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Open questions in the open ocean

Open ocean biosphere

The evolution of Earth ecosystem and global climate is largely dependent on the
origination, maintenance, and extinction of biological species1 that ultimately
regulate the distribution and cycling of elements. Although the open Ocean is rec-
ognized as one of the most important and active compartments for biogeochemical
cycles, the diversity, biogeography and evolutionary processes  characterizing the
pelagic biosphere are still largely unknown at the level of the species.

The relatively poor knowledge of open ocean biota is mainly due to the im-
mense dimensions of the pelagic environment, the small and highly diluted bio-
mass, and the historical delay in the study of the marine plankton, which started
only in 1872/76 with the Challenger expedition. Indeed, whereas the pelagic
realm is gigantic, most planktonic taxa are minute and display a relatively re-

                                                          
1 We do not want to enter into the “species debate” here (Hey, J. 2001). The idiom “bio-
logical species” contrasts with the “morphological species” or “morphospecies” discussed
later in the text. We define a biological species as an evolutionary entity of related organ-
isms sharing evolutionary processes. Genes are exchanged at varying rate between the indi-
viduals within the evolutionary group, which maintains an extent of genomic and thus
functional cohesion within the biological species.
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stricted range of shapes by comparison to terrestrial or coastal benthic organisms.
The planktonic biodiversity is largely dominated by micrometric cells (protists and
prokaryotes) and virus, whose species-level taxonomy, geographic distribution,
and ecology are far from being understood.

Another obstacle to our understanding of the pelagic ecosystem is the unique
pace of both water masses and populations dynamics, which challenges biological
sampling. Most microscopic pelagic organisms are characterized by phases of ex-
ponential growth (sometimes even blooms) when the physical, chemical, and bio-
logical conditions are favorable, followed by phases of population destruction or
dormancy (Steinberg et al., 2001). The life spans of the pelagic unicellular organ-
isms range from a couple of hours to a day for most picoplanktonic species (Vau-
lot et al. 1995), to a few days or weeks, rarely more than a season, for the nano-
and microplankton. This intense rate of organismic turnover may be an adaptation
of the pelagic species to survive in a perpetually moving, three-dimensional envi-
ronment. Individual cells drift in ocean currents at speeds of a few meters to kilo-
meters per hour, and should be able to release enough offspring – and thus poten-
tial founders of new populations - before being transported into hostile conditions
where they may not survive.

Those unique and extremely disparate spatio-temporal scales characterizing
pelagic processes have for a long time discouraged biologists to study the pelagial
by analysing its primary components, namely the biological species. Avoiding
those difficulties and by exploiting progress in remote sensing, researchers in
biological oceanography rather started to measure chemical or physical bio-
markers as proxies for estimating global biological processes  (e.g. Antoine et al.,
1996; Li, 2002).

Excellence and caveats of pelagic fossil records

However, comparable avoidance stragegies have not been available to scientists
approaching the pelagic ecosystem through the analysis of deep-sea sediments.
There, the hectic pace of pelagic life is abruptly frozen; the continuous rain of
skeleton-bearing microorganisms from the water column to the bottom of the
ocean results in a compression of the temporal scale and immobilization of the
spatial scale, which allows a global survey of pelagic diversity and biogeography
only by analyses of individual skeletons. This fantastic potential of the pelagic
fossil record and its use as a stratigraphic tool for oil industry and paleoclimatic
reconstructions, promoted extremely detailed taxonomic analyses within the
groups of skeleton-bearing pelagic cells (coccolithophores, diatoms, foraminifers,
radiolarians). Based on morphological criteria, the micropaleontologists have pa-
tiently described and classified into morphological species, the variability of the
countless shells extracted from the worldwide deep-sea sediment archives (e.g.
Haq and Boersma, 1998; CLIMAP, 1981). The efficiency of this morpho-
taxonomic system for stratigraphic purpose has been amply demonstrated (Bolli et
al., 1985; Berggren et al. 1995). However, its relevance and accuracy for evolu-
tionary and paleoclimatic studies are less clear, and may be limited by the scarcity
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of biological/ecological calibration studies of the morphological species concepts,
often rashly utilized as a postulate in the numerous analyses assuming that a par-
ticular morpho-species represents a biological species with a specific habitat.

As a matter of fact, both biologists and paleontologists working on open ocean
organisms have had a hard time with the use of a biological species concept for
their ecological and evolutionary studies. It appears, however, fundamental to
identify which genetic entities are responsible for the global “biological field”
measured today from space, or for the phenotypic variability expressed in the
shells at the bottom of the ocean. How many genetic species are there for the well-
known morphospecies? Where do they live and why? When did they appear, and
which micro-evolutionary processes characterize their origin, maintenance, and
extinction? The analyses of DNA sequences of individual pelagic cells, which
have recently become possible, allow to approach those questions and provide
biological and evolutionary meaning closer to the level at which natural selection
acts, to both water column and deep-sea sediments data.

Figure-Table 1. The planktonic
foraminifers (A a juvenile specimen
of Neogloboquadrina pachyderma,)
and coccolithophores (B Coccolithus
pelagicus) constitute the major com-
ponent of deep-sea calcareous sedi-
ments that cover 66 % of the bottom
of the global ocean (Milliman 1993).
Fundamental biological/structural
differences between both groups are
reported below.

1 This distinction in the nutritional mode is not obvious as some coccolithophorid species
may be mixotrophic or heterotrophic (Billard and Inouye, this volume), and several fora-
minifers display obligatory symbiosis with photosymbiotic algae (Hemleben et al. 1989).

Foraminifers (A) Coccolithophores (B)
CaCO3

skeleton
A single calcareous test per cell
growing by successive chambers
addition. No naked cells detected
yet.

10 to 100 minute calcareous
platelets –liths- fixed at the sur-
face of the cell. Frequent naked
cells.

Adult size 50 to 1000 _m 3 to 15 µm
Nutrition1 Heterotrophs Autotrophs

Life span Mostly half a month or a month,
sometimes linked to moon cycles
(Hemleben et al. 1989)

Days to weeks

Life cycle Probably exclusively sexual (2N) Haplo-diplontic, with dimor-
phism associated to life cycle
stages: holococcoliths (1N), het-
erococcoliths (2N)
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Here we will illustrate how the analysis of DNA sequences within the most im-
portant groups of calcareous unicellular plankton (Fig. 1) is beginning to change
and will further modify our understanding of morphological and genetic variation
at the species level in open ocean protists. The CODENET project produced the
first molecular data challenging the morphological species concepts within the
coccolithophores. Our aim in this chapter is not to enter into the details of the data
(Sáez et al, submitted and this volume; Geisen et al. and Probert et al. in this vol-
ume) but to synthesize and compare them with the molecular results obtained
during the last six years within the planktonic foraminifers (de Vargas et al, 1997-
2002; Darling et al. 1996-2000; (Stewart, Darling et al. 2001). The implications of
both foraminifer and coccolithophore DNA data will be discussed with respect to
pelagic diversity and biogeography, evolutionary phylogeny, and analyses of the
fossil record.

