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INTRODUCTION

Dated fossils offer direct evidence of the age and 
early evolution of a lineage. The fossil record is noto-
riously incomplete, however, resulting in gaps in our 
understanding of the timing and sequence of evo-
lutionary changes in a lineage. Diatoms appeared 
in the fossil record in the Early Cretaceous, about 
120 million years ago (Mya; Nikolaev, Harwood, & 
Samsonov,  2001). Based on the available fossil re-
cord, it appears that diatoms were present on both 

hemispheres by 110 Mya but only in a few isolated 
niches (Gersonde & Harwood,  1990). Documenting 
the early diatom fossil record is an uphill climb. An es-
timated 3% of the diatoms from a community will ever 
be preserved and represented in ancient sediments 
(Tréguer et al., 1995), and most of the earliest fossils 
that have been found are poorly preserved due to al-
teration by diagenetic processes (Geroch, 1978). Only 
in the Upper Cretaceous do we observe many depos-
its with abundant and well-preserved fossils world-
wide (Hajós & Stradner, 1975; Harwood et al., 2007; 

R E S E A R C H  A R T I C L E

The Cretaceous Diatom Database: A tool for investigating 
early diatom evolution

Karolina Bryłka1   |   Matt P. Ashworth2   |   Andrew J. Alverson3   |    

Daniel J. Conley1

Received: 23 February 2024  |  Accepted: 13 August 2024

DOI: 10.1111/jpy.13499  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Journal of Phycology published by Wiley Periodicals LLC on behalf of Phycological Society of America.

Abbreviations: cf., in Latin: confer (Eng. compared to); Ma, million years; Mya, million years ago.

1Department of Geology, Lund University, 
Lund, Sweden
2Department of Molecular Biosciences, 
UTEX Culture Collection of Algae, The 
University of Texas at Austin, Austin, 
Texas, USA
3Department of Biological Sciences, 
University of Arkansas Fayetteville, 
Fayetteville, Arkansas, USA

Correspondence
Karolina Bryłka, Department of Geology, 
Lund University, Sölvegatan 12, 223 62 
Lund, Sweden.
Email: karolina.brylka@geol.lu.se

Funding information
European Research Council, Grant/
Award Number: 833454; Knut och 
Alice Wallenbergs Stiftelse; Division of 
Environmental Biology, Grant/Award 
Number: DEB-1651087

Editor: P.G. Kroth

Abstract
The Cretaceous period is the time of the first appearance of the diatoms 
in the fossil record. These fossils give us direct evidence of the age and 
early evolution of the diatom lineage. The fossil record, however, is incom-
plete and therefore often extrapolated through time-calibrated phylogenies. 
These two approaches offer different perspectives on the early evolution 
of diatoms, which is still poorly understood. We compiled the first compre-
hensive Cretaceous Diatom Database, a tool to investigate the taxonomy, 
diversity, and occurrence of the earliest known diatom lineages. To further 
aid the integration and use of the oldest diatom fossils in molecular clock 
analyses, we present a set of well-documented Cretaceous fossils that can 
be placed onto molecular phylogenetic trees of extant and extinct species, 
making them ideal candidates for the calibration of molecular clocks. The 
analysis of the fossil record and the Cretaceous Diatom Database revealed 
Cretaceous diversity is substantially greater than previously thought, yet con-
siderable taxonomic work is still needed. The Cretaceous Diatom Database 
and the list of Cretaceous fossils for calibrating molecular clocks represent 
valuable resources for future evolutionary and taxonomic studies of modern 
and fossil diatoms.
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Tapia & Harwood,  2002; Witkowski et  al.,  2011). 
Consequently, the fossil record leaves limited traces 
of the past.

Our understanding of the age and timescale of 
evolution can be augmented, in part, with molec-
ular clock methods that combine fossils and DNA 
sequence information to estimate divergence dates 
across a phylogenetic tree (Lee & Ho, 2016). These 
methods have been used in a wide range of studies 
on understanding the origin and diversification of di-
atoms and trait evolution, (Kooistra & Medlin,  1996; 
Lewitus et  al.,  2018; Li et  al.,  2020; Medlin,  2015; 
Nakov et  al.,  2014, 2018a; Sorhannus,  2007; 
Souffreau et  al.,  2011), radiations in new habitats 
(Alverson,  2014; Pinseel et  al.,  2020), and genome 
evolution (Parks, Nakov, et al., 2018). Accurate times-
cales are also important for paleoecological studies, 
such as those on past biogeochemical cycles (Conley 
et al., 2017). Although powerful tools, molecular clock 
methods are sensitive to evolutionary rate variation 
(Lee & Ho, 2016), sequence saturation, where sites 
in the genome have experienced multiple nucleotide 
substitutions (Lozano-Fernandez, 2022), and the use 
of erroneous fossil calibration points (Angelis & Dos 
Reis, 2015). Methods such as relaxed clock and par-
titioned clock models have been developed to deal 
with some of these problems (Tiley et al., 2020), but 
several issues still remain (Budd & Mann, 2024).

The estimated age of diatoms from molecular clock 
studies has changed as methods have improved, data-
sets have gotten larger, and fossil and taxon sampling 
have increased. The earliest molecular clock studies 
of diatoms were based on a single gene, and depend-
ing on the method and calibrations used, they yielded 
an average age of 164–166 Ma and a maximum pos-
sible age of 266 Ma (Kooistra & Medlin,  1996), while 
other estimates pointed toward origin time between 
400 and 330 Mya (Sorhannus,  1997). With further 
improvement in methods, the use of more genes and 
fossil calibrations, and incorporating Bolidomonas as 
an outgroup (Daugbjerg & Guillou, 2001), the date of 
origin was recalculated as 250–190 Mya (Medlin, 2015; 
Sorhannus,  2007) and later 200–190 Mya (Nakov 
et al., 2018a), which is still 80 Ma older than the earliest 
known diatom fossils (Bryłka et al., 2023).

