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Summary

Planktic microfossils arguably provide the most complete (stratigraphic and taxo-
nomic) record of biodiversity of any group of organisms. The phytoplankton re-
cord is of particular significance as it most likely tracks global changes in the cli-
mate-ocean system and, in turn, influenced biodiversity and productivity of higher
trophic levels of the biosphere. Coccolithophores and associated calcareous nan-
noplankton first appear in the fossil record in Upper Triassic sediments (~225 Ma)
and, despite significant extinctions at the Triassic/Jurassic boundary, the Mesozoic
diversity record is one of relatively uniform increase punctuated by short periods
of turnover and decline. Rates of speciation that are significantly above back-
ground were restricted to the Late Triassic, Early Jurassic and Tithonian-
Berriasian intervals. Enhanced rates of extinction occurred at the Triassic/Jurassic,
Jurassic/Cretaceous and Cretaceous/Tertiary boundaries.

There is no clear correlation between coccolithophore diversity and Mesozoic
climate, as it is currently understood, but the dominant trajectory of diversity in-
crease suggests long-term stability and widespread oligotrophy in photic zone en-
vironments. The Neocomian and Campanian—Early Maastrichtian intervals of di-
versity increase are clearly associated with increased numbers of endemic taxa at
both low and high latitudes. These intervals have been interpreted as periods of
cooling or cooler climates, and greater differentiation of the photic zone environ-
ment may have led to the biogeographic partitioning. Notably, none of the mid-
Cretaceous Oceanic Anoxic Events are associated with above-background evolu-
tionary rates or significant taxonomic loss or innovation.

Cenozoic nannoplankton diversity patterns are markedly more variable than
those of the Mesozoic, and rates of speciation, extinction and turnover are consis-
tently higher. There is also good correlation between diversity and climate trends,
with higher diversities associated with warm climates. This is best illustrated by
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the Paleogene record, where the Cenozoic diversity maximum, at the Paleo-
cene/Eocene boundary, coincided with climates of extreme warmth, and signifi-
cant diversity decline tracked climate cooling through the Late Eocene and into
the Oligocene. This relationship between climate and coccolithophore diversity is
contrary to that observed in the Mesozoic, and suggests different controls on evo-
[ution during the two eras. The Cretaceous record suggests that cooling within a
greenhouse-mode climate system may have stimulated diversification at all viable
latitudes via biogeographic partitioning. In contrast, the Cenozoic data indicates
that cooling tended to drive diversity decrease. This may be explained by the
greater magnitude and longevity of Cenozoic cooling, in an icehouse-mode cli-
mate system, which prevented coccolithophore diversification at higher latitudes
where, instead, diatoms became established as the dominant group of phyto-
plankton.

Introduction

Coccolithophores and associated cal careous phytoplankton are the most abundant
calcifying organisms inhabiting our planet. Their fossil record is equally im-
pressive, perhaps being the most abundant and stratigraphically complete of any
fossil group. As such, they provide a valuable proxy for Mesozoic—Cenozoic
phytoplankton health and robust data concerning rates and patterns of evolutionary
change. Their present biogeography and diversity is closely correlated with cli-
matic and oceanographic zones, and their fossils provide a record of this relation-
ship through time.

This paper will review our current understanding of calcareous nannoplankton
evolution through their 225 million year history (Triassic—present) using strato-
phenetic phylogenetic models and a new synthesis of diversity data and rates of
evolutionary change. We will discuss the adequacy of the nannoplankton fossil re-
cord, specifically potential preservational bias introduced by size, delicacy and
life-cycle coccolith dimorphism. Finally, we will examine the temporal relation-
ship between evolutionary events and the ocean-climate system and discuss the
possible controlling mechanisms on nannoplankton speciation, extinction and di-
versity.

Methodology

Phylogenetic trees

The phylogenetic trees we present here (Fig. 1), one for coccolithophores and one
for nannoliths, are based on large stratigraphic databases which have resulted from
the extensive use of nannofossils in academic and industrial biostratigraphic stud-
ies over the last 50 years. Taxonomic concepts are based largely on morphological
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observations of coccoliths and nannoliths using light and scanning electron mi-
croscopy: a recent review of generic and higher taxonomy was presented in Bown
and Young (1997) and Young and Bown (1997). Nannofossil biostratigraphy has
provided a data-set that is stratigraphically continuous and geographically wide-
spread cross the spectrum of marine environments, thus minimizing well-docu-
mented stratigraphic biases, such as preservation and sample failure, and the
modified stratigraphic range phenomena that often result from these (range exten-
sion, ghost lineages, Lazarus taxa).

Although basic phylogenetic logic has been used to predict relationships of
taxa, aformal cladistic analysis of coccolithophore relationships has not been un-
dertaken. This might seem a strange omission, given both that individual cocco-
liths show great complexity, offering a wide range of potential characters, and that
assemblages with exquisite preservation are known from many stratigraphic lev-
els. However, there is a fundamental problem of lack of homology between differ-
ent groups. This is obviously the case when comparing any nannoliths and cocco-
liths but also holds between coccolith groups. The V/R model (see Young et al.
1992; Young et a. this volume) provides a basic framework for interpreting ho-
mology but also highlights the degree to which different coccolith families have
adopted these fundamental building blocks into intrinsically different structures.
Furthermore, it is clear that coccolith structure simplification, with concomitant
character loss, is a common pattern in coccolithophore evolution. One good ex-
ample is the evolution of the Noelaerhabdaceae from the Prinsiaceae, which in-
volved reduction of the V-units to vestigial nuclei, and consequent loss of charac-
ters associated with the previous, complex V-unit form. Analogously, evolution of
the Calcidiscaceae from the Coccolithaceae (which is well supported by both mo-
lecular and paleontological data) involved structural simplification, with loss of
the complex inner tube-cycles. Since a basic assumption of parsimony analysisis
that character loss is unlikely (e.g. Smith 1994), this type of pattern further com-
promises cladistic analysis of the group.