Behind the phenotypes

Since the methodical use of DNA mutations as a taxonomic tool and time ma-
chine, discoveries of new cryptic2 or pseudo-cryptic species are rising in every
studied group of organisms, and mainly in those displaying simple morphologies
(unicellular taxa, primitive or parasitic metazoans). Pseudo-cryptic speciation is a
very commonly observed phenomenon among coastal marine organisms
(Knowlton 1993). In the pelagic realm, it may even be the rule rather than the ex-
ception (de Vargas et al. submitted). Most common planktonic morphospecies -
often considered as cosmopolitan - that have been analysed so far using DNA se-
quencing, were found to be composed of a complex of different genetic entities.
They range from the pico- to the macro-fractions and include cyanobacteria and
prochlorophytes (Fuhrman and Campbell 1998), haptophytes and diatoms (Medlin
et al. 2001), dinoflagellates (Scholin et al. 1995), copepods (Bucklin et al. 1996),
and fishes (Miya and Nishida, 1997). As discussed below, this prevalence of ge-
netic diversification with no or only subdued morphological differentiation may be
due to the unique environmental and biological pressures on morphology endured
by open ocean plankton.

                                                          
2 Species considered morphologically identical, but discernible using genetic, physiological,

or behavioral characters. In fact, the majority – if not all - of the new, genetically identi-
fied species within traditional morphological species, turn out to have minor but recog-
nizable morphological characteristics after closer examination of the specimens. The
term “pseudo-cryptic” species is applied in these cases.
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Table 1 : Current DNA data sets on the genetic variation at the morphospecies level in
planktonic foraminifers and coccolithophores. Species are ranked according to the amount
and geographic extension of genetic data available. Abbreviations: SSU = Small SubUnit;
ITS = Internal Transcribed Spacer; rDNA = nuclear ribosomal DNA; TufA = chloroplast
transcription elongation factor; RFLP = Restriction Fragment Length Polymorphism data.
Ref: 1. Vargas et al. 1999; 2. Vargas et al. in prep. ; 3. Darling et al. 2000; 4. Darling et al.
2001; 5. Kucera et al. 2001; 6. de Vargas et al. 2001; 7. de Vargas et al. submitted; 8. de
Vargas, unbpubished; 9. de Vargas et al. 2002; 10. Kucera and Darling 2002; 11. Stewart
2000; 12. de Vargas et al. 1997; 13. Darling et al. 1997; 14. Saez et al., submitted.

Morpho-species Gene(s)
# of
ge-
netic
types

# of
specimens
genotyped

# of stations,
geographic
locations

Ref.

Foraminifer
Orbulina universa SSU/ITS

rDNA
3 764

(65 seq/700
RFLP)

102 ; large transects:
Atlantic, Indian Ocean,
South Pacific. See Fig.3

1;2

Neogloquadrina
pachyderma (sin)

SSU
rDNA

4 263 ~30; 4 transects in the
North and South Atlan-
tic, California

3;4

N. pachyderma
(dext)

SSU
rDNA

2 66 ~30; 4 transects in the
North and South Atlan-
tic, California

3;4;5

Globorotalia trun-
catulinoides

SSU/ITS
rDNA

4 350
4 SSUseq/50
ITS seq/230
RFLP

102 ; large transects:
Atlantic, Indian Ocean,
South Pacific. See Fig.3

6;7; 8

Globigerinella
siphonifera

SSU
rDNA

4 189
(25 seq/164
RFLP)

55 ; large transect in the
Atlantic

9

Globigerina
 bulloides

SSU
rDNA

6 85 27 ; North and South
Atlantic, California

10

Turborotalita
quinqueloba

SSU
rDNA

3 24 22 ; North and South
Atlantic

3

Neogloquadrina
dutertrei

SSU
rDNA

3 A few Caribbean, Azores,
Coral sea, California

11;5

Globigerinoides
ruber

SSU
rDNA

4 A few Caribbean, Canary,
Coral sea, California

11;12
;13

Coccolithophore
Calcidiscus
 leptoporus

TufA /
 SSU
rDNA

3 13 6 ; East coast of North
and South Atlantic,
Mediterranean

14

Coccolithus
pelagicus

TufA /
 SSU
rDNA

2 9 7 ; East coast of North
and South Atlantic,
Mediterranean

14

Umbilicosphaera
sibogae

TufA /
 SSU
rDNA

2 2 2 ; West coast of North
Atlantic, Mediterranean

14

Pleurochrysis
carterae

TufA /
SSU
rDNA

2 2 2 ; East coast of North
Atlantic, California
coast

14

Helicosphaera
carteri

TufA 2 2 2 ; East coast of South
Atlantic, Mediterranean

14
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DNA versus morphological diversity in calcareous unicellular
plankton

Foraminifera

Among the skeleton-bearing pelagic micro-biota, planktonic foraminifers consti-
tute an exceptional case, as they are among the biggest unicellular organisms
whose shells can be rapidly manipulated with simple hand-tools under a dissecting
microscope. Their fossil record is often presented as one of the rare examples
known at the “species” level (Bolli and Saunders 1985). Their presence and ab-
sence is widely used for biostratigraphic dating and their relative abundance
changes for paleotemperature reconstructions (e.g. CLIMAP 1976). The analysis
of calcite precipitated in foraminiferal shells has also been used for a number of
other important paleoproxies, such as primary productivity, temperature, and at-
mospheric CO2 concentration (see recent review by Fischer and Wefer 1999).

 For molecular phylogenetic studies, single living planktonic foraminiferal cells
can easily be sorted after collection with a plankton net, and individually isolated
for DNA extraction and PCR amplification (de Vargas et al, submitted). This is a
great advantage over the coccolithophores (Fig. 1) which require clonal growth, a
sometimes tricky procedure, before genetic analyses.

