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Abstract 

The extant coccolithophore Tergestiella adriatica Kamptner, which had not been reported since its original 

description in 1940, was recently re-discovered in coastal-nearshore waters at Tomari, Tottori (Japan) and offshore 

Rovinj (Croatia). Morphological analysis shows that extant Tergestiella and the Mesozoic genus Cyclagelosphaera 

(Watznaueriaceae), thought to have been extinct since the early Eocene (~54 Ma), are virtually identical. Molecular 

phylogenetic study supports the inference that T. adriatica is a direct descendent of Cyclagelosphaera. It is therefore 

a remarkable example of a living fossil. Our documentation of patchy coastal distribution in living T. adriatica and 

records of rare occurrences of fossil Cyclagelosphaera in Oligocene-Miocene shallow water sediments, from the 

New Jersey shelf, suggest that Tergestiella/Cyclagelosphaera was restricted to nearshore environments during 

much of the Cenozoic. This restricted ecology explains the lack of fossil Tergestiella/Cyclagelosphaera recorded 

in open ocean sediments deposited during the last 54 myr. 

Floristic study of coccolithophores in the coastal and offshore waters of Tomari over a six-year period, 

show that T. adriatica occurs synchronously with the unusual neritic species, Braarudosphaera bigelowii, in 

mid-June. The environmental factors that induce the co-occurrence of these two taxa are uncertain, and T. adriatica 

did not co-occur with B. bigelowii at any other sites.  
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1. Introduction 

Coccolithophores are marine unicellular haptophytes characterized by calcareous scales called coccoliths 

(e.g., Young et al., 2003). Fossil coccoliths and other calcareous microfossils of uncertain affinities are 

collectively referred to as calcareous nannofossils (Bown, 1998). Calcareous nannofossils, which 

appeared in the late Triassic (~225 Ma), progressively diversified through the Jurassic and Cretaceous 

periods, despite some extinction and turnover events. The highest diversity of calcareous nannofossils is 

recorded in the Campanian and Maastrichtian (80-68 Ma); however, 85 % of genera and 93 % of species 

went extinct at the K/Pg (Cretaceous/Paleogene) mass extinction event at 66 Ma (Bown et al., 2004). 

Immediately after the extinction, a low diversity assemblage of coccolithophore survivor species 

flourished, followed by a rapid evolutionary radiation of new Cenozoic taxa (e.g., MacLeod et al., 1997). 

Most K/Pg survivors went extinct in the Cenozoic; however, three K/Pg survivor taxa are known to be 

extant: Braarudosphaera bigelowii, Calciosolenia spp., and Cruciplacolithus neohelis (Bown, 2005; 

Young et al., 2003). 

During studies of living Braarudosphaera in the coastal-offshore waters of Tomari Port, 

Tottori, Japan (western Sea of Japan) (Hagino et al., 2013), we encountered coccolithophore specimens 

with distinctive circular coccoliths, which were unlike any we had previously seen in the plankton but 

which were essentially identical to the supposedly extinct Mesozoic genus Cyclagelosphaera. This 

suggested the possibility that it might be a remarkable new example of a living fossil. Indeed, as 

Cyclagelosphaera first occurred in the Middle Jurassic (ca. 170 Ma; Bown and Cooper, 1998) this would 

make it the oldest extant coccolithophore genus. Subsequently, we found similar specimens in offshore 

seawater samples from Rovinj, Croatia (north Adriatic Sea). As described below, re-examination of the 

classic literature revealed that Kamptner (1940) described this species as Tergestiella adriatica from the 

northern Adriatic Sea, although it has not been reported in 70 years of subsequent studies, and was not 

known to current researchers. 

To determine the phylogenetic affinities of Tergestiella to Cyclagelosphaera, we conducted 

detailed morphological studies of the specimens from both Tomari and Rovinj using the scanning 

electron microscope (SEM) and cross-polarized light microscope (LM). We also carried out molecular 

phylogenetic studies based on 18S rDNA sequences obtained from the specimens from Tomari to test 

whether Tergestiella was closely related to any of the well-known extant coccolithophore groups, or 

deeply diverged from them, as would be expected if it is a descendent of the Mesozoic Cyclagelosphaera. 

Also, we studied the seasonal succession of living coccolithophores, including T. adriatica, from the 

coastal and offshore waters of Tomari in order to determine their ecological preferences. Furthermore, we 
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re-examined fossil specimens of ‘Cyclagelosphaera?’ reported from Oligocene-Miocene sediments of the 

New Jersey margin (Mountain et al., 2010) under the LM.  

 

2. Materials and Methods 

2.1. Sampling 

Sea-surface water samples (10-12 liters) were collected by bucket from the quay or breakwaters of 

Tomari Port (stations Tomari 1, A, B, C, D, and/or E) and from the breakwater of Ishiwaki (station 

Ishiwaki) on 167 occasions from July 2008 to June 2014 (Fig. 1, Appendix 1). 65 sea-surface water 

samples from offshore Tomari were collected from the fishing boat (Ryoto-Maru) using a 10L plastic 

bottle, from July 2007 to July 2013 (Appendix 1). The offshore sampling water depth was measured by a 

fish-detector and ranged from 20-50m.The sampling interval was adjusted according to the season, 

from July 2008 to March 2012 (Supplementary Materials). 

Samples from offshore Rovinj (Croatia), were collected once or twice a month from August 

2009 to 2010, as a supplement to a regular time-series sampling program conducted by the Centre for 

Marine Research (e.g., Maric et al., 2012). The samples were taken at sampling station RV001, one 

nautical mile (1852 m) from the coast at 27 m water depth (Fig. 1; Appendix 2).  

The in situ sea-surface temperature (SST) of almost all the coastal samples and some offshore samples of 

Tomari were measured using a bar thermometer (Appendix 1). In situ seawater temperature and salinity 

of the samples offshore Rovinj was measured with a SBE 25 Sealogger CTD probe (Sea Bird Electronics 

Inc., Bellevue, Washington, SAD) (Appendix 2). 

 

2.2 Floristic and morphological studies.  

The water samples from Tomari were pre-filtered through a 50-µm plankton net (Sefar Inc. DIN-110) to 

remove large plankton, and then one or two liters were filtered onto Millipore HAWP04700 or 

Whatman 7060-4710 membrane filters. The filters were then air-dried and stored in plastic Petri dishes. 

A portion of the filter was mounted on a glass slide with Norland Optical Adhesive 74 for LM study. 

Coccolithophore taxa were identified on ≥ 300 fields of view, corresponding to ≥ 5ml of seawater, using 

a Nikon E600POL cross-polarized LM at 1500x magnification. Samples prepared from various sites 

around NE Japan, as well as the North Sea and Bay of Biscay, which were known to contain B. 

bigelowii (Hagino et al., 2009; Young et al. 2014), were re-examined using the method described above 

(Fig. 1a; Appendix 3). 

Seawater samples from Rovinj were collected using Niskin bottles (Appendix 2). 

Subsamples of 50 ml fixed with neutralized formaldehyde (2% final concentration) were sedimented 
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and cells counted on a half transect at 400x or 200x magnification using an inverted LM (Zeiss 

Axiovert 200) following Utermöhl (1958). Subsequently, the sample used for LM study was filtered 

(Whatman 110612), and a piece of filter mounted on a microscope slide and fixed with Norland Optical 

Adhesive 74 or Canada balsam, for additional cross-polarized LM studies (Zeiss Opton Invertoskop D 

or Zeiss Axioplan).  

For morphological studies of selected species, segments of selected filter samples from 

Tomari and Rovinj were mounted on aluminum stubs and sputter coated with gold-palladium 

(Cressington Scientific 208HR) or gold (Sanyu SC701 MKII) for the SEM (Phillips XL30 FEG SEM 

or JEOL JSM 7001F). Taxonomic classification of the coccolithophores follows Young et al. (2003); 

members of other non-calcifying haptophytes follow Edvardsen et al. (2011). The descriptive 

terminology of coccoliths follows Young et al. (1997). 

 

2.3 Molecular phylogenetic studies 

The single cell Polymerase Chain Reaction (PCR) method (Takano and Horiguchi, 2004) was applied to 

T. adriatica specimens, in order to determine their molecular phylogenetic position based on 18S rDNA 

sequences. For this, 10 liter samples collected from Tomari on the 21 and 23 June 2010 were pre-filtered 

through a 25-µm plankton net (Sefar Inc. P-25), and then concentrated using 1 µm mesh-size plankton net 

fabric (Sefar Inc. NY1-HD). Six T. adriatica cells (T1-T6) were isolated with a micropipette under an 

inverted LM (Olympus CKX41). Each cell was photographed using a Nikon E600POL microscope, and 

then subjected to single cell PCR amplification. The primers used for PCR amplification, PCR 

conditions, procedure for sequence determination and the sequencers, were as described in Hagino et 

al. (2009). Results were checked by sequencing both forward and reverse strands. Identical partial 18S 

rDNA sequences (1721bp) were successfully obtained from two specimens, T5 (Figs 2a and 2b) and T6 

(Figs 2c and 2d), independently from each other - GenBank Accession numbers of T5 and T6 are 

AB636316 and AB636317, respectively. 

For phylogenetic analysis, 52 gene sequences of 18S rRNA from haptophytes, were obtained 

from GenBank, including a sequence of the Pavlovophyceae as an out-group,. The sequences were 

aligned using Clustal W (http://www.genome.jp/tools/clustalw/). Phylogenetic trees were constructed 

using Maximum Likelihood (ML) with PAUP version 4.0b10 (Swofford, 2002) and using Bayesian 

inference (BI) with Mr. BAYES v3.1.2 (Ronquist and Huelsenbeck, 2003). 

For ML analysis, a likelihood score (-lnL = 9909.2666) was obtained under the TrN+I+G 

model with the following parameters: assumed nucleotide frequencies A= 0.2347, C= 0.2277, G= 

0.2876, and T=0.2560; substitution-rate AC= 1, AG= 1.5584, AT= 1, CG= 1, CT= 4.6681, GT= 1; 
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proportion of sites assumed to be invariable = 0.5926; and rates for variable sites assumed to follow a 

gamma distribution with shape parameter = 0.5012, were estimated by Modeltest 3.7. The ML analysis 

was performed using the heuristic search option with a branch swapping algorithm Tree 

bisection-reconnection (TBR) with the NJ tree as a starting tree. Bootstrap analyses with 1000 replicates 

for the ML analysis were applied to examine the robustness and statistical reliability of the topologies 

(Felsenstein, 1985). For the Bayesian (BI) analysis, the GTR+I+G model was selected by the 

MrModeltest. Markov chain Monte Carlo iterations were carried out to 6 million generations, when the 

average standard deviations of split frequencies were below 0.01, indicating convergence of the iterations. 

 

3. Results 

3.1. Morphological observations 

The unusual coccolithophore specimens with distinctive circular coccoliths unlike any well-known extant 

species were initially found from shallow marine waters around Tomari Port in June 2009 (Figs 2a-2e, 

Appendix 1). Subsequently, similar specimens were observed in samples from offshore Rovinj in August 

2009 (Fig2f, Appendix 2). Specimens from the two localities are indistinguishable from each other in 

morphology under cross-polarized LM (Figs 2e and 2f) and SEM (Figs 3a and 3j). 

The coccospheres are spherical with 12-15 circular placolith coccoliths with a closed central area (Figs 2a 

and 2c). In cross-polarized light, the coccoliths show high birefringence of the proximal shield, distal 

shield and inner tube with sub-radial extinction lines indicating that their elements have sub-radial 

crystallographic c-axis orientation (R-units) (Fig. 2e and 2f). There is also a narrow median cycle 

showing low birefringence, indicating sub-vertical crystallographic c-axes (V-units) (Fig. 2e and 2f).  

The diameter of the coccoliths was measured on SEM images of well-formed specimens; it 

ranges from 4.3 to 6.4 µm (mean 5.6 µm, sdev 0.4 µm [58 coccoliths]) in Tomari, and from 4.5 to 5.7 

µm (mean 5.2 µm, sdev 0.31 µm [18 coccoliths]) in Rovinj. In the SEM, the distal surface shows three 

cycles of elements: an outermost cycle with sinistral obliquity (distal shield elements); a median cycle 

with dextral obliquity; and a central cone with anticlockwise imbrication (Figs 3a, 3j, and 4). The size 

and degree of calcification of the median cycle elements varied between specimens. Pores were observed 

between the median cycle and outer cycle (distal shield), and at the apex of the central cone (Figs 3a 

and 3j). In proximal view, two cycles of elements are visible: an outer cycle with nearly radial sutures 

forming the proximal shield, and an inner cycle with more irregular radial elements in the central area 

(Figs 3b-3d). There is a narrow zone with complex sutures between the inner and outer cycles (arrow on 

Fig. 3c). Incomplete coccoliths at various growth stages were observed on the inside of collapsed 

coccospheres, indicating that it produces coccoliths intracellularly (Figs 3e-f). The median cycle is 
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consistently present on the specimens even at very early growth stages (arrows on Figs 3h and 3i) 

indicating that it extends downward into the coccolith, as indicated on Fig. 4. 

 

3.2. Taxonomic identification 

Our specimens resemble Tergestiella adriatica, which was described from the north Adriatic Sea off 

Rovinj Marine Station (Kamptner, 1940), but has never subsequently been reported. The light 

micrographs of the holotype of T. adriatica are rather indistinct (Fig 2g-h), but more details of T. 

adriatica are visible on his line drawings (Fig. 2i). The most prominent feature on the diagrams is a 

median cycle of elements on the distal surface (Fig. 2i), which is also very obvious on our specimens 

(Figs 3a, 3g, and 3j), and is not seen on any other modern coccolithophores. Kamptner (1940) indicates 

a coccolith diameter of 5.7 µm, without stating whether this was an average or maximum value. This is 

consistent with the size range of the coccoliths we observed (4.3-6.4µm, see above). Kamptner’s 

specimens were collected from the same locality and at the same time of year as our Croatian specimens, 

and clearly were the same species. So our specimens should be referred to the species Tergestiella 

adriatica.  

