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Abstract: Most early Palaeozoic acritarchs are thought to represent a part of the marine
phytoplankton and so constituted a significant element at the base of the marine trophic chain
during the ‘Cambrian Explosion’ and the subsequent ‘Great Ordovician Biodiversification Event.’
Cambrian acritarch occurrences have been recorded in a great number of studies. In this paper,
published data on Cambrian acritarchs are assembled in order to reconstruct taxonomic diversity
trends that can be compared with the biodiversity of marine invertebrates. We compile a database
and calculate various diversity indices at global and regional (i.e. Gondwana or Baltica) scales. The
stratigraphic bins applied are at the level of the ten Cambrian stages, or of fourteen commonly used
biozones in a somewhat higher resolved scheme. Our results show marked differences between

palaeogeographical regions. They also indicate limitations of the data and a potential sampling
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bias, as the taxonomic diversity indices of species are significantly correlated with the number of
studies per stratigraphic bin. The total and normalized diversities of genera are not affected in the
same way. The normalized genus diversity curves show a slow but irregular rise over the course of
the Cambrian. These also are the least biased. A radiation of species and to a lesser extent of genera
in the ‘lower’ Cambrian Series 2 appears to mirror the ‘Cambrian Explosion’ of metazoans. This
radiation, not evident on Gondwana, is followed by a prominent low in species diversity in the
upper Series 3 and lower Furongian. Highest diversities are reached globally, and on both Baltica
and Gondwana, in the uppermost Cambrian Stage 10, more precisely in the Peltura trilobite Zone,
preceding a substantial phase of acritarch species extinction below and at the Cambrian/Ordovician
boundary. Nearly all the genera present in Stage 10 survived into the Ordovician. The forms that
emerged during the Cambrian therefore became the foundation for the more rapid radiation of

acritarchs during the ‘Great Ordovician Biodiversification Event’.

Keywords: phytoplankton; acritarchs; Cambrian; biodiversity; paleobiogeography

1. Introduction

The Cambrian fossil record is marked by the well-known ‘Cambrian Explosion’ (or radiation),
which is characterized by the appearance of most metazoan phyla in a seemingly short interval (e.g.
Conway Morris, 2000). Although molecular clock estimates now indicate a Proterozoic origin for
many lineages (Erwin et al., 2011), the Cambrian Explosion is still considered to be one of the most
important periods in the history of life. It was followed in the Ordovician by the ‘Great Ordovician
Biodiversification Event’ (GOBE), an episode of rising taxonomic diversity in most marine
organisms and of increasingly complex ecosystems that were more diverse and differentiated than
those of the Cambrian, with a wider range of ecological niches (Webby et al., 2004; Bambach et al.,

2007). Whether these two episodes were in fact separate, or should be considered as one long
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period of diversification, is currently debated (Alroy et al., 2008), as are their possible causes and

mechanisms.

Phytoplankton is an important constituent at the base of the foodweb today and in this capacity may
have played a key role in the early Palaecozoic diversification events (Debrenne and Zhuravlev,
1997; Butterfield, 1997). It has been argued that a higher concentration of phytoplankton in the
early Palaeozoic oceans triggered the major evolutionary events and had an important impact on
metazoan diversification. Butterfield (1997), for example, argued that the interaction between
phytoplankton and metazoans fuelled the Cambrian Explosion after the appearance of
mesozooplankton. Similarly, Servais et al. (2008, 2010) argued that the evolution of the
phytoplankton triggered a ‘plankton revolution’ through the Cambrian—Ordovician boundary
interval at the beginning of the GOBE. The expanding and increasingly diverse phytoplankton
could have served as food for the developing zooplankton, but also for various clades of suspension
feeders and detritus feeding organisms. Detailed knowledge on the development of biomass,
taxonomic and morphological diversity of phytoplankton would be useful to test this hypothesis.

Here we concentrate on taxonomic diversity.

The phytoplankton of early Palaeozoic oceans is generally considered to be present among the
acritarchs, which are defined as organic-walled microfossils of uncertain biological affinity (Evitt,
1963). Consequently, the acritarchs are a polyphyletic group and have a long stratigraphical range.
A number of organisms originally considered to be acritarchs now have established affinities with
other groups, including prasinophycean and zygnematacean green algae, cyanobacteria,
dinoflagellates, multicellular algae (Butterfield, 2004; Mendelson, 1987), fungi (Butterfield, 2005)
and even metazoans (e.g. schizomorphitae: Van Waveren, 1992; Van Waveren and Marcus, 1993;
Ceratophyton: Kiryanov in Volkova et al. 1979; Fatka and Konzalova, 1995; large spinose

Ediacaran microfossils: Cohen et al., 2009). Although technically no longer acritarchs (Evitt,
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1963), they are still occasionally referred to as such. Nevertheless, most of the remaining
Palaeozoic acritarchs are considered to be cysts of marine, generally planktonic unicellular algae,
which are often globally distributed. We here use the term ‘acritarchs’ to include all organic-walled
microfossils of possible phytoplankton origin, including acritarchs s.s. and organic microfossils that
are now attributed to the green algae and cyanobacteria. Where preserved, they are often recovered
in large numbers, even from small samples, resulting in an abundant record and frequent application
in biostratigraphy (e.g. Martin and Dean, 1981; 1988; Moczydlowska, 1991; 1998; Vanguestaine

and Van Looy, 1983).

Biomarker evidence suggests that Palacozoic acritarchs may include forms that have a close
biological affinity with (or be evolutionary precursors of) dinoflagellates (Moldowan and Talyzina,
1998; Talyzina et al., 2000). However, the oldest unambiguous dinoflagellates in the fossil record
are from the Triassic (e.g. Fensome et al., 1993) and an alternative view is that the Palaeozoic
acritarchs represent a “green” phytoplankton lineage (Martin et al., 2008). Observations of recent
dinoflagellates have shown that only some species form organic-walled cysts with the potential to
fossilise (Dale, 1976), and may do so at more than one stage in their life cycle (Fensome et al.,
1996a). If, by analogy, Palaeozoic acritarchs are also cysts, perhaps of various algal groups, there is

a clear implication that they only represent a part of the phytoplankton.

A further difficulty is that acritarch taxa are morphospecies rather than true biological species. In
some instances, morphological gradations from one Palaeozoic acritarch taxon to another have been
demonstrated, suggesting ecophenotypic variation rather than speciation (Servais et al., 2004b). If
so, the number of taxa recorded would overestimate the number of biological species. Conversely,
for the rather featureless sphaeromorph acritarchs, often identified simply as ‘sphaeromorphs’ or
‘Leiosphaeridia spp.’, the number of taxa recorded probably underestimates biological diversity.

Despite these limitations, acritarchs remain the main source of information for phytoplankton in the



105 Cambrian, long before the appearance of planktonic algae forming calcitic and siliceous skeletons
106  during the Mesozoic (Bown, 2005; Sims et al., 2006).

107

108  Various Palaeozoic acritarch diversity curves have been published previously. Detailed global

109  curves are available for the Carboniferous (Mullins and Servais, 2008), Lochkovian to Tournaisian
110 (Klug et al. 2010) and the Permian (Lei et al., 2013). Regional diversity curves have been

111 published for the Ordovician on the Yangtze Platform (South China) and North Africa (Algeria,

112 Tunisia and Libya; also including the latest Cambrian; Servais et al. 2004a), for ‘northern

113 Gondwana’ (including North Africa, Turkey, Saudi Arabia and several peri-Gondwanan

114 microcontinents; Vecoli and Le Hériss¢, 2004) and for Baltica (Hints et al., 2010). Li et al. (2007)
115 published a diversity curve for genera in the Ordovician of South China, North China and Tarim.
116

117 Acritarch diversity curves that include the Cambrian have been published by Tappan and Loeblich
118 (1972; 1973; genera, Precambrian to present), Vidal and Knoll (1982; species, upper Riphean to
119  lower Cambrian), Knoll (1994; species, Proterozoic to lower Cambrian), Strother (1996;

120  Precambrian and Phanerozoic, using data of Downie, 1984, and Fensome et al., 1990), Vidal and
121  Moczydtowska (1997; species, Proterozoic to Cambrian), Moczydtowska (1998; species, Cambrian
122 in Upper Silesia; and 2011; species, Ediacaran to basal Ordovician, global and Baltica), Zhuravlev
123 (2001; genera, Cambrian to Tremadocian), Katz et al. (2004; species, Proterozoic to Neogene, and
124  genera, Cambrian to Neogene), Huntley et al. (2006a; 2006b; genera, Proterozoic to Cambrian),

125 Michaud in Strother (2008; genera, Phanerozoic), and Servais et al. (2008; species, middle

126  Cambrian to Llandovery). Katz et al. (2004) and Michaud in Strother (2008) used the Palynodata
127  database (see Fensome et al., 1996b) to create their diversity curves. Palynodata had been compiled
128 by a consortium of oil companies and scientific institutions over the course of three decades and
129 was discontinued in 2006. Mullins et al. (unpublished) compiled the PhytoPal database of acritarch

130 occurrences covering the interval from the Cambrian to the Triassic (mainly Ordovician to
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Devonian), data that were partly used by Servais et al. (2008), Klug et al. (2010) and

Moczyditowska (2011).

All these publications present a (usually global) total diversity (see 2.3). Knoll (1994) and Knoll et
al. (2006) also discussed the diversity of species in single assemblages through time between the
Proterozoic and the early Cambrian. The resolution varies between a single value for the whole
Cambrian (Tappan and Loeblich, 1972; 1973; Strother, 1996) and more than 20 intervals

(Zhuravlev, 2001).

Acritarch diversity analyses that include the Proterozoic-Cambrian transition at sufficient resolution
show fairly high global total diversities in the late Neoproterozoic, followed by decreasing diversity
towards the end of the Ediacaran (Vidal and Knoll, 1983; Knoll, 1994; Vidal and Moczydtowska,
1997; Knoll et al., 2006). Several studies found a diversification during the early Cambrian to a
peak around the late early/early middle Cambrian (Strother, 1996; Vidal and Moczydtowska, 1997;
Moczydtowska, 1998; Zhuravlev, 2001). The Ordovician, when it is included, is marked by

generally higher diversity than the Cambrian.

