
Plankton community behavior on ecological and
evolutionary time-scales: when models confront
evidence.

Hans R. Thierstein1, Mara Y. Cortés2, and Ali T. Haidar3

1 Department of Earth Sciences of ETH and University of Zürich, ETH-Zentrum, CH-8092
Zürich, Switzerland. thierstein@erdw.ethz.ch

2 Departamento de Geología Marina, Universidad Autónoma de Baja California Sur,
Carretera al sur km 5.5, A.P. 19-B, CP. 23080, La Paz, B.C.S., México.
mycortes@uabcs.mx

3 Department of Geology, American University of Beirut, P.O.Box 11-0236/26, Riad El-
Solh, Beirut 1107 2020, Lebanon. ah08@aub.edu.lb

Summary

Processes of current and past global change have been successfully identified and
modeled by treating the earth as a physical or chemical system. Quantitative
characterization of global change in the biota lags far behind. Units of
measurement include biomass, productivity, abundance, diversity and species
longevity. The response time to forcings of the physical and chemical systems
range from seasons to a few thousand years. Response times of quantifiable
aspects of the biosphere, however, may range from the ecological time-scale of
days up to the evolutionary time-scale of millions of years.

The models used by ecologists and evolutionists focus both on characterizing
the type and extent of abiotic and biotic processes acting on living and on evolving
populations of organisms. The spacial and temporal scales to be considered in
studies of ecological and evolutionary controls, however, are vastly different.

Investigations of the seasonal dynamics of coccolithophores document their
strong correlation with changes of the physical-chemical environment (bottom-up
control). A few detailed stratigraphic studies indicate that physical forcing also
operated on evolutionary time-scales. Although commonly observed in living
communities and laboratory experiments, the quantification of the influence of
biotic forcing (top-down) by organism-organism interactions (grazing, predation,
competition, infection) in ecology and particularly in paleontology, remains
elusive. Difficulties in reconciling plankton diversity and longevity with
commonly accepted ecological and evolutionary theory underscores the need for
better understanding basic behaviors of the biosphere.
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Introduction

Questions of global change on long and short time-scales have enjoyed high
priority in international research agendas since at least the initiation of the
International Geosphere-Biosphere Program (IGBP) in 1986. These efforts were
subsequently extended and politically enhanced at the Earth Summit in Rio de
Janeiro (1992) by the proposed UN conventions on climate change and
biodiversity. Both of these issues are influenced by processes acting on very short
(decades to centuries) and on very long (millions of years) time-scales. In this
chapter, the marine plankton record is used as an example of the progress made
and the problems encountered in trying to bridge this gap. We discuss mainly
evidence from coccolithophores, but include the other three of the four major
skeletonized marine plankton groups (diatoms, foraminifera, radiolaria). Fossils of
all groups are usually abundant, globally distributed and their geological age is
often known quite accurately. Two of the groups belong to the phytoplankton
(coccolithophores, diatoms) and are responsible for a large portion of the oceanic
primary production, and the other two (foraminifera, radiolarians) are
zooplankton, i.e. consumers near the base of the oceanic food chain. All four build
hard skeletons, the coccolithophores and foraminifers of calcite, the diatoms and
radiolarians of opal, and together they influence the global carbon and silica
cycles on short (seasonal) to long (geological) time-scales. Because these plankton
groups occur in all major ocean basins, they are prime examples for the
development and testing of models of the interactions between the biosphere
(organismic world) and the geosphere (inanimate or abiotic world) on short to
very long time-scales.

Global Systems Analyses

The recognition that the impact of human activities is becoming evident on the
entire globe has spurred efforts to understand environmental processes not only on
local to regional, but also on global scales. These efforts have been led by
physicists, who have developed models for the global climate system (Fig. 1).
These are based on the incidence, storage, transport and reflection of radiative
energy, whose fluxes are given as watts per unit area and whose physical effects
are measured as temperature in degrees Celsius.

Fossil air stored in ice cores shows significantly lower concentrations of this
greenhouse gas during the last ice age (Delmas 1980). This discovery means that
global climate change cannot be understood using only physical approaches;
knowledge of the global carbon cycle and its underlying biology is also needed.
Geochemists are now studying the global cycling of many climatically relevant
atmospheric compounds. Models of the global carbon cycle have been
continuously refined and provide quantitative estimates of the major reservoirs
and their dynamics (Fig. 2).
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Fig. 1. Conceptual model of the global climate system. Top of atmosphere and solid earth
surface are chosen as system boundaries. Processes, which influence the global climate
system from outside its boundaries, are shown in square boxes, arrows and rounded boxes
indicate processes and feedbacks which operate within the system boundaries.

Current geochemical models estimate that the atmosphere exchanges about one
third to one fifth of its total CO2 every year with terrestrial and oceanic reservoirs.
Part of this transfer is mediated by photosynthesis and respiration. Biologists have
consequently developed conceptual models of the global biosphere, its potential
rates of change and its interactions with the available global physical and chemical
models.