Essentially, coccolith morphology is too plastic to provide sufficient robust
characters for a cladistic analysis of the complete group. This does mean that,
whilst we have very high confidence that the conventional families represent
phylogenetic units (because the included taxa share morphological characters
and/or have continuous stratigraphic ranges with plausible stratophenetic link-
ages), predictions of relationships between them are tenuous. Molecular genetic
data (Saez et a. this volume) have broadly confirmed this pattern: conventional
family- and genus-level groupings have been well-supported, but some surprising
rel ationships between them have been reveal ed.

Diversity
Nannoplankton diversity has been compiled from published stratigraphic data, and

notably a number of comprehensive works of synthesis (Aubry 1984, Perch- Niel-
sen 1985a, b; Aubry 1988, 1989, 1990, 1998, Bown 1998a; Aubry 1999). This
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Fig. 1. Coccolithophore and nannolith family-level phylogeny.
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Fig. 2. Coccolithophore (light line) and total nannofossil (dark line) diversity. Data repre-
sents species richness for a three million-year interval, plotted at the mid-point. The time-
scales are from Berggren et al. (1995) and Gradstein et al. (1995). OAE: oceanic anoxic
event, PETM: Paleocene/Eocene thermal maximum.
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published information has been screened in order to provide a consistent and in-
formed taxonomy, and an attempt was made to reduce monographic and taxo-
nomic-oversplitting effects. Taxa recorded from just one sample have largely been
rejected, although this was often restricted to particular families, e.g. Braarudosph-
aeraceae and Rhabdosphaeraceae. Morphotypes which are thought to represent
intraspecific variation, especially within taxa which have living representatives
with polymorphic coccospheres, e.g. Scyphosphaera, have also been omitted. For
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Fig. 3. Nannofossil diversity (pale shading), extinction rate (dark line) and speciation rate
(dark shading). R/R, represent % increase/decrease per 3 million year interval. Data plot-
ting, time-scale and abbreviations asin Fig. 2.
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Fig. 4. Nannofossil diversity (pale shading), diversification rate (pale line) and turnover rate
dark line). Ry and R, are measures of % change per 3 million year interval. Data plotting,
time-scale and abbreviations asin Fig. 2.

the genus Scyphosphaera we have followed the conservative taxonomy of Y oung
(1998) but accept that many more species have been described (around 30 Upper
Miocene-Pliocene species, see synthesis of Siesser 1998); however many of these
could be considered synonyms, especially when compared to the intraspecific
variation displayed on extant coccospheres. Holococcolith taxa are not included,
as these have very sporadic fossil records and are likely to represent life-cycle
stages which have a corresponding heterococcolith stage (Cros et a. 2000; Billard
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and Inouye this volume); their inclusion would thus incorrectly enhance standing
diversity.

Diversity is expressed as total species present (species richness) per three mil-
lion year interval, from 225 million years ago to present day. This interval dura
tion is determined by the stratigraphic resolution at which much of the data was
collected but is considered high-resolution enough to revea real and significant
patterns of taxic change (see discussion in Danelian and Johnson 2001). The data
were plotted at the mid-point of the time-interval, as estimated from the time-
scales of Berggren et al. (1995) and Gradstein et al. (1995) (Fig. 2). We also cal-
culated species richness at Mesozoic substage, and Cenozoic nannofossil biozone,
resolution but the trends are nearly identical and they are not included here. Simi-
larly, generic- and family-level diversity trends are closely comparable with those
shown by the species data. Both raw counts of numbers of originations and ex-
tinctions per stratigraphic interval, and established metrics of evolutionary rates,
were calculated. Rates of speciation and extinction were calculated as follows: rate
of speciation (R) = (1/D)(FO/t)100, rate of extinction (R,) = (1/D)(LO/t)100, rate
of diversification (Ry) = (Ry) — (R.), and rate of turnover (R) = (Ry) + (R.) (after
Roth 1987), where D is total species richness, FO is number of first occurrences,
LO is number of last occurrences, and t is the three million-year time-interval.
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Fig. 5. Nannofossil evolutionary rates: a. rate of speciation, b. rate of extinction, c. rate of
turnover, d. rate of diversification, ranked by decreasing magnitude. Above-background
intervals are identified.
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Because the time-interval is constant throughout this data-set the rates have not
been divided by three, and R, and R, are thus percent increase and decrease (Figs 3
and 4).

The evolutionary rates were plotted as ranked data-sets in order to assess the
range of values present and to determine whether there are values which stand out
above background (Fig 5).

The diversity data for a number of separate nannoplankton groups have also
been plotted. For the Cenozoic, Discoasteraceae, Coccolithales and Isochrysidales
(synonym Prinsiales) were chosen in order to represent a range of ecological
strategies, from oligotrophic- (Discoasters) to eutrophic-adapted (Isochrysidales)
(Aubry 1992; Chepstow-Lusty et al. 1992; Chapman and Chepstow-Lusty 1997)
(Fig. 6). In the Mesozoic, where nannoplankton paleoecologies have yet to be
clearly identified, diversity was compiled for taxa which show a degree of bio-
geographical restriction (Fig. 7).

