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Abstract 
  

Over the past several decades, a number of studies have addressed the 
record of eukaryotic species richness in the Proterozoic, each making quite clear 
that during the Neoproterozoic Era, in particular, tremendous changes occurred in 
Earth’s biota. The relative scarcity of radiometric age constraints for rocks of this 
interval, however, have necessitated the use of coarse time bins (~100 Ma) and the 
omission of fossiliferous but poorly dated units, resulting in low resolution of 
eukaryotic richness trends. Here we present a new estimate of early to middle 
Neoproterozoic (Tonian and Cryogenian) eukaryotic richness developed by use of 
the CONOP seriation algorithm; this approach permits inclusion of poorly dated and 
un-dated units and allows for greater resolution.  

The CONOP (constrained optimization) algorithm operates by evolutionary 
ordination—considering evidence of stratigraphic order from all locations 
simultaneously and starting from a random ordinal sequence that improves by 
mutations retained or removed according to best-fit rules. This program has been 
applied successfully to biochronologic and biostratigraphic problems throughout 
the Phanerozoic geologic record. Here we apply this objective approach to a new 
compilation of taxonomically well-constrained organic-walled microfossil 
occurrences as well as geochemical, sedimentological and geochronological data 
from more than 160 formations from 60 groups in paleogeographically distant 
successions. From this dataset was developed a high-resolution eukaryotic species 
richness record for the early to middle Neoproterozoic Era (~1000 to 635 Ma).  

This new estimate of eukaryotic species richness indicates an increase in 
richness began ~800 Ma and continued towards a peak ~770 Ma when it declined 
with the losses of many long-lived acritarch taxa. The overall decline is punctuated 
by a sharp richness increase with a ~738 Ma peak due to the iconic and short-lived 
Tonian vase-shaped microfossil taxa such as Cycliocyrillium simplex. These VSM taxa 
were lost ~733 Ma and richness continued to decline until flat-lining well in 
advance of the ~720 Ma onset of the Cryogenian Snowball Earth glaciations. 
Eukaryotic species richness did not rebound until after the termination of the 
second Cryogenian glaciation when a new suite of acritarch taxa appeared in the 
Ediacaran Period. 
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Use of CONOP with this dataset also permitted assessment of fossil taxa that 
had previously been suggested as Neoproterozoic biostratigraphic index taxa. Our 
results provide particular support for biostratigraphic use of the acritarch 
Cerebrosphaera globosa (=C. buickii) and for species of vase-shaped microfossils.  

 
 
Keywords: Neoproterozoic, diversity, acritarch, Snowball Earth, Cerebrosphaera, 
Vase-shaped microfossils 
 
 
1. Introduction 
1.1 Neoproterozoic Eukaryote Species Richness 
 Paleontological as well as molecular clock data indicate that the early to 
middle Neoproterozoic Era was a time of major eukaryotic diversifications and 
extinctions (Knoll, 1994; Huntley et al., 2006; Knoll et al., 2006; Xiao and Dong, 
2006; Parfrey et al., 2011; Riedman et al., 2014), the rise of eukaryote predation 
upon eukaryotes (Porter, 2011; Knoll and Lahr, 2015; Porter, 2016) and 
biomineralization (Porter and Knoll, 2000; Cohen et al., 2011). This interval was 
also marked by fluctuations in oceanic and atmospheric chemistry (Meyer and 
Kump, 2008; Canfield, 2014), formation and rifting of the supercontinent Rodinia (Li 
et al., 2008), major perturbations in the carbon cycle and at least two global 
glaciations (Snowball Earth events; Hoffman and Li, 2009). Understanding causal 
relationships between these biotic and abiotic events is a primary goal in 
Precambrian studies, but first a detailed timeline of broad-scale biological trends 
including eukaryotic diversifications and extinctions is necessary.  

Over the past few decades several estimates of Precambrian eukaryotic 
richness and disparity have been published (Knoll, 1994; Vidal and Moczydłowska-
Vidal, 1997; Huntley et al., 2006; Knoll et al., 2006; Xiao and Dong, 2006; Riedman et 
al., 2014, Cohen and Macdonald, 2015). Although these reports vary in approach, 
assessing binned global species richness or morphological disparity or within-
assemblage diversity, they all indicate broad trends of increase in the 
Mesoproterozoic Era leading to a peak and then decline ~750 to 600 Ma. The 
resolution of these studies, however, was coarse because poor age constraints on 
fossiliferous units necessitated the use of broad (>100 Ma) time bins. Further, the 
lack of even loose age constraints for several fossiliferous units required their 
complete omission from such studies, inviting worry over the effects of sampling 
bias on resulting richness estimates.  

In order to include richly fossiliferous but poorly dated units, we have 
utilized the biostratigraphic software package CONOP, a standard part of the 
Phanerozoic biostratigrapher’s toolbox—notably, having been used to calibrate 
Ordovician and Silurian stage boundaries (Sadler et al., 2009; Cooper and Sadler, 
2012; Melchin et al., 2012), sequence the end-Permian mass extinction (Shen et al. 
2011), and examine at very high resolution the extinction dynamics of the Lower 
Paleozoic macrozooplankton (Cooper et al., 2013; Crampton et al., 2016). Because 
this program operates by creating a best-fit order of events, numerical age 
constraints, while necessary for placing this large set of ordered events within the 
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context of geological time, are not required of all fossiliferous sections. This freedom 
from requirements of absolute ages for all sections allowed inclusion of undated or 
poorly dated fossiliferous sections and thus greater potential resolution for trends 
in eukaryotic species richness that could eventually lead to a nuanced view of cause 
and consequence in biotic and abiotic events of the early to middle Neoproterozoic.  

