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1.1 Historical framework of taxic paleobiology
Advances in the computational capacity of electronic devices have radically changed the 

way we look at the world and how we live our everyday lives, let alone how we do science. 

The field of paleontology today is quite different from the discipline our forebears cultivated 

in times before the mid-20th century. The amassment of the vast amount of paleontological in-

formation attracted and required specialists who held the analysis and synthesis of large-scale 

or general patterns of the history of life as their primary research focus. Theories of punctuated 

equilibria (Eldredge and Gould 1972), the mathematical description of diversity and cladoge-

nesis (Raup 1985), mass extinctions (Raup and Sepkoski 1982) and many more concepts and 

insights are all the fruits of this research agenda.

Improvements  in data management  let paleontology become a quantitative science, al-

lowing numerical and statistical tools not only to extract more information from the fossil 

record we know, but also to express the uncertainties of the statements that we make (Hammer 

and Harper 2006), and to employ measures to judge whether or not the available data support 

the hypotheses developed on intuitive interpretations. The term “taxic” reflects on the scope of 

research: for global scale analyses and interpretation, the biological units of these studies are 

always taxa, and lower scale hierarchical categories used in ecological and and/or evolutionary 

studies (populations, demes, avatars) are not considered.

The analysis of global diversity requires the compilation of as much taxonomic occurren-

ce data as possible in order to depict meaningful patterns of change over time. From the mid-

19th century paleontologists strived to gather all available data to accomplish the enormous task 

of producing a comprehensive picture of the changes in the diversity of life on Earth through 

geological history. These attempts were undertaken by visionary researchers who did not spare 

the time and effort and spent many years of their lives compiling data that comprised the fossil 

record as they knew it. These people (such as John Phillips, Norman Newell, Michael Benton 

and John Sepkoski to name but a few) made it possible that the study of past global biodivers-

ity became a very active, important discipline that frames our understanding of the large-scale 

patterns of ecology, evolution and the history of life. In our times, this knowledge potentially 

also help us to assess the impact of activities of humankind on the Earth System as a whole.

As our effects on  the biosphere became more and more evident over  the past decades, 

we had to cope with the increasing necessity to relate the present day changes of our environ-

ment to previous states and events of the Earth System as they were recorded by the geologic 

and fossil record. These agenda lead to the partial integration of the previously rather isolated 

disciplines and blurred their boundaries. The global nature of the problems at hand unifies re-

searchers from various backgrounds and nationality. Coupled with the rapid development of 
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the internet, new possibilities emerged to cope with the gathering, storage and maintenance of 

ecological data. Databases like the Global Biodiversity Information Facility (http://www.gbif.

org/), the Ocean Biogeographic Information System (http://www.iobis.org/) the World Register 

of Marine Species (http://www.marinespecies.org/) and many others are now readily available 

to serve data-intensive research of ecologists with occurrence and taxonomic information of 

extant taxa. 

Similar advancements have been made in the field of paleontology. The creation and de-

velopment of the Paleobiology Database (PaleoDB, https://www.paleobiodb.org/) through in-

ternational effort allow downloading and utilization of fossil data for everyone with access to 

the internet. This way people with fresh perspectives and interdisciplinary approaches can have 

a new look on a particular problem that might require out-of-the-box thinking, although the 

main purpose of this tool was to provide data for analyses that give us a chance to get insights 

on macroecological or macroevolutionary questions of the entire biota, as well as individual 

taxa, ecological groups or distinct localities and time intervals.

1.2 Geological and evolutionary framework

1.2.1 Large scale overview

The word “Mesozoic” was coined by John Phillips, the scholar who constructed the first 

curve (Phillips 1860) of how biodiversity changed through time. This term refers to the inter-

mediate composition of animal life in the interval when compared to the Paleozoic and Ceno-

zoic eras. Bounded by two mass extinctions, during its roughly 200 Myr. duration (252.2 - 66.0 

Ma, Gradstein et al. 2012) the Mesozoic included yet another mass extinction, witnessed the 

breakup of the last supercontinent Pangea and major changes in the biota, much of which were 

direct conclusions of the biotic crises of varying severity.

1.2.1.1 Abiotic conditions

The Mesozoic can be characterized by a generally warm climate and with the absence 

of polar ice caps, a phenomenon attributable to higher CO2 concentration of the atmosphere 

(Berner and Kothavala 2001, Fletcher et al. 2008). The Late Permian to Middle Jurassic is one 

of the most intensively studied “greenhouse” intervals. The onset of these conditions coincide 

with the P/T mass extinction (Clapham and Payne 2011) although temperature peaked in the 

Early Triassic (Gröcke 2009) accompanying the lowest eustatic sea level during the Meso-

zoic. Due to the unique ocean and atmospheric circulation patterns induced by the superconti-

nent Pangea, the Early-Middle Triassic climate was dominated by highly seasonal conditions  

(Parrish 1993) with alternation of humid and arid climate, which became somewhat more  
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uniform by the Late Triassic (although monsoonal conditions were still present). Intervals of 

rapid warming are inferred at the Triassic-Jurassic boundary (TJB) and during the Early To-

arcian  (Gröcke 2009), both events were accompanied by oceanic anoxia, ocean acidifiation 

and biotic crises (see below). The latter roughly coincided with a change in the Mg/Ca ratio of 

seawater, the transition from “aragonite II” to “calcite II” interval that impacted shell minerali-

zation patterns of calcifying organisms (Kiessling et al. 2008).

The breakup of Pangea began at the TJB, with the onset of the Central Atlantic Magmatic 

Province (CAMP) and the initial rifting of the Atlantic Ocean. The dispersion of continents dis-

rupted the monsoonal climate by the Late Jurassic (Parrish 1993) and caused eustatic sea levels 

to rise until the late Cretaceous (Miller et al. 2005). The Jurassic world is generally characte-

rized by warm, humid, tropical climate (Frakes et al. 2005), although multiple, rapid warming 

and cooling phases are also likely based on the variation of δ18O record (Dera et al. 2011). 

The Middle to Late Jurassic transition in marked by overall cooling that might have coin-

cided with brief intervals of continental glaciation (Dromart et al. 2003). Cooler climate is 

inferred until the Early Cretaceous with minor fluctuations, probably forced by changes of CO2 

levels (Fletcher et al. 2008).

A major climatic shift is inferred around Barremian-Aptian boundary (Erba 2004, Gröc-

ke 2009) increasing CO2 levels and is likely related to the onset of the Ontong-Java Plateau 

(Larson and Erba 1999) large igneous province. CO2 concentration rose to 2-10 times higher 

(Berner and Kothavala 2001) than modern levels due to the higher tectonic activity and fas-

ter spreading. The Middle and Late Cretaceous intervals were characterized with warm and 

extremely warm climates, low equator to pole thermal gradient, and the absence of polar and 

subpolar climatic zones. (Kaufmann and Johnson 2009). Eustatic sea level rose to more than 

200 m above modern levels, to its highest stand in the past 250 Myr (Miller et al. 2005). 

Signs of multiple anoxic events similar to that of the Early Toarcian appear in geological 

record of the Cretaceous. The currently recognized events according to Jenkyns (2010) are the 

Weissert (Late Valanginian), Faraoni (Latest Hauterivian), Selli (OAE Ia, Early Aptian) Paqui-

er (OAE Ib, Early Albian), Breitstroffer (OAE Id, Late Albian), Bonarelli (OAE 2, Cenoma-

nian-Turonian) and the OAE 3 (Coniacian-Santonian) Events that are well studied due to the 

availability of continuous sedimentary records through DSDP and ODP cores. 

By the end of the Cretaceous, a warm climate is passed to the Paleogene and modern con-

tinents are formed. The end of the era is that marked by an asteroid impact (Alvarez et al. 1980) 

and coeval flood basalt volcanism of the Deccan Traps (Courtillot and Fluteau 2014) that led 

to a mass extinction. 
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1.2.1.2 The Mesozoic biota

The marine biota of the Mesozoic, which is in the focus of this thesis, can be characteri-

zed by the emerging dominance of the Modern the evolutionary fauna (Sepkoski 1984). Sin-

ce the beginning of the Triassic, bivalves, gastropods, echinoids and vertebrates dominate as 

macroscopic record, while the importance of the Paleozoic fauna (e.g. articulate brachiopods, 

crinoids) decreased markedly. 

In the planktonic habitat, the most important change in primary production from a pale-

ontological point of view was the appearance of calcareous nannoplankton in the Late Triassic 

(Bown et al. 2004), although, it is likely that the group evolved much sooner, potentially during 

the aftermath of the P/T mass extinction. The evolution of planktonic foraminifera is also of 

great importance to applied paleontology (mostly to biostratigraphy and paleobiogeography).

In reef habitats, scleractinians replaced rugose and tabulate corals and remained the do-

minant reef-builders ever since. Only the Cretaceous was characterized by the dominance 

of pachyodont bivalves (rudists) in these environments until their final extinction during the 

end-Cretaceous mass extinction.

By the Late Mesozoic characteristic morphologic and ecological changes occurred in the 

benthic habitat. Increase in predation, grazing, infaunalization and mobility (Aberhan et al. 

2006) are all attributed to a set of changes referred to as the “Mesozoic Marine Revolution” 

(Vermeij 1977). These trends are thought to be related to the the evolutionary response of prey 

to increased predation pressure and bioturbation (“bulldozing”, Thayer 1979), a relationship 

known as the escalation hypothesis. Although the macroevolutionary trends are supported by 

rigorous analyses (Aberhan et al. 2006), based on the results of Madin et al. (2006) it is likely 

that the trajectories were statistically independent.

The terrestrial plant ecosystem can be characterized by gymnosperm dominance in most 

of the Mesozoic. In this interval the evolution of angiosperms is of highest importance, with 

the time of  their  likely origination being around the Jurassic-Cretaceous boundary. The first 

stratigraphically and systematically robust pollen fossils of the group are from the Hauterivian 

(Friis et al. 2011), which is in accordance with results based molecular data (Anderson et al. 

2005). Almost all extant higher taxa of angiosperms appeared by the end of the Cretaceous. 

The most characteristic feature of the era is its vertebrate fauna composed mainly of va-

rious forms of Archosauria, most notably the dinosaurs (Brusatte et al. 2010) that are inferred 

to be the stem group of birds (Xu et al. 2014). With the appearance of Pterosauria (Butler et al. 

2009) vertebrates got airborne for the first time, and the first mammals appeared to dominate 

the macrofauna after the end-Cretaceous mass extinction.



IntroductionChapter 1

12

1.2.2 Major biotic crises during the Mesozoic

1.2.2.1 The end-Triassic mass extinction

The end-Triassic event, which is one of the three most severe biotic crises of the Phane-

rozoic (Alroy 2008, 2014), was among the first of the widely recognized “big five” mass ex-

tinctions (Raup and Sepkoski 1982) to be characterized with increased extinctions of marine 

invertebrates. The geochemical record of the Triassic-Jurassic boundary is characterized by 

multiple carbon isotope excursions (Ruhl and Kürschner 2011). The carbon cycle was also 

disturbed by overall increase in the concentration of CO2 in the atmosphere as it was indicated 

by the stomatal density of megafloral elements (McElwain et al. 1999, Steinthorsdottir et al. 

2011), which likely led to super-greenhouse conditions and extreme global warming. Disso-

lution of CO2 in the oceans also caused a drop in seawater pH, and the resulting acidification 

(Hönisch et al. 2012) is believed to be one of the key mechanisms (Hautmann et al. 2008) of 

the biotic crisis, which affected tropical benthic organisms selectively (Kiessling and Aberhan 

2007a). Decrease of reef volume indicates one of the most severe reef crises of the Phanerozoic 

(Kiessling and Simpson 2011).

The temporal coincidence of these phenomena at the Triassic-Jurassic boundary (Schoene 

et al. 2010) with the volcanism of the CAMP (Marzoli et al. 2011) suggests that the primary 

cause of the extinctions was the massive degassing of CO2 at the onset of voluminous volcanic 

activity that led to the breakup of the supercontinent Pangea. The event was discussed in detail 

by the author of the thesis and his supervisor (Pálfy and Kocsis 2014).

However, a number of issues remain to be solved. In this study, global diversity analyses 

are used in an attempt to distinguish between the effects of ocean acidification and the direct 

effects of temperature increase by the assessment of extinction selectivity. Also, higher stra-

tigraphic resolution of these analyses is aimed at the better constraining of the biotic changes. 

1.2.2.2 The Early Jurassic (Toarcian) mass extinction and oceanic anoxic event (T-OAE)

The geological record of interval is characterized by the wide occurrence of laminated, 

organic rich black shales on epicontinental shelfs (Jenkyns 2010). A major negative carbon 

isotope excursion at the Harpoceras falciferum/serpentinum ammonite zone (Huang and  

Hesselbo 2014) is also a characteristic feature. Elevated extinction rates of marine inver-

tebrates  in  the  Pliensbachian  were  identified  by  Raup  and  Sepkoski  (1984). Although  the  

Pliensbachian-Toarcian interval is characterized by smaller peaks in the extinction rate values 

on recently published, sampling standardized global extinction rate curves, they are not subs-

tantially higher than their background (Alroy 2014). 
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The event is usually presented as an example of ”second-order extinctions” (Harries and 

Little 1999) often characterized by extinctions of bivalve species (Hallam 1986; Aberhan and 

Baumiller 2003). Regional extinction of various groups are often mentioned (Arias 2009; Gar-

cía Joral et al. 2011; Danise et al. 2013), which are often linked to the dysoxic conditions sug-

gested by the sedimentology of the common black shale facies. 

The most noteworthy characteristic of this biotic crisis is the widespread occurrence of 

anoxic and disoxic conditions that disrupted sea-bottom communities. These conditions emer-

ged due to the increased CO2 input to the atmosphere which increased continental weathering 

that led to enhanced nutrient discharge to the oceans and lakes, therefore increasing organic 

productivity and upwelling. Depending on the ocean circulation patterns, in several basins the 

potential of density stratification increased and led to the development of dysoxic or comple-

tely anoxic environments (Jenkyns 2010). 

Current views on the causes of the Early Jurassic event suggest a mechanism that is com-

parable to that of the end-Triassic mass extinction, due to the apparent coincidence of the en-

vironmental changes and the onset of the Karoo-Ferrar magmatic province (Pálfy and Smith 

2000), leading to global warming and reef crisis (Kiessling and Simpson 2011). 

The most interesting issue regarding this event is its spatial and temporal extent. The da-

ting of the extinctions is dubious and a number of studies suggest that an elevated number of 

extinctions occurred already in the Late Pliensbachian (Little and Benton 1995; Aberhan and 

Baumiller 2003; Cecca and Macchioni 2004). From the point of global diversity analyses, high 

resolution global and geographic studies are necessary for the better understanding of the event.

1.3 Outline

1.3.1 Objectives and rationale

The primary goal of this thesis is to provide a brief review of, and to make additional imp-

rovements to the recently developed methods in the field of diversity dynamics after their direct 

application on both procedurally generated and empirical data downloaded from the PaleoDB. 

A number of case studies are showcased after the elucidation of the analytical procedures and 

the concepts behind them as they are weaved by a common thread: important biotic changes in 

the Mesozoic era. The case studies were selected to help demonstrate the sophisticated metho-

dology of modern taxic paleobiology.

Throughout this thesis the importance of quantitative hypothesis testing is emphasized, 

which is in contrast with the intuitive thinking style that uses an explorative attitude to describe 

the various patterns emerging from the data. This includes the qualitative description of curve 
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patterns in a time series, as well as the description of multidimensional scatter plots. However, 

this approach makes it fairly difficult to assess how stochastic effects of sampling and incomp-

lete information might affect the results. In order to estimate the effects of these factors, the 

scientific questions are broken down to statistic hypotheses that can be formulated before the 

analytical procedure itself. This approach also allows the development of procedures that can 

be used to give answers to questions that require the evaluation of complex data that otherwise 

is amenable only to intuitive and highly subjective interpretation.

These complicated analyses become more and more viable due to the prevalence of com-

puter programming, especially with statistically-oriented scripting languages, such as the R 

programming framework (R Core Team 2015), which was used for all analyses presented in 

this thesis. The usage of resampling statistics (Chapter 2.4.2) generally require at least basic 

programming skills to construct its iterative framework. Among the more specific goals of the 

project is the implementation of some of the recently developed methods in the R environment, 

such as the Shareholder Quorum Subsampling for PaleoDB occurrences (Alroy 2010a,b,c) 

and the gap-filler taxonomic rates (Alroy 2014), along with other frequently used metrics and 

algorithms, to develop a functional toolkit that can be used efficiently in future studies. The 

electronic supplementary material (ESM) contains most of the developed scripts with applica-

tion examples, although the programs are still in the “alpha” developmental phase and are not 

ready for publication yet.

The application of the recently developed methodology implies the potential for its as-

sessment and further development. The comparison of occurrence- and range-based metrics of 

turnover and various subsampling algorithms was part of the project’s agenda. The most im-

portant methodological improvement is the application of increased stratigraphic resolution in 

global diversity analyses, which appears in three of the four presented case studies, and Chapter 

5 is explicitly devoted to a discussion of this question.

1.3.2 Case studies

1.3.2.1 Radiolarian diversity dynamics in the Triassic-Jurassic interval

This study (Chapter 3) demonstrates an analysis of diversity dynamics in order to better 

understand the environmental changes during the end-Triassic mass extinction. Radiolarians, 

as organisms with siliceous tests, have the potential to serve as a control group to the theory 

of ocean acidification that selectively decimated calcifying organisms (Hautmann et al. 2008). 

Although a previous analysis (Kiessling and Danelian 2011) supported the hypothesis that ra-

diolarians were not significantly affected by the end-Triassic crisis, this contradicted the results 

of research focusing on individual sections (Carter and Hori 2005). The primary novelty in 
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this study is the application of finer binning with a biostratigraphically important taxon, where 

data loss is negligible. Basic diversity dynamics with sampling standardization, extinction se-

lectivity and geographic coverage are the key features showcased. The study was published in 

Paleobiology (Kocsis et al. 2014).

1.3.2.2 Extinction selectivity in early Mesozoic spire-bearing brachiopods

This is a case study (Chapter 4) of basic diversity dynamics, with focus on extinction se-

lectivity and on its potential implications. Based on his preliminary analyses on data extracted 

from the Treatise on Invertebrate Paleontology, A. Vörös noted that groups featuring spiral 

lophophore support structures went extinct abruptly, at the Early Jurassic extinction event. The 

study assesses the hypothesis of extinction selectivity, compares the trajectories of diversity 

dynamics of spire-bearer and other forms, and has relevance in the biological understanding of 

brachiopod evolution.

1.3.2.3 Effects of increased stratigraphic resolution

A rather theoretical chapter of this thesis (Chapter 5) focuses on the implications of inc-

reased stratigraphic resolution on global diversity analyses. Procedurally generated data are 

used  to assess  the effects of  increased  resolution on  the analytical  toolkit. Then  the general 

applicability of substage level resolution in the Mesozoic is tested on PaleoDB data. Fossil oc-

currence data of Mesozoic bivalves are subjected to stratigraphic binning at various resolution 

to assess the effects of data loss and the turnover patterns under the stage level of stratigraphic 

resolution.

1.3.2.4 Environmental occupancy of scleractinian corals

Due to the environmental constraints and relatively low preservation potential, the substa-

ge level stratigraphic resolution could not be applied to the time series of scleractinian corals. 

This study (Chapter 6) is a complex application of the analytical toolkit to evaluate hypotheses 

of a broader framework. The autecological and macroevolutionary understanding of the coral 

group is improved. Beside the other methods applied previously, the utilization of environmen-

tal information is the most important feature of this study, which was published in Paleobio-

logy, (Kiessling and Kocsis 2015). 



Chapter 2

Methods



MethodsChapter 2

17

In this chapter the methods that were applied in the studies along with the principles and rea-

soning behind them are discussed in detail. This is necessary because the choice of metrics and 

correction algorithms are not trivial, and in many cases (e.g. for turnover rates) multiple calcu-

lation methods are available. This chapter explores and elucidates the statistical approaches to 

analyze global diversity and turnover.

2.1 Parameters
Everything we can state regarding the past will carry some uncertainty which is also 

affected by our understanding of the current state of events and information that is available 

for collection and what has been collected (i.e. sampled). This makes it necessary to frame our 

paradigms on evolution and the fossil record in a probabilistic and statistical context, and try to 

estimate how our models are likely to change given the information that we have.

In statistics a parameter is a real, but not directly measurable property of a system that is 

to be inferred using the process of estimation (Wang 2010). In analytical paleobiology these 

parameters describe the biotic states and characteristics of a given unit of a broader framework. 

Among these, the two most frequently used in the studies presented in this thesis are diversity 

and turnover. The primary goal of Chapter 2.1. is to characterize these parameters without re-

ference to the fossil sampling process.

2.1.1 Diversity

Diversity is a property of a compositional system that is intuitively understood, but nevert-

heless remains difficult to express. As a property we use it in an effort to reduce the dimensions 

that describe the elemental composition in order to contrast different systems. Whatever kind of 

composite system we want to analyze, diversity will always have two dimensions: the number 

of categories that contain identical objects, and the distribution of the number of objects inside 

those categories (Magurran 2004). In a biological system the first one is usually the number of 

taxa, and it is often referred to as richness while the latter one is the distribution of the number 

of specimens (or abundance) which is referred to as evenness. While richness as a dimension is 

straightforward, evenness can be measured and expressed in a number of ways. In a perfectly 

even system all categories have equal number of units (species/individuals). 

In order to reduce the number of dimensions to its minimum, numerous metrics like Shan-

non-Wiener’s H a (Magurran 2004) have been developed (Jackson and Johnson 2001; Na and 

Kiessling 2015) to describe richness and evenness as a single scalar. To clarify the somewhat 

confusing methodology regarding the treatment of diversity in multi-level hierarchical systems 

(diversity partitioning, see below), the past decade led to significant developments in the theo-
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retical understanding of this two-dimensional nature of diversity. Of core importance is the 

work of Jost (2006; 2007), advocating the interconnectedness of the unidimensional metrics as 

different expressions of the same common thread: effective richness, the expected number of 

theoretical categories that all have the same number of units inside (“True diversity”).

This section would not be complete without mentioning diversity partitioning. The con-

cept of α, β and γ diversities  introduced by Whittaker, (1960; 1972) is widely used by both 

neontologists  and  paleontologists. Although  the  definitions  are  flexible,  they  all  follow  the 

same logic: γ denotes the total diversity of the system analyzed, α denotes the diversity in a 

compositional subunit and β (Tuomisto 2010a, b) reflects the “in-between” diversity reflecting 

the dissimilarity of the subunits with various compositions and alpha diversities.

There is an increasing number of potential applications and completed studies based on 

fossil data that use this approach (e.g. Bush and Bambach 2004; McGowan et al. 2009; Haut-

mann 2015; Na and Kiessling 2015) For the research questions of this thesis the most important 

would be to partition diversity among established biogeographic units, collections, regions 

continents and environments, and to assess how the global signal emerges from regional blocks 

of information. Although the spatial structure of diversity is an important aspect of any biotic 

system, due to the vast size of this discipline and its relative irrelevance to the actual working 

hypotheses, an in-depth treatment of diversity partitioning is beyond the scope of this thesis.

2.1.1.1 Metrics of diversity

For historical reasons and for the sake of simplicity, in the context of taxic paleobiology 

the term “diversity” in itself is usually understood as the overall richness of the biotic system 

in focus, and is used accordingly throughout this text. This approach is justified by the fact that 

global compilations which contain abundance information for all taxa are not yet available, and 

by the complexity of the definition of units among which evenness can be determined on a glo-

bal scale. Although there are good reasons (Kiessling and Aberhan 2007b) to assume that the 

number of sampling units in which a species occurs (occurrence) is systematically related to its 

overall abundance (known as the occupancy-abundance relationship, Gaston 1996), the num-

ber of such occurrences is biased by sampling (see below). However, the expression of richness 

or taxic diversity is straightforward: the number of taxa existing at a given moment in time.

However, rendering a count of taxa to a continuous time dimension is practically unfea-

sible. Instead, in all cases where empirical data are processed, the time dimension is split into 

discrete intervals (or points in time) to which a simple value of diversity (or similar metric of 

choice) can be assigned. In the paleontological context, the result of this procedure is the time 

scale of the study that is bounded in resolution by constraints imposed by either stratigraphic 

resolution or data density. Although this method of binning based on already established chro-
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nostratigraphy is the most frequently used one, quantitative biostratigraphy that tries to increa-

se temporal resolution by sequencing and optimization of events is a justified approach as well 

(Alroy 1994; Sadler 2004).

Assuming that stratigraphic ranges of the taxa are available, diversity can either be exp-

ressed as the count of taxa inside a bin, or as the count of taxa at the bin boundaries. The first is 

the most straightforward and intuitive approach to express diversity and is generally known as 

the standard (Foote and Miller 2007) or range-through method of counting (RT). The latter one 

is the boundary-crosser (BC, Foote and Miller 2007) method that counts a taxon as existent at 

a bin boundary if it is present both before and after it. 

As it will be discussed later (Chapter 5), the time scale itself has an effect on the behavior 

of the statistics. As the bins increase in duration, due the RT method’s  implicit assumption that 

a single-interval taxa (stratigraphic “singletons”; that increase in count as the bin size increa-

ses) were present in the bins from its beginning to its end, the diversity metrics increase too 

(Foote 2000). On the other hand, the BC method naturally leaves the single-interval taxa out of 

the calculations, which is also noteworthy in the context of sampling (Chapter 2.1).

2.1.2 Turnover and diversity dynamics

To assess changes in the Phanerozoic biota, turnover is probably even more important 

than diversity.  As Gilinsky (1998, p. 163) put it: “Turnover is a change of composition of 

the Earth’s biota at a specified taxonomic level  that results from a sorting among entities at 

the same time or another taxonomic level”, a measurable degree in the compositional change 

of a system from one state to another – and 

in ecological research it can be expressed as 

being both temporal and spatial in nature. In 

the context of history of life on Earth, the 

analysis of temporal turnover is more rele-

vant  as  it  reflects  the  evolutionary  process, 

although (paleo)biogeographical patterns can 

also provide useful insights to the changes of 

environment.

In the context of global diversity, turno-

ver is partitioned to originations and extinc-

tions, which are parameters that determine 

taxonomic diversity. These are the two most 

important tools in the description and ana-

lysis of diversity trajectories on the global 
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scale and are used in the studies of diversity dynamics. They describe the patterns first and last 

true appearances of clades through time.

Ecologically speaking, both the appearance and the disappearance of a clade are conti-

nuous processes of certain durations, but for paleontology, constrained by the resolution of 

geological time scales, both extinctions and originations become single points in time.  It was 

pointed out early that these processes might be very similar to those events happening to single 

organisms, and they can be modelled as birth-death processes (Yule 1925) that form the back-

bone of the analytical approaches.

