equatorial Current (SEC), forming the eastern limb of the subtropical gyre (Fig.
1). The SEC itself consists of two branches, a mainstream flowing south of 10°S,
and a trade wind-forced smaller, faster flowing branch between 2° and 4°S
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Fig. 1. Schematic map of the circulation in the upper levels of the Atlantic (redrawn from
various sources). EGC = East Greenland Current, NC = Norwegian Current, NAD = North
Atlantic Drift, AZC Azores Current, GS = Gulf Stream, CC = Canary Current, NEC =
North Equatorial Current, NECC = North Equatorial Counter Current, SEC = South Equa-
torial Current, SECC = South Equatorial Counter Current, AC = Angola Current, BRC =
Brazil Current, BC = Benguela Current, SAC = South Atlantic Current, AGC = Agulhas
Current, ACC = Antarctic Circumpolar Current.
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(Peterson and Stramma 1991). In the equatorial area, these two branches are sepa-
rated by the South Equatorial Counter Current (SECC), which moves surface wa-
ter eastward. At about 10°S off Brazil the SEC splits into two branches, building
the southward flowing Brazil Current (BRC) and the northward flowing North
Brazil Current (Peterson and Stramma 1991). The latter contributes to the east-
wards flowing North Equator Counter Current (NECC). Its interaction with the
northern branch of the SEC leads to a strong convergence of water masses in the
mixing area at about 3° to 5°N. This results in downwelling of surface waters,
which supports the eastward flowing Equatorial Undercurrent.

At the southern border of the Subtropical Front located around 40°S, the
warmer waters of the South Atlantic Current (SAC) parallel the cold and nutrient
rich Antarctic Circumpolar Current (ACC) in the south. The boundary between
subtropical and subantarctic water may extend regionally over a large area be-
tween 30° and 45°S (Smythe-Wright et al. 1998). Off the south-western tip of Af-
rica the SAC meets the westward directed Agulhas Current (AGC) which consists
of warm and saline Indian Ocean water. This causes most of the AGC to be retro-
flected back into the Indian Ocean, but also spinning off westward flowing rings,
eddies and filaments which are responsible for heat and salt transfer into the South
Atlantic.

Coccolithophorid biogeography – previous work

General coccolithophorid biogeography and habitat are relatively well-known
from both surveys of the plankton and bottom sediments (Winter and Siesser
1994; Brand 1994; Roth 1994; Young 1994). With the exception of the investiga-
tion by McIntyre and Bé (1967) and Geitzenauer et al. (1977), most of the studies
on recent sediments in the Atlantic Ocean are of rather small-scale, regional char-
acter (e.g. Gard 1987; Houghton 1988; Pujos 1988; Eide 1990; Giraudeau 1992;
Baumann et al. 2000; Kinkel et al. 2000). In addition, multivariate statistical tech-
niques to relate coccolith assemblages to physical and chemical parameters of sur-
face water have only rarely been applied so far (Roth 1994).

Individual species typically occur in all the world’s oceans but with more or
less limited latitudinal distribution. Three to four broad coccolithophorid floral
zones are recognized (McIntyre and Bé 1967; Okada and Honjo 1973; Winter et
al. 1994): Subarctic, Temperate, Subtropical, Tropical and Subantarctic. These flo-
ral zones are consistently recognizable especially in oceanic plankton samples,
and they are associated with major water masses. However, this is a simplistic
distribution that doesn’t take into account coastal currents, gyres, eddies, upwell-
ing and rather obscures species specific biogeography. In addition, it doesn’t show
any difference between North and South Atlantic distribution. In the currently
available coccolithophorid biogeographies the species assemblages are similar to
their counterparts in the opposing hemisphere.
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Fig. 2. Map of surface chlorophyll concentration from Nimbus-7 Coastal Zone Color Scan-
ner data acquired between November 1978 and June 1986. Reproduced with permission of
NASA, color original at http://seawifs.gsfc.nasa.gov/SEAWIFS/CZCS_DATA/ global_full.
html. The dark areas delineated by a dotted line correspond to the oligotrophic gyres, with
mean chlorophyll concentrations <0.1 mg m-3. The bright areas correspond to seasonally
eutrophic regions, with mean chlorophyll concentrations >1 mg m-3. Overlain are contours
of mean annual surface water temperature, in degrees centigrade (World Ocean Atlas 2001
(Conkright et al. 2002)).
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Methods

This study is based on surface sediment samples collected in the Atlantic Ocean
from 86ºN to 49ºS. We eliminated samples that showed severe calcite dissolution
following Geitzenauer et al. 1977. The water depth for the 490 samples ranged
from 5427 to 187 m (average 3129 m). For details on water depth, position and
authors, see Appendix 1 (see http://www.coccoco.ethz.ch/ziveri). In order to com-
pare CLIMAP and new data we recalculated species abundances excluding Flo-
risphaera profunda (which was not included in the CLIMAP dataset).