 
1.2 Neoproterozoic Biostratigraphy 
  Biostratigraphy has long been recognized as possibly useful for 
Neoproterozoic rocks but certainly more problematic than in the younger fossil 
record (Vidal, 1981a; Kaufman et al, 1992; Knoll, 1994; Butterfield and Rainbird, 
1998). The more advanced state of Phanerozoic biostratigraphy has generally been 
achieved in familiar steps: simple lithological correlation is first replaced by 
recognition of a coarse succession of fossil assemblages; the assemblages are later 
superseded by finer zones and sub-zones, most with their bases defined by first 
appearance of an index taxon; and finally, in the most advanced schemes, a series of 
age-calibrated first-appearance datum events (FADs) is established. Progress is 
driven by improved resolution in the time line of known species originations (FADs) 
and extinctions (LADs), aided by integration of paleomagnetic reversal events and 
marine isotopic excursions, and corroborated by radio-isotopic dating. Numerical 
techniques and sequencing algorithms now enable paleobiological timelines to be 
built from far larger numbers of taxa and localities than the pioneers of 
biostratigraphy would have imagined (Sadler, 2004).  

The slower progress of Neoproterozoic biostratigraphy is chiefly due to long 
or sparsely sampled stratigraphic ranges (Butterfield and Grotzinger, 2012). These 
are considerable hurdles for practical section-to-section correlation, but far less so 
for the construction of a global time line. Isolated faunas and stratigraphic sections 
that are too sparsely fossiliferous for detailed correlation with one another may, 
nonetheless, contribute meaningful information (e.g. proof of coexistence of taxa) to 
a finely resolved interregional timeline (Alroy, 1992; Sadler et al., 2014). We argue 
that the sum of all available Neoproterozoic information is adequate to support a 
global timeline of first- and last-appearances of taxa, even if information is too 
sparse to justify assuming that local first and last finds are the same age 
everywhere. For half a century (starting with Shaw, 1964) numerical and graphical 
methods of biostratigraphic sequencing have explicitly avoided this assumption.  

Problematic taxonomy poses an additional difficulty to Neoproterozoic 
biostratigraphy. The dominant eukaryotic fossils of the Precambrian are acritarchs, 
originally sphaeroidal, organic-walled microfossils that are typically tens to 
hundreds of micrometers in diameter and may be smooth-walled, ornamented, or 
spine (process)-bearing and are of unknown biological affinity. The name ‘acritarch’ 
refers to a group of fossils united by their microscopic size and uncertain biological 
origins and is expected to include both vegetative and resistant resting life stages of 
both planktonic and benthic single-celled eukaryotes and possibly diapause cysts of 
animals (Knoll et al., 2006; Yin et al., 2007; Cohen et al., 2009). The question of the 
biological placements of these forms is not a hindrance to their use in 
biostratigraphy per se, but the lack of biological context is significant in that 
acritarch taxonomic hierarchy, although guided by morphology, is not necessarily 
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guided by synapomorphies of coherent biological groups. Because of this the 
treatment of acritarch richness must be made with care and typically at the species 
level, but with a watchful eye out for over-split genera, such as the Ediacaran 
Appendisphaera. Additionally, robust biostratigraphic correlations must be based on 
unique taxa or designated combinations of species rather than morphological 
grades (e.g., “macroalgae”, “LOEM”=large ornamented Ediacaran microfossils 
(Cohen et al., 2009), “ELP”=Ediacaran leiosphere palynoflora and “ECAP”=Ediacaran 
complex acritarch palynoflora (Grey et al., 2003; see Xiao et al., 1997).   

Certain Neoproterozoic species have been suggested as possible index taxa 
due to their wide distributions, distinctive morphological features and their ease of 
recognition in both thin section and acid macerate preparations. These include the 
acritarchs, Cerebrosphaera globosa (=C. buickii, Hill and Walter, 2000; Grey et al., 
2011; see Porter and Riedman, 2016 for nomenclatural act), Trachyhystrichosphaera 
aimika (Kaufman et al., 1992; Vidal et al., 1993; Butterfield et al., 1994; Knoll, 1996; 
Tang et al., 2013; Xiao et al., 2016; Baludikay et al., 2016; Beghin et al., 2017) and 
Lanulatisphaera laufeldii (Porter and Riedman, 2016). These taxa are indeed 
globally distributed and morphologically distinctive, but as is typical of Precambrian 
taxa, they are also rather long-lived: T. aimika ranges from the late Mesoproterozoic 
through much of the Tonian (Tang et al., 2013; Beghin et al., 2017). C. globosa 
appears to have been somewhat shorter-lived; its oldest occurrence dates from 
~800 Ma in several units of the Centralian Superbasin of Australia (Grey et al., 
2011) and its youngest occurrence is between 751 and 729 Ma from the upper 
Chuar Group, Grand Canyon, USA (Nagy et al., 2009; Porter and Riedman, 2016; 
Rooney et al., in press). Vase-shaped microfossils (VSMs), interpreted as the remains 
of testate amoebae (Porter and Knoll, 2000), have also long been suggested as a 
possible Neoproterozoic index fauna (Knoll and Vidal, 1980; Vidal et al., 1993; 
Porter and Knoll, 2000; Macdonald et al., 2013, Strauss et al., 2014; Cohen et al., 
2017). Individual VSM species have recently been described as composing an index 
assemblage typical of ~789–729 Ma due to their local abundance, global 
distribution in various lithofacies and short stratigraphic ranges (Riedman et al., this 
issue).  
 
2. Methods 
 Here we present analyses of paleontological data from 166 formations in 60 
groups of globally distributed successions (Fig. 1) as established from publications 
available before the end of March 2017. These data comprise reports from any 
fossiliferous lithofacies and include siliciclastics, carbonates and cherts (indicated in 
supplementary data tables). Great effort was made to include all literature 
addressing paleontological, radiometric, stratigraphic and geochemical data for 
paleogeographically units roughly 1Ga to 635 Ma in age from any language of 
publication. In order to allow discussion of global eukaryotic richness trends, 
globally distributed data are required, and on a broad scale these are seen here (Fig. 
1), but the dearth of data from Africa and South America are apparent and 
concerning. 
 The analyses required stratigraphic depth information for local first and last 
occurrences of each taxon and careful attention to fossil identifications and 
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synonymies. The inclusion of radiometric ages, carbon isotopic anomalies and 
glacial events provided additional constraints on sequence and essential 
information for time calibration. Each of these data or event types is discussed in 
detail below and their records within each section of the database are available in 
Supplemental Table 1. 
 