2.1.2.1 Turnover rates

Along with the simulation results of the MBL group (Raup et al. 1973) the basic princip-

les of survivorship analysis (Raup 1978) formed the basis for the work of Raup (1985) which 

was one of the greatest milestones in the development of robust description cladogenesis. He 

provided a mathematical background that could operate in the framework of different turnover 

scenarios in a time slice unit (Fig. 2.1) where 

extinctions and originations could be or, due 

to the bounds set by stratigraphic resolution 

of the data, must be expressed as constants. 

However remarkable Raup’s work was, the 

practical application of these models in pale-

ontological time series analysis did not start 

until more than a decade later. 

Even though the use of other metrics 

was prevalent in the 20th century (e.g. Van 

Valen 1984), the per capita rates of Foote 

(2000) became the default method to descri-

be the magnitude of extinctions and origina-

tions in time slices where further subdivison 

is not possible. The extinction rates are based 

on probabilities of survivorship as discussed 

by Raup (1985). The starting cohort includes 

all taxa known to be present at the beginning 

of an interval, decaying to the survivor co-

hort at the end of the interval. The quantities 

used in the calculation are based on a grou-

ping framework as illustrated in Fig. 2.2. The 
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origination rates are simply mirror images of the extinction rates. The original equations for 

the rates are

 p = - log [Nbt / (Nbt + NbL)] / Δt  (1)

for extinctions, and

 q = - log [Nbt / (Nbt + NFt)] / Δt  (2)

for originations, where Nbt is the number of taxa crossing both the bottom and the top bounda-

ries of the interval, NbL are the number of taxa that cross only the bottom, and NFt are those that 

cross only the top boundary, whereas Δt is the duration of the interval (the length of a time sli-

ces). Graphically expressed, the rate value is the slope of the expected number of genera from 

the starting cohort in the bin at time t when the y axis is log scaled. 

The time dimension is in some cases omitted from the calculation, modifying the equa-

tions to:

 p = - log [Nbt / (Nbt + NbL)]  (3)

for extinctions, and

 q = - log [Nbt / (Nbt + NFt)]  (4)

for originations. Originally this was motivated by the claims of Foote (2005), as he suggested 

that turnover tend to be concentrated as extinction and origination pulses at stage boundaries, 

making the normalization unnecessary. Also the uncertainties of the numeric time scales might 

propagate errors of the turnover estimates. In time series analysis the difference between the 

equation with and without normalization is dependent on the time scale, but to minimize this 

problem, efforts have been made to minimize bin size variance. The better fit of either equations 

1-2 or 3-4 can be assessed by checking whether the bin durations affect the rates (Crampton 

et al. 2006): if bin durations are correlated significantly with the rate series and normalization 

destroys this signal, it is reasonable to assume that turnover happened in a continuous manner, 

rather than in a pulsed one (and vica versa). The case study on the effects of resolution increase 

tackles this problem in detail (Chapter 5).

Although this measure in itself can describe a perfectly sampled record, with incomplete 

sampling the metrics become statistics that suffer from biases. Nevertheless, due to its intui-

tive approach, the per capita rates of Foote (2000) are still the most commonly used metrics to 

describe turnover through time besides classical percent extinctions that are hugely affected by 

sampling.
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2.1.2.2 Application of turnover rates

Beside the analysis of overall characteristics of the rate series (like the decline of extinc-

tion and origination rates in the Phanerozoic [Raup and Sepkoski 1982; Alroy 2008]), abrupt 

changes of magnitude are in the focus of most studies on mass extinctions (Kiessling et al. 

2007; Clapham and Payne 2011). Although Alroy (2008) suggested that the Phanerozoic turno-

ver rate values might show lognormal distributions, the characterization of their upper tails is 

important in the recognizing of potential disturbance events which was carried out in a number 

of ways (Raup and Sepkoski 1982; Quinn 1983; Bambach et al. 2004; Alroy 2008). Although 

section-based analyses provide stratigraphic resolution that is unattainable on the global scale, 

in this identification of mass extinctions, global analyses are important to minimize the distor-

ting effects of migrations and local extinctions. 

Intervals characterized by such high extinction rates (mass extinctions) are usually linked 

to environmental disturbances. It is parsimonious to assume that the degree of turnover is re-

lated to the degree of changes in the abiotic environment, although biological processes might 

also be responsible for abrupt alterations of biotic composition (e.g. the phenomena of self-or-

ganized criticality [Bak and Boettcher 1997]). These changes might make the environment 

uninhabitable for some taxa, forcing their extinction, while they could provide new opportuni-

ties for novel forms to occupy the vacant ecological niches or create new ones by the emergen-

ce of new types of interaction. The debate between abiotic and biotic forcing (as summarized 

by the Court Jester [Barnosky 2001] and Red Queen [Van Valen 1973] hypotheses) of global 

diversity patterns has been around for more than half a century, and both agents are likely to 

affect large scale patterns (Voje et al. 2015). 

Increase of data density on fossil ecosystems provides the ground for rigorous analysis of 

turnover, by the individual treatment and then contrast of higher taxa, and ecological or mor-

phological groups. Selectivity in extinctions and/or originations allow us to reduce the num-

ber of potential causes and to characterize the state of the abiotic environment. The statistical 

measures for testing for selective extinctions/origination will be discussed in detail in Chapter 

2.4.4.

2.1.3 Simulations

Because the biases of the fossil record are not fully understood and the data are noisy, the 

effectiveness  and biases of  the methods  are usually  evaluated using procedurally generated 

data (Foote 2000; Alroy et al. 2008; Alroy 2014). This approach is utilized in this study as well. 

Birth-death processes were simulated to demonstrate some of the nuances of the methodology 

discussed here, and  they also proved useful  in  the assessment of  the effects of stratigraphic 
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resolution on the diversity statistics. All ana-

lyses and tests presented in this study were 

executed inside the R programming environ-

ment (R Core Team 2015). 

In these procedures a given set of taxa 

is created prior to the simulation process. 

In every cycle each taxon is allowed to be 

both the parent of a descendant taxon and/

or to become extinct in the time slice. These 

events are set to happen at a given probabi-

lity that is either constant over the entire time 

series or is set to allow the system to beha-

ve according  to  the principles of equilibrial 

dynamics (Alroy 2009), that pulls diversity 

toward  a  predefined  value.  The  latter  met-

hod means that originations and extinctions 

behave as buffers: they are dependent on the 

difference between actually realized and tar-

get diversity. Although a myriad of models 

can be devised (Alroy 1998), a simple sym-

metric one should suffice for the generation 

of random scenarios (extinction and origina-

tion probabilities are higher and lower respe-

ctively, when diversity is relatively low and 

vice versa when diversity is relatively high). 

These settings are altered by the manual 

setting of the origination/extinction probabi-

lities in order to create episodes of higher/

lower turnovers (e.g. the introduction of un-

related extinction pulses resembling mass 

extinctions). Figure 2.3 represents a single 

run  of  one  of  these  simulations  with  equi-

librial dynamics and features a single mass 

extinction. As the extinction and origination 

probabilities are stochastically constant over 

time, the longevities of these taxa show an 
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Figure 2.3. Results of a single birth-death simulation with 

equilibrial dynamics and 25 600 time steps. The starting 

diversity was 200, equilibrial capacity was allowed to drift 

according to a random walk that has steps taken from a 

N(0,1). The equilibrial per taxon, per interval origination 

and extinction probabilities were set to 3×10-4. A single 

mass extinction occurred at time step no. 12 779 and lasted 

20 steps, when the per taxon, per interval extinction pro-

bability was increased to 0.08. A. The equilibrial diversity 

and the realized diversity in one single step. B. Per interval, 

per extinction origination and extinction probabilities. C. 

Ranges of the simulated taxa. D. Histogram of the taxon 

lifespans.
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exponential distribution as it is predicted by the mathematical model. The R script of the simu-

lation is available as a part of the ESM

This approach of simulations works best in the case of simple questions and hypotheses. 

As the complexity of the hypothesis increase, the number of parameters to be modelled be-

comes overwhelmingly large, making the scenarios displayed by the model more and more 

specific, and more unlikely as well. In the above case the final output of the model is a simple 

taxon/first  and  last  appearance  dates  (FADs  and  LADs,  respectively) matrix which  is  then 

subjected to a binning and a truncation process that simulates the sampling of the fossil record 

discussed under the next heading.

2.2 Effects of paleontological sampling on estimates and statistics 
of global diversity and turnover

2.2.1 The fossil sampling process

2.2.1.1 Historical background

Already Darwin (1859) has suggested in his milestone work on the “Origin of Species” 

that the evolutionary transitions he described are hidden because the fossil record is incomp-

lete. Also, Phillips (1860) realized that the patterns he described on the first diversity curves 

based on the fossil record of Britain were biased and that they cannot be taken at face value, 

because the source stratigraphic units were of different thickness, and their preservation frequ-

encies were different. Therefore he calculated the number of taxa per unit thickness (Sepkoski 

2012). Nevertheless, more than a hundred years after the first diversity curves of the 19th cen-

tury Raup (1972) was the first true advocate of the idea that the apparent changes in diversity 

might be the result of heterogeneous sampling rather than reflecting biologically meaningful 

pattern. This notion led to a lengthy debate about the reliability of diversity estimates based on 

fossil databases. 

Sepkoski (1975) suggested that, based on his Monte-Carlo simulations, some basic cha-

racteristics of the fossil record (i.e. survivorship curves) might not be severely altered, given 

that a sufficient proportion of taxa is known. The relationship between diversity and the avai-

lable rock record was studied by Valentine (1973) who suggested that an increase in habitable 

area might drive the diversification process in accordance with the MacArthur-Wilson speci-

es-area effect (MacArthur and Wilson 1963). On the other hand, Raup (1976) pointed out that 

the apparent pattern of species diversity in the Phanerozoic resembles closely the amount of 

map area and the estimated volume of sedimentary rocks, suggesting that the changes of di-

versity might only be reflections changes in the sample sizes.
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The debate reached an important step by a paper of Sepkoski et al. (1981), the so-called 

“consensus paper” (Sepkoski 2012, p. 319), in which various aspects of diversity in the fossil 

record were contrasted (e.g. trace fossils, alpha diversity and global diversity). The very similar 

patterns led to the conclusion “that a strong evolutionary signal underlies the preservational 

and taxonomic noise of the known fossil record” (Sepkoski et al. 1981, p. 435), meaning that 

although the fossil record is biased, sampling overprint does not destroy the biological signal.

2.2.1.2 Characteristics of the paleontological sampling procedure

After the „consensus paper” scientists tended to take the fossil record at face value until 

new criticism was raised in the early 2000s (Smith 2001; Peters and Foote 2001, 2002). Since 

then, much research was devoted to sampling biases and how they might be corrected in an 

empirical way. In most ecological studies, sample sizes are determined either a priori, or at a 

very early stage of the research project (Magurran 2004). In the case of our task of drawing a 

synoptic picture of the history of life, this procedure would require the recollection of all pa-

leontological samples ever taken, which is impossible for a number of obvious reasons. First, 

the exact sampling is irreproducible: fossil collecting is destructive by nature and numerous 

fossil localities have been completely exploited by the collecting efforts of both amateurs and 

professionals which means that information that has not been recorded, will never be available 

for recording again, even though the material can be stored in a museaum.  Second, even the 

known fossil record is huge. Although it would be preferable to standardize the sampling pro-

cess from here on (as suggested by researchers of the Panama Paleontology Project, Jackson 

and Johnson 2001), the complete recollection is an endeavor that will not be undertaken in the 

near  future due  to financial,  organizational  and  temporal  constraints. Therefore,  in  order  to 

extract biologically meaningful patterns from the available fossil record, its biases need to be 

understood and corrected. 

From a theoretical point of view, the most obvious bias that affects estimates of diversity 

(which is most evident in richness estimates) is the so-called sampling universe effect (Alroy 

2009; 2010a).  This bias is called so because we base our model of the world on the information 

what we have, rather than what there actually is, which makes the result of incomplete sam-

pling the basis of our perceived “universe”. In a strict sense this bias means that if we take a 

single sample from a population that has multiple unit categories, than the relationship between 

sample size and sample richness (number of categories) will be monotonic: larger sample sizes 

are expected to yield higher richness values. The independent variable in this relationship is not 

merely sample size, but rather sampling effort. In the paleontological context this means that 

sampling quality will have dramatic effects on the counts of taxa that came from one sampling 

unit. 
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Paleontological sampling is highly heterogeneous, as a number of variables influence the 

amount of available information from a given stratigraphic, geographic or lithological unit. 

Biases resulting from natural processes include factors that determine the fossilization and later 

the preservation of fossils. Some depositional environments offer better preservation potential 

for dead organisms, while diagenetic alteration affects different skeletal materials differently in 

different environments. Raup (1972) also suggested that the efficiency of successful paleonto-

logical sampling decreases with age, due to the higher chance of erosion, diagenetic destruction 

and metamorphism.

The most noteworthy and widely discussed of all the factors that might provide sampling 

biases are changes in the available rock record (as it was mentioned above). Although the 

amount of exposed rock has the potential to influence diversity patterns via the sampling uni-

verse effect, their connection could equally be driven by shared factors (a “common cause”). 

Sea level change is likely candidate as a shared driver (i.e. the last occurrences of taxa are 

expected to be clustered at temporal gaps and shifts in depositional environments, as implied 

by the principles of sequence stratigraphy, (Peters and Foote 2002), along with plate tectonics 

and changes in marine shelf area that have effects on both the biota and the rock record (Peters 

2005). 

The area covered by epicontinental seas has changed significantly over time (Foote and 

Miller 2007) which probably led to different representation of the related sedimentary environ-

ments in the fossil record. Geographical biases are prevalent as well, i.e. the apparent latitudi-

nal gradient in diversity (Allison and Briggs 1993) also has the potential to influence the overall 

diversity patterns due to the uneven sampling of latitudinal belts.

Sampling biases  that result exclusively from the nature of human effort, are also fairly 

common, beacause the primary data source of taxic paleobiology is the result of taxonomic 

work and fossil description. The so-called “monographic effects” emerge due to the different 

interest, focus and density of researchers. Some stratigraphic units and events attract more sci-

entists to collect, describe and interpret fossil data, making them better sampled compared to 

other intervals (i.e. the Permian due to the interest in the end-Permian mass extinction). Sam-

pling quantity (and therefore richness and the related counts) increases in settings where more 

effort is focused due to elevated interest, while higher diversity increases the general interest of 

the unit in question. The historically more accessible areas of geological investigation (Europe 

and North America) are far better sampled than remote areas where resources are scarce  

(Kiessling 2006). Developing preparation methods can also produce inhomogeneity in the qu-

ality of the fossil record (i.e. techniques to dissolve the rock matrix in micropaleontological 

samples).
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2.2.2 Sampling standardization

The basic problem of heterogeneous 

sampling is that our level of understanding 

of the units of information (time slices, com-

munities etc.) that are to be compared are not 

equal,  and  in  order  to  succeed  at  this  task, 

we must compare the units at the same “le-

vel of sampling”. There are only two ways 

we can solve this problem: either by trying 

to generate new information based on what 

we have sampled (extrapolation), or we try to 

omit some of the data from the better known 

units  (interpolation). Although  the  first  one 

is an attractive idea, estimators using extra-

polation are very vulnerable to even slight 

problems of representativity, and they often 

produce too wide confidence intervals on the 

estimates to make meaningful comparisons 

(Magurran 2004).  

Therefore the other approach, inter-

polation, is more often used. The most ba-

sic methods are based on the principles of 

rarefaction (Sanders 1968), by calculating 

the expected richness of a sample at a given 

level of sampling, which is most commonly 

expressed as sample size. Today these calcu-

lations  are most  frequently  implemented  as 

Monte Carlo estimations accomplished by 

random resampling (see Chapter 2.4.2 for a 

general description), by randomly drawing 

subsets from the sample that conform to the 

sampling qualities that are to be simulated. After a large number iterations (at least one hund-

red), we can calculate  the expected value and confidence  interval  for  the estimate based on 

the sample that we have and on the assumption that the sample is representative. By plotting 

the calculated values and the confidence intervals of the expectations as functions of sampling 
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Figure 2.4. Demonstration of Classical Rarefaction based 

on two species abundance distributions (theoretical commu-

nities) generated with Tokeshi’s random fraction model (Ma-

gurran 2004), with the total richness of 10 and 30. A number 

of differently sized samples were created from each distribu-

tion, both the number of samples and their size are different. 

A. The species abundance distributions, where the y axis 

indicating the relative frequencies of the taxa is logged. 

B. Rarefaction of two samples made from the theoretical 

distributions, the shaded areas indicate the 95% confidence 

intervals, assuming that the resampling distributions are 

Gaussian. Where the two confidence intervals do not overlap 

at the same x value, then we can reject the null hypothesis 

(at α= 0.05) that the true diversities are not different.
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effort, the resulting curves produce a characteristic banana shape, as errors in the middle range 

of sampling effort are larger, and zero at its endpoints (Hammer and Harper 2006; Fig. 2.4).

Nowdays, an ecological sample set that is to be rarefied comprises a number of samples 

(lists) that have taxa or occurrences registered. The basic rarefaction of this sample set is exe-

cuted by the random reduction of the entries of the pooled taxon list, which is usually referred 

to as Classical Rarefaction or CR (Raup 1975; Alroy 2014). The two sample sets (or more in a 

time series) are then compared by contrasting the expected values at the same number of basic 

units. 

However, this method does not utilize the lists themselves as units of resampling. The 

unweighted by-list subsampling (Alroy et al. 2008), on the other hand, is not influenced in any 

way by the elements of the lists, and the expected values for the taxon richness are calculated 

in a way that answers the following question: how many taxa would we have if the sample sets 

had equal number of samples? Therefore richness estimates are contrasted at the same number 

of lists drawn. The occurrence-weighted by list-subsampling, on the other hand, retains the 

integrity of the collections themselves while the number of drawn taxon counts sets the limit 

of drawn collections.

The methods described in the paragraphs above involve the calculation of either taxon, 

or list counts. However, rarefied richness is strongly related to evenness and assumes that de-

pressions in diversity are entirely governed by sampling. Alroy (2010c) suggested that the uti-

lization of frequencies (coverages) of taxa instead might allow the development of a better al-

gorithm that would also not permit the relative changes in a curve to overflatten. He called this 

new method Shareholder Quorum Subsampling (SQS), referring to the similarity between the 

taxa that have a certain proportion of the entire sample set covered and shareholders that own a 

certain proportion from a company’s shares. The method is implemented so that either the taxa 

or the lists of taxa are drawn from the pool until a given proportion of coverage (the quorum) is 

reached, which means that in each subsampling trial the same portion of rank-occurrence area 

is sampled. The richness statistic is calculated from the subsampled part and then the process 

is repeated. For a direct application of this method on PaleoDB data in order to avoid certain 

biases, this method needs to be corrected, most notably by including Good’s u (Good 1953), a 

completeness estimator) in the calculations. Although a newer version of the correction is sug-

gested by Alroy (2014), due to the high complexity of the script, the corrections in the studies 

discussed in this thesis are implemented as they were originally described by Alroy (2010c).

Although some other algorithms were also developed (e.g. Bush et al. 2004; Alroy et al. 

2008), in most cases, the various methods of sampling standardization yield similar results. In 

the case study on radiolarian turnover (Chapter 3) OW, SQS and CR are compared, and the 

divergence of results were found to be minimal.
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As with resampling in general, the true power of subsampling is that it can be utilized to 

calculate various statistics, apart from richness estimates. For instance, turnover rates require 

the utilization of data from more than one time bin. In that case, every bin in the series must 

take part in the subsampling trial, and the metric or count is calculated with every iteration. The 

basic implementation of the algorithms is illustrated in Figure 2.5. 

However, there are some caveats with sampling standardization. As the estimates are ba-

sed on a lower sampling level, the estimates in a subsampling trial is calculated from a re-

latively smaller amount of information than available. Also, if sampling is not representative, 

which is often the case, than the sampling universe effect will not be completely eradicated. 

Nevertheless, sampling standardization is a very useful tool to assess the stability of the basic 

estimates, by comparing the results obtained with and without the procedure applied. Still, even 
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Figure 2.5. The basic structure of implementation, or the schematics of the subsampled estimation of a time series from the 

data. 1. The procedure starts with the binning of the data, assigning the information to stratigraphic units or bins. 2. The 

dataset is randomly reduced bin-by-bin to a common level of sampling with one of the subsampling algorithms (such as CR or 

SQS). 3. The statistics in question are calculated and then 4. stored in an array. 5. The steps 2,3, and 4. are repeated until a 

given number of trials is reached. 6. The trial results are averaged and then plotted.
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though statistical correction appears to be a feasible way of inference on the relative changes, 

highly unrepresentative sampling has a great potential to distort the patterns.

2.2.3 The effect of incomplete sampling on the metrics

Most of the paleontological taxonomic databases that were compiled over the history of 

the field (almost every database before 1990, e.g. Newell 1952, Harland 1967, and all versions 

of Sepkoski 2002) were based on known stratigraphic ranges of taxa, rather than the recording 

of direct sampling information. The derivation of this information was built over the assump-

tion that taxa were sure to exist between their FADs and LADs (known as the range-through 

assumption [Foote and Miller 2007]), and over time a number of different methods were devel-

oped (see above) that used data from such datasets. Although this is a very straightforward and 

intuitive solution, it has a peculiar problem: it corrects for sampling error within the bounds of 

the FAD-LAD interval but does not allow the extension of ranges. 

However, the increasing availability of incidence (presence-absence) data (e.g. Alroy 

1996, Miller and Foote 1996, and  the PaleoDB) called  for different  trials on  the estimation 

of parameters of diversity, its dynamics and preservation, which do solve some of the arising 

problems when using range-based methods, while they also create newer ones. In this chapter 

these metrics are be presented along with the biases affecting them, and comparison between 

range-based and occurrence-based methods is offered.

2.2.3.1 Sampling completeness (probability)

In order to present the biases that arise due to the incompleteness of fossil sampling, its 

quality has to be assessed first. The metrics that are used to achieve this are based on gap-ana-

lysis (cf. Foote and Miller 2007), and they are constrained between the theoretical bounds of 

the degree of preservation: complete preservation (1) and no preservation (0). In the calculation 

of sampling completeness metrics the opportunities for sampling are contrasted with successful 

sampling events, and the metrics are probabilities that express preservation potential in a unit 

of interest.

In the most generally used taxon/bin incidence matrices, sampling completeness can eit-

her be expressed as dataset-,  taxon- or bin-specific,  rendering a single probability value  for 

every taxon, bin or the entire dataset. The completeness of the fossil record of an entire dataset 

is usually computed by the ratio of the sum of sampled genera in each time interval divided 

by sampling opportunities, the latter being taxa known before and after the focal time. In this 

thesis, in accordance with Foote and Miller (2007), range endpoints were excluded when this 

method is used, because these by definition must be sampled and thus inflate the completeness 

metric. 
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Completeness in a single bin is also estimated in a similar way: with the ratio of success 

and the number of sampling opportunities as described in the previous paragraph. The occurren-

ce-based form of this estimator is the three-timer (3t) sampling completeness of Alroy (2008), 

which uses a moving window of three bins. This metric is calculated as follows: 

 Ps,i = 3ti / (
3ti + pti)  (5)

where 3ti is the number of three-timer taxa that have occurrences in the focal bin as well as the 

time slices preceding and following it, and pti is the number of part-timers, i.e. the number of 

taxa that are not present in interval i, but occur in both the previous and following time slices 

(the occurrence sampling patterns are presented graphically in Fig. 2.6). The metric expresses 

the conditional probability that a taxon gets sampled given that it is sampled before and after 

the focal bin. The rationale in using this method instead of the one with interpolated ranges is in 

the direct exclusion of taxa that are subject to 

very poor overall sampling (two or more gaps 

in three intervals) and thus increase noise in 

the estimation of completeness in a bin. The 

mean or median 3t sampling completeness 

metric of an entire series can also be used to 

grasp  the overall  sampling quality  in a data-

set. Given that the analyzed dataset consists 

of taxa with highly similar sampling potential, 

increasing the number of taxa should increase 

the precision of binwise sampling complete-

ness estimations.

As not all the taxa that actually lived are 

available for fossilization, the sampling pro-

babilities are always conditional probabilities, 

and they express probabilities of sampling gi-

ven that a set of taxa has been sampled. In this 

aspect the estimators for diversities and tur-

nover rates are not estimating the parameters 

directly, but rather the relative changes in the 

parameters.

i-2 i-1 i i+1 i+2

3ti

2ti

2ti+1

pti

ugi

dgi

Figure 2.6. The fundamental sampling patterns of taxa in a 

five-interval moving window after Alroy (2008) and Alroy 

(2014). Each column represents a time slice and each row 

represents the potential sampling pattern of a taxon. Black 

boxes represent presences, and white boxes denote absences, 

cases where both presences and absences are allowed to 

make taxa eligible to be in a category were indicated with 

partially shaded squares. A taxon can be assigned to more 

than one category. In the equations the symbols on the right 

hand side indicate the number of taxa pertaining to the ca-

tegory.
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2.2.3.2 Biases of range-based methods

As the data sources for diversity analyses are scattered, the stratigraphic ranges used as 

input parameters to calculate RT and BC diversities were reconstructed by connecting the FAD-

LAD points of taxa. Although this solution is straightforward, the primary problem with this 

method is what was described in the introduction of this chapter: it corrects for sampling gaps 

inside the apparent ranges but it does not consider the range extension that would ensue from 

the overall increase of preservation probability. The same issue affects the range-based metrics 

of turnover (such as the per capita rates) that can also be calculated from reconstructed ranges.

The result of this property is a set of biases (Foote 2000; Alroy 2010a) that distort the 

picture of diversity and turnover in a way that they systematically elevate or lower them when 

a  sudden change  in  sampling or  a biologically meaningful  event occurred. The  edge  effects 

(Foote 2000) usually manifest as drops in diversity at the edges of the modelled or analyzed 

interval. Near the edges, the ranges of taxa are less likely to extend over the first and last bins, 

because there are no sampling opportunities 

outside the total analyzed interval that could 

compensate for the discrepancy between the 

sampled and inferred number of taxa. Origi-

nation rates tend to exhibit similar trends to 

diversities while extinction rates show the op-

posite behavior (they increase near the edges, 

Foote 2000).