Characteristic reaction times in the physical climate system range from seasons
to millennia (Ruddiman 2001). When using global geochemical models,
environmental variability can reasonably be tested on the time-scales resembling
those of the residence times of chemical elements in the oceans (e.g. Broecker and
Peng 1982), which range from millennia to millions of years.
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Fig. 2. Schematic depiction of the global carbon cycle (after Watson et al. 1990; Sarmiento
and Gruber 2002). Shown are the major reservoirs of carbon in gigatons (square boxes) and
the estimated annual exchange rates among them in Gt per year (arrows).

In contrast, ecological processes may be active on very short (e.g. days for fires
or floods) to very long time-scales (e.g. millions of years as in evolution).
Consequently, there has been much uncertainty and controversy in identifying
parameters that may allow quantification of the global biosphere and its changes.
Possible measures to characterize today's state and short-term changes of the
biosphere are biomass and pigment distributions (Falkowski et al. 2000), primary
production, or biodiversity. In the context of global systems analyses,
characterization of primary production in units of carbon fixation per area and
time would appear to be most useful (Fig. 3).

Global biodiversity, a second potentially quantitative descriptor of the global
biosphere, is only moderately well known and only for certain groups of
organisms. Global diversity maps have recently been compiled for terrestrial
vascular plants (Fig. 4). Integrated global species richness distributions for the
oceanic phytoplankton are not available. Global maps of zooplankton diversity
have been compiled for planktic foraminifera (Rutherford et al. 1999) and pelagic
euphausids (McGowan and Walker 1993). Both of these groups show a general
increase of diversity with increasing water temperature and both show the largest
number of species in the oligotrophic subtropical gyres.

The current dearth of comprehensive measures of the global biosphere seems
especially daunting, given the increasing urgency with which ecologists and
organismic biologists are asked to answer to questions about interactions between
species richness, habitat reduction, global carbon cycling and climate change.
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Fig. 3. Global net primary productivity distribution (after Berlekamp, Stegmann, Lieth et al.
www.usf.uni-osmabrueck.de/~hlieth). Original sources: land dry mass from Lieth (1973),
converted to carbon, assuming 50% of dry mass is carbon (Rankama and Sahama 1950) and
ocean productivity from Koblents-Mishke et al. (1970).

Theory of Biodiversity

Biodiversity means different things to different people (Wilson 1992) and can be
measured at various levels: genetic, organismic and ecologic. The two end-
member descriptors of organismic diversity in space and through time are species
richness (number of species) and species evenness (abundance distribution among
species or equability), although various combinations of the two have commonly
been used (for overview see Magurran 1988).

Because living species have all had a very long and often accidental
evolutionary history, descriptors of biodiversity are needed which allow
quantification on both time-scales, ecological and evolutionary. Taxon richness
data is definitely the most readily available measure of biodiversity on both time-
scales, although useful data are still very sparse.
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Fig. 4. Global distribution of vascular land plant species numbers (after Barthlott et al.
1999).

The two most fundamental groups of processes thought to influence or even
control biodiversity are the changes in the abiotic environment (bottom-up
controls) and the various interactions between organisms (biotic or top-down
controls). While both of them seem undoubtedly relevant, their relative
importance in any group of organisms and at any specific time in the past, is still
hotly debated (Table 1). This debate has been led most fruitfully by ecologists
who, through direct observations and experiments, have been able to demonstrate
and occasionally quantify "bottom-up" control by relating biodiversity patterns
directly to changes in biogeography, climate variability and water chemistry (e.g.
Sommer 1993; Li 2002), with current emphasis placed also on changes in
atmospheric chemistry, such as ozone or pCO2 (e.g. Niklaus et al. 2001). The
ecological effects of biotic interactions, such as competition, grazing, predation,
viral infection, etc., are also being studied intensively (e.g. Verity and Smetacek
1996; Daskalov 2002). It appears that the relative proportions of abiotic and of
biotic forcing may vary among different ecosystems (Worm et al. 2002).

A similar discussion on the types of processes that may have controlled
evolutionary diversity changes has been carried on by paleontologists. A strong
argument in favor of biotic controls was made by van Valen (1973) in his “Red
Queen hypothesis”. His major argument was based on the prevalence of linearity
in survivorship curves compiled for various groups through Phanerozoic time.
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Table 1. Dominant processes thought to control biodiversity as proposed by ecologists and
paleontologists.