Our specimens also closely resemble the fossil genus Cyclagelosphaera, both in 

cross-polarized light and in the scanning electron microscope (Figs 2 and 3). In particular the high 

birefringence of the proximal shield, distal shield and inner tube with sub-radial isogyres indicates that 

they have sub-radial crystallographic c-axis orientation (i.e., they are R-units), whilst the medial cycle 

(tube core elements) show low birefringence indicating that the crystallographic c-axis is sub-vertical (i.e., 

they are V-units) (compare Figs 2e-f with Figs 2k-l,). Detailed analysis of the structure and 

crystallography of T. adriatica confirms that it has all the characteristic features of coccoliths of the 

Watznaueriaceae (Supplementary Material). The coccoliths of T. adriatica differ in minor features from 

any described species of Cyclagelosphaera, but not by enough to allow generic separation. Thus, 

Tergestiella (Kamptner, 1940) and Cyclagelosphaera (Nöel, 1965) are synonyms. Since Tergestiella has 

priority over Cyclagelosphaera, we refer to our specimens as T. adriatica (Supplementary Material). 

 

3.3. Molecular phylogenetic analyses 

We could not grow T. adriatica in culture, despite many attempts (Hagino, personal observation), and so 

determined partial SSU rDNA sequences of T. adriatica picked from the Tomari field samples using the 

single cell PCR method. The ML and BI analyses resulted in similar trees (Fig. 5), and the topology of 

the trees resembles those of previous studies (e.g., Hagino et al., 2013) except for the position of the clade 

that includes B. bigelowii and T. adriatica. In both ML and BI analyses, T. adriatica made a clade with 
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the clade containing B. bigelowii and unidentified Prymnesiaceae specimens (AB058358 and FJ537341), 

but without bootstrap support and with low posterior probability (0.70). The Clade T. adriatica + B. 

bigelowii + unidentified Prymnesiaceae clustered with the Clade C+ (Takano et al., 2006), which contains 

all the other calcifying (coccolithophore) genera including some non-calcifying genera (Isochrysis, 

Reticulosphaera and Chrysoculter) and two environmental sequences (OL51050 and OLI26041), without 

bootstrap support and with low posterior probability (0.78). 

 

3.4. Occurrence of Tergestiella adriatica in Tomari  

The coccolithophore floras at Tomari were monitored for 6 years (2008-2013) and a total of 20 

coccolithophore taxa were recorded using cross-polarized light microscopy (Appendix 1). T. adriatica 

and B. bigelowii show similar distribution patterns, occuring only from mid-June to early July, as SSTs 

increased from 19 to 26 ˚C (Fig. 6; Supplementary Material). This occurrence period ranged from 5-15 

days, and is markedly shorter than the period of any other coccolithophores (≥ 1.5 months, Appendix 1). 

T. adriatica and B. bigelowii did not occur from mid-July through to the next early June, except for a 

single cell of B. bigelowii found in 22 November 2012 (Hagino et al., 2013). Emiliania huxleyi, 

Gephyrocapsa ericsonii and G. oceanica co-occurred with T. adriatica and B. bigelowii in mid-late 

June, but also had a much broader distribution, occurring in July, and from September to April 

(Appendix 1). 

T. adriatica was found at the coastal stations every June, and at the offshore stations in June 

2009 and 2011-2013, but not in June 2010, suggesting its affinity to the coastal environment. B. 

bigelowii occurred in both coastal and offshore stations every June from 2009 to 2013 (Figs 6a-b, 

Appendix 1). Samples collected from early-mid June 2014 did not contain cells of T. adriatica or B. 

bigelowii; however, loose coccoliths of T. adriatica and loose pentaliths of B. bigelowii were present, 

except in the final sample collected on 25 June 2014. These results suggest that T. adriatica and B. 

bigelowii were present in mid-June 2014 but at very low abundance. 

 

3.5. Re-examination of filter samples used in previous studies 

In order to determine if T. adriatica has similar ecological preferences to B. bigelowii in other regions, we 

re-examined filter samples known to contain B. bigelowii from previous studies conducted in other parts 

of the seas of Japan and around the NW European continental shelf, using cross-polarized LM. (Fig 1a). 

The re-examined samples did not contain even any fragments of T. adriatica (Appendix 3). 

 

3.6. Occurrence of T. adriatica from Rovinj 



 
 

8 

In samples collected from station RV001, coccospheres and free coccoliths of T. adriatica occurred 

very rarely only in samples collected in late August 2009 and 2010, respectively (Appendix 2). B. 

bigelowii and Gephyrocapsa spp., which were common in the Tomari samples containing T. adriatica, 

were not found in Rovinj samples.  

 

3.7. New Jersey Margin Fossil Material 

We re-examined selected smear slides prepared from Oligocene and Miocene sediments deposited on the 

New Jersey shelf, which were known to contain ‘Cyclagelosphaera? sp.’ (Mountain et al., 2010), using 

cross-polarized LM. We confirmed that the sample contains both loose coccoliths and multiple 

coccospheres of Cyclagelosphaera (Fig. 2j) and that these specimens are indistinguishable from modern 

T. adriatica. The paleo-water depth of the samples yielded ‘Cyclagelosphaera? sp.’ was inferred from 

benthic foraminiferal assemblages to be shallower than 120 m (Appendix 4, Supplementary Material).  

 

4. Discussion 

4.1. Tergestiella adriatica, a living fossil coccolithophore 

The fossil record shows that coccolithophores evolved in the Late Triassic and underwent an evolutionary 

radiation in the Early Jurassic (ca. 190 Ma) (Bown, 1987). A major group, the Watznaueriales, which 

includes Tergestiella/Cyclagelosphaera, diverged during this radiation and no extant descendant taxa had 

previously been identified. The basal divergence seen in molecular phylogenies of coccolithophores is 

thought to correspond to this Early Jurassic radiation (Medlin et al., 2008). In our molecular phylogenetic 

analysis, two extant species with Mesozoic origins (T. adriatica and B. bigelowii) occur near the base of 

the coccolithophore clade C+, although the precise relationship among T. adriatica, B. bigelowii and the 

other coccolithophores cannot be determined from the analyses due to low bootstrap support values and 

low posterior probabilities (Fig. 5). The phylogenetic positions of T. adriatica in 18S rDNA trees, 

however, suggests that they diverged from the common ancestor of other coccolithophore species in the 

Early Jurassic radiation, and supports the hypothesis that Tergestiella is a direct descendent of 

Cyclagelosphaera. 

Cyclagelosphaera is a well-defined evolutionary lineage, a representative of the dominant 

Watznaueriales Mesozoic coccolithophore group that first appeared in the Middle Jurassic (Bown and 

Cooper, 1998). The extension of their range to the present day gives them a longevity of 175 myr, making 

it by far the longest lived of any coccolithophore genus and a remarkable example of a living fossil that 

survived the K/Pg event and multiple evolutionary turnover events.  
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4.2. Floristic studies 

Floristic studies at Tomari show that T. adriatica and B. bigelowii differ from other coccolithophore taxa 

in both distribution and occurrence period. They occur at both coastal and offshore stations in mid-late 

June, although they were occasionally rare or absent in offshore samples, indicating their affinity for 

coastal environments. In detail, their occurrence period varied from year to year, ranging from 5 to 15 

days, but never exceeding 20 days. By contrast, other coccolithophore taxa were usually more abundant 

offshore, indicating their affinity for oceanic environments, and they were present for longer, typically 

1.5-2 months or longer (Appendix 1). Records of occurrences of T. adriatica and B. bigelowii are rare in 

the literature and we suspect that strong seasonality and a short occurrence period are the causes of this. 

Here, we found T. adriatica at two widely separated sites for very short intervals. Therefore, we suspect 

that T. adriatica will be found in other coastal waters if sampling is conducted in various coastal 

conditions successively with a short sampling interval (ideally ≤ 1 week).  

Simultaneous occurrences of T. adriatica and B. bigelowii in Tomari lead us to speculate that 

they have similar environmental preferences. However, re-examination of samples known to contain B. 

bigelowii from previous studies conducted in other parts of the seas of Japan, North Sea, and the Bay of 

Biscay revealed that these samples did not contain any T. adriatica (Appendix 3). The restricted 

occurrence of T. adriatica with B. bigelowii in Tomari is curious as it is directly connected to the Sea of 

Japan (Fig. 1), where B. bigelowii was reported in late June (e.g., Hagino et al., 2005; Hagino et al., 

2009). There is nothing obviously distinctive about the environmental setting of Tomari, so the absence 

of T. adriatica from other parts of the seas surrounding Japan suggests that T. adriatica has patchy coastal 

distribution. 

 

4.3. The fossil record of Tergestiella/Cyclagelosphaera 

In the Mesozoic, Cyclagelosphaera appears to have had a broad distribution but was more abundant in 

neritic environments (Bown, 2005; Lees et al., 2004). In the Upper Jurassic, in addition to typical marine 

occurrences, Cyclagelosphaera was abundant in lagoonal sediments such as the Upper Jurassic Solnhofen 

limestone (Keupp, 1977) and lagoonal deposits of the French Southern Jura mountains (Tribovillard et 

al., 1992). This is an ecological preference that is unusual in coccolithophores and makes it a key 

component of the Upper Jurassic lithographic limestone facies, which includes some of the most 

important lagerstätten known. Through the Cretaceous, Cyclagelosphaera became progressively less 

abundant, and although it occurred at low abundances in open marine sediments, it was only common in 

shelf sediments. The most prominent exception to this pattern of neritic affinity occurred immediately 

after the K/Pg extinctions, where Cyclagelosphaera was a common component of mid-latitude oceanic 
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assemblages in the early Danian recovery assemblages (Bown, 2005; Pospichal, 1996). Subsequently, it 

declined and was thought to have become extinct in the early Eocene (~54 Ma; Bybell and Self-Trail, 

1994). 

As noted above, Cyclagelosphaera is generally regarded as having its last occurrence in the 

earliest Eocene; however, Mountain et al. (2010) reported fossils of ‘Cyclagelosphaera? sp.’, from 

Oligocene and Miocene sediments deposited in shallow water on the New Jersey shelf. The samples also 

contain diverse nannofossil assemblages, which allowed zonation of the cores, as well as rare reworked 

Eocene taxa (e.g., Reticulofenestra umbilicus, Transversopontis sp.), a small Cruciplacolithus species and 

Braarudosphaera bigelowii. These records are summarised in our Supplementary Material and in 

Appendix 4 along with paleodepth estimates derived from benthic foraminifera (Katz et al., 2013). 

Cyclagelosphaera? and Cruciplacolithus generally co-occur with Braarudosphaera, but do not correlate 

with the obviously reworked Eocene specimens, which are confined to the lower part of the section 

(Tables T3 and T4 of (Mountain et al., 2010). Coccospheres of Cyclagelosphaera? sp. were noted in Site 

M0029 (Fig. 2j) and in all sites preservation of Cyclagelosphaera and Cruciplacolithus was similar to 

that of the in situ Neogene assemblage. Hence it seems reasonable to interpret the specimens as in situ 

and therefore a Neogene record of these taxa.  

Our observation of living Tergestiella in nearshore environments off Japan and Croatia and 

fossil Cyclagelosphaera from inner shelf Miocene deposits off New Jersey (Mountain et al., 2010) 

suggests that Cyclagelosphaera did not become extinct in the early Eocene but was restricted to nearshore 

environments. Such environments are not usually suitable for coccolith preservation and the absence of 

records may also be due to Cyclagelosphaera/Tergestiella having a patchy coastal distribution. Finally, 

sporadic occurrences of Cyclagelosphaera found in previous studies of other late Paleogene to Recent 

sections have likely been interpreted as reworked Mesozoic to early Paleogene Cyclagelosphaera. We 

suspect that if more well-preserved nannofossil assemblages from warm-water shallow shelf sites are 

studied carefully, the apparent gap in the fossil record of these taxa between the lowermost Eocene and 

the modern will prove illusory. 

 

4-4. Living fossil coccolithophores that survived the K/Pg event 

It is noteworthy that there are three other extant coccolithophore genera that appear to have survived the 

K/Pg extinctions, and then persisted relatively unchanged in morphology to the present day. These are 

Braarudosphaera, Cruciplacolithus and Calciosolenia. Braarudosphaera is the best known of these since 

it forms uniquely distinctive pentagonal plates with laminated ultrastructure (e.g., Hagino et al., 2009), is 

virtually impossible to misidentify and has a continuous fossil record back to the Aptian 
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(mid-Cretaceous) (Bown, 1998). Calciosolenia is also highly distinctive, forming rhombic muroliths with 

an unusual central area structure of offset laths (Malinverno, 2004). Again it has an unambiguous, 

continuous record, from the Hauterivian (Early Cretaceous) (Bown, 1998) to the present. 

Cruciplacolithus is a slightly more obscure example, as it is a predominantly Paleogene genus and indeed 

a very characteristic component of the post K/Pg recovery assemblages. Especially the species C. primus.  

argued that it occurs in shelf sediments of late Maastrichtian age and so should be considered a survivor 

species (Mai et al., 2003). Like Cyclagelosphaera, it has often been regarded as an extinct genus but one 

species, C. neohelis, occurs sporadically in coastal-neritic environments today (e.g., Kawachi and Inouye, 

1994; Konno and Jordan, 2006). Medlin et al. (2008) used molecular genetics to show that C. neohelis 

probably diverged from Coccolithus at around 60-70 Ma and so was quite likely to be a direct descendant 

of Paleogene Cruciplacolithus. Subsequently, Bown (2010) showed from study of exceptionally 

preserved specimens of Eocene-Miocene C. primus from Tanzania that it has identical central area lath 

structure to modern C. neohelis, again supporting the idea that they are directly related.  