Similar patterns emerge near mass ext-

inctions, when a considerable number of taxon 

ranges terminate abruptly (Fig. 2.7).  This is 

referred to as the Signor-Lipps effect (1982), 

after the authors who first demonstrated how a 

sudden extinction event may appear as a gra-

dual waning of groups (e.g. dinosaurs at the 

end-Cretaceous).  The  effect  (also  known  as 

backward smearing) blurs the diversity drop 

to older intervals, increases extinction rates in 

the bins preceding the event, and lowers it in 

the event interval. Sudden increase in origina-

tions (e.g. “adaptive radiations”) might also 
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Figure 2.7. The Signor-Lipps (1982) effect with multiple 

sampling completeness on A, range-through diversities; B, 

per capita extinction rates. Darker lines indicate higher 

sampling probabilities. The lower the completeness values, 

the sooner the diversity starts to drop. On the other hand, 

the sooner extinction rates start to elevate, the smaller the 

extinction peak is. Results indicate the binned version of 

Figure 2.3, between time steps 11 000 and 14 000; the bins 

are 100 time steps long, the mass extinction occurs in a 

single bin.
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be affected by the mirror image of this issue (sometimes called “Sppil-Rongis” effect [Lu et al. 

2006]).

The opposite of the edge-effect phenomenon, a major bias in the context of Phanerozoic 

diversity, is the Pull of the Recent (Raup 1979; Foote and Miller 2007). The very high sampling 

level of the modern biota introduces an elevation of diversities in the Cenozoic because the 

ranges of rarely sampled taxa are observed to extend to the present, even though they would be 

much less likely to be sampled if the quality of the recent record were comparable to the inter-

vals preceding it. The increasing overall sampling levels of the Cenozoic is also responsible for 

the apparent increase of diversity.

Alroy (2010a) also mentions “rate-effects” as a source of bias. Because taxa with shorter 

ranges are harder to sample, this effect makes the diversity counts (especially for the BC met-

hod) unreasonably low. The same problem is present with the count of single interval taxa, whi-

ch is directly related to sampling probability (Foote and Raup 1996), and led to the exclusion of 

these taxa from the estimates in some studies.

2.2.3.3 Occurrence-based metrics

The problems with range-through methods can be circumvented by abandoning the in-

terpolation between the FADs and LADs, and using direct sampling information only i.e. the 

presences of taxa to calculate diversities and turnovers. The most direct estimation of the comp-

letely sampled RT diversity is sampled-in-bin (SIB) diversity calculation method, which is just 

the number of taxa that were actually sampled in an interval. 

If sampling probability were constant over time, and a large enough number of taxa were 

involved in the analysis, then the relative changes in the series using the SIB method would be 

exactly the same as with RT. However, the preservation probabilities did change through time, 

and so did the interval-specific sampling effort, making the SIB diversities biased by the samp-

ling universe effect, which – contrary to the intuitive assumption – is also just as true for other 

metrics of diversity. The general tendency of paleobiology in the past ca. 15 years was to mitiga-

te the effect of heterogeneous sampling effort by subsampling (see Chapter 2.2.2). Because the 

residual sampling error (gaps in the record) still needs to be dealt with, Alroy (2009) suggested 

that the SIB diversities should be corrected with the three-timer sampling completeness. The 

corrected SIB diversities are calculated as follows:

 Corr. SIBSi = SIBSi / Ps,i . (6)

Although theoretically the correction should improve the precision of the estimation, the 

three-timer sampling completeness itself is subject to stochastic error (especially then diversity 

is low), and make the diversity estimates even noisier. Plain SIB is used to depict the face value 
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interpretation of the fossil record, and are also useful to calculate proportions of diversities, 

when the groups can be characterized by similar sampling potential. 

As discussed above, the per capita turnover rates are just as vulnerable to biases of FAD-

LAD interpolation, as RT and BC diversities. In an attempt to create unbiased metrics to es-

timate turnover, Alroy (2008, 2014) defined the three-timer (3t) and gap-filler (GF) extinction 

and origination rates which are analogous to the SIB diversities, and they converge on the per 

capita rate parameters as sampling probability approaches unity (Fig. 2.8). These metrics also 

use incidence information in a time-slice/taxon matrix, and they rely on patterns of occurrences 

instead of patterns of ranges (Fig. 2.6). 

The equation for the three-timer extinction rates is

 µ = log ( 2ti / 
3ti ) (7)

and the origination rates as

  λ = log ( 2ti / 
3ti+1 ). (8)

These  equations,  however  are vulnerable  to  residual  sampling  error,  therefore  as Alroy 

(2008) suggested, they could be corrected by the three-timer sampling completeness. Thus, the 

rate equations change to

 µ = log ( 2ti / 
3ti ) + Ps,i+1 (9)

and 

  λ = log ( 2ti / 
3ti+1 ) + Ps,i-1 , (10)

because theoretically these extinction rates are the most biased by any sampling gap after, and 

origination  rates  before  the  focal  bin. A  somewhat modified  and more  comprehensive  form 
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Figure 2.8. Comparison of the various rate metrics using 

simulations at different levels of sampling completeness with 

the fully sampled one. 500 scenarios with randomly drifting 

carrying capacity were created using the demonstrated 

model. Starting diversity was set to 100. The simulation 

runs were binned to equal bin lengths and then sampled 

with various sampling probabilities. The time series of rates 

from both the fully and the partially sampled dataset were 

calculated and the resulting correlations (Pearson’s R) were 

tabulated. The average correlation coefficients (discussed 

in Chapter 2.4) decrease from unity with different slopes 

for different metrics as sampling completeness decreases. 

The per capita rates are expected to better estimate the true 

rates.
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of the three-timer method are the gap-filler equations that use a four bin window and directly 

incorporate the sampling completeness correction. With this method the extinction rates are 

calculated as

 µ = log [( 2ti + pti ) / ( 
3ti + pti + ugi )]  (11)

and the origination rates as

  λ = log [( 2ti+1 + pti ) / ( 
3ti + pti + dgi )] , (12)

where 3ti is the number of three-timer taxa 

that have occurrences in the focal bin as well 

as the time slices preceding and following it, 
2ti is the number of two-timer taxa that have 

recorded occurrences in time slices i and i-1, 

and  pti is the number of part-timers, i.e. the 

number of taxa that are not present in interval 

i, but occur in both the previous and following 

time slices. The novelty in these equations is 

the utilization of the gap-filler category, whi-

ch in the case of extinctions (ugi) includes taxa 

that occur in time slices i-1, i+2 but are absent 

in bin i+1. In the case of originations, dgi is 

the mirror image of ugi, including the taxa 

present in time slice i+1 and i-2 but absent in 

i-1.  It  is  important  to note,  that  the equation 
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Figure 2.9. Standard deviation of the rate series as a func-

tion of the simulated diversity (and therefore the number of 

sampled taxa). Expected standard deviations of simulated 

extinction rates of constant equilibrial diversity models de-

monstrate the effects of induced rate variance, with different 

numbers of taxa at the same per interval, per taxon extinc-

tion and origination probabilities (5×10-5). The number of 

cycles in a single run was 16 000 and were binned to slices 

with durations of 400 steps. 500 scenarios were created 

with each equilibrial diversity level and were sampled with 

3 sampling probability values (A, B, and C). The depicted 

standard deviations are averages of 500 trials. The expected 

rate variance decreases as the number of taxa increase, but 

the different metrics induce a different degree of noise into 

the series.
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described above are “instanteneous” (Alroy 2010a) meaning that they were developed to esti-

mate the time-independent per capita rates, but the time dimension could still be added, simi-

larly to the case of per capita rates, through normalization with the bin durations.

The available data allows a choice of metrics, but in most cases, the different metrics yield 

very similar patterns. As an example, the gap-filler equations require the three-timer sampling 

completeness to be as even as possible (Alroy 2014), which is best accomplished by using clas-

sical rarefaction (Raup 1975), an approach followed in this thesis (i.e. Chapter 3). However in 

cases where occurrence counts in some intervals are too low (i.e. Chapter 6), the SQS method 

was applied (based on the result that outcomes of the subsampling routines do not change mar-

kedly).

Although  the  occurrence-based methods  are  indeed  less  biased  by  some  of  the  effects 

described above, the presence pattern recognition in the moving windows only allow a certain 

subset of the data to take part in the calculation. This introduces a certain amount of noise into 

the statistics that increases rapidly as the sampling completeness decreases. This increases the 

variance of the statistics, as it is depicted on Fig. 2.9. 

Based on the simulations depicted Fig. 2.8, by default the per capita rates are still the best 

option to most accurately characterize the changes in an incomplete dataset, as they are expec-

ted to best approximate the trajectory of a completely sampled rates. Still, it is useful to calcu-

late the estimates with multiple methods to see the behavior of data from different perspecitves.

Due to the relevance of studying extinctions to modern times because of the potentiality 

of an ongoing 6th mass extinction (Barnosky et al. 2011), this field is booming and its methodo-

logy is developing rapidly. In the past decade the availability of incidence data and the increase 

in computing capacity (Hilbert and López 2011) made different attempts possible to estimate 

turnover from the fossil record. Such attempts include Capture-Mark-Recapture (Connolly and 

Miller 2001) procedures that are commonly used by ecologists, and also Bayesian approaches 

(Silvestro et al. 2014). The further integration of the geo-paleontological databases and the inc-

rease in available parameters is likely to produce a much clearer picture of diversity dynamics 

in deep time.

2.3 The Paleobiology Database (PaleoDB)
The history of large scale paleontological data analysis and the role of the PaleoDB has 

been discussed in detail by the author in previous studies (Kocsis 2011; Kocsis et al. 2015).  In 

the more than 150 year history of large scale paleontological data compilation and analyses, 

the PaleoDB represents the latest advancement in the storage and distribution of data extracted 
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from the fossil record. The PaleoDB has provided data support for more than two hundred offi-

cial publications since its conception in 1998 (Alroy and Marshall 1998).

For a long time since the first compilations of fossil taxa, data were compiled by individual 

researchers who either kept the resulting datasets to themselves or made them freely available 

for others to study and analyze. The PaleoDB replaced Sepkoski’s genus level compendium 

(Sepkoski 2002) as the primary data source of fossil diversity analyses with a giant leap in func-

tionality, data coverage and support. It compiles information published in the literature which 

is entered by members of an international community, currently licensed under CC-BY-4.0  

(Creative Commons Attribution License).

2.3.1 Occurrence data structure

Instead of storing only the first and last appearance dates of taxa, the database structure 

allows the recording of sampling information by localities. Occurrences of taxa are stored in 

theoretical containers called collections that represent a unit of rock that has well-defined stra-

tigraphic and geographic boundaries, therefore they are points or spots in a latitude × longitude 

× stratigraphy 3D space. The primary unit of the database is the reference or publication to 

which every collection must belong. Each collection is characterized by a floral/faunal list, and 

a number of lithological, environmental, geographic, stratigraphic, preservation and collection 

variables are available to register information. The collections are assigned to a dynamic time 

scale that allows automatic resolution to the level of stratigraphic stages, and in some cases even 

substages. 

The PaleoDB offers dynamics plate reconstruction features, and implement the model of 

Scotese (2010) and now GPlates (http://www.gplates.org/). These models are utilized in an 

effort to reconstruct paleolatitudes from the recent geographical coordinates.

As the collection is the basic sampling unit, statistical methods usually do not discriminate 

between the members of the collections; every fossil within such a unit is treated coexisting in 

the time frame that is covered by the collection itself. An entry of a taxon in the floral/faunal list 

is called an occurrence, which can be labelled with a binomen of a species (Genus species), the 

name of a genus (Genus sp./spp.) or the name of a higher category (Ammonoidea indet.).  These 

lists allow the registered names in the taxonomy table to be completed by open nomenclature 

qualifiers such as cf., ex gr., aff., etc. The occurrence data structure is necessary to enable the 

application of sampling standardization methods.
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2.3.2 Taxonomy

The floral/faunal list of a collection is linked to the taxonomy tables that allow considera-

tion of taxonomical revisions and keep track of the changes in the systematic position and na-

ming of individual taxa, thus enabling the taxonomy to be as up-to-date and unified as possible. 

Every name and hierarchical level combination must be registered in the Authority table 

of the database. The occurrence information is directly compared with this table and each entry 

is cross-checked whether it is present there or not. The authority information is organized to a 

hierarchy by the Opinion table, that connects the authority entries with simple relationship de-

signations like taxon A “belongs” to taxon B, meaning that it represents a lower rank category 

of the nested hierarchy, or the binomen GenusA species is “recombined” as GenusB species ac-

cording to a certain reference. To achieve the simplest case available, the synonymy is resolved 

by using the latest opinion regarding the position and name of the taxon, and different names 

representing the same taxa are merged to single entity.

Even though these efforts are efficient in reducing inconsistencies, a number of taxonomic 

errors are still inevitably present in the downloaded occurrence tables. Diversity and turno-

ver estimates are generally not affected much by such  taxonomic errors.  In  the case of  truly 

large-scale analyses, these taxonomic errors do not bias the results systematically, due to the 

enormous amount of information, and random distribution of noise. This was demonstrated 

previously on a trilobite dataset from Sepkoski’s compendium (Adrain and Westrop 2000), 

and later on data of various other groups from the PaleoDB (Wagner et al. 2007). In the case 

of single group studies, where the number of taxon entries is considerably lower, it is advisable 

to do taxonomic vetting or checking of the data, as it was down in the case studies in this work 

(Chapters 3, 5 and 6). This claim was directly tested and supported by the radiolarian part of the 

dataset (appendix in Kocsis et al. 2014).

2.3.3 Time scales

The Paleobiology Database features a dynamic time scale engine that was compiled and 

written by John Alroy. It allows the entry and correlation of multiple global and regional time 

scales and therefore it makes possible the incorporation of the latest advances, e.g. most par-

ticularly the time scale of Gradstein et al. (2012) that forms the backbone of the user-entry 

resolutions.

Each entry is binned to one of the roughly 10 Myr long basic intervals (the PaleoDB dy-

namic timescale [Alroy 2014]), that are formed by either taking a single one of the officially 

recognised ages/stages or by clumping two or more. Those entries that can be assigned to sing-

le stages are assigned automatically. These stage-level assignments with the numeric ages of 
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Gradstein et al. (2012) are the basis of the analyses in this work. In cases where finer resolution 

time scales are used, they are discussed detail in the chapters that utilize them.

2.4 Additional tools and principles
The toolkit presented in this chapter uses the metrics that were described in the previous 

chapters. The metrics themselves transform the information of the sample to estimates of the 

parameters in question, and these additional tools assess the basic hypotheses about their re-

lationships.

Due to the frequent non-normality of the variables, non-parametric statistical tests were 

preferred in the evaluation of statistical hypotheses. The Wilcoxon rank-sum tests (implemented 

by the R function wilcox.test()) were used to statistically evaluate location shifts in the 

estimates, based on the null hypotheses that the true median difference between the compared 

samples is equal to 0. Normality of a distribution was checked with the Shapiro-Wilk test (using 

shapiro.test()).

2.4.1 Correlations

Correlations are employed in the study of relationships between biotic and abiotic vari-

ables (e.g. stable isotope data, statistics of diversity dynamics [Cardenas and Harries 2010]) 

and theoretical testing (e.g. contrasting model results, Chapter 5). It is crucial to point out that 

although in the case of different parameter comparisons, causal relationships are often inferred 

between correlated variables, that is already a form of interpretation (with the assumption that 

the bin lengths are longer than the lag between the cause and the effect). The two terms, cor-

relation and causality are absolutely not interchangeable, although correlations might emerge 

under common-cause scenarios (Peters and Foote 2002). Hopefully, the measures of correlation 

will be replaced in the near future with methods that utilize transfer entropy (Schreiber 2000; 

Verdes 2005) to directly test for the flow of information (Hannisdal and Peters 2011) between 

two or more time series. Nevertheless, under the relatively long bin durations used in this stu-

dy, it is likely that a direct cause and effect relationship between biotic and abiotic parameters 

would manifest in statistically significant correlations. The absence of correlations do not mean 

the independence of the variables (which in the case of a system as complex as the Earth is ext-

remely unlikely anyway), but rather the untraceable character of the relationship between the 

two variables. 

For the comparison of different methods estimating the same parameter the Pearson pro-

duct-moment correlations (Reiczigel et al. 2007) were employed, that express the linearity of a 

relationship between two variables on the interval of ]-1;1[. The non-parametric version of this 

statistic, the Spearman rank correlation ρ is used for interdimension comparisons. The R func-
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tion cor.test() is the most straightforward method to execute these calculations that uses a 

t and an S test statistic to assess the correlation coefficients directly. The p-values in these cases 

are used to assess the null hypothesis that given the sample, the true correlation coefficient is 0. 

p-values in multiple comparisons are biased by the Bonferroni problem of multiple hypotheses 

testing (Reiczigel et al. 2007), and in order not to overcorrect them, they were treated with the 

FDR method (Pike 2011), implemented with the R function p.adjust().

2.4.1.1 Problems with serial or autocorrelation

In geological  systems, usually  a number of variables  influence  the behavior of  another 

variable that is expressed as a time series. Due to the abundance of multiplicative factors, the 

distribution of changes in any series tend to follow a lognormal distribution, in which small 

changes are more common than larger ones, and any value in the series are highly dependent on 

the previous one (McKinney and Oyen 1989). This leads to the emergence of serial or autocor-

relation, expressing the inertia of the system. Although the processes themselves are stationary, 

the changes in the series satisfy a Markovian property (change in a step is completely indepen-

dent from the previous one), and the two variables are not connected in any way, but significant 

correlations emerge in many cases. 

In order to remove such effects of the autocorrelations, differencing is the most straight-

forward method (McKinney and Oyen 1989), in which the series is transformed so only the 

changes between the states are used:

 ΔXt = Xt - Xt-1 (13)

however, as this assumes that the autocorrelation on the first lag is exactly 1, it omits too much 

meaningful information from the series. The differencing is better executed as

 ΔXt = Xt - Xt-1 × R(1)   (14)

where R(1) is the autocorrelation coefficient on the first lag. This method is called generalized 

differencing by Mckinney and Oyen (1989), but the time series resulting from this transforma-

tion is different only by a constant from the residuals of the first order autoregressive model (J. 

Alroy, pers. comm.), which is easily implemented in R with the arima() function.

All such differencing methods assume that the values are equidistant, i.e. sampled unifor-

mly over time.  As the interval lengths of stratigraphic units are not changing systematically 

over time, their omission from the calculation creates noise but it is unlikely to be a source of 

systematic bias. Rendering the time series elements to specific points in time is also uncertain in 

itself, as one can assign a calculated value to different points within an interval (e.g.: extinction 

rate values could be rendered either at the middle of the unit or the top boundary), and the age 
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estimates still carry the errors of the boundary age estimations in the time scales. Therefore the 

assumption of equidistance is accepted only on the basis of its simplicity and utility.

2.4.2 Resampling statistics

While it is also embedded in the paradigm of statistical hypothesis testing, resampling is 

most commonly applied to evaluate the null hypothesis of randomness, and is generally used to 

construct scenarios when the subsets of the entire sample set came from the same population. 

The sampling standardization routines covered in Chapter 2.2.2 are also varieties of resampling 

methods. In these cases the iterative sampling does not reflect the original sampling structure, 

but instead it is predefined by the problem at hand. An iteration is generally referred to as a trial, 

due to the stochastic nature of its execution. Expected values and their errors are the most com-

mon parameters estimated by this solution.

Bootstrapping (Efron 1979) is probably the most commonly used resampling protocol. It is 

conducted by merging the sample subsets to form one sampling pool from which the same sam-

ple structure is created with replacement (allowing an original unit to be used more than once 

in a trial) and then the estimate in question is calculated from the procedurally created units that 

have the same structure as the original. The resulting variance in the estimation usually follows 

a bell-shaped distribution (e.g. a Gaussian or a t distrbution, Kowalewski and Novack-Gottshall 

2010), and expresses the expected variation of the statistic in question, given that the pool where 

the samples come from is the same. Bootstrapping is often applied in the calculation of a sta-

tistic’s uncertainty for a given sample set, as the estimation returns a different value with every 

trial, and the variance of these values can be measured.

In hypothesis testing, a single statistic is chosen which is compared with a set of values that 

are produced with the same calculation method but after the recreation of the sample structure 

from the same source data (e.g. from the same pool come a new set of samples that are different 

only because their elements were distributed randomly and the statistic in question is calculated 

from each one). The model produces a set of random values, where the distribution of values 

(a.k.a. the resampling distribution) reflects how likely it is that the model has the capacity to 

produce a value, for instance the statistic calculated from the actual sample. This actual value is 

contrasted to this distribution using its relative position to it: if it is outside a predefined interval 

(e.g. a 95% confidence interval) of the resampling distribution it reflects than it is very unlikely 

that the tested model (based on the null hypothesis) could produce the statistic in question and 

it can be rejected. The p-values reflect the conditional probability that the null hypothesis is re-

jected falsely, even though it is true. In this thesis, percentile p-values are used, which reflect the 

proportion of trials that produced results either above or below the actual statistic in question. 
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The choice on the number of iterations is often not discussed openly by the authors of stu-

dies employing subsampling. In this thesis the principle “the higher, the better” was applied, as 

it was suggested by (Kowalewski and Novack-Gottshall 2010), however the exact number was 

be limited based on the data structure, which determines performance. The only shortcoming 

using a relatively low number of trials is in the accuracy of p-value estimation for hypothesis 

tests. In this aspect, the guidelines of Kowalewski and Novack-Gottshall (2010) were applied: 

the number of reported decimals of the p-values are determined by the common logarithm of 

the number of trials.

Compared to traditional parametric statistics, resampling approaches have a number of 

reasons to be more suitable for evaluation of hypotheses based on paleontological samples. 

Resampling does not require any other assumption than the samples be truly random and rep-

resentative. They utilize as much statistical power (as it is used by Reiczigel et al. [2007]) as 

is possible given the sample at hand (M. Kowalewski pers. comm.). For a thorough treatment 

on resampling statistics, the interested reader is directed to (Kowalewski and Novack-Gottshall 

2010).

2.4.3 Environmental affinity

Analysis of environmental preference of taxa is a core part for the coral study (Chapter 

6). These were expressed numerically  in order  to consider different sampling patterns  in  the 

assessment of environmental affinities. In essence, this is necessary because of a form of the 

sampling universe effect: the counts of occurrences of a taxon in an environment are dispropor-

tionately smaller, if overall sampling of that particular environment is poor. Therefore, affinities 

were measured by comparing  the observed and expected frequencies of occurrences  in each 
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Figure 2.10. Bias in perceived environmental affinities are 

introduced by heterogeneous sampling. The simple counts 

of occurrences are not usable for the question of which en-

vironment is preferred by a given taxon, because the counts 

of occurrences of a taxon are determined by the total num-

ber of occurrences that come from an environment. A and 

B demonstrate that the taxon in focus has a preference for 

environment 1, when the two environments are equally sam-

pled. C and D however, demonstrate how different sample 

sizes affect the raw counts. Random sampling was conducted 

at the desired sampling levels, the number of sampled occur-

rences were tabulated, and the expected number of counts 

were calculated. Based on the counts, the taxon on focus 

should prefer environment 2 over environment 1, although 

the proportion of occurrences suggest otherwise. Error bars 

represent the 95% confidence interval of the trials assuming 

a normal resampling distribution.
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environmental setting (Hopkins et al. 2014). A taxon demonstrates affinity for environment 1 if 

the expression 

 1Ogen / ( 
1Ogen + 2Ogen ) – 1Odat / ( 

1Odat + 2Odat )

is positive, where O denotes the number of occurrences in a particular environment (1 or 2) cor-

responding to either the taxon in focus (gen), or the subset of the entire larger dataset (the one 

that is understood as a reference for sampling quality) that covers the duration of the taxon (dat). 

The necessity for using proportions instead of occurrence counts is demonstrated in Fig. 2.10. 

These expressions represent maximum likelihood solutions to avoid the loss of taxa, while 

pointing to their most likely preference. Depending on the goals of the study, statistical signifi-

cance can be added by performing either binomial or resampling tests on the proportions. 

2.4.4 Selectivity and model selection

In the context of turnover, selectivity means that one subset in a group of taxa that has ori-

ginations or extinctions in an interval, can be characterized with a higher statistic that describes 

the event than the rest of the group. This requires that the statistics of turnover (the rates) be 

calculated for each of the group’s subsets and that they can provide a basis for meaningful com-

parison. However, the quantity of information used for the calculation of the statistics for the 

individual subsets might be so low that they become overwhelmed by noise and the differences 

become meaningless. 

Therefore selectivity tests were executed according to the model selection paradigm of sta-

tistical inference (Burnham and Anderson 2002). These tests discriminate and assess a one-rate 

model where the subsets in question are not separated, against a two-rate model where the diffe-

rence between the two statistics and the amount of information provides a description. 

The Akaike Information Criterion (AIC, Burnham and Anderson 2002; Reiczigel et al. 

2007) and the sample size corrected AIC (AICc) were used to assess the support of these mo-

dels. These criteria express the goodness of the model fits where penalties are assessed based 

on their complexity, i.e. the number of free parameters used. The AIC is calculated as follows:

 AIC = 2k - 2ln ( L ) (15)

and the sample size corrected version as

 AICc = AIC + [ 2k ( k + 1 ) / ( n - k - 1 )].   (16)

where the L denotes the model likelihood, n is the sample size and k is the number of free pa-

rameters.

R

r = 1
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These values are difficult to assess in their raw form, and a given set of models is easier to 

compare by transforming these values to Akaike weights (Burnham and Anderson 2002; Hunt 

2008). These weights (wi) are calculated with the equation:

 wi = exp ( -Δi ( AIC ) / 2 ) / Σ ( -Δr ( AIC ) / 2 )   (17)

where 

 Δi ( AIC ) = AICi – min AIC  (18)

and AICc can be substituted for AIC.  These values do not conform to a hypothesis testing para-

digm but they reflect the relative support of the tested models and the likelihood ratio of the mo-

dels given the available information. Based on the general guidelines (such as Royall 2004 and 

Wagner et al. 2006), the support for a dual rate model was considered high enough to counter-

balance the one-rate model, when the likelihood ratio for the two-rate model was greater than 8.

These selectivity principles were not applied to sampling standardized results, because 

subsampling systematically destroys information, thus decreasing the support for the more pre-

cise two-rate models to an incomparable degree. Therefore, selectivity tests were always appli-

ed on the raw counts. 

In case when the per capita rates are not available (such as at the final extinction of a group) 

a less conservative binomial test was applied to test for the selectivity of extinctions. The details 

of such a test will be discussed later according to the specific scenario on which they are imp-

lemented (Chapter 4). 



Chapter 3

Radiolarian biodiversity dynamics through the Triassic 
and Jurassic: implications for proximate causes of the 
end-Triassic mass extinction
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3.1 Introduction
Recent studies concerning the end-Triassic mass extinction demonstrated that extreme 

greenhouse warming and ocean acidification may have played a substantial role (McElwain 

et al. 1999; Hautmann et al. 2008; Kiessling and Simpson 2011; Steinthorsdottir et al. 2011; 

Greene et al. 2012; Hönisch et al. 2012). If ocean acidification was a dominant cause of the 

extinctions, radiolarians, as organisms with a siliceous test, may have been substantially less 

affected than organisms secreting calcium carbonate. On the basis of Sepkoski’s (2002) com-

pendium, Hautmann et al. (2008) have suggested that radiolarians were indeed only marginally 

affected by this crisis. 