2.1 Paleontological data 
2.1.1 Taxonomy 

Although Precambrian paleontology is a rather young field, a staggering number 
of taxa have been named, several many times over. This is problematic for studies of 
species richness and is especially acute for the principal fossil group of this time, the 
organic-walled microfossils called acritarchs. Taphonomic and ontogenetic 
variations of a given species may be described under multiple names, resulting in 
inflation of species richness; alternatively, richness may be artificially depressed if 
morphological differences are lost during decay and diagenesis or are too subtle to 
be recognized during routine transmitted light microscopy (e.g. Porter and 
Riedman, 2016; Riedman and Porter, 2016; Tang et al., 2017).  

During collection of species first and last occurrence data from the literature, the 
greatest of care was exercised in accepting, rejecting or synonymizing fossil 
identifications based upon species descriptions and diagnoses (see Supplementary 
Table 1 for list of all taxonomic decisions). Because of the importance of accurate 
and consistent identification for these biostratigraphic analyses, occurrences of 
fossil taxa were not accepted unless accompanied by convincing illustrations. Good-
quality illustration was particularly important when an early find of a given species 
was left in open nomenclature and named in a subsequent publication. Examples of 
this are seen in fossils recorded as only “VSMs” or “tear-shaped fossils” that were 
later identified at species level (Porter et al., 2003; Riedman et al., this issue) and in 
the acritarch identified as Kildinella sp. by Vidal (1979; pl. 4, C and D) that was later 
recognized as a new genus and species (Culcitulisphaera revelata) with occurrences 
in the Chuar, Uinta Mountain and Eleonore Bay groups and Alinya Formation 
(Porter and Riedman, 2016; Riedman and Porter, 2016).  

Fossils were included in the database only if convincingly biogenic and likely or 
certainly eukaryotic. With a preference toward inclusiveness, species of the smooth-
walled genus Leiosphaeridia were included despite the concern that some of these, 
particularly the smaller forms i.e., L. crassa and L. minutissima, may include some 
prokaryotes. These species contribute nothing to ordering of events since they all 
range through the interval of interest (1000 to ~635 Ma), but in some units, 
particularly of the Cryogenian, these taxa compose the whole of the assemblage.  

In addition to organic-walled acritarchs, fossil groups within this database 
include enigmatic scale microfossils known from the Fifteenmile Group, Yukon 
Territory of Canada (Allison and Hilgert, 1986; Cohen and Knoll, 2012; Cohen et al., 
2017), organic macrofossil compressions such as Longfengshania, Tawuia and 
Protoarenicola, and the aforementioned vase-shaped microfossils. 
 
2.1.2 Stratigraphic range data 
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Because the CONOP program utilizes local lowest and highest finds of a 
species, the relative stratigraphic positions of fossil occurrences were required of 
the primary paleontological literature. In some cases, important and diversely 
fossiliferous assemblages could not be included because those superpositional data 
were missing; for example, the well-preserved fossil assemblage of the ~1 Ga 
Lakhanda Group of Siberia was omitted due to a lack of stratigraphic context for the 
fossil occurrences. The option of treating all of a unit’s reported fossil occurrences 
as a single sample or horizon was not acceptable because documented species co-
occurrences data are a primary constraint on the permissible composite sequences.  
If any one unit were treated as a single sample, then all single-horizon evidence of 
coexistence would have to be ignored.  
 When possible, occurrence data from multiple studies of the same unit were 
combined into a single section to strengthen the local sequence (e.g., Butterfield et 
al. [1994] and Butterfield [2004] for the Svanbergfjellet Formation or Hofmann and 
Aitken [1979] and Hofmann [1985] for the Little Dal Group). Additionally, 
fossiliferous sections reported in separate publications but of known 
superpositional relationship were “stitched together”. In this way the program 
received as much relative depth information as possible for biostratigraphic 
sequencing. The ability to provide such information was also useful where 
substantial hiatuses were known to occur within or between units. In such instances 
a section can be broken in two and then stitched together in a way that allows 
ranges that begin or end at the hiatus to be treated with the same uncertainty that 
attaches to range ends coincident with the top or bottom of a measured section; in 
other words, the span of the hiatus can be stretched to best accommodate evidence 
from other localities.   
 In the Phanerozoic studies to which CONOP has been applied, species 
lifetimes are typically much shorter than the depositional duration of the sections in 
which they are preserved. Neoproterozoic data tend to reverse this relationship; 
many Precambrian taxa tend to be long-lived, with ranges exceeding the time span 
of the fossiliferous intervals of measured sections. Our understanding of how to 
accommodate this condition of the Precambrian fossil record was guided by a 
classroom application of CONOP (Sadler, unpublished data) to a Paleozoic database 
of acritarchs and graptolites, an extension of work on Ediacaran and Cambrian 
acritarchs by Cohen (2005). This exercise illustrated that algorithm settings for 
long-lived acritarchs needed to be altered from those established for the shorter-
lived graptolite taxa of the same age (Sadler et al., 2009). This work also indicated 
the importance of observed taxon coexistences in driving the solution when taxon 
ranges are long relative to the time spans of sections. Most Lower Paleozoic sections 
are sufficiently richly sampled that a strict threshold can be maintained for proof of 
coexistence — pairs of taxon ranges must overlap by two or more sample horizons 
to be treated as an observed coexistence. This strategy avoids the problem of 
condensed (“time-averaged”) horizons. In mid-Neoproterozoic sections, however, 
fossiliferous horizons tend to be fewer and more widely spaced. To give the 
Neoproterozoic optimization sufficient leverage, we lowered the threshold of 
evidence for an observed coexistence to include co-occurrence at a single horizon. 
This allows meaningful inclusion of "sections" that are single samples (Alroy, 1992). 
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We reason that the time scales of likely condensation would be shorter than the 
time scales of both sample spacing and calibration uncertainty in the 
Neoproterozoic. We also increased, by a factor 10, the relative weighting of the 
penalty for unobserved (hypothesized) coexistences implied by a trial composite 
sequence.  
 