Quality of nannoplankton diversity data

Despite our contention that nannoplankton have a fossil record of outstanding
quality, there are a number of provisos which must be considered when using and
interpreting diversity data per se, and specific issues relating to nannoplankton
datain particular, e.g. selective preservation, polymorphism and cryptic species.

While it may be argued that diversity patterns simply represent stochastic
trends in time, with no predominant controlling mechanism, they have never-
theless proven to be extremely useful in identifying periods of significant global
change, e.g. many stage boundaries, mass extinction events, etc., and there is
strong support for the robustness and biological reality of diversity data at differ-
ent scales and taxonomic levels (Miller 2000). The significance of the nanno-
plankton data is supported by the presence of parallel trends in taxonomically dis-
parate protistan plankton groups, such as dinoflagellates and planktic foraminifera
(Fig. 8), which, in turn, suggests the possibility of an overarching abiotic control
which is responsible for such changes. In addition, the strength of the nanno-
plankton data is demonstrated by the consistency at which the main trends have
been identified by studies spanning three decades, despite great changes in classi-
fication concepts and the introduction of significant numbers of new taxa Time
series diversity data for calcareous nannoplankton have previously been presented
by Tappan and Loeblich (1973 — low resolution), Lipps (1970 — low resolution),
Perch-Nielsen (1986 — Cretaceous and Cenozoic), Roth (1986, 1987, 1989 — Ju-
rassic and Cretaceous), Knoll (1989 — Upper Cretaceous to Oligocene), and Bown
et a. (1991, 1992 — Mesozoic to Cenozoic). Most of these studies are relatively
low in stratigraphic resolution, using substages or nannofossil biozones as sample
intervals.

Other, non-biological explanations for apparent parallel diversity trends have
been discussed widely in the literature and include age-related sample availability
(see discussion in Miller 2000) and sea-level and environment-related sampling
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and preservational biases (e.g. MacLeod et a. 1997; Gale et a. 2000). These ar-
guments do not generally apply to nannoplankton records, as discussed above, as
the data is broadly global in distribution, near-continuous stratigraphically, and
from across the range of marine environments.

However, there are a number of potential preservational biases which are par-
ticularly relevant to nannoplankton, namely those introduced by size and life-cycle
coccolith poly- or dimorphism. Only a small proportion of modern nannoplankton
are large enough, or robustly calcified enough, to be routinely preserved or ob-
servable in the geological record (Young et a. 1994). This results in a significant
disparity between Quaternary diversity values (49 species) and diversity estimates
for extant taxa (~220 species). A proportion of this disparity is accounted for by
holococcolith diversity (~66 morphospecies), amost all of which are less than 3
pum long and none of which have a consistent fossil record, both because of their
small size and delicacy. Holococcoliths do become consistent components of
nannofossil assemblages in the Upper Cretaceous and, to a lesser extent, in the
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Paleogene, but these are generally larger forms. We suspect that holococcoliths
have been abundant throughout the history of coccolithophores but are rarely pre-
served, and have avoided the potential problem by excluding them from our data,
and assume that they, in any case, contribute to the diversity data via their hetero-
coccolith counterparts.

There are also a number of living families which contribute significantly to
global diversity but are only sporadically found as fossils, again due to size and
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delicacy, most notably the Syracosphaeraceae (~51 extant species). However,
most of the living clades have good fossilization potential, and comparison of
Quaternary and extant diversities within these groups shows perfect representa-
tion. We therefore concede that not al clades may have been represented well in
the fossil record, however those that are present are likely to have left a meaning-
ful record of their evolution and diversity through time.

A qualitative survey of size distribution through time suggests at least one of
the high-diversity nannoplankton episodes, in the Campanian (Upper Cretaceous),
broadly coincides with increases in general coccolith size, however this relation-
ship is not obvious elsewhere on the diversity curve.

Finally, the rapid progress in genetic characterization of extant plankton taxa
has revealed the existence of cryptic species in both coccolithophore and planktic
foraminifera, and this phenomenon has clear implications for diversity records.
The coccolithophore ‘species Emiliania huxleyi, Calcidiscus leptoporus and
Coccolithus pelagicus are currently the best understood in terms of genetics,
coccolith biometrics and life-cycle, and may include four, three and two cryptic
species, respectively (de Vargas et al. this volume; Geisen et al. this volume;
Quinn et a. this volume). However, these species have been classified relatively
conservatively by agologists and this inclination has been followed by those
dealing with their fossil counterparts. In contrast, much paleontological nanno
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plankton taxonomy has erred on the side of ‘oversplitting’, often subdividing
similar nannofossils based on fine-scale morphological differences, in many cases
driven by the desire to enhance biostratigraphic resolution. The finely-divided pa-
leontological taxonomy is thus supported by observations of extant cryptic species
and may not be greatly underestimating diversity in the fossil record, and while
absolute numbers may be affected, the trends may well be the same.

Major events in nannoplankton evolution

By means of introduction to the evolution of nannoplankton, we present a brief re-
view of the magjor eventsin their history.

225 Ma First appearance

Calcareous nannofossils first occur in the fossil record in Carnian sediments from
the Southern Alps, Italy (Janofske 1992; Bown 1998b). These earliest forms are
nannoliths and calcareous dinoflagellates. Coccoliths and non-dinoflagellate nan-
noliths are present from the Norian, but Triassic assemblages, while reasonably
abundant, are of low diversity (maximum five species) and were possibly re-
stricted to low latitudes (Bown 1998b). Triassic coccoliths are simple murolith
morphologies (i.e. having narrow, wall-like rims) of very small size (2-3 um) and
show clear V/R-mode biomineralisation style.