Although molecular clocks have limitations, the fos-
sil record is incomplete and, in some cases, misleading 
due to misidentification or misclassification of fossils. 
For example, the probability that the earliest members 
of a group will be discovered is vanishingly small, and 
diagenetic processes can erase whatever fossils do 
remain. Some diatom fossils, including ones used to 
calibrate molecular clocks, have not held up to further 
scrutiny. For example, the oldest reported diatom fos-
sils from the Lower Jurassic are more likely calcare-
ous nannofossils (Bryłka et al., 2023), whereas others 
are represented by pyritized specimens with equivocal 

taxonomic association (Geroch,  1978). As suggested 
previously (Bryłka et  al.,  2023), these cases may be 
connected with poor documentation of the elemental 
composition of the observed fossils. Moreover, the 
classification of pyritized diatoms is based on overall 
similarity rather than specific ultrastructural characters 
of the frustule, which can be altered or erased through 
diagenetic processes.

Given the consequences for understanding the 
evolution of diatoms and their impacts on the an-
cient and modern ocean, it is important to establish 
an accurate age and a series of divergence times 
for diatoms. To this end, we compiled literature on 
Cretaceous diatoms to create the first comprehensive 
Cretaceous Diatom Database. We derived a set of 
well-documented fossils that exhibit compelling mor-
phological evidence, based on the presence of pre-
sumed synapomorphies, which justify the placement 
of the fossils in the chosen taxonomic levels and ac-
curate dating of the sediments containing the fossils 
(Parham et al., 2011). In doing so, we also character-
ized trends of species accumulation throughout the 
Cretaceous. We discuss weaknesses in the docu-
mentation of fossil diatoms and suggest substantial 
taxonomic work is necessary on both species and 
genus levels. Our results highlight the importance of 
integrating two aspects of the same evolutionary his-
tory—fossil morphology and molecular data—to bet-
ter understand early diatom evolution.

MATERIALS AND METHODS

Cretaceous Diatom Database and the 
analysis of the cretaceous fossil record of 
diatoms

For the compilation of the Cretaceous Diatom 
Database (Appendix S1 in the Supporting Information), 
we collected data from 18 scientific papers (Table 1). 
The reported data span in age from the Aptian (121.4 
Mya) to the Maastrichtian (66 Mya). The main objec-
tives of the database were to: (1) compile a list of all 
species present in the Cretaceous, (2) track the distri-
bution and species richness of genera throughout the 
Cretaceous, (3) identify general trends in the emer-
gence of morphological groups, and (4) identify the 
first occurrence of extant genera and genera previ-
ously used as calibration points in molecular clocks. 
The Cretaceous Diatom Database consists of the fol-
lowing: (1) species list with corresponding papers, (2) 
species list with corresponding age of occurrence, 
and (3) genera list with corresponding age of occur-
rence and number of species.

When compiling the database, we excluded pyritized 
diatoms because the identity of diagenetically trans-
formed frustules cannot be established in many cases. 
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The Cretaceous Diatom Database described here is in-
tended to be a comprehensive resource that expands 
upon previous summaries of the Cretaceous diatom re-
cord (Ballance et al., 1989; Gresham, 1985; Harwood 
et al., 2007; Jousé, 1948; Long et al., 1946; Moshkovitz 
et al., 1983; Oreshkina et al., 2013; Sims, 1998; Sims 
et  al.,  2006; Strel'nikova,  1975). The exclusion of the 
above does not impact the content of the database 
since taxa described in these references and refer-
ences included in the database overlap.

From the Cretaceous Diatom Database, we de-
rived a set of well-documented fossils for future mo-
lecular clocks. To this end, we focused on validating 
taxa in extant genera or ones previously used to cal-
ibrate molecular clock studies. We carefully examined 
all available light and/or scanning electron micro-
scope images provided in the respective publications 
to determine whether the fossils matched the gross 
morphology or, ideally, possessed synapomorphies 
that supported their relationship to extant species 
in the genus. We classified genera into morpholog-
ical categories to plot species accumulation through-
out the Cretaceous. We followed the higher level 

classification of diatoms that divided them into the 
following: radial centric (Coscinodiscophyceae sensu 
Medlin & Kaczmarska,  2004), bi(multi)polar centric 
(Mediophyceae sensu Medlin & Kaczmarska,  2004), 
and pennate (Bacillariophyceae sensu Medlin & 
Kaczmarska,  2004). It should be noted, however, 
that abundant molecular evidence suggests that 
Coscinodiscophyceae is not monophyletic (Nakov 
et al., 2018a; Parks, Wickett, & Alverson, 2018).

RESULTS

Cretaceous Diatom Database

The Cretaceous Diatom Database includes 721 spe-
cies and 128 genera (Figure  1). The number of gen-
era and species in each reference used to compile the 
Cretaceous Diatom Database can be found in Table 1 
and in Appendix S1. Based on the Cretaceous Diatom 
Database, we determined the first reliable appear-
ance of extant genera and genera previously used 
as calibration points for future molecular clocks, and 

TA B L E  1   Compilation table of articles used for the Cretaceous Diatom Database and fossil record analysis.