This implied nearly time constant extinction probabilities for many groups, a
result that could be expected if biotic controls were dominant over abiotic ones,
i.e. those exerted by changes in the physical environment. In their “stationary”
evolutionary model, which was adapted from ecology, Stenseth and Maynard
Smith (1984) found that a "Red Queen" outcome was theoretically possible and
would express itself as largely constant speciation and extinction rates through
time. If, however, speciation rate and/or extinction rate were sensitive to
environmental change, a simple correlation between diversity and
paleoenvironmental change should result. They concluded that only empirical
evidence from the fossil record would allow discrimination between the two
models. As an interesting corollary, they inferred that phenotypic stasis would be a
more likely feature if their "stationary" rather than the "Red Queen" model would
apply – a hypothesis that seems testable in appropriate records as well. The two
models sparked a vigorous scientific debate, although conclusive evidence from
the fossil record has not yet emerged.

Preservation and abundance make microfossils the most suitable group for
addressing these questions of population dynamics. Paleoceanographic and related
stratigraphic studies in the framework of the Ocean Drilling Program have
produced numerous examples of concurrent changes in paleoenvironmental
indicators, such as organic and element geochemistry, stable isotopes, sediment
color, and microfossils. The impact-related mass extinction of the oceanic
plankton at the end of the Cretaceous (Koeberl and MacLeod 2002) is a dramatic
example. Other events of sudden changes in the physical environment, such as the
late Paleocene thermal maximum (e.g. Röhl et al. 2000) or the terminal Eocene
impacts of Popigai and Chesapeake Bay (Montanari and Koeberl 2000), seem to
correlate with recognizable, but much less dramatic evolutionary changes of the
oceanic plankton (e.g. Culver and Rawson 2000; Crouch et al. 2001).

There is a fundamental difference between the processes that potentially control
biodiversity on ecological and on evolutionary scales. Ecological controls tend to
act on individuals and populations of groups of species and are effective on time-
scales of days to possibly decades. Evolutionary changes on the other hand are
effective at species levels and thus include all populations everywhere. They are
also likely to occur over time-scales of thousands to millions of years.

Controlling processes Ecologists Paleontologists

Abiotic
(physical/chemical variability)

Bottom-up Stationary Model
(Stenseth and Maynard Smith 1984)

Biotic
(interactions among organisms)

Top-down Red Queen Model
(van Valen 1973)
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Processes active on ecological time-scales

Population dynamics of coccolithophores

Integrated and multidisciplinary research projects, as pursued in the framework of
the International Geosphere-Biosphere Programme (IGBP), have provided unique
opportunities to study the present-day interactions of living communities of
organisms and their environment. In particular the ocean time series stations
BATS (Bermuda Atlantic Time series Study) and HOT (Hawaiian Ocean Time
series) have been the focus of multi-year, multidisciplinary sampling programs.
They have provided new information on the hitherto poorly sampled oligotrophic
water masses that cover one third of the global ocean's surface (Berger 1976).
Although these ecosystems are characterized by recognizable seasonal changes,
they are considered to be highly stable ecologically on decadal time-scales and in
comparison to any other terrestrial ecosystem (Venrick 1999). As a group,
coccolithophores are thought to occupy an ecological niche between diatoms and
dinoflagellates with respect to mixing intensity and nutrient contents (Margalef
1978; Balch this volume).

Coccolithophores living in the top 200 m were analyzed using monthly data at
BATS from January 1991 to January 1994 (Haidar and Thierstein 2001) and at
HOT from January 1994 to November 1995 (Cortés et al. 2001). A major
difference between these two oligotrophic areas lies in the mean abundances of the
dominant taxa (Table 2). Coccolithophore cell densities (means and maxima) in
the subtropical oligotrophic waters of the North Atlantic are about twice those of
the subtropical North Pacific (Table 2).

Coccolithophore species richness and species evenness

The number of coccolithophore species and the frequency distribution of each
species' total number of cells encountered at both sites are very unevenly
distributed (Fig. 5). In the subtropical Pacific the most dominant taxa are
Umbellosphaera irregularis (19.9%), Emiliania huxleyi (14.2%), U. tenuis
(10.1%), Florisphaera prof u n d a  (7.3%), Ophiaster hydroideus (4.1%),
Discosphaera tubifera (2.6%), Rhabdosphaera stylifera (2.6%), Gephyrocapsa
protohuxleyi (2.3%), Gephyrocapsa ericsonii (2.2%). The remaining 35.2% of
cells encountered are distributed among an additional 134 taxa each of which
contributes less than 2% to the total of all cells encountered (Cortés 1998). In the
subtropical North Atlantic, the frequency succession of all taxa encountered in the
lightmicroscope is E. huxleyi (61.5%), F. profunda (12.9%), U. tenuis (4.6%), U.
irregularis (3.7%), Syracosphaera molischii (3.2%), small Gephyrocapsa (2.8%),
with all other 44 species contributing less than 2% to the total (Haidar and
Thierstein 2001).