2.2 Radiometric and Carbon Isotopic data 
 The ordination of fossil first and last occurrences was aided and time-
calibration made possible by addition of associated radiometric ages and carbon 
isotopic data. These data were applied conservatively, included only if they were 
established from the fossiliferous sections or basinal correlations. Because the two 
most significant carbon isotope anomalies recorded during this interval, the Bitter 
Springs carbon isotopic anomaly (~811-789 Ma; Macdonald et al., 2010; Swanson-
Hysell et al., 2015) and the Islay carbon isotopic anomaly (~740-732 Ma; Strauss et 
al., 2014; Rooney et al., 2014), are considered to be globally synchronous, the 
occurrences of these isotopic events in a fossiliferous unit served not only for 
chemostratigraphic correlation, but also acted, effectively, as an age constraint.  
 Both of these carbon isotopic excursions were broken into three slightly 
overlapping intervals for inclusion in our dataset; these include the decrease in 
13Ccarb values, the nadir or trough, and the increase to previous levels. In the 
decreasing and increasing intervals a portion of the base-line “typical 
Neoproterozoic” carbon isotopic values were included to apply conservative 
uncertainty ranges to different parts of the anomalies. The separate but overlapping 
interval approach was chosen to increase the likelihood of robust correlation 
(Sadler, 2012) and make it possible to utilize isotopic data even if the anomaly is 
truncated in a section (e.g., only the bottom and middle intervals Islay excursion are 
recorded in the Russøya Member of the Polarisbreen Group, Svalbard; Hoffman et 
al., 2012).  

Geochemical and paleontological data are typically presented in separate 
publications; these data were integrated by utilizing stratigraphic positions of 
distinctive marker beds described in both paleontological and geochemical 
literature to determine meterage scaled to fossil occurrence depths. An example of 
this is seen in the extrapolated Backlundtoppen Formation and Russøya Member 
section derived from paleontological work by Knoll and colleagues (1989) that 
allowed placement of the Islay isotopic excursion from data of Hoffman et al. (2012) 
due to both papers’ description and position of the distinctive Dartboard Dolomite 
Member. 
 
2.3 Glacial Tillites 

Two globally synchronous glaciations (e.g. Macdonald et al., 2010; Rooney et 
al., 2015) commonly referred to as the Sturtian glaciation (~716-660 Ma; 
Macdonald et al., 2010; Rooney et al., 2015) and Marinoan glaciation (<654-635 Ma; 
Hoffmann et al., 2004; Condon et al., 2005; Zhang et al. 2008; Prave et al., 2016) 
occurred during the early to middle Neoproterozoic Era. When glacial tillites 
assignable to either the Sturtian or Marinoan event occur in or are closely 
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associated with fossiliferous sections, they were included as additional constraints 
and the dates indicated above were used to time-calibrate the occurrences of events.  
 
2.4 The CONOP Program 

The CONOP program is used here to develop the best-fit hypothetical order 
of species first appearance and last appearance data (FAD and LAD), radiometric 
ages, carbon isotopic events and tillite deposits. CONOP utilizes a heuristic (trial and 
error) approach; because of this, each run of the program will likely find a slightly 
different solution, even when all starting conditions remain the same. At the start of 
a run of the program, events without a priori order (i.e. species FAD and LAD) are 
randomly assembled by the program with all FAD events grouped in the first half 
and all LAD events in the second half of the sequence. Other events are placed in 
known order between those ends. Because events do not occur in the same order in 
all local sections, CONOP seeks a composite sequence that is most parsimonious 
with all sections. To do this the CONOP algorithm proceeds by introducing 
successive changes (mutations) in a hypothetical sequence and measuring the 
quality of that new sequence by summing minimum local adjustments needed to 
make all the field data agree with that sequence. These adjustments can include 
extending (stretching) stratigraphic ranges of taxa or compressing (shrinking) 
uncertainties on placement of geochemical or glacial events (explained in more 
detail below). Sequence mutations must honor all known species coexistences. The 
quality of the mutated sequence is assessed by two criteria:  1) How much shrinking 
and stretching of locally observed ranges and uncertainty intervals is needed to 
make all sections fit the sequence; and 2) How many unobserved coexistences does 
it introduce? The weighted sum of these two criteria is the measure of misfit 
between data and the hypothetical sequence that CONOP seeks to minimize (Sadler, 
2010). Mutations that reduce misfit are always kept. Most mutations that increase 
misfit are rejected, but in order to avoid suboptimal outcomes, some bad mutations 
must be accepted. The likelihood of rejecting a bad mutation increases with the size 
of the misfit that it adds and with the number of trials since the start of the 
optimization. Tolerance for bad mutations is based on an analogy with attempts to 
growth a flawless crystal by slow cooling; this well-established heuristic method is 
termed simulated annealing (Kirkpatrick et al., 1983). 
 CONOP produces multiple equally good hypothetical solutions for large and 
locally contradictory datasets. The differences between those solutions are caused 
by the underdetermined nature of the problem: there will be sets of taxon first 
and/or last appearances for which the local sections do not provide enough 
information to uniquely determine their order. This is typically due to either long-
lived taxa in short sections or rare taxa that occur in too few sections. This is an 
unsurprisingly common occurrence in Neoproterozoic biostratigraphy given the 
long stratigraphic ranges of several taxa (Butterfield, 2007). Fortunately, several 
sections that might perform this way can be placed into stratigraphic context of 
“better behaved” sections. For example, the Macdonaldryggen Member of the 
Elbobreen Formation of Svalbard preserves only species of Leiosphaeridia, a 
tremendously long-lived form-genus, but the stratigraphic position of this unit can 
be linked to the more fossiliferous and informative units in the rest of the 
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Akademikerbreen Group + Polarisbreen Group succession, forcing the positions of 
the problematic section. Nevertheless, a few small irresolvable “knots” of events 
generate a number of equally good permutations that differ in minor details. 
 