Diversity studies on Cambrian acritarchs published so far have had limitations in the choice of
sources and in the analytical methods they applied, which may have allowed possible biases to go
undetected, making them vulnerable to a certain degree of criticism. The goal of this study is to
produce a robust database of acritarch occurrences in the Cambrian by compiling as much data as is
feasible, in order to approximate their standing diversity using various methods, to identify
evolutionary trends, and to test the results for biases. In particular, we address whether the
Cambrian Explosion is reflected in acritarch diversity and whether the GOBE was preceded by a
diversification of acritarchs, a temporal relation which would be a primary requirement in support
of a cause-and-effect hypothesis. If phytoplankton had an effect on or was affected by these

radiations, it might be expected that this would be reflected in acritarch diversity, and that, in turn,
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acritarch diversity might indicate general trends in phytoplankton biodiversity, assuming that other

effects could be ruled out.

2. Materials and Methods

2.1. Source data

The literature on Cambrian acritarchs includes over 500 publications, but many studies do not
include descriptions or precise biostratigraphical data. Occurrence data for acritarchs in this study
are derived from 103 studies (see supporting material S1, S2). All available publications with
consistent information on the presence of acritarch taxa in the Cambrian were included in the
database, but only 72 of these studies reported assemblages with stratigraphic information that
could be correlated precisely to any of the stratigraphic units we use (see 2.2., Fig. 1). We only

included the latter in our subsequent diversity analysis.

Of the 72 source publications, 39 describe data from Gondwana (including various microcontinents
on its periphery, most importantly 12 from Avalonia), 31 from Baltica, 11 from Laurentia, 11 from
South China, 5 from Bruno-Silesia (or the Brunovistulicum), 4 from the Holy Cross Mountains (or
the Matopolska ‘Block’), 2 each from Tarim and Siberia, 1 from Kara and 1 from North China.
Figure 2 shows the palacogeographical positions of study areas of publications included in our
analysis, using the base maps of Torsvik and Cocks (2013). The only distinct regions with
sufficiently extensive records to allow individual diversity analyses for most of the Cambrian are
Baltica and that part of (peri-)Gondwana that includes northwestern Africa, Avalonia, Iberia and
Sardinia and which was positioned near the South Pole during the Cambrian (Hartz and Torsvik,

2002).

Many published studies only list selected, biostratigraphically useful taxa or those typical of an
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assemblage. As a consequence, it is possible that we have undersampled the full range of species
and, by the nature of the fossil record, their actual stratigraphical ranges in the Cambrian.

Nevertheless, we consider our database to be representative of the current state of research.

2.2. Database

Our database (supplementary material S1) contains exactly 6000 entries reporting the
presence/absence (not abundance) of acritarch taxa within the studied stratigraphic intervals. Each
entry contains information on the identification of the taxon in question, the entry’s source study,
study area and stratigraphic position (with lower and upper limits). Taxonomic information
includes genus name; species epithet or placeholder; qualifiers such as ‘?°, ‘cf.” and ‘aff.’, where
applicable, for either the genus or species; authorship; and the original identification if it has been
revised. Generally, we relied on the identifications and age-assignment in the original studies or
published later revisions. Obvious and reported synonymies were taken into account (see
supplementary material S3). The applied names follow the latest usage, without any intention on
our part to validate or revise them. This approach purely serves to create a taxonomic framework
that reflects the current state of research with as much consistency and as little redundancy as

possible.

We use two schemes of stratigraphic subdivisions or bins in the database. One scheme corresponds
to the ten stages of the International Chronostratigraphic Chart (state 2014; Cohen et al., 2013,
updated), and the other to fourteen biozones (Fig. 1). The latter are mainly trilobite biozones. The
Terreneuvian (“pre-trilobite’ Cambrian) stages are dated by trace fossils or small shelly fossils
(Peng et al., 2012). The first appearance of the trace fossil Trichophycus (or alternatively
Treptichnus, Phycodes or Manykodes) pedum marks the base of the Cambrian System, the
Terreneuvian Series and the Fortunian Stage (Brasier et al., 1994); the base of the upper stage in the

Terreneuvian Series (Cambrian Stage 2) has not yet been defined. The choice of stratigraphic bins



210 was a compromise guided by the resolution required to address our research question, the available
211 data, and the maximal precision with which data can be attributed to a given stratigraphic interval in
212 the Cambrian. Due to imperfect correlation, some data sets could be assigned to biozones but not
213  stages or vice versa.

214

215 In order to calculate origination and extinction (see section 2.3.) for the basal and top Cambrian

216  bins, we had to consider the presence of acritarch taxa during Proterozoic and post-Cambrian times.
217 Data were derived from some of the sources mentioned above (section 2.1., Figs. 1, 2), the acritarch
218 and prasinophyte index of Fensome et al. (1990), and, for the post-Cambrian, the unpublished

219  PhytoPal database by Mullins et al.

220

221 2.3. Methods

222 Diversity can be measured in different ways and for any taxonomic rank. In the case of acritarchs,
223 treated as incertae sedis, only species and genera have a formal rank. Both are included in our

224  analysis. Acritarch genera counted herein include reports of species assigned under open

225 nomenclature (e.g. as ‘sp.’) to a genus or with an uncertain specific identification, but exclude

226  species that are only tentatively assigned to a genus (see supplementary material S3). Species

227  counted exclude those with uncertain identification, but include records that are only tentatively

228 assigned to any particular genus (see supplementary material S6-S11). After this selection process
229 and under the stratigraphic constraints discussed above (see section 2.2.), our dataset records the
230  ranges of 173 genera and 404 species.

231

232 Taxa are counted as present in a stratigraphic interval in one of four ways (Fig. 3): as crossovers

233 ranging through the entire interval; ranging into and going extinct in that interval; originating within
234 the interval and ranging beyond its upper boundary; and as singletons, with a range confined to an

235 interval, meaning that they originate and go extinct within the interval (Foote, 2000).
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The actual number of coexisting taxa is the standing diversity (Sepkoski, 1975), and can only be
estimated for palacontological data. The sampled-in-bin diversity (Figs. 4, 5) gives the total count
of taxa reported from a given stratigraphic interval. This index often underestimates diversity due
to the incompleteness of the fossil record and sampling bias. Total diversity (Figs. 4, 5, 8, 9) is
calculated by interpolating discontinuous taxon ranges from established occurrences (Foote, 2000),
i.e. taxa not recorded from an interval are counted as being present if they occur in intervals below
and above. With complete data, total diversity is likely to exceed the standing diversity at any
specific point in time, because it does not account for extinctions within an interval (Cooper, 2004).
Normalized diversity (Figs. 4, 5, 9) is calculated as the number of species ranging through an
interval (crossovers), plus half the number of taxa that originate and/or become extinct in that stage
(Sepkoski, 1975; Cooper, 2004). According to Cooper (2004), normalized diversity is a good

approximation of the mean standing diversity in a stratigraphic bin.

Indices of origination and extinction represent, respectively, the number of species originating and
becoming extinct in a stratigraphic interval. Turnover in an interval is the sum of origination and
extinction events. These indices of taxonomic change can be calculated as including or excluding

singletons. In Figure 6, singletons are excluded.

The use of stages and trilobite zones as the stratigraphic divisions in our analysis means that bins in
both schemes are inevitably of different durations, and longer bins may have a higher diversity than
shorter bins simply because they are sampling longer intervals, while at the same time obscuring
short-term excursions. As the Cambrian stages vary in duration from about three million years (e.g.
Guzhangian, Paibian) to twelve million years (Fortunian), a considerable effect may be expected.
To correct for a possible bias resulting from these unequal interval lengths, rates of origination,

extinction and turnover have been computed. They are equal to the origination, extinction and
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turnover indices divided by the stage duration in Myr (from Peng et al., 2012; Fig. 6 B, D).

Vidal and Moczydtowska (1997) first applied poly-cohort survivorship to Cambrian acritarchs.
Poly-cohort survivorship measures the percentage of species in a cohort, i.e. species present in a
given stratigraphic interval that are still present in later intervals (Fig. 7A). In contrast, poly-cohort
prenascence (also called backward survivorship) measures the proportion of a cohort present in
earlier intervals (Fig. 7B; e.g. Raup, 1978; Foote, 2001). Poly-cohorts of survivorship and
prenascence respectively are calculated for all stratigraphic bins considered herein and plotted on a
logarithmic scale. The slope of the cohort curves then represents the rate of extinction or
origination for each cohort, with a linear curve (on a logarithmic scale) implying constant rates,

while changes over time or between cohorts can reveal changes in rates or biases.

We evaluate the effect of sampling bias and test for evolutionary links between acritarchs and
marine invertebrates (diversity values for marine invertebrate taken from the supporting information
of Na and Kiessling, 2015) by calculating Spearman’s p (7o) or r; — a non-parametric rank order
correlation coefficient (e.g. Press et al., 1992) — for correlations between diversity indices and the
number of studies per interval (Fig. 9) and between the sampled-in-bin genus diversities of
acritarchs and animals (Fig. 11), respectively. This metric is commonly used to identify bias in the
fossil record (e.g. Dunhill et al., 2012; Na and Kiessling, 2015). The value of » varies between -1
and 1 for perfect negative and positive correlation, respectively, with 0 indicating absence of
correlation. The statistical significance is given by the probability value p, which is derived from
permutation tests. A correlation is accepted as strong if the coefficient is high (> 0.75) and
significant if the probability value is low (< 0.05). In this case, a bias is possible. The results are
here rounded to two and to three significant digits for r,; and p, respectively. We also investigate the
changing strength of correlation through the studied stratigraphic intervals by applying a moving-

window approach (Fig. 11B).
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Subsampling methods are often used in biodiversity analyses in order to address sampling bias.
These methods standardize for number of occurrences, number of studies, taxon frequency, or rock
volume (Alroy, 2010; Hannisdal and Peters, 2011). The resulting trends are usually less biased than
diversity based on raw counts, but they can introduce new distortions, depending on the premise of
the respective approach (Alroy, 2010). The applicability of such methods on the Cambrian
acritarch record might be explored in the future. Here we test for the existence of biases with other

methods.

The analyses are performed with a customised program using the statistical environment R (version

3.0.2; R Core Team 2013).