The largest new dataset was obtained using the following preparation protocol.
Between 40 and 100 mg of dry bulk sediment were suspended in tap water. The
samples were ultrasonically treated for 30 seconds and then wet-split using an
electrical rotary sample divider. One hundredth of the suspension was filtered
through a polycarbonate membrane filter (47 mm diameter, 0.4 µm pore size) by
means of a low pressure vacuum pump. The filters were then oven-dried at 45°C
for 24 hours. A randomly chosen filter section of around 1x1 cm was cut, fixed on
an aluminum stub and sputtered with gold/palladium. Qualitative and quantitative
examination of the coccoliths was carried out on a Scanning Electron Microscope
(Zeiss DMS 940A) at magnifications of 3000 or 5000x.

The contour maps presented are obtained by using inverse distance to power
gridding method, a weighted average interpolator. The program used is Surfer
Version 6. For data analysis we have used graphical examination of the contour
maps with reference to maps and overlays of mean annual temperature and annu-
alized productivity, based on surface chlorophyll mapping (Fig. 2). This rather
simple procedure was preferred to statistical analysis since we were primarily
concerned with identifying the ecological preferences of individual species, rather
than assemblage analysis. Moreover, since wide ecological contrasts occur in the
area we would predict that most species have their distribution affected by both
minima and maxima of environmental tolerance. In these circumstances correla-
tion-based statistical methods are inappropriate. The South Atlantic dataset was
previously analyzed and discussed by Böckel et al. (subm.).

Mean annual temperature was used since this is the simplest single measure of
temperature and avoids the problems of comparing seasons between the hemi-
spheres. Particularly at high latitudes, summer temperature might be considered a
more significant measure, so we compared our data also with summer tempera-
tures, but there were no obvious anomalies which were better explained by sum-
mer temperatures. Satellite derived surface chlorophyll was used rather than nutri-
ent concentrations or other estimates of primary productivity since it provides a
coherent dataset which showed obvious correlation with the coccolith patterns
seen. There are known limitations to such data, in particular it is only a proxy for
surface productivity. However, it remains an excellent way of distinguishing tro-
phic regimes.
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Description of species distribution

Coccolithus pelagicus (Fig. 3)

The species C. pelagicus produces the largest common coccoliths so it is very ro-
bust, essentially unmistakable, and well-documented. Nonetheless recent studies
(Baumann et al. 2000; Geisen et al. 2002; Sáez et al. 2003; Geisen et al. this vol-
ume) have shown that extant C. pelagicus consists of at least two discrete sub-spe-
cies, separable by morphology, molecular genetics and ecological preferences. Es-
sentially there appears to be a sub-Arctic sub-species, C. pelagicus pelagicus pro-
ducing coccoliths <10 µm long and a larger temperate sub-species, C. pelagicus
braarudii, producing coccoliths >10 µm long.

Our biogeographic data (Fig. 3) primarily reflects the well-documented sub-
Arctic sub-species, with a clear abundance maximum in the northern Atlantic, cor-
responding rather closely to areas with mean temperatures below 10°C (see also
Samtleben et al. 1995). These are also areas of consistently high productivity (Fig.
2).

Outside this area the only occurrences of C. pelagicus registered in our dataset
are in the Benguela upwelling area, off South West Africa, this population has
been recorded by Giraudeau (1992) in sediment and by Giraudeau et al. (1993) in
the plankton. Additional occurrences in temperate upwelling areas are, however,
also recorded from off north-west Africa (Blasco et al. 1980) and on the Portu-
guese shelf (Cachao and Moita 2000), these occurrences are indicated by asterisks
(Fig. 3). The Portuguese occurrence is registered in sediment assemblages
(Cachao and Moita 2000), but is not sampled in our data. Obviously these popula-
tions are occurring at substantially warmer temperatures than the Arctic popula-
tions – the extant populations were recorded as occurring in waters of 15–18°C in
each area. This apparent anomaly was noted by Cachao and Moita (2000) but only
resolved following recognition that the temperate upwelling populations constitute
a separate sub-species. The two sub-species only co-occur in the central North
Atlantic between about 35°N to 55°N.