The rich fossil record of radiolarians is well-suited for global diversity analyses. However, 

the radiolarian range data of Sepkoski (2002) are rather outdated and some radiolarian workers 

maintain that the group was seriously hit by the end-Triassic event (Carter and Hori 2005). A 

recent sampling-standardized analysis of the radiolarian fossil record from the Late Permian to 

Late Jurassic concluded that although Rhaetian extinction rates were higher than in Sepkoski’s 

compendium, there is no evidence for an end-Triassic mass extinction (Kiessling and Danelian 

2011). Instead, the end-Triassic extinctions fall within the background of generally elevated 

Triassic extinction rates. 

3.1.1 Large databases vs. section-based studies

Because of the focus on the potential mass extinction horizon, the best radiolarian-bearing 

localities (the Haida Gwaii [formerly Queen Charlotte Islands] in Canada and the Inuyama sec-

tions in Japan) are probably much better sampled at the Triassic-Jurassic boundary (TJB) than 

at other intervals. Although Carter and Hori (2005) stated that substantial turnover occurred at 

the TJB, this in itself cannot inform us about the relative magnitude of such a turnover compa-

red to other events, possibly occurring at other stage boundaries. Continuous sections ranging 

through the TJB are very scarce and most of them lack the detail of lithological and paleonto-

logical evidence that properly document the short-term variations related to the environmental 

disturbance. 

Renaudie and Lazarus (2013) argued that for applications of diversity analyses in pale-

oenvironmental reconstructions, data compilations such as the PaleoDB might not be useful, 

because the resolution of the time series is not fine enough. The average duration of time slices 

in this study is much longer than their preferred 100 Kyr, which cannot be attained at the TJB 

owing to the nature of the geologic record. A finer stratigraphic resolution could be achieved  

by computer-aided sequencing of events (Sadler 2004), but data from even the best studied fos-

sil localities (such as Haida Gwaii) are compilations of partial sections, where most of the ra-
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diolarian-bearing samples are limestone nodules in fine-grained siliciclastic sedimentary rocks. 

Moreover, unbinned data are not suitable for sampling standardization. 

3.1.2 Smaller events

The Late Triassic–Early Jurassic interval includes other, smaller biotic and environmental 

events, whose characterization may be aided by studying radiolarian diversity patterns. O’Dog-

herty (2010) claimed that radiolarians suffered significant extinctions in the Early Norian sub-

stage, which have not been quantitatively assessed before, nor have  they been correlated  to 

changes in any environmental parameter. On the other hand, the much-studied early Toarcian 

Oceanic Anoxic Event (Jenkyns 2010) and the related second-order extinction is said to be 

manifested in elevated radiolarian turnover. Hori (1997) described a Toarcian radiolarian event 

from bedded cherts of Japan, but this has not been confirmed from elsewhere, and a distinct 

extinction peak is not evident at the stage level (Kiessling and Danelian 2011). 

Here radiolarian turnover rates from the Triassic to the earliest Cretaceous are reassessed, 

using a finer, substage-level stratigraphic resolution in the Late Triassic–Early Jurassic (Car-

nian–Toarcian) interval. Extinction and origination rates of radiolarians are then compared 

with those of major calcareous marine invertebrate fossil groups, in order to test the ocean aci-

dification hypothesis, which predicts that a biocalcification crisis preferentially affects marine 

calcifiers over silica-secreting organisms.

3.2 Data and methods

3.2.1 Data download and taxonomic revision

Radiolarian occurrence data of the Capitanian (Middle Permian) to Albian (mid-Creta-

ceous) interval were downloaded from the PaleoDB on December 16, 2013 and comprise 2 144 

fossil collections, each usually representing microfossils extracted from a single hand-sample. 

This data set is similar to the one used for a previous analysis (Kiessling and Danelian 2011) 

but has been supplemented by about 800 collections from more than 40 references. Genus 

occurrences marked  as  “aff.”  or  “cf.”,  and  those with  quotation marks were  excluded.  For 

comparison occurrences of major benthic marine invertebrate groups with calcareous skeletons 

(bivalves, brachiopods, corals, calcareous sponges, gastropods) were also downloaded from 

the PaleoDB.

Until recently, Mesozoic radiolarian data were not appropriate for turnover analysis be-

cause their taxonomy was unstandardized even at the genus level and the species concepts va-

ried among taxonomists. To enhance the taxonomic robustness of the data set, taxonomic opi-

nions were entered from recent monographs (Goričan et al. 2006; O’Dogherty et al. 2009a,b) to 
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correct older occurrence entries automatically. Also the same additional taxonomic corrections 

were applied to the downloaded data that were performed in a previous study (Kiessling and 

Danelian 2011). 

3.2.2 Stratigraphic resolution

The default stratigraphic resolution of the PaleoDB is the geologic stage, also used in the 

analyses by Kiessling and Danelian (2011). To achieve a higher resolution in the focus interval, 

most of the 785 Late Triassic to Early Jurassic radiolarian collections were assigned to substa-

ges, on the basis of additional stratigraphic information gleaned from the original references. 

This resulted in a finer and more uniform stratigraphic resolution in terms of bin duration, with 

the average length of the time slices lowered from 6.4 to 5.1 Myr, and their standard deviation 

from 3.9 to 2.6 Myr.

Generally accepted substages for the Carnian to Toarcian stages (Gradstein et al. 2012) 

were used except for the short Hettangian stage. In addition, the Rhaetian was subdivided into 

two units, to assess the assumption that extinctions were concentrated near the TJB. Following 

Lucas (2010), I distinguished the Paracochloceras amoenum and Choristoceras crickmayi 

ammonite zones, which correspond to the Proparvicingula moniliformis and Globolaxtorum 

tozeri radiolarian zones suggested by Carter (1993), as the two subunits of the Rhaetian. On the 

other hand, to increase data density, I combined the Early Triassic stages and the middle and 

late Toarcian substages into one time slice each.

Any occurrence data that could not be assigned to a single interval of the stage/substage 

timescale (Table 3.1) were excluded. Although this loss of data is substantial in the substa-

ge-level part of the series, unlike the results presented in Chapter 5 its effects on biodiversity 

dynamics are minor (see Appendix of Kocsis et al. 2014) and there is no substantial change 

in the overall pattern of extinction rates at the stage level when compared with the results of 

Kiessling and Danelian (2011).

3.2.3 Applied methods

All taxonomic rate forms mentioned the methods section were calculated. The gap-filler 

equations were preferred due to their recent development and their occurrence-based approach. 

Their utilization is supported by the large number of radiolarian genera in a bin. The gap-filler 

equations require the three-timer sampling completeness (Alroy 2008) to be as even as possible 

(Alroy 2014), which is best accomplished by using them with classical rarefaction (CR; Raup 

1975), an approach followed here. The target quota was 54 genus occurrences in the individual 

subsampling trials. This low quota is necessary to achieve complete time series. An increase of 

the subsampling quota did only marginally change the results in the less complete time series. 
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Time slice
Base
(Ma)

Mean age 
(Ma)

Duration 
(Myr)

No. of 
collections

No. of 
occurrences 

(genera)

No. of 
occurrences 

(species)

Capitanian 265.8 263.1 5.4 30 146 241

Wuchiapingian 260.4 257.1 6.6 48 337 497
Changhsingian 253.8 253 1.6 193 1 073 1 521
Induan–Olenekian 252.2 249.65 5.1 26 109 133
Anisian 247.1 244.3 5.6 90 600 928
Ladinian 241.5 239.25 4.5 67 688 1 110
L. Carnian 237 235.25 3.5 34 342 517
U. Carnian 233.5 230.95 5.1 16 121 237
L. Norian 228.4 225.25 6.3 37 610 1 084
M. Norian 222.1 218.95 6.3 10 54 106
U. Norian 215.8 212.65 6.3 24 142 241
l. Rhaetian 209.5 207.45 4.1 42 616 968
u. Rhaetian 205.4 203.35 4.1 31 191 306
Hettangian 201.3 200.3 2 77 761 1 079
L. Sinemurian 199.3 197.25 4.1 9 163 300
U. Sinemurian 195.2 193 4.4 42 583 914
L. Pliensbachian 190.8 189.15 3.3 69 696 1 167
U. Pliensbachian 187.5 185.1 4.8 24 226 372
L. Toarcian 182.7 181 3.4 18 425 776
M.–U. Toarcian 179.3 176.7 5.2 44 293 496
Aalenian 174.1 172.2 3.8 29 384 815
Bajocian 170.3 169.3 2 69 712 1 306
Bathonian 168.3 167.2 2.2 26 337 655
Callovian 166.1 164.8 2.6 40 489 758
Oxfordian 163.5 160.4 6.2 51 506 712
Kimmeridgian 157.3 154.7 5.2 38 443 697
Tithonian 152.1 148.8 6.6 133 2 444 4 313
Berriasian 145.5 142.85 5.3 45 1 037 1 609
Valanginian 140.2 138.3 3.8 47 775 1 082
Hauterivian 136.4 133.2 6.4 23 640 877
Barremian 130 127.5 5 14 482 636
Aptian 125 118.5 13 12 209 279
Albian 112 105.8 12.4 38 341 519

Table 3.1. Time scale and summary table of the resolved data. The radiometric data for the Norian time slices were chosen to 

allow the substages to have equal durations. After filtering, 27 251 species-level and 16 975 genus-level occurrences of 541 

genera from 1 496 collections were available for analysis. 
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A high number of 1500 iterations was used to ensure stability of the subsampled rates. For 

comparison, I have also computed the taxonomic rates using Shareholder Quorum Subsamp-

ling (SQS; Alroy 2010a,b,c) with the targeted quorum of 0.6, and by-list occurrences weighted 

(OW) subsampling (Alroy et al. 2001), with the same quota as for CR. 

All correlation tests were performed using Spearman’s rank-order correlation. Time- 

series data were first detrended by applying generalized differencing (McKinney and Oyen 1989;  

Kiessling 2005) to remove significant autocorrelations. The expanded set of rate calculation 

methods makes the comparison of different taxa difficult. Correlations were regarded as sig-

nificant only when they were significant using both the per capita and the gap-filler rates, thus 

both an occurrence- and a range-based method was taken into account. 

Akaike weights were calculated from the corrected Akaike Information Criterion for the 

order-specific extinction selectivity tests. I used the lm() and the nls2() R functions (from 

the stats and nls2 packages, respectively) to calculate the log-likelihoods of the various regres-

sion models of taxonomic rates that were evaluated in the same model selection  (Burnham and 

Anderson 2002) paradigm as the extinction selectivity tests.

3.3 Results

3.3.1 Triassic-Jurassic radiolarian turnover rates

3.3.1.1 Rate changes through time

Kiessling and Danelian (2011) poin-

ted out that the medians of the Triassic and 

Jurassic extinction rates (Fig. 3.1) differ sig-

nificantly  at  the  stage  level,  which  is  also 

true with  the  finer  binning  of  the Triassic–

Jurassic interval (Wilcoxon rank sum test,  

p = 7.46 × 10-4). The finer stratigraphic reso-

lution let me use more points for a correlation 

analysis, which revealed that extinction rates 

declined significantly over time in the Trias-

sic−Jurassic  interval  (Spearman’s  rank  cor-

relation ρ = 0.67, p = 4.186  × 10-4 between 

the gap-filler rates and mean time slice ages). 

We cannot distinguish between an exponen-

tial and linear decline, as the Akaike weights 

Figure 1: one columnFigure 3.1. Sampling-standardized time series of radiolarian 

extinction (A) and origination (B) rates. Both extinction and 

origination rates assume a pulsed turnover.
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of these models are nearly the same (0.467 vs. 0.532). Origination rates also declined over time 

(Fig. 3.1, Spearman’s rank correlation with time ρ = 0.79, p = 4.794 × 10-6 with the gap-filler 

rates) and their overall trajectory is similar to that of extinctions, but Akaike weights support 

an exponential model better (0.925 vs. 0.075).

3.3.1.2 Magnitude of the end-Triassic extinction

The extinction rate of the late Rhaeti-

an time slice is above the confidence interval 

of the point estimates of both the linear and 

the exponential regression, and it is over the 

97.5% critical value of the detrended extinc-

tion rates (assuming normality, Shapiro-Wilk 

W = 0.9183, p = 0.053 detrended with a li-

near model), regardless of the function used 

to detrend the data (Fig. 3.2). Although it is 

possible that the late Rhaetian value is part of 

the log-normal distribution of detrended rates (W = 0.9708, p = 0.6869 with a linear function), 

similarly to the great Phanerozoic extinctions (Alroy 2008), the relative magnitude of this peak 

suggests that a significant extinction event occurred in the last time slice of the Triassic. 

3.3.1.3 Extinction selectivity at the Triassic-Jurassic boundary

Although a higher proportion of spumellarian (24%) than nassellarian genera (17%) have 

their last occurrences in the late Rhaetian, there is no statistical support for selective extinctions 

in the raw data, as a single rate model for the late Rhaetian is better supported (Akaike weights 

for the single and dual rate models: 0.73 and 0.27, respectively). Ecological selectivity could 

not be tested because we know too little of Mesozoic radiolarian ecology.

3.3.1.4 Originations near the Triassic-Jurassic boundary

Although the drop in originations is not significant in the Late Triassic, the relatively lower 

rate values are noteworthy. The phenomenon that low origination rates of marine invertebrates 

characterized the interval preceding the end-Triassic biotic crisis is widely recognized (Bam-

bach et al. 2004; Alroy 2008), and the results suggest that radiolarians show a similar pattern.

3.3.1.5 Comparison with calcifying organisms

I used the same analytical toolkit to characterize the evolutionary trajectory of benthic 

calcifying macroinvertebrates (Fig. 3.3), and compare it with that of radiolarians (for a detailed 

analysis of calcifiers, see Kiessling and Aberhan 2007a and Kiessling et al. 2007). Because the 

Figure 2: one columnFigure 3.2. Detrended extinction rates from Figure 3.1A, 

assuming exponential and linear trends, respectively. Note 

the prominent late Rhaetian peak.



Triassic-Jurassic radiolariansChapter 3

52

Figure 3: one column

Figure 3.3.  Comparison of stage-level 

radiolarian taxonomic rates with those 

of common macroinvertebrates. A, Ex-

tinction, B, Origination. All data sets 

were standardized using classical rare-

faction to the maximum number of oc-

currences that still allowed retaining all 

time slices in the analyzed interval. The 

subsampling quotas were set as follows: 

109 for radiolarians, 268 for bivalves, 

28 for corals, 67 for brachiopods, and 

505 for the bulk calcifier group. Justifi-

cation of the use of different quotas for 

comparison of different taxonomic rates 

follows Kiessling et al. (2007). Cases of 

negative gap-filler rates were plotted as 

stochastically zero and are marked by 

plus signs below the horizontal axis.

per capita rates gap-filler rates

Spearman’s ρ p-value Spearman’s ρ p-value

extinctions
bivalves 0.3505 0.168 0.3015 0.239
corals 0.6964 0.0052 0.2033 0.5053

brachiopods -0.0147 0.9585 -0.5098 0.0386
calcifiers together 0.3775 0.136 0.3431 0.1776

radiolarians 0.8775 < 10-4 0.8554 < 10-4

originations
bivalves 0. 9068 < 10-4 0.7353 0.0011
corals 0.7428 0.0022 -0.2033 0.5053

brachiopods 0.4436 0.0761 -0.125 0.6322
calcifiers together 0.8308 < 10-4 0.6593 0.0050

radiolarians 0.9485 < 10-4 0.9583 < 10-4

Table 3.2. Spearman’s rank correlations between interval mean ages and different stage-level taxonomic rates. Only radiola-

rian extinction rates decline significantly over the Triassic-Jurassic periods and the origination rates of radiolarians, bivalves 

and the bulk calcifier group show a declining pattern as well. Significant values were marked in bold, group names were only 

marked so when both rate calculation methods were significant.
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meaningful achievement of the substage-level stratigraphic resolution is still questionable for 

the great majority of macroinvertebrate occurrences I compared rates at the stage level. 

Taxonomic rates of radiolarians are higher than those of benthic calcifiers, among which 

bivalves exhibit the lowest turnover rates. The overall trajectories of origination rates of cal-

cifiers are similar to those of radiolarians, but only bivalves exhibit a similar decline over time 

(Table 3.2), regardless of the rate metrics. Radiolarians are the only group for which extinction 

rates decline significantly over the Triassic–Jurassic interval.

Per capita rates tend to have better correlations than the gap-filler rates between the rates 

of different groups (Table 3.3), and extinction rates among taxa are better correlated than ori-

gination rates. Extinction rates of bivalves are correlated with those of both brachiopods and 

bivalves corals brachiopods calcifiers radiolarians
per capita extinction rates

bivalves N/A -0.04 0.53 0.85 0.77
corals 0.8758 N/A 0.03 0.02 -0.10

brachiopods 0.0090 0.9214 N/A 0.69 0.31
calcifiers together <10-4 0.9410 0.0003 N/A 0.75

radiolarians <10-4 0.6943 0.1495 <10-4 N/A

gap-filler extinction rates
bivalves N/A 0.13 0.31 0.83 0.48
corals 0.6706 N/A 0.4 0.55 0.81

brachiopods 0.1481 0.1601 N/A 0.60 0.16
calcifiers together <10-4 0.0459 0.0029 N/A 0.50

radiolarians 0.0241 0.0012 0.4695 0.0194 N/A

per capita origination rates
bivalves N/A 0.13 0.70 0.89 0.51
corals 0.6091 N/A 0.36 0.36 0.49

brachiopods <10-4 0.1377 N/A 0.81 0.34
calcifiers together <10-4 0.1401 <10-4 N/A 0.58

radiolarians 0.0136 0.0465 0.1033 0.0742 N/A

gap-filler origination rates
bivalves N/A 0.14 0.36 0.81 0.39
corals 0.6158 N/A 0.58 0.47 -0.16

brachiopods 0.0878 0.0362 N/A 0.45 -0.01
calcifiers together <10-4 0.0938 0.0310 N/A 0.32

radiolarians 0.0709 0.5911 0.9678 0.1508 N/A

Table 3.3. Cross-correlation of turnover rates for well-sampled benthic macroinvertebrates and radiolarians based on gene-

ralized differencing. The upper right area of each part of the table reports correlation values, the bottom left reports the cor-

responding p-values. Values of pairwise correlations were marked as bold, if generalized differences of rates calculated with 

both types of methods yielded significant correlations.
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radiolarians. At the stage level, radiolarians have slightly lower extinction rates than the pooled 

calcifiers, but the evidence for differing values is not strong enough to support selectivity (0.32 

is the Akaike weight for the single, 0.68 for the dual rate model).

3.3.1.6 Resolution-dependence of the patterns

The trajectory of stage-level extincti-

on rates (Fig. 3.4) is very similar to that of 

Kiessling and Danelian (2011), although the 

latter  was  obtained  using  different metrics. 

The late Rhaetian is the time interval when 

the difference between the previous and the 

results are most pronounced. This is attribu-

ted to the enhanced stratigraphic resolution 

in this analysis. 

The end-Triassic mass extinction of ra-

diolarians becomes evident only with an ana-

lysis at the substage level: even though the 

long-term trends did not change, the short-

term pattern at the substage resolution is remarkably different from that at stage level. The ap-

parent variability of the substage-level taxonomic rates suggests that significant turnover might 

have happened within the stages. 

3.3.1.7 Pulsed vs. continuous turnover

In the case Triassic-Jurassic radiolarians, the independence of rate magnitudes from bin 

durations is supported by the lack of correlation between the gap-filler rates and the durations 

of the time slices (originations: Spearman’s rank-order correlation ρ = 0.10, p = 0.5913; extinc-

tions: ρ = -0.08, p = 0.6814). Normalizing the rate values with the time slice durations introdu-

ces artificial correlations between bin durations and both extinction (ρ = -0.47, p = 0.0096) and 

origination rates (ρ = -0.43, p = 0.0202), meaning that it is reasonable to assume that the pulsed 

model holds in the case of radiolarian turnover.

3.3.2 Potential biases

3.3.2.1 Subsampling methods

Applying  different  subsampling methods  and  increasing  the  subsampling  quota  led  to 

only minor changes in the results (Fig. 3.5). In some cases the SQS extinction rates are nega-

Figure 4: one columnFigure 3.4. Comparison of extinction rates at stage- and 

substage-level stratigraphic resolution on the Late Trias-

sic–Early Jurassic interval. Note the substantial differences 

in the Late Triassic. Subsampling quotas were set to 54 and 

337 with the substage and the stage resolution rates, respe-

ctively.
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tive, most likely due to the higher volatility 

of the three-timer sampling completeness, 

which is most even when the CR method is 

used (Alroy 2014). 

3.3.2.2 Comparison of rate metrics

The trajectories of the Late Triassi-

c˗Early  Jurassic  radiolarian  extinction  rates 

are  similar  when  different  metrics  of  taxo-

nomic turnover are applied (Fig. 3.6). The 

gap-filler  rate  curve parallels  the per  capita 

rate curve closely, and although the gap-filler 

rate values are systematically higher, the two 

rate metrics correlate well (ρ = 0.88, p = 5.98 

× 10-7 for extinctions and ρ = 0.75, p = 4.44 

× 10-6 for originations). The corrected three-

timer extinction rates correlate only modera-

tely with  the gap-filler extinction rates (ρ = 

0.53, p = 3.39 × 10-3). The former are more 

volatile and produce negative rate values in 

the middle Norian and the early Rhaetian. 

The three-timer metric also yields pronoun-

ced extinction peaks in the late Norian and 

late Sinemurian time slices. The unique ext-

inction peak in the late Rhaetian is indepen-

dent of the rate metric applied, as all three 

methods exhibit a distinct extinction peak in 

this time slice.

3.3.2.3 The effect of unique collections

The raw extinction rates have a distinct peak in the Hettangian stage, which solely reflects 

the short-term survivor taxa from Haida Gwaii described by Longridge et al. (2007). Although 

they are assigned to the Hettangian on the basis of radiolarian biostratigraphy, the key samples 

(R1 from Section II of Kennecott Point, and R2 and R3 in Section III, Kunga Island) occur 

below the first appearance of psiloceratid ammonites, their faunal composition is mixed, and 

they clearly represent the transition between Triassic and Jurassic radiolarian faunas. Removal 

Figure 5: one column
Figure 3.5. Time series of radiolarian extinction rates calcu-

lated with different subsampling quotas for classical rarefa-

ction (A) and with different subsampling procedures applied 

to gap-filler rates (B), and to the corrected three-timer rates 

(C). The gradual increase of the subsampling quota sys-

tematically lowers the number of points in the time series 

related to that level of subsampling. Subsampling quota was 

54 with both CR and OW; the shareholder quorum was set 

to 0.6 with SQS. 
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of these three samples (PaleoDB collection 

nos. 97489, 97493, 97494) shifts the Hettan-

gian extinction peak to the late Rhaetian, the 

probabilistic nature of the standardization re-

duces the effect of outliers. This accounts for 

the lowering of Rhaetian extinction rates on 

the stage-level plots (Fig. 3.4) as the subsam-

pling quota increases. 

3.3.2.4 Geographic patterns

To evaluate potential geographic bi-

ases I depicted the geographic coverage of 

radiolarian occurrence data (Fig. 3.7) and 

found this to be highly uneven in the Late 

Triassic and Early Jurassic, due to the scar-

city of preserved geotectonic environments 

that are amenable to yielding well-preserved 

radiolarian assemblages. Collections from 

Haida Gwaii dominate this part of the re-

cord; more than half of the samples (53%) 

were collected from this area. The dominan-

Figure 6: one column
Figure 3.6. Time series of radiolarian extinction (A) and 

origination (B) rates, sampling standardized with classical 

rarefaction and calculated with different rate metrics.

The occurrence-based methods produce systematically hig-

her rates, and the corrected three-timer rates are the most 

volatile, producing strong peaks even where other methods 

do not show any. The subsampling quota was set to 54 oc-

currences.

Figure 3.7. Geographic distribution of Late Triassic (squares) and Early Jurassic (triangles) radiolarian samples from the 

PaleoDB collections.
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ce of samples from Panthalassa decreases in 

the Middle Jurassic (Fig. 3.8) while Tethyan 

samples become more prominent. Although 

spatial coverage is limited before and after 

the TJB, abrupt changes in the proportions 

of covered regions did not create artifactual 

extinctions (for example, in the late Norian 

or the Oxfordian), suggesting that the lower 

representation of these regions does not in-

terfere substantially with the extinction pat-

tern observed at the TJB, but rather indicates 

the presence of genera with wide geographic 

ranges. 

Extant and fossil radiolarians exhibit distinct provinciality (De Wever et al. 2001) and the 

Mesozoic is no exception (Kiessling 1999). In the Late Triassic–Early Jurassic this is reflected 

in the different zonal schemes established for the major outcrop areas where radiolarians occur 

(Carter et al. 2010). Nevertheless, the proportion of genera endemic to larger regions (such 

as the Supplee-Izee area in Oregon) does not exceed 25% in the Early Jurassic. Moreover, 

the number of endemic genera in each area is correlated with the number of collections and 

occurrences (ρ = 0.61, p-value = 6.6 × 10-3 and ρ = 0.78, p-value = 1.147 × 10-4 respectively), 

suggesting that the apparent Early Jurassic provinciality is at least partially a sampling artifact, 

demonstrating the failure to sample cosmopolitan genera at localities with poorer preservation.

3.4 Discussion

3.4.1 Triassic–Jurassic mass extinction

The distinct radiolarian extinction peak in the late Rhaetian partially revises the previously 

established views (Kiessling and Danelian 2011). The reason for this difference is by and large 

in the different temporal resolution. The end-Triassic mass extinction for radiolarians becomes 

apparent only at a substage level. The end-Triassic extinction rates of radiolarians were still 

substantially smaller than the end-Permian ones and there was no similar taxonomic restructu-

ring at the ordinal level (De Wever et al. 2006).

Several lines of evidence suggest that the radiolarian extinction pulse in the late Rhaetian 

coincided with the devastating mass extinction of benthic organisms (Kiessling and Aberhan 

2007a; Kiessling et al. 2007), carbon cycle perturbations (Ruhl and Kürschner 2011), and the 

eruption peaks of the CAMP (Pálfy 2003). An abrupt increase of pCO2 (McElwain et al. 1999; 

Figure 8: one columnFigure 3.8. Proportions of occurrences from the main geog-

raphic regions of the Triassic–Jurassic interval. The latest 

Triassic–Early Jurassic interval is dominated by samples 

from the Panthalassa Ocean. A threshold of 50° absolute 

paleolatitude was set to separate high-latitude radiolarian 

occurrences.
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Beerling and Berner 2002) is thought to have promoted ocean acidification, which is proposed 

to be one of  the proximate causes of extinction of marine calcifiers  (Hautmann et al. 2008; 

Greene et al. 2012).