These four genera have very different morphologies and belong to four different families or 

even orders of coccolithophores, However, ecologically B. bigelowii, T adriatica and C neohelis share a 

common affinity for neritic environments, unlike the majority of extant coccolithophores, which are 

predominantly oceanic. Calciosolenia has a much broader distribution (Tanaka, 1991) but Andruleit and 

Rogalla (2002) suggested a distinct neritic affinity. So, three of the four living fossil survivors of the K/Pg 

extinctions share the unusual trait for coccolithophores of being predominantly neritic, at least in their 

calcifying phase, which supports the inference of Bown (2005) and Medlin et al. (2008) that neritic habit 

may have been a key factor in facilitating survival of the K/Pg extinctions.  

Selective survivorship of neritic taxa during the K/Pg extinctions is also reported from other 

calcareous plankton. In particular, planktonic foraminifera are a predominantly oceanic group and were 

nearly eliminated at the K/Pg event, with repopulation occurring from a few neritic taxa (Berggren and 

Norris, 1997; Liu and Olsson, 1992). Calcareous dinoflagellates by contrast are a primarily neritic group 

and were much less affected by the extinctions; indeed they flourished in the recovery interval, except for 

the outer-shelf adapted pithonellids, which became extinct (Wendler and Willems, 2002). This pattern of 

selective extinction of oceanic taxa, has only been noted in calcareous plankton and not in groups such as 

radiolaria, diatoms and organic-walled dinoflagellates, which are characterized by siliceous 

scales/frustules or organic walls (de Wever et al., 2003; Hollis, 2003; MacLeod et al., 1997; Sims et al., 

2006).  However, the records of these groups are not as complete as those of the calcareous plankton and 

at least for dinoflagellates the lack of extinctions may reflect a predominantly neritic habitat. It therefore 



 
 

12 

remains uncertain whether oceanic plankton in general were especially affected by the K/Pg extinctions, 

or only calcareous oceanic plankton. 

One mechanism that could cause selective extinction of calcareous oceanic plankton is 

short-lived ocean acidification, which might have occurred after the K/Pg impact event as a result of 

shock heating of the atmosphere (Kring, 2007) or vaporization of CaSO4 in target rocks (D’Hondt et al., 

1994). If significant rapid ocean acidification did occur, then oceanic calcareous plankton, which are 

adapted to a narrow range of pH conditions, may have gone extinct synchronously. Conversely, the far 

greater range of pH and salinity conditions that neritic taxa routinely experience may have facilitated their 

survivorship. The possibility of ocean acidification during the K/Pg event has been argued from patterns 

of extinction seen in corals (Veron, 2008) and foraminifera (Alegret et al., 2012).  

In this study, we re-discovered extant Tergestiella/Cyclagelosphaera from coastal waters of 

Japan and of Croatia. Our findings support the hypothesis of selective survivorship of coastal 

coccolithophores in particular and of coastal calcareous plankton in general, possibly as a result of 

ocean acidification during the K/Pg event. However, our current state of knowledge of the ecology of 

coastal survivors does not allow us to determine the cause(s) of differential survival rates between 

coastal and oceanic calcareous plankton. More biological research of coastal taxa is worthwhile in order 

to test hypotheses of survivorship, which could ultimately help us better understand potential 

consequences of future ocean acidification due to climate change. 

 

5. Summary 

1. Tergestiella adriatica Kamptner was re-discovered from coastal and offshore waters of Tomari 

(Japan) and from offshore Rovinj (Croatia). Cross-polarized LM and SEM observations show that 

extant Tergestiella is extremely similar to the fossil genus Cyclagelosphaera in both morphology 

and crystallography. Their similarity suggests that T. adriatica is a direct descendent of 

Cyclagelosphaera. 

2. Molecular phylogenetic analyses based on 18S rDNA sequences show separation of Tergestiella 

from the base of the clade of other coccolithophores, suggesting a divergence time during the Early 

Jurassic radiation. This result supports the hypothesis that Tergestiella is a direct descendent of the 

fossil genus Cyclagelosphaera. 

3. Patchy nearshore distribution of extant T. adriatica and restricted occurrences of 

Oligocene-Miocene fossil Cyclagelosphaera in shallow water sites suggest that 

Cyclagelosphaera/Tergestiella was restricted to nearshore environments for most of the 

Cenozoic. 
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4. Floristic studies show that T. adriatica and B. bigelowii occur synchronously every June in the 

coastal and nearshore waters of the Tomari area. The environmental factor(s) inducing the 

co-occurrence of these taxa are uncertain. 

5. The hypothesis that neritic adaptation was a significant factor in survivorship of the K/Pg 

extinctions for calcareous nannofossils is supported by our observations.  

 

Supplementary data to this article can be found online at 

http://dx.doi.org/10.1016/j.marmicro.2015.01.002. 

 

Acknowledgement 

We thank Natsuko Tomioka, Takayuki Tanaka and Kayo Tanaka for help with sampling at Tomari, 

Tottori Japan. We also thank Yukari Hanahusa for suggestions on molecular experiments. Some samples 

observed in this study were provided by the Deep Sea Drilling Project, Ocean Drilling Program, 

Integrated Ocean Drilling Program, International Continental Scientific Drilling Program, and the 

Tanzania Drilling Project. This research was supported by Grant in Aid for environmental study of art 

and sciences by Tottori Prefecture, Japan, Grant-in-aid for Scientific Research from the Japan Society for 

the Promotion of Sciences (No. 20740296), the Croatian Ministry of Science, Education and Sports (No. 

098-0982705-2731) and by the European Community Research Infrastructure Action under the FP7 

"Capacities" Program (SYNTHESYS, Project GB-TAF-132). 

 

Reference  

Alegret, L., Thomas, E., Lohmann, K.C., 2012. End-Cretaceous marine mass extinction not caused by productivity collapse. PNAS 

109, 728–732. 

Andruleit, H.A., Rogalla, U., 2002. Coccolithophores in surface sediments of Arabian sea in relation to environmental gradients in 

surface waters. Mar. Geol. 186, 505-526. 

Berggren, W.A., Norris, R., 1997. Biostratigraphy, phylogeny and systematics of Paleocene trochospiral planktic foraminifera. 

Micropaleontology 43, 1-116. 

Bown, P.R., 1987. Taxonomy, evolution, and biostratigraphy of Late Triassic-Early Jurassic calcareous nannofossils. Spec. Pap. 

Palaeont. 38, 118 p. 

Bown, P.R., 1998. Calcareous nannofossil biostratigraphy. Kluwer Academic Publishers. 

Bown, P.R., 2005. Selective calcareous nannoplankton survivorship at the Cretaceous-Tertiary boundary. Geology 33, 653-656. 

Bown, P.R., 2010. Calcareous nannofossils from the Paleocene/Eocene Thermal Maximum interval of southern Tanzania (TDP Site 

14). J. Nannoplankton Res. 31, 11-38. 



 
 

14 

Bown, P.R., Cooper, M.K.E., 1998. Jurassic, In: Bown, P.R. (Ed.), Calcareous nannofossil biostratigraphy. Chapman & Hall, pp. 

34-85. 

Bown, P.R., Lees, J.A., Young, J.R., 2004. Calcareous nannoplankton evolution and diversity through time, In: Thierstein, H.R., 

Young, J.R. (Eds.), Coccolithophores - From molecular processes to global impact. Springer, pp. 481-508. 

Bybell, L.M., Self-Trail, J.M., 1994. Evolutionary, biostratigraphic, and taxonomic study of calcareous nannofossils from a 

continuous Paleocene-Eocene boundary section in New Jersey. 

D’Hondt, S., Pilson, M.E.Q., Sigurdsson, H., Hanson, A.K., Carey, S., 1994. Surface-water acidification and extinction at the 

Cretaceous-Tertiary boundary. Geology 22, 983-986. 

de Wever, P., O'Dogherty, L., Carodroit, M., Dumitrica, P., Guex, J., Nigrini, C., Caulet, J.-P., 2003. Diversity of radiolarian families 

through time. Bulletin de la Societe Géologique de France 174, 453-469. 

Edvardsen, B., Wenche, E., Throndsen, J., G. Sáez, A., Probert, I., Medlin, L.K., 2011. Ribosomal DNA phylogenies and a 

morphological revision provide the basis for a revised taxonomy of the Prymnesiales (Haptophyta) Eur. J. Phycol. 46, 

202-228. 

Felsenstein, J., 1985. Confidence limits on phylogenies: an approach using the bootstrap. Evolution 39, 783-791. 

Hagino, K., Okada, H., Matsuoka, H., 2005. Coccolithophore assemblages and morphotypes of Emiliania huxleyi in the boundary 

zone between the cold Oyashio and warm Kuroshio currents off the coast of Japan. Mar Micropaleontol 55, 19-47. 

Hagino, K., Onuma, R., Kawachi, M., Horiguchi, T., 2013. Discovery of an endosymbiotic nitrogen-fixing cyanobacterium 

UCYN-A in Braarudosphaera bigelowii (Prymnesiophyceae). PLoS One 8, e81749. 

Hagino, K., Takano, Y., Horiguchi, T., 2009. Pseudo-cryptic speciation in Braarudosphaera bigelowii (Gran and Braarud) 

Deflandre. Mar Micropaleontol 72, 210-221. 

Hollis, C.J., 2003. The Cretaceous/Tertiary boundary event in New Zealand: profiling mass extinction. N. Z. Jl Geol. Geophs 46, 

307-321. 

Kamptner, E., 1940. Die Coccolithineen der Südwestküste von Istrien. Annln naturh. Mus. Wien 51, 54-149. 

Katz, M.E., Browning, J.V., Miller, K.G., Monteverde, D.H., Mountain, G.S., Williams, R.H., 2013. Paleobathymetry and sequence 

stratigraphic interpretation from benthic foraminifera: Insights on New Jersey shelf architecture, IODP Expedition 313. 

Geosphere 9, 1488–1513. 

Kawachi, M., Inouye, I., 1994. Observations on the flagellar apparatus of a coccolithophorid, Cruciplacolithus neohelis 

(Prymnesiophyceae). Journal of Plant Research 107, 53-62. 

Keupp, H., 1977. Ultrafazies und Genese der Solnhofener Plattenkalke (Oberer Malm, Südliche Frankenalb). Abhandlungen der 

Naturhistorischen Gesellschaft Nürnberg 37, 128. 

Konno, S., Jordan, R.W., 2006. Lagoon coccolithophorids from the Republic of Palau, NW Equatorial Pacific. J. nannoplankton 

Res. 28, 95-100. 



 
 

15 

Kring, D.A., 2007. The Chicxulub impact event and its environmental consequences at the Cretaceous-Tertiary boundary. 

Paleogeogr. Paleoclimatol. Paleoecol. 255, 4-21. 

Lees, J.A., Bown, P.R., Young, J.R., Riding, J.B., 2004. Evidence for annual records of phytoplankton productivity in the 

Kimmeridge Clay Formation coccolith stone bands (Upper Jurassic,Dorset, UK). Mar. Micropaleontol. 52, 29-49. 

Liu, C., Olsson, R.K., 1992. Evolutionary radiation of microperforate planktonic foraminifera the K/T mass extinction event. J. 

foramin. Res. 22, 328 –346. 

MacLeod, N., Rawson, P.F., Forey, P.L., Banner, F.T., Boudagher-Fadel, M.K., Bown, P.R., Burnett, J.A., Chambers, P., Culver, S., 

Evans, S.E., Jeffrey, C., Kaminski, M.A., Lord, A.R., Milner, A.R., Milner, A.C., Morris, N., Owen, E., Rosen, B.R., 

Smith, A.B., Taylor, P.D., Urquhart, E., Young, J.R., 1997. The Cretaceous-Tertiary biotic transition. J. Geol. Soc. London 

1254. 

Mai, H., Speijer, R.P., Schulte, P., 2003. Calcareous index nannofossils (coccoliths) of the lowermost  Paleocene originated in the 

late Maastrichtian. micropaleontology, 49, 189-195. 

Malinverno, E., 2004. Morphological variability within the genus Calciosolenia (coccolithophorids) from the eastern Mediterranean 

Sea. Micropaleontology 50, 81-91. 

Maric, D., Kraus, R., Godrijan, J., Supic, N., Djakovac, T., Precali, R., 2012. Phytoplankton response to climatic and anthropogenic 

influences in the north-eastern Adriatic during the last four decades. Estuarine, Coastal and Shelf science 2012, 98-112. 

Medlin, L.K., Sáez, A.G., Young, J.R., 2008. A molecular clock for coccolithophores and implications for selectivity of 

phytoplankton extinctions across the K/T boundary. Mar Micropaleontol 67, 69-86. 

Mountain, G., Proust, J.-N., McInroy, D., Cotterill, C., the Expedition 313 Scientists, 2010. Proceedings of the Integrated Ocean 

Drilling Program. Integrated Ocean Drilling Program Management International, Inc., Tokyo. 

Nöel, D., 1965. Sur les coccolithes du Jurassique Europeen et d'Afrique du Nord. Centre National Recherche Scientifique, Paris. 

Pospichal, J.J., 1996. Calcareous nannoplankton mass extinction at the Cretaceous/Tertiary boundary: An update in Ryder, G., et al., 

eds., The Cretaceous-Tertiary event and other catastrophes in Earth history. Geological Society of America Special Paper 

307, 335-360. 

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 19, 

1572-1574. 

Sims, P.A., Mann, D.G., Medlin, L.K., 2006. Evolution of the diatoms: insights from fossil, biological and molecular data. 

Phycologia 45, 361-402. 

Swofford, D.L., 2002. PAUP*–Phylogenetic analysis using parsimony (* and other methods), version 4. Sinaver Associates, 

Sunderland, Massachusetts. 