2.4.1 Treatment of Data Types 
 Within the CONOP algorithm these four types of data— biostratigraphic 
ranges, isotopic excursions, radiometric age constraints, and glacial sedimentary 
features—are assigned to three different logical categories of relative age 
information. The categories present different options to the algorithm that must 
adjust local events to fit the trial sequences. Because the local ends of species ranges 
are not expected to capture true origination (FAD) and extinction (LAD) events, 
local first and last observations of a species are biased estimators, tending to 
underestimate the true duration of a taxon. Accordingly, CONOP allows local 
biostratigraphic ranges to stretch to bring all local species successions into 
agreement with a single sequence of events. The composite species range includes 
times when the species occurs anywhere. The net shortfall between locally observed 
ranges and the hypothetical composite range is its misfit. 

Glacial events and isotopic excursions, however, are better input as 
uncertainty intervals; the recognition of isotopic excursions, for example, depends 
upon the abruptness of the chemical changes and sample spacing. Glacial events are 
input within a local section as individual intervals, whereas an isotopic excursion is 
treated as three movable and overlapping intervals (e.g. fall, trough, and rise) 
designed to ensure a given interval will capture at least one common point in time 
where it occurs in all local sections. This data type is allowed to shrink to fit in a 
correlation, as they are purposefully input as looser depth constraints (e.g. the 
bottom and top intervals of a negative excursion include typical 13C values from 
before the fall to negative values and after the return, respectively). The composite 
solution estimates where that part of the glaciation or excursion is seen everywhere. 
Radiometric age data are recorded twice; the dated sample is treated as an 
immovable marker event in the section where it was collected and all dated events 
are entered as an uncertainty interval in a single age-scaled “pseudo-section” using 
the two-sigma analytical error. These uncertainty intervals adjust to fit by shrinking. 
Thus, dates may be entered whose uncertainties overlap. This allows us, for 
example, to include a few detrital zircon analyses that constrain maximum ages. The 
different freedoms to adjust these different data types are assigned in data entry so 
that as much information as possible is used without overstating the precision of 
any of it (Sadler et al., 2014).  

The size of each adjustment, whether the stretch of a local taxon range or 
shrinkage an uncertainty interval, is measured in event levels rather than 
stratigraphic thickness. This strategy, now routinely adopted for Phanerozoic data, 
avoids the confounding influence of different accumulation rates.  Other factors 
being equal, it gives preference to information from the most richly fossiliferous, 
and best sampled sections rather than the thickest sections. It enables incorporation 
of sections for which unit thicknesses are reported only as a range of values and 
reduces the precision required when aligning information from more than one 
publication describing the same section. 
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2.4.2 Buffer Regions 

As an artifact of a priori selection of an interval of study—rather than 
examining the whole span of existence of the eukaryotes— taxa that originated 
before 1Ga have their local oldest finds artificially clustered at the beginning of our 
interval (or somewhat after the beginning for less than common taxa), so there is a 
certain amount of run-up time required to reach standing richness. This is seen in 
reverse at the end of an interval of interest where species LAD events cluster. 
Artificial truncations at arbitrary interval boundaries can create the appearance of 
large speciation and extinction events. To mitigate this “edge-effect” we added 
buffer regions by including Mesoproterozoic and Ediacaran sections to pull the 
spurious range-end events away from the boundaries of our interval of study (1 Ga 
to 635 Ma; Figs. 2–5). These buffer regions are shown in grey (Figs. 2–5) and should 
not be read as richness records for the Mesoproterozoic Era and Ediacaran Period 
due to incomplete data and the same edge-effect mentioned above. 
 
3. Results and Discussion  
3.1 Species Richness Record 

Development of the species richness record proceeds from CONOP solutions 
in three steps, which are discussed in greater detail by Sadler and colleagues (2009). 
Briefly, this proceeds from the ordinal composite (discussed in section 2.4) with 
creation of a cumulative running total of taxon richness calculated from taxa FAD 
and LAD events in an ordered and equally-spaced sequence (Fig. 2A). This is the 
sequence that CONOP optimizes. The second step scales the spacing between events 
using net turnover to estimate the relative duration of sections and mean rock 
thickness to estimate the relative waiting time between events (Fig. 2B). This step 
requires simplistic assumptions about turnover and accumulation rates that are not 
allowed to compromise the primary sequencing; the essential aspect of this second 
step is that sets of events whose internal sequence is not resolvable receive zero 
spacing (Sadler et al., 2009). This thickness-scaled composite should look like a 
single hypothetical section that records all events in their order and with variable 
spacing that can include, for example, mass extinction horizons. Conversion from a 
thickness-scaled composite to an age-scaled composite sequence (Fig. 2C) relies 
upon dated events in the initial optimization; it proceeds by piece-wise 
interpolation between dated events using a cross-plot of the age-scaled pseudo-
section and the thickness-scaled composite section (Fig. 3). 

The species richness record presented here (Fig. 4A) overlays six best-fit 
calibrated richness histories utilizing the same run-time parameters and input of 
paleontological, carbon isotopic, radiometric and glacial data. These solutions vary 
because of the underdetermined nature of the problem. The heuristic approach 
taken by CONOP allows the set of equally well-fit solutions to be presented as an 
explicit and conservative band of uncertainty, together with the shape of any 
individual solution. The variation among solutions smears but does not wash-out 
essential features of the richness history. Examples can be seen with the grey and 
black peaks ~770 Ma (Fig. 4A) that indicate multiple FADs of taxa in the Alinya 
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Formation as well as grey and black peaks ~743 Ma of FADs of taxa such as 
Jacutianema solubila, Germinosphaera spp and Proterocladus spp from the upper 
Svanbergfjellet Fm (arrows in Figs. 4 and 5). These peaks have slightly varying 
placements in the six age-scaled solutions presented, but the variations are by only a 
few million years.  
 
