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ecords of the partial pressure of atmospheric carbon dioxide (pCO2) are founded
on the carbon isotope fractionation that occurred during marine photosynthesis (εp37:2). However, the
magnitude of εp37:2 is also influenced by phytoplankton cell size — a consideration lacking in previous
alkenone-based CO2 estimates. In this study, we reconstruct cell size trends in ancient alkenone-producing
coccolithophores (the reticulofenestrids) to test the influence that cell size variability played in determining
εp37:2 trends and pCO2 estimates during the middle Eocene to early Miocene. At the investigated deep-sea
sites, the reticulofenestrids experienced high diversity and largest mean cell sizes during the late Eocene,
followed by a long-term decrease in maximum cell size since the earliest Oligocene. Decreasing haptophyte
cell sizes do not account for the long-term increase in the stable carbon isotopic composition of alkenones
and associated decrease in εp37:2 values during the Paleogene, supporting the conclusion that the secular
pattern of εp37:2 values is primarily controlled by decreasing CO2 concentration since the earliest Oligocene.
Further, given the physiology of modern alkenone producers, and considering the timings of coccolitho-
phorid cell size change, extinctions, and changes in reconstructed pCO2 and temperature, we speculate that
the selection of smaller reticulofenestrid cells during the Oligocene primarily reflects an adaptive response to
increased [CO2(aq)] limitation.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Carbon dioxide is one of the primary agents influencing climate
over Earth history (Berner and Kothavala, 2001), with low levels of
pCO2 associated with lower global temperatures and increased ice
volume. Well-constrained reconstructions of past levels of atmo-
spheric CO2 are therefore critical in evaluating the factors driving past
climatic and paleoceanographic change. The alkenone-based pCO2

method reconstructs the concentration of aqueous CO2 (CO2(aq)) in
ocean surface waters using the stable carbon isotopic composition of
C37 di-unsaturated alkenones (δ13Calk) and estimates of the carbon
isotopic fractionation (εp37:2) that occurred during marine algal
photosynthesis (Bidigare et al., 1997,1999; Pagani et al., 2005), under
the assumption that alkenone-producing haptophytes assimilate CO2

predominantly by passive diffusion. Indeed, even though the modern
coccolithophore Emiliania huxleyi evolved in a low-pCO2 Pleistocene
world, modern strains do not possess an efficient carbon concentrat-
ing mechanism (CCM) (Rost et al., 2003), causing haptophytes to be
more sensitive to low [CO2(aq)] than other marine algae with efficient
CCMs (Raven and Johnston, 1991; Badger et al., 1998). The magnitude
of εp37:2 in the sedimentary record is a function of various factors
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including [CO2(aq)], algal growth rates (μ) (Bidigare et al., 1997) and the
ratio of cellular carbon content to cell surface area (Popp et al., 1998)
during late-stage exponential and stationary growth (Benthien et al.,
2007).

Interpretations of ancient εp37:2 values generally assume that
alkenone-producing algal cell volume to surface area (cell size)
remained relatively constant over time (Pagani et al., 2005). However,
a recent biometric analysis of coccoliths – calcitic scales that surround
coccolithophore cells – determined that substantial changes in
haptophyte cell size occurred during the early Miocene that likely
influenced the magnitude of εp37:2 (Henderiks and Pagani, 2007).

In this study, we determine statistically robust trends in the
dimensions of fossil coccolith assemblages and evaluate long-term
trends in the cellular dimensions of ancient alkenone-producing algae
(the reticulofenestrids) during the Paleogene. These data are then
used to re-evaluate the magnitude of previously published middle
Eocene to earlyMiocene εp37:2 values and pCO2 estimates derived from
the same ocean localities. In addition, we discuss the potential
environmental factors driving the observed changes in cell size of
reticulofenestrid assemblages at the investigated deep-sea sites.