Although advances have been made in the last decade on long-term culturing experiments 

of radiolarians (Matsuoka 2007), our knowledge is still limited about their biology, including 

shell secretion and physiological reactions to changes of seawater chemistry. It is reasonable to 

assume that changes in seawater pH are unlikely to have serious hindered the silica secretion 

ability of radiolarians. Other organisms, such as siliceous sponges and diatoms, produce biog-

enic silica in specialized membrane-bound compartments in which they control silica secretion 

with  pH  regulation  (Coradin  and  Lopez  2003). Using  PDMPO,  an  acidophoric  fluorescent 

compound, Ogane (2009) demonstrated that similar silica deposition vesicles also exist in ext-

ant radiolarian species such as Rhizosphaera trigonacantha and Spirocyrtis scalaris. Seawater 

chemistry does not interfere directly with the skeleton forming process because the vesicles are 

enclosed in an organic matrix. The capability to regulate pH, and create such acidic conditions 

within  isolated  compartments  suggests well  developed physiological  buffering  abilities  that 

would make radiolarians highly resistant to external pH changes, similarly to diatoms (Li et al. 

2012; Tatters et al. 2013). 

The recognition that radiolarians were affected by the end-Triassic event does not neces-

sarily disprove the potential role of ocean acidification in the extinction scenario. Even if ra-

diolarian biomineralization was not directly affected by changes in seawater chemistry, the po-

pulations of other organisms upon which radiolarians preyed might have collapsed. Although 

the calcareous phytoplankton, which were obviously prone to suffer from acidification, were 

not widely distributed yet  (Bown et al. 2004),  the physiological buffering capacity of other 

phytoplankton groups with less-developed cellular structures was potentially much lower. The 

scarcity of prey could create a bottleneck, selecting for those taxa that could survive due to their 

inferred photosynthetic symbionts, which are present in several groups of extant radiolarians 

(Matsuoka 2007).

3.4.2 Global warming

Multiple lines of evidence suggest that global warming was the primary trigger mecha-

nism of the end-Triassic extinctions (Kiessling and Aberhan 2007a; Kiessling and Simpson 

2011). Relatively little  information is available on the effects of elevated seawater  tempera-

ture on living radiolarians. Experimental evidence suggests that although they achieve their 

highest diversity in tropical surface waters, and although some radiolarians more common in 

colder waters proliferate when introduced into warmer environments, even these forms are 

extremely intolerant of higher temperatures. The mean longevity of Spongaster tetras tetras 
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in controlled environments decreased markedly when temperature was raised (Anderson et al. 

1989). The measured mean longevity of 23 days at 27.5°C dropped to 2 days at 33°C, coupled 

with a reduction of growth rate above 31°C. No individuals survived above 36°C. Similarly, 

rapid decreases in mean and maximum longevity were observed with cultures of Didymocyrtis 

tetrathalmus at temperatures of 31°C or higher (Anderson et al. 1990). Similar patterns were 

observed in experiments with cultures of Dictyornyne truncatum; skeletal growth and survival 

were remarkably suppressed at temperatures above 32°C (Matsuoka and Anderson 1992). 

Even if early Mesozoic radiolarians had different temperature tolerances, the consequen-

ces of global warming would involve substantial poleward migrations and community changes 

leading to novel biotic interactions and detrimental effects via altered nutrient supply and inc-

reased stratification of upper part of the water column (Parmesan 2006).

3.4.3 Smaller events

Although O’Dogherty et al. (2010) reported that radiolarians suffered elevated extinction 

in the early Norian, which primarily affected multicyrtid nassellarians, in the sampling-stan-

dardized analyses the early Norian extinction rate remains within the range of background va-

lues. Because there is no evidence for any environmental disturbance that could have triggered 

significant extinctions, the early Norian extinction peak observed in the raw data (Fig. 3.7) is 

probably an artifact related to the poor sampling of the other Norian time slices. 

Similarly, the allegedly drastic turnover, described by Hori (1997) as the Toarcian Ra-

diolarian Event, at the boundary of the Parahsuum simplum and Hexasaturnalis hexagonus 

assemblage zones (corresponding to the lower-middle Toarcian boundary; Carter et al. 2010), 

also appears to be a sampling artifact. Although global warming was substantial in this interval 

(Bailey et al. 2003), the Toarcian extinctions are largely attributed to oceanic anoxia (Aberhan 

and Baumiller 2003), which might explain the limited response of radiolarians. Some radiola-

rian taxa are thought to have been associated with dysoxic environments in the Cretaceous 

(Erbacher and Thurow 1997), but anoxia itself might have had only a minor effect on the group, 

as radiolarians attain maximum abundance and diversity in the surface layer of today’s ocean, 

and there is no reason to assume that this has changed over time.

In comparison with benthic calcifiers, evolutionary forcing affecting radiolarians in their 

planktonic  habitat  appears  significantly  different. The good  radiolarian  data  across  the TJB 

largely come from the Panthalassa ocean (Japan and Wrangellia), whereas the benthic animal 

diversity dynamics are largely based on Tethyan shelf deposits. These settings presumably 

differed in several aspects such as CaCO3 saturation state and nutrient regimes. Nevertheless 

the end-Triassic extinction event affected radiolarians and benthic calcifiers similarly, suggest-

ing a common extrinsic cause, most likely the extreme global warming.
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3.5 Notes on the sharing of work
The manuscript was published in the journal Paleobiology (Kocsis et al. 2014). Although 

much of the Mesozoic radiolarian data was entered prior to this study, the author made signifi-

cant effors in order to make the available data ready for substage-level resolution analysis.  All 

coding and data analysis was executed by the author of this thesis. The ideas in the discussi-

on section were developed jointly with the supervisor, József Pálfy and the external advisor,  

Wolfgang Kiessling.
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Demise of the last two spire-bearing brachiopod orders  
(Spiriferinida and Athyridida) at the Toarcian (Early 
Jurassic) extinction event
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4.1 Introduction
Brachiopods have been severely affected by the end-Permian mass extinction and after 

that crisis they became subordinate in the shallow marine, level-bottom communities. In this 

habitat the group was largely replaced by the bivalves (Gould and Calloway 1980; Thayer 

1985; Walsh 1996), and brachiopods partially withdrew to the outer shelf environments or 

bathyal refugia (Sandy 1995; Vörös 2005). Five of the nine orders of articulate brachiopods 

(Subphylum Rhynchonelliformea) became extinct at the end-Permian event, whereas only one 

minor order (Thecideidina) originated afterwards in the Mesozoic (Curry and Brunton 2007). 

The four surviving clades show a secondary peak of diversity in the Late Triassic but their later 

history diverged significantly, a phenomenon analyzed in detail in this study. 

The orders Rhynchonellida and Terebratulida diversified in the Jurassic and are still ext-

ant. On the other hand, the other two orders, Athyridida and Spiriferinida, were severely deci-

mated by the end-Triassic crisis and became extinct in the Early Jurassic, during the second-or-

der Toarcian extinction event, coincident with the Toarcian Oceanic Anoxic Event (T-OAE). 

The late-stage history of these groups thus exemplify the concept of “dead clade walking” 

(Jablonski 2002), and their demise was the last major, order-level extinction event within the 

phylum Brachiopoda. 

The main shared anatomical and morphological feature of Athyridida and Spiriferinida is 

the possession of stiff, spiral brachidia which support the lophophore. These orders represented 

the last surviving spire-bearing clades, as the other spire-bearers disappeared during the late 

Devonian crisis (Atrypida) or fell victim to the end-Permian extinction (Spiriferida). The spiral 

brachidia are in contrast to the short crura or loop of the Rhynchonellida and Terebratulida, 

respectively (Alvarez and Rong 2002; Savage et al. 2002; Carter and Johnson 2006; Lee et al. 

2006). The spire-bearers’ lophophore is fixed at full length to the spiral brachidia, whereas the 

lophophore of the Rhynchonellida (spirolophe) and the Terebratulida (plectolophe) are only 

A B C

Figure 4.1. Comparison of lophophore anatomy of different articulate clades. A, fixed spirolophe of spire-bearers; B, free 

spirolophe of Rhynchonellida (crura in black); C, free plectolophe of Terebratulida (loop in black).
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proximally supported by the crura and the loop, respectively (Figure 4.1). The Athyridida and 

Spiriferinida were the last spire-bearer brachiopods and their decline and Early Jurassic ext-

inction is thought to be related to the properties of spiral brachidium, which supported a less 

flexible,  therefore  less  effective  lophophore  (Ager,  1987). The  inferred  feeding mechanism 

of spire-bearing brachiopods was widely discussed by several authors (Rudwick 1970 ;Vogel 

1975) and was recently studied by Manceñido and Gourvennec (2008), Shiino et al. (2009), 

and Shiino (2010).

The end-Triassic and the Toarcian extinction events, of paramount importance for the 

demise of spire-bearer brachiopods, share remarkable similarities. Both coincided with volcan-

ism that led to the formation of large igneous provinces (LIP), the CAMP and the Karroo-Ferrar 

Province, respectively (Burgess et al. 2015; Pálfy and Kocsis 2015). Although details of both 

events are still debated, LIP volcanism is proposed to trigger similar environmental stressors 

and was suggested to be the common ultimate causal agent for many major and minor extinction 

events (Courtillot and Renne 2003; Bond and Wignall 2014). The chain of interlinked environ-

mental changes include possible short-term cooling followed by longer-term warming possibly 

culminating in super-greenhouse episodes (McElwain et al. 1999; Suan et al. 2010), changes in 

ocean circulation and development of widespread anoxia (Jenkyns 2010), and acidification of 

the ocean (Greene et al. 2012; Hönisch et al. 2012). Despite the similar causation and processes 

in operation, the first-order end-Triassic and the second-order Toarcian extinction events are 

clearly of different magnitude (Alroy 2014). Separated by ~19 Myr, the two consecutive crises 

poses  intriguing  questions with  respect  to  the  extinction  of  spire-bearer  brachiopods. Their 

physiological  traits and diversity histories, as well as similarities and differences of  the two 

events need to be analyzed in order to explain why and how the second and smaller, rather than 

the first and larger of the two events led to the final demise of the athyridids and spiriferinids.

Herein (1) the Early Mesozoic diversity trajectories of the articulate brachiopod (Rhy-

nchonelliformea) orders are analyzed with a focus on the spire-bearing clades; (2) the trends 

in the morphological diversity of athyridids and spiriferinids are reconstructed, in contrast to 

the morphologically conservative terebratulids and rhynchonellids and the observed trends are 

used to propose an explanation for the selective extinction processes; and (3) the physiological 

advantage of active ciliate feeding of terebratulids and rhynchonellids are evaluated in contrast 

to the assumed passive feeding of spire-bearers.

For the analyses of taxic and morphological diversity, and the underlying evolutionary 

history of the four clades, and test the following three working hypotheses are formulated: (1) 

spire-bearing brachiopod orders were eradicated during the severe biotic crisis in the Toarci-

an stage, as  these groups were significantly more affected by the environmental disturbance 

than terebratulids and rhynchonellids; (2) although the lophophore morphology has only minor 
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influence on the origination pattern of brachiopods, it exerts significant influence on the proba-

bility of survival during environmental crises related to heat stress and/or anoxia; and (3) the 

disappearance of spire-bearing forms is at least partially attributable to their failed recovery 

after the end-Triassic mass extinction.

4.2 Data and methods
Occurrence data from the PaleoDB were downloaded through the Fossilworks portal 

(http://fossilworks.org) on 18. 08. 2015 for the Capitanian (Middle Permian) to Valanginian 

(Early Cretaceous) interval and were resolved to the stratigraphic level of stages (Gradstein et 

al. 2012). Only the Early Triassic stages were combined to make the timescale more even in 

terms of durations. The Early Jurassic part was further resolved to the level of substages, to bet-

ter constrain the diversity trajectories in the critical, terminal part of the spire-bearers’ evolu-

tionary history. A single occurrence (Collection number 63 775) of the genus Spiriferina in the 

Lower Temaikan (Aalenian) of New Zealand was omitted from the analysis due to stratigraphic 

correlation issues. Collections of uncertain stratigraphic assignment were omitted. The dataset 

resolved at the stage level consists of 15 190 genus-level occurrences from 7 399 collections 

in the Triassic–Jurassic interval (Table 1). Age range data from the Treatise of Invertebrate Pa-

leontology (Williams et al. 2007) were used as a control and compared with the PaleoDB data. 

interval
bottom 

(Myr.)

top

(Myr.)
collections

spire-bearer 

 occurrences

other 

occurrences

Early Triassic 252.2 247.1 407 32 546
Anisian 247.1 241.5 477 581 704
Ladinian 241.5 237 346 120 424
Carnian 237 228.4 337 311 466
Norian 228.4 209.5 390 282 401
Rhaetian 209.5 201.3 441 196 599
Hettangian 201.3 199.3 126 16 240
Sinemurian 199.3 190.8 314 96 610
Pliensbachian 190.8 182.7 1128 243 2471
Toarcian 182.7 174.1 1091 153 1776
Aalenian 174.1 170.3 293 0 510
Bajocian 170.3 168.3 435 0 984
Bathonian 168.3 166.1 449 0 1014
Callovian 166.1 163.5 528 0 1230
Oxfordian 163.5 157.3 290 0 622
Kimmeridgian 157.3 152.1 140 0 207
Tithonian 152.1 145 207 0 356

Table 4.1. Time scale and occurrence data of brachiopods from the study interval. Occurrences are at the genus level.
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All statistics of diversity dynamics were calculated on the Triassic–Jurassic interval using 

stage-level resolution both with and without sampling standardization. No correlations were 

significant between bin durations and  the  taxonomic  rates, which  suggested  that  the pulsed 

model (Foote 2005) of turnover described brachiopod evolution better, therefore the per capita 

taxonomic rates were calculated with equations (3 and 4).

The Shareholder Quorum Subsampling algorithm (Alroy 2010a,b,c) was used to estimate 

the parameters at a given sampling level. The target quorum of 0.6 effectively represents the 

patterns emerging from a range of other settings. Other subsampling methods, were also tested 

and found to lead to the same general results. 

To assess the selectivity of extinction and origination rates, the method presented in 

Chapter 2.4 was used (with the sample size corrected Akaike Information Criterion) to dist-

inguish whether the data at hand provide strong enough evidence to describe the extinction 

patterns when the data are subdivided into specific groups. However, because the information  

theory-based approach cannot be used when the extinction rate equations are not applicable (i. 

e. at the final extinction of a taxon), binomial tests were used to assess the selective extinction 

risk of spire-bearing forms in the final bin in which they occur (i.e. the Toarcian stage). These 

tests calculate the probability of complete extinction of spire-bearer genera (i.e. no surviving 

genus in the Aalenian, out of 6 genera extant in the Toarcian), given that their proportion of 

survival is predicted by the proportion of survival of other brachiopods. As the calculated ta-

xonomic rates were not significantly autocorrelated, correlations between the rate values were 

tested on the values directly.

4.3 Results

4.3.1 Brachiopod diversity

The generic diversity of the four bra-

chiopod orders surviving the end-Permian 

show similar trajectories: the Triassic reco-

very reached a maximum in the Carnian and 

Norian, then the end-Triassic near-extinction 

was followed by secondary bloom in two 

phases in the Jurassic.

The sampling standardized analysis re-

veals a gradual rebound of brachiopods af-

ter the end-Permian extinction event (Fig. 
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Figure 4.2. Diversities of brachiopod genera in the Trias-

sic-Jurassic interval. Raw diversities were calculated with 

the range-through method, subsampled richness estimates 

indicate sampled-in-bin diversities corrected with the three-

timer sampling completeness as in Alroy (2008). The samp-

ling standardization method was SQS with the shareholder 

quorum of 0.6.
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4.2). The end-Triassic extinction severely 

hit the clade, thus diversity has a local mini-

mum in the Hettangian, which is confirmed 

by the sampling standardization. The Juras-

sic blooms are attributable to the rhyncho-

nellides and terebratulides, while the spire-

bearing clades show only a weak diversity 

increase in the Early Jurassic and vanish in 

the Toarcian (Figs. 4.3 and 4.4). 

Range-through diversities of spire-

bearers were calculated using data from both 

the PaleoDB and the Treatise on Inverteb-

rate Paleontology (Alvarez and Rong 2002;   

Savage et al. 2002; Carter and Johnson 2006; 

Lee et al. 2006; Gourvennec and Carter 

2007). The resulting patterns closely paral-

lel each other (Fig. 4.3). The discrepancy is 

most  likely  the  combination  of  the  effects 

produced of the omission of older monographs (Bittner 1890; 1899) that are not valid sources 

of occurrence data for PaleoDB and therefore are not included in the analysis, and the inclusion 

of much novel information in the database. Curves of taxonomic rates also show a significant 

resemblance. 

4.3.2 Comparison of diversity dynamics

Different  orders  within  the  morpholo-

gical groups show similar diversity history 

in the Triassic (Fig. 4.4). However, the di-

versity trajectories following the end-Trias-

sic  mass  extinction  are  markedly  different 

for the spire-bearing and the other orders 

(Fig. 4.5). The Triassic richness values are 

not significantly different, whereas the spire-

bearers  have  significantly  lower  diversities 

in the Jurassic than other types, based on a 

Wilcoxon rank sum test using the raw ran-
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Figure 4.3. Raw range through diversities of spire-bearing 

orders Athyridida and Spiriferinida over the Triassic-Juras-

sic interval from the PaleoDB and the Treatise of Inverteb-

rate Paleontology. PaleoDB patterns match the Treatise 

data well.
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Figure 4.4. Raw range-through diversities of brachiopod 

genera based on PaleoDB data in the orders Athyridida, 

Spiriferinida, Terebratulida and Rhynchonellida. The spire-

bearing orders (darker lines) have highly similar diversity 

trajectories, both vanished at the end of the Early Jurassic. 
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ge-through counts (p = 0.0284). Sampling standardization does not alter this pattern signifi-

cantly. 

Raw  Spearman  rank  correlations  are  significant  between  both  origination  (ρ  =  0.81,  

p = 0.0218) and extinction rates of spire-bearing and other genera on the stage level (ρ = 0.79, 

p = 0.0279). However, selectivity tests suggest that the combined spire-bearer group suffered 

selective, more severe extinctions in the Rhaetian stage (Fig. 4.6). 

4.3.3 Extinction in the early Toarcian

Out of the 6 spire-bearing genera that cross the Pliensbachian-Toarcian boundary, none 

survives to the Aalenian stage (not even to the late Toarcian substage, i.e. after the T-OAE). This 

is significantly different from a predicted value on the basis of survivorship of the other clades 
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Figure 4.5. Raw and subsampled diversities and per capita extinction and origination rates of spire-bearer and other bra-

chiopod genera over the Triassic-Jurassic interval. Triangles indicate intervals where the AICc model comparison indicates 

a two-rate model and selective extinctions.  The target quorum for the shareholder quorum subsampling was 0.6. The estima-

tions for the richness were calculated using the range-through for the raw and corrected SIB method for the subsampled data.
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(Rhynchonellida and Terebratulida), where 53 genera survived out of the 64 boundary-crossing 

taxa (p < 0.0001, Fig. 4.7). This range-based binomial test suggest that spire-bearers were more 

vulnerable to extinction during the Toarcian and this is confirmed by repeating the survivorship 

analysis with SIB counts (p = 0.0168).  Repeating this analysis on the substage-level yielded 

the same pattern of results for the Early Toarcian substage. This is unlikely to be the result of 

different preservation potential as the three-timer sampling completeness values are not signifi-

cantly different in the overlapping parts of the spire-bearing and non-spire bearing time series.

4.3.4 Temporal variation of spire-bearer morphotypes

During the long history of the subphylum Articulata (Rhynchonelliformea), various taxa 

have been morphologically adapted to different environments and life habits. This is especi-

ally true for the Paleozoic, when, besides the typical biconvex shells, a series of other forms 

were  also  common,  including  the flat,  concavo-convex  (leptaenoid),  the  laterally  expanded 
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(alate), and the strongly inaequivalve, almost 

conical (cyrtiniform) morphological types.  

These morphotypes commonly occurred 

among the spire-bearers (Athyridida and Spi-

riferinida) in the early Mesozoic, whereas the 

rhynchonellids and terebratulids maintained 

their conservative, biconvex shell form. The  

proportional diversities of the four morpho-

types are illustrated in Fig. 4.8 (Ager 1967; 

Rudwick 1970).

In the Triassic characterized by high 

diversity,  different  adaptive  morphotypes 

were abundant in both spire-bearing orders 

(Fig. 4.8). After the end-Triassic bottleneck, 

the alate (e.g. Dispiriferina) and cyrtiniform 

(e.g. Cisnerospira) morphotypes re-appeared 

besides the conservative biconvex shells 

among the Spiriferinida, whereas the order 

Athyridida was represented exclusively by 

the leptaenoid morphotype (Koninckinidae) 

in the Early Jurassic (Fig. 4.8). 

4.4 Discussion
Statistical analyses of diversity trajectories and taxic rates of spire-bearer vs. non-spire-

bearer brachiopods confirm all of the initial working hypotheses. Accepting that the sampling 

measures do not indicate a difference in overall preservation potential, it is demonstrated that 

the  spire-bearing groups were  indeed  significantly more  affected by  the  two  environmental 

crises. Statistically it is highly unlikely that inferior preservation potential is the reason for the 

selective disappearance from the record. The correlation and selectivity tests indicate that ext-

inction forcing of the spire-bearing forms was different from other brachiopods.

Both spire-bearing orders reached their maximum Triassic diversity in the Carnian, and 

were only slightly surpassed by terebratulids and rhynchonellids in the Norian. Athyridida and 

Spiriferinida were severely affected by the end-Triassic crisis, and had a short and limited re-

covery before their final extinction in the Toarcian, providing an example of the concept “Dead 

clade walking” by Jablonski (2002).
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The recovery of the two spire-bearer orders was similar in taxic diversity trajectories but 

very different in development of adaptive morphologies. Spiriferinids retained their morpho-

logical diversity, while athyridids  lost  the adaptive flexibility, what may be considered as a 

herald of forthcoming extinction of the latter clade. However, not only the Athyridida but both 

spire-bearing clades were eradicated in the early Toarcian and this needs further explanation. 

Morphological adaptation to various environments and substrates was manifold and cont-

ributed to the evolutionary success of brachiopods in the Paleozoic. However, the competit-

ion with bivalves was manifested in pre-emptive exclusion of brachiopods after each mass 

extinction (e.g. the end-Permian and the end-Triassic; Walsh 1996) and increased during the 

“Mesozoic marine revolution” (Vermeij 1977). This competition needs to be considered as a 

factor in the slow and limited recovery of more specialized morphotypes of spire-bearers from 

the end-Triassic event, and their final early Toarcian demise. The bivalves displaced mostly 

the infaunal and soft-bottom dwellers, i.e. the cyrtiniform, alate and leptaenoid forms, whereas 

the conservative, epifaunal Rhynchonellida and Terebratulida remained less affected by com-

petition and survived owing to their less specialized morphology and broader environmental 

tolerance.

However, the biconvex shell and the epifaunal mode of life alone cannot fully explain 

the selective survival of rhynchonellids and terebratulids, because the same characters were 

also common to the Early Jurassic spiriferinids, even among the very last representatives of  

Liospiriferina in the Early Toarcian (García Joral and Goy 2000; Comas-Rengifo et al. 2006). 

The selective extinction of spiriferinids, together with the other spire-bearer group, the athy-

ridids, is best explained by their internal features: the spiral brachidia and the firmly attached 

lophophore.

Manceñido and Gourvennec (2008) gave an exhaustive review and evaluation of the de-

cades-long research and debates by a great number of authors on the feeding current system of 

spire-bearing brachiopods, including the results of both early flume experiments and observa-

tions on fossil interactions with epi- and endobionts. Their tentative conclusion is that the ext-

inct spiriferids and spiriferinids used their laterally tapering spiralia and the attached spirolophs 

as a kind of plankton net and took advantage of a passive flow system with a median inhalant 

and two lateral exhalant sectors. The point of entry of the median inhalant sector was always si-

tuated at the ventral sulcus, whereas the outflows departed along the elongated lateral margins. 

This circulation pattern is opposite to all known feeding current systems of the present-day 

articulate brachiopods, where the outflow jet is always medially located.

The above model is convincingly supported by flume experiments by Shiino et al. (2009) 

and Shiino (2010). They used transparent models of Devonian spiriferids: Paraspirifer, a reg-

ular, biconvex form, and Cyrtospirifer, an alate form, both with ventral sulcus. The flow tests 
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demonstrated that the continuous stream of the surrounding water generated a medial inflow 

current into the gaping shell models and wide zones of outflows along the lateral sides. Besides 

proving the previous model (Manceñido and Gourvennec 2008), Shiino’s (2010) experiments 

brought forward an important new element as they revealed the presence of an invariable spi-

ral flow system inside the spiriferide models. This gyrating flow closely followed the laterally 

oriented spiral brachidium of the model specimens. 

The above results allow the conclusion that the ventrally sulcate spiriferids were adapted 

to continuous, low-velocity currents of the bottom water, where the passive gyrate flows carri-

ed the suspended food particles directly to the tentacles of the lophophore. This passive feeding 

mechanism is in contrast with the ciliary pump system of other articulate brachiopods. Modern 

rhynchonellids and terebratulids generate inflows through the lateral gape and jet-like anterior 

outflows, and they maintain this system by the activity of cilia aligned on the lophophore (Rud-

wick 1970; Peck et al. 1997).

The passive feeding system of spire-bearers was advantageous in stable, current-swept 

habitats, but resulted in environmental dependence. However, this proved to be detrimental in 

the unfavourable environmental conditions in times of biotic crises and resulted in partial or 

total extinctions. On the other hand, the ciliate active feeding of terebratulids and rhynchonel-

lids worked well in deeper or calmer seawaters, in refugia, e.g. in crevices and caves, or even 

in intermittently oxygen-depleted environments. Such physiological advantage of these orders 

helped them better cope with the environmental changes at the end of the Triassic and in the 

early Toarcian, when the spire-bearing clades were more severely affected and became ultima-

tely extinct.