Locality Age Age Ma
No. of 
species

No. of 
genera References

NE Australia Lower Aptian 121 to 120 38 13 Nikolaev, Harwood, and 
Samsonov (2001)

Weddell Sea, ODP Site 693 Lower-Middle Albian 113 to 107 17 7 Harwood and 
Gersonde (1990)

113 to 107 28 13 Gersonde and 
Harwood (1990)

Hannover, Germany Albian 113 to 100.5 11 9 Forti and Schultz (1932)

Sinai Peninsula, Egypt Albian-Maastrichtian 113 to 66 41 18 Zalat (2013)

Arctic Archipelago and Canadian 
Continental Margin

Upper Cenomanian-Campanian ~95 to 72.1 154 47 Tapia and Harwood (2002)

Omagari Formation, Japan Uppermost Santonian 
-Lowermost Campanian

~84 to 82 42 22 Shimada et al. (2022)

Devon Island, Arctic Ocean Santonian-Lower Campanian 86.3 to ~80 90 38 Witkowski et al. (2011)

Eastern Arctic Peninsula, Seymour 
Island

Campanian-Maastrichtian 83.6 to 66 145 39 Harwood (1988)

Worldwide (DSDP Site 216, DSDP 
Site 275, ODP Site 758, Alpha Ridge, 
Moreno Formation, Tonga Trench)

Campanian-Maastrichtian 83.6 to 66 505 75 Chambers (1997)

ODP Site 758, Indian Ocean Upper Campanian ~75 to 72.1 18 10 Fourtanier (1991)

Alpha Ridge, Arctic Ocean Upper Campanian ~75 to 72.1 33 14 Barron (1985)

Alpha Ridge, Arctic Ocean Upper Campanian ~75 to 72.1 59 24 Davies and Kemp (2016)

DSDP Site 275, Pacific Ocean Upper Campanian-Maastrichtian ~75 to 66 142 41 Hajós and Stradner (1975)

Alpha Ridge, Arctic Ocean Middle-Upper Maastrichtian ~70 to 66 25 13 Dell'Agnese and 
Clark (1994)

Moreno Formation, California USA Middle-Upper Maastrichtian ~70 to 66 37 23 Hanna (1927)

Moreno Formation, California USA Middle-Upper Maastrichtian ~70 to 66 59 40 Nikolaev, Kociolek, 
et al. (2001)

Moreno Formation, California USA Middle-Upper Maastrichtian ~70 to 66 13 9 Davies and Kemp (2016)

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13499 by U

niversity O
f A

rkansas Library, W
iley O

nline Library on [18/09/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



4  |      BRYŁKA et al.

characterized general trends in diversity, species rich-
ness, and stratigraphic ranges of different taxa.

Over the Cretaceous period, there was a sub-
stantial increase in a number of species and genera 
(Figure 1). The Early Cretaceous (Aptian–Albian pe-
riod; 121.4–100.5 Mya) is represented by 86 species 
in 34 genera of radial centric and bi(multi)polar mor-
phologies. Continuing to the lower part of the Late 
Cretaceous (Cenomanian–Santonian period; 100.5–
83.6 Mya), fewer diatoms were described: 51 species 
and 23 genera predominantly in radial centric and bi(-
multi)polar morphologies, with the first record of ara-
phid diatoms. The upper part of the Late Cretaceous 
(Campanian–Maastrichtian, 83.6–66 Mya) is a time 
of major diversification with 632 described species 
and 107 genera, spanning predominantly radial and 
polar centric taxa.

The highest species diversity was identified in 
the following genera: Actinoptychus, Aulacodiscus, 
Biddulphia, Coscinodiscus, Hemiaulus, 
Stephanopyxis, Trinacria, and Triceratium. It should, 
however, be noted that classification of taxa in these 
genera is not always straightforward (see Discussion). 
A total of 45 of the 128 Cretaceous diatom genera 
are monotypic (Appendix S1, Figure 2). As monotypic 
genera constitute fully one third of the total number 
of genera, we surveyed documented photographs 
and observed that many monotypic genera were de-
scribed from LM observation only and would benefit 
from SEM evaluation as detailed characters of the 
valves are not visible. These genera include but are 
not necessarily limited to: Corinna Heiberg, Kittonia 
Grove and Strutt, Mammidion Long, Fuge and Smith, 
Meretrosulus Hanna, Omphalotheca Ehrenberg, 
Peponia Greville, Radiodiscus Forti and Schulz, 
Rhaphidophora Long, Fuge and Smith, Tubularia 
Brun, and Upothema Long, Fuge and Smith. Other 
genera such as Ditylum and Ktenodiscus (Forti & 
Schultz,  1932) were only documented with simple 
drawings, which is challenging for assessing their 

identity. The Cretaceous Diatom Database (Figure 2 
and Appendix S1) can be used as a framework to un-
derstand where detailed taxonomic work is needed.

Calibration points for molecular clocks

These observations are based on analysis of the 
Cretaceous Diatom Database and photographs from 
the scientific literature, not on site-specific type slides. 
The purpose was to derive the maximum amount of 
fossil information from sources that are readily avail-
able. In this section, we assess the earliest occurrence 
of photographically well-documented taxa from genera 
that exhibit either all (crown calibrations) or some (stem 
calibrations) genus-level synapomorphies (shared de-
rived characters; Figure  3). Genus-level synapomor-
phies were derived primarily from genus descriptions 
in Round et al. (1990) and supplemented by literature 
focused on specific genera where possible. Taxa that 
may serve as calibration points are also summarized 
in Table 2.

Genera for crown calibrations

Genus Actinoptychus Ehrenberg
Genus description and synapomorphies: radial centric 
valve with radially alternating elevated and depressed 
sectors that are almost flat and even in size; rows of 
loculate areolae radiate from the plain or granulated 
central area; prominent external tubes of rimoportulae 
are often located on the distal part of the elevated sec-
tor; the external opening of rimoportula is round, while 
internal opening is usually a linear radial slit (Ross & 
Sims, 1997; Round et al., 1990)

Minimum clade age: Upper Campanian (~75–72.1 
Mya); plate 29, figs. 1–4 in Tapia & Harwood, 2002

Sediment dating method: biostratigraphy based on 
mollusks, foraminifera, and palynomorphs

F I G U R E  1   Number of genera and species during the Cretaceous period (120–66 Mya). Radial centric includes resting spore species.
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Notes: There are older records of Actinoptychus 
(e.g., Cenomanian 100.5–93.9 Mya; plate 2, fig.  4–5 
in Zalat, 2013); however, the rimoportulae are not visi-
ble, but this could be used as a stem calibration; some 
other genera such as Trossulus Ross and Sims and 
Polymyxus Bailey have radially alternating depressed 
and elevated sectors and have been placed in the same 
family as Actinoptychus, that is, Heliopeltaceae; how-
ever, these have convex elevated sectors and distinct 
internal rimoportulae openings (Ross & Sims,  2002); 
lastly, Actinodiction Pantocsek likewise differ in inter-
nal rimoportulae openings and its sectors are uneven 
in size (Ross & Sims, 1997).