3. Results

3.1. Global

3.1.1. Diversity by stages

Global diversity curves through the ten Cambrian stages are shown in Figures 4A and 4B, for
species and genera respectively. Relatively few species range from the Proterozoic into the
Cambrian and global total species diversity (Fig. 4A) is at its lowest in the Terreneuvian Series
(Fortunian Stage and Stage 2). It is high in Stages 3, 4 and 5 and in Stage 10. The upper Series 3
(Drumian and Guzhangian stages) and the lower Furongian Series (Paibian and Jiangshanian stages)
are marked by low global species diversity. Normalized species diversity peaks are present in
Stages 5 and 10. The number of crossover species rises unsteadily over the course of the Cambrian.
Singletons are mostly minor constituents, except in Stage 10 where they constitute more than a third

of the total diversity.
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Sampled-in-bin genus diversity (Fig. 4B) follows trends similar to those of the sampled-in-bin
species diversity (Fig. 4A). The total genus diversity, incorporating a high number of range-
through extensions for genera that are not present in a stage, but which are present in underlying
and overlying stages, rises more or less steadily from Stage 2 onwards, with a minor drop between
Stage 5 and the Drumian, barely hinting at the main trends of the species curve. This effect is even
more conspicuous in the normalized diversity curve. The highest point of global genus diversity is
reached in Stage 10. The proportion of crossovers is high in relation to the total genus count and in
comparison to taxonomic changes. Singletons are rare or absent. Perhaps somewhat counter-
intuitively, total genus diversity is higher than total species diversity in the Terreneuvian stages and

the Guzhangian Stage (see Discussion). They are equal in the Jiangshanian Stage.

3.1.2. Diversity by biozones

The biozonal curves are similar to the stage curves. Using trilobite biozones as stratigraphic bins
above Stage 2 (Fig. 5), total and sampled-in-bin species diversity rises from the base of the
Cambrian to highs between the Holmia and Paradoxides paradoxissimus zones, followed by low
values between the Paradoxides forchhammeri and Leptoplastus zones, with a peak in the Olenus
Zone, and reaching another peak in the Peltura Zone. Diversity drops slightly from the Holmia
Zone to the Protolenus Zone, in the Jiangshanian between the Parabolina spinulosa and
Leptoplastus zones, and from the Peltura Zone to the Acerocare Zone in Stage 10. The first two
falls in diversity are also evident on the stage curves, although not so pronounced; the last, in Stage
10, is not. The high number of singletons in Stage 10 on the stage scale is reduced to moderate

numbers on the biozone scale.

In six of fourteen biozones (corresponding to the Terreneuvian stages and parts of Series 3 and the
Furongian), total genus diversity is higher than total species diversity (Fig. 8). In two more (the

Schmidtiellus mickwitzi and Olenus zones), it is barely lower.
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3.1.3. Taxonomic changes

Origination indices for species and genera reach peaks in Stages 3 and 10 (Figs. 6A, C). The rate of
origination per Myr is only moderate for Stage 3, and that for Stage 10 appears higher in
comparison (Figs. 6B, D). The number of originating genera is also high in the Fortunian, while the
rate of origination is relatively low. Otherwise, the rates of taxonomic changes per Myr are similar
to the raw indices. Species extinctions are by far highest in Stage 5, discounting the extraordinarily
high number of singletons in Stage 10 (Fig. 4A). Almost no extinctions of species or genera occur
in the Fortunian, Stage 3 and Guzhangian stages. Stages 5 and 10 contain the highest number of
species turnovers from the raw data (Fig. 6A). Corrected for stage duration, turnover is also high in

the Paibian Stage (Fig. 6B).

Poly-cohorts of survivorship and prenascence produce almost parallel and relatively straight curves
(Fig. 7), indicating that rates of origination and extinction are relatively constant throughout the
Cambrian. The poly-cohorts of survivorship for the Terreneuvian stages have a gentler slope than
younger ones, indicating a greater number of long-ranging species. Otherwise the poly-cohorts

show no drastic differences in diversification or extinction trends between cohorts or over time.

3.2. Regional trends
The regional diversity curves are incomplete due to the limited sources and difficulties in
correlations. The curves for genera are not figured or discussed separately, as they are very similar

to the species curves, albeit with lower values (supplementary material S12, S13).

3.2.1. Baltica
The diversity curve for Baltica (Figs. 4C, 5C) mostly mirrors the global trends. Notable differences

from the global curve are the overall lower diversity, its exceptionally low and unchanging values in
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the Fortunian Stage and Stage 2, and a slight rise in the Jiangshanian Stage, preceding the ultimate
diversity maximum in Stage 10. No data could be assigned to the Drumian. In the biozonal curve,
the Olenus Zone marks a minor diversity peak and is separated by a gap in the record in the
Parabolina spinulosa Zone and a minor diversity low in the Leptoplastus Zone from the point of
maximum diversity in the Peltura Zone. This is followed by a lowered diversity in the latest

Cambrian Acerocare Zone.

3.2.2. Gondwana

There are no published data from the Terreneuvian Series of Gondwana, so acritarch diversity at
that level cannot be evaluated. Also, we could not assign any data with certainty to Stage 3, the
Schmidtiellus mickwitzi Zone and the Leptoplastus Zone. Species diversity on the Gondwana
margin (Figs. 4D, 5D) is very low in Stages 4 and 5, in contrast to the high diversity of the Baltic
and global curves. Above Stage 5, Gondwanan diversity is similar to, or higher than that on
Baltica. Diversity peaks in the Drumian Stage (Fig. 4D) or in the Paradoxides paradoxissimus
Zone (Fig. 5D), but corresponds to declining diversity in the global and Baltica curves. In parallel
to the situation on Baltica, the Guzhangian and Paibian stages are marked by relatively low
diversities, followed by a slight rise in the Jiangshanian Stage and a strong rise to an overall
maximum in Stage 10 (Fig. 4D). The same trend is seen on the biozonal curve (Fig. 5D), except

that the late Cambrian peak in the Peltura Zone is followed by a fall in the Acerocare Zone.

3.3. Distribution of studies over time

The number of studies in each of the stratigraphic intervals considered is very irregular and
particularly low for Stage 2, the Agnostus pisiformis Zone, the Leptoplastus Zone and the
Acerocare Zone (Fig. 8). The distribution of studies over the Cambrian has a conspicuous
correlation with species diversity (Fig. 8), as shown by the strong and significant correlation for

both total (7, = 0.95; p <0.001) and normalized (7, = 0.93; p < 0.001) species diversity based on
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stages (Figs. 9A, B). The correlation is weaker, but significant for species on a biozonal level (total:
rs=0.76; p = 0.002; normalized: ;= 0.57; p = 0.032, Fig. 9C) and for genus total diversity based
on stages (7, = 0.78; p = 0.008). In contrast, the correlation is both weak and insignificant for
normalized diversity of genera by stage (r; = 0.52; p = 0.121) and total diversity of genera by
biozone (r; = 0.35; p = 0.214). The Gondwanan total species diversity based on biozones (7, = 0.55;
p = 0.098) and normalized species diversity based on stages (7, = 0.58; p = 0.306) also only show
weak and not significant correlations. Global normalized genus diversity by biozone shows no

correlation (r, =-0.11; p = 0.708, Fig. 9D).

4. Discussion

4.1. Global diversity

The total species diversity curve presented here is strikingly similar to that published by Vidal and
Moczydtowska (1997), although the latter was based on fewer sources and diversity levels are
mostly higher in our curves (Fig. 8). The same basic trends — rising diversity in the ‘lower’
Cambrian followed by low diversity and subsequent rise at the end of the Cambrian — also appear in
Strother's (1996) and Zhuravlev's (2001) diversity curves. This does not exclude the possibility of
biases, but would at least imply consistent biases, such as the concentration of productive studies in
certain areas and stratigraphic intervals. In particular, the northwestern part of Baltica is
disproportionally well studied and studies on Gondwana are essentially limited to the western and
southern margins (Fig. 2). Also, studies on the pre-trilobite Cambrian are usually poorly dated. In
fact, the uneven availability of index fossils in general might present a bias, since an important
amount of data remains simply unusable due to a lack of stratigraphic constraints.

Considering the low number of studies that deal specifically with Stage 2 and the Agnostus
pisiformis, Leptoplastus and Acerocare zones, all of which coincide with decreased diversity,

results from these units should be regarded with some caution. The conspicuous correlation
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between total species diversity and the number of studies per stratigraphic bin (Figs. 8, 9) suggests

the influence of an important sampling and/or preservational bias.

The same would be true for the sampled-in-bin genus diversity, but in this case the interpolation of
ranges in the total diversity curve changes the picture profoundly. A high number of genera that are
missing from the low diversity intervals of Stage 2 and from the Drumian to Jiangshanian stages
(and the corresponding biozonal units) are present in the preceding and succeeding higher diversity
intervals. These genera are inferred to range through the low diversity intervals and so are also
inferred to contribute to total generic diversity in those intervals. The result is a decoupling of the
total and sampled-in-bin diversity curves (Figs. 4B, 5B), indicating a significant incompleteness of

the record. This would certainly also affect species diversity and perhaps even more severely.

As a consequence of the obvious incompleteness of the record, it is conceivable that the total genus
diversity in the affected intervals is still underestimated and that the diversification of genera
actually continued throughout the whole Cambrian at a more or less constant rate (Figs. 4B, 5B). A
further consequence of the interpolation of generic occurrences to construct the total global genus
diversity curves is that the total genus diversity actually exceeds total species diversity in the less
extensively studied intervals of the Terreneuvian Series and parts of Series 3 and the Furongian
Series (Fig. 8). This is an artefact of the data, as well as highlighting some of the limitations, and is
explained by the generally longer ranges of genera being more likely to span gaps in the record. It
might be argued that if a genus is inferred to be present in a low diversity interval, based on its
interpolated range, then at least one species of that genus should also be present. The anomaly of
genus diversity exceeding species diversity would be removed by inferring the presence of at least

one species per genus, but the true number of missing species would be unknown.

The normalized genus diversity curve also indicates a more or less steady, if slow, diversification
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(Fig. 4B). Regression analysis indicates that normalized genus diversity is the least biased (Fig.
9D). Genera are typically easier to identify than species since they are defined by broader
characteristics, and can often be determined when the species is unknown to the author or the
preservation is too poor to identify it. Taxonomic inflation may also be less of a problem at the
generic level for the same reasons. This means that the record of genera is potentially more
complete and the ranges more accurate than those of species. Generic diversity can therefore be
considered more robust than species diversity. However, it cannot show the full range of diversity
and may be a poor proxy for species diversity, because the number of species in a genus varies
greatly and is not constant over time. Furthermore, the possibility of polyphyly needs to be
considered for genera even more so than for species. Even so, based on current knowledge, the
generic record hints at an increasing diversification trend through the Cambrian. Prenascence

analysis of species also suggests an overall stable origination pattern (Fig. 7 B).