The absence of a sub-Antarctic population of the Arctic sub-species, C .
pelagicus pelagicus equivalent to that in the Arctic cannot be inferred from the
data presented, since there are no samples from far enough south (most sediments
in this area are non-calcareous). However, plankton studies have repeatedly shown
that C. pelagicus is in fact absent from southern high latitudes in the Atlantic at
the present day and in Holocene sediments (e.g. Verbeek 1989; Findlay and Gi-
raudeau 2001), although it is present in Quaternary sediments (e.g. Flores et al.
1999). There are likely records of this form from cool waters around New Zealand
and Australia (Nishida 1979; Hallegraeff 1984).
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Fig. 3. Relative abundances of C. pelagicus (excluding F. profunda) in Atlantic Ocean sur-
face sediments. Our biogeographic data primarily reflects the well-documented sub-Arctic
C. pelagicus pelagicus with clear abundance maxima in the northern Atlantic, correspond-
ing rather closely to areas with mean temperatures below 10°C. These are also areas of con-
sistently high productivity (Fig. 2). Outside this area the only occurrences registered in our
dataset are C. pelagicus braarudii in the Benguela upwelling area, off SW Africa, and in
temperate upwelling areas off NW Africa and on the Portuguese shelf, these occurrences
are indicated by asterisks. Solid line = annual mean sea surface temperature. Dotted line =
oligotrophic gyre centers.

Calcidiscus leptoporus (Fig. 4)

C. leptoporus is a well-established, diagenetically robust, globally distributed spe-
cies. As discussed by Quinn et al. (this volume) it has been shown to consist of
three sub-taxa, variously described as large, intermediate and small morphotypes
(Knappertsbusch et al. 1997) or as separate sub-species (Geisen et al. 2002) or
species (Sáez et al. 2003). Present knowledge suggests that the intermediate form
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Fig. 4. Relative abundances of C. leptoporus (excluding F. profunda) in Atlantic Ocean
surface sediments. The distribution broadly follows the counter-clockwise circulation
around the central gyre and there is a clear abundance minimum in the oligotrophic gyre
center (indicated by the dotted line). Data from 18 samples of morphotype distribution in
the surface sediments by Knappertsbusch et al. (1997) is plotted. Solid line = annual mean
sea surface temperature. Dotted line = oligotrophic gyre center.

has very wide distribution but with an affinity for cool, nutrient poor waters,
whilst the large form occurs primarily in higher productivity, mesotrophic, envi-
ronments (Renaud et al. 2002). The ecology of the small form is unclear, since it
seems to have a very patchy distribution.

The mapped distribution (Fig. 4) shows a rather complex distribution with a
marked contrast between the North and South Atlantic. In the South Atlantic
abundances peaks are at high latitudes, approximately corresponding to the sub-
Antarctic polar front and extending north along the Benguela eastern upwelling.
These abundances broadly correspond to areas with a mean annual temperature
below 20°C. High abundances are also seen in substantially warmer waters along
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the southern edge of the mid-Atlantic divergence. Thus the distribution broadly
follows the counter-clockwise circulation around the central gyre and there is a
clear abundance minimum in the oligotrophic gyre center (indicated by the dotted
line on Fig. 4. By contrast in the N. Atlantic abundances are lower and patchy.
The central oligotrophic gyre is again a low abundance region but the temperate,
higher abundance region to the north is only weakly developed.

It would be tempting to interpret the data as reflecting a combined distribution
of different species or sub-species with discrete cool and warm water mesotrophic
forms. However, available data on the morphotype distribution in the sediments
does not support this. Data from 18 samples of Knappertsbusch et al. (1997) is
plotted in Fig. 4 and additional data from the South Atlantic in Fig. 5. There is no
very obvious relationship of the morphotype distribution to the pattern outlined
above. The intermediate form dominates all samples which seems to indicate a
broad ecological tolerance of this type. The large form tends to be more abundant
in equatorial samples and is absent at higher latitudes, approximately coinciding
with the 15°C mean annual temperature isotherm.