The modern diversity of planktonic foraminifera has been divided into only
about 45 species (Hemleben et al. 1989), based on the same morphological criteria
as used in the study of their fossil record (i.e. test’s architecture, ornaments and
texture). During the past six years, the application of DNA sequencing methods in
planktonic foraminifera fundamentally altered our way of thinking about evolution
and ecology in the group. In fact, the 8 morphological species that have been ge-
netically analyzed to date using numerous individuals from several ocean basins
and water masses (Table 1), all contain between 3 to 6 genetic entities (de Vargas
et al. 1999, Darling et al. 1999, Stewart et al. 2001, de Vargas et al. 2001, de Var-
gas et al. submitted). Phylogenetic and phylogeographic (see below) analyses of
the DNA sequences coding for the Small SubUnit and Internal Transcribed Spacer
of the nuclear ribosomal RNA (SSU and ITS rDNA) indicate that the genotypes
within these morpho-species are in fact distinct biological sister species, which
may have already evolved millions of years ago.

Of primary importance are the observed genetic distances between the geno-
types as a result of the very slow rate of a few mutations per million years within
the SSU rDNA (Fig. 2). The calibration of these genetic distances – or molecular
trees - using morphospecies divergence dates from the outstanding foraminiferal
fossil record suggest that most of the sister species diverged back in the late Mio-
cene (Fig. 2). In addition, reproductive isolation is supported by the fact that indi-
vidual foraminifers never contained more than one type of ribosomal gene. Ge-
netic mixing would be expected if the sister genotypes, that occasionally coexist in
the same watermass (see below), were not fully isolated and still hybridized today.
Finally, the individuals within a sister species have been found to be identical
within the SSU rDNA, regardless of segregation by huge geographic distances (de
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Vargas et al. 1999), current belts (Darling, Wade et al. 2000) or tectonic barriers
(de Vargas et al. 2002).

Fig. 2. Example of speciation within the classical morpho-species of foraminifers and coc-
colithophores. The phylogenetic molecular trees were calibrated with dates –in grey square-
from the deep sea fossil record of both groups, which allowed to estimate divergence dates
between the sibling species within a morphological entity. Note that most sibling species
evolved in the late Miocene, between 5 and 11 Ma. Details on the phylogenetic analyses are
found in de Vargas et al. 1999, 2001 (foraminifer) and Saez et al., submitted (coccolito-
phore). Four pairs of sibling species are shown to illustrate the striking morphological ho-
mogeneity despite million years of genetic isolation. (Pictures: G. siphonifera: Huber et al.
1997; C. leptoporus and C. pelagicus: CODENET images, see
http://www.nhm.ac.uk/hosted_sites/ina/CODENET/GuideImages/).

Despite the fact that traditional taxonomic descriptions were based on single
holotypes, all classically defined morpho-species allowed for a considerable range
of morphological variability, albeit often poorly defined. In most cases, such vari-
ability had been related to biogeography and hydrographic regime and was inter-
preted as phenotypy expressed as geographic changes in the proportions of clinal
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variants (Kennet 1976). Recent examples include shell size (Schmidt et al. in
press), coiling direction (Kucera and Kennett 2002), test shape (Spencer-Cervato
and Thierstein 1997), or porosity (de Vargas et al. 1999).

The few recent quantitative studies that directly tested the relationship between
morphologic and genetic differentiations in planktonic foraminifera (Globiger-
inella siphonifera (Huber et al. 1997) and Globorotalia truncatulinoides (de Var-
gas 2001) confirmed that subtle morphological variation(s) may characterize the
newly identified genotypes. It is, however, still a major challenge to distinguish
the morphological and/or geochemical variability of shells related to genetic iso-
lation and evolution from that based on mere ecophenotypy or random intras-
pecific polymorphism. The vastness of the three-dimensional ecospace character-
izing the biogeographic range of unicellular plankton species constitutes the main
barrier. Recently, de Vargas et al. (2001, in press) developed a simple and efficient
method to extract and preserve DNA from single living foraminiferal cells col-
lected from the ocean while retaining its calcareous shell for further morphologic,
chemical, or isotopic analyses. The method was applied during two basin-wide
cruises in the Indian-Southern and Pacific Oceans (40 stations, Fig. 3). The
authors were able, using PCR amplification and RFLP methods on a large number
of individuals within the morpho-species Globorotalia truncatulinoides, to rapidly
detect that smaller and more biconvex shells collected in the subtropical and polar
frontal systems all around the world in the Southern Hemisphere, correspond to
distinct genetic species.

Coccolithophores

Coccolithophores are about 100 times smaller than foraminifers. Their taxonomy
is based principally on the morphological description of the micrometric calcare-
ous liths or scales covering their cells and preserved in deep-sea sediments. How-
ever these coccoliths constitute only the single elements of the entire extra-cellular
architecture of the organism – the coccosphere. As it is rare to find preserved in-
tact coccospheres in sediments, only coccoliths or scales remain the taxonomic
tool to describe extinct taxa. Nevertheless, and in spite of the need to use optical or
electron microscopes for morpho-taxonomic identification, the immense abun-
dance of coccoliths in sediments and the fact that coccolithophores play a crucial
role in global open ocean ecology and biogeochemical cycles (Westbroek et al.
1994) have fomented their study, and consequently their morphological diversity
is the best known among any group of pelagic primary producers.

The modern diversity of coccolithophores has been divided into 180 species
(Jordan and Kleijne 1994, Billard & Inouye this volume) based on morphological
criteria. This number of morpho-species is certainly overestimated, because evi-
dence is increasing that most, if not all, coccolithophores display complex haplo-
diploid life cycles with the expression of 2 or even 3 radically different coccoliths
during the different stages (hetero- and holo-coccoliths in the 2N and N stages, re-
spectively) (Geisen et al. 2002). If this is confirmed, the 62 holococcolith bearing
“species” are in fact the phenotypic expression of the haploid life stage and their
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numbers will have to be subtracted from the total number of morpho-species re-
sulting in a total extant species richness of ~140.

However, it is common to find consistent and subtle morphological differences
within groups of hetero-coccoliths/coccospheres ascribed to a single species (Jor-
dan and Green 1994; Geisen et al., this volume; Quinn et al., this volume). The
genetic dataset acquired during CODENET allowed assigning a biological mean-
ing to some of these so-called “morphotypes”, “varieties”, or “forma” (Jordan et al
1995). A molecular phylogenetic study (Sáez et al, submitted) within 5 morpho-
species showed that all “species” were composed of 2 to 3 clearly distinct genetic
entities (Table 1 and Fig. 2). The results, based on the chloroplastid gene tuf-A,
were confirmed by additional analyses of the nuclear SSU and ITS rDNA. As in
the foraminifers, the total absence of DNA mutations between individuals within a
genetic type, regardless of segregation by sometimes huge geographic distances,
and the lack of hybrid genotypes despite the common co-occurrence of the varie-
ties in the same water-column (Renaud and Klaas 2001), strongly supports full re-
productive isolation of the genotypes (speciation). A molecular clock based on the
fossil record (using, as a calibration date, 23 Ma for the stratigraphic extensions of
both Umbilicosphaera and Calcidiscus) allowed to estimate that most analyzed
sister species separated prior to 2 Ma, most speciation events occurring, as for the
foraminifers, back in the Late Miocene (Fig. 2).