Global sea level is generally considered to have risen more or less constantly throughout the
Cambrian (Miller et al., 2005; Haq and Schutter, 2008), a plausible cause being the formation of
mid-ocean ridges following the breakup of Pannotia in the late Neoproterozoic (Miller et al., 2005;
Scotese, 2009). A correlation between long-term sea-level changes on Palaeozoic and Mesozoic
phytoplankton diversity has previously been reported, based on diversity curves for various groups,
including acritarchs (Katz et al., 2004). During transgressions, flooded continental areas, which are
the most favorable habitats for phytoplankton, increase and so provide more niche space and
opportunities for diversification, following a species-area relationship (e.g. Sepkoski, 1976; Katz et
al., 2004). The Cambrian acritarch record would be consistent with that idea. Flooding of
continental shelves also controls the accumulation of sedimentary rocks and provides a general
explanation for the correlation between biodiversity in the fossil record and available rock volume

(Hannisdal and Peters, 2011).
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Bambach et al. (2004) noted that proportional extinction among metazoan genera during most of the
Cambrian and Early Ordovician was unusually high compared to the rest of the Phanerozoic. They
identified two phases of declining diversity due to low origination; the late Botomian and the early
late ‘Middle’ Cambrian. Na and Kiessling (2015) found that per-capita rates of extinction exceeded
origination in Stage 3, the Drumian, and Stage 10. Acritarch genera show such a signal only in the
Guzhangian and Drumian. The sampled-in-bin diversities of Cambrian animal (based on Na and
Kiessling, 2015) and acritarch genera are neither strongly nor significantly correlated (r, = 0.55; p =
0.098; Fig. 11A), which means there currently is no evidence for a continuous, strong evolutionary

link between the two groups.

4.2. Regional trends

As shown in this paper and previously by others (Yin and Xue, 2002; Molyneux et al., 2013) from
more limited sources, regional differences do exist in the currently available data. Even for
acritarchs in the Cambrian, the global diversity does not necessarily reflect regional trends (or vice
versa), as for example on Gondwana in stages 4 and 5, where diversity is particularly low, in
contrast to the high contemporary diversity on Baltica (Figs. 4, 5, supplementary material S15).
Such differences are not evident above Stage 5. In a similar fashion, Moczydiowska's (1998) curve
for Upper Silesia shows diversification in the lower part of the Cambrian up to the A. oelandicus
biochron, with no earlier peak (see supplementary material S15). As pointed out by Molyneux et al.
(2013), important taxa were present on both Baltica and Avalonia. The primary difference between
Gondwana and Baltica, at least for the Cambrian, therefore lies not in the differentiation of
microfloras. The differences in diversity are quite probably at least enhanced by poor sampling of
the lower Cambrian of Gondwana. They may also indicate differences in the local

palacoenvironment, rather than discrete provinces (see e.g. Lei et al., 2012, and references therein).

4.3. Cambrian Explosion
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The apparent rapid diversification of acritarch species in Stage 3 parallels the radiation of
metazoans (Sepkoski, 1997, Na and Kiessling, 2015; Fig. 10). Such a correlation could point to a
link between phytoplankton and metazoans. For the Cambrian in total, the correlation between
metazoans and acritarchs is moderate (7 = 0.55) and not significant (p = 0.098) (Fig. 11A). In
contrast, applying a moving window to each set of eight successive stages results in a good and
significant correlation (r, = 0.88, p = 0.004) for the interval from Stage 2 to the Jiangshanian Stage
(9), inclusive (Fig. 11B). This correlation thus supports the presence of a more or less partial, but
important link between acritarch and metazoan diversities during the time of the Cambrian
Explosion. This result may be more or less modulated by a possible sampling bias, because most
acritarch diversity indices are strongly and significantly correlated with the distribution of studies
over time (Fig. 9). The dramatic increase in diversity in Stage 3 follows the particularly poorly
covered Stage 2, one of the stages where total genus diversity exceeds species diversity (Fig. 8).
The latter proves that this unit is critically undersampled and the following increase in diversity at
least exaggerated. The normalized genus curve, which we find to be the least biased, indicates that
acritarchs diversified without a notable peak. These trends, supported by the prenascence cohorts
(Fig. 7B), suggest that there is no evidence for a distinct or sudden origination phase in the first half
of the Cambrian. This does not negate the possibility of important interactions between certain
groups of acritarch-producing organisms and metazoans, but the relation between the Cambrian

Explosion and the diversity of the acritarchs as a whole remains unclear.

4.4. Furongian diversification and the GOBE

Servais et al. (2008) perceived a rise in phytoplankton diversity and disparity following the SPICE
813Ccarb event, which broadly coincides with the Paibian Stage and the Olenus trilobite Zone
(Saltzman et al., 2011). In our results, the Jiangshanian Stage, which follows the SPICE event, is
indeed marked by a slight rise in diversity in the regional species curves for both Baltica and
Gondwana (Fig. 4 C, D). This rise is not reflected on the global curves (Fig. 4A), which show a

decline in diversity from the Paibian Stage to the Jiangshanian Stage, but it is in the origination
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index, which exceeds the extinction even at a global scale (Fig. 6A). It does not show up in the
total or sampled-in-bin diversity curves on a global scale because more species went extinct within
or at the end of the Paibian but are still counted in that stage, and because these are minor
fluctuations (Figs. 4A, SA). There is no evidence that the Jiangshanian was a time of great
innovation, the amount of originating genera being very low. Many new genera with innovative
morphologies that reach into the Ordovician do appear later in Stage 10, several million years after
the SPICE event and without any obvious connection. The biozonal curve even shows a time of
exceptionally low origination (and extinction) in the upper Jiangshanian Leptoplastus Zone,
separating the minor lower Jiangshanian diversification from the massive origination phase in Stage
10, although this is certainly related to the very low number of studies treating the Leptoplastus
Zone as such (Fig. 8). By contrast, the diversity maximum in Stage 10 appears globally and on both
Baltica and Gondwana (Figs. 4C, D), which makes this short-lived phenomenon credible. It is
tempting to see the sudden rise in diversity as a precursor of the GOBE, but at the finer scale of
trilobite biozones, the diversity is already seen to fall from the Peltura Zone to the Acerocare Zone
(Fig. 5B, C). Only about half of the species recorded from Stage 10 range into the Tremadocian.
Thus the Cambrian seems to end with a phase of species extinction. However, few genera go
extinct at the Cambrian/Ordovician boundary. Animal genera do show a comparatively high per-
capita extinction rate in Stage 10 (Na and Kiessling, 2015). Metazoan and acritarch genus
extinctions seem to be generally unrelated in the Cambrian (see 4.1.). Among the acritarch genera
surviving the transition, several bore morphological traits that emerged during the late Cambrian
(Servais et al., 2008) and would be important contributors to later assemblages (such as the
‘galeate’ acritarchs: Servais and Eiserhardt, 1995; Servais et al., 2004). The latest Cambrian can be
seen as a time of phytoplankton turnover, preceding but distinct from the radiation of acritarchs

during the Ordovician.
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5. Conclusions

Our new, more complete dataset on Cambrian acritarchs provides new insights into the global and
regional diversification of phytoplankton in the Cambrian oceans. Global acritarch species
diversity starts on a comparatively low level at the base of the Cambrian, rises in parallel to the
radiation of metazoans to a high in stages 3 to 5 (or the Holmia to Paradoxides paradoxissimus
zones), then drops considerably to an extended low until it peaks sharply in Stage 10 (more
precisely in the Peltura Zone). Genera show an irregular increase in total and normalized diversity
throughout the Cambrian, indicating that the low species diversity in Stage 2 and the upper Series 3
to lower Furongian interval is at least in part due to an incomplete record. Correlation analysis
shows normalized genus diversity to be the least biased. The regional curves are markedly different
in Series 2 and Stage 5; while diversity is high on Baltica, it is low on Gondwana. This difference
may be attributed to the limited record on Gondwana and perhaps palacoenvironmental differences
rather than distinct provinces. After Stage 5, the regional diversities are similar. A diversity
maximum in the Peltura Zone and subsequent fall in the Acerocare Zone is mirrored on both
Baltica and Gondwana. The end of the Cambrian is marked by an extinction of species, while

nearly all genera present in Stage 10 survived into the Ordovician.

Our acritarch diversity curves mirror the diversity curves of marine invertebrates to some extent.
The correlation between both diversities has statistical significance only when the first and last
stage of the Cambrian are excluded. Taken at face value, rising diversity in Stage 3 mirrors that of
the metazoans (Cambrian Explosion), but the acritarch diversity trends can mostly be attributed to
sampling bias. The relationship between the two groups remains uncertain. Similarly, although the
end of the Cambrian coincides with an extinction-led turnover of acritarch species, morphological
innovations from the Cambrian, particularly among genera, might well have paved the way for the
rapid diversification of acritarchs during the Ordovician that can be viewed as a part of the Great

Ordovician Biodiversification Event.
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Values of diversity indices based on biozones. (CVS)

Supplementary material S14.