4.5 Notes on the sharing of work
The material presented in this chapter is based on a manuscript that was prepared for 

publication jointly with A. Vörös and J. Pálfy, and is planned to be submitted in the nearest 

future. A. Vörös postulated the basic hypothesis of selective extinction after the compilation 

and preliminary analysis of age-range and morphological data from the Treatise on Invertebra-

te Paleontology. All data analyses with results reported in this chapter were performed by the 

author of this thesis, who also drafted all the figures with the exception of Figure 4.1 which was 

drawn by A. Vörös. 
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5.1 Introduction

5.1.1 Database analysis and the stratigraphic resolution of fossil data

Large databases became an integral part of paleontological data analyses and using com-

pilations such as Sepkoski’s compendium (Sepkoski 2002) or the Paleobiology Database, we 

construct time series from estimates of ecological parameters of the fossil record. Among these 

databases the peer-compiled PaleoDB is the most recent advancement, which since its concep-

tion became dominant due to its international support, size, and collection- and occurrence-ba-

sed data organization system (Alroy et al. 2001).

In order to estimate paleobiologically relevant parameters such as diversity and turnover, 

the source data first need to be binned into distinct intervals of which the estimates are consi-

dered descriptive. In the field of global diversity dynamics, most studies employ stage-level 

or coarser stratigraphic resolution. The current standard in studies based on the PaleoDB is to 

use its own dynamic timescale (Alroy 2014) that maximizes data utilization and combines stra-

tigraphic stages to form a roughly uniform timescale with bins of average duration of 10 Myr. 

Attempts to analyze diversity dynamics with increased stratigraphic resolution are quite 

common using datasets of stratigraphic ranges compiled by specialists, but these analyses are 

usually confined to biostratigraphically important taxa such as ammonites (Dera et al. 2010, 

Macchioni and Cecca 2002)  and radiolarians (O’Dogherty and Guex 2002). Finer resolution 

timescales were only recently applied on PaleoDB data for the first time (Chapter 3; Kocsis et 

al. 2014; Na and Kiessling 2015). There is also a great potential in quantitative biostratigraphy 

(e.g. Alroy 2009) to increase the resolution of biodiversity studies, but the assessment of gene-

ral applicability of these methods is beyond the scope of this paper.

5.1.2 Benefits of increased stratigraphic resolution

The increase of stratigraphic resolution could improve various analyses that utilize pa-

leontological occurrence data, and it could be a crucial step in a direction in which no major 

progress was made for more than a decade. If finer resolution were indeed achievable, the most 

straightforward result would be an empirical description of how turnover happened in the ma-

rine realm below the stage level. Based on simulations using the stage-level range data of Sep-

koski (2002), Foote (2005) suggested that both extinctions and originations tended to cluster 

at stage boundaries rather than being spread out continuously over time. This claim has been 

accepted by various researchers and a number of studies were conducted which implicitly as-

sume that turnover was not continuous (Kiessling and Danelian 2011; Na and Kiessling 2015). 

In a somewhat later study, Foote (2007) also mentioned that statistical optimization procedures 

suggest that the offsets between true and apparent FADs and LADs might be on the magnitude 
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of stages, and that only a fewer number of stages could be characterized with extinctions that 

alternated with intervals of relative evolutionary quiescence. 

Another important benefit of increased resolution is that it allows to identify and date ab-

rupt changes of global diversity, originations and extinctions more precisely. Raup et al. (1983) 

mentioned that resolution increase is clearly necessary to distinguish between episodes of mass 

and background extinctions. Chapter 3 is an example of this application. Assessing diversity 

dynamics at a finer stratigraphic resolution is also needed to test for potential cause-effect re-

lationships between environmental and biotic changes. 

Estimates for diversity dynamics have been contrasted with various sampling and environ-

mental proxies using correlations (Cardenas and Harries 2010) or entropy metrics of informa-

tion theory (Hannisdal and Peters 2011). Increasing the resolution and therefore the number of 

points to analyze in the series could provide a much clearer impression on how sampling affects 

diversity estimates and what and how abiotic forces drive evolution of life on Earth.

5.1.3 Goals

Finer stratigraphic resolution increases the quantity of output information corresponding 

to the overall analyzed stratigraphic interval, but as the amount of data is limited, less informa-

tion is used to calculate estimates in a particular time slice leading to decreased precision and 

accuracy as the resolution increases. This sobering fact necessitates a compromise: although 

one wants  to achieve  the finest possible stratigraphic  resolution (at  the  level of biozones or 

even horizons) in the analyses of diversity dynamics, it is imperative to seek the most effective 

balance between the amount of data in a bin and the number of time slices.

In this context, the question regarding the viability of increased stratigraphic resolution 

to the next logical step, the substages in the Mesozoic, is whether the quantity of information 

available does allow us to resolve the PaleoDB dataset at this finer stratigraphic resolution wit-

hout losing too much occurrence data and too many taxa that would severely compromise the 

biological meaning of the emerging patterns. 

The primary goal of this study is to outline the effects of the binning and increased stratig-

raphic resolution on both procedurally generated and empirical data. In order to assess the per-

formance of the methodology to estimate diversity dynamics, birth-death models are utilized 

at different binning and preservation levels to assess whether the methods we use to describe 

turnover actually lead to better results when the finer resolution is applied. As the suitability 

of PaleoDB data for analyses at the substage level has not been evaluated before, the potential 

for the application of this stratigraphic resolution will be assessed using a recently downloaded 

dataset of Mesozoic bivalves. The secondary goal is to use the bivalve dataset to assess wit-
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hin-stage extinctions and originations, which might provide new insights into the question of 

pulsed versus continuous turnover in bivalve evolution.

5.2 Modelling, data and methods

5.2.1 Modelling 

In order to assess the behavior of the methods as the temporal resolution changes, the-

ir application on simulated datasets is of core importance. Classic birth-death models with 

stochastically constant and randomly drifting diversities were created with the simulation mo-

del discussed in Chapter 2.1.3. The scale of the simulations was set so that each cycle could 

represent 10 Kyr. The number of iterations was over 15 000 (150 Myr) in all cases, a time 

interval comparable to the duration of the Mesozoic era. The model output is converted to a 

taxon/timeslice incidence matrix, and then binned according to Mesozoic substage level (Table 

5.1) and simulated timescales with equal bin durations of different lengths. Both an equal pro-

bability model and a time-heterogeneous, normally distributed probability model were applied 

for sampling. 

5.2.2 Data

Although the fine-scale resolution of the entire fossil record is desirable, analyzing indi-

vidual groups might be necessary to avoid the distorting effects of taxon-specific preservation 

heterogeneity on  the  assessment  of fine  scale binning. For  a  test  group, Mesozoic bivalves 

were selected as they have a relatively good fossil record and they are well represented in the 

PaleoDB. Although some groups have better chance of having a highly resolvable dataset (such 

as the ammonites), occurrence data from these taxa are typically not comprehensive enough to 

produce representative and meaningful time series. Bivalves are also not frequently applied in 

biostratigraphy – with some notable exceptions, e.g. the Late Cretaceous inoceramid zonation 

– therefore the interference between diversity dynamics and biostratigraphy is as low as possib-

le. The increased resolution is a boon for the understanding of the end-Triassic and especially 

for the Early Jurassic crisis.

PaleoDB occurrences of bivalves were downloaded from the Fossilworks gateway (http://

fossilworks.org/) on August 28, 2015. The same taxonomic corrections by M. Aberhan were 

applied to the data as those in Kiessling and Aberhan (2007a). The system, series and stage 

level binning of the data were executed procedurally using the PaleoDB dynamic time scale 

software  (Alroy 2014).    In  order  to  get  substage  level  stratigraphic  information,    the fields 

“max_interval”, “min_interval”, “zone” and “stratcomments” were also used.  Almost all the 

substage-resolvable collections can be binned procedurally by searching for the official sub-
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Table 5.1. The substage level Mesozoic time scale utilized for the analyses. Interval durations are based on the data of Grads-

tein et al. (2012). The Rhaetian, Hettangian and Kimmeridgian stage were not subdivided. 
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stage level entries only in the “max_interval” and “min_interval” and only a relatively minor 

amount of information (around 150 collections) could be added by searching the “zone” and 

“stratcomments” fields. 

As the resolution increases, less and less data can be assigned to a single time slice. Mul-

tiple subsets of the overall bivalve dataset were created to separate data entries by their pre-

cision of stratigraphic assignments. Collections that were not resolvable to the desired level 

were omitted from that subset. A “stage level” dataset includes all collection entries that can be 

assigned to a single stage, and the same logic is applied to the “substage level” dataset along 

with the time series created using it. When the substage level dataset is binned to the stages, it 

is referred to as the substage level “resolvable” one. Time series created from these datasets are 

also referred to as “stage-” and “substage-level” or “resolvable”, respectively.

As one of the key points of resolution increase is the increase of sample sizes for corre-

lation analyses between diversity statistics and abiotic proxies, I tried to assess the stability 

of these patterns given different binning resolutions. To make some comparisons with an abi-

otic proxy at a different sampling level, the smoothed 87Sr/ 86Sr time series based on those of 

(McArthur and Howarth 2004) were binned to the same stratigraphic intervals that were used 

in the binning of bivalve occurrences. The interval averages were calculated to be contrasted 

with the turnover and diversity statistics.

5.2.3 Methods

To assess the potential for the general application of the substage level stratigraphic reso-

lution, descriptive analyses on data density and geographic patterns were run, along with met-

hods which assess the randomness or dependence of resolvability. The most straightforward 

approach is to contrast the empirical results with simulated patterns, which might derive either 

from resampling of PaleoDB occurrence data or from properly scaled birth-death simulations. 

Resampling (Chapter 2.4.2) can be used to evaluate null hypotheses that are based on complete 

randomness of a property of the entire resolution procedure, such as the taxonomic content of a 

collection. The unit of information in the context of stratigraphic resolution is the paleontologi-

cal collection, therefore the evaluation of resolvability and the resampling tests will be based on 

them rather than occurrences. The number of iterations was 500 in all resampling approaches. 

To depict the diversity in the time series the number of sampled-in-bin genera (SIB divers-

ity) was calculated. Based on the findings presented in Chapter 2 and 3, I have found that the 

per capita rates of Foote (2000) were the least prone to stochastic error, therefore all analyses 

were run with these metrics. As the relationship between the statistics and the time series are 

explicitly tested, the per capita rates were calculated with the time dimension both included 

(eq. 1-2) and excluded (eq. 3-4) from the calculations. In cases where the different treatment 
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of the data are contrasted, the normalization is excluded from the calculations for the sake of 

simplicity. In order to get a clearer picture on dataset performance, I refrained from sampling 

standardization in the assessment of resolvability and the resampling tests. The raw patterns of 

diversity dynamics were checked with both the Shareholder Quorum Subsampling (SQS) and 

the Classical Rarefaction (CR) algorithm. 

For the comparison between the series of Sr isotope ratios and the statistics of diversity 

dynamics were the generalized differencing method was applied, as described by McKinney 

and Oyen (1989), to make sure that the comparisons are not biased by autocorrelations.

5.3 Results

5.3.1 General effects of the binning (birth-death simulation results)

5.3.1.1 Results with equal bin durations

Apparent turnover and diversity magnitude is significantly influenced by the binning if 

turnover is continuous over time, as it was previously reported by Foote (2000). To demonst-

rate the behaviour of methods with changing mean bin durations, a nearly constant diversity 

scenario was created with a single instantaneous mass extinction event. Due to the increase of 

bin sizes, mean standing diversity increases as the resolution decreases (Fig. 5.1). Extinction 

rate values behave similarly without the inclusion of the time component in the taxonomic rate 

equations, and normalization by bin durations is an effective way to center the extinction rate 

curves of different resolutions.

Although the behavior of rate means has been discussed before, the variance of the sta-

tistics is just as important as the expected values (means) because they influence the apparent 

trajectory and relative changes in the series. A considerable amount of diversity and turnover 

variance is inherited from the basic run (10 Kyr resolution), even at complete sampling, SIB 

richness undulates randomly due to the aggradation of small scale diversity fluctuations. The 

standard deviations of the non-normalized per capita rates and SIB diversities increase simi-

larly to their mean values as the resolution coarsens. The deviations propagate as the sampling 

probability decreases.

5.3.1.2 Binning and the recognition of mass extinctions

The results depicted on Fig. 5.1 suggest that mass extinction pulses are more likely to be 

undetected with coarser bin sizes. Sampling increases rate variance therefore statistical proce-

dures that point out the uppermost values of a distribution become more unreliable to detect the 

extinction pulses. As the time slice durations decrease, the difference between the rates during 
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Figure 5.1. Simulation results of 25 600 time steps, binned to different interval lengths, with complete and time-heterogeneous 

sampling.  A single run is depicted show the resulting variation effectively. Diversity undulates around an equilibrium of 200 

taxa, a single mass extinction occurs between steps 9 979 and 9 999. A, B. Per capita extinction rates, the time dimension is 

left out from the equations. C, D. Per capita, per million year (100 cycles) extinction rates. E, F. Sampled-in-bin diversities. 

Larger bin sizes conceal extinction peaks, incomplete heterogeneous sampling creates false extinction peaks, especially with 

coarser binning. Sampling was done at all levels, not just at the smallest scale. Numbers indicate bin sizes in time steps.
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the mass extinction time slice and the mean 

extinction rate value increases markedly. The 

Signor-Lipps (1982) effect is present, but it 

blends into the regular rate variance at the 

mean sampling completeness of 0.5 (Fig. 

5.1). False extinction pulses might appear 

more frequently with shorter bin durations, 

similarly to when occurrence-based rates 

are used to estimate turnover (Alroy 2014) 

if sampling completeness is low.

Normally distributied sampling completeness, 

relatively constant diversity
SIB per capita ext. rates

P(s) Pearson’s R p-value Pearson’s R p-value
0.1 0.23 0.1990 0.27 0.1466
0.3 0.48 0.0055 0.65 <10-4

0.5 0.65 <10-4 0.75 <10-4

0.7 0.76 <10-4 0.78 <10-4

0.9 0.84 <10-4 0.81 <10-4

1 0.89 <10-4 0.81 <10-4

Normally distributied sampling completeness, 

randomly changing diversity
SIB per capita ext. rates

P(s) Pearson’s R p-value Pearson’s R p-value
0.1 0.19 0.2650 0.26 0.1716
0.3 0.33 0.0801 0.63 10-4

0.5 0.39 0.0528 0.74 <10-4

0.7 0.41 0.0462 0.78 <10-4

0.9 0.43 0.0429 0.8 <10-4

1 0.44 0.0413 0.8 <10-4

Table 5.2. Emerging correlations between interval durations 

and diversity statistics after iterative simulation, binning and 

sampling. The per capita extinction rates were not standardi-

zed by the time slice durations. Sampling was heterogeneous, 

the probabilities were drawn rorm a normal distribution.
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Figure 5.2.  A. Effects of different bin sizes on richness esti-

mates using the substage-level Mesozoic timescale. A, cons-

tant equilibrial diversity, one mass extinction. B, randomly 

drifting equilibrial diversity, one mass extinction. Dashed 

lines indicate datasets resulting from a sampling process, 

where sampling completeness is described by a normal 

distribution with μ = 0.5, σ = 0.1. Due to the high autocor-

relation of richness series, the distorting effects of binning 

variation is not that severe. C, Extinction rates when the time 

dimension is left out from the rate calculations, randomly 

drifting diversities. D, Extinction rates after normalization, 

randomly drifting diversities.
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5.3.1.3 Influence of bin size variance

Up till now the only test for the pulsed or continuous turnover model was to check whet-

her correlations emerge between turnover rates and the bin durations but it has not been as-

sessed how stable these correlations are in the face of sampling. To estimate the extent of how 

sampling distorts the patterns of diversity dynamics, constant diversity scenarios were crea-

ted iteratively, binned to the substage-level Mesozoic timescale and were sampled at various 

completeness values. The correlations between bin durations and the statistics were registered 

(Table 5.2). Bin size variance has a remarkable influence on the statistics, on both the diversity 

and instantaneous turnover rates. Although this influence decreases slightly due to the added 

noise as sampling probabilities decrease, the effect is still highly significant, and becomes neg-

ligible only at very low sampling completeness values. Repeating the analyses with randomly 

drifting diversities do not change the pattern of turnover rates, although the correlations with 

diversities are just marginally significant due to the distorting influence of the sampling univer-

se effect (Fig. 5.2). It is highly likely therefore that correlations emerge between bin durations 

and the diversity statistics, given that turnover is continuous over time. 

5.3.2 Assessment of substage-level resolution of Mesozoic bivalve occurrences

5.3.2.1 Proportional resolvability

The core issue in the increase of stratig-

raphic resolution is the partial utilization of 

data. As the stratigraphic resolution increases 

and the time slices shrink, the amount of in-

formation in a slice decreases substantially. 

This is to be expected, as the same amount of 

data would have to be divided among more 

sampling intervals (70 instead of 30), which 

lowers the expected amount of data in each 

interval  to  43%,  inflating  the  errors  of  the 

parameter estimations from individual sli-

substage a substage b

stage

ε

a

b

A

B

Figure 5.3. The theoretical scheme of data binning.  

A, Rectangles indicate potential collection position in the 

stratigraphical sequence. B, Abstract representation of 

occurrence data from a stage. In case of the largest unit, a 

and b represent a substage each, a + b + ε represents data 

in a bin of the stage-level and a + b is data in a bin of the 

“resolvable” dataset.
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ces. This uncertainty decreases as the dataset grows and the sample sizes increase, but some 

stratigraphically less well constrained collection data will not be inherited into the finer scale 

analysis, therefore – no matter the quality of overall sampling – sampling of collections can be 

seriously biased, due to the heterogeneous potential for stratigraphic positioning which varies 

as it is depicted in Fig. 5.3. 

In the downloaded dataset the proportion of resolvable collections decreases as the reso-

lution increases (Fig. 5.4), and less than 60% of the stage-level data can be assigned to a single 

substage. This means that the expected available information in a substage-level time slice 

drops to about 25%. Resolvability is very heterogeneous over time, information in some of the 
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Figure 5.4. Resolvability of Mesozoic bivalve occurrence data from the PaleoDB. A, The proportion of resolvable collections 

from the period-level dataset to a given resolution. The proportion of available collections decrease markedly as the resolu-

tion increases. B, The proportion of resolvable collections from the stage to the substage level of stratigraphic resolution in 

each stage. Resolvability is heterogeneous over time, the proportion of resolvable occurrences has variance. C, Proportion of 

resolvable collections in 20 selected references before and after revisiting them to increase the accuracy of stratigraphic as-

signments. The mean increase is not significant. D, Cumulative proportion of resolvable collections in a dataset representing 

publications up to the years indicated on the x axis. The slope of increase in the proportional resolvability is fairly low. 
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time slices is very well resolvable whereas in some other stages the passed amount of data is 

minuscule (the number of occurrences and collections in a bin are available as ESM).

It is questionable whether the stratigraphic information is as precise in the available data-

set as it could be if data entry were originally targeted to be utilized in high resolution analyses. 

As rechecking all of the Mesozoic bivalve references would be prohibitively time consuming, 

I took a small sample of references to assess how likely the proportion of resolvability is prone 

to change with targeted data enhancement. Twenty references (list provided in the ESM) were 

selected randomly and checked to assess the potential of additional data extraction from the 

published material. As the resolvability in individual references in the sample are fairly volatile 

(ranging from 0 to 1), the significance of resolvability increase was assessed by bootstrapping 

the 193 collections present in the sample. Although the sample mean is somewhat lower than 

the dataset mean for proportional resolvability, this should not distort the estimated mean inc-

rease of proportional resolvability which is not significant (Fig. 5.4). 

Although the proportion of resolvable collections that were published in a year increases 

significantly over  time (and it  is very close  to 1  in  the data published recently),  the already 

entered information lends a certain amount mass to the unresolvable part of the dataset. Based 

on the current state of the database, without a significant effort from specialists to revise and re-

collect the already entered data, the proportion of resolvable collections is not likely to change 

substantially in the near future (Fig. 5.4).

5.3.2.2 Representativity

If we approach the increase of stratigraphic resolution as if itself were a sampling proce-

dure, we can assess how well the resolvable dataset represents the stage level dataset by rarefy-

ing the stage level dataset to the sample sizes of the resolvable dataset. The resulting variation 

in the statistics were contrasted to the actual resolvable series (Fig. 5.5). The expected series of 

values are fairly close to the actual resolvable dataset. Correlation tests were run between the 

actual resolvable series and the series resulting from each subsampling trial. The expected R2 

value between the non-normalized extinction rates is 0.77 ± 0.04, which is considerably higher 

than the proportion of substage-resolvable collections from the stage-resolvable ones. 

Systematic differences of diversities are observable  in some cases due  to  the sampling 

universe effect, some of the statistics are changing between the stage-level and the resolvable 

dataset just because of the sample size difference (e.g. the diversity in the resolvable dataset is 

consistently lower). The confidence intervals reflect variations in the patterns during the resam-

pling trials that are likely to emerge if the data reduction is completely random. In cases where 

the series from the resolvable dataset is outside the confidence interval made by the resampling, 

it is more likely that information loss should have an effect on the statistics. 
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Although the number of lost taxa during 

the resolution procedure (22.8%) is larger 

than expected, most of them are single-inter-

val genera, which are not included in the rate 

calculations. Also, as the number of stages 

where the resolvable dataset is outside the error interval that resulted from the resampling pro-

cess is lower for the taxonomic rates than it is for the diversity estimates, it is likely that the loss 

of information affects taxonomic rates less than the richness estimates.  

5.3.2.3 Random addition of unresolvable information

A statistically sound method to increase data coverage in time series of diversity dyna-

mics is to randomly assign data from the coarse resolution bin to one of the fine resolution bins  

(Bambach 2006) and then iterate the process to assess the expected values and deviations of the 

statistics of interest in the simulation trials. As the effects of this random resolution approach 
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did not produce visible deviations in the statistics with different runs (due to the good resolva-

bility of the data), this method has been utilized previously for stage level analyses (Kiessling 

and Danelian 2011), even though its exact effect on the statistics were not tested. As resolvabi-

lity in the Mesozoic bivalve dataset is fairly low, this random addition of information is a key 

component on the assessment of the fine scale results in terms of stability.

Random addition of unresolvable collections in a bin to one of the substage-level bins was 

performed using equal and empirical probabilities. The latter one means that the probability 

that a collection in a stage is assigned to one of the bins is equal to the proportion of resolved 

collections in that particular stage. It is more likely that the use of the empirical probabilities 

produces a model that is closer to reality, and those results are closer to the series than the 

results obtained with  the  equal probability model. Fig.  5.6 demonstrates  the  comparison of 

the augmented and the actual-substage level series with the empirical probabilities. The corre-

lations are fairly high, and they are not subject to much error due the varying outcomes of the 

model runs, which suggests that the addition of unresolvable information causes only minor 

changes to the results. 

5.3.3 Bivalve turnover patterns

The three-timer sampling completeness of the substage-level dataset is significantly lower 

than that of the stage-level dataset (0.75 vs. 0.88, Wilcoxon rank-sum test, p = 0.0092), but the 

overall range-based sampling completeness of the two datasets exhibits an even larger diffe-

rence (0.33 vs. 0.56).

Only a certain proportion of the stage-level information is passed to the substage level in 

time slices where further resolution is possible, but unresolvable stages (the Rhaetian, Hettan-

gian, Kimmeridgian, the last Permian and first Paleogene stages) are not affected by this issue 

(in these bins the SIB curves overlap, Fig. 5.7). Therefore, due to the incomplete resolvability 

of data in most of the stages, the time series that incorporate unresolved stages in the substa-

ge-level framework are to be corrected even to depict unstandardized patterns. The unresolved 

stages were  rarefied by  collections  to  a proportion of  resolvability  that  one of  the  resolved 

stages exhibit, the statistics were calculated and then the procedure was iterated to obtain esti-

mates for the parameters. 

Although stage-level turnover rates are not autocorrelated, after increasing the resolution 

to the substage level, both extinction and origination rates exhibit significant autocorrelations 

on the first lag. Inclusion or exclusion of the time dimension has no effect on this pattern.

With increased resolution, sampling standardization can have a profound impact on the 

time series of both richness and turnover estimates in time slices with very few occurrence 

counts/bins. This influence usually affects time slices where sampling is not extensive, and co-
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arser bin sizes are more appropriate. At reasonable target sampling levels, standardization with 

either SQS or CR does not affect the general substage-level patterns (additional SQS curves are 

available as ESM), only at unreasonably low sample sizes. 

Substage-level turnover rates undulate around the stage-level series in general. High ori-

gination rates characterize the Early Triassic. Bivalve diversity increased over the Mesozoic 

trend that holds even with sampling standardization (Fig. 5.7). This trajectory is even more 

pronounced after the diversity drop at the Triassic-Jurassic boundary. With sampling standardi-

zation the end-Triassic extinction peak is reduced and shifts to the Norian while the origination 

rates peak in the Hettangian. Slight elevations appear in the Late Pliensbachian and Early Toar-

cian on the substage-level curve, but there are no clear trends at the stage-level resolution. The 
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Sr isotope ratios are not correlated significantly either the stage or the substage level, therefore 

a direct assessment of the stability of the relationship is not possible.

5.3.3.1 Within-stage turnover patterns

Both raw extinction and origination rates 

are correlated with the time slice durations at 

both the stage and the substage level (Table 

5.3), while correlations emerge after norma-

lizing the rates with the bin durations only in 

the case of stage-level origination rates. SQS 

gradually decreases the influence of bin dura-

tions, but this is most likely the manifestation 

of signal loss due to too much data omission 

rather than actual patterns.

Assuming that most of the turnover hap-

pened at stage level boundaries, the within-sta-

ge (i.e. intrastage) extinction rates should be 

significantly  lower  than  interstage  extinction 

rates, and origination rates should be higher 

after stage boundaries. Although the median 

rate values are somewhat higher for interstage 

then  for  intrastage  extinction,  this  difference 

was  only  marginally  significant  with  a Wil-

coxon rank-sum test (p = 0.0616, and the exact 

p-value was not determinable due to the ties in 

the variables), although this might reflect  the 

relatively low power of the test (Fig. 5.8). The 

distribution of originations in a stage appears 

to be fairly even, and just like in the case of 

extinctions,  the median difference  is not  sig-

nificant.

Stage Substages
Pearson’s R p-value Pearson’s R p-value

extinctions 0.55 0.0017 0.55 <0.0001
norm. ext. -0.17 0.3646 0.09 0.4505

originations 0.36 0.0475 0.43 0.0001
norm. ori. -0.45 0.0121 -0.16 0.1719

Table 5.3. Spearman’s rank-order corre-

lations between interval durations and 

the raw per capita turnover rates both at 

the stage and the substage level, and with 

the time dimension inluded and excluded.
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per capita turnover rate values (normalized with bin dura-
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all substages but the last in a stage compared with the ext-

inction rates in the last substages. Although the median of 

the interstage extinction rates is higher, the difference is not 

significant.
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The  intrastage  extinction  rates  might  be  overestimated  due  to  the  Signor-Lipps  effect 

(1982): as sampling is incomplete, assuming a completely pulsed model, some of the range end-

points might not be sampled, which increases within-stage extinctions in the truncated dataset. 