Furthermore, the sister species within a morpho-species seem to be systemati-
cally discernible based on morphological characters, either structural as in the case
of the “varieties” known from the fossil record (sibogae/foliosa of U. sibogae;
carteri/hyalina of H. carteri ; carterae/dentata of P. carterae, Fig 2 and Geisen et
al. this volume), or morphometric as the difference in coccospheres/liths size be-
tween the cryptic species within C. leptoporus and C. pelagicus (see Quinn et al.
and Geisen et al.,d this volume). In the CODENET data set, the small number of
strains sequenced for each of these species, which come from a narrow portion of
the full specific biogeographic range (samples were mainly collected from coastal
waters of the Eastern Atlantic, Table 1) still limit the establishment of a link be-
tween morphologic and genetic differentiations. However, important lessons can
already be learned, for instance from the most thoroughly studied case of Cal-
cidiscus leptoporus. In this morphospecies, classical morphometric analyses in
sediment samples from all around the world allowed to distinguish 3 morphotypes
(large, intermediate, small) having coccospheres/coccoliths of different sizes
(Knappertsbusch et al. 1997). The morpho-genetic analyses of 13 strains from
coastal waters off Africa, Portugal, Ireland, and the Mediterranean, show that coc-
colith sizes overlap between the genetic types representing two of the classical va-
rieties (intermediate and large) and size alone is therefore not an accurate tool of
identification. On the other hand, a careful look at the morphology of the genetic
species within C. leptoporus permitted to discover a discrete morphological char-
acter that can be used to distinguish between the sister-species (the structure – in-
filled or clear - of the central area of the  coccolith’s distal shield, see Quinn et al.,
this volume). This example illustrates how DNA analyses can help morphological
taxonomy, which is particularly risky in coccolithophores where species concepts
are based on analyses of single building blocks of the skeleton. Another aspect
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toward the morphologic distinction between the sister species is discussed in
Geisen et al. (this issue): the subtle, or even imperceptible (in Syrachoshaera pul-
chra and Coronosphaera mediterranea) morphological differences among the het-
erococcoliths of the cryptic biological species maybe much more obvious in the
holococcoliths produced during the haploid phase of their life cycle. The still very
few cases of reported combination coccospheres between one heterococcolith type
and two or even three holococcolith types seem in fact to result from low mor-
phological differentiation (resulting in cryptic speciation) at the level of the het-
erococcoliths (Geisen et al. in press). Here again, DNA sequences will be a power-
ful tool to rapidly establish links between life cycles and specific morphologies.

Water-mass and depth adaptation of genotypes

In the pelagial, most species of unicellular organisms have been reported as cos-
mopolitan, or at least as inhabiting huge, circum-global, and often bipolar – or an-
titropical - biogeographic ranges (Bé 1977, Roth 1994, Van der Spoel and Hey-
man 1983). The sea surface temperature gradient from the poles to the equator is
often invoked as the most important limiting factor constraining the distribution of
the pelagic cells, which in principle can rapidly be transported between basins or
hemispheres through oceanic currents (surface or subsidence) (Van der Spoel and
Heyman 1983). This view of the biogeography of planktonic micro-organisms is
mainly based on morphological species concepts, and has also been strongly influ-
enced by the unique, global scale analyses of protistan shells retrieved from deep-
sea sediments (Arnold and Parker 1999, Hemleben et al. 1989, Spencer-Cervato
1999).

The repeated discovery of sibling species displaying major genetic differences
within all analysed morphospecies of foraminifers and coccolithophores obviously
challenges the widely held view of cosmopolitan plankton species distributions.  It
leads to new questions such as: Do the sister species within a morphospecies in-
habit the same oceanic province? Or do they show latitudinal, depth, or temporal
allopatry? And which abiotic or biotic ecological factor(s) rule their distribution?
Unfortunately these questions face a major sampling challenge. The biogeographic
ranges of pelagic micro-biota are huge and three-dimensional. They have diffuse
ecological boundaries and they are highly dynamic in space and through time. Be-
sides, the large majority of open ocean planktonic micro-organisms are very frag-
ile and not viable in culture (Moreira and Lopez-Garcia 2002), often preventing
the substitution of biogeographic analyses of wild populations with physiological
laboratory experiments.

Planktonic Foraminifera

The recent application of simple, rapid and cost-effective protocols for single-cell
PCR amplification (de Vargas et al., in press) demonstrate that the methods are
becoming sensitive enough to survey rapidly the taxonomy, phylogeny, and bio-
geography of pelagic protists at the individual level and over a global geographic
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range. The first large-scale study at the morphospecies level concerned the fora-
minifer Orbulina universa (de Vargas et al. 1999). It showed that the distribution
of three cryptic species within O. universa along a 50ºN to 50ºS transect in the
Atlantic is clearly not random, but strongly correlated with the degree of stratifi-
cation – and thus productivity - of the water column. One sibling species was
adapted to the vertically mixed, nutrient-rich and productive hydrographic regions
(coastal upwelling, frontal zones in the subtropical and equatorial current sys-
tems), whereas the two others were collected in stratified sub-tropical water
masses where the thermocline guards the surface layer from macronutrient input.
We will call these ecological distributions “transitional vertically mixed” and
“sub-tropical stratified”. In that early study, the coverage of the full latitudinal
range of the morphospecies and of two opposite seasons in each hemisphere, sug-
gested that the unveiled patterns and the partitioning of diversity might be ex-
tended to the global ocean. Since then, the genetic characterization of more than
700 individual cells isolated at 80 pelagic stations from the Atlantic, Indian, Pa-
cific Oceans, and the Mediterranean and Red Seas (Fig. 3A) have confirmed the
results of the Atlantic data set in an amazingly simple and predictable way (CdV,
unpublished data). On the other hand, a basin-wide genetic analysis of another
spinose morphospecies, Globigerinella siphonifera, which has a similar bio-
geography to O. universa, confirmed the importance of water mass stratification
and nutrient input for the geographic segregation among the four identified sister
species (de Vargas et al. 2002). The apparently cosmopolitan distribution of one of
the genetic types of G. siphonifera may result from its adaptation to mesotrophic
hydrographic conditions, the species living deeper at the top of the thermocline in
stratified (sub)tropical waters. Analyses of shell morphology and chemistry (∂13C,
∂18O, Mg/Ca ratio) from this genetic type in the Caribbean (Bijma et al. 1998;
Huber et al. 1997) also supports our hypothesis of depth allopatry, and emphasizes
the need to collect vertically stratified samples in the future.