Spearman’s r; and probability value p for correlations between acritarch diversity indices and the
number of studies per stage, and between global sampled-in-bin genus diversities of acritarchs and
marine invertebrates (values for marine invertebrates were taken from the supporting information of

Na and Kiessling, 2015). (CVS)
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Comparison of regional species diversities based on biozones; Baltica and Gondwana: this study,

sampled-in-bin diversity; Upper Silesia: Moczydtowska (1998), total? diversity. (EPS)

References



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

Alroy, J., 2010. Geographical, environmental and intrinsic biotic controls on Phanerozoic marine
diversification. Palacontology 53, 1211-1235. http://dx.doi.org/10.1111/j.1475-
4983.2010.01011.x

Alroy, J., Aberhan, M., Bottjer, D.J., Foote, M., Fiirsich, F.T., Harries, P.J., Hendy, A.J.W.,
Holland, S.M., Ivany, L.C., Kiessling, W., Kosnik, M.A., Marshall, C.R., McGowan, A.J.,
Miller, A.L., Olszewski, T.D., Patzkowsky, M.E., Peters, S.E., Villier, L., Wagner, P.J.,
Bonuso, N., Borkow, P.S., Brenneis, B., Clapham, M.E., Fall, L.M., Ferguson, C.A.,
Hanson, V.L., Krug, A.Z., Layou, K.M., Leckey, E.H., Niirnberg, S., Powers, C.M., Sessa,
J.A., Simpson, C., TomaSovych, A., Visaggi, C.C., 2008. Phanerozoic Trends in the Global
Diversity of Marine Invertebrates. Science 321, 97-100.
http://dx.doi.org/10.1126/science.1156963

Albani, R., Bagnoli, G., Bernardez, E., Gutierrez-Marco, J.C., Ribecai, C., 2006. Late Cambrian
acritarchs from the “Tunel Ordovicico del Fabar”, Cantabrian Zone, N Spain. Rev.
Palaeobot. Palynol. 139, 41-52. http://dx.doi.org/10.1016/j.revpalbo.2005.07.005

Albani, R., Massa, D., Tongiorgi, M., 1991. Palynostratigraphy (Acritarchs) of some Cambrian
beds from the Rhadames (Ghadamis) basin (Western Libya—southern Tunisia). Boll. Della
Soc. Paleontol. Ital. 30, 255-280.

Bambach, R.K., Knoll, A.H., Wang, S.C., 2004. Origination, extinction, and mass depletions of
marine diversity. Journal Information 30, 522—542. http://dx.doi.org/10.1666/0094-
8373(2004)030<0522:0EAMDO>2.0.CO;2

Bambach, R.K., Bush, A.M., Erwin, D.H., 2007. Autecology and the Filling of Ecospace: Key
Metazoan Radiations. Palacontology 50, 1-22. http://dx.doi.org/10.1111/j.1475-
4983.2006.00611.x

Baudet, D., Aitken, J.D., Vanguestaine, M., 1989. Palynology of uppermost Proterozoic and
lowermost Cambrian formations, central Mackenzie Mountains, northwestern Canada. Can.

J. Earth Sci. 26, 129-148. http://dx.doi.org/10.1139/e89-011



677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

Bown, P.R., 2005. Calcareous nannoplankton evolution: a tale of two oceans. Micropaleontology
51, 299-308. http://dx.doi.org/10.2113/gsmicropal.51.4.299

Brasier, M., Cowie, J., Taylor, M., 1994. Decision on the Precambrian-Cambrian boundary
stratotype. Episodes 17, 3-8.

Briick, P.M., Vanguestaine, M., 2004. Acritarchs from the Lower Palacozoic succession on the
south County Wexford coast, Ireland: new age constraints for the Cullenstown Formation
and the Cahore and Ribband Groups. Geol. J. 39, 199-224.

Buta, Z., Jachowicz, M., 1996. The Lower Paleozoic sediments in the Upper Silesian Block. Geol Q
40, 299-336.

Butterfield, N.J., 1997. Plankton ecology and the Proterozoic-Phanerozoic transition. Paleobiology
23, 247-262.

Butterfield, N.J., 2004. A vaucheriacean alga from the middle Neoproterozoic of Spitsbergen:
implications for the evolution of Proterozoic eukaryotes and the Cambrian explosion.
Paleobiology 30, 231-252.

Butterfield, N.J., 2005. Probable Proterozoic fungi. Paleobiology 31, 165-182.

Chen, J., Qian, Y., Lin, Y., Zhang, J., Wang, Z., Yin, L., Erdtmann, B.-D., 1985. Study on
Cambrian-Ordovician Boundary Strata and Its Biota in Dayagcha, Hunjiang, Jilin, China:
Contribution to the Calgary Cambrian-Ordovician-Boundary Meeting. China Prospect
Publishing House.

Clendening, J.A., Wood, G.D., 1981. Thymadora, a new acritarch genus from the middle Cambrian
Rogersville shale of Tennessee, U.S.A. Palynology 5, 153—158.
http://dx.doi.org/10.1080/01916122.1981.9989223

Cocks, L.R.M., Torsvik, T.H., 2005. Baltica from the late Precambrian to mid-Palacozoic times:
The gain and loss of a terrane’s identity. Earth-Sci. Rev. 72, 39-66.

http://dx.doi.org/10.1016/j.earscirev.2005.04.001



702 Cocks, L.R.M., Torsvik, T.H., 2007. Siberia, the wandering northern terrane, and its changing

703 geography through the Palaeozoic. Earth-Sci. Rev. 82, 29-74.

704 http://dx.doi.org/10.1016/j.earscirev.2007.02.001

705 Cohen, P.A., Knoll, A.H., Kodner, R.B., 2009. Large spinose microfossils in Ediacaran rocks as
706 resting stages of early animals. Proc. Natl. Acad. Sci. 106, 6519-6524.

707 http://dx.doi.org/10.1073/pnas.0902322106

708  Conway Morris, S., 2000. The Cambrian “explosion”: Slow-fuse or megatonnage? Proc. Natl.

709 Acad. Sci. 97, 4426—4429. http://dx.doi.org/10.1073/pnas.97.9.4426

710  Cooper, R.A., 2004. Measures of diversity, in: Webby, B.D., Paris, F., Droser, M.L., Percival, I.G.
711 (Eds.), The Great Ordovician Biodiversification Event. Columbia University Press, New
712 York, pp. 52-57.

713 Dale, B., 1976. Cyst formation, sedimentation, and preservation: Factors affecting dinoflagellate
714 assemblages in recent sediments from Trondheimsfjord, Norway. Rev. Palacobot. Palynol.
715 22, 39-60. http://dx.doi.org/10.1016/0034-6667(76)90010-5

716  Debrenne, F., Zhuravlev, A.Y., 1997. Cambrian food web: A brief review. Geobios 30, Supplement
717 1, 181-188. http://dx.doi.org/10.1016/S0016-6995(97)80023-X

718  Di Milia, A., Ribecai, C., Tongiorgi, M., 1989. Late Cambrian acritarchs from the Peltura

719 scarabaeoides Trilobite Zone at Degerhamn (Oland, Sweden). Palaeontogr Ital 76, 1-56.
720 Ding, L., Li, Y., Chen, H., 1992. Discovery of Micrhystridium regulare from Sinian—Cambrian
721 boundary strata in Yichang, Hubei, and its stratigraphic significance. Acta

722 Micropalaeontologica Sin. 9, 303-309.

723 Downie, C., 1984. Acritarchs in British stratigraphy, Geological Society London, Special Report.
724 Dunhill, A.M., Benton, M.J., Twitchett, R.J., Newell, A.J., 2012. Completeness of the fossil record
725 and the validity of sampling proxies at outcrop level. Palaecontology 55, 1155-1175.

726 http://dx.doi.org/10.1111/j.1475-4983.2012.01149.x



727 Eklund, C., 1990. Lower Cambrian acritarch stratigraphy of the Bérstad 2 core, Ostergdtland,

728 Sweden. Geol. Foren. Stockh. Forh. 112, 19-44.

729 http://dx.doi.org/10.1080/11035899009453157

730  Erwin, D.H., Laflamme, M., Tweedt, S.M., Sperling, E.A., Pisani, D., Peterson, K.J., 2011. The
731 Cambrian conundrum: early divergence and later ecological success in the early history of
732 animals. Science 334, 1091-1097.

733 Evitt, W.R., 1963. A discussion and proposals concerning fossil dinoflagellates, hystrichospheres,
734 and acritarchs, II. Proc. Natl. Acad. Sci. U. S. A. 49, 298-302.

735  Fatka, O., Konzalova, M., 1995. Microfossils of the Paseky Shale (Lower Cambrian, Czech

736 Republic). J. Czech Geol. Soc. 40, 55-66.

737  Fatka, O., Kordule, V., Szabad, M., 2004. Stratigraphical distribution of Cambrian fossils in the
738 Ptibram-Jince Basin (Barrandian area, Czech Republic). Senckenberg. Lethaea 84, 367-381.
739 http://dx.doi.org/10.1007/BF03043477

740 Fensome, R.A., Williams, G.L., Barss, M.S., Freeman, J.M., Hill, J. M., 1990. Acritarchs and fossil
741 prasinophytes: an index to genera, species and infraspecific taxa, AASP Contributions

742 Series. American Association of Stratigraphic Palynologists Foundation.

743 Fensome, R.A., Riding, J.B., Taylor, F.J.R., 1996a. Chapter 6. Dinoflagellates, in: Palynology:

744 Principles and Applications. American Association of Stratigraphic Palynologists

745 Foundation, Salt Lake City, pp. 107—170.

746  Fensome, R.A., Williams, G.L., MacRae, R.A., Moldowan, J.M., Taylor, F.J.R., 1996b. The early
747 Mesozoic radiation of dinoflagellates. Paleobiology 22, 329-338.

748 http://dx.doi.org/10.1666/0094-8373-22.3.329

749  Foote, M., 2000. Origination and extinction components of taxonomic diversity: general problems.
750 Paleobiology 26, 74—102. http://dx.doi.org/10.1666/0094-

751 8373(2000)26[74:0AECOT]2.0.CO;2



752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

Foote, M., 2001. Evolutionary rates and the age distributions of living and extinct taxa, in: Jackson,
J.B.C., McKinney, F.K., Lidgard, S. (Eds.), Evolutionary Patterns: Growth, Form, and
Tempo in the Fossil Record. University of Chicago Press, Chicago, pp. 245-294.

Ghavidel-syooki, M., 2006. Palynostratigraphy and Palaeogeography of the Cambro-Ordovician
strata in southwest of Shahrud (Kuh-e-Kharbash), North Iran. JSUT 32, 13-27.

Ghavidel-syooki, M., Vecoli, M., 2008. Palynostratigraphy of Middle Cambrian to lowermost
Ordovician stratal sequences in the High Zagros Mountains, southern Iran: Regional
stratigraphic implications, and palacobiogeographic significance. Rev. Palacobot. Palynol.
150, 97-114.

Hannisdal, B., Peters, S.E., 2011. Phanerozoic Earth system evolution and marine biodiversity.
Science 334, 1121-1124

Haq, B.U., Schutter, S.R., 2008. A chronology of Paleozoic sea-level changes. Science 322, 64—68.