The study of Böckel et al. (subm.) showed that in the South Atlantic C. lepto-
porus is mostly encountered in the temperate to sub-polar regions of more eutro-
phic conditions. The positive correlation to elevated nutrient availability might be

Fig. 5. Proportions of C. leptoporus morphotypes in South Atlantic samples analyzed by
Böckel et al. (subm.). Shading = annual mean sea surface temperature ranges.
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a primary response of C. leptoporus. This is in agreement with previous studies by
Fincham and Winter (1989) and Andruleit and Rogalla (2002) who showed that
this species responded positively to an increase in nutrient supply.

Gephyrocapsa spp. (Fig. 6)

This is a genus which shows high morphological variability at the present day and
rapid evolutionary change in the past (Bollmann et al. 1998). As a result it has
been intensively studied by paleontologists in order to produce a high-resolution
biostratigraphic subdivision of the Quaternary. The modern Gephyrocapsa assem-
blage is dominated by three species, all of which occur abundantly in surface
sediments; G. oceanica, G. muellerae and G. ericsonii. Of these G. muellerae has
well-established affinities for cool surface waters (Winter et al. 1994) and occurs
in high abundances, even as the dominant taxon, in sediments underlying cool sur-
face water (Bollmann 1997; Findlay and Giraudeau 2002). G. oceanica shows a
general affinity for warmer waters and a very clear affinity for elevated nutrient
concentrations (Kleijne et al. 1989; Giraudeau et al. 1993; Ziveri and Thunell
2000; Broerse et al. 2000). The ecology of G. ericsonii is not well established.

Bollmann (1997) showed that Gephyrocapsa could be further subdivided and
that the morphotypes were most probably genotypically distinct taxa with discrete
ecologies. He subdivided G. oceanica into an equatorial form (GE) and a larger
form (GL) associated with upwelling regions. Similarly he recognized a temperate
cool water (GC), an oligotrophic warm water morphotype (GO) and an intermedi-
ate morphotype (GT) which would all be classified as G. muellerae by most
authors.

Given this complex set of morphotypes we might predict that the multi-species
genus Gephyrocapsa would fail to show a very consistent biogeographic pattern
and indeed it does not. There is a clear minimum in the South Atlantic gyre center
and several maxima associated with upwelling cells off the African margin but
otherwise the pattern is one of rather uniformly moderate abundances. A clearer
pattern emerges from the distribution of morphotypes. The symbols in Fig. 6 indi-
cate the dominant morphotype in Gephyrocapsa assemblages analyzed by Boll-
mann (1997). The equatorial (GE = smaller G. oceanica) and cold (GC = G .
muellerae with low angle bar) morphotypes are associated with abundance
maxima at respectively equatorial and temperate latitudes. By contrast the large,
oligotrophic, transitional and small morphotypes are all associated with areas of
low total Gephyrocapsa abundance at intermediate latitudes.
Complimentary data from Böckel et al. (subm.) on the distribution of the con-
ventionally recognized species in the South Atlantic is given in Fig. 7. That study
also included analyses of the species distributions with respect to the environ-
mental parameters of the overlying surface waters. Gephyrocapsa muellerae
shows consistently high abundances in temperate areas reflecting its affinity for
cool, nutrient-rich environments (Fig. 7b). Abundance of this species exhibits an
inverse relation to temperature and its northern occurrence limit approximately
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Fig. 6. Relative abundances of Gephyrocapsa spp. (excluding F. profunda) in Atlantic
Ocean surface sediments. Symbols indicate the dominant morphotype in Gephyrocapsa as-
semblages analyzed by Bollmann (1997). The equatorial (GE = smaller G. oceanica) and
cold (GC = G. muellerae with low angle bar) morphotypes are associated with abundance
maxima at respectively equatorial and temperate latitudes. By contrast the large (GL),
oligotrophic (GO), transitional (GT) and small (GM) morphotypes are all associated with
areas of low total Gephyrocapsa abundance at intermediate latitudes. Solid line = annual
mean sea surface temperature. Dotted line = oligotrophic gyre center.

coincides with the 20°C mean annual isotherm. Occurrences in warmer water may
correspond to the oligotrophic morphotype of Bollmann (1997).