Claims for pre-Triassic cal careous nannofossils are unsubstantiated and usually
based on misidentification of inorganic calcareous objects or clear cases of con-
tamination (reviewed in Bown 1987).

205.7 Ma Triassic/Jurassic boundary extinctions

Continuous, nannofossil-bearing boundary sections have not yet been docu-
mented, but there is strong evidence that four of the five Late Triassic nannofossil
species became extinct at, or close to, the boundary (Bown 1998b). This coincides
with a mass extinction event documented in invertebrate and vertebrate faunas
(Hallam and Wignall 1997). One coccolith species, Crucirhabdus primulus, sur-
vived. Recovery following the extinctions appears to have been rather slow, al-
though this may also reflect the paucity of productive Early Hettangian sections.

205-188 Ma Early Jurassic evolutionary radiation
The radiation of coccolithophores following the Triassic/Jurassic extinctions is

one of the most important diversification events in the group's history. In just over
10 million years, nine out of a total of 16 Mesozoic families originated, repre-
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senting a significant proportion of the Mesozoic and Cenozoic taxic and morpho-
logic diversity. Coccoliths became the dominant nannofossil group, and coccolith
size increased significantly. The radiation can be viewed as two separate episodes:
the first saw re-establishment and radiation of the surviving Triassic coccolith
group (muroaliths) during the Late Hettangian—Sinemurian; the second, the appear-
ance and radiation of new and innovative coccolith morphologies (notably placo-
liths) in the Pliensbachian—Early Toarcian. Holococcoliths are also first recorded
at this time, but may be missing from earlier records due to preservation bias
(Bown 1993).

146-140 Ma Jurassic/Cretaceous boundary turnover

The Tithonian—Berriasian saw a turnover of coccoliths at species level (17 extinc-
tions, 15 originations) and the appearance of three important nannolith families:
the Nannoconaceae, Braarudosphaeraceae and Microrhabdulaceae (see Fig. 1). It
isaso an interval often cited as recording the first occurrence of nannofossil-gen-
erated pelagic carbonates, an observation based on the switch from radiolaria-
dominated siliceous sediments to nannofossil-dominated carbonates (Maiolica
Formation) in western Tethys (Baumgartner 1987). However, earlier nannofossil-
carbonates are not uncommon, e.g. the stone bands of the Kimmeridge Clay For-
mation, UK (Gallois 1976; Gallois and Medd 1979), and the earliest oceanic
sediments, of Bathonian—Callovian age, are rather rich in calcareous nannofossils,
described as marly limestones and claystones with up to 75% nannofossils
(Sheridan et al. 1983). The significance of this interval in terms of nannofossil-
carbonate sedimentation is, therefore, yet to be rigorously analyzed, as is the hy-
pothesis that nannoplankton originated in shelf environments and only later mi-
grated into oceanic habitats (e.g. Roth 1986).

80-68 Ma mid-Campanian—mid-Maastrichtian diversity maximum

The Campanian supported the highest global diversity (149 species) of fossilized
nannoplankton in the evolutionary history of the group. This maximum coincided
with large coccolith size and widespread distribution of nannofossil chalks.

65 Ma Cretaceous/Tertiary extinction event

The catastrophic, instantaneous and synchronous extinction of nannoplankton at
the K/T boundary was a unique event in the group’s evolutionary history. Of 131
Late Maastrichtian species, only nine survived: a species extinction rate of 93%, a
generic extinction rate of 85%. Moreover, none of the nine survivors were com-
mon members of Late Cretaceous assemblages.
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65-53 Ma Paleocene recovery and radiation

Post-K/T-extinction nannoplankton assemblages are characterized by high domi-
nance of species which are traditionally thought of as survivor-opportunists. Inter-
estingly, in are-run of the Late Triassic nannofloras, small calcispheres dominated
alongside the survivor coccoliths and nannoliths, and incoming Cenozoic cocco-
liths were initially diminutive (~2 um). New Cenozoic taxa appeared rapidly and
were dominant in some areas within 50 kyr (Pospischal 1996). The evolutionary
radiation that followed was both rapid and morphologically diverse. The new coc-
colith morphologies differed significantly from the Mesozoic architectures, and
the later Paleocene was also characterized by nannolith groups (Sphenolithus,
Fasciculithus, Heliolithus, Discoaster) whose radial structure almost certainly
arose from coccolithophore ancestors. Evolutionary relationships between survi-
vor lineages and new Cenozoic taxa have been conceived, but are somewhat in-
conclusive, largely because of problems associated with the observation of small
coccoliths (Romein 1979; Perch-Nielsen 1985b; MaclL eod et a. 1997).

The Paleocene radiation saw 62 species added in 10 my, compared with 32
species added in 13 my during the initial Early Jurassic radiation.

29-26 Ma Oligocene diversity minimum

Following a diversity maximum of 120 species in the Late Paleocene—Early Eo-
cene, diversity declined rapidly through the Middle to Late Eocene, to a minimum
of 39 species (10 species at nannofossil zone level) in the Oligocene. Extinctions
occurred throughout the familial diversity of the group but were near-terminal in
the Coccolithaceae (two species) and Discoasteraceae (two species).

11-0 Ma Miocene recovery and late Neogene decline

Nannoplankton diversity ralied in the Late Miocene (11-5 Ma), with diversifica-
tion particularly in the Discoasteraceae and Ceratolithaceae. However, the trend
through the Pliocene and Quaternary has been one of diversity loss.