Because the cell densities at Bermuda were determined in the light microscope,
reliable species assignments for many delicate or small taxa were not possible,
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resulting in counts of species groups such as "holococcolithophores" or "small
Gephyrocapsa". At the Hawaiian time series station HOT the cells were counted
using scanning electron microscopy, which allowed detailed and reliable taxo-
nomic assignments of the encountered cells. A rather detailed record of the total
species richness and species evenness of all cells encountered between January
1994 and October 1996 can thus be compiled (Fig. 5). A total of 125 species and
an additional 19 undescribed taxonomic units have been recognized in this two-
year interval, with up to 58 species in a single sample (Cortés et al. 2001). The
identified 125 species represent 63% of all 199 living coccolithophore species
known, of which 137 are hetero- and 62 are holococcolithophores (Jordan and
Kleijne 1994). The exceptionally high species richness and the very low species
evenness, with most taxa occurring at low abundances, are very similar to the
patterns observed in copepod zooplankton (McGowan and Walker 1993). It
appears that plankton species may be present most of the time, albeit in such low
numbers that they usually go undetected in counts of only a few hundred
specimens per sample.

Table 2. Comparison of means, maxima and minima of biotic and abiotic parameters
measured from 0–200 m at the time series stations BATS in the North Atlantic (Haidar and
Thierstein 2001) and HOT in the North Pacific (Cortés et al. 2001) and supplementary
Table S1 (at www.coccoco.ethz.ch/thierstein).

Time Series Station BATS HOT
Number of Samples 217 183
Measured Parameters Mean Max Min Mean Max Min
Total Coccolithophores (103 cells l-1) 20.1 105.9 <0.5 13.6 52.0 <0.5
Emiliania huxleyi (103 cells l-1) 13.0 92.7 <0.5 1.7 19.9 <0.5
Florisphaera profunda (103 cells l-1) 2.2 67.5 <0.5 2.9 15.0 <0.5
Umbellosphaera irregularis (103 cells l-1) 0.5 16.2 <0.5 3.1 19.9 <0.5
Umbellosphaera tenuis (103 cells l-1) 0.8 34.1 <0.5 1.6 16.4 <0.5
Helicosphaera sp. (103 cells l-1) 0.03 1.4 <0.5 0.01 0.2 <0.5
Umbilicosphaera sibogae (103 cells l-1) 0.1 1.6 <0.5 0.01 0.2 <0.5
Syracosphaera pulchra (103 cells l-1) 0.01 0.9 <0.5 0.1 0.8 <0.5
Gephyrocapsa oceanica (103 cells l-1) 0.03 1.4 <0.5 0.2 3.1 <0.5
small Gephyrocapsa (103 cells l-1) 0.7 26.2 <0.5 0.3 7.9 <0.5
Calcidiscus leptoporus (103 cells l-1) 0.05 2.3 <0.5 0.01 0.2 <0.5
Temperature (°C) 20.7 29.6 18.4 22.9 26.7 16.8
Salinity (‰) 36.65 36.97 36.37 34.96 35.30 34.29
Nitrate (µmole kg-1) 0.55 4.98 <0.1 0.53 4.16 <0.002
Phosphate (µmole kg-1) 0.02 0.18 <0.05 0.10 0.34 <0.01
Light PAR (Ein m-2 d-1) 5.42 42.66 <0.001 4.8 22.1 <0.02
Chlorophyll a (µg kg-1) 0.13 0.85 <0.05 0.10 0.27 <0.02
Primary Production (mg C m-3 d-1) 3.18 22.19 <0.5 4.01 14.62 <0.04
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Fig. 5. Diversity of calcareous phytoplankton at Bermuda (BATS, N. Atlantic) shown as
open squares and Hawaii (HOT, N. Pacific) shown as filled diamonds. Proportion of
dominant taxa (relative abundance >2%) indicated for BATS on left, for HOT on right. A
total of 34'996 cells were assigned to 50 taxa in the light microscope at BATS, and a total
of 44'313 cells were assignable, using scanning electron microscopy, to 144 taxa at HOT
(data from Cortés 1998; Haidar and Thierstein 2001; see also supplementary Table S2 at
www.coccoco.ethz.ch/thierstein).

The BATS and HOT data also allowed for a test of correlations between
coccolithophore cell density variabilities and environmental change, to better
understand and possibly quantify the forcing of single species by certain abiotic
parameters. Using multiple regression models, we can demonstrate that about two
thirds of the observed cell density variability can be explained by abiotic forcing.
These relationships are non-linear and we have therefore used the log of the cell
densities as input into our linear multiple regression models.