Takano, Y., Hagino, K., Tanaka, Y., Horiguchi, T., Okada, H., 2006. Phylogenetic affinities of an enigmatic nannoplankton, 

Braarudosphaera bigelowii based on the SSU rDNA sequences. Mar Micropaleontol 60, 145-156. 



 
 

16 

Takano, Y., Horiguchi, T., 2004. Surface ultrastructure and molecular phylogenetics of four unarmored heterotrophic 

dinoflagellates, including the type species of the genus Gyrodinium (Dinophyceae). Phycological Res 52, 107-116. 

Tanaka, Y., 1991. Calcareous Nannoplankton Thanatocoenoses in Surface Sediments from Seas Around Japan, Sci. Rep. Tohoku 

Univ., Second Ser. (Geol.). Tohoku Univ., Sendai, Japan, pp. 127-198. 

Tribovillard, N.-P., Gorin, G.E., Belin, S., Hopfgartner, G., Pichon, R., 1992. Organic-rich biolaminated facies from a 

Kimmeridgian lagoonal environment in the French Southern Jura Mountains—A way of estimating accumulation rate 

variations. Paleogeogr. Paleoclimatol. Paleoecol. 99, 163-177. 

Utermöhl, H., 1958. Zur Vervollkommnung der quantitativen Phytoplankton-Methodik. Internationale Vereinigung für theoretische 

und angewandte Limnologie Komitee für Limnologische Methoden 9, 1-38. 

Veron, J.E.N., 2008. Mass extinctions and ocean acidification: Biological constraints on geological dilemmas. Coral Reefs 27. 

Wendler, J., Willems, H., 2002. Distribution pattern of calcareous dinoflagellate cysts across the Cretaceous-Tertiary boundary 

(Fish Clay, Stevns Klint, Denmark): Implications for our understanding of species-selective extinction. Geological Society 

of America Special Paper 356, 265-275. 

Young, J.R., Bergen, J.A., Bown, P.R., Burnett, J.A., Fiorentino, A., Jordan, R.W., Kleijne, A., Niel, B.E.v., Romein, A.J.T., Salis, 

K.v., 1997. Guidelines for coccolith and calcareous nannofossil terminology. Palaeontology 40, 875-912. 

Young, J.R., Geisen, M., Cros, L., Kleijne, A., Probert, I., Ostergaard, J.B., 2003. A guide to extant coccolithophore taxonomy. J 

Nannoplankton Res, Special Issue 1, 1-132. 

Young, J.R., Poulton, A.J., Tyrrell, T., 2014. Morphology of Emiliania huxleyi coccoliths on the North West European shelf – is 

there an influence of carbonate chemistry? Biogeosciences Discussions 11, 4531-4561. 



 
 

17 

Figure Captions 

Fig. 1. Location of samples used in this study: (a) Double white circles shows the bases used for repeated 

sampling in this study, and solid black circles show the locality of samples containing 

Braarudosphaera that were re-examined in this study. (b) Locality of samples offshore Rovinj. (c) 

Locality of samples of coastal and offshore Tomari Port. 

Fig. 2. Light microscopic images of modern Tergestiella adriatica and fossil Cyclagelosphaera: (a) 

Specimens T5 used for molecular study in plane-polarized light. (b) Specimen T5 in 

cross-polarized light. (c) Specimen T6 used for molecular study in plane-polarized light. (d) 

Specimen T6 in cross-polarized light.  (e) Collapsed coccosphere of T. adriatica from Tomari. (f) 

Collapsed coccosphere of T. adriatica from Rovinj. (g and h) light microscopic images of T. 

adriatica, reproduced from original description by Kamptner (1940). (i) Line drawings of T. 

adriatica reproduced from Kamptner (1940). (j) Cyclagelosphaera sp. from Miocene shelf 

sediments, IODP Expedition 313; coccosphere from Sample 313-M0029A-92R-1, 21 cm and 

single coccolith (inset) from Sample 313-M0028A-30R-1, 24 cm (Mountain et al., 2010). (k) 

Jurassic (Oxfordian) Cyclagelosphaera margerelii from Cleveland Farm Pit, Wiltshire, UK. (l) 

Earliest Danian Cyclagelosphaera reinhardtii from Shatsky Rise, NW Pacific Ocean (ODP Site 

1210A). All scale bars are 1 µm.  

Fig. 3. SEM images of modern Tergestiella adriatica and fossil Cyclagelosphaera; (a) Modern T. 

adriatica from Tomari (st. 3, 27/6/2009). (b) Proximal side of a coccolith of T. adriatica (st. 3, 

27/6/2009). (c) Close-up view of (b) showing narrow zone with complex sutures between outer 

and inner cycles. (d) Slightly etched specimen from Rovinj, Croatia (RV001, 18/8/2009). (e) Very 

early growth stage of coccolith of T. adriatica seen in distal view, inside a collapsed T. adriatica 

coccosphere (st. 1, 18/6/2013). (f) Close-up view of the very early growth stage specimen shown 

in (e). (g) Early growth stage coccolith seen in distal view, on collapsed coccosphere of T. 

adriatica (st. 1, 18/6/2013) (h) Close-up view of early growth stage specimen shown in (g). (i) 

Incomplete coccoliths of T. adriatica (st. 1, 18/6/2013). (j) Modern T. adriatica from Rovinj 

(28/8/09). (k) Upper Jurassic (Oxfordian) Cyclagelosphaera margerelii from the N Atlantic Ocean 

(DSDP Site 105). (l) Early Paleocene Cyclagelosphaera reinhardtii from Shatsky Rise, NW 

Pacific Ocean (ODP Hole 1209C). All scale bars 1 µm. 

Fig. 4. Schematic diagram of coccolith of Tergestiella/Cyclagelosphaera, based in part on a diagram in 

Young & Bown (1991). The reconstruction of the V-unit shape in cross-section was verified by 

SEM observations on early growth stage and incomplete coccoliths and by LM observations of 

coccoliths in side view.  
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Fig. 5. Phylogenetic tree based on 18S rDNA sequences using the Maximum Likelihood method. A 

representative of the Pavlovophyceae (Pavlova gyrans) was used as an out-group. The numbers on 

each node indicate the bootstrap values from ML analysis and posterior probability of BI analysis. 

Solid circles indicate the clades supported by very high bootstrap values (100%) by ML and 

posterior probability (1.00) by MI analysis. Clade C+ (shaded gray) includes all calcifying 

haptophytes. (Takano et al., 2006). Note the deep divergence of T. adriatica and B. bigelowii from 

other coccolithophores, as predicted from the interpretation of it as a living fossil representative of 

a major Mesozoic clade. 

Fig. 6. Succession in abundance of T. adriatica and B. bigelowii (a) Cell density of T. adriatica in coastal 

samples. (b) Cell density of T. adriatica in offshore samples. (c) Cell density of B. bigelowii in 

coastal samples. (d) Cell density of B. bigelowii in offshore samples. 
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1. Methods 

1-1. Sampling interval in Tomari 

The sampling interval in Tomari was adjusted according to 
the season and purpose of studies in the area (Appendix 1). 
Sampling was conducted more than twice a week in June 
for isolation of B. bigelowii, about once a month from 
mid-March to May and from mid-September to early 
December for culture studies of other coccolithophore 
species, and less than once a month during the 
coccolithophore-scarce periods, from mid-July to mid-
September and from mid-December to early March. From 
April 2012 to June 2014, sea-surface water samples were 
collected at least once a month throughout the year, in 
order to characterize the seasonal succession of 
coccolithophores. 

 

 

2.Results and Discussion 

2-1. Comparison of Tergestiella and Cyclagelosphaera 

Our Tergestiella adriatica specimens closely resemble the 
well-known extinct Mesozoic genus Cyclagelosphaera, a 
member of the family Watznaueriaceae. The 
Watznaueriaceae form robust placolith coccoliths that 
frequently dominated Mesozoic nannofossil assemblages 
from the Early Jurassic to the end-Cretaceous (Lees et al., 
2006). The structure of Watznaueriaceae coccoliths was 
described in detail by Young and Bown (1991), based on 
Watznaueria fossacincta. Cyclagelosphaera coccoliths 
differ from those of Watznaueria in being circular with a 
closed central area, but otherwise they have essentially 
identical structure (Bown and Young, 1997). 

Both Cyclagelosphaera and Tergestiella have circular 
coccoliths, with the placolith morphology of two shields 
separated by a tube, and have closed central areas (NB 
terminology follows (Young et al., 1997), and is 
summarized in Fig. 4. In distal view, three cycles of 
elements are visible: an outermost cycle with sinistral 
obliquity; a median cycle with irregular sutures; and a 
central cone of small elements (Figs 3a and 3j). In 
proximal view, two cycles of elements are visible: an outer 
cycle with nearly radial sutures forming the proximal 
shield, and an inner cycle with more irregular radial 
elements in the central area (Fig. 3b). Between these two 
cycles is a narrow zone with complex sutures (arrow on 
Fig. 3c). 

Young and Bown (1991) showed from study of growth 
sequences and broken specimens that the zone of complex 
sutures on the proximal surface corresponds to the proto-
coccolith ring, i.e., the site of nucleation of the coccolith 
crystals, from which coccoliths grow during formation. In 
suitably preserved specimens it consists of a cycle of peg-
like tube-core elements alternating with thin elements 
connecting the main cycles of the proximal shield. They 
also showed that the distal shield, proximal shield and 
inner tube elements were interconnected and formed of 
crystal-units with sub-radial orientation of the 
crystallographic c-axis (R-units). By contrast the medial 
tube-core elements visible on the distal side are connected 
to the peg-like elements on the proximal surface forming a 
cycle of wedge-shaped tube-core elements, and these 
elements have sub-vertical orientation of the 
crystallographic c-axis (V-units). In our T. adriatica 

specimens, the peg-like tube-core elements (V-units) are 
not clearly visible on the proximal surface, but the inner 
tube cycle protrudes slightly from the proximal surface so 
there is a step at the junction between the two cycles and 
complex suture patterns are visible in this zone (arrow on 
Figs 3c). On etched specimens the base of the tube-core 
elements are often dissolved, leaving a row of holes 
marking the position of the proto-coccolith ring, (arrow on 
Figs 3d), as is often the case with etched Watznaueria and 
Cyclagelosphaera specimens. These etched specimens 
also show that the cycles of elements in the proximal 
shield and central area interconnect (i.e., they are formed 
from a single crystal unit). Furthermore, the coccolith 
specimens at intermediate growth stages we observed in 
this study are directly comparable to the fossil specimens 
illustrated by Young and Bown (1991), confirming that the 
development sequence is the same in modern Tergestiella 
as in fossil Watznaueriaceae. 

In cross-polarized light our T. adriatica specimens 
produce very similar interference figures to Watznaueria 
and Cyclagelosphaera, showing that they have similar 
crystallographic orientation (compare Figs 2e-f with Figs 
2k-l). So, not only the general morphology but also the 
detailed structure and crystallography of Tergestiella 
adriatica are identical to that of Cyclagelosphaera. There 
are other groups of coccolithophores that form coccoliths 
similar in shape to those of T. adriatica but these have 
distinctly different structures, for example, in the 
Calcidiscaceae and Coccolithaceae the distal shield is 
formed from V-units, whilst in the Noelaerhabdaceae the 
V-units are vestigial. The morphological similarity of 
Cyclagelosphaera and Tergestiella is therefore significant 
and strongly suggests that T. adriatica is a direct 
descendant of Cyclagelosphaera. 

 

2.2. Taxonomic notes  

Two fossil species of Cyclagelosphaera are commonly 
recorded in sediments of late Maastrichtian and early 
Paleocene age (Bown, 1998): Cyclagelosphaera 
margerelii and Cyclagelosphaera reinhardtii. Of these C. 
margerelii has a weakly developed cone in the central area 
(Fig. 3k), whereas C. reinhardtii has a prominent cone 
(Fig. 3l). Our T. adriatica specimens are intermediate in 
cone development between these two species and so 
cannot easily be assigned to either. In addition, our 
specimens are distinguished by having a cycle of pores 
developed between the tube core (median) cycle and distal 
shield elements, as well as a pore at the apex of the central 
cone (Figs 3a, 3g, and 3j). C. reinhardtii often shows an 
apical pore and sometimes pores between the cone and the 
tube-core, but never between the tube core (median cycle) 
and the distal shield. A very well preserved specimen of 
Cyclagelosphaera with a moderately developed cone and 
flat cycle with irregular sutures between the central cone 
and distal shield was reported as Cyclagelosphaera sp. cf. 
C. reinhardtii from post K/Pg deposits from the 
Netherlands (Mai et al., 1997, Pl. 9, fig. 3). Our specimen 
resembles it in the general morphology of the median tube 
core cycle, but differs from it in having a cycle of pores 
between the flat cycle and distal shield elements. It is 
clearly sensible to regard the modern species T. adriatica 
as distinct from the fossil species. 

In terms of conventional coccolith morphotaxonomy it 
would be logical to regard the genera Tergestiella 
(Kamptner, 1940) and Cyclagelosphaera (Nöel, 1965) as 
synonyms, even though they were described respectively 



from the modern and the Upper Jurassic. Tergestiella has 
priority over Cyclagelosphaera, and indeed the 
combinations Tergestiella margerelii and Tergestiella 
reinhardtii were previously proposed by Reinhardt (1971) 
and Shumenko (1969), respectively. Hence we recommend 
usage of Tergestiella for both living and fossil specimens, 
although we note that this is a subjective recommendation. 
NB The generic name Tergestiella was derived from the 
Latin name Tergestum for the port of Trieste which is 
60km NNE of the type locality. 