At higher latitudes, the temperate to polar domains are mainly the realm of the
non-spinose globorotaliid foraminifers (Hemleben et al. 1989). The best docu-
mented study here relates to the morphospecies Globorotalia truncatulinoides (de
Vargas et al. 2001, in press) and Neogloboquadrina pachyderma, (Darling, Wade
et al. 2000), Stewart et al. 2001, Darling et al. 2001) (Table 1). Both species have
huge geographic ranges covering the subtropical to subpolar provinces (Hilbrecht
1996), with a typical asymmetric expansion toward the southern subpolar water-
masses for G. truncatulinoides (Kennett 1968), and a unique bipolar extension
into the polar domains for N. pachyderma. The latter is the only morphospecies of
planktonic foraminifer living at such high latitudes and it has been collected below
or even in Antarctic ice). In deep-sea sediments from the southern hemisphere, G.
truncatulinoides displays a typical morphological cline along the subtropical to
subpolar ecological gradient (Kennett 1968, Healy-Williams et al. 1985). Appli-
cation of single cell PCR amplification from more than 300 G. truncatulinoides
individuals in the Atlantic (de Vargas et al. 2001), Indian (de Vargas et al, sub-
mitted), and Pacific (unpublished data, CdV) oceans, shows that this morphologi-
cal cline is actually the expression of four different genetic types adapted to differ-
ent
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Fig. 2. Molecular biogeography in planktonic foraminifers based on single-cell genetic
analyses out of 102 globally distributed pelagic stations. A. Orbulina universa: the genetic
provinces are based on the analysis of more than 1200 specimens (de Vargas et al. 1999,
unpublished); the sibling species segregate between the vertically mixed and stratified parts
of the global ocean (see text). B. Globorotalia truncatulinoides : 343 specimens have been
genotyped along the subtropical to polar ecological gradient in the three main ocean basins
(de Vargas et al. 2001, submitted). The four genotypes detected show remarkably predict-
able biogeographic patterns corresponding to specific latitudinal hydrographic provinces
(NSTF = north subtropical front; SSTF = south subtropical front; SAF=sub-antarctic front;
PF= polar front). The SEM pictures correspond to specimens from which DNA has been
isolated and sequenced.
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latitudinal belts (Fig. 3B). Whereas two types were subtropical, the third one in-
habited the highly productive subtropical frontal zone, and the fourth was col-
lected far south in the cold subpolar frontal zone. For G. truncatulinoides, both
fossil (stratigraphic, Kennett 1970, Pharr and Williams 1987) and molecular clock
(de Vargas et al. 2001) data independently suggest that those global eco-morpho-
genetic evolutionary steps toward southern water-masses occurred between ~300-
200 Ka in the history of the species complex which started 2.8 Ma (Lazarus et al.
1995). As for O. universa, the data set obtained from three basin-wide oceanic
transects allowed to cover most of the morpho-species' geographic range, and the
distribution patterns found in different seasons, years, basins in the southern hemi-
sphere was remarkably predictable.

The diversity and biogeographic patterns of N. pachyderma are less clear, pos-
sibly because the species complex has been evolving for the past 10-11 m.y.
(Kennett and Srinivasan 1983) over the largest foraminiferal latitudinal range
known and displays a high level of morphological complexity. Thus, despite a re-
peated and intense sampling effort in the sub-polar to polar waters from both
hemispheres (more than 500 specimens analyzed, Darling et al. 2001), the lack of
data from the tropical to temperate provinces prevents a comprehensive under-
standing of the diversity and its distribution. In this morphospecies, 6 different ge-
netic types have been uncovered, which separate into two groups according to the
shell’s left (L) or right (R) coiling directions (table 1). According to the SSU
rDNA-based phylogeny (Darling et al. 2001), the L and R species-complexes have
been genetically isolated since the appearance of the morphospecies 10-11 Ma.
Within the “L group”, a common ancestor split more than 2 Ma into an endemic
arctic species (genotype I), and a group of three species (genotypes II, III, IV) re-
stricted to high latitudes in the southern hemisphere only. In this last group, one
species lives south of the polar front in Antarctic polar waters, whereas the two
others inhabit the subantarctic domain. The allopatric hydrographic distributions
of these southern genotypes may result from successive, relatively recent adaptive
steps of speciation towards colder waters, similar to those observed in G. trunca-
tulinoides.

Within the “R group”, the two sibling species clearly occupy lower latitudes.
One genotype was discovered off the Californian coast (Kucera and F. 2001),
while the other was collected in subpolar waters and is the only component of the
N. pachyderma species-complex that was found in both hemispheres to date. This
last type, together with three genetic types also found in northern and southern
subpolar provinces within the Globigerina bulloides and Turborotalita quinque-
loba species complexes (Table 1), were presented as species displaying typical bi-
polar biogeographic distributions (Darling, Wade et al. 2000). However, since
then, most of these genetic types have also been observed at much lower latitudes
in the Santa Barbara Channel and the Canary/Azores currents (Stewart 2000, Kuc-
era and Darling 2001), and most likely have biogeographic ranges similar to the
“transitional vertically mixed” pattern extensively studied in O. universa (Fig.3A).

In fact, the current genetic data suggest that there is not a single bipolar species
within the planktonic foraminifers. In the four high-latitude species complexes
analyzed so far (Darling et al. 2000, 2001, de Vargas et al. 2001), most genotypes
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have been found in one hemisphere only. The two sister species inhabiting the
highest latitudes - the polar genotypes of N. pachyderma - have even been sepa-
rated for more than 2 m.y. according to the molecular tree (Darling et al. 2001).
From the current, still limited data set on planktonic foraminifers we may attempt
to draw a few new basic distribution rules: (1) the species inhabiting the equatorial
to temperate/subpolar latitudes are segregated into two major domains, “transi-
tional vertically mixed” and “sub-tropical stratified” (Fig. 3A). Despite a bipolar
tendency, both domains are most probably continuous, in particular, for the “tran-
sitional vertically mixed” domain, through the cooler eastern boundary currents
and the equatorial upwelling zones. (2) The species inhabiting the subpolar to po-
lar latitudes exhibit a high degree of provincialism; their specific allopatric ranges
may typically be organized in relatively narrow latitudinal belts corresponding to
different current systems and water masses separated by oceanic fronts (Fig. 3B).