Emiliania huxleyi shows distinct seasonal increases in cell densities in the
upper photic zone (0–100 m water depth). Subsequently the living populations
tend to gradually sink over a period of several months into the lower photic zone,
where their numbers eventually decrease below detection limits (Fig. 6, upper
panel). In the upper photic zone 50% of the cell density variability of E. huxleyi
can be explained by water temperature (negative correlation) and an additional
17% of the residual variance by bioavailable phosphate (positive correlation),
which sums to 67% of the variability forced by these two abiotic parameters (Fig.
6). The negative correlation with temperature is not unexpected. The highest
regularly occurring seasonal cell densities observed for E. huxleyi tend to be in
waters of about 12–14°C in the N. Pacific (Okada and Honjo 1973), N. Atlantic
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Fig. 6. As much as 67% of the cell density variability of E. huxleyi 1994–1996 in the 126
assemblages from the upper photic zone at Hawaiian Ocean Time series station can be
explained with a multiple regression equation (bottom of figure) by the variability of
temperature and phosphate (data from Cortés et al. 2001).

(Holligan et al. 1993; Broerse et al. 2000; Balch, this volume) and the
Mediterranean (Knappertsbusch 1993). Since the temperature variability in the
upper photic zone at the HOT station is 21–27°C, the lower end of this range is
closest to the known temperature optimum of this species. A positive correlation
of E. huxleyi cell densities with the very low phosphate concentrations (mean 0.07
µmol kg-1; maximum 0.17 µmol kg-1) in the upper photic zone and a negative
correlation in the lower photic zone has been documented by Cortés et al. 2001).

A similarly high proportion of the cell density variability of the deep dwelling
F. profunda can be explained by positive correlation with light intensity (53% of
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Fig. 7. Up to 63% of the cell density variability of F. profunda in the lower photic zone
(>75 m) at Hawaiian Ocean Time series station can be explained with a multiple regression
equation (bottom of figure) by the variability of light and nitrate (data from Cortés et al.
2001). For sample coverage see Fig. 6.

variance) and an additional 10% of the remaining variance by (negative)
correlation with nitrate (Fig. 7). The highest F. profunda cell densities (i.e. >5000
cells l-1) are observed at light intensities of 0.4–2.2 µE m-2 s-1 and at nitrate
contents of 0.36–1.88 µmol kg-1 (Cortés et al. 2001). The intersection of
decreasing light with increasing nitrate appears to define the optimum ecological
niche of F. profunda at water depths of 100–150 m at Hawaii. At Bermuda we
could explain up to 46% of the observed cell density variability of single species
(Table 3). The lower total correlation at BATS was likely due to the fact that the
environmental measurements were not taken exactly at the same time and at the
same station as the filter samples (Haidar and Thierstein 2001).

We are not aware of any other study in ecology which has been able to link
such a large proportion of population variability to the abiotic forcing by
temperature, light, nitrate and phosphate as we have demonstrated at the HOT
station for E. huxleyi and F. profunda. The smaller proportion of abiotic forcing
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Table 3. Simple (SRC) and multiple (MRC) linear regression models relating the
coccolithophore cell density changes to the variability of environmental parameters (light,
temperature, salinity, nitrate, phosphate) at the JGOFS time series sites BATS (Bermuda,
217 samples from the entire photic zone) and HOT (Hawaii, 120 samples in the upper
photic zone (UPZ) and 43 samples in the lower photic zone (LPZ)). After Haidar and
Thierstein 2001; Cortés et al 2001.

obtained near Bermuda in comparison to Hawaii may be caused by either a larger
influence of biotic interactions, possibly grazing or infection, but also by the fact
that the environmental parameters were measured at a location about 40 km away
from the plankton sampling site, and were offset by two weeks from the latter
(Haidar and Thierstein 2001). At the Hawaiian time series station environmental
parameter measurements and plankton filtration took place on the same day and
thus may be more representative than the BATS data. The remaining 33% cell
density variability not accounted for by the changes in the measured set of
environmental variables may be due to forcing by abiotic parameters not
monitored, to biotic interactions, or to randomness.

There are apparent similarities between Pacific and Atlantic coccolithophores
in the niche partitioning of the most abundant and characteristic taxa (Fig. 8),
although all coccolithophores tend to co-occur within a relatively narrow
environmental parameter range.

Species richness of other skeletonized plankton groups

The ecological dependency of species populations of other plankton groups have
also been analyzed in regional studies of living plankton samples and in
comparisons of species abundances determined in surface sediment assemblages
with surface water characteristics. For the planktic foraminifera, a total of 45
living species are known (Hemleben et al. 1989), of which 34 have also been
identified as skeletons in Holocene deep-sea sediments (Rutherford 1999). A
quantitative relationship between species richness and surface water temperature

Location and species Method
Total

variance
explained

Parameter and variance
explained

BATS (Atlantic):

Umbellosphaera irregularis

Emiliania huxleyi

HOT (Pacific):

Emiliania huxleyi (UPZ)

Florisphaera profunda (LPZ)