Hartz, E.H., Torsvik, T.H., 2002. Baltica upside down: A new plate tectonic model for Rodinia and
the Tapetus Ocean. Geology 30, 255-258. http://dx.doi.org/10.1130/0091-
7613(2002)030<0255:BUDANP>2.0.CO;2

Hints, O., Delabroye, A., Nolvak, J., Servais, T., Uutela, A., Wallin, A., 2010. Biodiversity patterns
of Ordovician marine microphytoplankton from Baltica: comparison with other fossil
groups and sea-level changes. Palacogeogr. Palacoclimatol. Palaeoecol. 294, 161-173.

Huntley, J.W., Xiao, S.-H., Kowalewski, M., 2006. 1.3 billion years of acritarch history: an
empirical morphospace approach. Precambrian Res. 144, 52-68.

Huntley, J., Xiao, S.-H., Kowalewski, M., 2006. On the morphological history of Proterozoic and
Cambrian acritarchs, in: Xiao, S., Kaufman, A.J. (Eds.), Neoproterozoic Geobiology and
Paleobiology, Topics in Geobiology. Springer Netherlands, pp. 23-56.

Jachowicz, M., 1994. Occurrence of the microfossils belonging to Acritarcha in the older
Palaecozoic of the NW border of the Upper Silesia Coal Basin (SW Poland). Przegl. Geol.

42, 631-637.



778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

Jachowicz-Zdanowska, M., 2013. Cambrian phytoplankton of the Brunovistulicum — taxonomy and
biostratigraphy. Pol. Geol. Inst. Spec. Pap. 28, 1-150.

Jagielska, L., 1965. Nowe dane o mikroflorze eokambru i najnizszego kambru antyklinorium
klimontowskiego [New data on the Eocambrian and lowermost Cambrian microflora from
the Klimontéw Anticlinorium]. Kwart. Geol. 9, 499-509.

Jago, J.B., Zang, W.-L., Sun, X., Brock, G.A., Paterson, J.R., Skovsted, C.B., 2006. A review of the
Cambrian biostratigraphy of South Australia. Palacoworld 15, 406—423.
http://dx.doi.org/10.1016/j.palwor.2006.10.014

Jankauskas, T., 1972. Biostratigrafiya nizhnego kembriya Litvy (po akritarkham) [Stratigraphical
subdivision of the Lower Cambrian of Lithuania (using acritarchs)]. Akad. Nauk SSSR
Dokl. Earth Sci. Sect. 205, 1186—1189.

Jankauskas, T., Lendzion, K., 1992. Lower and Middle Cambrian acritarch-based biozonation of the
Baltic Syneclise and adjacent areas (East European Platform). Przeglad Geol. 40, 519-525.

Katz, M.E., Finkel, Z.V., Grzebyk, D., Knoll, A.H., Falkowski, P.G., 2004. Evolutionary
trajectories and biogeochemical impacts of marine eukaryotic phytoplankton. Annu. Rev.
Ecol. Evol. Syst. 35, 523-556. http://dx.doi.org/10.1146/annurev.ecolsys.35.112202.130137

Klug, C., Kroger, B., Kiessling, W., Mullins, G.L., Servais, T., Fryda, J., Korn, D., Turner, S.,
2010. The Devonian nekton revolution. Lethaia 43, 465-477.
http://dx.doi.org/10.1111/5.1502-3931.2009.00206.x

Knoll, A.H., 1994. Proterozoic and Early Cambrian protists: evidence for accelerating evolutionary
tempo. Proc. Natl. Acad. Sci. 91, 6743-6750.

Knoll, A.H., Swett, K., 1987. Micropaleontology across the Precambrian-Cambrian boundary in
Spitsbergen. J. Paleontol. 61, 898-926.

Knoll, A.H., Javaux, E.J., Hewitt, D., Cohen, P., 2006. Eukaryotic organisms in Proterozoic oceans.
Philos. Trans. R. Soc. B Biol. Sci. 361, 1023-1038.

http://dx.doi.org/10.1098/rstb.2006.1843



804 Kowalski, W.R., 1983. Stratigraphy of the Upper Precambrian and lowest Cambrian strata in

805 southern Poland. Acta Geol. Pol. 33, 183-218.

806 Lendzion, K., Moczydtowska, M., Zakowa, H., 1982. A new look at the Bazow Cambrian Sequence
807 (southern Holy Cross Mts). Bull. Pol. Acad. Sci. Earth Sci. 30, 67.

808 Lei, Y., Servais, T., Feng, Q., He, W., 2012. The spatial (nearshore—offshore) distribution of latest
809 Permian phytoplankton from the Yangtze Block, South China. Palacogeogr. Palacoclimatol.
810 Palaeoecol. 363-364, 151-162. http://dx.doi.org/10.1016/j.palaco.2012.09.010

811 Lei, Y., Servais, T., Feng, Q., 2013. The diversity of the Permian phytoplankton. Rev. Palaecobot.
812 Palynol. 198, 145-161.

813 Li, J., Servais, T., Yan, K., Su, W., 2007. Microphytoplankton diversity curves of the Chinese

814 Ordovician. Bull. Soc. Géol. Fr. 178, 399-409.

815 http://dx.doi.org/10.2113/gssgtbull.178.5.399

816 Martin, F., Dean, W.T., 1981. Middle and Upper Cambrian and Lower Ordovician acritarchs from
817 Random Island, eastern Newfoundland, Geological Survey of Canada, Bulletin. Ottawa.
818  Martin, F., Dean, W.T., 1983. Late Early Cambrian and early Middle Cambrian acritarchs from
819 Manuels River, eastern Newfoundland. Curr. Res. Part B Geol. Surv. Can. Paper 83, 353—
820 363.

821 Martin, F., Dean, W.T., 1984. Middle Cambrian acritarchs from the Chamberlains Brook and

822 Manuels River formations at Random Island, eastern Newfoundland. Curr. Res. Part A

823 Geol. Surv. Can. Paper 84, 429-440.

824  Martin, F., Dean, W.T., 1988. Middle and Upper Cambrian acritarch and trilobite zonation at

825 Manuels River and Random Island, eastern Newfoundland, Geological Survey of Canada,
826 Bulletin. Energy, Mines and Resources Canada.

827 Martin, R.E., Quigg, A., Podkovyrov, V., 2008. Marine biodiversification in response to evolving

828 phytoplankton stoichiometry. Palaecogeogr.Palacoclimatol.Palaeoecol. 258, 277-291.



829  Mette, W., 1989. Acritarchs from Lower Paleozoic rocks of the western Sierra Morena, SW-Spain
830 and biostratigraphic results. Geol. Palacontol. 23, 1-19.

831 Mendelson, C.V., 1987. Acritarchs, in: Lipps, J.H. (Ed.), Fossil Prokaryotes and Protists. University
832 of Tennessee, Knoxville, pp. 62—-86.

833  Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, M.E., Sugarman,
834 P.J., Cramer, B.S., Christie-Blick, N., Pekar, S.F., 2005. The Phanerozoic Record of Global
835 Sea-Level Change. Science 310, 1293-1298. http://dx.doi.org/10.1126/science.1116412
836 Moczydlowska, M., 1981. Lower and Middle Cambrian acritarchs from Northeastern Poland.

837 Precambrian Res. 15, 63—74. http://dx.doi.org/10.1016/0301-9268(81)90067-X

838 Moczydlowska, M., 1988. New Lower Cambrian acritarchs from Poland. Rev. Palacobot. Palynol.
839 54, 1-10. http://dx.doi.org/10.1016/0034-6667(88)90002-4

840 Moczydlowska, M., 1991. Acritarch biostratigraphy of the Lower Cambrian and the Precambrian-
841 Cambrian boundary in southeastern Poland, Fossils and Strata. Universitetsforlaget, Oslo.
842  Moczydtowska, M., 1998. Cambrian acritarchs from Upper Silesia, Poland - biochronology and
843 tectonic implications, Fossils and Strata. Scandinavian University Press, Oslo.

844  Moczydtowska, M., 2002. Early Cambrian phytoplankton diversification and appearance of

845 trilobites in the Swedish Caledonides with implications for coupled evolutionary events
846 between primary producers and consumers. Lethaia 35, 191-214.
847 http://dx.doi.org/10.1111/5.1502-3931.2002.tb00079.x

848  Moczydtowska, M., 2011. The early Cambrian phytoplankton radiation: acritarch evidence from the
849 Liikati Formation, Estonia. Palynology 35, 103—145.

850 http://dx.doi.org/10.1080/01916122.2011.552563

851 Moczydtowska, M., Stockfors, M., 2004. Acritarchs from the Cambrian—Ordovician boundary

852 interval on Kolguev Island, Arctic Russia. Palynology 28, 15-73.

853 http://dx.doi.org/10.1080/01916122.2004.9989591



854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

Moczydtowska, M., Vidal, G., 1986. Lower Cambrian acritarch zonation in southern Scandinavia
and southeastern Poland. Geol. Foren. Stockh. Forh. 108, 201-223.
http://dx.doi.org/10.1080/11035898609454685

Moczydtowska, M., Vidal, G., 1992. Phytoplankton from the Lower Cambrian Lasa formation on
Bornholm, Denmark: biostratigraphy and palacoenvironmental constraints. Geol. Mag. 129,
17-40. http://dx.doi.org/10.1017/S0016756800008104

Moldowan, J.M., Talyzina, N.M., 1998. Biogeochemical evidence for dinoflagellate ancestors in the
Early Cambrian. Science 281, 1168—1170. http://dx.doi.org/10.1126/science.281.5380.1168

Molyneux, S.G., Delabroye, A., Wicander, R., Servais, T., 2013. Biogeography of early to mid
Palaeozoic (Cambrian—Devonian) marine phytoplankton. Geol. Soc. Lond. Mem. 38, 365—
397. http://dx.doi.org/10.1144/M38.23

Mullins, G.L., Servais, T., 2008. The diversity of the Carboniferous phytoplankton. Rev. Palaecobot.
Palynol. 149, 29-49. http://dx.doi.org/10.1016/j.revpalbo.2007.10.002

Na, L., Kiessling, W., 2015. Diversity partitioning during the Cambrian radiation. Proc. Natl. Acad.
Sci. 112, 4702—4706. http://dx.doi.org/10.1073/pnas. 1424985112

Paalits, 1., 1992. Upper Cambrian acritarchs from boring core M-72 of North Estonia. Proc. Est.
Acad. Sci., Geology 41, 29-37.

Palacios, T., 2010. Middle-Upper Cambrian acritarchs from the Oville and Barrios Formations,
Cantabrian Mountains, northern Spain, in: Abstracts. Presented at the CIMP 2010 General
Meeting, Warsaw, pp. 50-53.