3.1.1 Major Features of species richness record 
 Our age-scaled species richness record shows a moderate and rather stable 
richness level continuing from the Mesoproterozoic into the early Neoproterozoic, 
as has been reported in many previous studies (e.g. Knoll, 1994; Knoll et al., 2006). A 
sharp richness peak is seen ~810 Ma based on new data from Cohen and colleagues 
(2017) that constrains the age and placement, with respect the Bitter Springs event, 
for the Fifteenmile scale fossils. Prior to these new data, this fossiliferous unit had 
been constrained to have occurred between the Bitter Springs and Islay events and 
the CONOP program had placed the taxa FADs and LADs nearer the Svanbergfjellet 
peak. Because the Fifteenmile scale taxa are still unknown from any other units their 
FADs and LADs provide no direction to CONOP for placement in the sequence, thus 
the previous, younger placement in the age-scale composite was likely due to the 
upsection occurrence of acritarch taxa such as Trachyhystrichosphaera aimika and 
Cymatiosphaeroides kullingii. This large jump of the peak indicates the power of 
additional age constraints and even more so, the significance of understanding the 
fossil unit’s position relative to the Bitter Springs and Islay carbon isotopic events. 

At ~800 Ma another jump in richness occurred and step-wise increase 
continued until a peak ~770 Ma. At this time a decline in richness began and is 
associated with loss of several long and short-ranging acritarch taxa (Fig. 5). This 
loss begins with taxa such as Squamosphaera colonialica (=Satka colonialica), 
Navifusa spp., and the problematic and possibly taphonomically derived Tasmanites 
rifejicus, and continues with loss of the shorter-ranging Culcitulisphaera revelata and 
Vidalopalla verrucata, and finally Valeria lophostriata, Tawuia dalensis, 
Cerebrosphaera globosa, Lanulatisphaera laufeldii and Trachyhystrichosphaera 
aimika. (Simia annulare is also lost during this interval but at the same time, the 
morphologically similar Simia nerjenica appeared. Due to unresolved taxonomic 
problems with the genus, the comings and goings of these taxa are given little 
weight.) During this broad decline in richness from ~770 to ~733 Ma there are 
several local peaks, the latter of which are associated with first occurrences of 
several vase-shaped microfossil taxa such as Cycliocyrillium simplex and 
Melanocyrillium hexodiadema. These vase-shaped microfossil species are short-
lived, disappearing by ~733 Ma. After ~733 Ma richness values stabilized at a level 
lower than had been seen in the previous 500 million years; those levels remained 
low through the end of the Marinoan glaciation (~635 Ma). 
 In order to determine any influence of the uneven nature of Precambrian 
sample availability upon taxon richness estimates, the CONOP rarefaction algorithm 
(discussed in detail in Sadler, 2012) was used to produce a rarefied richness curve, 
standardized to a uniform sample size of 50 local ranges (with the exception of the 
end of the interval of study where the number of available sections was below 50 
local ranges). This rarefied richness curve (Fig. 4B) echoes the major features of the 
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age-scaled richness curve (Fig. 4A) such as the richness increase between ~800 and 
770 Ma, the broad loss of richness from ~770 to ~738, a short-lived richness 
increase from cameo appearances of VSM taxa, and then decline after ~733 Ma. The 
striking similarity of the rarefied richness curve with the non-standardized, age-
scaled richness curve provides support for this solution and suggests minimal 
influence of uneven sampling across the interval of study. Similar trend stability was 
seen by Cohen and Macdonald (2015) in their investigation of the effects of 
lithological biases on Precambrian diversity records, providing additional support 
for the robustness of the Proterozoic fossil record. 
 These results are not completely dissimilar from those of previous studies of 
Precambrian species richness that reported an increase in richness between 900 
and 800 Ma and a sharp drop preceding or associated with the Cryogenian 
glaciations (Knoll, 1994; Vidal and Moczydłowska-Vidal, 1997; Knoll et al., 2006; 
Cohen and Macdonald, 2015). The current study, however, benefits not only from 
the addition of non-paleontological data, but also from the increased resolution 
available by inclusion of poorly or undated fossil assemblages, data unavailable in 
approaches using within-assemblage richness (Knoll, 1994; Knoll et al., 2006; Cohen 
and Macdonald, 2015) or interval binned richness (Vidal and Moczydłowska-Vidal, 
1997; Huntley et al., 2006). Here we see more detail in the initial richness increase, 
which is intriguingly (and at least temporally) associated with the initial stages of 
the Bitter Springs carbon isotopic event, and we see a more protracted loss of 
richness with disappearance of long-lived acritarch taxa largely preceding the 
appearance of vase-shaped microfossil taxa and providing support for earlier 
observations of apparent biotic turnover (e.g. Nagy et al., 2009). Although 
previously hypothesized to have been precipitated by the onset of the Sturtian 
glaciation, our data indicate the ~770 to ~733 Ma drop in richness—and indeed 
extinction, as these taxa are never again seen—occurred well before any lithological 
evidence of glaciation. This loss of richness, first of many acritarch taxa and later of 
VSMs— appears to have occurred before and then during the earliest stages of the 
Islay carbon isotopic excursion.  In contrast to the interval of Bitter Springs 
anomaly, no richness increase accompanies the Islay. This would suggest that any 
relationship between carbon isotopic excursions and eukaryotic richness is more 
complex than cause and consequence. Despite occurrences of enigmatic protistan 
forms and macroalgae reported from interglacial and Marinoan units (Bosak et al, 
2011a,b; Bosak et al., 2012; Dalton et al., 2012; Cohen et al., 2015; Ye et al 2015), a 
low level of species richness continued through the Sturtian and Marinoan 
glaciations, with richness recovering later in the Ediacaran Period with the 
appearance of a new suite of taxa (Knoll et al., 2006; Cohen and Macdonald, 2015). 
 