 The main distinction between this new molecular biogeography and the class i-
cal, morphological one (huge latitudinal, bipolar belts, Bé 1977) consists in the
nature of the factors controlling species distributions. Rather than the widely in-
voked sea surface temperature (Arnold and Parker 1999, Kucera and Darling
2002), biotic factors, such as specific prey and/or symbiont availability, may better
explain the distribution of these biological species (de Vargas et al. 2002).

Coccolithophores

In contrast to the planktonic foraminifera, the emerging pseudo-cryptic diversity is
even less known in coccolithophores, because of restricted sampling (Table 1). A
clear limiting factor here is the need to obtain a sufficient number of cells through
clonal culture for DNA extraction and sequencing. However, some biogeographic
information can be extracted from previous distribution studies of the morphologi-
cal variants in deep-sea sediments, sediment traps, or plankton tows, assuming that
they correspond to the genotypes. The difficulty to establish a link between ge-
netic and morphological differentiations, and the different morphological species
concepts used by different authors render such interpretations hazardous, as illus-
trated in detail for C. leptoporus (Quinn et al. this volume).

Several lines of evidence suggest that the sibling species within a morphospe-
cies are adapted to different spatial and/or temporal allopatric ranges. In two re-
cent analyses of the C. leptoporus species complex based on plankton and sedi-
ment trap samples, morphologically distinct populations were encountered at
specific water depths and seasons (Renaud and Klaas 2001; Renaud et al. 2002).
At the Bermuda time-series station the winter populations of C. leptoporus  were
found at a preferred water depth of ~100m and contained both, intermediate "I"
(coccolith diameter 5-8µm) and large "L" (coccolith diameter >8µm) morpho-
types, whereas the summer populations were at 0-25m water depth and consisted
dominantly of morphotype "I". Interestingly, a few intermediate "I" cells covered
also with Crystallolithus rigidus  holococcoliths were observed in May 1991 near
the surface and at the transition from large to intermediate forms (Renaud and
Klaas, 2001). Subsequently, Renaud et al. (2002) could show that the seasonal cell
density peaks of C. leptoporus "I" also seem to be variable geographically and oc-
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cured at 12°C in spring in the northern North Atlantic (sediment trap NABE,
48°N), at 18°C in spring in the central North Atlantic (sediment trap NABE,
34°N), at 22°C in summer in the western North Atlantic (plankton filters at Ber-
muda Hydrostation S, 32°N), and at 25°C in fall in the Arabian Sea (sediment trap
MST-9, 10°N).

A similar seasonal separation relative to the nutricline-thermocline fluctuation
has been observed in the ratio between two morphotypes of Emiliania huxleyi
(Beaufort and Heussner 2001). In C. pelagicus, the large morphogenotype inhabits
the northern temperate province, while the small one is adapted to the subarctic
water mass (Baumann et al. in prep.).

Although not associated with genetic data, patterns of allopatric ecological
ranges between different morphotypes have also been detected in Gephyrocapsa
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Figure 4: Gephyrocapsa morphotype clusters recognized in 70 globally distributed Holo-
cene assemblages (Bollmann 1997). GE = Gephyrocapsa morphotype Equatorial, GL =
Gephyrocapsa morphotype Larger, GM = Gephyrocapsa morphotype Minute, GT =
Gephyrocapsa morphotype Transitional, GO = Gephyrocapsa morphotype Oligogtrophic,
GC = Gephyrocapsa morphotype Cold.

sp. In his global Holocene survey, Bollmann (1997) identified six morphotypes
based on size and bridge angle. Four of these occurred as unimodal clusters in a
total of 39 samples, and an additional two morphotypes could be defined based on
distinct clusters in the remaining 31 polymodal assemblages (Fig. 4). The chang-
ing morphology was most closely related to surface water temperatures, a relation-
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ship that has since been refined to a global paleotemperature transfer function
(Bollmann et al., 2002). Although that transfer function is based on the changing
frequency of three morphotypes only, the apparent continuity of morphotype
clusters in a bivariate plot does indeed allow, if not suggest, the possibility of nu-
merous sibling species adapted to specific temperature niches (Fig. 4). Genetic
variability between populations of G. oceanica from neritic and oceanic water
masses of the NE Atlantic has previously been inferred from differences in growth
rates observed in cultures of a few isolates from these two water masses  (Brand
1982).

Given the current data sets in coccolithophores, it is difficult to say whether the
sibling species are more temporally or spatially isolated, and which parameters,
abiotic or biotic, are underlying those adaptations. What has become apparent in
the few studies done so far, is the presence of distinct morphological subgroupings
within many studied species assemblages and the spacial and temporal mobility of
these groupings (Knappertsbusch et al. 1997; Bollmann 1998; Knappertsbusch
2000). It is however remarkable to notice similarities between the coccolithophore
and foraminifer species complexes, such as the shell’s size decrease associated
with speciation from subtropical/transitional to sub-polar water-masses (Fig. 3B),
or the importance of the water column stability as a selective matrix for speciation.
There is no a priori reason for such parallelism as the two groups, heterotrophs
and autotrophs, are biologically fundamentally different (Table 1). However, it
may be that the spatial/temporal and genetic boundaries between the sibling spe-
cies correspond to more general community changes, involving intricate and inter-
dependent trophic/parasitic/predatory relationships, which may so far have gone
undetected at the morphological level.

Super-species in the plankton - evolutionary and
ecological implications

Planktonic super-species

As discussed above, the recent application of the molecular tools within pelagic
foraminifers and coccolithophores indicates that all classical (morphological) spe-
cies studied to date are in fact monophyletic cluster of a few sibling, biological
species, separated by subtle morphological characters. The sibling species within a
morphospecies originated most often many millions of years ago, according to
molecular clocks calibrated with the outstanding fossil records of both groups. In
addition, global scale, molecular phylogeographic analyses within the foraminifers
and morphological biogeographic studies in the coccolithophores, strongly suggest
that these sibling species represent geographic or temporal allopatric subdivisions
of the total range of the traditional morphospecies. Thus, we propose here a new
hypothesis for the evolution of the calcareous unicellular plankton, which, we
think, may also apply to other holoplanktonic organisms. The traditional morpho-
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taxonomic entities defined as species in foraminifers and coccolithophores, stable
over periods of millions years in the fossil record (Thierstein et al., this volume),
are in fact super-species, i.e. assemblages of allopatric3 species of monophyletic
origin, often with distinct morphological differences (Mayr 1971, Van der Spoel
and Heyman 1983).

