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ABSTRACT

The process and patterns of extinction is a fundamental aspect of evolution and

concerns researchers in a multitude of disciplines, from ecology and biology to geology

and paleontology. Recent interest has been heightened by the apparent dramatic increase

in extinction rates, related, perhaps, to increased anthropogenic activities, which can

threaten and destroy habitats of other organisms. While modem ecological study

provides detailed insights of interaction between biota, only the rock record contains

evidence of evolution on this planet.

Paleontological studies reveal that 95 - 99 % of all species to have ever existed are now

extinct. However, extinction is not the sole descriptor of evolution; there is a positive

correlation between new originations and extinction. Unfortunately, the fossil record is

incomplete and subsequently many biases blur interpretations of evolutionary data.

Taphonomic differentials, missing strata, and uncertainty in age-dating all contribute to

variations in data sizes and magnify sampling error. Corrections for sample size

differences, such as rarefaction, may complicate results further, by inducing mathematical

artifacts and assuming random distribution; probability and statistics also assume random

response to environmental gradients. This genera to order study of a Cenozoic echinoid

database, utilized several approaches to analyze extinction and determine selectivity of

some groups over others. Statistical methods yield results biased by sample size, and

thus, ultimately by taphonomic constraints. A normalized variance approach was aslo

used to reduce sample size artifacts, but it was determined that extinction alone is not
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sufficient to understand biotic dynamics. The parameters of New Originations (N) and

Stable Genera (S) are considered with Extinctions (E) and Genera Present (G), resulting

in a new metric, termed Flux:

G-E+N+SFlux =

S+G [(E+1)/(N+1)]

This unit of measure is based upon mass balance, and is the first to consider these four

parameters as co-functioning terms. Sample sizes are normalized to reduce sampling

error and taphonomic biases are also diminished deriving all four terms from the same

dataset. Results of Flux analysis seem to follow wave-form shapes and are consistent

with a growing body of evidence indicating periodicity in the fossil record. Additionally,

this methodolgy confirms that high extinction rates are not necessarily bad, since

speciation is shown to be so closely linked to extinction. Results of this study show that

selectivity is present, mainly as a taphonomic differential. Additionally, the individual

trends of each order seem to indicate that response to forcing functions is not random.

Variations between flux of similar groups may shed light on phenomena such as

competition and predation, with the potential of wave modeling applicable to future

study.
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INTRODUCTION

All species and genera will become extinct - it is the ultimate fate for all biotic

groups. In fact, 95 % or more of all species that ever existed are extinct (Raup, 1994).

This is not to imply that extinction alone is necessarily bad; indeed, it is an integral

component of evolution (Raup, 1996; McGhee, 1996; Stanley, 1990). The fossil record

indicates a long history of fluctuations in the rise and fall and the presence and/or

abundance of various taxa, with some periods experiencing low turnover rates capped by

subsequent peaks in taxa decline. However, these fluctuations are not consistent within

the same taxon or between different taxa, and, the nature, intensity, and duration of

extinction events appears to vary over time (Sepkoski, 1991). Low extinction rates are

generally considered as “background” extinction, with high extinction rates being

considered as “mass” extinction (Jablonski, 1995).

Recent calculations indicate that, in less than a millennium, extinction rates have

increased by several orders of magnitude over normal background extinction (Pinun et

al, 1995). Ecologists concerned with this apparent increasing decline in species richness

are seeking ways to protect threatened taxa. Therefore, understanding the dynamics of

extinction is paramount to the implementation of strategies designed to maintain present

biodiversity levels. Unfortunately for those studying extant taxa, the “human-window” of

time is limited and only provides a glimpse of biotic behavior. However, over larger

timescales, origination and extinction can be observed from fossil preservation in the rock

record. While the use of paleontology for evolutionary studies is not new, only relatively
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recently have interpretations of extinction derived from fossil evidence been applied to

the present biodiversity crisis (Raup, 1991, 1994; Jablonski, 1995; McKinney in press).

Background

The rock record is far from complete (Paul, 1989). Paleontologists and

evolutionary biologists are faced with a spartan data set, with absent or undescribed

specimens, or conversely, with an over-representation of some taxa with respect to others

(Raup, 1991a). Many biases exist, from actual abundance and rarity (McKinney, et al.