Genus Arachnoidiscus Deane ex Pritchard
Genus description and synapomorphies: heterovalvar 
frustule where one valve has a plain central area, whereas 
the other valve has a plain center ringed by elongated ra-
dial slits; areolae occluded by vola are sectored by mas-
sive system of radial costae (Round et al., 1990)

Minimum clade age: Campanian (83.6–72.1 Mya); 
fig. 48 in Sims et al. (2006)

Sediment dating method: ammonoid biostratigraphy
Notes: Sims et  al.  (2006) is an overview study on 

the Cretaceous diatoms not included in the Cretaceous 
Diatom Database (see Materials and Methods).

Genus: Aulacodiscus Ehrenberg
Genus description and synapomorphies: radial centric 
frustule with three or more conspicuous marginal rimo-
portulae open externally via simple long tubes or wing-
like tubes, internally opened into curved slits; rows of 
loculate areolae radiate from the hyaline center (Round 
et al., 1990; Witkowski et al., 2017)

Minimum clade age: Lower Campanian 83.6–80 
Mya; fig. 7A–B and fig. 11A in Witkowski et al. (2011)

Sediment dating method: diatom biostratigraphy

Genus Auliscus Ehrenberg
Genus description and synapomorphies: valves circu-
lar or slightly elliptical; two or three marginal ocelli posi-
tioned on elevations; valve face ridged with distinctive 
parallel external costae

Minimum clade age: Middle-Upper Maastrichtian 
(~70–66 Mya); plate 1, fig. 8 in Hanna (1927)

Sediment dating method: foraminifera biostratigraphy

Genus Chaetoceros Ehrenberg
Genus description and synapomorphies: elliptical 
valves with flat or domed valve face, bearing seta 
from each pole; central annulus and rimoportula may 
be present; radial rows of fine areolae radiate from 
the valve center (Round et  al.,  1990); Chaetoceros 

F I G U R E  2   Stratigraphic ranges and species richness of Cretaceous diatom genera in stages of the Cretaceous representing taxa with 
first occurrence in (a) Aptian–Cenomanian, (b) Santonian–lower Campanian, and (c) upper Campanian–Maastrichtian. Thickness of the line 
illustrates relative variation in the number of species in the genus (for exact numbers, see Appendix S1).
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can from resting spores with much morphological 
variation (Ishii et al.,  2011); valves of resting spores 
are typically vaulted or capitate and either smooth, or 
ornamented by short or elaborate spines and knobs 
(Ishii et al., 2011)

Minimum clade age: Upper Campanian (~75–72.1 
Mya); figs. 7A–B in Davies and Kemp (2016)

Sediment dating method: biostratigraphy
Notes: This specimen is represented by a small form 

with vaulted valves lacking ornamentation and was 
classified as resting spore; this specimen has a strong 
resemblance to extant Chaetoceros spores (Sunesen 
et al., 2008).

Genus Coscinodiscus Ehrenberg
Genus description and synapomorphies: saucer to Petri 
dish-shaped valves bearing marginal ring of rimoportu-
lae, including at least one macro rimoportula; loculate 
valves with small or inconspicuous central area

Minimum clade age: Middle-Upper Maastrichtian 
(~70–66 Mya); plate 16, figs. 1–6 in Nikolaev, Kociolek, 
et al. (2001)

Sediment dating method: foraminifera biostratigraphy
Notes: There are older records of Coscinodiscus 

dating back to Santonian (86.3–83.6 Mya) (Witkowski 
et  al.,  2011) and Campanian (83.6–72.1 Mya; 

Barron, 1985; Chambers, 1997; Hajós & Stradner, 1975; 
Harwood, 1988; Tapia & Harwood, 2002); Coscinodiscus 
is among most confused genera in the fossil record with 
many taxa transferred to, among others: Actinocyclus 
Ehrenberg, Azpeitia Peragallo, Stellarima Hasle and 
Sims, Stephanopyxis Ehrenberg, Thalassiosira Cleve 
(Guiry, 2013); therefore, a proper identification can only 
be achieved through SEM examination which Santonian 
and Campanian documentations lack, except for Hajós 
and Stradner (1975); however, ring or marginal rimopor-
tulae is not documented.

Genus Hyalodiscus Ehrenberg
Genus description and synapomorphies: hemispheri-
cal loculate valves with mantle edge turned outward; 
central area is hyaline; ring of rimoportulae present 
around the valve mantle with simple external openings

Minimum clade age: Lower Campanian (~83–80 
Mya); figs. 7C–D in Witkowski et al. (2011)

Sediment dating method: diatom biostratigraphy
Notes: Rimoportulae not visible on the provided 

photograph; however, because external openings 
are simple, they are often indistinguishable from are-
olae; some species of Hyalodiscus were transferred 
to Podosira—a genus of alike valves characteristics, 
Podosira however, has no distinct valve margin and 

F I G U R E  3   Conceptual diagram representing the placement of the crown (darker) and stem (light) calibrations. Crown calibrations 
exhibit all the features of the terminal taxa. In this example, all species in clade A, share four marginal ocelli and multiple central processes. 
For clade B, all species share two marginal ocelli, a single central process, and a ring of marginal processes. Crown calibrations in 
these cases would be taxa exhibiting all characters. The stem calibration for the clade A could be a taxon with four ocelli without central 
processes. For clade B, the stem could be a taxon with two ocelli and a marginal ring of processes without a central process. Crown 
calibration for both clades could be a taxon with only two ocelli and the stem could be a taxon with one ocellus. Note that this scheme is 
conceptual and does not represent actual diatom genera.
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hyaline central area is not a genus synapomorphy 
(Round et al., 1990).