The concept of super-species was first introduced to the planktonic realm by
Fleminger (1972) in his studies of the habitat patterns among the calanoid cope-
pods, where extremely tiny details of the reproductive organs allow accurate dis-
crimination between the biological species. In fact, most other zooplankton mor-
phospecies inhabiting global biogeographic areas with a wide latitudinal coverage,
also consist of various morphological variants, each of which occupies a specific
ecological subdivision of the total range (Van der Spoel and Heyman 1983), remi-
niscent of the genetic biogeographic patterns documented in foraminifers (Fig. 3).
Depending on their degree of discrimination, those variants are named “varieties”
(e.g. the 6 different latitudinal morphotypes in the thaliacea Salpa fusiformis ), or
“forma” (e.g.  the 5 and 9 morphotypes respectively found in the pteropods Clio
pyramidata and Cavolinia tridentata (Van der Spoel and Heyman 1983). The
typical adjoining distribution ranges of the formae, separated by contiguous bio-
geographic boundaries, made that those were interpreted as ecophenotypes within
single polytypic species. The present data on foraminifers and coccolithophores
strongly suggest that the formae are in fact fully isolated species and thus part of a
super-species, which may also be the case for most unicellular pelagic organisms
with a cosmopolitan distribution.

A structure-less world

Thus, contrary to widely held views, cosmopolitan, globally distributed unicellular
species with high ecological/genetic plasticity may be rare or even non-existent in
the plankton. Rather, species may be geographically and hydrographically more
restricted than previously assumed, and evolve through adaptive speciation linked
to the invasion of a new water mass and the distinctive food web it contains.

Moreover, there is a significant decoupling between the important genetic-
ecologic and the small morphologic differentiations separating the sibling species
within the planktonic super-species. This phenomenon of phenotypic uniformity is
not exclusive to the planktonic super-species, but is a general trait of the pelagic
life. To paraphrase Verity and Smetacek in their key review on the structure of
marine pelagic ecosystems (1996), “among holoplankton, the bulk of the biomass

                                                          
3 In the plankton, allopatry does not imply low dispersal. Although the distributions of sib-

ling species within a planktonic super-species are largely non-overlapping in space
and/or time, there may be mixing at the boundary between two specific ecological
ranges, or when individuals of a sibling species are expatriated and drift, as in a resting
stage, through the range of an other species. When the sibling species display a pattern of
depth allopatry at a same geographic location, mixing may also occur due to water diffu-
sion between various layers of the water column.
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is present within only a few morphotypes …; in many cases the same basic body
shape is maintained through 10 to 100x variation in body volume”. For example,
the calanoid copepods encompass more than 1800 species (E. Goetze, pers. com.)
within a single basic morphology. Verity and Smetacek explain this morphologi-
cal constraint by the fact that pelagic evolution of form and function may have
been controlled by protection from - or interaction with - other organisms, rather
than competition for resources and resource space as in most terrestrial and, to
some extent, marine coastal ecosystems (“watery arms race” hypothesis of
(Smetacek 2001). Similarly, the dominant role, in an aquatic world, of chemical
(choice of mate, pheromones, egg-sperm recognition) rather than auditory or vis-
ual recognition systems  (Knowlton 1993) may have contributed to the restrained
structural evolution in the pelagial.

In addition to these “top-down” selective pressures, an essential “bottom-up”
evolutionary force must have acted on planktonic morphological evolution: the
ecological obligation - in order to survive - to float at specific depth(s) in a mov-
ing and relatively homogeneous environment. The remarkable profusion of struc-
tural convergences between totally unrelated groups of planktonic organisms (the
basic one being small size, Tappan and Loeblich 1973), as well as the striking oc-
currence of iterative morphological evolution (Cifelli 1969; Norris 199l; Schmidt
et al., in prep.), argue in favor of strong environmental pressures shaping the pe-
lagic biosphere. Within the foraminifers and coccolithophores, the relatively heavy
calcareous skeleton and plates covering the cells may be finely designed and tuned
to suit flotation, and the environment may impose a strong stabilizing selection on
shell shape by rejecting every inappropriate genetic alteration leading to eccentric
shapes. In modern foraminifers, this “pelagic selection pressure” on shell design is
reflected by the paucity of morphologically defined species in the plankton (~45),
compared to the benthos (~ 5000).

Finally, there maybe some stabilizing components linked to the unicellular
status per se. Obviously protists cannot extend their morphological complexity
through cellular differentiation like multicellular organisms. Besides, striking ex-
amples of extreme morphological uniformity despite important genetic divergence
and species diversity have been described among protists, such as the various iso-
lated mating groups within the ciliate Tetrahymena pyriformis, whose phenotypes
have persisted unchanged over millions of years (Nanney 1982). The genetic
clusters involved in skeleton formation of unicellular organisms may not be so
complex in terms of the number of genes and their spatio-temporal networking
(Duboule and Wilkins 1998), and thereby also limit the range of potential mor-
phological invention. Whatever the stabilizing selection forces on the phenotype
of unicellular plankton may be, they seem strong enough to maintain “optimal
phenotypes” through the originations and possibly extinctions of sibling species
within a super-species.
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Historical patterns - ecological and evolutionary implications.

The systematic presence of super-species in planktonic foraminifers and cocco-
lithophores suggests that evolution in the pelagial occurs through the creation and
extinction of new genetic and ecologic types within a morphologic assemblage,
rather than via the expression of phenotypic plasticity within ubiquitous species.
This hypothesis fundamentally alters the way we think about pelagic evolution,
and has serious implication for the numerous evolutionary, ecological, and paleo-
ecologic studies based on the assumption that individuals within morphologically
defined pelagic species share common ecologies. Contrary to these commonly
held views, only minor morphological differences may characterize fully isolated
species, which have evolved into radically different environments.

The global spatio-temporal coverage of a few genetic analyses within the fora-
minifers (Table 1, Fig. 3) indicates that the number of sibling species within a su-
per-species is limited. There are likely between 3 to 6 times more species than
morphologically defined in modern planktonic foraminifers, which may make it
difficult, but feasible to transfer this biological information to the interpretation of
the fossil record. Towards this goal, it is now fundamental to assess the spatio-
temporal dynamics and correlations of the genetic, the ecologic, and the morpho-
logical variabilities. We propose here two hypothetical endmember models of
morphogenetic evolution (A and B in Fig.5), which may both explain the molecu-
lar phylogenetic trees reconstructed within the morphospecies of foraminifers and
coccolithophores (Fig.2).