 

2-3. Re-examination of filter samples used in previous 
studies 

We re-examined nine samples, which were known to 
contain B. bigelowii from previous studies conducted in 
other parts of the seas of Japan (Fig. 1a, Appendix 3), 
using cross-polarized LM. The large coccoliths of T. 
adriatica are very distinctive in cross-polarized light and 
so it was possible to rapidly scan large areas of filter for all 
these samples. The re-examined samples did not contain 
any fragments of T. adriatica (Appendix 3). 

Subsequent to this rediscovery of Tergestiella, we 
participated in a research cruise, D366, around the NW 
European continental shelf in June/July 2011 (Fig. 1a) 
(Achterberg and Richier, 2011). Samples were taken from 
74 CTD station depth profiles and 200 additional surface 
water underway samples. During LM counting of these 
samples particular attention was applied to 
Braarudosphaera and Tergestiella/Cyclagelosphaera. 
Braarudosphaera was found in 12 out of the 600 samples 
examined but no specimens of Tergestiella were observed, 
even as loose coccoliths. 

 

2-4. New Jersey Margin Fossil Material 

We re-evaluated the data presented in Mountain et al. 
(2010) in order to consider whether the Cyclagelosphaera? 
sp. specimens were part of the biocoenosis or a result of 
reworking (Appendix 4). Oligocene sediments at Site 
M0027 contain only sporadic reworked Eocene specimens, 
primarily in the upper Oligocene (Zone NP24-25). Rare 
specimens of Cyclagelosphaera? sp. occur in Oligocene 
sediments assigned to Zones NP22-25, although in some 
cases these specimens co-occur with the reworked Eocene 
taxa (e.g., Neochiastozygus). Lower and middle Miocene 
sediments at all three sites (M0027-29) contain some 
calcareous nannofossil species typical of mid-Eocene to 
Oligocene assemblages (e.g., Reticulofenestra umbilicus, 
R. samodurovii, R. reticulata, R. lockeri, Transversopontis 
spp.), as well as Cruciplacolithus spp. and 
Cyclagelosphaera? sp.  

Mountain et al. (2010) reported the Cruciplacolithus spp. 
occurrences as reworked specimens, but there is a 
possibility that these were in situ and not reworked, since 
the genus Cruciplacolithus is extant (Bown, 2010; 
McIntyre and Bé, 1967). Cyclagelosphaera? sp. occurs 
nearly consistently in lower to middle Miocene (NN4-
NN5) sediments at all three sites, together with only a few 
specimens of presumed reworked taxa in the lowermost 
part of the NN4 section. In the upper NN4 to NN5 section, 
Cyclagelosphaera? sp. and Cruciplacolithus spp. occur 
together without any other recorded Paleogene taxa. 
Additionally, we observed coccospheres of 
Cyclagelosphaera? sp. in multiple samples from the 
middle Miocene of Site M0029 (Fig. 3j). These results 
strongly suggest that these Oligocene to Miocene 
Cyclagelosphaera specimens from the New Jersey Shelf 
were part of a nearshore biocoenosis and not reworked. 

Katz et al. (2013) estimated paleo-water depths for Sites 
M0027-29 using benthic foraminifer faunal assemblages 
interpreted within a sequence stratigraphic framework. At 

Site M0027, Cyclagelosphaera occurs sporadically in rare 
numbers within the lowermost Oligocene sediments 
(NP22/23) and upper Oligocene (NP24/25 boundary) 
(Mountain et al., 2010). Water depths at those times were 
estimated to be 100-120 m to around 100 m, respectively. 
Lower Miocene sediments (mid-NN2) also contain 
sporadic occurrences of Cyclagelosphaera in rare to few 
numbers, with paleo-water depths estimated at 50-80 m. 
Cyclagelosphaera is consistently present in rare to few 
numbers throughout the upper lower Miocene and middle 
Miocene section (NN4 to NN6/7). Paleo-water depths 
during that time were generally less than 50 m, with 
several short-lived highstands when water depths 
increased to 75-100 m.  

At Site M0028, no paleo-water depth estimate is available 
for a single occurrence of Cyclagelosphaera in the lower 
Miocene mid-NN2 section. Cyclagelosphaera is 
consistently present in rare to few numbers throughout the 
upper lower to middle Miocene interval (NN4-5). Paleo-
water depths are estimated at 50-100 m for the upper lower 
Miocene interval, decreasing to 10-25 m by the middle 
Miocene.  

At site M0029, Cyclagelosphaera is absent from lower 
Miocene sediments, but consistently present in rare to few 
numbers in upper lower to middle Miocene sediments 
(NN4 to NN6/7). Paleo-water depths during the late early 
Miocene and early middle Miocene were 75-100 m, 
shallowing to 25-80 m during the middle Miocene. 