Using an altered form of the birth-death models above, a scenario was created with completely 

pulsed turnover, using the average SIB diversity and turnover estimates of the bivalve dataset as 

parameters. The number of stages where interstage extinction rates were the highest were tabu-

lated and contrasted to the actual values under the sampling conditions present in the empirical 

dataset. The 95% percentile confidence interval for the proportion of bin numbers where the in-

terstage extinction rate was the highest is ]0.84, 1[, where only 15 out of the 27 resolvable stages 

in the empirical dataset has this pattern. As the binomial confidence interval of the latter propor-

tion ]0.35, 0.75[ is not overlapping the confidence interval resulting from the simulations, given 

that the model adequate, the hypothesis that no turnover happens within stages can be rejected.

5.4 Discussion

5.4.1 Utility of increased resolution

5.4.1.1 Methodology and simulation results

The simulations suggest that the increase of stratigraphic resolution of time series of global 

diversity dynamics provides useful information on the history of life. The potential to detect 

large extinction pulses is expected to be improved with finer resolutions, even with the generally 

used toolkit, although it might increase the risk of “false positives”, i.e. to reveal extinctions in 

intervals where it is unfounded. These errors are expected to be scattered uniformly across the 

series, and are highly unlikely to be coincident with registered abiotic changes that usually ac-

company mass extinctions (Hallam and Wignall 1997). Nevertheless, the conservative approach 

is to evaluate the data using multiple binning levels.

The aggradation of the fluctuation of statistics even at complete preservation, and especi-

ally in the face of heterogeneous sampling, requires caution with their face value interpretation, 

especially with broader bin sizes. This means that the apparent minor ups and downs in the cur-

ves of standing diversity and turnover rates might be purely artifactual and completely unrelated 

to biological processes. 

5.4.1.2 Simulation scaling

In analytical paleobiology there have already been examples that inadequately scaled si-

mulations might produce unrealistic results (e.g. Stanley et al. 1981). In this case we usually 

use unrealistically large sampling completeness values for the simulations that are based on the 
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fossil record itself, but record of a single interval of time is just a tiny fragment of the biota that 

actually existed at that time (Foote and Miller 2007), and diversity values are severely under-

estimated.

Taxa in the simulations also have equal probability of preservation which is certainly not 

true – but is rather dependent on geographic range, abundance and other factors like shell mine-

ralogy, size, and depositional environment. Fossil ecosystems should be modeled with heterog-

eneous preservation potential (possibly with the inclusion of geographic ranges and abundan-

ce). PaleoDB-like sample modelling would also be preferable, which, unfortunately, would 

increase simulation complexity by an order of magnitude, but in turn would allow the explicit 

testing of hypotheses related to heterogeneous preservation potential and varying taxon occur-

rence distributions.

5.4.1.3 Dataset resolution and density

As paleontological occurrence data is highly redundant, the amount of lost information 

does not scale linearly to the loss of neither precision, nor accuracy. The utilization of unre-

solvable information does not alter the substage-level statistics substantially, however, only 

slightly more than half of the occurrence data are used in the calculation compared to the stage 

level. The resampling analyses suggest that collection resolvability is not independent of taxo-

nomic content even for biostratigraphically less important groups, such as bivalves, and occur-

rences of many rare taxa tend to be constrained only to broader chronological units.

One of the greatest problems of increased resolution is that even though the reduction of 

information is not proportional to the reduction of sampling units, sampling standardization 

becomes less efficient as resolution increases, as the number of independent elements by which 

resampling is conducted shrinks drastically. This issue is a particularly severe problem, as the 

core  advantage of  the binning approach when contrasted with most methods of quantitative 

biostratigraphy (Sadler 2004) is that it enables sampling assessment and correction of sampling 

bias.

5.4.1.4 Problems with stratigraphic nomenclature

One of the problems with geochronology is that the same geochronological unit names are 

applied to different combinations of biostratigraphic units by different authors, and therefore 

they might not be identical, meaning that the same entries might represent different time inter-

vals. For example, one such problematic interval is the Toarcian stage, which was previously 

subdivided into three substages, but currently it is split in only two at the boundary of the Bifrons 

and Variabilis ammonite zones (Gradstein et al. 2012). Therefore the designation “Lower/Early 

Toarcian” can actually mean two different time spans. In this case the twofold division is more 
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conservative. Even though, these binning errors are unlikely to be biased in a single direction 

and probably manifest as additional noise in the dataset, the general application of the substage 

resolution binning requires solid interval definitions. It would be a great enhancement if stra-

tigraphic positions were determined based on primary information, such as biozone assignment 

and relative position of the collections within a stratigraphic section.

5.4.1.5 Potential for future work

The basic birth-death simulation framework holds potential for numerous improvements. 

The engine used in this study does not include the collection dimension, which would increase 

the simulation complexity by an order of magnitude, but might allow the assessment of biases 

due to non-representative sampling, and it would allow more realistic scaling of the simulations.

Various metrics of entropy from information theory might provide the statistical framework 

that can be utilized to obtain the best compromise between the number and length of time slices 

and the quantity of binned information. The assessment of resolution would be greatly enhanced 

if instead of constant estimates for diversity and turnover in a time slice (i.e. a histogram-like 

representations of diversity), the uncertainty of the estimates would be explicitly incorporated 

in the stochastic model output of the analyses, with the potential to simulate expected diversity 

and turnover at a given resolution based on a set of parameters (turnover model, serial corre-

lation etc.). 

5.4.2 Insights into bivalve turnover

5.4.2.1 Large scale patterns

Although the focus of this paper is on changes of turnover that are on a smaller scale than 

a stage, the direct results of the calculations of diversity dynamics (Fig. 5.7) are discussed here 

briefly. The diversity trajectory of the group could be related to abiotic changes in the environ-

ment, most likely the increase of temperature in the mid-Cretaecous. Sampling standardization 

might cause the Signor-Lipps effect in the Rhaetian bin. The stage-level binning at the Trias-

sic-Jurassic boundary could also be responsible for this pattern, although rebounds after the 

end-Permian and end-Triassic mass extinctions are equivocally depicted. Raw results suggest 

that bivalves were indeed not severely affected by the Early Jurassic extinctions at the genus 

level, as it was originally suggested by Hallam (1986).

5.4.2.2 Within-stage turnover

The inhomogeneity of turnover in a stage is suggested by within- and between-stage ext-

inction rate differences. The most likely scenario based on the data is a partially pulsed model, 
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with turnover being higher at interval boundaries (especially extinctions), but with some genera 

originating and going extinct within the intervals.

The significant correlations between bivalve turnover rates and the bin durations are indi-

cating that there is a relationship between the length of time intervals and the amount of taxic 

change that happened between them. Although this phenomenon might be unique to Bivalvia, 

it either indicates that in the case of bivalve evolution the continuous model is better supported, 

or that there is a causal link between the rate at which taxonomic composition changes during 

a pulse of extinctions or originations and the interval lengths, which is improbable. Whichever 

case it might be, the extrapolation of these results to the entire benthic ecosystem is not war-

ranted. 

As this correlation pattern is present even at the substage level, it is unlikely that turnover 

peaks at the substage boundaries could produce this pattern. On the other hand, the question 

whether turnover probability was indeed continuous over time or it was grouped into small-

scale, individual pulses, is not directly addressable at this level of resolution. Nevertheless, 

even with the currently available occurrence information and database structure, substage-level 

binning turned out to be applicable and basic analyses of diversity dynamics are feasible.



Chapter 6

Biodiversity dynamics and environmental occupancy of 
fossil azooxanthellate and zooxanthellate scleractinian 
corals
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6.1 Introduction
Zooxanthellate (Z) and azooxanthellate (AZ) corals are about equally diverse today (Ca-

irns 1999, 2007) but differ strongly in their ecological requirements and environmental occu-

pancy.  By lacking photosymbionts, which can contribute up to 90% of the Z coral’s nutrition 

(Muscatine and Porter 1977; Davies 1984; Falkowski et al. 1984; Edmunds and Davies 1986), 

AZ corals can live in greater water depth but require higher concentrations of nutrients than 

Z corals. Z corals live preferentially in well-lit, nutrient-depleted, warm waters, where they 

often build reef structures, whereas AZ corals, although living in tropical reef environments as 

well (Wellington and Trench 1985), preferentially occur in deep and cold waters in the aphotic 

zone (Cairns 2007). AZ corals may also build reefs in the deep, if nutrient levels are high and 

currents strong, but only a few AZ species are involved in reef building (Roberts et al. 2006). 

Most modern AZ coral species also live on sandy, silty, or even muddy bottoms, whereas Z co-

rals preferentially occur in carbonate environments. Although a continuum exists from strong 

autotrophy to complete heterotrophy (Houlbrèque and Ferrier-Pagès 2009; Klaus et al. 2013), 

the basic distinction between Z and AZ taxa is important because it determines ecological vers-

atility, which is thought to be important for evolutionary rates (Liow 2007).

How the ecological split arose in the evolution of scleractinian corals has long been dis-

cussed. The origin of scleractinian corals is deeply rooted in the Paleozoic (Stolarski et al. 

2011), with a sparse representation of scleractinomorphs prior to the Triassic and a continuous 

record of scleractinians since then. The old view was that the coral-algal symbiosis has evolved 

from AZ ancestors (Stanley 1981). However, time-calibrated molecular phylogenies combined 

with ancestral state reconstructions provided evidence that the ancestral state of scleractinians 

was symbiotic and that at least three Z-AZ transitions occurred during their evolutionary his-

tory (Barbeitos et al. 2010). An even more complete phylogenetic tree based on mitochondrial 

sequences suggests that the Gardineriidae and Micrabaciidae are the most basal extant lineages 

among the scleractinians. As these families are exclusively AZ and solitary, this was inferred 

to be the ancestral state of scleractinian corals (Kitahara et al. 2010; Stolarski et al. 2011). In 

summary, repeated losses and gains of photosymbiosis may have occurred in the evolution of 

corals and two questions are obvious: (1) were these changes linked to global environmental 

change; and (2) had they noticeable effects on evolutionary rates? 

Given what is currently known about the ecology and evolution of scleractinian corals, 

two corresponding hypotheses are proposed: (1) Losses of photosymbiosis or increases in the 

global relative abundance of AZ corals were triggered by rapid global change, whereas gains 

may be less coordinated. This hypothesis is based on the observations that regional-scale co-

ral bleaching is today associated with elevated temperatures (Hughes et al. 2003) and that the 
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end-Cretaceous mass extinction had profound effects on the relative abundance of Z and AZ 

corals at global scales (Kiessling and Baron-Szabo 2004); in contrast, Z corals became gra-

dually more common during the Triassic, a trend loosely associated with cooling (Kiessling 

2010). (2) Extinction rates of AZ corals are generally lower than those of Z corals because the 

former are less sensitive to environmental changes and occupy a broader range of habitats. 

Indeed Z corals were more prone to extinction than AZ corals in the end-Cretaceous mass ex-

tinction (Rosen 2000; Kiessling and Baron-Szabo 2004), but virtually nothing is known about 

comparative rates over longer stretches of time. 

A large-scale loss of photosymbiosis should permit the occupancy of novel deeper-water 

habitats,  such  that  a  subsequent  offshore migration  resembling  a  classical  onshore-offshore 

pattern can be predicted (Jablonski and Bottjer 1990). These hypotheses are connected to add-

ress an even larger question: What accounts for characteristic differences in evolutionary rates 

between groups of organisms and environmental settings? In this case study for the first time 

the biodiversity dynamics and environmental occupancy of scleractinian corals with inferred Z 

and AZ ecology are explored over their entire fossil record.  The conclusion is that AZ corals 

did occupy the same suite of environments as Z corals for most of the Mesozoic but started to 

depart environmentally in the late Early Cretaceous. This change of preferred environment, but 

not symbiotic mode, had significant effects on turnover rates.

6.2 Data and methods

6.2.1 Data 

Fossil taxonomic occurrence data were downloaded from the PaleoDB on 23 Septem-

ber 2014 from the database primary website (http://paleobiodb.org).These data, comprising 32 

420 occurrences of 782 valid genera, were downloaded excluding taxa with uncertain genus 

identifications (e.g., in quotation marks or qualified as aff. or cf.). Although the PaleoDB is a 

collaborative effort with variable quality control, the great majority of the coral data (77.5%) 

have been entered by the external adivsor’s working group and taxonomically vetted based on 

recent literature and opinions stated in the expert forum Corallosphere (http://www.corallos-

phere.org/, accessed September 2014). This vetting led to 5 467 occurrences (17%) to being 

either  re-identified or  synonymized with  currently  accepted  species or  genera. The data  set 

has been resolved to the level of stratigraphic stages as defined by Gradstein et al. (2012). To 

increase data coverage, imprecisely dated collections between two stages were randomly as-

signed to one. Repeated trials of random assignment did not change the patterns reported here. 

Environmental data and paleocoordinates were downloaded directly from the database and 

http://paleobiodb.org
http://www.corallosphere.org/
http://www.corallosphere.org/
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collections were parsed into shallow and deep, reef and non-reef, and carbonate or siliciclastic 

settings, using the criteria of previous studies (Kiessling and Aberhan 2007a; Kiessling et al. 

2007, 2010). In brief, deep-water environments are defined, on the basis of  sedimentological 

criteria, as those below the storm wave base, reefs as three-dimensional geological structures 

built by sessile calcifying organisms, and siliciclastic substrates as those dominated by terri-

genous sediments such as clay and quartz sand. Importantly, the depth of the storm wave base 

is usually within the photic zone and varies among oceanic settings (Peters and Loss 2012). 

Zooxanthellate corals therefore can live below the wave base and thus in deeper-water en-

vironments according to our definition. A separation into photic and aphotic environments is 

unfortunately not possible given the nature of the data, but the cutoff comes close to the 50 m 

used for distinguishing shallow and deep coral environments today (Cairns 2007).

6.2.2 Identification of symbiotic mode

 Assignment of the symbiotic mode of corals was done at the genus level, separating 

inferred zooxanthellates (Z), azooxanthellates (AZ), and apozooxanthellates (AP, genera that 

include Z and AZ species). All assignments of extinct genera are inferred with varying degrees 

of confidence and are based on three basic approaches to assess the photosymbiotic mode of 

fossil corals: uniformitarian, geochemical, and morphological. The uniformitarian approach 

resides on the assumption that species, genera, and families that exclusively have one pho-

tosymbiotic state today also had this mode in the past. Geochemical data use either stable oxy-

gen and carbon isotopes of the coral skeleton (Stanley and Swart 1995), or stable carbon and 

nitrogen isotopes in preserved organic matrices (Muscatine et al. 2005). Morphological criteria 

are diverse and also based on uniformitarian principles. Corals with morphological characters 

that are found only in living corals with one particular symbiotic mode are assumed to also 

have had this mode in the past.  Morphological criteria are corallite arrangement, corallite 

size for solitary corals, the morphology of septa, growth bands, and colony form in dysphotic 

water depth (Coates and Jackson 1987; Insalaco 1996; Rosen 2000; Rosen et al. 2000; Gill et 

Morphology Max. adult size AZ AP Z
Solitary Small (<2 cm) 48 1 0
Solitary Medium (2-4 cm) 5 2 1
Solitary Large (>4 cm) 0 1 7

Dendroid NA 11 2 1
Phaceloid NA 1 1 4

Plocoid-Cerioid NA 4 2 41
Thamnasterioid-Meandroid NA 0 0 35

Table 6.1. Symbiotic mode of extant coral genera also recorded as fossils.
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al. 2004; Kiessling 2010; Stanley and Helmle 2010). Large solitary corals and colonial corals 

with cerioid, thamnasterioid, or meandroid corallite arrangement are virtually always Z (Table 

6.1), whereas small solitary corals and colonial corals with dendroid corallite arrangement are 

mostly AZ. Problems with this approach are the definition of large versus small for solitary 

corals and the photosymbiotic mode of phaceloid corals, which have a rich fossil record but 

are rare today. Extant solitary Z corals are usually larger than 4 cm in diameter, which is about 

the largest diameter of solitary AZ corals such as Flabellum and Stephanocyathus. Some extant 

phaceloid corals such as Euphyllia and Lobophyllia are Z, whereas others like Cladopsammia 

and Tubastraea are AZ. These uncertainties were dealt with in the following way: Solitary 

corals of intermediate size (>2 and <4 cm diameter) were classified as both Z and AZ as were 

doubtful (e.g., small) phaceloid corals. Analyses were run with the “best guess” and the alter-

native assignments were used to assess the sensitivity of the results to erroneous assignments. 

Although there are problematic cases where morphology would suggest AZ in Z corals such as 

in Duncanopsammia (Veron 1995) or where the environmental versatility of a coral would sug-

gest AZ, whereas morphology points to Z (Kiessling et al. 2005), 96% of extant corals would 

be classified correctly just on the basis of morphological criteria of their skeletons. This value 

is derived from extant genera where the match between the criteria and symbiotic mode can be 

assessed directly (Table 6.1).

To avoid circular reasoning, the occurrence of corals in tropical, shallow-water environ-

ments was not taken as evidence for a Z state. Sedimentological and fossil assemblage data 

were only used to infer aphotic environments and hence an AZ mode for the corals encountered 

there. The nine AP genera were analyzed together with the AZ group, because they are environ-

mentally versatile (Best 2001) and thus ecologically similar to AZ corals. In total 760 coral 

genera could be assigned to a symbiotic mode and parsed into one of 41 Mesozoic–Cenozoic 

stages. Although for the sake of brevity the groups were referred to as AZ and Z throughout the 

chapter, one should note that these are inferences for which Rosen (2000) has used the terms 

“az-like” and “z-like.”

Symbiotic mode and coloniality or clo-

nality are strongly contingent (Barbeitos et 

al. 2010; Simpson 2013) (Table 6.2), perhaps 

because clonality increases the physical tole-

rance to symbiotic invaders or because colo-

nial corals are longer-lived, giving more time 

for the maturation of mutualistic interactions 

(Wulff 1985). There might  also  be  a  trade-

off between macroevolutionary selection and 

Colonial Solitary

No. of genera

AZ 78 165
Z 471 46

No. of occurrences

AZ 1273 3711
Z 23,018 1542

Table 6.2. Contingency table of symbiotic mode and  

coloniality in the data set.
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microevolutionary variation accounting for the contingency (Simpson 2013).  Although all 

tests described below were repeated by parsing the data set into colonial/solitary instead of Z/

AZ, the biological interpretations would be less straightforward than for symbiotic mode and 

are thus not reported in detail.

6.2.3 Methods

Dynamics of coral diversity were assessed with range-based methods (Foote 2000) be-

cause sampling is too volatile for modern occurrence-based methods (e.g. Alroy 2014). Results 

are reported from both raw and sampling-standardized data. For the latter I applied the Share-

holder Quorum subsampling (SQS) algorithm. SQS sampled-in-bin (SIB) diversity estimates 

were adjusted with the three-timer correction. The genera drawn with SQS were recorded and 

turnover rates were calculated from interpolated ranges between the times of first and last oc-

currence. RT diversity metrics and turnover rates were assessed with recent genera included. 

The target quorum for SQS was always kept at 0.7. Reported values are geometric means of 

500 subsampling trials.

To assess differences  in  turnover  rates between  symbiotic modes,  the median  turnover 

rates in time series (dynamic approach) were compared. Stratigraphic ranges (durations) were 

also compared (static approach), for which I used the raw data as well as a subsampled data 

set, because the much higher number of fossil Z occurrences than AZ occurrences (Table 6.2) 

will artificially inflate the durations of the former (see Results). Because the number of sing-

le-interval genera is tightly related to the sampling probability (Foote and Raup 1996), this may 

significantly bias calculations of taxon durations. However, single-interval genera with several 

occurrences reported in more than one reference may have been genuinely short-lived. There-

fore I have omitted only single-reference genera from the assessment of durations. Estimates 

of durations were limited to extinct genera. I conducted selectivity tests of taxonomic rates to 

see whether changes of environmental occupancy were related to selective originations or ext-

inctions of a particular symbiotic mode. 

Environmental occupancy was assessed based on the affinity assessment methods presen-

ted in Chapter 2. Fossil occurrences and generic diversities of genera were used to characterize 

the range of environments that were occupied by Z and AZ corals. Regardless of the number of 

species sampled, the presence of a genus in a collection was treated as a single occurrence. Affi-

nities for shallow or deep water, and reefal or non-reefal environments as well as for carbonate 

or siliciclastic substrates were assessed with this method. As the interest was in tendencies of 

occupancy rather than significant affinities to particular environments, I refrained from apply-

ing statistical tests and used zero as the split value between affinities. 
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Because the number of occurrences was low in some time slices and time series were vo-

latile, locally weighted scatterplot smoothing (LOESS) was applied to outline general trends. 

To verify the presence of change points in time series the changepoint package (Killick and 

Eckley 2014) was employed, particularly the cpt.mean() function with method “AMOC” 

(At Most One Change) to test if a single change point is statistically supported. The penalty was 

set to “None” to get a simple maximum likelihood estimate.

6.3 Results

6.3.1 Diversity dynamics 

The raw RT diversity of all corals exhibits a steep increase in the Middle Jurassic and a 

maximum in the late Early Cretaceous (Aptian–Albian) after which diversity declined until the 

early Paleogene and rose thereafter (Fig. 6.1A). The subsampled SIB curve is similar, with a 

distinct peak in the Albian stage (Fig. 6.1A) and decline thereafter. The subsampled diversity 

trajectories of Z and AZ corals indicates that the overall diversity trajectories are largely dri-

ven by Z corals, whereas AZ coral increased in diversity more or less monotonically until the 

present day (Fig. 6.1B). However, the two curves are cross-correlated (ρ = 0.48, p = 0.025 for 

the complete time series from Hauterivian to Pleistocene). Figure 6.1B also highlights that the 

overall trajectories are not strongly affected by uncertain assignments of symbiotic mode. Only 

the Early Jurassic has many medium-sized solitary or phaceloid corals, for which the symbiotic 

assignments might be considerably off. Although the number of fossil occurrences of AZ gene-

ra is much lower than of Z corals, the overall sampling completeness is very similar for the two 

symbiotic modes (0.59 for Z vs. 0.55 for AZ, p = 0.22, two-sided Wilcoxon test).
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Figure 6.1. Genus diversity of scleractinian corals. A, To-

tal diversity calculated from raw first and last appearance 

data (thin black line) and sampling-standardized samp-

led-in-bin-diversity (SQS, thick blue line). Extant corals 

were included such that there is a Pull of the Recent (Raup 

1979). B, Sampling-standardized diversity curve for Z and 

AZ corals. Gaps in the time series of AZ corals are due to 

failures in the three-timer correction. Thicker lines indicate 

the “best guess” of symbiotic mode, and error margins exhi-

bit the results if all doubtful assignments were treated as AZ 

or Z, respectively. Epochs are shaded.
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Extinction and origination rates are si-

milar for genera AZ and Z genera (Fig. 6.2). 

Although the AZ group has more volatile 

turnover rates, the average rates are statisti-

cally indistinguishable over the entire time 

series. Turnover rates of AZ and Z corals are 

cross-correlated with  extinctions  (ρ =  0.60, 

p < 0.001) slightly better than with origina-

tions (ρ = 0.58, p = 0.001). Selective extinc-

tions are not supported by model selection, 

whereas there are three intervals of elevated 

AZ originations. Although the Hettangi-

an peak of AZ originations is most striking 

(Fig. 6.2B),  this  is affected by uncertainties 

in symbiotic assignments and small sample 

sizes, leaving the Albian as the interval with 

the strongest support for preferential AZ ori-

ginations, followed by the Maastrichtian. 

One observation on extinction rates is important: In the older part of the time series, extinction 

rates of AZ corals tended to be greater than those of Z corals, whereas after the mid-Cretaceous 

(Aptian to Cenomanian), Z coral extinction rates were usually higher (Fig. 6.2A). Differences 

between the extinction rate values of AZ and Z corals in moving windows (3 and 5 intervals) 

imply that a major shift happened after the Cenomanian stage. Post-Cenomanian extinction 

rates are significantly greater for Z than for AZ corals (p = 0.011). More importantly, the loca-

tion shift from pre-Turonian to post-Cenomanian differences in extinction rates is pronounced 

and highly significant (p < 0.001), suggesting reduced extinction rates of AZ corals relative to 

Z corals after the Early Cretaceous. To make 

this change more obvious,  the difference of 

AZ and Z extinction rates through time was 

plotted, showing that post-Cenomanian ext-

inction rates of AZ corals were permanently 

below those of Z corals until the Pleistocene 

(Fig. 6.3). 

Raw durations are significantly shorter 

for AZ corals than for Z corals (Fig. 6.4, me-

dian genus durations: 32.4 vs. 40.7 Myr, p = 

Figure 6.3. Time series of AZ minus Z extinction rates. AZ 

extinction rates are permanently lower than Z extinction 

rates from the Turonian until the Pleistocene. 
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rates is supported are marked by circles. Post-Cenomanian 

extinction rates combined are significantly lower for AZ 

corals than for Z corals. 
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0.022). Because the Z coral data set is much larger in terms of both genera and occurrences than 

the AZ data set, the longer durations of Z corals might be an artifact of the better sampling lead-

ing to an inflation of ranges. In order to test this hypothesis the Z coral dataset was iteratively 

rarefied to be equal to the AZ data set in terms of both the number of genera and of occurren-

ces. The median genus durations were calculated in each trial and then contrasted the median 

AZ duration with the new resampling distribution. The expected value of the median genus 

durations of the Z data set decreased to 29.6 Myr, which is lower, but not significantly so, than 

durations in AZ corals (p = 0.84). There were no significant differences in relative longevities 

before and after the Cenomanian, probably because sample sizes are small and because many 

of the AZ genera originating after the Cenomanian are still extant.

6.3.2 Changes in environmental occupancy

The environmental occupancy of Z and AZ corals differed significantly across the entire 

time series. Overall, AZ corals are more likely to preferentially occur in deep-water, silici-

clastic, and non-reef environments than Z corals (Table 6.3, p < 0.001 for all comparisons, 

Wilcoxon test). However, plotted through time, the affinities of both AZ and Z corals exhibit 

significant trends (Fig. 6.5). AZ corals became increasingly common in deep, siliciclastic, and 

non-reef environments, whereas Z corals show the opposite trend. The trends are not strictly 

linear but appear to be marked by a stable phase until the Early Cretaceous and substantial 

changes thereafter.

There was a pronounced proportional increase of AZ coral genera with deep-water affinity 

in the mid-Cretaceous (Fig. 6.5A) to permanently high values in the Cenozoic. The change 

point is identified in the Albian stage. Pre-Albian proportions of deep-affinity AZ corals were 
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not distinct from those of Z corals (Table 

6.3) (p = 0.10) but post-Aptian proportions 

were  significantly  different  (p < 0.001). 