Genus Paralia Heiberg
Genus description and synapomorphies: circular locu-
late valves with radial costae and depressions on the 
valve face which appear to function as interlocking link-
ing structures; linking marginal spines can also be pre-
sent; valve face mostly without areolae

Minimum clade age: Upper Cenomanian to Upper 
Santonian (~95–84 Mya); plate 9, fig. 13 in Tapia and 
Harwood (2002)

Sediment dating method: biostratigraphy based on 
mollusks, foraminifera, and palynomorphs

Notes: Paralia shares characteristics with Ellerbeckia 
and Trochosira such as heterovalvy for both, radial 
markings on the valve face for the former and elaborate 
marginal spines that join frustules into colonies for the 
latter (Round et al., 1990; Sims, 1988); while other gen-
era may share many of these characters with Paralia, 
the combination of all of these characters is unique to 
Paralia, making identification of this genus relatively 
straightforward.

Genus Sceptroneis Ehrenberg
Genus description and synapomorphies: elongated 
slightly curved heteropolar valves with indistinct cen-
tral sternum; uniseriate striae with large areolae are 
occluded by rotae; apical pore fields present on both 
poles with single rimoportula

Minimum clade age: Uppermost Santonian–
Lowermost Campanian (~84–82 Mya); figs.  4A–C in 
Shimada et al. (2022)

Sediment dating method: biostratigraphy based on 
ammonoids and inoceramids.

Notes: This specimen of Sceptroneis has only one 
visible rimoportulae, and rotae are not preserved, which 
is expected in fossil specimens.

Genus Stellarima Hasle and Sims
Genus description and synapomorphies: radial cen-
tric, weakly to strongly convex, discoid valves; areole 
externally with or without cribra; central rimoportulae 
(observed 1–15) are arranged in a ring, bearing slit-like 
openings on a central hyaline area (Hasle & Sims, 1986; 
Round et al., 1990)

Minimum clade age: Uppermost Santonian-
Lowermost Campanian (~84–82 Mya); fig.  4Q in 
Shimada et al. (2022)

Sediment dating method: biostratigraphy based on 
ammonoids and inoceramids

Genus Stephanopyxis Ehrenberg
Genus description and synapomorphies: domed valves 
with large hexagonal areolae opened by foramina with 
underlying continuous sheet of silica; ring of tubular 

linking processes present on the valve face; ring of 
marginal rimoportulae (Round et al., 1990)

Minimum clade age: Upper Campanian (~75–72.1 
Mya); figs. 5A and 13A in Davies and Kemp (2016)

Sediment dating method: diatom biostratigraphy
Notes: This specimen has domed valves jointed to-

gether by tubular linking spines, with hexagonal are-
olae but lacking underlying sheet of silica but this is 
expected in fossil specimens which underwent disso-
lution processes.

Genera for stem calibrations

Calibration for Actinoptychus Ehrenberg stem
Genus description and synapomorphies: radial centric 
valve with radially alternating elevated and depressed 
flat sectors; sectors even in size; rows of loculate areolae 
radiating from the plain or granulated central area; prom-
inent external tubes of rimoportulae often located on the 
distal part of the elevated sector; the external opening 
of rimoportula is round, while internal opening is a linear 
radial slit (Ross & Sims, 1997; Round et al., 1990)

Minimum clade age: Cenomanian (100.5–93.9 Mya); 
plate 2 figs. 4–5 in Zalat (2013)

Sediment dating method: biostratigraphy based on 
mollusks, foraminifera, and palynomorphs

Notes: This specimen's rimoportulae are not visible.

Calibration for Aulacoseira Thwaites stem
Genus description and synapomorphies: circular valves 
with deep mantle that is perpendicular to the valve face; 
mantle with vertical or curved areolae; spines present 
at the valve face/mantle junction joining adjacent frus-
tules; inside at the base of the valve mantle thicken-
ing termed “ringliest” with single rimoportulae at base 
(Round et al., 1990)

Minimum clade age: Lower Albian (113–107 Mya); 
plate 13, figs. 1–8 in Gersonde and Harwood (1990)

Sediment dating method: biostratigraphy
Notes: This calibration refers to Archepyrgus 

Gersonde and Harwood: This genus has the above 
characters except rimoportulae.

Calibration for Biddulphia Gray stem
Genus description and synapomorphies: bipolar 
valves with short apices, where each apex bears a 
pseudocellus; valves undulate in shape in valve and 
girdle view; large areole occluded by cribra; multiple 
central rimoportulae present, opened externally via 
tube and by a slit internally; valve interior costate; 
costae either transverse, short, or branching (Sims 
et al., 2023)

Minimum clade age: Campanian (83.6–72.1 Mya); 
figs. 42–44 in Sims et al. (2006)

Sediment dating method: ammonoid biostratigraphy
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Notes: This specimen has a bipolar valve with rel-
atively tall apices burdened by pseudocelli; valve un-
dulate in valve view; hyaline depressions, which give 
an impression of costae; however, internal valve view 
is not shown; these can therefore be thickened hyaline 
folds (sulci); central rimoportulae present; the above 
characters suggest this specimen belongs to genus 
Biddulphiella Sims and Ashworth (Sims et al., 2023), 
which is a sister genus to Biddulphia.

Calibration for Corethron Castracane stem
Genus description and synapomorphies: heteropolar 
valves; one valve with marginal sockets into which are 
inserted toothed t-shaped spines; second valve with 
marginal sockets into which are inserted spines of two 
kinds: narrower spined and hooked spines (Crawford & 
Hinz, 1995; Fryxell & Hasle, 1971)

Minimum clade age: Upper Campanian (~75–72.1 
Mya); plate 2, fig. 1 in Hajós and Stradner (1975)

Sediment dating method: siliceous microfossil 
biostratigraphy

Notes: This specimen is characterized by a 
dome-like valve with multiple processes projecting 
from sockets in the valve brim and is classified as 
Skeletonema subantarctica Hajós; Abe et al.  (2021) 
investigated the material of Hajós and Stradner (1975) 
under the SEM and identified features in this speci-
men which differ from modern Corethron in the lack of 
hooked spines and a different arrangement of spines 
and sockets; consequently, Abe et  al.  (2021) sepa-
rated Cretaceous taxa into genus Praecorethron Abe, 
Lam, Ashworth, Harwood and Jordan; here, we fur-
ther consider this an extinct sister lineage to modern 
Corethron.