2. Study sites and samples

For this study, 52 samples were selected from pelagic oozes and
chalks recovered at two deep-sea drill sites, with sampling depths
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corresponding to published alkenone-based εp37:2 data (Pagani et al.,
2005; Fig. 1). Deep Sea Drilling Program (DSDP) Site 516 (western
South Atlantic, Rio Grande Rise, 30°16.59′S, 35°17.10′W, currently at
1313 m water depth) provides well-preserved nannofossil assem-
blages covering the latest Eocene to early Miocene period (~34.6–
16.8 Ma). Samples from DSDP Site 612 (western North Atlantic,
continental slope off New Jersey, 38°49.21′N, 72°46.43′W, present
water depth of 1404 m) cover the middle-late Eocene period (~44.5–
34.1 Ma). For the latter site, we adopted a revised age model from that
used in Pagani et al. (2005) to account for a hiatus at 181.39 mbsf,
which corresponds to a tektite layer (e.g. Miller et al., 1991; see Table
S1 in the Appendix). All paleoceanographic records discussed in this
study are on a common geomagnetic polarity time scale (GPTS)
(Cande and Kent, 1995; Berggren et al., 1995).

3. Methodology

3.1. Coccolith biometry

In today's open ocean, alkenone production appears restricted to
the coccolith-bearing haptophyte species E. huxleyi and Gephyrocapsa
oceanica (Marlowe et al., 1990; Conte et al., 1995). Another modern
alkenone-producing but noncalcifying haptophyte, Isochrysis galbana,
is restricted to coastal areas and therefore not likely to represent an
important source of alkenones in deep-sea sediments (Marlowe et al.,
1990). Modern descendants of common fossil Cenozoic lineages, such
as Coccolithus pelagicus and Calcidiscus leptoporus, are not known to
produce alkenones (Marlowe et al., 1990; Volkman, 2000). Impor-
tantly, all known alkenone-producing haptophytes group within the
order Isochrysidales and are phylogenetically far removed from all
other extant coccolithophores (Fujiwara et al., 2001; Sáez et al., 2004;
Medlin et al., 2007). The ability to produce alkenones most likely
evolved only once in (bloom-forming?) haptophytes, and recent
molecular clock studies (Medlin et al., 2007) place the divergence
between the Isochrysidales and other coccolithophores at ~195 Ma,
before the first sedimentary evidence of alkenones in Cretaceous black
shales at ~120 Ma (Farrimond et al., 1986; Brassell et al., 2004). E.
Fig. 1. Geographic locations of deep-sea sites used in this study. Records of long-term variabi
Drilling Program (DSDP) sites 516 and 612 (stars). Proxy records from additional DSDP and
huxleyi and G. oceanica have Pleistocene origins, and their Cenozoic
ancestors are identified within the Reticulofenestra genus (family
Noelaerhabdaceae) based on their co-occurrence with sedimentary
alkenones and characteristic coccolith crystallography (Marlowe et al.,
1990; Young et al., 1992). Hence, we focus our analysis on all combined
morphospecies within the Reticulofenestra genus, providing an
integrated signal of species diversity and total size range of the most
probable ancient alkenone-producing algae.

Nannofossil census counts (N550 counts per sample) provide a
measure of (morpho)species diversity expressed by the Shannon
index (e.g. Pielou, 1969), which is a normalized measure that accounts
for both species richness (the number of species in an assemblage) and
the evenness of the species (i.e. the relative degree of species
dominance). The most dominant coccolithophore genera include Re-
ticulofenestra, Cyclicargolithus and Coccolithus. Reticulofenestra spp.
dominate most assemblages with an average abundance of ~50% and
peak abundances reaching ~80%. Only few Oligocene samples contain
assemblages dominated by Cyclicargolithus (N50%; 5 out of 16 samples
between 24–29Ma). Coccolithus spp. are consistently present through-
out the investigated interval, with and average abundance of ~14% and
maximum abundance of 35%.

In each sample, reticulofenestrid size variability was determined
by measuring ~200 individual coccoliths on four replicate slides
(Henderiks and Törner, 2006). Each individual coccolith was identified
at morphospecies level. Dimensional characteristics of intact fossil
coccospheres and adjoining coccoliths reveal a robust linear relation-
ship between coccolith length (Lcoccolith) and coccolithophore cell
diameter (Dcell) (r2=0.82, p-value b0.0001; Henderiks and Pagani,
2007), allowing ancient coccolithophore cell sizes to be estimated
from individual coccolith size measurements by the relationship:

Dcell ¼ 0:55 þ 0:88 Lcoccolith: ð1Þ

3.2. Cell size corrections to paleo-co2 estimates

Larger phytoplankton cells, with higher carbon cell quota (which is
proportional to cell volume) relative to surface area, discriminate less
lity in reticulofenestrid cell size and alkenone isotopic values are derived from Deep Sea
Ocean Drilling Program (ODP) sites (dots) are discussed in the text.
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against 13C than smaller cells under similar CO2(aq) (e.g. Laws et al.,
1995; Popp et al., 1998). Accordingly, mean reticulofenestrid cell
diameter estimates were converted to volume-to-surface area ratios
(V:SA) assuming spherical geometry, and then used to reinterpret the
alkenone-based εp37:2 values and estimates of CO2(aq) (Henderiks and
Pagani, 2007). Summarizing, the magnitude of εp37:2 is directly
proportional to the ratio of cellular volume to surface area:

ep ¼ ef � b
CO2 aqð Þ

ð2Þ

where the term ‘b’ represents the sum of all physiological factors
affecting carbon discrimination, such as growth rate (μ) and cell
geometry (V:SA). The magnitude of the term b is estimated by the
phosphate concentration of the surface ocean at any particular site
(Bidigare et al., 1997, 1999; Pagani et al., 2005). In localities with
low, relatively invariable [PO4

3−], such as sites 516 and 612 (0.2–0.4 and
0.3–0.5 μM, respectively), the influence of haptophyte growth rates on
the magnitude of εp37:2 is assumed negligible. Thus, for this study, the
term b is adjusted relative to changes in V:SA of ancient haptophytes,
such that:

b0 ¼ b
V : SAfossil

V : SAEhux

� �
ð3Þ

where V:SAfossil is estimated frommean coccolith size in each sample,
and V:SAEhux is a constant value reflecting cell dimensions of the
modern haptophyte E. huxleyi in chemostat culture, with mean cell V:
SAEhux=0.9±0.1μm (Popp et al., 1998). Values for ancient CO2(aq) are
calculated from εp37:2, εf =25‰ and the revised term b’ (Eqs. (2) and
(3)), and converted to pCO2 by applying Henry's Law assuming a
salinity of 35 and surface water temperatures derived from δ18O of
marine carbonates. This approach is similar to that used by Pagani
et al. (1999, 2005) in estimating past CO2(aq) and pCO2, but now in-
cludes a factor for variable cell geometry.

4. Results

Maximum reticulofenestrid coccolith size and the total coccolith
size range (as depicted by the 5th–95th percentile sizes) are largest
during the late Eocene and earliest Oligocene when δ13Calk values are
most negative, at both investigated sites (Fig. 2). Independent size data
for the largestmorphospecies Reticulofenestra umbilica (DSDP site 523;
Backman and Hermelin, 1986) support the 95th percentile size values
observed in this study (Fig. 2B), indicating that our regional records of
‘lumped’ size measurements faithfully represent the maximum size
range in reticulofenestrids during the Eocene and earliest Oligocene. At
site 516, maximum reticulofenestrid size and total coccolith range
progressively decrease during the Oligocene and early Miocene, as-
sociated with an increase in δ13Calk values (Figs. 2A–B). Distinct
decreases in reticulofenestrid diversity largely reflect assemblages
dominated by small morphospecies (Events 1–4; Fig. 2B–C). The
consistent presence and preservation of small coccoliths implies that
preferential dissolution and/or winnowing (of thin, small liths) had
minor influence on our reticulofenestrid size records. Diagenetic calcite
overgrowth of coccoliths was not observed. Mean coccolith size is
strongly correlated to maximum observed length (r=0.79; p-
valueb0.0001), while its correlation to minimum size is not statistically
significant (r=0.16;p-value=0.247). This indicates that the abundance of
large morphospecies substantially influence the observed size patterns,
with no evidence for a directional change in minimum size. Indeed, the
relative contributions of the largest reticulofenestrid morphospecies, R.
umbilica and R. bisecta (Fig. 2D), strongly covary with mean reticulofe-
nestrid size and diversity during the Paleogene.