(Model A) Simple spatio-temporal disconnection between the morphological
and genetic/ecologic differentiations. The number of sibling species –living and
fossil- is not much higher than the number of morphologically defined species.
The speciation events leading to the modern species occurred only after the phe-
notype of the mother species has stabilized into an adaptive/optimal peak, and
when the super-species increases its ecological range. As depicted in Fig. 4A, the
morphological ranges of the super-species increase as well during those pseudo-
cryptic events of speciation. Biological sibling species are stratigraphically long
ranging and they rarely suffer extinction.

(Model B) Complex spatio-temporal disconnections between the morphological
and genetic/ecologic differentiations. Each morphological species results from an
actively ongoing process of creation/extinction of biological species with different
ecological ranges. The sibling species undergo relatively frequent extinctions, but
also originate repeatedly from survivor species. The morphological ranges of the
super-species have not noticeably changed since their creation.
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Figure 5: Two hypothetical models of morpho-genetic evolution of 5 planktonic super-
species within the foraminifers or coccolithophores. The thick lines within the morphologi-
cal range of each super-species represent the biological species and their stratigraphic ex-
tent; different tones symbolize different ecological/biogeographic ranges. 16 species are
living in the modern Ocean. The models A and B illustrate different degrees of disconnec-
tion between the morphological, genetic, and ecological differentiations (discussed in the
text). Black stars in both trees locate homologous phylogenetic nodes after which the mod-
ern species - or their ancestors in B - started to be fully isolated. Black stars also correspond
to the splitting nodes inferred from the molecular trees (Fig. 2).

The current molecular data sets are not extensive enough, neither with respect
to the number of species analyzed nor to the geographic coverage of sampled sites,
to decide which of our model, A or B (Fig. 5), better depict the evolution within
the foraminifers and coccolithophores. In foraminifers, the few extensive studies
completed so far (de Vargas et al., 1999, 2001, 2002, submitted, Darling et al.
2001), may argue in favor of both models. The evolutionary patterns molecularly
revealed within G. truncatulinoides for instance (de Vargas et al. 2001), may well
match the evolution of Super-Species 3 of the model B (Fig. 5), while the mo-
lecular tree and phylogeographic analyses within O. universa  (Fig. 2) may better
fit the model A. Indeed, if the sibling species adapted to different water-masses are
relatively old, as in O. universa where the ecotypes appeared in the Miocene,
model B would imply convoluted evolutionary patterns where the ancestral spe-
cies of each modern relative within the super-species may display independent and
diachronic patterns of iterative adaptive speciation (i.e. Fig. 5B, branch 1). If this
is the case, it will obviously be much harder to transfer the biological/ecological
information extracted from genetic studies of the living species to better interpret
the past ecosystems through the study of the fossil record. We could only hope
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that the past sibling species existed enough time to evolve unique phenotypes in
their shells, or, if they diachronically re-activated similar convergent phenotypes,
that similar morphological characters have a common ecological cause.

Taken at their face value the available morphometric data on coccolithophores
must also be considered ambiguous (Bollmann, 1997; Knappertsbusch, 2000). The
morphological evolution of Calcidiscus leptoporus could be interpreted, albeit
with some generalization, as depicted in model A (Figure 6). The striking corre-
spondence between the molecular (Fig. 2) and morphological (Fig. 6) data con-
cerning the speciation time - between 10 and 12 Ma - of the “Large” sibling spe-
cies within C. leptoporus, supports our model A.
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seven generalized (stratigraphically static) morphotypes (from Knappertsbusch,
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2000, slightly simplified). Thick bars depict reasonably continuous data, thin lines
are interpretations.

However, the same data can be interpreted in an alternative way by allowing for
a less generalized and more dynamic definition of morphotypes. If the frequency
distributions of the ca. 200 coccoliths analyzed in each of the 82 samples from the
past 25 million years (Knappertsbusch, 2000) are contoured and the resulting uni-
to polymodal freqency peaks considered as morphotypes, a much more variable
pattern of morphomorphologically identifiable populations results (Figure 7). This
alternative interpretation would rather support the model B pattern. It is based on a
sample by sample analysis of the frequency distribution of morphotypes in bivari-
ate (diameter versus number of elements) plots and shows a much higher spacial
and temporal variability of C. leptoporus morphotypes than the  "traditional" in-
terpretation using a static morphospecies concept as shown in Figure 5.
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Figure 7: Age distribution with respect to diameter (left) and number of elements (right) of
Calcidiscus leptoporus morphotypes, if these are defined as frequency clusters individually
in each of a total of  82 Neogene samples from various ocean basins (data from Knapperts-
busch, 2000). In each sample the diameter versus the number of elements of ca. 200 C.
leptoporus coccoliths were plotted, the resulting frequencies contoured, and the uni- to po-
lymodal frequency peaks considered morphotypes.

The evidence needed for future distinctions of the occurrence or prevalence of
our models A or B in the evolutionary development of the oceanic plankton will
have to be a combination of genetic and detailed morphological data. The test will
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require an inventory of genetic and morphometric variability for the total bio-
geographic range of living super-species. With that calibration, a new look at the
geological record of microfossils, using additional and much more refined mor-
phological criteria, may reveal an evolutionary history much more in tune with
evidence from multicellular organisms (see also Thierstein et al., this volume).

Clearly, the super-species approach so far pursued in studies of the deep-sea
fossil record has been magnificently successful in late Phanerozoic biostrati-
graphic dating, where time-resolution has been achieved at the level of a million
years or better in most of the Cenozoic. However, the super-species data resolu-
tion may not have revealed the full potential of microfossil applications in paleo-
ecology, paleoceanography, paleoclimatology and evolutionary process studies.
We emphasize that the rain of billions of foraminifer and coccolithophore shells to
the bottom of the oceans since the Jurassic time produced one of the most precious
treasure troves life left us to understand the co-evolution of organisms, oceans,
and climate. The discovery of super-species in plankton groups opens new oppor-
tunities for testing evolutionary hypotheses at the interface between biological and
palentological sciences. In addition to further large-scale molecular studies of the
modern representatives, the remarkable development of chemical/isotopic paleo-
proxies and the promise of new tools to automatically scan, classify and measure
microfossils (Bollmann et al., in press) will allow a factual understanding of the
ecological significance of the super-species concept in past oceans.  This will also
be an essential next step towards a better understanding of pelagic biosphere reac-
tions to climate perturbations, which can now be studied closer to the level at
which adaptation and selection operate. Such an approach will also facilitate pre-
dictions of how pelagic microbiodiversity may respond to the increasingly sever
warming events projected in the near future.
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