Calibration for Eunotogramma Weisse stem
Genus description and synapomorphies: valve elon-
gated, often arcuate; plain cross bars across the valve 
face present—internally these are transverse costae; 
rimoportulae positioned near the central ventral mar-
gin; areolae arranged in straight lines or radiating from 
annulus (Round et  al.,  1990; Witkowski, Ashworth, 
et al., 2020; Witkowski, Harwood, et al., 2020)

Minimum clade age: Upper Campanian (~75–72.1 
Mya); plate 5, fig. 1–2 in Fourtanier (1991)

Sediment dating method: calcareous nannofossil 
biostratigraphy

Notes: This specimen (Eunotogramma polymor-
phus) has an elongated, slightly arcuate valve with 
multiple cross bars across the valve face; rimoportulae 
and internal costae not documented; sectors separated 
by the bars are heavily inflated; large scattered areolae; 
Cretaceous Eunotogramma shares very few character-
istics with extant Eunotogramma taxa and likely rep-
resents extinct sister lineage; some other Cretaceous 
Eunotogramma species (Eunotogramma sp. plate 16, 
fig. 4 in Long et al., 1946; Eunotogramma sp. plate 5, 

fig. 3 in Fourtanier, 1991) have multipolar morphologies 
(3–6 poles); the above suggest Cretaceous taxa de-
scribed in Eunotogramma genus should likely be re-
classified to separate genus.

Calibration for Hemiaulus Heiberg stem
Genus description and synapomorphies: elliptical 
valves with curved valve face merging imperceptibly 
with a deep mantle; valves with simple or complex are-
olae; long apical processes terminating by spines that 
link adjacent frustules into colonies; central rimoportu-
lae may or may not be present; lightly silicified, delicate 
forms (Round et al., 1990)

Minimum clade age: Santonian (86.3–83.6 Mya); 
for example, figs. 8G, 8P, 8Q and fig. 9B in Witkowski 
et al. (2011)

Sediment dating method: diatom biostratigraphy
Notes: This specimen, like the majority of photo-

graphically documented Hemiaulus species in the 
Cretaceous, has bipolar valves with apical processes 
terminated by spines joining adjacent frustules; valve 
face undulated, crossed by thickened folds (sulci); 
central rimoportulae present; Cretaceous Hemiaulus 
is comprised of species that are heavily silicified 
and often exhibit robust ornamentation, in contrast 
to modern Hemiaulus taxa; accordingly, we suggest 
Cretaceous Hemiaulus to be extinct sister lineage 
to extant Hemiaulus or perhaps even to the family 
Hemiauluaceae.

Calibration for Ellerbeckia Crawford stem
Genus description and synapomorphies: circular heter-
ovalvar frustules with radial markings on the valve face 
(ridges or grooves); valves can be convex or concave; 
ridges and grooves vary in length from ones that are 
short and about one fifth of the valve radius or long 
reaching the small annulus; valve face without pores; 
heavy and thick mantle with unique type of tubular pro-
cesses; ridges and groves interlock and connect adja-
cent frustules into colonies (Round et al., 1990)

Minimum clade age: Lower Aptian (120 Mya); plate 
15, fig. 9 in Nikolaev, Harwood, and Samsonov (2001)

Sediment dating method: strontium isotopes 
(Williamson et al., 2012)

Notes: This calibration refers to extinct genus 
Praeparalia Nikolaev and Harwood; documented spec-
imen exhibits radial marking on the valve face that are 
one fourth and three fourth of a radius length and reach 
the valve mantle; center of the valve slightly convex 
with no ornamentation; although this specimen pos-
sesses only a few of the Ellerbeckia characters, we 
suggest it is a representative of an extinct sister lineage 
to Ellerbeckia.

Calibration for Proboscia Sundström stem
Genus description and synapomorphies: conoid 
valve, tapering into a slightly curved proboscis—a 
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tube formed of partly overlapping silica flaps; groove 
located at the base of the proboscis where sister cell 
is held; rimoportula located at the tip of the probos-
cis with slit like opening (Jordan et al., 2019; Round 
et al., 1990)

Minimum clade age: Campanian (83.6–72.1 Mya); 
figs. 1–49 in Jordan and Ito (2002)

Sediment dating method: diatom biostratigraphy.
Notes: Long and curved valves with short curved 

proboscis, groove present at the base of the pro-
boscis; in the considered specimen, proboscis is an 
extension of the valve face and is not made of over-
lapping silica flaps; although Jordan and Ito (2002) is 
not included in the Cretaceous database, taxa they 
describe are from site 275 described by Hajós and 
Stradner (1975).

Calibration for Rhizosolenia Brightwell stem
Genus description and synapomorphies: conical valves 
drawn out into a spine which is an external tube of the 
central rimoportula; loculate areolae externally closed 
by delicate plates with linear or elongate pores (Jordan 
et al., 2019, Round et al., 1990)

Minimum clade age: Upper Campanian (~75–72.1 
Mya); figs. 14A–E in Davies and Kemp (2016)

Sediment dating method: biostratigraphy
Notes: Specimen identified as a resting spore; 

valves cone like with central spine, which is likely exter-
nal rimoportulae opening; valves ornamented by linear 
ridges; the overall morphology of this specimen sug-
gests its relationship to modern Rhizosolenia.