These paleodepth estimates indicate that the cored 
sediment was deposited in shallow, shelfal waters, 
supporting the nearshore affinity of 
Cyclagelosphaera/Tergestiella. In fact, the observed 
specimens of Cruciplacolithus that were reported as 
reworked in (Mountain et al., 2010) could also be part of 
the in situ assemblage. Extant Cruciplacolithus neohelis 
shows affinity to nearshore waters such as a tidal pools 
and lagoons (e.g., (Kawachi and Inouye, 1994; Konno and 
Jordan, 2006).  
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06/07/2008 st. 1 35.52N 133.94E 0 0 25.5 0 0 17/02/201517/02/20150 0 0 0 200 0 0 1,796 0 200 0 0 0 0 0 200 0 0 599 2,993
12/07/2008 offshore N/A N/A 0 20-40 N/A 0 0 VR 0 0 0 0 3,215 0 0 1,808 0 0 0 0 0 0 0 0 0 0 402 5,425
13/10/2008 offshore N/A N/A 0 20-40 N/A 0 VR 0 0 200 0 400 115,327 400 7,008 14,015 400 0 0 0 3003 0 200 200 0 0 3,404 144,559
13/11/2008 st. 1 35.52N 133.94E 0 0 19.0 0 201 0 0 0 0 0 6,630 0 402 1,406 201 0 0 0 201 0 0 VR 0 0 603 9,644
15/11/2008 offshore N/A N/A 0 20-40 N/A 0 2,195 0 200 0 0 0 131,293 200 1,796 18,756 599 0 200 0 399 0 0 0 0 0 798 156,435
13/12/2008 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 9,578 0 599 3,193 399 0 0 0 0 0 0 0 0 0 599 14,366
29/01/2009 st. 1 35.52N 133.94E 0 < 5 11.5 0 0 0 0 0 0 0 1,397 0 200 1,197 0 0 0 0 0 0 0 0 0 0 798 3,592
01/03/2009 st. 1 35.52N 133.94E 0 < 5 N/A 0 0 0 0 0 0 0 191 0 0 1,719 0 0 0 0 0 0 0 0 0 0 191 2,101
11/04/2009 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 2,187 0 0 16,903 0 0 0 0 0 0 0 0 0 0 199 19,289
12/04/2009 st. 1 35.52N 133.94E 0 < 5 15.5 0 0 0 0 0 0 0 385 0 192 3,846 0 0 0 0 0 0 0 0 0 0 385 4,807
18/04/2009 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 961 0 0 7,692 0 0 0 0 0 0 0 0 0 0 192 8,845
09/05/2009 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 73,178 0 398 12,727 0 0 0 0 0 0 0 0 0 0 0 86,302
10/05/2009 st. 1 35.52N 133.94E 0 < 5 18.0 0 0 0 0 0 0 0 14,905 0 194 1,355 0 0 0 0 194 0 0 0 0 0 1,742 18,389
21/05/2009 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 0 0 0 0 0 15,617 0 0 4,805 0 0 0 0 0 0 0 0 0 0 1,802 22,224
23/05/2009 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 23,898 0 790 3,555 0 0 0 0 0 0 0 0 0 0 0 28,243
02/06/2009 st. 1 35.52N 133.94E 0 < 5 19.0 0 0 0 0 0 0 0 2,585 0 0 597 0 0 0 0 199 0 0 0 0 0 795 4,176
06/06/2009 st. 3 35.53N 133.93E 0 15 21.0 0 0 0 0 0 0 0 787 0 0 197 0 0 0 0 0 0 0 0 0 0 0 984
06/06/2009 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 2,370 0 198 0 0 0 0 0 0 0 0 0 0 0 198 2,765
21/06/2009 st. 2 35.52N 133.94E 0 12 21.0 0 0 6,603 0 0 0 0 21,558 0 1,748 2,136 0 0 0 0 0 0 0 0 0 0 3,690 35,735
21/06/2009 st. 3 35.53N 133.93E 0 15 21.0 0 0 5,925 0 0 0 0 23,701 0 1,975 1,580 0 0 0 0 0 198 0 0 0 0 2,173 35,551
21/06/2009 offshore N/A N/A 0 20-40 21 0 0 3,302 0 0 0 0 21,169 0 1,748 2,525 0 0 0 0 0 194 0 0 0 0 971 29,909
23/06/2009 st. 1 35.52N 133.94E 0 < 5 24.0 0 0 587 0 0 0 0 8,603 0 0 1,564 0 0 0 0 0 391 0 0 0 0 391 11,535
25/06/2009 st. 1 35.52N 133.94E 0 < 5 24.0 0 0 1,161 0 0 0 0 7,162 0 194 387 0 0 0 0 0 387 0 0 0 0 1,355 10,646
25/06/2009 st. E 35.52N 133.94E 0 < 5 24.0 0 0 194 0 0 0 0 5,033 0 1,355 2,516 0 0 0 0 0 194 0 0 0 0 581 9,872
27/06/2009 st. 2 35.52N 133.94E 0 15 24.0 0 0 583 0 0 0 0 2,913 0 1,359 583 0 0 0 0 0 194 0 0 0 0 971 6,603
27/06/2009 st. 3 35.53N 133.93E 0 15 N/A 0 0 2,847 0 0 0 0 24,672 0 3,037 2,277 0 0 0 0 190 380 0 0 0 0 1,139 34,541
27/06/2009 offshore N/A N/A 0 20-40 N/A 0 0 2,585 0 0 0 0 50,509 0 8,948 2,585 0 0 0 0 398 199 0 0 0 0 199 65,423
12/07/2009 st. 2 35.52N 133.94E 0 12 25.0 0 0 0 0 0 0 0 6,738 0 793 198 0 0 0 0 0 0 0 0 0 0 991 8,720
12/07/2009 offshore N/A N/A 0 20-40 25.0 0 0 0 0 0 0 0 15,149 0 9,128 194 0 0 0 0 194 0 0 0 0 0 194 24,859
20/08/2009 st. 1 35.52N 133.94E 0 < 5 25.5 0 0 0 0 0 0 0 5,846 0 195 195 0 0 0 0 195 0 0 0 0 0 195 6,625
23/08/2009 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 399 0 0 0 0 17759 0 18,158
03/10/2009 offshore N/A N/A 0 20-40 N/A 790 0 0 593 790 0 0 31,008 0 11,455 8,690 0 0 198 0 1185 0 0 0 0 0 790 55,499
12/10/2009 offshore N/A N/A 0 20-40 N/A 988 1,580 0 0 395 0 0 65,967 198 18,763 10,270 0 198 0 0 1975 0 0 VR 0 0 2,173 102,505
24/10/2009 offshore N/A N/A 0 20-40 N/A 0 194 0 0 0 0 0 71,276 0 14,954 8,351 0 0 0 0 194 0 0 777 0 0 388 96,136
25/02/2010 st. 1 35.52N 133.94E 0 < 5 12.0 0 0 0 0 0 0 0 0 0 0 790 0 0 0 0 0 0 0 0 0 0 0 790
12/03/2010 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 0 0 194 7,380 0 0 0 0 0 0 0 0 0 0 1,165 8,740
20/03/2010 st. 1 35.52N 133.94E 0 < 5 13.0 0 0 0 0 0 0 0 394 0 0 6,889 0 0 0 0 0 0 0 0 0 0 0 7,283
19/04/2010 st. 1 35.52N 133.94E 0 < 5 14.0 0 0 0 0 0 0 0 955 0 0 5,540 0 0 0 0 0 0 0 0 0 0 573 7,068
25/04/2010 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 1,554 0 0 18,256 0 0 0 0 0 0 0 0 0 0 0 19,810
02/05/2010 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 194 0 194 30,971 0 0 0 0 0 0 0 0 0 0 194 31,552
22/05/2010 st. D 35.52N 133.93E 0 < 5 19.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
22/05/2010 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 388 0 0 388 0 0 0 0 0 0 0 0 0 0 0 777
30/05/2010 st. A 35.52N 133.94E 0 < 5 18.0 0 0 0 0 0 0 0 195 0 0 4,092 0 0 0 0 0 0 0 0 0 0 195 4,482
31/05/2010 st. 3 35.53N 133.93E 0 15 N/A 0 0 0 0 0 0 0 1,942 0 0 10,876 0 0 0 0 0 0 0 0 0 0 0 12,818
03/06/2010 st. A 35.52N 133.93E 0 < 5 21.0 0 0 0 0 0 0 0 198 0 0 5,728 0 0 0 0 0 0 0 0 0 0 198 6,123
03/06/2010 st. 1 35.52N 133.94E 0 < 5 19.5 0 0 0 0 0 0 0 1,193 0 0 6,164 0 0 0 0 0 0 0 0 0 0 0 7,358
06/06/2010 st. B 35.52N 133.95E 0 < 5 20.0 0 0 0 0 0 0 0 197 0 0 10,826 0 0 0 0 0 0 0 0 0 0 197 11,220
06/06/2010 st. C 35.52N 133.95E 0 < 5 20.0 0 0 0 0 0 0 0 195 0 0 6,820 0 0 0 0 0 0 0 0 0 0 0 7,015
06/06/2010 st. 1 35.52N 133.94E 0 < 5 19.5 0 0 0 0 0 0 0 400 0 0 9,410 0 0 0 0 0 0 0 0 0 0 200 10,011
10/06/2010 st. C 35.52N 133.95E 0 < 5 20.0 0 0 0 0 0 0 0 1,949 0 0 9,938 0 0 0 0 0 0 0 0 0 0 390 12,276
10/06/2010 st. D 35.52N 133.95E 0 < 5 20.0 0 0 0 0 0 0 0 7,989 0 0 27,281 0 0 0 0 0 0 0 0 0 0 390 35,660
10/06/2010 st. 1 35.52N 133.94E 0 < 5 19.0 0 0 0 0 0 0 0 5,806 0 601 19,021 0 0 0 0 0 0 0 0 0 0 400 25,828
17/06/2010 st. D 35.52N 133.93E 0 < 5 24.0 0 0 0 0 0 0 0 2,378 0 198 4,162 0 0 0 0 0 0 0 0 0 0 1,189 7,927
17/06/2010 st. B 35.52N 133.95E 0 < 5 24.0 0 0 0 0 0 0 0 5,504 0 0 13,095 0 0 0 0 0 0 0 0 0 0 1,139 19,738
17/06/2010 st. 1 35.52N 133.94E 0 < 5 24.0 0 0 0 0 0 0 0 4,316 0 392 6,278 0 0 0 0 0 0 0 0 0 0 589 11,574
19/06/2010 st. 3 35.53N 133.93E 0 15 21.0 0 0 5,456 0 0 0 0 4,677 0 390 3,702 0 0 0 0 0 0 0 0 0 0 585 14,810
19/06/2010 offshore N/A N/A 0 35 21.0 0 0 6,992 0 0 0 0 5,632 0 777 4,078 0 0 0 0 0 0 0 0 0 0 194 17,673
20/06/2010 st. D 35.52N 133.93E 0 < 5 21.0 0 0 3,313 0 0 0 0 9,743 0 585 5,651 0 0 0 0 0 1949 0 0 0 0 1,559 22,799
20/06/2010 st. 1 35.52N 133.94E 0 < 5 21.0 0 0 4,724 0 0 0 0 10,629 0 984 11,023 0 0 0 0 0 787 0 0 0 0 197 28,345
20/06/2010 st. E 35.52N 133.95E 0 < 5 21.0 0 0 394 0 0 0 0 1,575 0 394 11,613 0 0 0 0 0 VR 0 0 0 0 394 14,369
21/06/2010 st. D 35.52N 133.93E 0 < 5 22.0 0 0 583 0 0 0 0 4,661 0 583 4,661 0 0 0 0 0 583 0 0 0 0 971 12,041
21/06/2010 st. 1 35.52N 133.94E 0 < 5 22.0 0 0 1,350 0 0 0 0 6,945 0 965 4,823 0 0 0 0 0 772 0 0 0 0 386 15,241
23/06/2010 st. D 35.52N 133.93E 0 < 5 23.0 0 0 583 0 0 0 0 6,021 0 194 6,215 0 0 0 0 0 194 0 0 0 0 1,165 14,372
23/06/2010 st. 1 35.52N 133.94E 0 < 5 23.0 0 0 197 0 0 0 0 10,039 0 787 4,330 0 0 0 0 0 394 0 0 0 0 197 15,944
25/06/2010 st. D 35.52N 133.93E 0 < 5 23.0 0 0 198 0 0 0 0 4,543 0 0 2,173 0 0 0 0 0 VR 0 0 0 0 790 7,703
25/06/2010 st. 1 35.52N 133.94E 0 < 5 23.0 0 0 VR 0 0 0 0 4,714 0 189 5,091 0 0 0 0 0 VR 0 0 0 0 189 10,182
07/07/2010 st. D 35.52N 133.93E 0 < 5 24.0 0 0 0 0 0 0 0 7,134 0 991 2,378 0 0 0 0 0 0 0 0 0 0 2,180 12,683
07/07/2010 st. 1 35.52N 133.94E 0 < 5 24.0 0 0 0 0 0 0 0 3,392 0 399 599 0 0 0 0 0 0 0 0 0 0 200 4,589
17/07/2010 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 9,578 0 599 1,197 0 0 0 0 0 0 0 0 0 0 200 11,573
22/07/2010 st. 3 35.53N 133.93E 0 15 N/A 0 0 0 0 0 0 0 16,195 0 198 988 0 0 0 0 0 0 0 0 0 0 198 17,578
22/07/2010 offshore N/A N/A 0 25 N/A 0 0 0 0 0 0 0 43,310 0 2,331 2,331 0 0 0 0 388 0 0 0 0 0 777 49,136
08/08/2010 st. D 35.52N 133.93E 0 < 5 28.5 0 0 0 0 0 0 0 7,954 0 199 795 0 0 0 0 1392 0 0 0 0 0 2,187 12,528
08/08/2010 st. 1 35.52N 133.94E 0 < 5 28.5 0 0 0 0 0 0 0 1,802 0 200 200 0 0 0 0 601 0 0 0 0 0 200 3,003
17/10/2010 offshore N/A N/A 0 20-40 N/A 0 988 0 0 0 0 0 62,017 0 2,173 19,355 0 0 0 0 790 0 198 VR 0 0 1,185 86,705
06/11/2010 st. D 35.52N 133.93E 0 < 5 19.0 0 200 0 0 0 0 0 94,904 400 1,402 25,428 0 0 400 0 0 0 0 VR 0 0 1,001 123,736
06/11/2010 offshore N/A N/A 0 20-40 N/A 0 199 0 199 0 0 0 136,811 597 3,182 20,482 0 0 0 0 0 0 0 199 0 0 3,381 165,048
06/11/2010 st. 1 35.52N 133.94E 0 < 5 19.0 0 200 0 0 0 0 0 45,850 200 400 11,813 0 0 200 0 0 0 0 0 0 0 601 59,265
20/11/2010 st. 1 35.52N 133.94E 0 < 5 19.0 0 400 0 0 0 0 0 46,251 200 1,602 20,022 200 0 0 0 0 0 0 0 0 0 801 69,476
01/04/2011 st. D 35.52N 133.93E 0 < 5 13.0 0 0 0 0 0 0 0 197 0 0 10,236 0 0 0 0 0 0 0 0 0 0 394 10,826
01/04/2011 st. 1 35.52N 133.94E 0 < 5 13.0 0 0 0 0 0 0 0 971 0 0 15,731 0 0 0 0 0 0 0 0 0 0 0 16,702
07/04/2011 st. 1 35.52N 133.94E 0 < 5 13.5 0 0 0 0 0 0 0 0 0 0 2,737 0 0 0 0 0 0 0 0 0 0 0 2,737
07/04/2011 Ishiwaki 35.52N 133.95E 0 < 5 13.0 0 0 0 0 0 0 0 0 0 0 3,496 0 0 0 0 0 0 0 0 0 0 0 3,496
10/04/2011 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 376 0 0 8,270 0 0 0 0 0 0 0 0 0 0 376 9,022
09/05/2011 st. D 35.52N 133.93E 0 < 5 17.0 0 0 0 0 0 0 0 583 0 0 1,359 0 0 0 0 0 0 0 0 0 0 194 2,136
09/05/2011 st. 1 35.52N 133.94E 0 < 5 17.5 0 0 0 0 0 0 0 194 0 0 581 0 0 0 0 0 0 0 0 0 0 0 774
09/05/2011 Ishiwaki 35.52N 133.95E 0 < 5 17.0 0 0 0 0 0 0 0 0 0 0 385 0 0 0 0 0 0 0 0 0 0 0 385
19/05/2011 st. D 35.52N 133.93E 0 < 5 18.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
19/05/2011 st. 1 35.52N 133.94E 0 < 5 18.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
19/05/2011 Ishiwaki 35.52N 133.95E 0 < 5 18.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
22/05/2011 offshore N/A N/A 0 20-40 N/A 0 0 0 0 0 0 0 777 0 194 388 0 0 0 0 0 0 0 0 0 0 388 1,748
04/06/2011 st. D 35.52N 133.93E 0 < 5 19.5 0 0 0 0 0 0 0 3,107 0 0 388 0 0 0 0 0 0 0 0 0 0 194 3,690
04/06/2011 st. 1 35.52N 133.94E 0 < 5 19.5 0 0 0 0 0 0 0 2,719 0 0 194 0 0 0 0 0 0 0 0 0 0 194 3,107
04/06/2011 Ishiwaki 35.52N 133.95E 0 < 5 20.0 0 0 0 0 0 0 0 2,331 0 0 583 0 0 0 0 0 0 0 0 0 0 194 3,107
05/06/2011 offshore N/A N/A 0 21 20.0 0 0 0 0 0 0 0 4,855 0 0 388 0 0 0 0 0 0 0 0 0 0 VR 5,244
05/06/2011 offshore N/A N/A 0 30 20.0 0 0 0 0 0 0 0 2,913 0 0 VR 0 0 0 0 0 0 0 0 0 0 VR 2,913
05/06/2011 offshore N/A N/A 0 40 18.5 0 0 0 0 0 0 0 12,624 0 388 583 0 0 0 0 0 0 0 0 0 0 VR 13,595
07/06/2011 st. D 35.52N 133.93E 0 < 5 21.0 0 0 0 0 0 0 0 5,244 0 0 971 0 0 0 0 0 0 0 0 0 0 VR 6,215
07/06/2011 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 4,467 0 0 VR 0 0 0 0 0 0 0 0 0 0 194 4,661
09/06/2011 st. D 35.52N 133.93E 0 < 5 19.0 0 0 0 0 0 0 0 4,855 0 194 194 0 0 0 0 0 0 0 0 0 0 194 5,438
09/06/2011 st. 1 35.52N 133.94E 0 < 5 19.5 0 0 0 0 0 0 0 7,963 0 VR 1,942 0 0 0 0 0 0 0 0 0 0 194 10,099
10/06/2011 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 0 0 0 0 0 11,264 0 388 194 0 0 0 0 0 0 0 0 0 0 388 12,235
12/06/2011 offshore N/A N/A 0 21 N/A 0 0 0 0 0 0 0 10,488 0 388 194 0 0 0 0 0 0 0 0 0 0 0 11,070
14/06/2011 st. D 35.52N 133.93E 0 < 5 19.0 0 0 VR 0 0 0 0 12,041 0 583 583 0 0 0 0 0 0 0 0 0 0 583 13,789
14/06/2011 st. 1 35.52N 133.94E 0 < 5 19.5 0 0 VR 0 0 0 0 5,826 0 0 194 0 0 0 0 0 0 0 0 0 0 388 6,409
15/06/2011 st. D 35.52N 133.93E 0 < 5 21.0 0 0 583 0 0 0 0 8,351 0 VR 388 0 0 0 0 0 0 0 0 0 0 971 10,293
15/06/2011 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 VR 0 0 0 0 5,050 0 0 388 0 0 0 0 0 0 0 0 0 0 194 5,632
15/06/2011 Ishiwaki 35.52N 133.95E 0 < 5 20.0 0 0 583 0 0 0 0 13,401 0 388 1,748 0 0 0 0 0 0 0 0 0 0 388 16,508
16/06/2011 st. D 35.52N 133.93E 0 < 5 20.5 0 0 940 0 0 0 0 5,075 0 0 376 0 0 0 0 0 0 0 0 0 0 188 6,578
16/06/2011 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 583 0 0 0 0 7,186 0 0 194 0 0 0 0 0 0 0 0 0 0 388 8,351
17/06/2011 st. D 35.52N 133.93E 0 < 5 21.5 0 0 VR 0 0 0 0 2,331 0 194 VR 0 0 0 0 0 0 0 0 0 0 388 2,913
17/06/2011 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 194 0 0 0 0 6,021 0 0 194 0 0 0 0 0 0 0 0 0 0 194 6,603
18/06/2011 offshore N/A N/A 0 20 N/A 0 0 VR 0 0 0 0 43,698 0 583 1,554 0 0 0 0 0 0 0 0 0 0 11,070 56,904
18/06/2011 offshore N/A N/A 0 30 N/A 0 0 388 0 0 0 0 68,946 0 971 1,165 0 0 0 0 0 0 0 0 0 0 4,661 76,132
18/06/2011 offshore N/A N/A 0 40 N/A 0 0 752 0 0 0 0 41,912 0 1,316 2,067 0 0 0 0 0 0 0 0 0 0 1,128 47,175
30/06/2011 st. D 35.52N 133.93E 0 < 5 26.5 0 0 VR 1,942 0 0 0 23,111 0 388 3,107 0 0 0 0 0 583 0 0 0 0 971 30,103
30/06/2011 st. 1 35.52N 133.94E 0 < 5 26.0 0 0 VR 47,776 0 0 0 7,963 0 VR 1,942 0 0 0 0 0 VR 0 0 0 0 777 58,458
02/07/2011 offshore N/A N/A 0 25 N/A 0 0 194 0 0 0 0 52,826 0 2,331 16,120 0 0 0 0 VR VR 0 0 0 0 3,884 75,355
02/07/2011 offshore N/A N/A 0 30 N/A 0 0 194 0 0 0 0 68,169 0 6,215 12,818 0 0 0 0 0 194 0 0 0 0 5,050 92,640
06/07/2011 st. D 35.52N 133.93E 0 < 5 24.5 0 0 0 0 0 0 0 6,021 0 583 15,537 0 0 0 0 583 0 0 0 0 0 1,942 24,665
06/07/2011 st. 1 35.52N 133.94E 0 < 5 24.5 0 0 0 0 0 0 0 1,942 0 0 5,632 0 0 0 0 388 0 0 0 0 0 388 8,351
13/07/2011 st. D 35.52N 133.93E 0 < 5 26.5 0 0 0 0 0 0 0 1,165 0 0 583 0 0 0 0 194 0 0 0 0 0 0 1,942
13/07/2011 st. 1 35.52N 133.94E 0 < 5 26.5 0 0 0 0 0 0 0 388 0 194 194 0 0 0 0 194 0 0 0 0 0 0 971
24/07/2011 offshore N/A N/A 0 40 N/A 0 0 0 0 0 0 0 27,578 0 1,165 16,508 0 0 0 0 6992 0 0 0 0 0 1,359 53,603
08/08/2011 st. D 35.52N 133.93E 0 < 5 26.0 0 0 0 0 0 0 0 777 0 0 VR 0 0 0 0 4855 0 0 0 0 0 194 5,826
08/08/2011 st. 1 35.52N 133.94E 0 < 5 27.0 0 0 0 0 0 0 0 777 0 194 388 0 0 0 0 4273 0 0 0 0 0 194 5,826
30/08/2011 st. D 35.52N 133.93E 0 < 5 28.5 0 0 0 0 0 0 0 1,554 0 0 388 0 0 0 0 0 0 0 0 0 0 1,165 3,107
30/08/2011 st. 1 35.52N 133.94E 0 < 5 28.5 0 0 0 0 0 0 0 194 0 0 0 0 0 0 0 0 0 0 0 0 0 583 777
27/09/2011 st. D 35.52N 133.93E 0 < 5 23.0 0 0 0 0 0 0 0 2,331 0 194 1,554 0 0 0 0 0 0 0 0 0 0 194 4,273
27/09/2011 st. 1 35.52N 133.94E 0 < 5 22.5 0 0 0 0 0 0 0 7,380 0 194 2,525 0 0 0 0 0 0 0 VR 0 0 194 10,293
03/11/2011 offshore N/A N/A 0 40 N/A 387 774 0 0 0 0 387 39,101 0 1,936 13,163 968 387 581 581 581 0 0 VR 968 0 1,742 61,555
12/11/2011 st. 1 35.52N 133.94E 0 < 5 19.5 0 194 0 0 0 0 0 3,484 0 0 4,258 194 0 0 0 0 0 0 VR 0 0 387 8,517
12/11/2011 offshore N/A N/A 0 40 N/A 0 VR 0 0 188 0 0 19,923 0 1,316 9,209 VR 0 188 0 0 0 0 VR 376 188 188 31,575
13/11/2011 offshore N/A N/A 0 40 N/A 0 577 0 0 192 0 0 39,227 0 961 9,230 192 0 577 0 192 0 0 VR 0 0 577 51,726
19/04/2012 st. 1 35.52N 133.94E 0 < 5 14.0 0 0 0 0 0 0 0 0 0 188 564 0 0 0 0 0 0 0 0 0 0 188 940