Gephyrocapsa oceanica (Fig. 7a) by contrast is clearly concentrated at lower
latitudes, with its southern occurrence limit approximately corresponding to the
summer 15°C isotherm. Within this area it has, however, a restricted distribution
being essentially absent from the central oligotrophic gyre but with high
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Fig. 7. Distribution maps of relative abundances (excluding E. huxleyi) of a. G. ericsonii; b.
G. muellerae; c. G. oceanica in the South Atlantic (Böckel et al. subm.).
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abundances in the equatorial divergence, the Benguela upwelling zone and along
the South American shelf. Statistical analysis showed a weak, but positive corre-
lation with increased nutrient concentrations (Boeckel et al. subm.).

Gephyrocapsa ericsonii shows the broadest distribution but proved to be
weakly correlated to cooler conditions, lower salinities, and to elevated nutrient
concentrations (Boeckel et al. subm.). Thus, maxima in abundance of this species
were observed along frontal systems with highly convoluted edges, such as the
Benguela filamentous zone and the Subtropical Front (Fig. 7c). There are also no-
table high abundances on the South American shelf between 40° and 55°S, an area
of high production and cool water. Its positive response to enhanced productivity
conditions is confirmed by trap experiments from the Canary Islands region
(Sprengel et al. 2002).

Helicosphaera carteri (s.l.) (Fig. 8)

Most recent studies of extant coccolithophores have followed Jordan and Young
(1990) and regarded the species as including three varieties (carteri, wallichii, and
hyalina) separated on the basis of differences in the central area (see Geisen et al.
this volume). New results from culture studies and molecular genetics, however,
have suggested that these are three well-separated species (Sáez et al. 2003,
Geisen et al. this volume). Probably they have discrete ecologies, but little data is
available on their different biogeographies, although elevated abundances of Heli-
cosphaera carteri var. hyalina coccospheres have been observed in the upwelling
area off NW Africa (A. Kleijne pers. comm.; Ziveri et al. 2001).

Observations from plankton studies suggest that H. carteri has affinities for
warmer water (McIntyre and Bé 1967; Brand 1994). It addition it shows an affin-
ity for at least moderately elevated nutrient conditions as suggested by higher
abundances in the mesotrophic parts of the San Pedro Basin (Ziveri et al. 1995a),
the Arabian Sea (Andruleit and Rogalla 2002) and the Australian sector of the
Southern Ocean (Findlay and Giraudeau 2002). In support of this, consistently low
abundances of this species have been documented in the very oligotrophic (phos-
phate limited) waters of the eastern Mediterranean (Knappertsbusch 1993; Ziveri
et al. 2000; Malinverno et al. in press).

The distribution map shows a remarkably strong pattern with a very clear
maximum abundance in the mesotrophic eastern equatorial tropical divergence
belt.

By contrast H. carteri is only present at low abundances or absent in the sub-
tropical gyres. There is weak evidence of higher abundances in mesotrophic tem-
perate waters but evidently it is excluded, probably by temperature, from high
latitudes. The northern distribution margin approximately coincides with the 10°C
mean annual temperature isotherm.
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Umbilicosphaera sibogae (s.l.) (Fig. 9)

As with most of the previously considered species U . sibogae is a convenient
taxonomic entity which can be readily and reliably counted, by either light or
electron microscopy. However, as with the other species recent research has
proven, that it is made up of distinct sub-taxa. Two varieties have conventionally
been distinguished, U. sibogae var. sibogae and U. sibogae var. foliosa. Molecular
genetic data (Sáez et al. 2003) has shown that these are well-differentiated sister
taxa that should be considered as separate species. They also have discrete life
habits – U. sibogae var. foliosa is a typical placolith-bearing species forming
compact coccospheres, whilst U. sibogae var. sibogae forms large colonial cocco-
spheres containing 2–4 cells (see Geisen et al. this volume).

Fig. 8. Relative abundances of H. carteri (excluding F. profunda) in Atlantic Ocean surface
sediments. Solid line = annual mean sea surface temperature. Dotted line = oligotrophic
gyre center.
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Fig. 9. Relative abundances of U. sibogae. (excluding F. profunda) in Atlantic Ocean sur-
face sediments. Solid line = annual mean sea surface temperature. Dotted line = oligotro-
phic gyre center.

Statistical analyses of Umbilicosphaera abundance, (Böckel et al. subm.) re-
vealed a weak preference for a warm, saline, slightly mixed upper waters of rather
oligotrophic environments. Previous studies have suggested that U. sibogae var.
sibogae mostly occurs under oligotrophic conditions whilst U. sibogae var. foliosa
prefers mesotrophic conditions (Okada and McIntyre 1979; Ziveri et al. 1995b;
Broerse et al. 2000; Ziveri and Thunell 2000). In most of the available datasets,
however, the two varieties/species are not consistently separated so that a com-
bined map is the only available option.