Nannoplankton diversity patterns

The diversity plot in Fig. 2 shows data for both coccoliths and total nannofossils,
and the two records show closely parallel trends. These data support the assertion
that most nannolith taxa are either non-coccolith morphologies produced by hap-
tophytes, as seen in the extant genus Ceratolithus (Sprengel and Y oung 2000), or
objects produced by biologically distinct, but ecologically similar phytoplankton
groups. The larger discrepancy between coccoliths and nannofossils in the Eocene
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is due to high diversities in the Discoasteraceae and Braarudosphaeraceae, and
both may be coccolithophores.

Rates of speciation, extinction, diversification and turnover were plotted as
ranked data-sets in order to assess the range of values present and, particularly, to
determine whether there are values which stand out above background (Fig. 5).
For all four metrics there is a discontinuous distribution, and a clear distinction
can be made between the majority of values, which broadly fall on line and repre-
sent background rates, and more extreme values, which represent above-back-
ground events.

The Mesozoic diversity record is characterized by a dominant tragjectory of in-
creasing diversity (Fig. 2). Above-background rates of speciation (R, >35) were
restricted to the Late Triassic and Early Jurassic, during the first appearance and
primary radiation of nannoplankton, respectively (Fig. 3). Above-background ex-
tinction rates (R, >35) were confined to the Triassic/Jurassic and K/T boundary
intervals. Speciation and extinction rates are relatively uniform through the re-
mainder of the Jurassic and the Cretaceous, but are slightly higher at the Juras-
sic/Cretaceous boundary, producing a peak in rate of turnover (Fig. 4). The Creta-
ceous diversity increase is interrupted by minima in the Barremian—Early Aptian
and Cenomanian-Turonian, and a diversity fall into the Maastrichtian. The timing
of taxonomic innovation is best shown in the phylogenetic trees (Fig. 1) and, as
previously discussed, clustering of suprageneric-level change is restricted to the
Early Jurassic and Jurassic/Cretaceous boundary intervals.

Cenozoic diversity patterns are markedly more variable than those of the Meso-
zoic, and rates of speciation and extinction are consistently higher throughout the
interval (Figs 2, 3). These elevated rates are particularly clear in the turnover data
(Fig. 4). The Paleocene evolutionary radiation was initiated soon after the K/T
boundary extinctions and proceeded rapidly, with the mgjority of taxonomic inno-
vation introduced within 10 my. Diversity close to that of the Campanian Meso-
zoic maximum was achieved by the Early Eocene (120 species) but this was fol-
lowed by rapid diversity decline to a minimum in the Oligocene (39 species).
Diversity rose again through the Miocene but was followed by decline through the
Pliocene and Quaternary, and the Neogene in general was characterized by lower
standing diversities. Above-background evolutionary rates occurred through much
of the early Paleogene, and high extinction rates were recorded in the late
Neogene. The introduction of major taxonomic innovation was largely restricted
to the Paleocene radiation.

The taxon-specific diversity data reveal patterns that are clearly distinct from
global diversity. The Mesozoic biogeographically-restricted taxa display strong
diversity peaks in the Early Jurassic, Early Cretaceous (Berriasian—Barremian) and
Campanian (Fig. 7). The main Cenozoic nannofossil groups each show somewhat
similar trends, with diversity peaks in the Paleogene and Neogene, separated by
Oligocene minima, but there is a consistent offset between each record (Fig. 6).
The Discoasteraceae show peaks in the Early Eocene and Late Miocene, and near-
extinction and extinction in the Oligocene and latest Pliocene, respectively. The
Coccolithales show peaks in the Middle Eocene, Middle Miocene and Late
Neogene. The Isochrysidales peak in the Late Eocene and L ate Neogene.
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Explaining diversity patterns in the fossil record

Diversity patterns in the fossil record have been attributed to a raft of causal fac-
tors, ranging from biotic causes such as competition and ecological replacement
to, more commonly, abiotic causes such as environmental stability, climate
change, sea-level variation (and consequent area effects), plate tectonic configura-
tions and nutrient supply or productivity of oceanic water-masses. In redlity, these
factors may all play arolein controlling global diversity and many of them are in-
exorably interrelated. Two models in particular have been championed in recent
years. In simple terms, the energy-bound model of Vermeij (1995) suggests that
increasing nutrient supply results in diversification, as population growth-rates in-
crease and ecological constraints on innovation decrease. Conversely, Hallock
(1987) argues that the nutrient-controlled expansion and contraction of a con-
tinuum of oceanic trophic resources leads to diversification during intervals of re-
duced nutrient supply and extinctions during periods of increased nutrients. Ob-
servations on the biogeography and ecology of extant nannoplankton (Mclntyre
and Bé 1967; Okada and Honjo 1973; Winter et al. 1994; Thierstein et al. this vol-
ume) suggest that the Hallock model best explains present day nannoplankton di-
versity distribution. Extant coccolithophore diversity is strongly influenced by
high-diversity but low standing-crop, K-mode-dominated communities living in
stable, oligotrophic, subtropical ocean-gyre water-masses. Areas of high, and
usually pulsed, nutrient delivery (high latitude and upwelling sites) support low-
diversity, high standing-stock populations dominated by one or more r-mode taxa
and, in extreme cases, monospecific blooms. The diversity patterns of fossil
nannoplankton can thus be interpreted by analogy with their living counterparts:
increased diversity reflecting expansion of oligotrophic habitats, and extinctions
caused by reduction of oligotrophic habitats and expansion of eutrophic areas.