Appendix 1. Sampling date, location, sampling depth, temperature, salinity, occurrence data and estimated cell density of coccolithophore taxa per liter for sampling localities in Tomari area, Tottori, Japan. VR indicates very rare, and fr indicates that multiple free coccoliths 
were found from the samples.



14/05/2012 st. 1 35.52N 133.94E 0 < 5 17.0 0 0 0 0 0 0 0 198 0 0 988 0 0 0 0 0 0 0 0 0 0 0 1,185
19/05/2012 offshore N/A N/A 0 40 17.0 0 0 0 0 0 0 0 6,027 0 0 2,009 0 0 0 0 0 0 0 0 0 0 183 8,219
27/05/2012 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 1,480 0 0 370 0 0 0 0 0 0 0 0 0 0 185 2,035
03/06/2012 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 0 0 0 0 0 3,496 0 194 2,136 0 0 0 0 0 0 0 0 0 0 0 5,826
12/06/2012 st. 1 35.52N 133.94E 0 < 5 19.0 0 0 VR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14/06/2012 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 VR 0 0 0 0 514 0 0 343 0 0 0 0 0 0 0 0 0 0 0 857
15/06/2012 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 188 0 0 0 0 0 0 0 188 0 0 0 0 0 188 0 0 0 0 0 564
15/06/2012 st. D 35.52N 133.94E 0 < 5 20.5 0 0 2,497 0 0 0 0 1,998 0 0 999 0 0 0 0 0 666 0 0 0 0 166 6,326
16/06/2012 st. D 35.52N 133.94E 0 < 5 20.5 0 0 1,165 0 0 0 0 1,165 0 166 832 0 0 0 0 0 333 0 0 0 0 0 3,662
17/06/2012 offshore N/A N/A 0 40 20.0 0 0 832 0 0 0 0 3,995 0 166 1,998 0 0 0 0 1165 499 0 0 0 0 2,164 10,820
17/06/2012 offshore N/A N/A 0 30 21.0 0 0 866 0 0 0 0 4,827 0 345 862 0 0 0 0 345 1724 0 0 0 0 862 9,830
17/06/2012 offshore N/A N/A 0 20 22.0 0 0 647 0 0 0 0 1,942 0 0 486 0 0 0 0 0 1457 0 0 0 0 162 4,693
23/06/2012 offshore N/A N/A 0 25 N/A 0 0 777 0 0 0 0 16,120 0 388 3,496 0 0 0 0 2331 194 0 0 0 0 971 24,277
26/06/2012 st. D 35.52N 133.94E 0 < 5 19.0 0 0 194 0 0 0 0 8,545 0 0 4,078 0 0 0 0 194 0 0 0 0 0 971 13,983
28/06/2012 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 22,917 0 583 5,826 0 0 0 0 388 0 0 0 0 0 388 30,103
28/06/2012 st. D 35.52N 133.94E 0 < 5 19.0 0 0 0 0 0 0 0 10,682 0 194 2,525 0 0 0 0 583 0 0 0 0 0 388 14,372
30/06/2012 st. 1 35.52N 133.94E 0 < 5 21.5 0 0 VR 0 0 0 0 2,255 0 0 2,255 0 0 0 0 188 VR 0 0 0 0 188 4,887
30/06/2012 st. D 35.52N 133.94E 0 < 5 21.0 0 0 179 0 0 0 0 4,840 0 359 1,255 0 0 0 0 0 0 0 0 0 0 717 7,350
30/06/2012 offshore N/A N/A 0 25 N/A 0 0 0 0 0 0 0 388 0 0 0 0 0 0 0 0 0 0 0 0 0 0 388
10/07/2012 st. 1 35.52N 133.94E 0 < 5 26.0 0 0 0 0 0 0 0 777 0 0 194 0 0 0 0 194 0 0 0 0 0 388 1,554
10/07/2012 st. D 35.52N 133.94E 0 < 5 26.0 0 0 0 0 0 0 0 777 0 0 388 0 0 0 0 194 0 0 0 0 0 777 2,136
22/07/2012 st. 1 35.52N 133.94E 0 < 5 28.5 0 0 0 0 0 0 0 0 0 0 VR 0 0 0 0 0 0 0 0 0 0 194 194
30/07/2012 st. 1 35.52N 133.94E 0 < 5 28.5 0 0 0 0 0 0 0 188 0 0 188 0 0 0 0 188 0 0 0 0 0 0 564
30/07/2012 st. D 35.52N 133.94E 0 < 5 29.0 0 0 0 0 0 0 0 370 0 0 VR 0 0 0 0 0 0 0 0 0 0 370 740
05/08/2012 st. 1 35.52N 133.94E 0 < 5 29.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
18/08/2012 offshore N/A N/A 0 N/A N/A 0 0 0 0 0 0 0 364 0 0 0 0 0 0 0 0 0 0 0 0 0 182 546
19/08/2012 st. 1 35.52N 133.94E 0 < 5 29.5 0 0 0 0 0 0 0 177 0 0 0 0 0 0 0 177 0 0 0 0 0 0 353
25/08/2012 offshore N/A N/A 0 30 N/A 0 0 0 0 0 0 0 1,554 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1,554
25/08/2012 offshore N/A N/A 0 20 N/A 0 0 0 0 0 0 0 2,360 0 182 0 0 0 0 0 363 0 0 0 0 0 363 3,267
27/08/2012 st. 1 35.52N 133.94E 0 < 5 29.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 179 179
06/09/2012 offshore N/A N/A 0 20 28.0 0 0 0 0 0 0 0 376 0 0 0 0 0 0 0 0 0 0 0 0 0 0 376
06/09/2012 offshore N/A N/A 0 30 28.0 0 0 0 0 0 0 0 955 0 0 191 0 0 0 0 191 0 0 0 0 0 0 1,337
22/09/2012 offshore N/A N/A 0 30 N/A 0 0 0 0 0 0 0 6,555 0 728 1,821 0 0 0 0 546 0 0 182 182 0 1,092 11,107
02/10/2012 offshore N/A N/A 0 30 N/A 0 1,165 0 0 0 0 VR 41,173 0 583 12,624 194 0 0 0 1165 0 0 0 388 0 1,942 59,235
10/10/2012 offshore N/A N/A 0 37.5 N/A 0 194 0 0 0 0 194 103,321 0 777 16,897 0 0 0 0 777 0 0 777 194 0 777 123,908
24/10/2012 st. 1 35.52N 133.94E 0 < 5 19.5 0 0 0 0 0 0 0 17,812 0 166 11,819 0 0 0 0 0 0 0 666 166 0 666 31,296
04/11/2012 offshore N/A N/A 0 N/A 0 546 0 0 0 0 0 36,597 0 1,092 15,841 0 0 364 0 0 0 0 0 182 0 2,003 56,625
22/11/2012 st. 1 35.52N 133.94E 0 < 5 14.5 0 0 0 0 0 0 0 2,093 0 0 2,617 0 0 0 0 0 0 0 0 0 0 872 5,582
25/11/2012 offshore N/A N/A 0 20 N/A 0 0 0 0 0 0 0 16,539 0 752 7,894 0 0 0 0 0 0 0 376 0 0 1,128 26,689
25/11/2012 offshore N/A N/A 0 75 N/A 0 0 0 0 174 0 0 10,609 0 2,087 4,348 174 174 174 174 174 0 0 0 0 0 2,087 20,175
27/11/2012 st. B 35.52N 133.95E 0 < 5 14.5 0 0 0 0 0 0 0 1,359 0 194 1,554 0 0 0 0 0 0 0 0 0 0 0 3,107
14/12/2012 st. 1 35.52N 133.94E 0 < 5 13.5 0 0 0 0 0 0 0 564 0 1,128 376 0 0 0 0 0 0 0 0 0 0 0 2,067
13/01/2013 offshore N/A N/A 0 66 N/A 0 0 0 0 0 0 0 4,423 0 2,115 3,654 0 0 0 0 0 0 0 0 0 0 769 10,961
31/01/2013 st. 1 35.52N 133.94E 0 < 5 10.5 0 0 0 0 0 0 0 0 0 0 VR 0 0 0 0 0 0 0 0 0 0 0 0
27/02/2013 st. 1 35.52N 133.94E 0 < 5 11.5 0 0 0 0 0 0 0 190 0 0 2,467 0 0 0 0 0 0 0 0 0 0 190 2,847
10/03/2013 st. 1 35.52N 133.94E 0 < 5 12.0 0 0 0 0 0 0 0 583 0 0 2,136 0 0 0 0 0 0 0 0 0 0 194 2,913
23/03/2013 st. 1 35.52N 133.94E 0 < 5 12.0 0 0 0 0 0 0 0 759 0 0 4,555 0 0 0 0 0 0 0 0 0 0 190 5,504
06/04/2013 st. 1 35.52N 133.94E 0 < 5 12.5 0 0 0 0 0 0 0 0 0 0 388 0 0 0 0 0 0 0 0 0 0 194 583
29/04/2013 st. 1 35.52N 133.94E 0 < 5 16.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
05/05/2013 offshore N/A N/A 0 55 N/A 0 0 0 0 0 0 0 194 0 0 194 0 0 0 0 0 0 0 0 0 0 0 388
12/05/2013 st. 1 35.52N 133.94E 0 < 5 16.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
26/05/2013 st. 1 35.52N 133.94E 0 < 5 19.0 0 0 0 0 0 0 0 194 0 0 0 0 0 0 0 0 0 0 0 0 0 0 194
04/06/2013 offshore 35.52N 133.90E 0 24.7 19.5 0 0 0 0 0 0 0 2,525 0 194 388 0 0 0 0 0 0 0 0 0 0 0 3,107
04/06/2013 offshore 35.52N 133.90E 0 22.5 19.5 0 0 0 0 0 0 0 2,136 0 0 388 0 0 0 0 0 0 0 0 0 0 0 2,525
04/06/2013 offshore 35.54N 133.88E 0 41 19.0 0 0 0 0 0 0 0 2,136 0 0 0 0 0 0 0 0 0 0 0 0 0 194 2,331
05/06/2013 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 1,165 0 194 0 0 0 0 0 0 0 0 0 0 0 194 1,554
05/06/2013 st. D 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 2,136 0 194 194 0 0 0 0 0 0 0 0 0 0 194 2,719
09/06/2013 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 194 0 0 0 0 0 0 0 0 0 0 0 0 0 194 388
11/06/2013 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 0 0 0 0 0 1,554 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1,554
13/06/2013 st. 1 35.52N 133.94E 0 < 5 23.5 0 0 0 0 0 0 0 14,880 0 2,868 0 0 0 0 0 0 896 0 0 0 0 1,613 20,258
14/06/2013 st. 1 35.52N 133.94E 0 < 5 23.5 0 0 0 0 0 0 0 7,963 0 971 0 0 0 0 0 0 2331 0 0 0 0 0 11,264
15/06/2013 st. 1 35.52N 133.94E 0 < 5 23.5 0 0 777 0 0 0 0 15,343 0 777 194 0 0 0 0 0 4855 0 0 0 0 971 22,917
17/06/2013 offshore 35.52N 133.90E 0 22.6 24.0 0 0 777 0 0 0 0 38,648 0 777 388 0 0 0 0 0 17285 0 0 0 0 971 58,847
17/06/2013 offshore 35.31N 133.90E 0 30.7 24.0 0 0 VR 194 0 0 0 8,545 0 6,215 VR 0 0 0 0 0 14760 0 0 0 0 583 30,297
17/06/2013 offshore 35.52N 133.90E 0 41.1 24.0 0 0 VR 0 0 0 0 10,682 0 4,855 VR 0 0 0 0 0 15537 0 0 0 0 0 31,074
18/06/2013 st. 1 35.52N 133.94E 0 < 5 23.5 0 0 971 194 0 0 0 14,566 0 1,554 194 0 0 0 0 0 15149 0 0 0 0 388 33,016
21/06/2013 st. 1 35.52N 133.94E 0 < 5 22.0 194 0 VR 0 0 0 0 8,351 0 1,554 583 0 0 0 0 0 583 0 0 0 0 194 11,459
23/06/2013 st. 1 35.52N 133.94E 0 < 5 22.0 0 0 VR 0 0 0 0 23,694 0 5,244 583 0 0 0 0 0 583 0 0 0 0 388 30,491
25/06/2013 st. 1 35.52N 133.94E 0 < 5 N/A 0 0 0 0 0 0 0 971 0 0 194 0 0 0 0 0 0 0 0 0 0 0 1,165
27/06/2013 st. 1 35.52N 133.94E 0 < 5 22.5 0 0 437 0 0 0 0 8,740 0 728 1,311 0 0 0 0 0 583 0 0 0 0 437 12,235
01/07/2013 st. 1 35.52N 133.94E 0 < 5 24.0 0 0 0 0 0 0 0 1,942 0 388 194 0 0 0 0 0 194 0 0 0 0 0 2,719
08/07/2013 st. 1 35.52N 133.94E 0 < 5 24.5 0 0 0 0 0 0 0 2,331 0 388 0 0 0 0 0 194 VR 0 0 0 0 0 2,913
11/07/2013 st. 1 35.52N 133.94E 0 < 5 26.5 0 0 0 0 0 0 0 1,165 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1,165
22/07/2013 st. 1 35.52N 133.94E 0 < 5 28.0 971 0 0 0 0 583 0 2,719 0 388 0 0 0 0 0 0 0 0 0 0 0 194 4,855
04/08/2013 st. 1 35.52N 133.94E 0 < 5 28.0 0 0 0 0 0 0 0 777 0 0 0 0 0 0 0 0 0 0 0 0 0 194 971
21/08/2013 st. 1 35.52N 133.94E 0 < 5 30.5 0 0 0 0 0 0 0 194 0 0 194 0 0 0 0 0 0 0 0 0 0 194 583
11/09/2013 st. 1 35.52N 133.94E 0 < 5 27.5 0 0 0 0 0 0 0 194 0 0 0 0 0 0 0 0 0 0 0 0 0 0 194
28/09/2013 st. 1 35.52N 133.94E 0 < 5 24.0 0 0 0 0 0 194 0 1,942 0 0 777 0 0 0 0 388 0 0 0 0 0 194 3,496
20/10/2013 st. 1 35.52N 133.94E 0 < 5 21.5 0 777 0 0 0 0 0 54,962 0 0 3,302 0 0 583 583 583 0 0 VR 0 0 971 61,760
06/11/2013 st. 1 35.52N 133.94E 0 < 5 19.0 0 0 0 0 0 0 0 55,157 0 0 4,467 0 0 583 583 0 0 0 388 0 0 583 61,760
01/12/2013 st. 1 35.52N 133.94E 0 < 5 15.0 0 0 0 0 0 0 0 777 0 0 2,331 0 0 0 0 0 0 0 0 0 0 0 3,107
17/12/2013 st. 1 35.52N 133.94E 0 < 5 13.0 0 0 0 0 0 0 0 388 0 0 3,302 0 0 0 0 0 0 0 0 0 0 0 3,690
25/01/2014 st. 1 35.52N 133.94E 0 < 5 10.0 0 0 0 0 0 0 0 0 0 0 388 0 0 0 0 0 0 0 0 0 0 0 388
25/02/2014 st. 1 35.52N 133.94E 0 < 5 11.0 0 0 0 0 0 0 0 0 0 0 1,748 0 0 0 0 0 0 0 0 0 0 0 1,748
24/03/2014 st. 1 35.52N 133.94E 0 < 5 12.5 0 0 0 0 0 0 0 583 0 0 777 0 0 0 0 0 0 0 0 0 0 388 1,748
23/04/2014 st. 1 35.52N 133.94E 0 < 5 14.5 0 0 0 0 0 0 0 1,554 0 0 2,525 0 0 0 0 0 0 0 0 0 0 194 4,273
14/05/2014 st. 1 35.52N 133.94E 0 < 5 17.5 0 0 0 0 0 0 0 1,554 0 0 0 0 0 0 0 0 0 0 0 0 0 194 1,748
17/05/2014 st. D 35.52N 133.93E 0 < 5 18.5 0 0 0 0 0 0 0 194 0 0 583 0 0 0 0 0 0 0 0 0 0 0 777
29/05/2014 st. 1 35.52N 133.94E 0 < 5 19.0 0 0 0 0 0 0 0 388 0 0 0 0 0 0 0 0 0 0 0 0 0 0 388
01/06/2014 st. 1 35.52N 133.94E 0 < 5 21.0 0 0 fr 0 0 0 0 388 0 0 777 0 0 0 0 0 0 0 0 0 0 0 1,165
08/06/2014 st. 1 35.52N 133.94E 0 < 5 20.0 0 0 0 0 0 0 0 194 0 0 1359 0 0 0 0 0 0 0 0 0 0 194 1,747
11/06/2014 st. 1 35.52N 133.94E 0 < 5 21.0 0 0 fr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15/06/2014 st. 1 35.52N 133.94E 0 < 5 21.5 0 0 fr 0 0 0 0 0 0 0 0 0 0 0 0 0 fr 0 0 0 0 0 0
16/06/2014 st. 1 35.52N 133.94E 0 < 5 22.5 0 0 fr 0 0 0 0 170 0 0 0 0 0 0 0 0 fr 0 0 0 0 0 170
17/06/2014 st. 1 35.52N 133.94E 0 < 5 21.5 0 0 fr 0 0 0 0 0 0 388 0 0 0 0 0 0 fr 0 0 0 0 0 388
18/06/2014 st. 1 35.52N 133.94E 0 < 5 20.5 0 0 fr 0 0 0 0 416 0 139 0 0 0 0 0 0 fr 0 0 0 0 0 555
19/06/2014 st. 1 35.52N 133.94E 0 < 5 22.0 0 0 fr 0 0 0 0 291 0 97 0 0 0 0 0 0 0 0 0 0 0 0 388
20/06/2014 st. 1 35.52N 133.94E 0 < 5 22.0 0 0 fr 0 0 0 0 92 0 92 0 0 0 0 0 0 0 0 0 0 0 0 185
25/06/2014 st. 1 35.52N 133.94E 0 < 5 22.0 0 0 0 0 0 0 0 1,187 0 432 54 0 0 0 0 0 0 0 0 0 0 54 1,726
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18-Aug-09 RV001 45°4'40"N 13°36'29"E 0 26.6 36.1 0 2838 0 0 3040 380 0 5676 11934
18-Aug-09 RV001 45°4'40"N 13°36'29"E 5 26.2 36.4 0 5676 0 0 8514 0 0 5676 19866
18-Aug-09 RV001 45°4'40"N 13°36'29"E 10 23.5 37.0 0 0 14190 0 8514 11360 0 5676 39740
18-Aug-09 RV001 45°4'40"N 13°36'29"E 20 16.7 37.7 0 0 5676 2838 1419 0 0 2838 12771
18-Aug-09 RV001 45°4'40"N 13°36'29"E 27 16.4 37.8 0 0 1419 1419 0 0 0 2838
28-Aug-09 RV001 45°4'40"N 13°36'29"E 0 27.5 35.0 0 5676 5676 0 0 0 0 1419 12771
28-Aug-09 RV001 45°4'40"N 13°36'29"E 5 27.5 35.1 0 5676 5676 0 2838 1419 VR 0 15609
28-Aug-09 RV001 45°4'40"N 13°36'29"E 10 26.1 36.1 0 190 0 0 0 0 0 0 190
28-Aug-09 RV001 45°4'40"N 13°36'29"E 20 17.1 37.8 1419 0 7100 0 0 0 0 0 8519
28-Aug-09 RV001 45°4'40"N 13°36'29"E 27 16.5 37.8 0 0 2838 0 0 0 0 2838 5676
19-Aug-10 RV001 45°4'40"N 13°36'29"E 0 24.9 34.5 0 0 2838 190 0 0 0 0 3028
19-Aug-10 RV001 45°4'40"N 13°36'29"E 5 24.9 34.5 0 0 0 0 0 0 VR 2838 2838
19-Aug-10 RV001 45°4'40"N 13°36'29"E 10 22.7 36.3 0 0 0 0 1419 1419 0 2838 5676
19-Aug-10 RV001 45°4'40"N 13°36'29"E 20 15.3 37.4 0 0 27690 0 0 0 0 1419 29109
19-Aug-10 RV001 45°4'40"N 13°36'29"E 27 14.9 37.4 0 0 24140 0 0 0 0 1419 25559