The substrate affinity of AZ corals changed 

more gradually and monotonically toward 

siliciclastic  affinities. Although  the  LOESS 

smoothing also suggests a gradual increa-

se from the Early Cretaceous onward (Fig. 

6.5C), the change point of the raw time series 

is identified in the Maastrichtian. AZ corals 

had  greater  affinity  for  siliciclastic  substra-
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Figure 6.5. Proportional genus diversity of corals with environmental affinity to deep-water habitats (A, B), siliciclastic 

substrates (C, D), and non-reefal environments (E, F). The left-hand panels (A, C, E), refer to AZ genera and the right-hand 

panels to Z genera. The black solid lines indicate proportions of sampled-in-bin diversities and the red dashed lines are lo-

cally weighted polynomial regression lines (LOESS) with the span 0.75. 

Environment (time span) AZ Z
Deep (all data) 0.40 0.18

Deep (Anisian–Aptian) 0.25 0.20
Deep (Albian-Pleistocene) 0.59 0.14

Siliciclastic (all data) 0.44 0.21
Siliciclastic (Anisian–Aptian) 0.32 0.22

Siliciclastic (Albian–Pleistocene) 0.65 0.17
Non-reef (all data) 0.70 0.33

Non-reef (Anisian–Aptian) 0.57 0.37
Non-reef (Albian–Pleistocene) 0.79 0.23

Table 6.3. Median proportions of coral genera with environ-

mental affinity. Significant differences between AZ and Z 

proportions are in bold.
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tes than Z corals before and after this change 

point. However, affinities did not differ sig-

nificantly  before  the Albian  (p = 0.09), but 

only  subsequently  (Table  6.3).  The  overall 

trend for AZ corals with non-reef affinity is 

less pronounced (Fig. 6.5E) but also has a 

significant change point in the Albian. Here 

a relative non-reef preference of AZ corals 

was  significant  before  and  after  the  change 

point. In contrast, the occupancy of Z corals 

remained more or less stable, apart from a slight increase in shallow-water, carbonate, and reef 

affinities after the Cenomanian (Fig. 6.5B,D,F). Change points are also identified but they are 

all in the Paleogene (Lutetian, Danian, and Thanetian, respectively).

The previous results are limited to the coral data set, so they inform us about relative oc-

cupancy among corals but not necessarily about absolute occupancy. To assess when AZ corals 

started to invade and to become pervasive in deeper environments the entire marine record 

of invertebrates was employed as a measure of sampling and calculated the ratio of deep AZ 

coral occurrences to all deep occurrences in the PaleoDB (Fig. 6.6). This pattern is striking 

in that in addition to the late Early Cretaceous increase, we see a dramatic rise in the Danian, 

that is, after the end-Cretaceous mass extinction. This time also marks the first appearance of 

deep-water coral reefs (Bernecker and Weidlich 2005). Therefore, although the bathymetric 

affinities among corals changed toward deeper water by the end of the Early Cretaceous, the 

mass invasion of the deep was really a Cenozoic phenomenon.

The patterns of  latitudinal  ranges are equivocal  (Fig. 6.7). Except  for  the  Jurassic,  the 

latitudinal range of AZ corals appears to have always been greater than that of Z corals. AZ co-

ral  range-limits expanded significantly over 

time (ρ = -0.43, p = 0.0177), whereas Z co-

rals show no significant trend (ρ = -0.21, p = 

0.198). These values are based on sampling 

standardization and refer to the Northern He-

misphere, where data density is greatest. The 

same basic results are achieved when the full 

latitudinal range is used.

The proportion of AZ coral occur-

rences in coral collections was assessed. 

The average proportion of AZ occurrences 
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in AZ-bearing collections has peaked in 

the late Early to early Middle Jurassic and  

increased from an earliest Cretaceous de-

pression to permanently high levels from the 

last stage of the Early Cretaceous (Albian) 

onward (Fig. 6.8A). AZ coral assemblages 

became increasingly pure after the Aptian, 

which is probably an epiphenomenon of the  

environmental shift recorded above (Fig. 6.5). 

The proportion of AZ coral occurrences in Z- 

coral-bearing  collections  depicts  a  diffe-

rent pattern, with a rise from the Early  

Cretaceous until the Paleocene and a decline 

thereafter (Fig. 6.8B). This implies that alt-

hough the AZ corals’ environmental affiniti-

es have changed away from habitats typically 

occupied by Z corals, AZ were increasingly 

successful in coexisting with Z corals.

6.4 Discussion

6.4.1 Biodiversity

Judging from the diversity analyses it appears that the current parity of AZ and Z coral 

diversity is a geologically recent phenomenon. This would oppose the view of a long-term 

macroevolutionary equilibrium (Simpson 2013) but instead suggest that the modern world sees 

the intersection of two trends: an erratic decrease of Z coral diversity since the late Early Cre-

taceous and a nearly continuous increase of AZ diversity since the Triassic (Fig. 6.1B). The 

paucity of AZ corals in ancient rocks has long been known (Stanley and Cairns 1988; Gill 

2004) but it was unclear whether this is a sampling bias or has a biological underpinning. Alt-

hough the fossil record of AZ corals is certainly sparser than that of Z corals, two arguments 

support the conclusion that AZ corals were genuinely rarer and less diverse than Z corals in 

the Mesozoic: first, the sampling completeness metrics of the two ecotypes are very similar, 

falsifying the hypothesis that AZ corals are generally more poorly preserved or sampled; and 

second, both the diversity-based and occurrence-based approaches take sampling explicitly 

into account.
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6.4.2 Onshore-offshore patterns

Scleractinian corals document an onshore-offshore pattern resembling that of many other 

marine invertebrates (Jablonski et al. 1983; Bottjer and Jablonski 1988; Jablonski and Bottjer 

1990; Smith and Stockley 2005; Jablonski 2005). Indeed the offshore expansion of AZ corals 

appears to be also responsible for their increasing occupation of siliciclastic substrates and 

non-reef environments. The analyses of habitat affinities point to the late Early Cretaceous as a 

critical time, when the environmental occupancy of Z and AZ corals started to diverge. Before 

the Albian stage, Z and AZ corals occupied the same basic environments, but starting in the 

Albian AZ corals broadened their habitat occupancy and eventually became rare in their former 

habitats. The broadening of the AZ niche was initially marked by significantly elevated origi-

nation rates in this group (Fig. 6.2B) and led to permanently reduced extinction rates relative to 

Z corals later on (Figs. 6.2A, 3).

Leaving the novelty component of onshore-offshore patterns aside (loss of symbionts can 

hardly be  seen as an evolutionary novelty),  explanation of  the offshore expansion of corals 

need some attention. Potential mechanisms can be broadly grouped into the categories passive 

diffusion, push, and pull. Diffusion is the null hypothesis for expansion (Jablonski and Bottjer 

1990; Sepkoski 1991), but it can be rejected based on the temporal trend (Fig. 6.5A), which 

is not monotonic (as would be expected from a pure diffusion model) but instead marked by a 

substantial change in the mid-Cretaceous. Therefore, an environmental trigger appears likely. 

Several severe global Oceanic Anoxic Events (OAEs) occurred in the mid-Cretaceous 

(Jenkyns 2010), and hence seeking a causal link to the offshore expansion of corals is tempting. 

OAEs testify to a substantial expansion of the oxygen minimum zone in the water column and 

extinctions among benthic and planktonic organisms (Erba et al. 2010; Caruthers et al. 2013). 

A scenario could be envisioned in which anoxia killed off benthic life in the deep and thereby 

created opportunities for AZ corals to invade. However, deeper-water settings are rarely occu-

pied densely by benthic life (Rex et al. 2006), and an empty-habitat pull for AZ corals appears 

therefore unlikely. More plausible are large-scale oceanographic changes in the aftermath of 

OAEs, which led to greater nutrient concentrations and more oxygen in deeper waters, ther-

eby providing new opportunities for the “hungry” AZ corals. A similar mechanism has been 

proposed for onshore-offshore patterns in general, and it is based on the argument that the low 

oxygen levels of the pre-Turonian oceans would prevent large-scale occupancy (Jacobs and 

Lindberg 1998). This idea has been refuted by Jablonski (2005), who stated that the dysoxic 

to  oxic  change  after  the mid-Cretaceous was  an  oversimplification  and  that  offshore  in  the 

evolutionary pattern refers to outer shelves rather than deep sea as the place where oxygen 

concentrations may have been an issue. The offshore migration of AZ corals started before the 

last and most prominent OAE (OAE II, Bonarelli Event at the Cenomanian-Turonian bounda-
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ry) and continued through it. Therefore, oxygen limitation does not seem to have prevented 

offshore migration. Although modern AZ corals can cope with low-oxygen and low-nutrient 

environments  (Roder  et  al.  2013),  sufficient  food  is  certainly  a  prerequisite  for  their  proli-

feration (Roberts et al. 2006). Unfortunately, little is known about nutrient dynamics in the 

Cretaceous ocean and the idea of a dramatic increase of nutrient availability is difficult to test. 

A much lower primary production of the mid-Cretaceous ocean compared to today has been 

inferred (Bralower and Thierstein 1984) but the temporal trajectories of primary production are 

unknown. Smith and Stockley (2005) argued that the deep-sea expansion of detritivorous echi-

noids was driven by a significant increase in ocean productivity. This migration has occurred 

around the Cretaceous-Paleogene boundary (75-55 Ma), much later than the initial migration 

of corals. The dramatic increase of deep-water coral occupancy in the Danian (Fig. 6.6) would 

match the scenario of increased productivity but not the increase of deep-water affinity in the 

mid-Cretaceous.

A push of AZ corals away from Z habitats is also plausible, and this could have been dri-

ven by the combined effects of competition and rapid global warming. Two arguments support 

competition: First, the late Early Cretaceous saw an all-time high of scleractinian biodiversity 

(Fig. 6.1), suggesting niche filling; and second, competition for space is dramatic in reef sys-

tems (Jackson and Buss 1975; Benayahu and Loya 1981) and therefore a plausible mechanism. 

Although studies on modern AZ-Z coral interactions report AZ corals as the winners (Welling-

ton and Trench 1985; Koh and Sweatman 2000; Creed 2006; de Paula et al. 2014), these refer 

exclusively to Tubastraea, which is a colonial AZ coral well known for its fecundity and for 

toxins that are harmful to other scleractinian larvae (Koh and Sweatman 2000; de Paula et al. 

2014). However, the observation that AZ corals became more common in Z-bearing assembla-

ges during the Late Cretaceous is disturbing, as this suggests that AZ corals have been success-

ful competitors in Z coral communities from the Late Cretaceous until the Eocene (Fig. 6.8B).

Finally, rapid warming in the middle Cretaceous, especially during OAEs (Wilson and 

Norris 2001; Forster et al. 2007a,b; Ando et al. 2008) may have been relevant. Z corals did lose 

reef-building capacity in the Late Cretaceous, which might have been linked to global warming 

(Pandolfi and Kiessling 2014). Rapid warming pulses are a plausible stress factor for corals 

(Hoegh-Guldberg et al. 2007); therefore, the loss of symbionts and deep-water shift of AZ 

corals during the middle Cretaceous might have been a heat-escape strategy. This idea is not 

refuted by the demonstration that modern AZ corals are apparently less sensitive to temperature 

variations than Z corals (Caroselli et al. 2012). 

In summary, a scenario of mid-Cretaceous warming pulses has the highest likelihood, 

which triggered the initial environmental split of AZ and Z corals and the offshore migration 
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of the former. Enhanced productivity of the late Cretaceous ocean may explain why this split 

became permanent and ultimately resulted in the environmental occupancy that we see today. 

6.4.3 Loss of symbiosis

The tacit assumption was held that the change in occupancy was associated with the lar-

ge-scale losses of photosymbiosis as inferred from molecular analyses (Barbeitos et al. 2010). 

The  two  identified  episodes  (mid-Cretaceous  and Maastrichtian–Danian) were  prominently 

coupled with origination pulses of AZ corals relative to Z corals rendering this inference plau-

sible. Merging the inferences from fossil data with time-calibrated molecular phylogenies 

would certainly help verify this conclusion.

6.4.4 Turnover rates

To finally come back to the question of whether habitat or autecology is more relevant for 

evolutionary rates, these findings do suggest that habitats are more relevant, at least for corals. 

Over the entire history of scleractinian corals neither the turnover rates nor the durations of AZ 

and Z coral genera differed significantly. Only after the offshore shift in the mid-Cretaceous 

were AZ corals less prone to extinction than Z corals. A fitting autecology is of course neces-

sary for occupying novel habitats. This seems to have been present in corals early in their evo-

lutionary history, but the grand invasion of novel habitats occurred much later and apparently 

required some extra trigger. 

6.5 Notes on the sharing of work
The material presented in this chapter was reused from the manuscript that was published 

in Paleobiology (Kiessling and Kocsis 2015). The table rendering symbiotic status to the coral 

genera was compiled by W.  Kiessling and K. Frisch. The occurrence data were vetted by W. 

Kiessling who also postulated the core hypotheses. All data analyses (excluding changepoint 

detection) were written and conducted by the author of this thesis, and the results were evalua-

ted jointly by him and W. Kiessling. 
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The main findings of the case studies, together with some general conclusions reached from the 

paleobiological data analyses in this thesis, are summarized as follows.

7.1 Summary of the case studies

7.1.1 Radiolarian diversity dynamics in the Triassic-Jurassic interval

The analysis of evolutionary trajectories of radiolarians reveals some similarities but also 

intriguing differences from those of the more commonly analyzed calcareous benthic organis-

ms. A feature shared with all benthic macroinvertebrates is the end-Triassic extinction pulse. 

Consequently, a biocalcification crisis alone cannot fully account for the marine mass extincti-

on, but other factors, such as extreme warming, must have been important drivers of radiolarian 

extinctions. In the Late Triassic–Early Jurassic interval, radiolarians responded differently to 

other environmental perturbations. Notably, global changes in climate and ocean chemistry 

during the Toarcian Oceanic Anoxic Event had only minor effects on radiolarian origination 

and extinction rates. 

This case study underlines the importance of increased stratigraphic resolution in database 

analyses, and confirms the adequate performance of the recently developed gap-filler method 

for calculating taxonomic metrics from medium density data sets. The different patterns of ta-

xonomic turnover revealed through the increase of temporal resolution calls for more detailed 

studies about the effects this may impose in other focal groups and time intervals.

7.1.2 Extinction selectivity in early Mesozoic spire-bearing brachiopods

The analysis of Triassic-Jurassic brachiopods revealed the diversity dynamics of the  

waning spire-bearer group (Spiriferinida and Athyridida), which disappeared from the record 

in the Toarcian stage and went extinct most likely in the Early Toarcian. The physiological 

constraints imposed by lophophore support structure had a major impact on the post-Triassic 

diversity trajectories of spire-bearer forms, although no substantial difference can be observed 

in the long-term evolutionary trajectory between spire-bearer and other brachiopods.

Selective extinctions decimated the group during the end-Triassic event as well as in the 

Early Jurassic biotic crisis. The low diversity of the group after the Triassic suggests that spire-

bearers are a good example of the “dead clade walking” phenomenon.

7.1.3 Effects of increased stratigraphic resolution

As it was demonstrated, the increase of resolution of PaleoDB occurrence data is a  

viable step forward and, depending on the taxonomic group, it could be applied to other sets of  

Mesozoic occurrence data. Although more analyses and testing are required to set the optimal 
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data density, with increasing data coverage, some stratigraphically important taxa might be 

excellent target groups for resolution increase.

The  systematic  use  of  finer  resolution  is  already  supported  by  the  available  database 

structure, and only minimum effort is required to achieve the desired increase in resolution.  

Hopefully, this slight but important factor will help reconstruct a more detailed history of taxo-

nomic diversity of many ecologically and biogeographically important taxa.

Although the face value interpretation of the fossil record does suggest that bivalves exhi-

bited continuous instead of pulsed turnover, testing these results with substage (or finer) level 

of stratigraphic resolution but more sophisticated approaches e.g. (Foote 2003, 2005) is still a 

task to be done.

7.1.4 Environmental occupancy of scleractinian corals

The results suggest that the environmental preferences of scleractinians did change over 

time, and the discrepancy of occupancy between modern Z and AZ corals did not exist in most 

of the Mesozoic. During the mid-Cretaceous AZ corals started to proliferate in deep water, 

non-reefal, siliciclastic settings, which coincided with an origination pulse of AZ genera.

Although no significant changes were found between the taxonomic rates over the entire 

fossil record of the ecological groups, based on the decreased extinction rates of AZ genera 

since the Cretaceous, the turnover rates do seem to be affected by environmental occupancy. 

These changes are most likely linked to biotic crises accompanying rapid global warming, 

namely the mid-Cretaceous anoxic events.

7.2 General conclusions

7.2.1 Stability of results

The case studies in this thesis employ state-of-the-art methodology of paleontological 

data analyses on global diversity. However, in apparent contrast with descriptive taxonomical 

work, the results of these analyses might seem less stable and more prone to frequent revisions 

through time. An obvious reason for this is the continuous growth of the source datasets used 

in the analyses: aggregation of more data in PaleoDB makes the results of previous calcula-

tions subject to change. Although as time passes, the magnitude of such changes is expected to  

decrease, but the conclusions need to be rechecked from time to time, after a reasonable amount 

of new information is added to the analyzed dataset. One of the key rationales in using statistics 

in the evaluation of paleontological information is the capacity to express the uncertainty of the 

results, allowing at least in a crude way the assessment of stability of the results (e.g. very low 

p-value is expected to change less than a higher one).
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Fortunately the discipline has matured enough to accumulate experience with this issue. 

The effects of information aggradation has been demonstrated to be less significant on global 

diversity curves  (Sepkoski 1993; Alroy 2000), but the statistical results of in-depth studies, 

such as those in this thesis, have not yet been assessed in the face of changing data. Program-

ming and procedural analyses have been developed here to provide an important tool to effici-

ently re-execute all the relevant analyses after any significant database update. 

7.2.2 Reproducibility

Reproducibility is one of the main criteria of scientifically robust experiments that allow 

paradigm development and improve the accuracy in describing how nature works. Although 

the texts of paleobiological publications usually accurately describe the methods used, due to 

their complexity, the exact programming implementation might leave some uncertainty and 

freedom for parameters that are not discussed in the text. The core idea behind procedural 

data analysis is that a program script that implements the methods used to move, store and  

implement algorithms in a sequential manner can be rerun on-demand, exactly the same way 

with every repetition (except for the expected stochastic error in (pseudo-)random number 

generation). However, only a minority of the authors actually publishes the analytical scripts, 

which impedes code reuse and makes exact reproducibility dependent on personal commu-

nication. In order to avoid problems with reproducibility, the scripts used in my analyses are 

attached as ESM, which is recommended to become an “industry standard” practice. 

7.2.3 Future outlook

The importance of data analysis in future studies cannot be overemphasized. The dyna-

mic innovations that facilitate computer and internet usage and increase their performance are 

likely to increase exponentially in the future (Hilbert and López 2011). Online deposition of 

scientific material facilitates database compilation and access. Procedural data mining (Peters 

et al. 2014) is demonstrated to be a viable option in the gathering of taxonomic occurrence in-

formation that should facilitate and eventually automatize data amassment, further increasing 

the stability of the results in the field of analytical (statistical) paleobiology.

Increase in computational capacity will allow the application of resource demanding ope-

rations (such as Bayesian analyses) that incorporate multiple data types in the analytical proce-

dures related to global diversity dynamics (e.g. lithology, phylogenetic information etc.). Alt-

hough the immense potential of the human mind does allow us to discern some patterns, infer 

some underlying connections and meaning in large data sets, their detailed procedural analyses 

will yield new insights and provide the intuitive ideas with scientifically robust support. This 

“symbiosis” of man and machine will provide an ever increasing precision on what we know 

about the past of life on Earth that might inform us about what to expect for its future.
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Appendix - Electronic supplementary material (ESM)

For the sake of clarity and reproducibility, the files necessary for the analyses are provided 

on a DVD disk. Most of the material is computer code written in the R language. All data and 

functions are supplied in order to run the procedures as intended, although the necessary pack-

ages will need to be downloaded and installed. The versions contained on the disk were tested 

on R version 3.0.1. “Good Sport”.

 The R code is structured chapter-wise, for the case studies (Chaters 3-6) the folders des-

ignated as “Analysis” contain the leading scripts that call the subordinate code and read data. 

It is advisable to copy the material to a hard drive or other writeable storage device as the code 

contains commands to write figure and tables files. 

The default working directory needs to be set properly before run (the default is set so that 

the folder “R_Script” is located in the root of drive “D:”). Please note that although the reuse 

and upgrade of already written code is permitted and encouraged, the supplied functions are not 

yet adequately tested for use in other ways than the ones presented.

Some already generated information (tables and lists) can be found in the chapter folders 

which were referred to in the main text. The relevant published material produced by the author 

is also provided as .pdf files. 
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Summary

In the past decade and a half, the Paleobiology Database became the standard data source 

for synoptic paleoecological analyses. In this thesis, state-of-the-art methods used in studies of 

global diversity dynamics are presented, along with the rationale behind the different metrics 

and algorithms that are applied on four case studies of marine invertebrates from the Mesozoic, 

all based on occurrence data from the Paleobiology Database.

The first study reassesses the involvement of radiolarians in the end-Triassic mass extinc-

tion. Previous global data analyses suggested that the group was not hit by the biotic crisis, 

although specialist of their taxonomy concluded otherwise, on the basis of studies of individual 

sections. Increasing the stratigraphic resolution of the data analyses revealed that the group 

suffered significant losses at  the Triassic-Jurassic boundary. The results of this study suggest 

that beside ocean acidification, global warming was another important killing agent during this 

environmental and biotic crisis.

The  second case  study  focuses on  the final disappearance of  the  two  last  spire-bearing 

brachiopod orders: Spiriferinida and Athyridida. The group suffered selective extinctions in the 

Rhaetian and Toarcian stages and disappeared completely after the Early Toarcian substage. The 

diversity of the two orders did not bounce back after the end-Triassic mass extinction and thus 

Early Jurassic spire-bearers are examples of the “dead clade walking” phenomenon. The results 

suggest that lophophore support structure predicted the reaction of a group to environmental 

crises such as those at the end-Triassic and Early Jurassic mass extinctions, 

The third, more explorative and theoretical study assesses the general applicability of anal-

yses at substage-level stratigraphic resolution, using both procedurally generated and empirical 

Mesozoic bivalve occurrence data. Although data loss resulting from the increase of resolution 

is substantial, due to the redundancy of the record, it does not alter the patterns substantially, 

and resolution increase appears to be generally applicable. The analyses suggest that bivalves 

were more likely to exhibit continuous turnover, rather than distinct pulses of originations and 

extinctions.

The fourth study focuses on scleractinian corals with different symbiotic status. The chang-

es in the environmental occupancy and turnover pace of zooxanthellate and azooxanthellate 

corals (with and without capacity to host photosymbionts, respectively) are assessed. The  

results of the analyses suggest that the latter group started to proliferate in deep water, silici-

clastic environments in the mid-Cretaceous, and when compared to the former, they exhibited 

lower extinction rates since the Cretaceous. The thesis is concluded by a general discussion on 

the overall reproduciblility and stability of the results, along with a brief outlook on the large 

potential of paleontological data analysis.
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Válogatott mezozoikumi tengeri gerinctelen csoportok  

diverzitástörténeti elemzése (összefoglalás)

Az elmúlt másfél évtizedben a Paleobiology Database vált a nagyléptékű paleoökológi-

ai kutatások standard adatforrásává. Az értekezésben bemutatásra kerülnek a globális diver-

zitástörténet elemzésének legfrissebb módszerei, az azok mellett szóló érvek, valamint azok 

alkalmazása négy mezozoikumi gerinctelen csoportot érintő esettanulmányon, a Paleobiology 

Database adatait felhasználva.

Az első tanulmány a Radiolaria csoport érintettségét méri fel a triász végi tömeges kiha-

lási eseményben. A korábbi globális adatelemző kutatások arra az eredményre jutottak, hogy a 

sugárállatok nem szenvedtek komolyabb veszteségeket a környezet megváltozásának köszön-

hetően, amit azonban az önálló szelvényeket tanulmányozó taxonómusok cáfoltak. A rétegtani 

felbontás növelése felfedte a csoport érintettségét a triász-jura határon bekövetkezett környezet-

változások következményeként. A tanulmány eredményei alapján – az óceán savasodása mellett 

– a globális felmelegedés is fontos hatótényező lehetett a határon bekövetkezett kihalásokban.

A második esettanulmány a két utolsó, spirális kartámasztóvázas brachiopoda rend (Spi-

riferinida és Athyridida) végső eltűnését helyezi a középpontba. A két csoport szelektív kiha-

lásokat szenvedett a rhaeti és toarci korszakokban. Diverzitása sem lendült vissza a triász végi 

tömeges kihalás után, és teljesen eltűntek a kora toarci alkorszakban. Az eredmények alapján 

megalapozottnak tűnik, hogy a kartámasztó váz szerkezete és a triász végi, valamint a kora jura 

környezeti változásokra való reakció között kapcsolat állhat fenn.

A harmadik,  sokkal  inkább  feltáró  és  elméleti megközelítéssel  jellemezhető  tanulmány 

az alkorszak-szintű rétegtani felbontás általános használhatóságát méri fel, szimulált és mezo-

zoikumi  kagylók  valós  előfordulási  adatai  alapján. Habár  a  felbontás  növeléséből  származó 

adatveszteség jelentős, a rekord redundanicájának következtében a mintázatok nem változnak 

meg jelentősen, tehát a finomabb felbontás általánosan alkalmazható. Az eredmények alapján a 

kagylók faunacseréjét inkább jellemzi az időbeli folyamatosság, mint a rövid idő alatt, lökéssze-

rűen megjelenő változások.

A negyedik esettanulmány középpontjában a különböző szimbiotikus státusszal jellemez-

hető kőkorallok állnak: a  fotoszimbiontákat  tartó és az arra nem képes csoportok különböző 

környezetekben való eloszlásainak változásai és evolúciós sebességük alkotják a vizsgálat tár-

gyát. Az eredmények arra utalnak, hogy az utóbbi csoport a középső krétában kezdett elterjedni 

a mélyvízi, sziliciklasztos, nem zátony-jellegű üledékképződési környezetekben, és az előbbi-

vel összehasonlítva a kréta időszak óta alacsonyabb kihalási rátával jellemezhető. Az értekezés 

az eredmények stabilitásának és reprodukálhatóságának általános diszkussziójával, valamint az 

őslénytani adataelemzés jövőbeli lehetőségeire való rövid kitekintéssel zárul
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