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a b s t r a c t
In an attempt to document the palaeoecological afﬁnities of individual extant and extinct dinoﬂagellate cysts,
Late Pliocene and Early Pleistocene dinoﬂagellate cyst assemblages have been compared with geochemical
data from the same samples. Mg/Ca ratios of Globigerina bulloides were measured to estimate the spring–
summer sea-surface temperatures from four North Atlantic IODP/DSDP sites. Currently, our Pliocene–
Pleistocene database contains 204 dinoﬂagellate cyst samples calibrated to geochemical data. This palaeodatabase is compared with modern North Atlantic and global datasets. The focus lies in the quantitative
relationship between Mg/Ca-based (i.e. spring–summer) sea-surface temperatures (SSTMg/Ca) and dinoﬂagellate cyst distributions. In general, extant species are shown to have comparable spring–summer SST ranges
in the past (SSTMg/Ca) and today (SST from World Ocean Atlas 2005, Locarnini et al., 2006), demonstrating that
our new approach is valid for inferring spring–summer SST ranges for extinct species. For example,
Habibacysta tectata represents SSTMg/Ca values between 10 and 15 °C when it exceeds 30% of the assemblage,
and Invertocysta lacrymosa exceeds 15% when SSTMg/Ca values are between 18.6 and 23.5 °C. However,
comparing Pliocene and Pleistocene SSTMg/Ca values with present day summer values for the extant
Impagidinium pallidum suggests a greater tolerance of higher temperatures in the past. This species occupies
more than 5% of the assemblage at SSTMg/Ca values of 11.6–17.9 °C in the Pliocene and Pleistocene, whereas
present day summer SSTs are around − 1.7 to 6.9 °C. This observation questions the value of Impagidinium
pallidum as reliable indicator of cold waters in older deposits, and may explain its bipolar distribution.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Dinoﬂagellate cysts are widely accepted as reliable proxies for
reconstructing marine palaeoenvironments in the Quaternary (e.g. de
Vernal et al., 2005; Radi and de Vernal, 2008; Van Nieuwenhove et al.,
2008; Verleye and Louwye, 2010). Palaeoenvironmental reconstructions of older time periods based on dinoﬂagellate cysts have also
proven valuable (e.g. Sluijs et al., 2005; Louwye et al., 2007) but
remain challenged by the limited understanding of the ecology of
extinct species. The palaeoecological afﬁnities of individual, extinct
dinoﬂagellate cyst species are often obtained via indirect evidence
from co-occurring species (dinoﬂagellate cysts, foraminifers, etc.) for
which ecological information is available (e.g. de Verteuil and Norris,
1996; Head, 1997; Matthiessen et al., 2009). Alternatively, statistical
analysis can be applied to cyst distributions and related to
independent environmental information from micropalaeontological,
sedimentological and geochemical evidence (e.g. planktonic forami⁎ Corresponding author at: Department of Earth Science, University of Bergen, PO
Box 7803, N-5020 Bergen, Norway. Tel.: + 47 55583576.
E-mail address: smad2@cantab.net (S. De Schepper).
0031-0182/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.palaeo.2011.04.020

nifera, lithology, stable isotopes) in order to identify the ecology of
extinct taxa (Versteegh and Zonneveld, 1994). Additionally, the
geographic distributions (especially latitudinal ranges) of extinct
taxa can be used to infer climatic afﬁnity (e.g. Head et al., 1989b).
These approaches have allowed ecological labels such as warmtemperate, thermophilic or cool-tolerant to be assigned to individual
taxa (e.g. Head, 1994a, 1997), or enabled the construction of warm/
cold indices (Versteegh and Zonneveld, 1994). Although useful for
palaeoenvironmental interpretations, such ecological understanding
remains qualitative.
In the present study, we attempt to establish a relationship
between Pliocene and Pleistocene dinoﬂagellate cyst assemblages and
a geochemical sea-surface temperature (SST) proxy in order to
document the past temperature ranges of extinct and extant taxa. The
relative abundances of dinoﬂagellate cyst species today are known to
follow distribution patterns closely related to temperature gradients
in the modern ocean (Harland, 1983; de Vernal et al., 1993, 2001;
Rochon et al., 1999). Indeed, together with phosphate and nitrate
concentrations, SST is one of the most important environmental
variables that can be related to the relative abundances of dinoﬂagellate cyst assemblages (Marret and Zonneveld, 2003). Our study
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sites are located in the open ocean, presently either in the path of the
Gulf Stream (Site 603) and North Atlantic Current (Sites 610, U1308)
or in the subtropical gyre (Site U1313). The overlying water mass
(SST, salinity, nutrients, etc.) at each site will have been important for
the dinoﬂagellate cyst assemblage composition. Because our sites are
from different latitudes, and our samples chosen to cover the full
range of individual climate cycles, past SSTs vary considerably and will
have exerted a major control on the assemblages. Nutrient availability
likely also played a role, especially when comparing those sites
underlying the Gulf Stream and North Atlantic Current, both known
transporters of nutrients to the higher latitudes (e.g. Pelegrí and
Csanady, 1991; Pelegrí et al., 2006; Palter and Lozier, 2008), with Site
U1313 from the oligotrophic subtropical gyre. De Schepper et al.
(2009) showed that variations in sea-surface salinity (SSS) in the
eastern North Atlantic do not exceed 1–2 psu around Marine Isotope
Stage (MIS) M2 (δ18Osw-ice range of 1.1‰ at Site 610 and 1.2‰ at Site
U1308). Such relatively small variations are unlikely to have had a
large effect on the dinoﬂagellate cyst assemblages.
For dinoﬂagellate species living in the modern oceans, satellite
data or even in situ measurements (e.g. Wendler et al., 2002) of SST
or SSS can be used to identify ecological afﬁnities. Such an approach
is obviously not possible for the fossil record, so SST or SSS proxies
must be used instead. While no single proxy can be used
to reconstruct simultaneously the most signiﬁcant environmental
factors (SST, SSS, nutrients, light availability), several well-tested
proxies (planktonic foraminiferal Mg/Ca ratios, e.g. Nürnberg, 2000;
alkenone records, e.g. Naafs et al., 2010; TEX86, e.g. Schouten et al.,
2002) are available to identify the temperature ranges of species
in the past, including extinct species. Such information should
improve our understanding of fossil assemblages that do not have a
modern analogue, and increase their value for palaeoceanographic
reconstruction.
Hence, by constructing a database that combines each fossil
dinoﬂagellate cyst assemblage with a geochemical proxy from the
same sample, we attempt to resolve important uncertainties in
dinoﬂagellate cyst palaeoecology by: 1) assessing whether the fossil
record of extant dinoﬂagellate cyst species reﬂects temperature
signals that are comparable to those observed from the modern
distribution of these species, 2) quantifying the temperature ranges of
extinct species, and 3) deciphering the palaeoceanographic meaning
of fossil assemblages that may not have a modern analogue. To
address these aims, we have analysed four Upper Pliocene and Lower