Despite the low taxonomic resolution, the distribution map (Fig. 9) shows a
strong pattern. The species is clearly restricted to tropical and sub-tropical lati-
tudes and to mean annual temperatures >15°C. Moreover there is a well-defined
abundance maximum in the South Atlantic corresponding rather closely to the
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oligotrophic gyre, as defined by the surface water circulation and phytoplankton
pigment concentration distribution (Fig. 2). Rather noticeably there is no equiva-
lent abundance maximum in the North Atlantic. The South Atlantic abundance
maximum of U. sibogae was also recorded by Lohmann (1919) and is evident in
plankton data sets from the Atlantic Meridional traverse (A. Poulton pers. comm.),
so it is not a artefact of the sediment record. Data from Boeckel et al. (subm.)
show that the assemblages of the abundance maximum are dominated by U. si-
bogae var. sibogae. By contrast U. foliosa forms a significant part of the assem-
blages in the more mesotrophic areas. So the S. Atlantic abundance maximum is
clearly a product of elevated abundances of U. sibogae var. sibogae strongly con-
firming its oligotrophic affinities.

Syracosphaera pulchra (Fig. 10)

Syracosphaera pulchra is the largest extant Syracosphaera species and a useful
representative of this diverse genus. Although there are numerous species in the
genus, S. pulchra is morphologically distinctive and has been regarded as a well-
defined species. However, recent results (Geisen et al. 2002 and this volume) have
suggested that it comprises two species or sub-species, which are only readily dis-
tinguishable in the holococcolith bearing phase of their life-cycles. Holococcoliths
are not well preserved in deep-sea sediments and consequently not systematically
recorded in the datasets so all data is from the heterococcolith phase.
The map (Fig. 10) shows a rather widespread distribution up to about 50°N and S,
with maximum abundances always below 8% (excluding F. profunda). Despite
the low amplitude of the signal there is a distinct relative abundance maximum in
the sub-tropical oligotrophic regions, rather loosely coinciding with the chloro-
phyll minima of satellite imagery (dotted line in Fig. 10). This is a clearer distri-
bution than might have been expected since S. pulchra has not been regarded as
one of the typical oligotrophic specialists. The S. Atlantic abundance maximum
rather closely parallels that of U. sibogae, although at lower amplitude, but for this
species there is an equally clear N. Atlantic abundance maximum. Conversely the
equatorial abundance minimum almost exactly parallels the abundance maximum
of H. carteri. It appears from this that S. pulchra at least in terms of broad sedi-
ment distribution is a relatively good indicator of sub-tropical oligotrophic waters.

An anomaly in the data is the weak occurrence maximum in the North Atlantic.
This occurrence is under substantially more mesotrophic and cooler waters than
the main sub-tropical occurrences. In this area Knappertsbusch and Brummer
(1995) recorded a bloom of S. pulchra observed in sediment traps and as high
abundances in plankton samples. Because this probably is a genuine occurrence, a
possible explanation of this anomaly would be genetic differentiation between this
temperate population and the main sub-tropical population.
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Fig. 10. Relative abundances of S. pulchra (excluding F. profunda) in Atlantic Ocean sur-
face sediments. Solid line = annual mean sea surface temperature. Dotted line = oligotro-
phic gyre center.

Conclusions and outlook

As this study highlights, our knowledge of coccolithophorid biogeography and
autecology is still limited. Although Atlantic coccolithophorid assemblages have
been relatively intensively studied and a large dataset has been assembled here,
there are manifest imperfections in it. Nonetheless, useful results can be inferred
for each species and several general conclusions can be drawn.
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Importance of fine-scale taxonomy

Perhaps the most obvious conclusion, suggested by virtually every case study, is
that accurate taxonomy is essential for an understanding of ecology. Each of the
taxa considered here represents an unambiguously defined morphological group,
ideal for rapid low taxonomic resolution analysis of assemblages, which is a
tempting strategy for ecological and paleoecological analysis of assemblages.
However, in each case recent studies have indicated that these broadly defined
taxa are in fact composed of several discrete species, or sub-species (see Geisen et
al. this volume). It might have been expected, that such closely-related taxa would
have similar ecological preferences. However, each of the case studies has shown
that this is not the case, and that sub-taxa appear to have discrete ecological pref-
erences and biogeographic distributions, even at the low geographic resolution
achieved here.