Both εp37:2 and calculated mean V:SA values show a long-term
decrease since the early Oligocene (Fig. 3). Importantly, this long-term
size decrease is punctuated by rapid step-like changes including
substantial decreases in mean reticulofenestrid size, depicting periods
when small reticulofenestrids are dominant (Events 1–4). For exam-
ple, Event 1 is depicted by a ~40% decrease in mean reticulofenestrid
size (~7.9 μm to 4.7 μm) at site 516 between ~34–33 Ma, which is
closely associated with a rapid shift in deep-sea δ18O at the E–O
transition (Zachos et al., 1996; Coxall et al., 2005), but lacks substantial
changes in δ13Calk (Fig. 2A) or related εp37:2 (Fig. 3A). Event 2, between
28–29 Ma, also indicates a period of dominance by small reticulofe-
nestrids, although the alkenone record is less well resolved during this
time. By contrast, distinctly elevated εp37:2 values correspond to
dominance by small reticulofenestrids at ~25 Ma and ~21–20 Ma
(Events 3–4). This correspondence suggests that small cell sizes have,
in part, helped to magnify the 2–4‰ increases in εp37:2, during these
times (Fig. 3A), whereas large cell sizes would have attenuated the
magnitude of εp37:2 values during the latest Eocene.

5. Discussion

5.1. Evaluation of alkenone records

The εp37:2 values of the late Eocene–earliest Oligocene are greater
than any observed in the modern ocean (Pagani et al., 2005). Within
the bounds of the published approach to interpreting εp37:2 (Bidigare
et al., 1997; Pagani et al., 2005), this would imply either that (1)
reticulofenestrid cell sizes were much smaller than modern E. huxleyi,
(2) haptophyte growth rates were substantially lower than the lowest
rates observed in oligotrophic parts of the modern ocean, or (3) CO2

levels were higher. Our results indicate that the major features of the
published CO2 record, including the high εp37:2 values of the middle
Eocene–early Oligocene and the secular trends in δ13Calk and εp37:2,
cannot be interpreted as a cell size effect. Indeed, if cell size changes
influenced alkenone isotope chemistry, it would have acted to
minimize the magnitude of long-term isotopic change and, as a
consequence, attenuate the magnitude of CO2 change during the
Eocene and Oligocene (Fig. 3B). On the other hand, short-term changes
in δ13Calk and εp37:2 during the late Oligocene and early Miocene could
be partly explained by changes in the mean cell size of alkenone-
producing algae (cf. Henderiks and Pagani, 2007). For example,
associated cell size decreases at ~25 Ma and ~21–20 Ma (Events 3–
4), result in an overestimation of pCO2 during these times: cell size
revised paleo-CO2 estimates are lower by ~100–300 ppmv with
respect to values reported in Pagani et al. (2005) (Fig. 3D).

A scenario calling for a suppression of algal growth rates during the
late Eocene–earliest Oligocene to explain elevated εp37:2 values does
not appear reasonable. Eocene to earliest Oligocene εp37:2 values are
substantially higher than those recorded from the modern oligo-
trophic waters where [PO4

3−] ranges between 0.0 to 0.2 μmol/l. In terms
of specific algal growth rates, this would imply that Paleogene
alkenone producers had substantially lower growth rates than
modern E. huxleyi in oligotrophic settings. However, the paleo-εp37:2
record is derived from both oligotrophic and eutrophic environments
(Pagani et al., 2005). If algal growth rates were the primary reason for
high Eocene εp37:2 values, then growth rates at eutrophic sites would
have to be lower than those found in the gyre regions of the modern
ocean.

The simplest explanation for the pattern of paleo-εp37:2 values calls
on higher-than-modern CO2 concentrations during the Eocene reach-
ing near-modern CO2 concentrations by the early Miocene (Pagani
et al., 2005). If cell size variations are considered, larger mean
reticulofenestrid V:SAduring the late Eocenewould imply even higher
paleo-CO2, increasing concentrations by ~100 to 400 ppmv above
published values (Fig. 3D). Arguably, this effect could be amplified, if
alkenones represent a comparable proportion of cell biomass among
all reticulofenestrids — the contribution of alkenones by large cells
would be proportionally larger than by small cells. However,