Mesozoic nannoplankton evolution and diversity

The Mesozoic diversity data is plotted against sea-level and a limited number of
paleoclimate observations (Fig. 7). Broad inferences can be drawn concerning the
Mesozoic climate-ocean system: for example, it is thought to have been charac-
terized by globally-warm greenhouse conditions with little or no polar ice and low
pole-to-equator thermal gradients. However, more detailed records of change
within this framework remain enigmatic (see reviews by Frakes et al. 1992; Frakes
1999; Gale 2000; Burnett et al. 2000). Most workers now agree that the mid-Cre-
taceous supported climates of exceptional warmth and that this was followed by
Late Cretaceous cooling which varied in structure and timing with latitude. The
isotope records of Jenkyns et al. (1994 — English Chalk) suggest that long-term
cooling was initiated in the Turonian, whereas those of Huber (1998 — Southern
Ocean) support continued high-latitude warming in the Early Turonian and sus-
tained warmth into the earliest Campanian followed by long-term cooling through
the Maastrichtian.
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The broadly-increasing diversity pattern of the Mesozoic (excluding Trias-
sic/Jurassic boundary extinctions) is suggestive of long-term stability and wide-
spread oligotrophy in photic-zone environments. This supports the generalized in-
ferences described above but does not preclude the existence of fluctuations in the
Jurassic—Cretaceous ocean-climate system, rather indicating that such fluctuations
were not as great, rapid or sustained as those of the Cenozoic.

The appearance of nannoplankton in the Late Triassic, and the near-coincident
appearance of dinoflagellates, has been attributed to evolutionary opportunity fol-
lowing ecosystem clearance during the end-Permian mass extinction (Bown et al.
1991). Nevertheless, the time-lag between the mass extinction and the appearance
of nannofossils is almost 30 my. Molecular analysis shows that the two phyto-
plankton groups have much longer histories, probably stretching back to the Pro-
terozoic (Medlin et a. 1997). The appearance of coccolithsin the Triassic is there-
fore almost certainly a biomineralisation innovation, but possibly linked with a
secondary symbiatic event.

The initia evolutionary radiation of nannoplankton was interrupted by extinc-
tions at the Triassic/Jurassic boundary, which were part of a mass extinction event
which has been variously related to impacts (Olsen et a. 2002), igneous activity
(Wignall 2001), sea-level (Hallam and Wignall 1997) and global carbon-cycle
perturbation (Hesselbo et al. 2002). This event may yet prove comparable to the
K/T boundary event but the real significance of the event for nannoplankton is dif-
ficult to judge due to the low Triassic diversities involved. The survival of just one
species, however, suggests it may well have been a catastrophic reduction and
raises the possibility that wholesale extinction of nannoplankton may have been
involved in marine ecosystem collapse in both Mesozoic mass extinctions.

The Early Jurassic evolutionary radiation was initiated following these extinc-
tions and by the Early Toarcian most major innovations had been introduced.
Consequently, speciation and diversification rates fell to levels which were
broadly maintained through the remainder of the Mesozoic (background levels).
This pattern of initial evolutionary experimentation followed by long-term stabil-
ity is shown by many groups of organisms (Gould et al. 1987) and has been
termed evolutionary equilibrium (Sepkowski 1978) or diversity equilibrium (Wei
and Kennett 1986).

Slightly elevated rates of speciation, extinction and turnover occurred around
the Jurassic/Cretaceous boundary, and species-level turnover was high, as dis-
cussed above. This interval is associated with substantial faunal changes (hence
the position of the system boundary) but is rather poorly understood in terms of
environmental change. High rates of diversification in radiolaria, and a shift from
radiolaria- to nannofossil-dominated sedimentation, have been explained by a cli-
mate-forced reduction of nutrient delivery to the western Tethys and Atlantic
Oceans in the Tithonian (Danelian and Johnson 2001). This may also explain
nannoplankton speciation at this time, particularly as western Tethys appears to
have been a locus of evolutionary activity during the Jurassic (Bown 1987). How-
ever, the Tithonian also saw the introduction of considerable biogeographic differ-
entiation, and diversification within separate nannofloral provinces may well have
significantly contributed to global biodiversity.
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Cretaceous nannoplankton evolutionary history was characterized by overall
diversity increase but bracketed by more dramatic events at the base and top of the
period. Diversity rise was not uniform, rather three intervals of increase were in-
terrupted by minima spanning the Barremian—Early Aptian and Early Cenoma-
nian—Turonian, and adight fall into the Maastrichtian.

The Berriasian—Barremian and Turonian—Campanian periods of diversity in-
crease broadly correlate with putative cooler climate intervals (Huber 1998;
Frakes 1999), and the Campanian diversity maximum may have been related to
the onset of late Mesozoic high-latitude cooling. Both intervals are clearly accom-
panied by significant peaks in diversity of biogeographically-restricted taxa at
both high and low latitudes, and this is particularly clear in the Campanian, with
the development of a well-defined and diverse Austral province (Watkins et al.
1996; Lees 2002). These observations strongly suggest that cooler Mesozoic cli-
mate intervals led to increased heterogeneity within photic zone environments,
greater biogeographic partitioning, and hence diversity maxima. The mid-Creta-
ceous interval, considered a time of exceptional warmth, saw significantly reduced
numbers of endemic taxa and this may explain the diversity minimum which pre-
ceded it; diversity nevertheless continued increasing through the Late Aptian and
Albian. Similarly, biogeographic reorganization in response to climate amelio-
ration may explain the reduction of diversity in the mid-Maastrichtian (Huber and
Watkins 1992; Watkins et al. 1996; Lees 2002).