SRC

MRC

MRC

MRC

46%

36%

67%

63%

Temperature 46%

Nitr. 24%, Sal. 9%, Temp. 3%

Temp. 50%, Phosp. 17%

Light 53%, Nitr. 10%
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Fig. 8. Weighted mean cell densities of nine dominant and CODENET species at BATS
(black italics) and HOT (gray upright) with respect to light (PAR = phytosynthetically
active radiation) and temperature (upper left graph), nitrate and phosphate (upper right
graph), and depth succession of taxa (lower graph). Data from Haidar and Thierstein (2001)
and Cortés (1998). Micrographs from www.emidas.ethz.ch.

has been established (Rutherford et al. 1999). Species richness shows a quasi-
logistic increase from polar to subtropical temperatures and decreases again at
higher temperatures (Fig. 9). A secondary control appears to lie in the degree of
surface water stratification and its seasonal variability.

Much less is known of the global species richness of the siliceous plankton
groups, since most published studies and compilations have been of regional
extent. For radiolarians, the most comprehensive diversity compilation was
obtained from a study of sediment trap material in the equatorial Atlantic and
Pacific (Takahashi 1991). His list contains 258 formally described polycystine
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Fig. 9. Nonlinear relationship (solid line) of planktic foraminifera species richness (data in
shaded area) in Holocene surface sediments of the Atlantic Ocean with satellite derived sea
surface temperatures (from Rutherford et al. 1999).

radiolarian species (supplementary Table S3 at www.coccoco.ethz.ch/thierstein),
which is considerably more than the 155 polycystine species listed in a more
recent survey from the South Atlantic (Boltovskoy 1999). No comprehensive
taxonomic list of living oceanic diatoms is currently available. We therefore
compiled a list of a total of 592 species from a number of studies of the living
plankton and Holocene surface sediments that have routinely been recorded in the
reports of the Deep-Sea Drilling Project (DSDP) and Ocean Drilling Program
(ODP) (details in supplementary Table S4 at www.coccoco.ethz.ch/thierstein).
This total is slightly higher than the estimate of about 500 (including benthics)
given in Schrader and Schuette (1981).

Preservation factors in species richness data

How well do the species inventories of the living plankton compare with the
skeletonized records preserved in deep-sea sediments? Using species inventories
published in the numerous reports of the Deep-Sea Drilling Project and Ocean
Drilling Programme (Spencer-Cervato 1999) a comparison of the
representativeness of the Holocene sedimentary evidence with the established
biological diversity can be assembled (Table 4). The proportion of living species
which are also reported from deep-sea sediment assemblages ranges from a low of
17% for diatoms to a high of 87% for the planktic foraminifera. The discrepancies
are likely due to post-mortem dissolution. Diversity changes seen in the geological
record must therefore be interpreted with caution.
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Table 4. Number of living and fossil species reported for major skeletonized plankton
groups and preservation factors (fraction of living species also reported as fossils). For data
on living heterococcolithophores and planktic foraminifera see text, for living diatoms and
radiolaria see supplementary tables S3, S4 at www.coccoco.ethz.ch/thierstein, and for
species reported as fossils see Spencer-Cervato 1999.

Species reported
living in surface

waters

Extant species
documented in

DSDP/ODP holes

Preservation
factor

Heterococcolithophores 137 33 24%

Diatoms 592 103 17%

Foraminifera 45 39 87%

Radiolaria 258 114 44%

Processes active on evolutionary time-scales

The methods used for the analyses and reconstructions of the evolutionary history
of the oceanic plankton have been the same as applied in other fossil groups. They
include species richness compilations, their components (rates of speciation,
extinction and turnover) and species longevity analyses (see also Bown et al. this
volume). Compared to other groups of organisms, there are several distinct
advantages that characterize the plankton record, such as global geographic
sample coverage, rather precise age dating, and availability of numerous
specimens in each assemblage, allowing for statistical analyses of composition,
sizes and shapes of entire populations and of frequent species. Paleogeographic
and stratigraphic analyses of population dynamics at various levels of resolution
also allow the determination of species evenness (abundance ranking of species),
an additional potentially useful paleoecological and evolutionary parameter.

Population dynamics

The high correlation of plankton population changes with surface water
temperatures and their application to climate history was pioneered 70 years ago
by Schott (1935). Increasingly detailed and sophisticated methods and calibrations
since then have all relied on the assumption of direct or indirect forcing of species
abundances by changing watermass properties, with temperature featuring as the
most prominent parameter (e.g. Imbrie and Kipp 1971; CLIMAP 1976; Fischer
and Wefer 1999).
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A prominent second example for abiotic forcing of plankton change has been
the mass extinction of the two calcareous plankton groups (nannofossils and
planktic foraminifera) at the Cretaceous/Tertiary-boundary. The temporal
coincidence of species disappearance, noble element enrichment, thin layers of
tectites, shocked quartz and charcoal and the identification of a plausible impact
crater, have led to wide-spread acceptance of a bolide impact hypothesis for this
event (Alvarez et al. 1980; Hildebrand et al. 1991; Koeberl and MacLeod 2002).
Although the coincidence of the impact tracers with the biotic turnover is well
documented only for the calcareous plankton (Koeberl and MacLeod 2002), the
event must have affected many other groups of organisms with comparable
severity. It is possible that the more limited abundance, distribution and
preservation of their fossilized record may not ever allow documentation at a
comparable resolution. The evidence for other abiotic forcing mechanisms, such
as large-scale volcanism (Courtillot 1994), methane release (Pálfi et al. 2001),
climate and related sea-level change (Bown et al. this volume), etc. have so far
remained controversial and may likely have exerted a more gradual influence on
extinction and speciation rates.