Pleistocene intervals from four oceanic sites in the North Atlantic
(Figs. 1 and 2).
2. Scientiﬁc rationale
A large dataset of present day dinoﬂagellate cyst distributions
exists for the North Atlantic, covering a range of climate zones (e.g.
Rochon et al., 1999; de Vernal et al., 2001; Marret and Zonneveld,
2003; Radi and de Vernal, 2008). A comparable dataset for the Last
Glacial Maximum contains considerably fewer sites (de Vernal et
al., 2005), and with increasing geological time even fewer sites are
suitable for study. To overcome the limited geographical coverage
in the present study, and hence the limited coverage of diverse
climate zones, time intervals with distinct and varying climatic
conditions were investigated (Fig. 2): one Pliocene interglacial–
glacial–interglacial cycle from three sites, one long record covering
the interval from the warm early Late Pliocene to the Early
Pleistocene (including the intensiﬁcation of Northern Hemisphere
glaciation) and one record from the latter half of the Olduvai
Subchron in the Early Pleistocene.
The fossil dinoﬂagellate cyst assemblages require calibration to an
independent SST proxy, and we chose Mg/Ca ratios of the planktonic
foraminifer Globigerina bulloides. Both microfossil groups were
extracted from the same sample to establish a one-to-one comparison. To test this approach, the relative abundances of extant
dinoﬂagellate cyst species occurring in the fossil assemblages were
compared with their present day distributions. It was reasoned that if
the comparison were good, then the SST ranges of extinct species
could be determined with conﬁdence.
3. Material and methods
3.1. Material
Samples were taken from four sites in the North Atlantic (Table 1,
Fig. 1). Those samples from Deep Sea Drilling Project (DSDP) Site 603
are from a short interval around the upper half of the Olduvai
Subchron (uppermost Gelasian; ca. 1.8 Ma). From DSDP Site 610, and
Integrated Ocean Drilling Program (IODP) Sites U1308 and U1313,
samples span the time interval around MIS M2 at ca. 3.30 Ma. A longer
time interval was sampled at Site U1308, from ca. 3.4 to 2.2 Ma
spanning the Pliocene–Pleistocene boundary (at 2.58 Ma; see Gibbard

Fig. 1. Location of the four studied Upper Pliocene–Lower Pleistocene sites in the North Atlantic: DSDP Site 603, DSDP Site 610, IODP Site U1308 and IODP Site U1313 (coloured dots);
along with the sites of the present day n = 1171 dataset of Radi and de Vernal (2008) (light and dark grey dots) and the n = 518 North Atlantic subset (dark grey dots only).
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southwestern edge of the Rockall Trough. About 400 km southwest of
Site 610, Site U1308 is located on the eastern ﬂank of the Mid-Atlantic
Ridge. The last two sites have comparable oceanographic settings and
are mainly inﬂuenced by the North Atlantic Current (De Schepper
et al., 2009). Site U1313 is an open ocean site in the central part of the
North Atlantic, situated within the northernmost part of the subtropical gyre and likely inﬂuenced only occasionally by the North
Atlantic Current (Naafs et al., 2010).
3.2. Dinoﬂagellate cysts
The Pliocene and Early Pleistocene database (hereafter palaeodatabase) currently contains 204 samples (Table 1). Dinoﬂagellate
cysts were separated from planktonic foraminifera by wet sieving
each sample at 125 μm. The dinoﬂagellate cysts, which passed
through the sieve, were then concentrated using standard laboratory
techniques (De Schepper et al., 2009). Raw data are presented in De
Schepper et al. (2009) for samples from Site 610 and Site U1308
(pars), and in Fischer (2011) for samples from Site 603. Raw data for
all samples in this study are also presented in the Supplementary Data
(available at doi:10.1594/PANGAEA.758713). Full authorial citations
of taxa mentioned in this paper are listed in Appendix A and follow De
Schepper et al. (2004) and Fensome et al. (2008).
3.3. Mg/Ca ratios of Globigerina bulloides and seawater temperature

Fig. 2. Studied time intervals (approximate) for the four North Atlantic DSDP and IODP
sites. MAM = Mammoth Subchron, KAE = Kaena Subchron, OLD = Olduvai Subchron.
Isotope record from Lisiecki and Raymo (2005).

and Head, 2010; Gibbard et al., 2010). These samples are part of a
larger study that focuses on the Pliocene and Early Pleistocene
palaeoceanography of the North Atlantic during speciﬁc climatic
events in Earth's history, such as MIS M2 (De Schepper et al., 2009),
and glacial–interglacial cycles through the upper Olduvai Subchron
(Fischer, 2011).
Site 603 was drilled on the lower slope of the New Jersey
continental rise in the western North Atlantic (Table 1, Fig. 1), and is
currently lying in the path of the Gulf Stream. Site 610 is located at the

Table 1
Location and water depth of the studied sites, and number of samples used in this study.
Site

Holes

Coordinates

DSDP Site 603
DSDP Site 610
IODP Site U1308
IODP Site U1313

C
A
A, C
B, C

35°30′N, 70°2′W
53°13′N, 18°53′W
49°53′N, 24°14′W
41°0′N, 32°57′W

Water depth
(m)

Number of
samples

4633
2417
3872
3413

48
20
80
56

For each sample, about 25 specimens of Globigerina bulloides were
picked from the 250–315 μm fraction for Mg/Ca analysis. The tests
were excellently preserved and showed no signs of dissolution or
secondary calcite growth. The cleaning procedure followed that of
Barker et al. (2003) and is detailed in De Schepper et al. (2009). After
dissolution, centrifugation, and dilution, the samples were measured
on an ICP-OES (Perkin Elmer Optima 3300R, Department of
Geosciences, University of Bremen). The validity of analyses was
checked by analysing the limestone standard ECRM752-1 (Greaves
et al., 2008).
The analytical precision of the Mg/Ca analyses for Globigerina
bulloides, based on three replicate measurements of each sample, was
0.19%; while reproducibility based on replicate samples, which were
picked and cleaned separately, was ±0.14 mmol/mol (ca. 4.2%;
n = 19).
We have applied the Elderﬁeld and Ganssen (2000) algorithm, Mg/
Ca (mmol/mol) = 0.56 exp 0.10 T (°C), to calculate sea water
temperatures because it is based on surface samples from the North
Atlantic. The total error on this reconstruction of palaeotemperature
by Mg/Ca is estimated to be 1.0–1.5 °C. Although the calibration of
Elderﬁeld and Ganssen (2000) is based on SSTs between 8 and 15 °C,
the higher SSTs that we reconstruct (see Section 5.1 below) are
nevertheless reliable. This was checked by applying the calibration of
Mashiotta et al. (1999), which covers a SST range from ca. 10 to 25 °C.
The difference in reconstructed SST between the two algorithms at
SSTs above 15 °C is less than 0.6 °C and at SSTs above 19 °C even less
than 0.25 °C.
3.4. Comparison database
We opted to compare our data with the Northern Hemisphere
n = 1171 dataset of Radi and de Vernal (2008) and a subset which
covers mainly the North Atlantic Ocean. The subset has been
restricted to 518 samples (hereafter n = 518 dataset). The n = 518
dataset contains only samples between 75°W and 15°E, and north of
25°N, with samples from the Mediterranean and northern part of
Bafﬁn Bay being omitted (Fig. 2). This seems the best comparison for
our Pliocene sites, but is not ideal because present day samples from
the central North Atlantic south of 50°N are not available. The study of
Harland (1983) included some samples from the central North
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Atlantic. However, that dataset can be used only for qualitative
comparison because of subsequent advances in dinoﬂagellate cyst
taxonomy and a likely bias caused by a laboratory procedure, common
at that time, involving the partial oxidation of some samples. We also
chose not to use a global dataset (Marret and Zonneveld, 2003) for
direct comparison because it includes regions (e.g. upwelling areas off
NW Africa, Southern Ocean) that are not directly comparable to the
North Atlantic. Nevertheless, where relevant, comparisons are made
to this global dataset.
4. Inherent assumptions