The clearest example is perhaps C. pelagicus, with discrete sub-Arctic and
temperate upwelling (sub-)species. For Gephyrocapsa and Umbilicosphaera the
existence of subunits is less obvious but still unambiguous and is essential to un-
derstanding the biogeography of these taxa. Moreover in the case of Gephyro-
capsa there is a strong suggestion that recognition of finer morphotypes, as de-
scribed by Bollmann (1997), will allow better understanding of apparent bio-
geographic anomalies. For H. carteri and S. pulchra the mapped distributions are
relatively straightforward and we do not yet know how they relate to the recently
proven genotypic variation within the taxa. In both cases an obvious possibility is
that less abundant outlier populations may prove to be dominated by different sub-
taxa. Finally it has to be admitted that in the case of C. leptoporus the distribution
pattern is still far from clear – however, high abundances are recorded in mesotro-
phic environments especially in the South Atlantic, but with an anomalously wide
total temperature range. This species as a whole shows an implausibly broad eco-
logical tolerance and subdivision into the now well proven morphotypes (or spe-
cies, see Quinn et al. this volume) does not greatly clarify the distribution. This
may indicate, as in Gephyrocapsa that a further level of genotypic diversity occurs
in this species group or that more accurate assignment of specimens to the sub-
taxa is needed.

The fact that even very closely related taxa have distinctly different ecologies
and biogeographies has obvious implications for paleoecological analysis. On the
positive side it is likely that for Late Quaternary and Holocene applications far
better results can be expected from use of these insights. Conversely, if closely
related taxa can have very different ecologies today, it obviously is unwise to ex-
trapolate modern environmental preferences to older fossil assemblages.

Nature of biogeographic controls

As might be expected, most species show broad scale distribution patterns which
can be related to the prime environmental parameters of temperature and trophic
regime (see also Brand 1994; Winter et al. 1994; Young 1994). At high latitudes
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temperature and productivity belts parallel each other and their effects are difficult
to distinguish at least on this scale. At lower latitudes however, the effects are
more clearly separable – it is for instance obvious that S. pulchra shows a warm
water low productivity preference whilst H. carteri shows a warm water higher
productivity distribution. Nonetheless some taxa show departures from a simple
relationship to temperature and productivity which are difficult to explain in terms
of imperfections in the dataset or inadequate taxonomy. In particular there are
three cases where distribution patterns in the North and South Atlantic are dis-
tinctly different. These are the absence of C. pelagicus in the sub-Antarctic, the
much higher abundance of C. leptoporus in temperate South Atlantic than North
Atlantic, and the much higher abundance of U. sibogae var. sibogae in the
oligotrophic South Atlantic than North Atlantic. The absence of C. pelagicus in
the sub-Antarctic is well-known and could be due to many factors since there are
major contrasts between the Arctic and Antarctic Oceans in terms of chemical,
physical and biological oceanography. The Calcidiscus and Umbilicosphaera
patterns are more ambiguous, since the North and South Atlantic show broadly
similar habitats in terms of temperature, salinity, productivity and macronutrients
(nitrate, phosphate and silicate). Possible alternative hypotheses to explain these
anomalies are either that the populations in the two oceans are sufficiently sepa-
rated to have evolved slightly different ecological tolerances or that an additional
factor, such as a trace element is responsible for the distribution contrasts. We
think that investigating the causes of these distribution anomalies could prove a
highly informative focus for future research. More broadly we suggest that the
widespread recognition of comparable, broad coccolithophorid biogeographic
zones in all oceans and the absence of obvious vicariance in coccolith species dis-
tributions has lead to significant contrasts between oceans, which so far have been
overlooked and that such contrasts may provide important clues for interpreting
past temporal shifts in assemblage compositions.

Outlook

Clearly our knowledge of coccolithophorid biogeography is still very imperfect.
However, it is clear that there is great potential for well-focused research in this
area, particularly from using a combination of molecular genetic and morphologi-
cal techniques to map fine-scale morphotypes and to determine their ecological
preferences. Moreover critical re-evaluation of even low resolution data can reveal
inter-oceanic contrasts in distribution which provides clues to fundamental con-
trols on phytoplankton biogeography.
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