Species richness

Species richness is the most simple of all diversity measures but unfortunately, it
may be biased by differential preservation of microfossils (see previous section)
and by monograph effects. While details of the stratigraphic species richness plots
of particular plankton groups keep changing with the growing data base, the
observed time intervals of high species richness (polytaxy in late Cretaceous,
Eocene, Neogene) and of low species richness (oligotaxy in mid-Cretaceous,
Danian, Oligocene) have been known for a long time (e.g. Tappan and Loeblich
1972; Fischer and Arthur 1977). In the Mesozoic the species richness changes of
planktic foraminifera and coccolithophores seem rather gradual (e.g. Leckie et al.
2002; Bown this volume). At some of the oceanic anoxic events they mask,
however, relatively high evolutionary turnover rates when speciation and
extinction rates of planktic foraminifera seem to have increased in concert. A far
better correlation of species richness with environmental change is observable in
the Cenozoic in both calcareous plankton groups (e.g. Lipps 1970; Wei and
Kennett 1983; Norris 2000; Bown et al. this volume). Statigraphic resolution and
taxonomic documentation of radiolarian and diatom diversity changes are still
insufficient for any detailed comparisons with known paleoceanographic events
although claims for such correlations have been made.



472   Thierstein et al.

Fig. 10. Nannofossil species richness and dominance intervals discussed in text. Species
numbers for each nannofossil zone or substage are taken from Bown et al. (1992) and
calibrated to chronologies in Berggren et al. (1995).

Species evenness

Intervals of regional to global dominance of single coccolithophorid taxa have
been known for a long time (Fig. 10). In the early Jurassic Schizosphaerella
punctulata has been known to dominate nannofossil assemblages in many Liassic
assemblages (Busson and Noël 1991). Nearly monospecific Watznaueria sp.
assemblages have been reported world-wide in the latest Jurassic (e.g. Gallois
1976; Bralower et al. 1989) in an interval, which coincides with the rapid decent
of the calcium carbonate compensation depth (CCD) in the North Atlantic
(Thierstein 1979). The rise to dominance of Watznaueria  sp. in the late
Kimmeridgian and early Tithonian is also the likely cause of the transition to
carbonate dominated pelagic sedimentation of the Majolica and Biancone
formations in the western Tethys (Garrison and Fischer 1969). A prolonged
interval of nannoconid dominance has been documented in many Tethyan
sections, although its rather abrupt termination (nannoconid crisis) has so far been
the major focus of attention (Erba 1994). In the Paleogene monospecific
Braarudosphaera sp. dominance intervals have been identified at the base of the
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Danian (e.g. Thierstein 1981) and in the Oligocene (e.g. Siesser et al. 1992 and
references therein). In the Neogene several prominent Gephyrocapsa  sp.
dominance intervals have been described (Gartner 1977), the most recent and best
documented of which lasted for about 220 ka (Bollmann et al. 1998) and ended
only 260 ka ago (Fig. 10). Its underlying cause remains a mystery. The increase in
the relative abundance of Emiliania huxleyi coccoliths observed in many deep-sea
cores in the past 50 ka (Thierstein et al. 1977) may be considered the actualistic
example of the beginning of another of these global dominance intervals.

It is interesting to note that these dominance intervals generally occur within
oligotaxic (low diversity) intervals (Fig. 11), a fact that has earned some of them
the attribution to the group of opportunistic taxa (Fischer and Arthur 1977). Such
dominance intervals seem to have started after the global decrease in species
richness and thus appear to be a consequence rather than a cause of oligotaxy (Fig.
11). The latter would have indicated that forcing by the biotic process of
competition might have been operating.

Contrary to what one might expect from ecological models of interspecific
competition, there is so far no indication that any other species went extinct during
these dominance intervals. One could consider this as the evolutionary analog to
the “paradox of the plankton” (Hutchinson 1961) in ecology, which appears still
unresolved (e.g. Schippers et al. 2001). The paradox is seen in the conflict
between the observed high species richness of aquatic systems and the results of
equilibrium and competition based ecological models, which would predict much
smaller diversities.