dataset recognised an equally strong correlation between dinoﬂagellate cyst relative abundances and summer, autumn and annual SSTs
(Marret and Zonneveld, 2003).
In the North Atlantic, Globigerina bulloides reﬂects SSTs of the
northward-migrating phytoplankton spring bloom: February to
March SST between 30° and 40°N, but April to June SST at higher
latitudes (Elderﬁeld and Ganssen, 2000; Ganssen and Kroon, 2000).
At the eastern North Atlantic OMEX-2 site (49°N, 13°W; Goban
Spur), G. bulloides occurs in great numbers during the late spring and
summer (Chapman, 2010). Thus, the SSTMg/Ca value of G. bulloides in
the North Atlantic reﬂects spring to summer SSTs.

Calibrating dinoﬂagellate cyst assemblages with a geochemical
ratio from the foraminifer Globigerina bulloides incorporates some
fundamental assumptions.

5. Results and interpretation

Assumption 1. The ecology of Globigerina bulloides has not changed
since the Pliocene.

Mg/Ca ratios vary from 1.21 to 6.48 mmol/mol, which translate to
seawater temperatures between 7.7 and 25.2 °C (based on Elderﬁeld
and Ganssen, 2000). The highest Mg/Ca ratios were measured at Site
603C, the lowest in the latest Pliocene of Site U1308. The minimum,
maximum and average values of Mg/Ca and corresponding seawater
temperatures, as well as the present day seasonal and annual average
SSTs for 0 to 50 m water depth, are listed in Table 2.

This is a fair assumption since the present day and Pliocene distributions of Globigerina bulloides are comparable. Globigerina bulloides has a ubiquitous mid-Pliocene distribution, with slightly higher
maximum abundances in the northeastern Atlantic (Dowsett and
Robinson, 2007). Today, it is most proliﬁc in the temperate to subpolar regions of the North Atlantic (e.g. Tolderlund and Bé, 1971;
Hemleben et al., 1989; Schiebel et al., 1997; Prell et al., 1999).
Assumption 2. Globigerina bulloides and dinoﬂagellates occupy the
same habitat.
The habitat of Globigerina bulloides in the eastern North Atlantic is
restricted mostly to the upper 60 m of the water column, where it
mirrors the movements of phytoplankton blooms (Schiebel et al.,
1997; Ganssen and Kroon, 2000; Chapman, 2010). The δ18O values of
G. bulloides are most depleted and closer to near-surface temperatures
in the subtropical ocean, but in the subpolar ocean such a relationship
with near-surface temperatures is less evident (Chapman, 2010).
Globigerina bulloides may therefore live in shallower waters in
subtropical regions, and have an extended, deeper habitat in the
subpolar ocean.
With only few exceptions, the dinoﬂagellate cyst taxa identiﬁed at
most oceanic sites represent autotrophic dinoﬂagellates. In addition
to temperature, autotrophic species respond to nutrient levels and
light (Dale, 1996), and their living depth is consequently restricted to
the photic zone where they exercise various vertical migration
patterns (e.g. Hasle, 1950; Kamykowski, 1981; Kamykowski et al.,
1998). Although they can move vertically using their ﬂagella,
dinoﬂagellates generally inhabit a relatively thin and shallow surface
layer.
Assumption 3. The SSTMg/Ca of Globigerina bulloides is directly comparable to dinoﬂagellate cyst assemblages, i.e. both have comparable
seasonality.
The seasonal variation in dinoﬂagellate cyst production is best
recognised from sediment trap studies (e.g. Montresor et al., 1998;
Morquecho and Lechuga-Deveze, 2004). For example, the dinoﬂagellate cyst Operculodinium centrocarpum sensu Wall and Dale (1966)
has been recorded in sediment traps off western Canada throughout
the year but with maximum ﬂuxes at the end of summer and
beginning of fall (Pospelova et al., 2010), and off South Africa only
during spring and summer (Pitcher and Joyce, 2009). Phytoplankton
production occurs mainly from spring to late summer (e.g. Edwards
et al., 2001) and, in the northeast Atlantic, dinoﬂagellates bloom most
intensely during late summer, peaking in August (McQuatters-Gollop
et al., 2007). Statistical analysis of the global dinoﬂagellate cyst

5.1. Mg/Ca analysis

5.2. Dinoﬂagellate cysts
Our palaeo-database currently contains 204 samples. For 181
samples, at least 150 specimens were enumerated, and in 98 samples
more than 300 specimens were counted. For a few samples, only about
50 specimens were counted due to scarcity. Because there is such
variability in the counts, we have estimated the simultaneous conﬁdence
interval (95%) for each sample following the method of Sison and Glaz
(1995). This corresponds to a conﬁdence interval of ±0.6 to ±13.9% on
the relative abundances, with an average of ±6.0% on our entire
database (Fig. 3, Supplementary Data). As a general rule, lower counts
result in larger conﬁdence intervals, whereas higher counts have smaller
conﬁdence intervals and are thus more reliable. The same exercise was
performed on the n = 1171 dataset and the n = 518 subset, resulting in
conﬁdence intervals of ±0.4 to ±31% and ±0.4 to ±20% respectively.
Conﬁdence intervals of the multinomial data in the palaeodatabase allow the reliability of the relative abundance data to be
assessed, thereby avoiding over-interpretation when the raw counts
are small. It must be emphasised that no data points were omitted
from the palaeo-database. Rather, data points with larger uncertainty
(low counts) are represented as smaller dots, data points with smaller
uncertainty (higher counts) as larger dots in Figs. 4 and 5. The relative
abundances are less reliable in several samples of Site U1313, due to
Table 2
Mg/Ca ratios of Globigerina bulloides and corresponding seawater temperatures based
on the algorithm of Elderﬁeld and Ganssen (2000) at the four studied North Atlantic
sites. All samples fall within the age intervals mentioned. PD = present day; spring =
March, April, May; summer = June, July, August (World Ocean Atlas 2005, Locarnini
et al., 2006).
Site

U1313

610

Age
(Ma)

3.4–3.2

3.4–3.2

3.4–2.58

2.58–2.2

ca. 1.8

3.34
5.89
2.55
17.9
23.5
20.8
5.6
15.5
18.7
17.4

1.80
2.77
0.97
11.7
16.0
13.9
4.3
10.5
13.0
11.8

1.21
3.90
2.69
7.7
19.4
14.1
11.7
11.4
14.0
12.7

1.43
2.91
1.48
9.4
16.5
13.5
7.1

2.25
6.48
4.23
13.9
24.5
18.4
10.6
19.4
23.9
21.8

Minimum Mg/Ca (mmol/mol)
Maximum Mg/Ca (mmol/mol)
Range Mg/Ca (mmol/mol)
Minimum SSTMg/Ca (°C)
Maximum SSTMg/Ca (°C)
Average SSTMg/Ca (°C)
SSTMg/Ca range (°C)
PD spring SST (0–50 m)
PD summer SST (0–50 m)
PD annual average SST (0–50 m)