Calibration for Stephanopyxis Ehrenberg stem
Genus description and synapomorphies: domed 
valves; hexagonal areolae opened by large foramina 
with underlying continuous sheet of silica; ring of tubu-
lar linking processes present on the valve face; ring of 
marginal rimoportulae (Round et al., 1990)

Minimum clade age: Lower Albian (113–107 Mya); 
plate 12, figs. 1–7 in Gersonde and Harwood (1990)

Sediment dating method: biostratigraphy
Notes: This calibration refers to extinct genus 

Amblypyrgus Gersonde and Harwood; specimen has 
domed valves with hexagonal areolae with underly-
ing continuous sheet of silica; apical processes con-
sist of spines (not tubes like in Stephanopyxis) often 
connected together at their base; ring of small circular 
pores near the margin—possibly rimoportulae open-
ing; this genus is likely an extinct sister genus to extant 
Stephanopyxis.

An additional 14 extant genera are included 
in the Cretaceous Diatom Database: Anaulus 
Ehrenberg, Cerataulus Ehrenberg, Cerataulina 
Peragallo, Dactyliosolen Castracane, Endictya 
Ehrenberg, Ethmodiscus Castracane, Isthmia Aghard, 
Lithodesmium Ehrenberg, Melosira Aghard, Podosira 
Ehrenberg, Rhaphoneis Ehrenberg, Skeletonema 

Greville, Triceratium Ehrenberg, and Terpsinöe 
Ehrenberg. However, these taxa either lack photo-
graphic documentation or lack genus-defining features 
(see Appendix  S2 in the Supporting Information for 
more discussion), casting doubt on their classification.

DISCUSSION

The Cretaceous Diatom Database is a comprehen-
sive resource for the study of the earliest diatom fos-
sils, some of which can be used to calibrate molecular 
clocks. Our compilation has highlighted ambiguities in 
the taxonomy of Cretaceous diatoms relative to mod-
ern taxa, which highlight specific genera in need of 
examination and revision in future work. Importantly, 
we are not suggesting that the taxonomy applied in the 
scientific literature is incorrect but, on occasion, poorly 
documented, such as when the genus-defining feature 
is out of focus or incompletely documented by electron 
microscopy. Our intention is to identify directions for 
improvement so that diatom taxonomy and classifica-
tion can better serve both morphological and molecular 
studies of diatoms.

Calibration points for molecular clocks

Careful scrutiny of previously used fossil calibrations 
for molecular clock studies rejected several fossils for 
various reasons and identified many more that can 
be incorporated into future studies. Our assessment 
was limited to published photographs but, in many 
cases, would benefit greatly from reexamination and 
updated photographs of original material, with an eye 
toward capturing key taxonomically and phylogeneti-
cally informative characters. Most of the Cretaceous 
diatom literature is based on light microscope images 
only, so some of the photographs either cannot or 
do not resolve key characters. A systematic reevalu-
ation of original materials would likely lead to taxo-
nomic revisions and provide many more reliable fossil 
calibrations.

The documentation of fossil species relies necessar-
ily on morphological information alone. Although molec-
ular character matrices exist for diatoms, no large-scale, 
diatom-wide morphological character matrix has been 
published. Short of this, we are left to classify fossil di-
atoms based on a phylogenetic interpretation of their 
characters, with reference to the distribution of those 
characters on molecular phylogenies. This approach 
can be misleading, however, by homoplasy, which has 
been documented for diatoms (Kociolek et al.,  2019). 
This is also illustrated by some of the genera discussed 
here. For example, Hemiaulus and Biddulphia appear 
to share some morphological characteristics (central 
rimoportulae, bipolar valves, and apical processes) 
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and in earlier studies were considered to belong to 
one subfamily (Schütt,  1896). A later molecular phy-
logenetic analysis placed Biddulphia and Hemiaulus 
in separate lineages, however (Ashworth et al., 2013), 
again highlighting ambiguities in diatom classification 
that should be studied further. Our analysis of the fossil 
record revealed that Cretaceous taxa in, among oth-
ers, Hemiaulus, are morphologically dissimilar from 
extant representatives. We suggest that Cretaceous 
Hemiaulus is likely comprised entirely of extinct spe-
cies and are the sister clade to modern Hemiaulus. 
Technically however, the type species for Hemiaulus 
Heiberg is a fossil specimen (H. proteus), so modern 
Hemiaulus would require reclassification. Likewise, 
Cretaceous species classified to Biddulphia lack some 
extant genus characters and were suggested to belong 
to a new genus, Biddulphiella (Sims et al., 2023). The 
Cretaceous diatom record likely includes many more 
examples like this.

Besides crown calibrations, we also listed stem cal-
ibrations that can be incorporated into molecular phy-
logenies. Some of these could breakup long branches, 
especially toward the root of the tree like those of 
Corethron and Ellerbeckia. These long branches 
were also called “ghost lineages” because their age 
on the phylogeny predates the first occurrence in the 
fossil record (Medlin,  2015, p. 220). Ghost lineages 
were suggested to be the result of misdiagnosed or 
undiscovered fossils (Sorhannus,  2007). We suggest 
that the diversity exists but is unacknowledged, for 
example, Micrampulla and Praecorehtron are extinct 
genera that are likely an extinct sister lineage to mod-
ern Corethtrales (Abe et  al.,  2022), and Praeparalia, 
likewise, may be ancestral or sister to modern day 
Ellerbeckia. Molecular phylogenies should be a guide 
as to what we are missing in the fossil record and what 
characters we should be seeking. Phylogenetic com-
parative methods can further aid these searches by 
identifying lineages with exceptionally high rates of ex-
tinction (Nakov et al., 2018a, 2018b).

Our focus predominantly on the taxa published under 
extant genus names might have biased our observa-
tions, since our search should be focused on synapo-
morphic characters rather than taxonomic affiliations. 
Since the Cretaceous Database consists of >120 gen-
era and 700 species, it would be rather challenging to 
survey them all. Identifying extinct genera that may be-
long in the same lineage as extant genera is, therefore, 
challenging and, albeit labor intensive, would benefit 
greatly from examination of site-specific type slides. 
Some of those links, however, may still be tentative, es-
pecially for the extinct taxa: if a taxon fits into several 
lineages by morphological characters, then its potential 
position on the phylogeny will be ambiguous.