Fig. 2. Long-term variability in (A) alkenone δ13C values (Pagani et al., 2005) and (B) coccolith size of ancient alkenone producers (μm) during the middle Eocene–early Miocene at
Atlantic DSDP Sites 516 and 612. Note that data are plotted against a revised age model for Site 612, including a hiatus in the middle Eocene (Table S1 in the Appendix). Shown in
(B) are mean (±95% confidence), as well as an envelope of 5th and 95th percentile sizes. Events (1)–(4) depict distinct minima in mean reticulofenstrid size. Arrows indicate the
respective global first occurrence (FO) and last occurrence (LO) of R. umbilica (42.5 and 31.4–32.3 Ma, respectively) and R. bisecta (LO at 23.9 Ma). Mean coccolith size (±95% conf.) of
R. umbilica, at DSDP Site 523 (28°S, 2°W), is adapted from Backman and Hermelin (1986). (C) Reticulofenestrid morphospecies diversity as expressed by the Shannon index. Low
values depict assemblages of low species numbers and/or high degree of dominance by few species. (D) Relative abundance of the two largest morphospecies, R. umbilica and
R. bisecta, within reticulofenestrid assemblages.
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attempting to reconstruct and scale to ancient algal ‘biomass’
introduces large uncertainty, adding to an approach already built on
many assumptions (Pagani et al., 2005; Sections 3.1–3.2). Neverthe-
less, the long-term character of atmospheric CO2 estimates remains
broadly similar to the previously published record regardless of the
potential effect of changes in cell size.

According to model simulations, a gradual decline in pCO2 during
the late Eocene could have triggered Antarctic glaciation (DeConto and
Pollard, 2003). However, cell size corrected, alkenone-based pCO2

values appear to rise prior to the transition to “icehouse” conditions
and fall rapidly after this climate event (Fig. 3D). Though intriguing,
data resolution needs to be improved across this event to fully
appreciate the relationship between CO2 and polar ice growth during
this time.

5.2. Targeting ancient alkenone producers

Alkenone-producing haptophyte species are members of the
Isochrysidales clade, phylogenetically far removed from other cocco-
lithophores (Medlin et al., 2007) — but not all Isochrysidales are
known to produce alkenones (Marlowe et al., 1990). Therefore, it is
possible that (1) all reticulofenestrids produced alkenones in the past,
thus encompassing a range in cell sizes as discussed in the present
study, or (2) only the smallest Cenozoic ancestors of similarly small-
sized Gephyrocapsa and Emiliania produced alkenones. The latter
scenario complies with the initial assumptions made by Pagani et al.
(2005), that no or only minor cell size variability occurred during the
Cenozoic that had no significant impact on the trends described by the
εp37:2 record.

Arguably, we cannot preclude that the extinct genus Cyclicargo-
lithus – with circular coccolith morphologies distinct from the
elliptical reticulofenestrids (Henderiks, 2008) – could also have
produced alkenones, since this genus is taxonomically grouped
under the Isochrysidales (Young, 1998). This taxon is only a prominent
contributor to the Oligocene nannofossil assemblages at site 516. We
tested the influence of including Cyclicargolithus in our cell size
considerations by combining our census counts andmean size data for
Reticulofenestra and Cyclicargolithus across the Oligocene interval



Fig. 3. Evaluation of the alkenone-derived paleo-εp37:2 record and V:SA-adjusted calculations of aqueous CO2 concentrations (CO2(aq)) and atmospheric levels of CO2 (pCO2) based on
the temporal cell size variability of ancient alkenone-producing coccolithophores. Shown from left to right are (A) εp37:2 (‰; Pagani et al., 2005); (B) mean reticulofenestrid cell
volume-to-surface area ratios (V:SA, in μm) calculated from mean coccolith length (±standard error) using Eq. (1). Black interval represents mean V:SA and propagated upper 95%
confidence interval. Dashed line indicates propagated lower 95% confidence estimate. Grey horizontal band illustrates V:SA values of modern E. huxleyi (0.9±01 μm). Events (1)–(4),
and species LO's as in Fig. 1. (C) V:SA-revised, εp37:2 derived estimates of [CO2(aq)] (μmol kg−1). In our re-evaluation of [CO2(aq)], we propagated the 95% confidence intervals for V:SA,
minimum and maximum estimates of εp37:2, and used constant ranges in [PO4

3−] (Site 516: 0.2–0.4 μM; Site 612: 0.3–0.5 μM) to adjust estimates of the physiological term ‘b’ (Eqs. (2)
and (3)); (D) V:SA-revised paleo-pCO2 reconstructions (ppmv). Intervals represent minimum and maximum estimates with propagated 95% confidence levels of input factors.
Conversion from [CO2(aq)] into pCO2 was achieved using Henry's Law and mean SST as determined by Pagani et al. (2005).
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(24.5–32.7 Ma). This resulted in slightly higher mean cell size-
adjusted estimates of CO2 that fall largely within the given ranges
using only reticulofenestrid data, and therefore does not impact our
overall conclusions illustrated in Fig. 3D.