U1308

603
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Fig. 3. The calculated simultaneous conﬁdence interval for all samples in our palaeodatabase (n = 204), demonstrating that a smaller conﬁdence interval (i.e. more reliable
relative abundances) results from higher counts.

the low counts. The relative abundances at all other sites never
deviate by more than ±7.1%.
Species that were recorded in very low abundance and/or in few
samples, as well as taxa deﬁned to genus level only (e.g. Impagidinium
spp., Spiniferites spp.) are not discussed in this paper. The raw data for
all taxa are available in the Supplementary Data.
5.2.1. Extant species
Both the n = 1171 present day dataset (light and dark grey dots in
Figs. 1 and 4) and n = 518 subset (dark grey dots in Figs. 1 and 4) are
used for comparison with the extant species from the Pliocene and
Lower Pleistocene samples (Fig. 4). The present day data are plotted
against summer SSTs of the upper 0 to 50 m of the water column (data
from World Ocean Atlas 2005, Locarnini et al., 2006). Summer SSTs
were used because they provide the best comparison with the Mg/Cabased temperatures of Globigerina bulloides at the northern sites (610,
U1308), but SSTMg/Ca presumably will underestimate the summer
SSTs at the southern sites (603, U1313) where G. bulloides blooms
earlier in the season.
In general, the extant taxa recorded in the Pliocene and Early
Pleistocene of the North Atlantic compare well with their corresponding temperature distributions from the North Atlantic dataset
(n = 518 subset) and elsewhere (n = 1171 dataset, and Marret and
Zonneveld, 2003). With the low-latitude Site 1313 included in the
palaeo-database, the fossil record further augments our understanding of the extant species (e.g. Impagidinium aculeatum, Impagidinium
paradoxum) currently based on their present day distributions,
especially because the present day database is restricted to higher
latitudes. Notably, for one species, Impagidinium pallidum, the present
day and Pliocene–Pleistocene temperature distributions do not match
(see Discussion, Section 6.4, below).
The present day and Plio–Pleistocene records of Bitectatodinium
tepikiense compare closely, although Site 603 registers considerably
warmer SSTMg/Ca values than does the n = 518 subset. The fossil
record indicates a SSTMg/Ca range above 20 °C for this species (but see
Section 6.2).
The Plio–Pleistocene records of Impagidinium aculeatum and
Impagidinium patulum agree with the present day afﬁnities of these
species for elevated summer SSTs. The Plio–Pleistocene samples
suggest an afﬁnity for even warmer surface waters for I. aculeatum
(N40% only at SSTMg/Ca values above 17 °C) and I. patulum (N5% at
SSTMg/Ca above 15 °C) than currently identiﬁed from the Northern
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Hemisphere datasets. On a global scale, however, there is less
difference between the temperature ranges: I. aculeatum reaches
abundances of N20% at summer SSTs above ca. 18 °C, and I. patulum
often has abundances greater than 5% above ca. 15 °C, and reaching up
to ca. 60% at summer SSTs above 25 °C (Marret and Zonneveld, 2003).
The oceanic species Impagidinium pallidum is abundant at
unexpectedly high SSTMg/Ca values for the Pliocene and Lower
Pleistocene. This species occupies more than 5% of the assemblage
at summer SSTs between 11.6 and 17.9 °C in the Pliocene and
Pleistocene, whereas this range is around −1.7 to 6.9 °C for the
present day. Abundances exceeding 10% occur at SSTMg/Ca values
between 12.5 and 14.1 °C in the uppermost Pliocene and Pleistocene
of Site U1308. This contrasts strikingly with the much cooler modern
distribution of I. pallidum in the North Atlantic (n = 518; Radi and de
Vernal, 2008) and globally (Marret and Zonneveld, 2003) (see
Discussion, Section 6.4, below).
The warm-water species Impagidinium paradoxum rarely occurs in
abundances higher than 10% in the n = 1171 dataset and n = 518
subset. This is likely due to the absence of samples in the central North
Atlantic south of 50°N in those datasets. Harland (1983) recorded
abundances of 0–10%, and occasionally above 10%, in the central
North Atlantic south of 50°N (but see remarks about that dataset in
Section 3.4). In our palaeo-database, this species has considerably
higher abundances (even N50%), and also higher SSTMg/Ca values.
Percentages greater than 20% are recorded when SSTMg/Ca values
exceed 12 °C.
The temperate to tropical Lingulodinium machaerophorum (Dale,
1996; Radi and de Vernal, 2008) was recorded in our study mainly from
the Lower Pleistocene of Site 603, at SSTMg/Ca values greater than 15 °C.
The Pliocene SSTMg/Ca range of Operculodinium centrocarpum sensu
Wall and Dale (1966) compares well with the warmer end of its
distribution today. Likewise, the Pliocene records of Pentapharsodinium dalei and Nematosphaeropsis labyrinthus correspond more to the
warmer spectrum of their present day distribution in the Northern
Hemisphere, and also ﬁt well into their modern global range (Marret
and Zonneveld, 2003).
Operculodinium israelianum is also recorded mainly from the
Lower Pleistocene of Site 603, where it occurs at SSTMg/Ca values above
14.5 °C. A few samples from Sites 610, U1308 and U1313 record O.
israelianum but usually in low abundances. This agrees with the mildtemperate to tropical present day range of this species (Head, 1996a;
Marret and Zonneveld, 2003, and references therein).
Operculodinium janduchenei has higher relative abundances in the
Pliocene than are recorded from modern sediments in the n = 518
subset and by (Marret and Zonneveld, 2003). The elevated SSTMg/Ca
values (N10.5 °C) fall within the present day distribution of this
species (Marret and Zonneveld, 2003), although an independence
from temperature has been proposed for this species' occurrence in
the Pliocene Singa section of Italy (Versteegh and Zonneveld, 1994).
Polysphaeridium zoharyi occurs only at SSTMg/Ca values above 14 °C
in our palaeo-database, comparable to the range observed in the
n = 1171 dataset of Radi and de Vernal (2008). Marret and Zonneveld
(2003) also found this species to occur mainly at summer SSTs above
15 °C. This species is recorded mostly at Site 603. It is associated today
with inner shelf and restricted marine environments (Head and
Westphal, 1999).
Spiniferites mirabilis (includes Spiniferites hyperacanthus) has a
closely comparable range between the Plio–Pleistocene SSTMg/Ca
records and present day summer SSTs. This species was not
differentiated from Spiniferites spp. at Site 603.
The palaeo-database reveals much more information about
Tectatodinium pellitum than does the n = 518 dataset. It is found
only at SSTMg/Ca values above 12 °C in our database, and abundances
above 1% occur from ca. 15 °C. This corroborates and augments
information based on its warm-temperate to tropical distribution in
the present day oceans (Marret and Zonneveld, 2003).
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Fig. 4. Sea surface temperature (SST) ranges of extant dinoﬂagellate cysts in the present day oceans and Late Pliocene–Early Pleistocene of the North Atlantic. For each species:
relative abundances in the present day n = 1171 dataset of Radi and de Vernal (2008) (light and dark grey dots) and the n = 518 subset (dark grey dots only) are plotted against the
0–50 m summer sea-surface temperatures (World Ocean Atlas 2005, Locarnini et al., 2006); from the Late Pliocene–Early Pleistocene palaeo-database, relative abundances are
plotted against foraminiferal Mg/Ca-derived (spring–summer) sea-surface temperatures (coloured dots, see Fig. 3). For both the palaeo-database and modern dataset: a larger
conﬁdence interval for the relative abundance of a species is represented by a smaller dot, and vice versa; i.e., larger (smaller) dots represent more (less) reliable relative species
abundances.
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Fig. 4 (continued).
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Fig. 4 (continued).