1996, Sepkoski, 1994), to taphonomic considerations (Kidwell and Brenchley, 1996) and

missing strata (Sepkoski, 1994), as well as taxonomic and morphologic biases

contributing to “pseudoextinction” (Sepkoski, 1995; Gilinsky and Good, 1991; Paul,

1989). All of these effects can blur the results derived from reducing the fossil record to

an input of numbers for analysis, causing even the use of paleontologic databases in

evolutionary studies to incite some debate (Ager, 1988; Sepkoski, 1995).

Attempts to eliminate or reduce the artifacts of the fossil record have been met

with varying success, usually contingent upon the assumptions made, which often center

about some aspect of randomness (Sepkoski, 1994). The problem may lie with the

paucity of adequate, much less consistent, extinction and speciation metrics (Jablonski,

1995; Sepkoski and Koch, 1995; Foote, 1994; McGhee, 1989, 1996). However, the

apparent dearth of effective descriptive quantification has not impeded the rigorous

statistical testing of evolutionary trends, which usually only examines speciation or

extinction, rather than both, even though numerous studies have shown these to be highly

correlated (Jackson et al, 1996; Foote, 1994; Gilinsky, 1994; Sepkoski, 1994). Thus, it
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has been duly noted that caution should be exercised when examining only one parameter

of evolution, such as extinction rates or magnitudes (McGhee, 1989), as well as when

making cross-taxa, or spatio-temporal comparisons (Jablonski, 1995).

Sampling biases. When employing statistical approaches to resolve questions of

speciation and extinction, variation in taxa abundance can influence the results and

contribute to sampling error. Quantifying and decreasing these effects is imperative in

deciphering the rock record, and obtaining a valid model of the dynamics of life over

geologic timescales. Sampling error has been recognized for some time, and is of

concern to evolutionary paleontologists who must interpret an incomplete database

(Flessa and Kidwell, 1995; Raup, 1991; Koch, 1991). Various statistical techniques exist

which attempt to minimize errors introduced as an artifact of sampling (Koch, 1991).

Rarefaction analysis, a useful tool when relative abundance is known, essentially reduces

all sample sizes to the smallest known sample (Simberloff, 1974), within any data set.

More fossils are available with increased sedimentary packages (Raup, 1976), and a

higher variation of sample types is also likely to be found (Sepkoski, 1994). However, a

major assumption made when shrinking all samples to the smallest size is that speciation

and extinction are random; that the sample sizes differ only due to sampling errors and

that all data sets can be equally compressed. Though unintentional, the data may be

altered when performing such operations (McKinney, 1995); we simply do not know how

to account for taxa we have not yet encountered.

Mathematical Biases. Use of linear math to describe system dynamics allows a

predicted suite of potential outcomes (Paul, 1989). Traditional computation of extinction
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metrics generally employs linear math for statistical analysis. Statistics and probability

center upon random assumptions (Sepkoski, 1994), and more importantly, when applied

in a paleontological context, may ignore physical laws, and imply that systems are not

responding to forcing functions. Additionally, mathematical biases become more

complex when other biases, such as those from sampling (see above), or those from

metrics (see below) are present. It has been recognized that non-linear dynamics may be

a more descriptive option, however, non-linear dynamics have also been shown to

produce patterns that appear to be periodic (Paul, 1989).

Quantification Biases. A complete metric for quantifying evolutionary dynamics

is lacking (Foote, 1994). Furthermore, most paleoecologic research quantifies the health

of taxa in strict terms of “extinction” or “extinction rates”, monitoring the number of

extinct per number present in a given timespan (McGhee, 1996, 1989; Foote, 1994;

Gilinsky, 1991). Models based solely on extinction fail to consider the effect of

speciation and taxa stability upon a biotic system. The apparent positive correlation

between new originations and extinction has been intensively documented (see above).

however most systems of measurement do not take this into account (Parker and Arnold,

1997; McGhee, 1996, 1989; Foote, 1994). Instead, observations of extinction data alone

pervade the literature, though some studies of diversity (Sepkoski and Koch, 1995), taxa

survivorship (Parker and Arnold, 1997), and system volatility (Gilinsky, 1994) do relate

other components intrinsic to understanding the dynamics of evolution.