One of the most interesting features of the Cretaceous phylogenetic and diver-
sity data is the lack of a clear relationship between nannoplankton evolution and
the Oceanic Anoxic Event (OAE) intervals. These events are widely believed to
represent significant regiona or global perturbations of the marine environment,
characterized by rapid carbon burial and incorporating aspects of extreme warmth,
widespread oceanic stagnation and anoxia, and possibly enhanced primary pro-
ductivity (Leckie et al. 2002), and they have been widely cited as significant
events in nannoplankton history (Roth 1987, 1989; Bralower et a. 1994; Leckie et
al. 2002). Our data show that rates of evolutionary change never rose above
Mesozoic background levels during the OAEs, and the intervals are not charac-
terized by significant taxonomic loss or innovation. It is notable that the global
OAEs, 1a and 2, both occurred within the diversity minima noted above, but de-
crease occurred substantially prior to their onset. Although taxon-specific nanno-
plankton abundance fluctuations are associated with OAEla (e.g. Erba 1994), and
links between planktic foraminifera evolution and OAEs appear to be strong
(Leckie et a. 2002), there is no case for major turnovers in the case of calcareous
nannoplankton.

Nannoplankton, more than any other fossil group, have informed our detailed
understanding of the timing, magnitude, and geography of extinctions at the K/T
boundary, and subsequent recovery and radiation. Worldwide, high-resolution
studies have consistently reported rapid (i.e. geologically instantaneous), synchro-
nous, near-terminal extinctions across the biodiversity of the nannoplankton group
accompanied by a collateral crash in pelagic carbonate sedimentation (Thierstein
1981; Pospichal 1994, 1996; Gartner 1996; MacLeod et a. 1997; Burnett 1998).
Our data corroborates previous observations, with nine out of 14 coccolithophore
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families terminated at the boundary and 93% extinction rate at species level. Re-
covery following the extinctions was rapid, and the rather atypical survivor groups
(see MacLeod et al. 1997) were soon joined by new Cenozoic taxa whose origins
were rather cryptic.

Cenozoic nannoplankton evolution and diversity

The Cenozoic nannoplankton data is plotted against paleoclimatological informa-
tion, including long-term climate trends and intervals of particular interest, e.g. the
Paleocene/Eocene Therma Maximum, Early Eocene climatic optimum, etc. (Fig.
6). Broadly, there is good correlation between nannoplankton diversity and cli-
mate trends: diversity generally increased during periods of climate warming (e.g.
Paleocene—Early Eocene, Miocene) and decreased as climate cooled (e.g. Middle
Eocene-Oligocene, Pliocene—-Recent). The Paleocene radiation occurred during a
period of warm greenhouse climate, probably comparable to that of the late Meso-
zoic. The Cenozoic diversity maximum in the Late Paleocene—Early Eocene cor-
responded to a climatic optimum and maximum dispersal of warm-water taxa
(Pospichal and Wise 1990). Diversity decline through the Eocene closely parallels
climatic deterioration marked by falling surface- and deep-water temperatures
(Zachos et a. 1994, 2001). The Cenozoic diversity minimum occurred during the
Oligocene glacial maximum, which saw the initial establishment of significant
Antarctic glaciation. We acknowledge that these correlations are of low resolution,
however, they appear to be significant events in terms of long-term change, espe-
cially since parallel trends are seen in other plankton groups (see below).

The correlation between diversity and climate is particularly striking in the Pa-
leogene, but the relationship contrasts with the Mesozoic observations, described
above. This suggests that the magnitude of climate cooling in the Eocene did not
support diversification through biogeographic partitioning but rather reduction of
diversity due to the contraction of stable oligotrophic habitats and the suppression
of diversity at temperate and high latitudes: high diversity at high latitudes was a
feature of the Mesozoic. This interpretation is further supported by the taxon-spe-
cific diversity records, and particularly the diversity history of the warm-water,
oligotrophic-adapted Discoasteraceae. Maximum discoaster diversity coincided
with the group maximum and then declined precipitously through the Eocene to
near-extinction in the Oligocene. The mesotrophic-adapted Coccolithales peaked
in diversity in the Middle Eocene, coinciding with a short recovery in group diver-
sity (the Cenozoic maximum at nannofossil zone resolution), and echoing Meso-
zoic observations of diversity increase accompanying cooling. The cooler-water,
meso-eutrophic-adapted Prinsiales increased in diversity through the Eocene but
declined sharply in the Oligocene. The records of these taxa reveal contrasting re-
sponses to climate change which can be explained by their different ecological
strategies, but underlines the importance of the K-selected groups, in this case dis-
coasters, in terms of global diversity.
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These global and taxon-specific diversity records are remarkably similar to
patterns observed in planktic foraminifera, which show declining diversity but
successive peaks in warm-, temperate- and cool-adapted groups through the Eo-
cene (Boersma and Premoli Silva 1991; Hallock et al. 1991). These authors also
observed high Middle Eocene diversity, attributing it to the coexistence of older,
‘warm-world’ biotas with new, ‘cooling-world’ biota, describing this as a tempo-
ral or evolutionary ecotone (Hallock et al. 1991), an observation which is also ap-
plicable to the nannoplankton record.

The similar evolutionary histories of these two biologically and ecologically
distinct plankton groups is strong evidence of abiotic, and specifically climatic,
control on their evolution at this time. However, it should be noted that the marked
decline in nannoplankton diversity in the Late Eocene and Oligocene was accom-
panied by exponential rise in marine diatom diversity (Spencer-Cervato 1999),
although this may well reflect an expansion of habitats conducive to diatom diver-
sification, i.e. cool high-latitude water-masses, rather than direct competition be-
tween the two phytoplankton groups (Fig. 8).

These diversity patterns conform to the Hallock hypothesis, with K-selected
taxa proliferating during warming and warm intervals, as stable oligotrophic
habitats and the trophic resource continuum expanded, creating more potential
habitat space, and the increased importance of meso- and eutrophic-adapted
groups during periods of cooling.