5.2.2. Extinct species
All Pliocene and Lower Pleistocene data are plotted against the
SSTMg/Ca of Globigerina bulloides, which is best interpreted as a spring
to summer SST record. The most relevant species are shown in Fig. 5,
and all raw data are documented in the Supplementary Data. Such
species as Amiculosphaera umbraculum, Barssidinium graminosum,
Barssidinium pliocenicum, Dapsilidinium pseudocolligerum, Desotodinium wrennii, Geonettia waltonensis, and Impagidinium cantabrigiense
were recorded only in very low abundances, rendering conclusions
about their ecological afﬁnities difﬁcult. They are not discussed
further.
Ataxiodinium confusum has its highest abundance at the central
ocean Site U1313, which coincidently records the highest SSTMg/Ca.
Abundances above 2% are recorded for SSTMg/Ca values higher than
12.7 °C, and above 5% between 20.9 and 22.9 °C. The interpretation of
this oceanic species as a warm-water indicator (Udeze and ObohIkuenobe, 2005) is thus corroborated.
Bitectatodinium raedwaldii is recorded only in low abundances at
our sites and is absent from Site U1313. This is most likely due to its
afﬁnity for neritic environments, where it can constitute more than 5%
(and up to 22%) of assemblages in the Pliocene North Sea Basin (Head,
1997; Louwye et al., 2004; De Schepper et al., 2009). An afﬁnity for
warmer surface waters has been suggested (Head, 1997), which is
consistent with the limited data from our database.
Corrudinium harlandii and Corrudinium? labradori occur within a
broad range of temperatures (7.7–25.2 °C) in our palaeo-database,
where they have abundances reaching almost 5% and 6.5% respectively. This would suggest that temperature is not the main control on
their distribution. Versteegh and Zonneveld (1994) came to the same
conclusion for C. harlandii based on their analysis of the Upper
Pliocene Singa section in Italy, but we lack data from cooler regions to
conﬁrm this.
Edwardsiella sexispinosa is an outer neritic to oceanic species (as
Incertae sedis sp. 1 of Edwards, 1984, in Head et al., 1989b) and
usually only a minor constituent of Pliocene assemblages (e.g. De
Schepper and Head, 2009). In our palaeo-database, it is not recorded
where SSTMg/Ca values are below 11.5 °C, and abundances exceeding
1.0% occur mostly in the range of 15–23 °C. Although some data points
at higher SSTs are less reliable than others, this distribution suggests
an afﬁnity for warmer surface waters.

Filisphaera ﬁlifera can be an important component of fossil
assemblages, and has a maximum SSTMg/Ca range of 10.7–25.2 °C.
Pliocene abundances may reach 27%, but it is absent from the central
North Atlantic Site U1313. At the more northern sites, the highest
abundances are found at around 14 °C and abundances above 5%
represent SSTMg/Ca values in excess of 11 °C. Occasionally, this species
can be dominant (N40%) in the Pleistocene of Site 603, where it even
occurs at SSTMg/Ca values above 21 °C. Filisphaera ﬁlifera is a longranging species (Oligocene–Pleistocene; Head, 1994b), but because it
is known mainly from the higher latitudes, it is generally considered a
cool-water (e.g. Matthiessen and Brenner, 1996) or moderately coldtolerant (Mudie, 1987; Head, 1996a) species. The palaeo-database
lacks data from lower temperatures to conﬁrm or refute this, although
in the Pleistocene of Site 603 it tolerates SSTs ostensibly up to 25 °C
(but see Section 6.2, below).
Habibacysta tectata extends into the Miocene (Head et al., 1989a;
Jimenez-Moreno et al., 2006), and is considered a cool-tolerant (Head et
al., 1989a; Head, 1994a) or cold-water (Versteegh, 1994, 1997) species.
It has been documented from the Pliocene?–Pleistocene of the Arctic
Ocean (Matthiessen and Brenner, 1996). In the eastern North Atlantic, it
is present mainly from the Late Pliocene onwards at Site U1308 (this
study), Site 610 (De Schepper and Head, 2008, 2009) and even at the
more southerly Site U1313 (as DSDP Site 607 in Versteegh, 1997). It
reaches abundances in excess of 30% at SSTMg/Ca values between 10 and
15 °C, and even samples with abundances exceeding 5% fall mostly
within this SST range. This distribution conﬁrms the cool-water
afﬁnities of this species. Habibacysta tectata is not recorded around
glacial MIS M2 at the studied intervals of Sites U1313, 603 and 610.
The oceanic species Impagidinium solidum is restricted to the
Pliocene (De Schepper and Head, 2008, 2009), where it is more
abundant in warmer waters and records highest abundances (4.9–
11%) at SSTMg/Ca values between 18.6 and 23.5 °C.
Invertocysta lacrymosa extends into the uppermost Pliocene and
Invertocysta tabulata into the lowermost Pleistocene (De Schepper
and Head, 2008, 2009), with both species having their lowest
occurrences in the Miocene or Oligocene. Invertocysta lacrymosa has
abundances of 2% and above at SSTMg/Ca values greater than 10 °C, and
above 15% between 18.6 and 23.5 °C, conﬁrming its afﬁnity for
warmer waters (Versteegh and Zonneveld, 1994). This observation
supports the notion that its disappearance at ca. 2.75 Ma is related to
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Fig. 5. Sea surface temperature (SST) ranges of extinct dinoﬂagellate cysts in the Late Pliocene–Early Pleistocene of the North Atlantic. For each species, relative abundance is plotted
against foraminiferal Mg/Ca-derived (spring–summer) sea-surface temperature (SST) from our n = 204 palaeo-database (coloured dots, see Fig. 3). A larger conﬁdence interval for
the relative abundance of a species is represented by a smaller dot, and vice versa; i.e. larger (smaller) dots represent more (less) reliable relative species abundances.
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Fig. 5 (continued).
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Fig. 5 (continued).

the intensiﬁcation of Northern Hemisphere glaciation (de Vernal and
Mudie, 1989; Versteegh, 1997; De Schepper and Head, 2008).
Invertocysta tabulata is always a minor constituent of assemblages.
Except for one sample, this species is recorded at SSTMg/Ca values between
11.5 and 23.5 °C. Abundances exceeding 3% are found only at SSTMg/Ca
values of 15 °C or greater. Although its abundances are low (max. 6%) and
it has a wide SSTMg/Ca range (7.7–23.5 °C), our data tentatively suggest an
afﬁnity for warmer waters. Versteegh and Zonneveld (1994) found that
the distribution of this species is likely not temperature dependent in their
study of the Upper Pliocene Singa section in Italy.
Occurring usually in low abundances, Nematosphaeropsis lativittata is
tolerant of a wide SSTMg/Ca range (9–23 °C), with abundances of 2% or
more at SSTs of 13.7–22.1 °C. It was not recorded from the western North
Atlantic (Site 603).
Operculodinium? eirikianum var. eirikianum disappeared from the
eastern North Atlantic Site 610 at around the intensiﬁcation of
Northern Hemisphere glaciation (De Schepper and Head, 2008). It has
been regarded as a mid- to high-latitude cold-sensitive taxon (Head,
1993, 1996b, 1997). This variety has a SSTMg/Ca range between 9.2 and
15.2 °C, with one exception at 21.1 °C at Site 603.