Moving forward, if our goal is to reconstruct the early 
evolution of diatoms in the least biased manner pos-
sible, then we should use both the fossil record and 

molecular phylogenies. For this to be efficient, when 
describing taxa, especially extinct fossils, our priority 
should be to identify synapomorphies, while molecu-
lar phylogenies should serve as a guide where such 
fossils could be placed on the tree. Reexamining fossil 
morphology of Cretaceous taxa that are classified to 
modern genera but excluded as reliable (e.g., Anaulus 
and Skeletonema) as well as those included as stem 
calibrations but likely representing sister lineages (e.g., 
Eunotogramma and Hemiaulus) are good examples of 
where to start to reexamine fossil morphology and ana-
lyzing it in a cladistic manner. This will ideally separate 
the fossil and modern taxonomy, which will further im-
prove molecular inferences.

Cretaceous diatoms and taxonomic notes

In the Cretaceous, we observed (1) an increase in dia-
tom diversity at all taxonomic levels (species, genus, 
and lineage) toward the Upper Cretaceous, (2) extant 
genera are the most species-rich, and (3) one third 
of the genera are monotypic, being represented by 
a single species. The disparity between the Lower 
and Upper Cretaceous diversity has been previously 
discussed. Sims et  al.  (2006) suggested that bi- and 
multipolar diatoms evolve faster than other diatoms, 
which might help account for the rapid morphological 
evolution that took place between the Lower and Upper 
Cretaceous. It is important to consider that the lack of 
intermediate pre-Aptian and Cenomanian–Coniacian 
deposits creates observational bias, so evolution may 
prove to be more gradual when that historical gap is 
eventually filled. Harwood et al. (2007) suggested that 
following the Cenomanian–Turonian extinction (likely 
associated with Ocean Acidification Event-OAE2), the 
Lower Cretaceous flora was erased as bi(multi)polar 
diatoms diversified, migrated into specialized niches, 
and dominated the marine plankton. This could explain 
the differences in Lower and Upper Cretaceous dia-
tom assemblages; however, as the authors highlight, 
there is no continuous Albian–Coniacian section to test 
this hypothesis. Moreover, there is a clear preserva-
tion disparity between Lower and Upper Cretaceous 
floras, where many of the Lower Cretaceous depos-
its are pyritized (Foucault et  al.,  1986; Geroch,  1978; 
Jousé,  1949; Strel'nikova & Martirosjan,  1981; 
Wall,  1975), and only one study site contains well-
preserved fossils (Gersonde & Harwood,  1990; 
Harwood & Gersonde, 1990). The Cretaceous Diatom 
Database excludes the pyritized records, which de-
creases the overall diversity. Regardless of the above 
biases, the Late Cretaceous is a period of major diver-
sification with all morphological clades present (also 
raphid diatoms; see Siver & Velez, 2022) and dispersal 
to a broad range of niches (Harwood et al., 2007; Sims 
et al., 2006).
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The highest species diversity was identified in the 
extant genera. These genera had a worldwide distribu-
tion by the end of the Cretaceous (see Appendix S1), 
which likely promoted allopatric speciation (Sobel 
et  al.,  2010). Some of these, such as Actinoptychus 
and Stephanopyxis, are cosmopolitan taxa with broad 
ecological tolerance, widespread across Cenozoic 
sediments (Harwood & Maruyama,  1992; Roberts 
et  al.,  2003; Witkowski, Ashworth, et  al.,  2020; 
Witkowski, Harwood, et al., 2020) and in marine plank-
ton or coastal environments in the modern ocean 
(Grassle, 2000; Round et al., 1990).

Overall, the diversity patterns presented here should 
be treated with a great deal of caution, however, since 
many taxa in the Cretaceous Diatom Database, pre-
dominantly in the most diverse genera, were identified 
only to the genus level. For example, 40 species of 
Hemiaulus, the most diverse Cretaceous genus, are 
highly similar morphologically, so the genus shows 
little evidence of morphological diversification com-
mensurate with the number of named species in the 
genus (Jewson & Harwood,  2017). We suggest thor-
ough analysis of these large genera would reveal that 
many species could be combined and classified to-
gether. As suggested in the supplementary discussion 
(Appendix S2), species described in Triceratium likely 
do not represent Triceratium and potentially should 
be reclassified to Trinacria Heiberg, Medlinia Sims, 
or Sheshukovia, which are likewise broadly confused 
genera, and many species have already been moved 
between these genera (see Appendix S1). Similar un-
certainties apply to Biddulphia, Briggera Ross and 
Sims, and Hemiaulus, all of which represent polar cen-
tric diatoms with apical processes (Round et al., 1990). 
Careful SEM-based systematics would help resolve the 
relationships between these genera and their modern 
relatives and, as already suggested, potentially lead 
to descriptions of new fossil genera. Taken together, 
the total number of genera and possibly species in 
our database may be overestimated. Nevertheless, 
previous estimates point toward a number of 300 de-
scribed species by the end of the Cretaceous (Jewson 
& Harwood,  2017; Knoll & Follows,  2016; Lazarus 
et al., 2014); hence, even if overestimated, Cretaceous 
diatoms are substantially more diverse than previously 
suggested.

On a final note, our knowledge of the Cretaceous 
fossil record could be improved in several ways, includ-
ing (1) a search for new records to describe and com-
plement existing fossil information, particularly from the 
Cenomanian–Coniacian period, as only two studies de-
scribe diatoms of these ages (Tapia & Harwood, 2002; 
Zalat,  2013); (2) reinvestigation of already published 
studies for taxonomic evaluation, particularly those 
with low-quality LM photographs and drawings (Forti 
& Schultz,  1932); and (3) unifying the taxonomy of 
easily confused genera, which is a daunting task and 

potentially unachievable without a significant dedicated 
effort and resources.
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