3.2 Potential index taxa 
 From placements of first and last appearance events in an age-scaled, best-fit 
composite section, total stratigraphic ranges can be estimated for all taxa. In 
addition to explaining some of the features of the richness record (as discussed 
above), these stratigraphic range data can be considered when forming a list of 
potential index taxa. Because ideal index taxa should be common, globally 
distributed, easily and confidently identified and short-lived, few Neoproterozoic 
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taxa fit the bill. Stratigraphic ranges for morphologically distinct taxa that appear in 
four or more sections within the database with no significant gaps or outliers are 
illustrated in Figure 5.  
 Although none of the potential Neoproterozoic index taxa previously 
suggested in the literature or discovered during this study can approach the 
Phanerozoic standard for index fossils in terms of numbers of reported occurrences 
or time-restricted stratigraphic range, several species do appear to have strong 
potential biostratigraphic utility. These include Cerebrosphaera globosa (=C. buickii; 
Hill et al., 2000; Grey et al., 2011), vase-shaped microfossil taxa such as 
Cycliocyrillium simplex or Melanocyrillium hexodiadema (VSMs; Porter and Knoll, 
2000; Strauss et al., 2014; Riedman et al., this issue) and to a lesser extent, 
Trachyhystrichosphaera aimika (Vidal et al., 1993; Butterfield et al., 1994; 
Samuelsson and Butterfield, 2001; Srivastava, 2009; Tang et al., 2013).  

Cerebrosphaera globosa is a cosmopolitan, distinctively wrinkled and robust-
walled acritarch that is easily recognizable in both acid macerations of siliciclastics 
and in thin sections of chert (Porter and Riedman, 2016); it is also one of the most 
commonly suggested index fossil candidates (e.g. Hill and Walter, 2000; Grey et al., 
2011). The oldest finds of C. globosa are estimated to be ~800 Ma from the 
Centralian Basin of Australia (Grey et al., 2011) and the youngest are from the Chuar 
Group, USA and dated to be between 751 and 729 Ma (Nagy et al., 2009; Porter and 
Riedman, 2016; Rooney et al., in press). This taxon’s stratigraphic range as derived 
from the CONOP age-scaled composite (Fig. 5) is estimated to be somewhat tighter, 
from ~792 to 738 Ma, providing even greater support for this taxon as an important 
biostratigraphic element.   

Trachyhystrichosphaera aimika has also received a great deal of attention as a 
possible index taxon (Kaufman et al., 1992; Vidal et al., 1993; Butterfield et al., 1994; 
Knoll, 1996; Tang et al., 2013; Xiao et al., 2016; Baludikay et al., 2016; Beghin et al., 
2017); it is a large (up to 700 m in diameter), process-bearing acritarch found in 
both siliciclastics and cherts world-wide. Paleontological reports and radiometric 
data constrain this taxon to between ~1.1 Ga and ~750 Ma based on occurrences in 
the Atar El Mreïti Group, Democratic Republic of Congo (Beghin et al., 2017; Rooney 
et al., 2010) and the Kwagunt Formation of the Chuar Group (Porter and Riedman, 
2016) and Draken Formation (=T. vidalii; Knoll et al., 1991). The stratigraphic range 
estimate of T. aimika is from ~1.1 Ga (based on radiometric constraints on 
occurrences) to between 743 and 738 Ma (Fig. 5) according to CONOP’s age-scaled 
composite. The uncertainty in this LAD (expressed as a dotted line in Fig. 5) is due to 
the occurrence of an outlier at ~738 Ma, namely, the occurrence of T. aimika in the 
stratigraphically well-constrained but undated Draken Formation, Svalbard (Knoll 
et al., 1991). This is the only instance of this taxon, or indeed any of the complex 
Tonian acritarch taxa, co-occurring with vase-shaped microfossil taxa. The 
stratigraphic range estimate of T. aimika suggests that on its own, this taxon is too 
long-ranging for its fossil find to be of significant biostratigraphic use in 
constraining host rock age. 
 Vase-shaped microfossils have also been put forth as possible index taxa for a 
number of years (Knoll and Vidal, 1980; Porter and Knoll, 2000; Porter et al., 2003; 
Strauss et al., 2014; Cohen et al., 2017; Riedman et al., this issue). These are 
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morphologically distinct taxa that appear in various lithofacies in a variety of 
preservational modes and they have a broad paleogeographic distribution. The 
stratigraphic ranges of VSM taxa such as Cycliocyrillium simplex are constrained by 
paleontological, radiometric and carbon isotopic events to be ~789 Ma to ~729 Ma 
based on FADs that all post-date the end of the Bitter Springs carbon isotopic 
anomaly and the youngest occurrence below the dated tuff of the upper Chuar 
Group ~729 Ma (Porter et al., 2003; Rooney et al., in press; Riedman et al., this issue). 
The CONOP age-scaled composite suggests the possibility of an even shorter range 
of ~760 to ~733 Ma (Fig. 5), providing additional support for use of an individual 
VSM taxon or an assemblage of VSM taxa as biostratigraphic markers of the late 
Tonian. 
 Finally, other morphologically distinctive acritarch species such as 
Lanulatisphaera laufeldii, Cymatiosphaeroides kullingii, Culcitulisphaera revelata and 
Vidalopalla verrucata may also be found to have strong biostratigraphic potential 
but at this point—the last two species especially—have too few occurrences for 
broad application or for strong confidence in their stratigraphic ranges. A likely 
eventual Neoproterozoic biostratigraphic solution is construction of one or more 
assemblage zones including the taxa mentioned above and taking advantage of 
commonly co-occurring taxa and the relative positions of their FADs and LADs.   

Returning to our earlier characterization of the progress of Phanerozoic 
biostratigraphy, we have shown that the Neoproterozoic fossil record is sufficient to 
support a global paleobiological timeline that integrates information in the manner 
of the most advanced stage of Phanerozoic biostratigraphy. The biotic turnover is 
neither sufficiently rapid, nor sufficiently thoroughly preserved, however, that we 
can advocate treating local first appearances as correlative FADs.  Rather, section-
to-section and section-to-composite correlation remains at the level of coarse 
assemblages. 
 