5.3. Cell size variability: ecology and evolution

Coccolithophorid cell size is likely influenced by a variety of passive
and active selection pressures, with specific factors, such as resource
availability and climatic change, determining trends over time. In
addition, different forcings operate on ecologic to evolutionary time-
scales. The correspondence between large (small) mean coccolith size
and high (low) reticulofenestrid species diversity demonstrates that
reticulofenestrid species composition – and thus regional coccolitho-
phore ecology – is a major driving force of the observed size variability
in our records on 100 to 400-ky time-scales (Fig. 2B–C; Events 1–4). To
a lesser degree, intra-specific size variation of the main morphos-
pecies in our samples influences the overall cell size compositions
(Fig. 4). This potentially phenotypic size response suggests that
additional biotic and/or abiotic factors affected the cell size, notably
during the E–O transitionwhen distinct decreases in cell size occurred
in all morphospecies (Event 1).

On longer time-scales, a reduction in maximum size at sites 516
and 612 is also impacted by global extinctions of the largest
reticulofenestrid morphospecies, and thus represents an evolutionary
process (Figs. 4 and 5). In the South Atlantic (site 516) and Southern



Fig. 5. Geographic distribution of Reticulofenestra umbilica (black symbols) and R. bisecta
(grey symbols) over the last 50 Ma, illustrating cosmopolitan occurrence before their
respective global extinctions (LO: last occurrence). Occurrences of each species were
documented in DSDP and ODP samples at, respectively, 34 Sites (24 Legs) and 54 Sites
(34 Legs) from the Atlantic, Indian and Pacific oceans, as compiled in the biostratigraphic
NEPTUNE database (Spencer-Cervato,1999). Rare occurrences in Neogene sediments are
interpreted as reworking of fossil specimens, a processwhich appears most pronounced
in high latitudes.

Fig. 4. Temporal variability inmean coccolith size (95% confidence intervals), for distinct morphospecies groupswithin the studied reticulofenestrid assemblages at Sites 516 and 612.
FO, LO, and Events (1)–(4) as in Fig. 1. The evolutionary selection against large morphospecies may in part explain the overall decline in mean reticulofenestrid size during the
Oligocene, while the evolution of the largest morphospecies R. umbilica (42.5 Ma; ⁎adapted from Backman and Hermelin, 1986) from middle Eocene R. dictyoda appears to have
influenced the observedmean size increase during the late Eocene. Still, each morphospecies group shows decreasedmean size following Antarctic glaciation (at ~34 Ma), consistent
with the marked mean reticulofenestrid size decrease across the E–O transition (Event 1).
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Ocean (ODP sites 689 and 744; Persico and Villa, 2004), the relative
abundance of Reticulofenestra umbilica strongly declined at ~34 Ma,
coinciding with major climatic change of the E–O climate transition
(Fig. 2D), but the global extinction of this cosmopolitan species
occurred several million years later (mid-latitudes: 32.3 Ma; Berggren
et al., 1995; Shackleton et al., 1999; high southern latitudes: 31.4 Ma;
Persico and Villa, 2004). Similarly, the cosmopolitan Reticulofenestra
bisecta suffered sharp decreases in abundance during the latest
Eocene and Oligocene (Fig. 2D), the last of which (~25.5 Ma) occurred
long before its global extinction during the latest Oligocene (23.9 Ma;
Berggren et al., 1995). Both last occurrences (LO's) are conspicuously
associated with distinct declines in εp37:2 values at ~32 Ma and
~24.5 Ma (Fig. 3A).

5.4. Abiotic forcing on plankton size?

In today's oligotrophic ocean regions, coccolithophore cell den-
sities show strong seasonality and appear largely forced by abiotic,
environmental parameters, such as nutrients, temperature and ir-
radiance (Haidar and Thierstein, 2001; Cortés et al., 2001). A general
allometric rule dictates that smaller unicellular phytoplankton cells
have higher nutrient-uptake and growth rates because of their low V:
SA ratios (Raven, 1998). Most modern oceanic coccolithophores
appear to be adapted to low nutrient, non-variable environmental
conditions, and do not respond to nutrient enrichment (Brand, 1994).
By contrast, E. huxleyi and G. oceanica both have higher maximum
growth rates and respond positively to nutrient enrichment (Hulburt,
1985; Brand, 1994; Haidar and Thierstein, 2001). For example, in the
north Atlantic subtropical gyre system off Bermuda, E. huxleyi is the
dominant coccolithophore from late winter to spring, when surface
water stratification breaks down due to winter mixing and nutrients
are supplied to the photic zone at low temperatures (Haidar and
Thierstein, 2001). Similarly, it is probable that fast-growing, small
reticulofenestrids that dominate Cenozoic nannofloral assemblages
were better adapted, relative to larger taxa, in exploiting limited
resources.