Palacios, T., Jensen, S., Barr, S.M., White, C.E., 2009. Acritarchs from the MacLean Brook
Formation, southeastern Cape Breton Island, Nova Scotia, Canada: New data on Middle
Cambrian—Lower Furongian acritarch zonation. Palacogeogr. Palaeoclimatol. Palaeoecol.

273, 123—141. http://dx.doi.org/10.1016/j.palaco.2008.12.006



878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

Palacios, T., Vidal, G., 1992. Lower Cambrian acritarchs from northern Spain: the Precambrian-
Cambrian boundary and biostratigraphic implications. Geol. Mag. 129, 421-436.
http://dx.doi.org/10.1017/S0016756800019518

Parsons, M.G., Anderson, M.M., 2000. Acritarch microfloral succession from the Late Cambrian
and Ordovician (early Tremadoc) of Random Island, eastern Newfoundland, and its
comparison to coeval microfloras, particularly those of the East European Platform, AASP
Contributions Series. American Association of Stratigraphic Palynologists Foundation,
Dallas, Texas.

Peng, S., Babcock, L.E., Cooper, R.A., 2012. The Cambrian Period. in: Gradstein, F.M., Ogg,
J.G., Schmitz, M.D., Ogg, G.M. (Eds.), The Geologic Time Scale 2012, Vol. 2, 437-488.
Elsevier, Amsterdam.

Poldvere, A., Paalits, 1., 1998. Middle and Upper Cambrian, in: Ménnik, P. (Ed.), Tartu (453)
Drillcore, Estonian Geological Sections. Geological Survey of Estonia, Tallinn, pp. 10—-11.

Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P., 1992. Numerical recipes in C: the
art of scientific computing, 2nd ed. Cambridge University Press.

Raevskaya, E., Golubkova, E., 2006. Biostratigraphical implication of Middle—Upper Cambrian
acritarchs from Severnaya Zemlya (high Arctic of Russia). Rev. Palacobot. Palynol. 139,
53-609. http://dx.doi.org/10.1016/j.revpalbo.2005.07.010

R Core Team, 2013. R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria [WWW Document]. URL http://www.r-project.org/.
Accessed: 01/09/2014.

Ribecai, C.B., Bagnoli, G., Mazzarini, F., Musumeci, G., 2005. Paleontological evidence for Late
Cambrian in the Arburese area, SW Sardinia, in: Steemans, P., Javaux, E. (Eds.), Pre-
Cambrian to Palaeozoic Palaeopalynology and Palacobotany, Carnets de Géologie /

Notebooks on Geology. Brest, pp. 45-50.



903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

Saltzman, M.R., Young, S.A., Kump, L.R., Gill, B.C., Lyons, T.W., Runnegar, B., 2011. Pulse of
atmospheric oxygen during the late Cambrian. Proc. Natl. Acad. Sci. 108, 3876-3881.
http://dx.doi.org/10.1073/pnas. 1011836108

Sarjeant, W.A.S., Stancliffe, R.P.W., 1994. The Micrhystridium and Veryhachium complexes
(Acritarcha: Acanthomorphitae and Polygonomorphitae): A taxonomic reconsideration.
Micropaleontology 40, 1. http://dx.doi.org/10.2307/1485800

Scotese, C.R., 2009. Late Proterozoic plate tectonics and palacogeography: a tale of two
supercontinents, Rodinia and Pannotia. Geol. Soc. Lond. Spec. Publ. 326, 67-83.
http://dx.doi.org/10.1144/SP326.4

Sepkoski, J.J., 1976. Species Diversity in the Phanerozoic: Species-Area Effects. Paleobiology 2,
298-303.

Sepkoski, J.J., 1997. Biodiversity: Past, Present, and Future. J. Paleontol. 71, 533-539.

Servais, T., Eiserhardt, K.H., 1995. A discussion and proposals concerning the lower Paleozoic
“galeate” acritarch plexus. Palynology 19, 191-210.
http://dx.doi.org/10.1080/01916122.1995.9989460

Servais, T., Lehnert, O., Li, J., Mullins, G.L., Munnecke, A., Niitzel, A., Vecoli, M., 2008. The
Ordovician Biodiversification: revolution in the oceanic trophic chain. Lethaia 41, 99—109.
http://dx.doi.org/10.1111/5.1502-3931.2008.00115.x

Servais, T., Li, J., Stricanne, L., Vecoli, M., Wicander, R., 2004a. Acritarchs, in: Webby, B.D.,
Paris, F., Droser, M.L., Percival, I.G. (Eds.), The Great Ordovician Biodiversification Event.
Columbia University Press, New York, pp. 348-360.

Servais, T., Stricanne, L., Montenari, M., Pross, J., 2004b. Population dynamics of galeate
acritarchs at the Cambrian—Ordovician transition in the Algerian Sahara. Palaeontology 47,

395-414. http://dx.doi.org/10.1016/10.1111/5.0031-0239.2004.00367.x



927  Servais, T., Owen, A.W., Harper, D.A.T., Kroger, B., Munnecke, A., 2010. The Great Ordovician
928 Biodiversification Event (GOBE): the palaecoecological dimension. Palacogeogr.

929 Palaeoclimatol. Palacoecol. 294, 99—119. http://dx.doi.org/10.1016/j.palaco.2010.05.031
930  Strother, P.K., 2008. A speculative review of factors controlling the evolution of phytoplankton
931 during Paleozoic time. Rev. Micropaléontologie 51, 9-21.

932 http://dx.doi.org/10.1016/j.revmic.2007.01.007

933  Strother, P.K., Al-Hajri, S., Traverse, A., 1996. New evidence for land plants from the lower

934 Middle Ordovician of Saudi Arabia. Geology 24, 55-58. http://dx.doi.org/10.1130/0091-
935 7613(1996)024<0055:NEFLPF>2.3.CO;2

936  Szczepanik, Z., 2000. The Cambrian of the western part of the Pomeranian Caledonides foreland,
937 Peribaltic Syneclise: microfloral evidence. Geol. Q. 44, 261-273.

938 Talyzina, N.M., Moldowan, J.M., Johannisson, A., Fago, F.J., 2000. Affinities of Early Cambrian
939 acritarchs studied by using microscopy, fluorescence flow cytometry and biomarkers. Rev.
940 Palaeobot. Palynol. 108, 37-53. http://dx.doi.org/10.1016/S0034-6667(99)00032-9

941 Tappan, H., Loeblich Jr., A.R., 1972. Fluctuating rates of protistan evolution, diversification and
942 extinction, in: 24th International Geological Congress, Section 7. pp. 205-213.

943  Tappan, H., Loeblich Jr., A.R., 1973. Evolution of the oceanic plankton. Earth-Sci. Rev. 9, 207—
944 240. http://dx.doi.org/10.1016/0012-8252(73)90092-5

945  Torsvik, T.H., 2009. BugPlates: Linking Biogeography and Palacogeography [WWW Document].
946 URL http://www.geodynamics.no/bugs/SoftwareManual.pdf. Accessed: 01/09/2014.

947  Torsvik, T.H., Cocks, L.R.M., 2013. New global palacogeographical reconstructions for the Early
948 Palaeozoic and their generation. Geol. Soc. Lond. Mem. 38, 5-24.

949 http://dx.doi.org/10.1144/M38.2

950 Uutela, A., 2008. Distribution of Cambrian, Ordovician and lowermost Silurian acritarchs, in:

951 Poldvere, A. (Ed.), Mdnnamaa (F-367) Drill Core, Estonian Geological Sections. Geological

952 Survey of Estonia, Tallinn, pp. 18-23.



953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

Vanguestaine, M., 1986. Progres récents de la stratigraphie par Acritarches du Cambro-Ordovicien
d’Ardenne, d’Irlande, d’ Angleterre, du Pays de Galles et de Terre-Neuve orientale. Ann.
Soc. Géol. Nord 105, 65-76.

Vanguestaine, M., Van Looy, J., 1983. Acritarches du Cambrien Moyen de la vallée de Tacheddirt
(Haut-Atlas, Maroc) dans le cadre d’une nouvelle zonation du Cambrien. Ann. Soc. Géol.
Belg. 106, 69-85.

Van Waveren, .M., 1992. Morphology of probable planktonic crustacean eggs from the Holocene
of the Banda Sea (Indonesia), in: Head, M.J., Wrenn, J.H. (Eds.), Neogene and Quarternary
Dinoflagellate Cysts. American Association of Stratigraphic Palynologists Foundation,
Dallas, Texas, pp. 89—120.

Van Waveren, .M., Marcus, N.H., 1993. Morphology of recent copepod egg envelopes from
Turkey Point, Gulf of Mexico, and their implications for acritarch affinity. Spec. Pap.
Palaeontol. 48, 111-124.

Vecoli, M., 1996. Stratigraphic significance of acritarchs in Cambro-Ordovician boundary strata,
Hassi-Rmel area, Algerian Sahara. Boll. Della Soc. Paleontol. Ital. 35, 3-58.

Vecoli, M., Le Hérissé, A., 2004. Biostratigraphy, taxonomic diversity and patterns of
morphological evolution of Ordovician acritarchs (organic-walled microphytoplankton)
from the northern Gondwana margin in relation to palaeoclimatic and palacogeographic
changes. Earth-Sci. Rev. 67, 267-311. http://dx.doi.org/10.1016/j.earscirev.2004.03.002

Vecoli, M., Playford, G., 1997. Stratigraphically significant acritarchs in uppermost Cambrian to
basal Ordovician strata of northwestern Algeria. Grana 36, 17-28.

Vecoli, M., Tongiorgi, M., Abdesselam-Roughi, F.-F., Benzarti, R., Massa, D., 1999.
Palynostratigraphy of upper Cambrian-upper Ordovician intracratonic clastic sequences,
North Africa. Boll. Della Soc. Paleontol. Ital. 38, 331-342.

Vidal, G., 1981. Lower Cambrian acritarch stratigraphy in Scandinavia. Geol. Foren. Stockh. Forh.

103, 183-192. http://dx.do1.org/10.1080/11035898109454517



979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

Vidal, G., Knoll, A.H., 1982. Radiations and extinctions of plankton in the late Proterozoic and
early Cambrian. Nature 297, 57-60. http://dx.doi.org/10.1038/297057a0

Vidal, G., Moczydtowska, M., 1996. Vendian-Lower Cambrian acritarch biostratigraphy of the
central Caledonian fold belt in Scandinavia and the palacogeography of the lapetus-
Tornquist seaway. Nor. Geol. Tidsskr. 76, 147-168.