4. Conclusions  
 Paleontological, geochemical, sedimentological and radiometric data from 
166 globally distributed formations have been combined and analyzed using the 
CONOP seriation algorithm, resulting in a high-resolution eukaryotic species 
richness record for the early to middle Neoproterozoic Era (1 Ga to 635 Ma). Major 
features of this record include an increase in species richness ~800 Ma, which 
continued to a richness peak ~770 Ma, followed by a decline from ~770 to ~733 
Ma, which was fueled by losses of long and short-ranging complex acritarch taxa. 
During this broad decline in richness the iconic Neoproterozoic vase-shaped 
microfossil taxa appear and disappear. By ~733 Ma richness values fell to—and 
maintained for an extended time—levels lower than recorded for the previous half-
billion years, not returning to previous levels until the rise of Ediacaran acritarch 
taxa after the end of the second Cryogenian glacial event.  

These analyses permit estimation of stratigraphic ranges of all taxa, useful 
not only for providing insight into the features of the richness record, but also for 
objectively seeking biostratigraphic index taxa for this interval. From these analyses 
several species appear to be of potential importance in Neoproterozoic 
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biostratigraphy—in particular, Cerebrosphaera globosa and vase-shaped microfossil 
taxa such as Cycliocyrillium simplex species are especially well supported. 
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Figure 1. Paleogeographic locations and table of sections. A paleogeographic 
reconstruction at ~780 Ma with red stars showing general locations of fossiliferous 
sections in database. Table records sections in database. See supplementary tables 
for further details. Craton/terrane abbreviations: A = Amazonia; Ae—Avalonia 
(east); Aw—Avalonia (west); B—Baltica; C—Congo; EA—East Antarctica; ES—East 
Svalbard; G—Greenland; I—India; K—Kalahari; L—Laurentia; NA—Northern 
Australia; NC—North China; R—Rio Plata; S—Sahara; SA—Southern Australia; SC—
South China; Sf—Sao Francisco; Si—Siberia; T—Tarim; WA—West Africa. Modified 
from Li et al. 2013. 
 
Figure 2. Ordinal, thickness-scaled and age-scaled species richness. Three 
stages in calibration of a taxon richness time series.  (A) Cumulative running total of 
taxon richness calculated from CONOP placement of first and last occurrences in an 
ordinal best-fit sequence of events; each position in sequence is occupied by only 
one event; event spacing is uniform. (B) Thickness-scaled composite; spacing of 
adjacent events from (A) is scaled to their mean stratigraphic separation; sets of 
events whose internal sequence is not resolvable receive zero spacing. (C) Age-
scaled composite; ages of events in (B) are estimated by piecewise linear 
interpolation. Bitter Springs and Islay carbon isotopic events and Sturtian and 
Marinoan glacial events are indicated throughout for temporal context. Grey buffer 
regions discussed in text section 2.4.2. 
 
Figure 3. Age calibration of composite richness. Piecewise-linear age calibration 
curve for composite sequence (converts Fig. 2B to 2C).  Red diamonds: coordinates 
of dated events in composite sequence and time scale (each event generates two 
symbols, e.g. the ends of a 2-sigma analytical uncertainty for radiometric dates or 
onset and termination of a glaciation.)  Blue crosses: interpolated age for each event 
horizon in the interval-scaled composite.  Grey buffer regions discussed in text 
section 2.4.2. 
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Figure 4. (A) Higher resolution 1Ga to 635 Ma age-scaled richness and (B) 
rarefied richness. (A) One representative richness solution (black line) shown 
against band (grey) encompassing the sum of five additional solutions. Variation 
results from heuristic approach of CONOP program combined with long-ranging or 
rare taxa that provide too little constraint for robust placement. (B) Rarefied 
richness curve (black line) of one richness solution in which data are reduced to a 
uniform sample size of 50 local ranges. Raw richness is unaltered in interval in 
which actual sample size was lower than 50 local ranges (dashed line). 95% 
confidence interval for rarefied solution (grey band). For both (A) and (B) note 
major features of record, i.e. richness increase onset ~800 Ma, peak ~775 to 770 
Ma, broad decrease, sharp increase with appearance of VSM taxa, then decline with 
their loss and further drop into Islay carbon anomaly. Note scale changes to x-axis to 
show detail of interval of greatest activity. Grey buffer regions discussed in text 
section 2.4.2. 
 
Figure 5. Taxon ranges for select taxa with compressed age-scaled richness. 
Estimated stratigraphic ranges for taxa that appear in four or more sections with no 
large gaps or outliers, and those suggested as index taxa. Numbers in parentheses 
next to taxa indicate number of sections in which they occur within the database. 
“VSM spp.” Refers to all VSM taxa, including occurrences of specimens not resolvable 
to genus-level from published illustrations. “Eleven VSM species” indicates the 
stratigraphic ranges of the following species with occurrences in 1 to 5 sections 
within the database: Bonniea dacruchares, B. pytinaia, Bombycion micron, 
Cycliocyrillium simplex, C. torquata, Hemisphaeriella ornata, Melanocyrillium 
hexodiadema, Melicerion poikilon, Palaeoarcella athanata, Trachycyrillium pudens, 
Trigonocyrillium horodyskii. Note scale changes to x-axis. Grey buffer regions 
discussed in text section 2.4.2. 
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Highlights for “Global species richness record and biostratigraphic potential of early to 

middle Neoproterozoic eukaryote fossils” Leigh Anne Riedman and Peter Sadler 

 

 Use CONOP program to estimate eukaryotic species richness for Tonian and 
Cryogenian 

 Richness peak ~770Ma, decline of acritarchs, brief pulse of VSM taxa, further 
drop 

 Richness declines, many extinctions occur well before Snowball Earth 
glaciations 

 We assess index taxa, find support for Cerebrosphaera globosa and species of 
VSMs 

 