The Neogene record is less straightforward. Nannoplankton diversity recovered
through the Middle to Late Miocene, and the Discoasteraceae underwent a re-
newed period of radiation culminating in the Late Miocene diversity maximum.
Thisis suggestive of an expansion of warm, stable oligotrophic habitats during the
Miocene but does not correlate particularly well with our current understanding of
Miocene climates and oceans, coming soon after a significant cooling event in the
deep-water oxygen isotope record (Zachos et a. 2001). However, oxygen isotope
records from planktic foraminifera suggest that, while cooling proceeded rela-
tively rapidly at high latitudes (and ice built up on Antarctica), surface-water tem-
peratures were stable, or even warmed, in temperate, subtropical and tropical re-
gions (Savin et al. 1985).

As in the Eocene, the Isochrysidales showed diversity increase through the
Pliocene and Pleistocene, against a general background of declining diversities.
The terminal decline of discoasters occurred during a time of cooling and onset of
glaciation in the Northern Hemisphere, however, the correlation is not exact, and
in fact extinctions of the final species Discoaster brouweri and D. triradiatus are
recorded in an interglacial (Chapman and Chepstow-L usty 1997).

High rates of speciation and extinction throughout the Cenozoic suggest a level
of evolutionary stability (‘equilibrium’) was not attained in the last 65 my. High
speciation and turnover rates were initially associated with the post-K/T recovery
and radiation, but the high extinction rates, which are recorded relatively consis-
tently, appear to be associated first with the Paleocene/Eocene boundary event,
and second the Eocene-Oligocene climatic deterioration associated with the onset
of Cenozoic glaciations. The rapid and high-amplitude climate changes appear to
have consistently maintained evolutionary rates at levels significantly higher than
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those seen in the Mesozoic, and resulted in an overall pattern of diversity decline
from the Eocene to present. These statistical observations are supported by quali-
tative comparisons of nannoplankton assemblages, with far greater differences
seen between the Cenozoic epochs compared with for example the Cretaceous
stages. Either abiotic or biotic factors forced higher turnover in the Cenozoic or
there is a fundamental difference in the nannoplankton which evolved following
the K/T boundary extinctions.

Conclusion

The combined information from nannoplankton phylogenetic trees and diversity
data provide us with an outstanding record of evolutionary history for this phyto-
plankton group. Although not all extant clades have been well represented in the
fossil record, those that are present are likely to have left a representative and
meaningful record of their evolution and diversity through time. The existence of
cryptic species and life-cycle dimorphs (holococcoliths) may not greatly affect the
diversity trends we have observed.

There is good correlation between previously-documented extinction data and
the nannoplankton record, with the two major post-Paleozoic mass extinction
events shown clearly by significantly above-background evolutionary rates. In
fact, it is conceivable that extinction in the marine realm may have been abetted
by eradication of the primary-producer phytoplankton during these events. Al-
though the primary extinction mechanism is yet to be identified, it could possibly
have been due to impact-induced darkness or hyperthermal-induced calcification
crises. The two major nannoplankton evolutionary radiation events occurred di-
rectly following these extinction events.

Coccolithophores and associated nannoplankton showed a pattern of broadly
increasing diversity through the Mesozoic, suggesting long-term stability and
widespread oligotrophy in photic-zone environments. Jurassic/Cretaceous bound-
ary turnover and taxonomic innovation may have been linked to reduced nutrient
cycling in western Tethys and/or biogeographic differentiation, but may also re-
flect more profound ocean-climate changes at this time, which we have yet to
identify. Two important Cretaceous periods of diversity increase (Neocomian and
Turonian—-Campanian) were both associated with increased levels of bio-
geographic differentiation, most likely linked to climate cooling. Reduced bio-
geographic partitioning in the mid-Cretaceous, linked to warm climates, may ex-
plain the diversity decline which preceded it. The two major Cretaceous OAES
(OAEla and OAE?2) fall within intervals of reduced diversity but are not ob-
viously associated with above-background evolutionary rates or significant taxo-
nomic |loss or innovation.

Cenozoic diversity records are closely correlated with climate change, increas-
ing diversity associated with climate warming and decreasing diversity with cool-
ing. This contrasts with Mesozoic diversity patterns and indicates that the magni-
tudes, rates and duration of Cenozoic cooling prevented diversification through
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biogeographic differentiation and, instead, saw suppression of diversity at temper-
ate and high latitudes. Warm intervals supported high diversities of warm, K-se-
lected taxa, such as discoasters, whereas cool and cooling climates saw increases
in meso- and eutrophic-adapted groups, such as the Coccolithales and Isochrysi-
dales (synonym Prinsiales). Miocene diversities are not well correlated with pa-
leoclimate trends but suggest that, while cooling proceeded at high latitudes, par-
ticularly associated with ice-sheet growth in Antarctica, warmer, oligotrophic
habitats were sustained or expanded at low latitudes, supporting high global diver-
sity and the diversification of the K-selected discoasters. As bipolar glaciation was
established in the late Neogene, discoasters declined to extinction, the Prinsiales
group increased, but diversity decreased overall. High rates of speciation and ex-
tinction were sustained throughout the Cenozoic, and evolutionary equilibrium
was never achieved. The overall pattern of diversity decline from the Eocene to
present suggests onset and evolution of the icehouse-mode climate-ocean system
resulted in higher extinction rates, lowered diversity in temperate and high lati-
tudes, and global diversity minimaduring the Oligocene and Pliocene-Hol ocene.
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