Operculodinium? eirikianum var. crebrum was described from
the Upper Pliocene of Site 610 in the eastern North Atlantic (De
Schepper and Head, 2008), and has since also been recorded at Site
U1308 (this study). At these two sites it has a SSTMg/Ca range of 12.5–
18.5 °C.
Originally described from the western equatorial North Atlantic,
Operculodinium sp. A of Vink et al. (2000) has not been recorded with
SSTMg/Ca values below 15.5 °C, suggesting a warm-water afﬁnity for this
species.
Piccoladinium fenestratum is known from the Oligocene of the
Norwegian Sea (as Evittosphaerula? sp. 1 in Manum et al., 1989), the
Pliocene of DSDP Site 607 (same location as IODP Site U1313) and the
Mediterranean (Versteegh and Zevenboom, 1995). In this study, it is
recorded at Site U1313 only, at SSTMg/Ca values of 18.4–21.4 °C,
strongly suggesting an open ocean, warm-water afﬁnity for this
species.
Pyxidinopsis tuberculata occurs within a SSTMg/Ca range of 9–
16.5 °C around the Pliocene–Pleistocene transition at Site U1308. It
occurs at the same stratigraphic interval at the nearby Site 610 (De
Schepper and Head, 2008, 2009).
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6. Discussion
6.1. Value of our method
Our method, combining dinoﬂagellate cyst assemblages with
Mg/Ca-based SST reconstructions, appears to be a reliable approach
for reconstructing the palaeoecology of extinct species. There is
strong correspondence between the reconstructed and present day
SST ranges of extant, dominant (e.g. Operculodinium centrocarpum,
Nematosphaeropsis labyrinthus) and also less abundant (e.g.
Spiniferites mirabilis, Impagidinium patulum) species. The fossil record
of extant taxa compares best with the warmer part of their present
day distributions, and in a few examples (e.g. Impagidinium
aculeatum, Impagidinium paradoxum) are slightly offset towards
higher SSTs. Overall, there appears to be a slight bias towards
warmer SSTs which can be explained as follows:
– the total range of our reconstructed SSTMg/Ca values (7.7–25.2 °C)
does not facilitate comparison with lower SSTs represented in the
modern comparison datasets;
– the selection of the studied sites does not fully represent the
spatial distribution of the modern datasets, and speciﬁcally lacks
high-latitude sites;
– the modern datasets lack data from the central North Atlantic
south of 50°N; and
– taphonomic processes will also have operated differently in the
Pliocene and Pleistocene at different sites, resulting in artiﬁcial
differences between the present day and past temperature
distributions.
6.2. General limitations and inﬂuence of the environment on the site
Dinoﬂagellate cyst assemblages in surface sediments from the
northern North Atlantic and adjacent basins demonstrate close
relationships with sea-surface conditions (e.g. de Vernal et al., 2001
and references therein; Harland, 1983; Marret and Zonneveld, 2003;
Rochon et al., 1999). Nonetheless, certain limitations apply to
dinoﬂagellate cyst studies (see Matthiessen, 1995; Dale and Dale,
2002; Rochon et al., 2008), including our palaeo-database. Firstly, the
dinoﬂagellate cyst relative abundances in the database are dependent
on all other species. Secondly, a speciﬁc limitation to using dinoﬂagellate cysts concerns the difference between thanatocenosis and
biocenosis because organic-walled cysts of dinoﬂagellates represent
only a fragmentary picture of the original dinoﬂagellate populations
(Dale, 1976; Head, 1996b). Also certain species produce a high number of cysts relative to the number of motile cells (e.g. Dale, 1976;
Harland, 1983) resulting in an over-representation of these species.
Thirdly, transport by surface, intermediate, and/or bottom currents
and selective preservation all affect dinoﬂagellate cyst assemblages, as
is the case for all other fossilisable plankton.
Of these limitations, the transport of dinoﬂagellate cysts is likely
the most important when comparing modern with fossil distributions.
At all sites, surface and/or bottom currents are active. This is particularly true of the northernmost Site 610, located in the Rockall
Trough, where both surface and bottom water currents are active.
Assemblages at Site 610 (and also U1308) incorporate a neritic component, although both sites likely reﬂect the local surface water
conditions inﬂuenced mainly by the North Atlantic Current (De
Schepper et al., 2009). Local conditions seem to be reﬂected also at
Site U1313, which is situated far from any shelf (Fig. 1), and where
assemblages are typical of the open ocean with minimal shelf input.
Oceanographic and depositional processes at Site 603 are complex,
involving surface water currents from the south (Gulf Stream), and a
bottom current from the north (Wise and van Hinte, 1987). Although
the cold, southwest-ﬂowing Labrador Current does not presently
affect Site 603 directly, it does inﬂuence the adjacent shelf. And