Vidal, G., Moczydtowska-Vidal, M., 1997. Biodiversity, speciation, and extinction trends of
Proterozoic and Cambrian phytoplankton. Paleobiology 23, 230-246.

Vidal, G., Moczydtowska, M., Rudavskaya, V.R., 1995. Constraints on the early Cambrian
radiation and correlation of the Tommotian and Nemakit-Daldynian regional stages of
eastern Siberia. J. Geol. Soc. 152, 499-510. http://dx.doi.org/10.1144/gsjgs.152.3.0499

Volkova, N.A., 1990. Akritarkhi srednego i verkhnego kembriya vostochno-evropejskoj platformy
[Middle and Upper Cambrian acritarchs in the East-European Platform], Trudy. Nauka,
Moscow.

Volkova, N.A., 1993. Akritarkhi pogranichnikh otlozhenij kembriya i ordovika priglintovoj polosy
estonii (skvazhina M-56) [Acritarchs from the Cambrian—Ordovician boundary beds (boring
core M-56) of the Estonian near-clint area]. Proc. Est. Acad. Sci. Geol. 42, 15-22.

Volkova, N.A., 1995. Acritarchs of the Cambrian—Ordovician boundary deposits of the Baltic
phytoplankton province. Strat. Geol. Korreljatsiya 3, 362-374.

Wang Fuxing, Chen Qiao, 1987. Spiniferous acritarchs from the lowest Cambrian, Emei, Sichuan,
southwestern China. Rev. Palaeobot. Palynol. 52, 161-177. http://dx.doi.org/10.1016/0034-
6667(87)90052-2

Webby, B.D., Paris, F., Droser, M.L., Percival, I.G. (Eds.), 2004. The Great Ordovician
Biodiversification Event, Critical Moments and Perspectives in Earth History and
Paleobiology. Columbia University Press, New York.

Welsch, M., 1986. Die Acritarchen der hheren Digermul-Gruppe, Mittelkambrium bis Tremadoc,

Ost-Finnmark, Nord-Norwegen. Palaeontogr. Abt. B 201, 1-109.



1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

Yang Ruidong, Yin Leiming, 2001. Acritarch assemblages from the Early-middle Cambrian Kaili
formation of east Guizhou Province and biostratigraphic implication. Acta Micropalaeontol.
Sin. 18, 55-69.

Yin, C., 1990. Microfossils from the Zhongyicun Member of Yuhuchun Formation (Lower
Cambrian) in Jinning, Yunnan Province, China. Prof. Pap. Stratigr. Palacontol. 23, 131-140.

Yin Leiming, 1987. New data of microfossils from Precambrian—Cambrian cherts in Ningqiang,
southern Shaanxi. Acta Palaeontol. Sin. 26, 187-195.

Yin, L., Zhao, Y., Yang, R., Peng, J., 2010. Acritarchs from the Early-Middle Cambrian Kaili
Formation in the Wuliu-Zengjianya section, east Guizhou Province, China. Acta Palaeontol.
Sin. 49, 164-173.

Yin, F., Xue, X., 2002. Early Cambrian palacobiogeography of acritarch. J. Northwest Univ. Nat.
Sci. Ed. 32, 177-180.

Young, T., Martin, F., Dean, W.T., Rushton, A.W.A., 1994. Cambrian stratigraphy of St Tudwal’s
Peninsula, Gwynedd, northwest Wales. Geol. Mag. 131, 335-360.
http://dx.doi.org/10.1017/S0016756800011109

Zang, W.L., 1992. Sinian and Early Cambrian floras and biostratigraphy on the South China
Platform. Palaeontogr. Abt. B 224, 75-119.

Zhuravlev, A.Y., 2001. Biotic diversity and structure during the Neoproterozoic-Ordovician
transition, in: Zhuravlev, A.Y., Riding, R. (Eds.), The Ecology of the Cambrian Radiation.
Columbia University Press, New York, pp. 173-199.

Zylinska, A., Szczepanik, Z., 2009. Trilobite and acritarch assemblages from the Lower-Middle
Cambrian boundary interval in the Holy Cross Mountains (Poland). Acta Geol. Pol. 59,

413-458.



1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

Fig. 1. Cambrian stratigraphic scheme and stratigraphic ranges of source studies used for
diversity analyses.
Chronostratigraphy according to Peng et al. (2012). Ac. = Acadoparadoxides. Ag. = Agnostus. Pb. =

Parabolina. For complete references of source studies see supplementary information S2.

Fig. 2. Palaeogeographical reconstruction for the mid Cambrian Period (510 Ma) with study
areas marked.

Base map produced with BugPlates (Torsvik, 2009). 1 Nova Scotia, Canada (Palacios et al., 2009);
2 Eastern Newfoundland, Canada (Martin and Dean, 1981; Martin and Dean, 1983; Martin and
Dean, 1984; Martin and Dean, 1988; Parsons and Anderson, 2000); 3 County Wexford, Ireland
(Briick and Vanguestaine, 2004); 4 Wales (Young et al., 1994); 5 Belgium (Vanguestaine, 1986); 6
Sardinia, Italy (Ribecai et al., 2005); 7 Sierra Morena, Spain (Mette, 1989); 8 Cantabrian
Mountains, Spain (Palacios and Vidal, 1992; Albani et al., 2006; Palacios, 2010); 9 N Algeria
(Vecoli, 1996; Vecoli and Playford, 1997; Vecoli et al., 1999); 10 Ghadames Basin, Libya/Tunisia
(Albani et al., 1991); 11 Barrandian area, Czech Republic (Fatka et al., 2004); 12 Upper Silesia
(Bruno-Silesia), Poland (Jachowicz, 1994; Buta and Jachowicz, 1996; Moczydtowska, 1998;
Jachowicz-Zdanowska, 2013); 13 Holy Cross Mountains (Matopolska High), Poland (Jagielska,
1965; Lendzion et al., 1982; Kowalski, 1983; Zyliﬁska and Szczepanik, 2009); 14 Central Alborz
Mountain Range, Iran (Ghavidel-syooki, 2006); 15 Zagros Basin, Iran (Ghavidel-syooki and
Vecoli, 2008); 16 South Australia (Jago et al., 2006); 17 baltic Poland (Moczydtowska, 1981, 1988,
1991; Moczydtowska and Vidal, 1986; Jankauskas and Lendzion, 1992; Szczepanik, 2000); 18
Bornholm, Denmark and Skéne, Sweden (Vidal, 1981; Moczydtowska and Vidal, 1992); 19
Lithuania (Jankauskas, 1972); 20 Ostergétland and Oland, SE Sweden (Vidal, 1981; Di Milia et al.,
1989; Eklund, 1990); 21 SW Sweden and SE Norway (Vidal, 1981; Vidal and Moczydtowska,
1996); 22 Belarus (Jankauskas and Lendzion, 1992); 23 Estonia (Paalits, 1992; Pdldvere and

Paalits, 1998; Uutela, 2008); 24 Swedish Caledonides, Sweden (Moczydtowska, 2002; Vidal and
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Moczydtowska, 1996); 25 Moscow Syneclise, Russia (Volkova, 1990; Volkova, 1995); 26
Leningrad Oblast, Russia (Volkova, 1993); 27 Digermul Peninsula, Norway (Welsch, 1986); 28
Kolguev Island, Russia (Moczydlowska and Stockfors, 2004); 29 Severnaya Zemlya, Russia — Kara
(Raevskaya and Golubkova, 2006); 30 NE Siberia (Vidal et al., 1995); 31 Jilin, China (Chen et al.,
1985); 32 Hubei, China (Ding et al., 1992; Zang, 1992); 33 Guizhou, China (Yang and Yin, 2001;
Yin et al., 2010); 34 Yunnan, China (Yin, 1990; Zang, 1992); 35 Sichuan, China (Wang and Chen,
1987); 36 Shaanxi, China (Yin, 1987); 37 Grainger County, Tennessee, USA (Clendening and
Wood, 1981); 38 East Svalbard, Norway (Knoll and Swett, 1987); 39 Mackenzie Mountains,

Canada (Baudet et al., 1989)

Fig. 3. Classes of taxa (in regards to ranges) present in a stratigraphic interval.

After Foote (2000).

Fig. 4. Global and regional taxonomic diversity curves of Cambrian acritarchs based on
stages.
A, global species diversity. B, global genus diversity. C, Baltica species diversity (no data available

for the Drumian). D, Gondwana species diversity (no data available for the Fortunian, Stages 2-3).

Fig. 5. Taxonomic diversity based on biozones.
A, global species diversity. B, global genus diversity. C, Baltica species diversity (no data available
for the Parabolina spinulosa zone). D, Gondwana species diversity (no data available for the

Trichophycus pedum zone, Stage 2, the Schmidtiellus mickwitzi and Leptoplastus zones).

Fig. 6. Taxonomic changes of global species and genus diversity.

A, B, species. C, D, genera. A, C, raw data. B, D, rates of taxonomic changes per stage duration

[My].
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Fig. 7. Poly-cohort analyses.

A, cohort survivorship. B, cohort prenascence.

Fig. 8. Comparison of global species and genus diversities with the distribution of studies and

a previously published diversity curve.

Fig. 9. Correlation of taxonomic (global species per stage) and monographic (number of

references per stage) diversity.

Fig. 10. Comparison of global sampled-in-bin genus diversity of acritarchs and marine
invertebrates.

Values for invertebrates taken from the supporting information of Na and Kiessling (2015).

Fig. 11. Correlation of global sampled-in-bin genus diversity of acritarchs and marine
invertebrates.

Values for invertebrates taken from the supporting information of Na and Kiessling (2015). A,
scatterplot of acritarch vs. marine invertebrate diversity. B, Spearman’s 7, calculated with a moving
window for successive intervals, each comprising eight stages; values above 0.75 or below -0.75
(dashed lines) indicate strong correlation. The middle square indicates strong and significant
correlation (7, = 0.88, p = 0.004) for the middle set of eight stages, from Stage 2 to the Jiangshanian

Stage (9).
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1106 Table S2. List of source references, including bibliography, countries and palacogeographical units

1107  corresponding to study areas.
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