Longevity of major plankton groups

Longevity analyses have enjoyed two steps of increasing popularity among
paleontologists. The first followed the Red Queen hypothesis (van Valen 1973),
which was based on the surprisingly stable longevity curves among different
groups of organisms, interpreted as absence of significant influences of
environmental change and prevalence of effects of biotic interactions on the
evolutionary patterns of Phanerozoic organisms. A second rise in interest stemmed
from the more recent concerns of declining biodiversity and its potential
consequences (e.g. May et al. 1995; Heywood and Watson 1995). Considering the
substantial differences in the biology, ecology and evolutionary history of the
major skeletonized marine plankton groups, and the unique quality of their fossil
record, differences in evolutionary strategies, extinction risk and thus longevity
would be expected.

In a recent analysis of the stratigraphic occurrences of coccolithophore, diatom,
planktic foraminifera, and radiolarian species reported in 176 DSDP and ODP
holes with well dated chronologies, longevities of single species and means for
entire groups have been calculated (Spencer-Cervato 1999). For the 289 extant
plankton species the earliest reported appearance in any of the 176 drill holes was
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Fig. 11. Relative abundance of Gephyrocapsa caribbeanica (dark pattern) in Late
Pleistocene deep-sea records (redrawn from Bollmann et al. 1998). G. caribbeanica
consists of the two extant morphotypes of Gephyrocapsa, GO (oligotroph) and GT
(transitional). The Gephyrocapsa dominance interval, during which >50% of all coccoliths
belong to these two morphotypes, is delineated by the dashed lines.

determined. For the 1129 extinct Cenozoic species the time duration between the
earliest and last occurrence was computed and the averages per group calculated
(Table 5).

The results are surprising in two respects. First, the average species longevity
of all taxa (extant and extinct) was about 13 million years. This is considerably
longer than the commonly reported ranges of 5–10 million years for extinct
species (Heywood and Watson 1995, p. 232). The optimally documented and well
dated longevity of the extant species of the major plankton groups is 14.3 million
years, which can be considered the half life time, since all are alive today. Second,
the compiled mean longevities among the different plankton groups are similar
and range only from 10.2–13.1 million years for extinct species (Table 5). Among
the extant species the longevity of coccolithophores stands out with 17.8 million
years, because three of the extant species have early Cenozoic and Cretaceous
origins (Coccolithus pelagicus, Scapholithus fossilis with its living synonym
Calciosolenia murrayi, and Braarudosphaera bigelowi). We speculate, that these
extended longevities and their apparent similarities among very different plankton
groups (phyto- and zooplankton, with calcitic and opaline skeletons) may be
related to the spacial continuity and long-term stability of open ocean
environments. The highest stability and continuity of any environment on Earth is
found in the deep sea and interestingly the known species longevities of benthic
foraminifera have been estimated at 16 million years for shelf faunas and at 26
million years for bathyal and abyssal species (Buzas and Culver 1984).
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Table 5. Average longevities for 1418 Cenozoic marine plankton species with well-known
ranges compiled from the NEPTUNE data base (Spencer-Cervato 1999).

Plankton Group Number of
species in data

base

Number of
extant species

only

Mean longevity
of extant species

(my.)

Mean longevity of
extinct species

(my.)
Coccolithophores 389 33 17.8 13.1
Diatoms 281 103 14.4 10.2
Foraminifera 383 39 13.9 11.1
Radiolaria 365 114 13.4 12.9
All groups 1418 289 14.3 11.9

Recent genetic analyses of living species, which have all been defined using
traditional morphological criteria, show that genetic diversity may be much higher
than previously thought (de Vargas et al. this volume). Evolutionary analyses to
date, therefore, may have been addressing "super-species". We can expect future
work to use narrower definitions of species, which will consequently result in
shorter species longevities and higher species richness.

Conclusions

Ecological knowledge has immensely contributed to a better understanding and
interpretation of the evolutionary history of today’s biota. However, we have
illustrated in a few examples and comparisons from the comparatively well-
documented plankton record, that there are potential pitfalls and limitations in
simplistic extrapolations of ecological knowledge to evolutionary time-scales and
interpretations. These comparisons include the quantification of the proportions of
abiotic versus biotic controls on species abundances and species richness, the
causes and effects of single species dominance intervals, and the surprisingly long
and similar average species durations of major plankton groups. We conclude that
a fresh and focused look at the biology and ecology of living organisms from a
paleontological and evolutionary perspective holds great potential for adding
insights related to the past history of organisms. An understanding of the
biodiversity of the living biota and its natural and man-made controls, on the other
hand, will never be complete without knowledge of the evolutionary history of the
individual taxa. That history is preserved in the geological record and only
through its analysis can we expect to gain the necessary insights into the long-term
controls and the vagaries and contingencies of past environmental and biotic
change.
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