Appendix 2. Sampling date, location, sampling depth, temperature, salinity, occurrence data and estimated cell density of coccolithophore taxa per liter for sampling 
locality in offshore Rovinj, Croatia. VR indicates very rare. 
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23/06/1990 KT90-9 1 41.14N 142.00E 0 15.5 4181 0 25 2604 0 275 0 376 50 7,510 Hagino et al. (2005)
23/06/1990 KT90-9 2 41.12N 142.44E 0 15.0 320 0 0 350 0 9 0 16 5 701 Hagino et al. (2005)
24/06/1990 KT90-9 3 41.11N 142.85E 0 14.5 1911 0 134 2129 0 0 0 855 0 5,029 Hagino et al. (2005)
28/06/1990 KT90-9 33 39.33N 142.90E 0 15.3 7176 0 53 394 0 53 0 210 0 7,886 Hagino et al. (2005)
28/06/1990 KT90-9 34 38.55N 142.48E 0 17.8 1127 0 0 140 135 55 10 10 25 1,502 Hagino et al. (2005)
02/07/2006 - Funahama 43.18N 141.04E 0 19.5 VR 0 0 VR 0 0 0 VR 0 VR Hagino et al. (2009)
17/06/2007 - Shukutsu 43.23N 141.02E 0 17.0 VR 0 0 388 0 0 0 194 0 583 Hagino et al. (2009)
24/06/2007 - Shukutsu 43.23N 141.02E 0 17.5 0 0 0 0 188 0 0 0 0 188 Hagino et al. (2009)
02/07/2007 - Shukutsu 43.23N 141.02E 0 18.0 162 0 0 162 0 0 0 974 0 1,298 Hagino et al. (2009)
19/06/2011 D366 CTD25 45.49N -7.19E 5m 15.1 2000 0 0 0 0 0 0 250 0 2250 Young et al. (2014)
29/06/2011 D366 CTD55 57.00N 5.01E 16m 13.8 43537 2700 0 0 0 0 0 8100 0 54337 Young et al. (2014)
02/07/2011 D366 CTD65 56.49N 3.62E 26m 10.2 234012 0 0 0 0 0 0 2700 0 236712 Young et al. (2014)
27/06/2011 D366 U198 55.64N 4.35E 5m 14.5 25699 0 0 0 0 0 0 4535 0 30234 Young et al. (2014)
01/07/2011 D366 U248 56.88N 6.56E 5m 13.8 24490 0 0 0 0 2721 0 2721 0 29932 Young et al. (2014)
01/07/2011 D366 U249 56.87N 6.47E 5m 13.8 38095 0 0 0 0 2721 0 8163 0 48979 Young et al. (2014)
01/07/2011 D366 U253 56.90N 5.68E 5m 13.4 57142 0 0 0 0 0 0 2721 0 59863 Young et al. (2014)
01/07/2011 D366 U254 56.80N 5.36E 5m 13.8 81632 0 0 0 0 0 0 8163 0 89795 Young et al. (2014)
01/07/2011 D366 U255 56.71N 5.00E 5m 13.8 40816 0 0 0 0 0 0 10884 0 51700 Young et al. (2014)
02/07/2011 D366 U262 56.64N 3.69E 5m 13.6 244896 0 0 0 0 0 0 21769 0 266665 Young et al. (2014)
05/07/2011 D366 U299 59.86N -6.41E 5m 12.0 336732 0 4131 0 0 77520 0 1377 1377 419760 Young et al. (2014)

Appendix 3 Sampling date, location, sampling depth, temperature, occurrence data and estimated cell density of coccolithophore taxa per liter for the samples known 
to contain B. bigelowii from previous studies.
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M MIOCENE NN6-7 2 100 100 50 50 0 <50m 3 100 0 33 0 0 10-25m 9 100 56 22 0 0 25-80m NN6-7
M MIOCENE NN5 4 100 75 25 25 0 <50m 8 100 38 25 13 0 50-100m 23 100 78 57 48 0 75-100m NN5
E/M MIOCENE NN4 12 100 67 50 67 42 <50m 24 100 67 46 4 63 50-100m 21 100 71 38 19 24 75-100m NN4
E MIOCENE NN3 4 25 0 0 50 NN3
E MIOCENE NN2 13 100 23 23 31 31 50-80m 8 100 13 0 0 0 na 8 100 0 0 0 0 NN2
OLIGOCENE NP24-25 12 100 17 0 0 na 100m
OLIGOCENE NP22-23 4 100 75 0 0 na 100-120m

Appendix 4. Summary of occurence data of Cyclagelosphaera, Braarudosphaera and Cruciplacolithus from ODP Leg 313, New Jersey Margin. Numbers 
are percentage of samples in the nannofossil zone that contain the given taxon, from Mountain et al. (2010). Paleodepth estimates are based on benthic 
foraminifera, from Katz et al. (2013). 
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