because Site 603 is located on the lower continental rise, down-slope
sedimentary processes are also likely to have contributed to the
taphonomy.
The presence of the cool-tolerant Bitectatodinium tepikiense at Site
603 (Fig. 4) is somewhat unexpected given the high SSTs (N20 °C)
registered at this site. The present day n = 518 dataset demonstrates
that this species can occur in SSTs up to ca. 20 °C, only marginally
cooler than the reconstructed SSTs at Site 603. However, transport
might explain these specimens particularly as B. tepikiense is
abundant today north of Site 603 along the northeast coast of the
United States and east coast of Canada (Rochon et al., 1999; Marret
and Zonneveld, 2003; Radi and de Vernal, 2008). The extinct coolwater species Filisphaera ﬁlifera was also recorded at elevated SSTs at
Site 603 (Fig. 5) compared with our other sites. This species is
recorded mostly at higher latitude sites during the Pliocene and
Pleistocene (e.g. Head et al., 1989b), suggesting in particular that the
three high abundance records (N40%) at Site 603 represent transport
by processes mentioned above. Such neritic species as Lingulodinium
machaerophorum, Operculodinium israelianum, and Spiniferites spp.,
the latter dominating the record, may also represent an allochthonous
component at Site 603. But because these taxa have SSTMg/Ca distributions at Site 603 that generally compare well with our other three
sites and with the modern dataset, they either experienced only
limited displacement or were transported between environments of
similar temperature. Polysphaeridium zoharyi is ecologically displaced
at Site 603, judging from its prevalent association with tropical to
subtropical inner-neritic environments today (Head and Westphal,
1999). It most likely represents transport directly from the adjacent
shelf, but we do not discount the possibility of northward transport by
the Gulf Stream from shallow environments in the Gulf of Mexico,
especially since abundant P. zoharyi has been reported there throughout the Early Pleistocene (Wrenn and Kokinos, 1986).
Finally, each site has a speciﬁc oceanographic setting and
characteristic water mass that will have inﬂuenced the reconstructed
dinoﬂagellate cyst SST distributions. For example, the offsets in peak
abundance of Impagidinium aculeatum, Impagidinium paradoxum and
Invertocysta lacrymosa (Fig. 4 and 5) between the northerly Sites
U1308 and 610 and the southernmost Site U1313 may not be related
to temperature alone. Both northerly sites are located in the path of
the North Atlantic Current, which brings nutrients northwards,
whereas Site U1313 is at the margin of the oligotrophic subtropical
gyre. The same explanation may apply to comparable offsets in the
SST ranges of Ataxiodinium confusum, Corrudinium? labradori,
Edwardsiella sexispinosa, Invertocysta tabulata, Impagidinium solidum,
Nematosphaeropsis lativittata and Operculodinium janduchenei, although it is difﬁcult to be certain that these are true offsets. Owing to
the low relative abundances (b10%) of these species and comparatively large conﬁdence intervals (average ± 6.4%), the offsets may not
be statistically signiﬁcant. Finally, the offsets between the northern
sites 610 and U1308 and the southern site U1313 could also be
explained by Globigerina bulloides blooming earlier in the south and
reﬂecting spring rather than summer SSTs.
6.3. Late Pliocene vs. Early Pleistocene data
Good correspondence exists between the Pliocene and Pleistocene
SST ranges of several species: e.g. Impagidinium aculeatum, Impagidinium paradoxum, Impagidinium patulum, Nematosphaeropsis labyrinthus and Operculodinium centrocarpum (Fig. 4). The intensiﬁed
glaciation in the Northern Hemisphere around the Pliocene–Pleistocene boundary caused the disappearance of several dinoﬂagellate cyst
and acritarch taxa (De Schepper and Head, 2008, 2009). This was
accompanied by a shift in the dominant species in the North Atlantic,
likely as a result of fundamentally different oceanic conditions
between the Pliocene and Early Pleistocene (Head et al., 2008).
Accordingly, the records of Habibacysta tectata and Impagidinium
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pallidum are mainly from the Gelasian (Lower Pleistocene) of Site
U1308. There, H. tectata is the dominant species. Limited data for
H. tectata from the uppermost Pliocene are nevertheless in correspondence with its Pleistocene temperature distribution. The highest
abundances of I. pallidum are also recorded at Site U1308, highlighting
the difference in oceanic conditions between the latest Pliocene–Early
Pleistocene and earlier times. The discordance between its presentday temperature distribution (more than 5% of the assemblage at
summer SSTs of 1.7 to 6.9 °C) and that for the Pleistocene (more than
5% of the assemblage at SSTMg/Ca values of 11.6–17.9 °C) is noteworthy. The Pliocene record of I. pallidum (dark blue, green, orange
dots in Fig. 4) further suggests that it can sustain even warmer conditions, in excess of ca. 16 °C.
6.4. Is the bipolar species Impagidinium pallidum a good cold-water
indicator?
Our study cautions using the modern bipolar species Impagidinium
pallidum for palaeoenvironmental reconstructions, because there is a
signiﬁcant offset between its present day and past SST distributions
(see Section 5.2.1, Fig. 4). This species was described from the Upper
Eocene of the high-latitude Paciﬁc (Bujak, 1984) and extends at least
as far back as the Middle Eocene in the Labrador Sea (Head and Norris,
1989). Its geological longevity implies at least a tolerance of relatively
warm waters, but it has often been used as an indicator of cooltemperate to boreal conditions for various periods (e.g. Head and
Norris, 1989; Head et al., 1989b; Brinkhuis, 1994; Dale, 1996; de
Vernal et al., 2001; Gedl, 2004; De Schepper et al., 2009). Today it
reaches highest relative abundances in the Norwegian–Greenland Sea
and eastern Arctic Ocean, yet seldom occurs in the North Atlantic
during the Last Glacial Maximum (LGM; MARGO database, de Vernal
et al., 2005). It is puzzling that a supposed cool-water species is absent
at a time when it should ﬂourish. It must be noted that the LGM
database has a limited number of North Atlantic sites (n = 63), but
nevertheless broadly covers the same geographical area as the present
day datasets (Radi and de Vernal, 2008).
The present day distribution of Impagidinium pallidum is bipolar
(e.g. de Vernal et al., 1993; Esper and Zonneveld, 2002; Pospelova et
al., 2008; Crouch et al., 2010). It can occur in seasonally ice-covered
seas (e.g. Matthiessen and Knies, 2001) and apart from two
exceptions occurs where summer SSTs are below 22.5 °C (Marret
and Zonneveld, 2003). The highest abundances are recorded where
winter SSTs are below 0 °C and summer SSTs are between 0 and 5 °C.
A questionable record in equatorial regions (Dale et al., 2002) clearly
requires veriﬁcation.
Our palaeo-database shows highest abundances (N10%) of
Impagidinium pallidum at SSTMg/Ca values between 10 and 15 °C in
the uppermost Pliocene and Lower Pleistocene (Gelasian) of Site
U1308. It is conceivable that I. pallidum extended its range southwards
during spring iceberg discharge (i.e. cool SSTs), and that the higher
SSTMg/Ca values reﬂect warmer conditions somewhat later in the
season, after motile cells of I. pallidum had disappeared from the
surface waters. This would then explain its anomalously high
temperature distribution in the Pleistocene. Ice-rafted debris (IRD)
is recorded around the Pliocene–Quaternary boundary at Site U1308
(Bailey et al., 2010), and we recorded IRD in one Gelasian and two
Pliocene samples at Site U1308. However, in our samples, the relative
abundances of I. pallidum were just 0%, 2%, and 5%, whereas the
highest abundances occurred in samples where IRD was not recorded.
Hence, there is no clear link between I. pallidum and iceberg discharge
in samples where this species is most abundant. We conclude that the
relationship between abundant I. pallidum and high SSTMg/Ca values
is probably not a consequence of iceberg discharge during spring.
Transport by ocean currents also seems unlikely. While this does
occur in the open ocean (Dale, 1996), it is unlikely that a single
species would be preferentially displaced from higher latitudes.