Finkel et al. (2005) postulated a scenario of decreasing whole-
ocean nutrient availability resulting from long-term cooling and
increased thermal stratification during the Cenozoic as themain cause
of a macroevolutionary size decrease in diatoms, that appears most
pronounced since the early Miocene. This conclusion was based on
linear regression analysis of globally averaged diatom size (without
regard to relative species abundances) and long-term, smoothed
trends in the temperature contrast between the deep and surface
ocean in the tropics (Wright, 2001) that were interpolated at 5-million
year intervals (Finkel et al., 2005). However, a similar analysis of mean
algal cell size and records of ocean stratification, from corresponding



Fig. 6. (A) Mean reticulofenestrid cell volume-to-surface area ratios (V:SA, in μm; as Fig. 3B) compared to (B) coccolith-dominated fine fraction stable oxygen isotopic ratios (δ18OFF in
‰), representing late winter–early spring surface water conditions (Ennyu et al., 2002) and (C) gradients between benthic foraminiferal and fine fraction δ18O (Δδ18OBF–FF in ‰) in
corresponding samples at sites 612 and 516. The latter serves as a qualitative assessment of the thermal stratification of the ocean. Stable isotopic data at sites 612 and 516F adopted
from Pagani et al. (2005), fine fraction isotopic data at site 516 (latest Oligocene–early Miocene) from Ennyu et al. (2002). (D) Long-term trends (lines: 1 m.y. Gaussian filter) of deep
ocean and surface water stable oxygen isotopic composition in foraminifera; solid line: global benthic compilation (Zachos et al., 2001); dashed line: tropical planktonic values drawn
afterWright (2001); open symbols: Southern Ocean planktonic (Mackensen and Ehrmann,1992). Note that the long-term decrease in δ18OFF from themiddle Eocene to earlyMiocene
at sites 516 and 612 is consistent with global, long-term decreases in deep-ocean and high-latitude surface temperatures.
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samples at Sites 516 and 612 (n=33), reveals contrasting results that
do not support this hypothesis on a regional scale and/or higher
temporal resolution (Fig. 6). Significant correlations between cell size
estimates and the δ18O of coccolith-dominated fine fraction (δ18OFF)
suggest a decrease in reticulofenestrid size with decreasing surface
temperatures (r=0.63 and 0.69 for, respectively, mean V:SA and 95th
percentile coccolith size; p-value≪0.0001). However, the regional
isotopic gradients between benthic foraminiferal and fine fraction
δ18O (Δδ18OBF–FF; Fig. 6C) suggest a reduction in ocean stratification
from the late Eocene to early Miocene. Opposite to results presented
in Finkel et al. (2005), our records indicate a decrease in mean V:SA
with decreasing ocean stratification (estimated by Δδ18OBF–FF; r=0.61,
p-valueb0.0002).

If nutrient availability was the main factor forcing plankton cell
size over the Cenozoic, then the sharp shorter-term decrease in
reticulofenestrid size across the E–O transition (Event 1) at oligo-
trophic site 516 should correspond to an increase in ocean stratifica-
tion — opposite to what our data suggest (Fig. 6). In fact, evidence for
regionally increased paleoproductivity, notably by diatoms, extends
from the western equatorial Atlantic (ODP site 925: Nilsen et al.,
2003) to the South Atlantic and Southern Ocean (e.g. ODP site 1090:
Anderson and Delaney, 2005; ODP site 689: Diester-Haass and Zahn,
1996; Fig. 1) in association with climatic cooling during the E–O
transition (e.g. Dupont-Nivet et al., 2007; Zanazzi et al., 2007), and is
inconsistent with a reduction in nutrient availability. In addition, long-
term cooling during the Eocene is paired with a directional increase
(and not decrease) in cell size in R. umbilica (Backman and Hermelin,
1986; Fig. 2B), when our Δδ18OBF–FF record suggests periods of rel-
atively strong thermal stratification (Fig. 6C). Therefore, we contend
that the relationship between coccolithophore size and thermal strat-
ification and/or nutrient availability, on evolutionary and shorter
climatic time-scales, is not consistent with the model proposed by
Finkel et al. (2005). Rather, the gradual decline in reticulofenestrid
upper size and nannofloral extinctions in relation to changes in εp37:2
suggest that a fall in CO2 was a primary factor forcing a long-term
decrease in reticulofenestrid cell size during the Oligocene.
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5.5. Co2 forcing on coccolithophore size?

A stark contrast between an overall diversity increase in diatoms
(Spencer-Cervato, 1999; Falkowski et al., 2004) and progressive loss of
coccolithophorid diversity (Aubry, 1992; Bown, 2005) since the early
Oligocene reflects fundamental differences in physiology and ecologic
success of these two phytoplankton groups in the “icehouse” world.
Diatoms possess highly efficient and regulated CCMs, in contrast to
modern alkenone-producing E. huxleyi (Raven and Johnston, 1991;
Badger et al., 1998; Rost et al., 2003). Notably, the catalytic efficiency
of Rubisco appears evolutionary conservative within the major algal
groups (Tortell, 2000). Indeed, the fact that a CCM is only weakly
developed in modern E. huxleyi – an organism that originated and
evolved under Pleistocene low levels of pCO2 – supports the notion
that its ancestors had similarly inefficient, or perhaps no need for CCMs
under higher CO2 levels during Paleogene times.

During the Eocene, when CO2 was higher than today (Lowenstein
and Demicco, 2006), we speculate that the characteristically large
coccolithophore species, such as R. umbilica and R. bisecta, relied on a
diffusive uptake of CO2(aq) for photosynthesis and growth — an ener-
getically inexpensive physiological adaptation. Smaller reticulofenes-
trids, perhaps with a nascent CCM (Rost et al., 2003), subsequently
had a competitive advantage over larger forms as CO2 became increas-
ingly limiting during the late Oligocene. Our data suggest that large,
cosmopolitan reticulofenestrids became ecologically marginalized
during rapid climatic change, such as during the E–O transition
(Fig. 2D), but that cell growth and survival of the species was sustained
until atmospheric pCO2 crossed bio-limiting threshold values, asso-
ciated with their respective global extinctions (Fig. 5). Intriguingly, the
fact that R. umbilica first disappeared in the mid-latitudes (32.3 Ma)
and later in the high latitudes (31.4 Ma) may relate to the fact that
cooler polar waters are characterized by higher concentrations of dis-
solved CO2.

6. Summary

Substantial changes in cell size of alkenone-producing coccolitho-
phores, relative to modern E. huxleyi, occurred during the middle
Eocene–early Miocene. However, cell size considerations do not alter
the overall conclusions of alkenone-based paleo-pCO2 reconstructions,
but imply even higher pCO2 concentrations just prior to the early Oli-
gocene glaciation at ~34 Ma. A long-term size decrease in reticulofe-
nestrids, with largest cell size and high species diversity during the
“hothouse” Eocene and progressive loss of large morphospecies since
the early “icehouse” Oligocene, is consistent with a secular decrease in
pCO2. A substantial decrease in pCO2 during the early Oligocenewould
have enhanced carbon limitation, driving the selection of smaller
coccolithophorid species characterized by a higher net influx of CO2

relative to the organism's carbon cell quota.
On shorter time-scales, reticulofenestrid size appears influenced

by climatic and ecologic variability, with distinct periods of timewhen
small morphospecies dominated reticulofenestrid assemblages. For
example, the abrupt Eocene–Oligocene climate shift and associated
changes in ocean dynamics occurred at ~34 Ma and was characterized
by a prompt contraction of reticulofenestrid cell sizes which recovered
to larger size by ~33 Ma in the oligotrophic South Atlantic. Finally, we
demonstrate that a recent hypothesis linking ocean thermal stratifi-
cation and macroevolutionary size trends in marine phytoplankton
(Finkel et al., 2005) cannot explain mean reticulofenestrid cell size
variability on a regional and/or higher temporal resolution.
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