29

Thus, I. pallidum seems to have ﬂourished in waters warmer than
observed today.
A bipolar distribution requires that the species crossed the equator
at some point in time. Bottom water currents in the deep ocean are
unlikely vectors because, unless upwelling occurs, the cyst will not be
able to return to the photic zone. Furthermore, bottom water
transport operates on longer timescales than the survival periods
reported so far for dinoﬂagellate resting cysts, which are in the order
of years (Lewis et al., 1999), several decades (McQuoid et al., 2002) or
nearly a century (Ellegaard et al., 2008, S. Ribeiro, pers. comm. 2010).
Migrating birds, sometimes implicated with bipolar distributions in
algae, are also not a likely vector because Impagidinium pallidum is an
oceanic cyst species and birds would not normally come into contact
with it. Perhaps whales were a possible transport vector (e.g. Barnes
et al., 2006). But more likely, given that our fossil record shows that I.
pallidum can tolerate temperatures of up to ca. 25 °C (Fig. 4), is that
this species crossed the equator during one or more episodes of severe
global cooling. Equatorial sea-surface temperatures during the LGM,
for example, were comparable with the upper range of temperatures
we have determined for I. pallidum (Pﬂaumann et al., 2003). A similar
pathway across the equator, possibly with tropical submergence into
cooler levels of the thermocline, has been proposed for Arctic and
Antarctic subpolar planktonic foraminifers (Darling et al., 2000).
Impagidinium pallidum has a more limited temperature range now
than the past, implying that temperature alone is not the sole limiting
factor controlling its modern distribution. Its high relative abundances
in the Norwegian–Greenland Sea today may be related to a
combination of factors including reduced competition in the inhospitable waters of that area.
6.5. Outlook for transfer functions in deeper time
Transfer functions using the modern analogue technique (MAT)
have become central to late Quaternary palaeoceanographic reconstructions based on dinoﬂagellate cysts (e.g. de Vernal et al., 2000,
2005). Notwithstanding recent criticisms of some aspects of the
application of this method (e.g. Telford, 2006), the quantitative
reconstruction of summer SST remains a valuable output for
understanding the late Quaternary palaeoceanography of the North
Atlantic. However, applying MAT to the earlier- and pre-Quaternary
dinocyst record is hindered by the increasing presence of extinct
species, and by uncertainty over the comparability of past and present
temperature distributions of dinoﬂagellate cyst species. The present
study, and its future extension, will help to remove these impediments, allowing transfer functions to be used on older dinoﬂagellate
cyst records by using our expanding palaeo-database as the calibration set. This will allow dinoﬂagellate cyst assemblages to be interpreted quantitatively in settings where other temperature proxies are
absent. However, before transfer functions can be used reliably in this
way, it will be essential to increase our database with samples from
other locations in the North Atlantic, so as to obtain the best possibility of ﬁnding good analogues. Increasing our database will in turn
provide us with a better understanding of the temperature distributions of species in the past.
7. Conclusions
Comparing dinoﬂagellate cyst assemblages from four different
sites in the North Atlantic with same-sample Mg/Ca-based SST
estimates of Globigerina bulloides is a valid tool for investigating the
palaeoecology of extinct and extant dinoﬂagellate cyst species. For the
ﬁrst time, we demonstrate that the temperature distributions of
extant species are broadly comparable for the Pliocene and modern
oceans, we augment the understanding of modern dinoﬂagellate cyst
ecology by quantitative analysis of the fossil record, and we provide
spring–summer SST distributions for 16 extinct species.
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Our Late Pliocene and Early Pleistocene records are slightly biassed
towards warmer SSTs, which is not unexpected because the Pliocene
global climate was generally warmer than today by up to 3 °C
(Dowsett et al., 1996; Haywood et al., 2002; Dowsett, 2007), and the
modern North Atlantic dataset with which we compare has coverage
concentrated in the higher latitudes. Nonetheless, comparisons
suggest that our reconstructions provide realistic SST values for
extant species in the Late Pliocene and Early Pleistocene, and by
inference the extinct species also.
Caution should be exercised when interpreting the palaeoecological signiﬁcance of Impagidinium pallidum in the past. Discrepancies
between the Pliocene–Pleistocene and present day distributions of
this species suggest that its modern distribution is not controlled by
temperature alone. Its tolerance of higher temperatures in the past
may have facilitated its crossing of the equator via surface waters,
although this presumably occurred during globally cooler periods.
Specimens of I. pallidum from the Northern and Southern Hemisphere
are morphologically identical. It would be instructive to investigate
whether such specimens have any differences at the genetic level that
might determine when the two populations became isolated.
This is the ﬁrst study to exploit geochemical proxies to systematically
assess the temperature requirements of individual dinoﬂagellate cyst
species. More samples are needed from Pliocene and Early Pleistocene
sites, both to increase the reliability of ecological assessments and to
increase the feasibility of using transfer functions in the future using our
expanding palaeo-database. In this regard, we recognise a need for:
1) an improved Mg/Ca–SST calibration of Globigerina bulloides from the
North Atlantic, especially extending the temperature range; 2) a greater
sample coverage through geological time, and especially in the high
latitudes, to capture the cooler SSTs; 3) parallel comparisons with other
SST proxies, e.g. alkenones and/or TEX86; 4) samples from continental
shelves, where dinoﬂagellate cyst assemblages are more diverse and
abundant; and 5) expansion of the present day North Atlantic database
to the central North Atlantic, to provide better comparison with Pliocene
and Early Pleistocene distributions.
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Appendix A. Taxonomic names mentioned in the text and their
full authorial citations
Amiculosphaera umbraculum Harland, 1979
Ataxiodinium confusum Versteegh & Zevenboom in Versteegh,
1995
Barssidinium graminosum Lentin, Fensome & Williams, 1994
Barssidinium pliocenicum (Head, 1993) Head, 1994 emend. De
Schepper, Head & Louwye, 2004
Bitectatodinium raedwaldii Head, 1997
Bitectatodinium tepikiense Wilson, 1973
Corrudinium harlandii Matsuoka, 1983
Corrudinium? labradori Head, Norris & Mudie, 1989
Dalella chathamensis McMinn & Sun Xuekun, 1994

Dapsilidinium pseudocolligerum (Stover, 1977) Bujak et al., 1980
Desotodinium wrennii De Schepper, Head & Louwye, 2004
Edwardsiella sexispinosa Versteegh & Zevenboom in Versteegh, 1995
Geonettia waltonensis Head, 2000
Filisphaera ﬁlifera Bujak, 1984 emend. Head, 1994
Habibacysta tectata Head, Norris & Mudie, 1989
Impagidinium aculeatum (Wall, 1967) Lentin & Williams, 1981
Impagidinium cantabrigiense De Schepper & Head, 2008
Impagidinium pallidum Bujak, 1984
Impagidinium paradoxum (Wall, 1967) Stover & Evitt, 1978
Impagidinium patulum (Wall, 1967) Stover & Evitt, 1978
Impagidinium solidum Versteegh & Zevenboom in Versteegh, 1995
Invertocysta lacrymosa Edwards, 1984
Invertocysta tabulata Edwards, 1984
Lingulodinium machaerophorum (Deﬂandre & Cookson, 1955)
Wall, 1967
Nematosphaeropsis labyrinthus (Ostenfeld, 1903) Reid, 1974
Nematosphaeropsis lativittata Wrenn, 1988
Operculodinium centrocarpum sensu Wall & Dale (1966)
Operculodinium? eirikianum Head, Norris & Mudie, 1989, emend.
Head, 1997, var. eirikianum (autonym)
Operculodinium? eirikianum var. crebrum De Schepper & Head,
2008
Operculodinium israelianum (Rossignol, 1962) Wall, 1967
Operculodinium janduchenei Head, Norris & Mudie, 1989
Operculodinium sp. A of Vink et al. (2000)
Piccoladinium fenestratum Versteegh & Zevenboom in Versteegh,
1995
Polysphaeridium zoharyi (Rossignol, 1962) Bujak et al., 1980
Pyxidinopsis tuberculata Versteegh & Zevenboom in Versteegh,
1995
Cysts of Pentapharsodinium dalei Indelicato & Loeblich III, 1986
Spiniferites mirabilis (Rossignol, 1964) Sarjeant, 1970 and
Spiniferites hyperacanthus (Deﬂandre & Cookson, 1955) Cookson
& Eisenack, 1974
Tectatodinium pellitum Wall, 1967 emend. Head, 1994
Appendix B. Supplementary Data
All generated dinoﬂagellate cyst and geochemical proxy data are
available through the database PANGAEA (www.pangaea.de) at
doi:10.1594/PANGAEA.758713.
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