Chronostratigraphic Biases. Compounding the problem of quantification is the

tendency to express extinction data in terms of time. Time normalized extinction metrics
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introduce error that was intended to be alleviated (Foote, 1994). By dividing the derived

metrics by interval length, one automatically assumes that the rates are constant

throughout the interval in question (Gilinsky, 1991). The assumption of constant rate

during a time interval should not be valid, plus, there is much uncertainty regarding the

actual length of some intervals (Sepkoski and Koch, 1995; Foote, 1994; Prothero, 1994).

These problems, too, add to the mathematical biases as discussed above.

Taxonomic Biases. Lack of taxonomic control has led some to question the

validity of database analysis for evolutionary studies (Ager, 1988). Though this is of

concern, it has been demonstrated that grouping schemes, even if arbitrary, exhibit trends

which may be extended across taxa (Sepkoski, 1994, 1992). A more serious problem is

the appearance of “pseudoextinctions” (Sepkoski, 1995; Gilinsky and Good, 1991; Paul,

1989) where the last appearance of a taxon is listed as extinct. This may only reflect

phyletic speciation, where a taxon simply evolves into a distinct new morphology. The

scant rock record would indicate the loss of the former taxa as extinction even though the

lineage actually continues to survive. The effects of pseudoextinction are not fully

recognized (Sepkoski, 1995), however, it would seem this bias would be enhanced when

extinction is considered as the sole parameter for describing evolution. Taxa rarity is also

cited as an area of concern, with apparent underrepresentation of rarer taxa (McKinney et

al, 1996; Sepkoski, 1994). Other taxonomic biases include nonrandom collection of

fossils. A major premise of paleontology is that fossil specimens are randomly collected.

though recent research indicates this may not be true (Sepkoski, 1994).
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While much effort has been centered upon identifying potential biases in the rock

record, randomness (nonpredictability) is usually assumed as a mathematical necessity

and to minimize artifacts (Sepkoski, 1994). Though not addressed specifically, the mode

of inquiry; i.e. types of stratigraphic or taxonomic resolution desired, metrics used, etc..

can affect the certainty of data retrieved, in some cases introducing error that renders the

results almost useless (Sepkoski and Koch, 1995; Koch, 1991). Therefore, it is

imperative that adequate metrics first be applied to resolve the dilemma of biases (Foote,

Further, the viability of random1994; Gilinsky and Good, 1991; Paul, 1989).

assumptions used in modeling must also be considered (Sepkoski, 1994). For instance.

rarefaction, as utilized, also assumes a constant sedimentation rate when comparing

sample sizes between and within stratigraphic layers (Raup, 1975). Many other random

models also exist (Raup, 1996; Signor, 1991), but it is not the intent of this paper to

critique the use of these techniques, but rather, to test the validity of the assumption made

for random extinction in these models and derive new methods to estimate echinoid

stability and diversity patterns.

Previous Work

Much current paleoecologic research is centered upon determining extinction

selectivity patterns of particular taxa. Phylogenetically shared traits could make some

groups more likely to suffer extinction than others (Sepkoski 1990; Raup, 1994;

McKinney, 1995). Since phylogenetic branching during evolution is nested within

clades, then it follows that morphologic, life mode, and other factors which influence

extinction will also be nested (Gaston, 1994). It has been observed that this selectivity
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occurs at many scales of resolution throughout the taxonomic hierarchy, because

extinction-susceptible traits are nonrandomly distributed among groups at all scales.

Selectivity at coarser taxonomic levels has been well-documented  (Stanley, 1990).

However, selectivity at the finer scales of resolution is poorly known. This has been cited

as a main area for future paleontological research (Raup, 1994; McKinney, 1995). Many

of the fine-scale selectivity studies analyze the effect of species richness upon genus

extinctions (Jablonski, 1995). For example, Jablonski (1986) showed that high species

richness promoted genus survival except during times of mass extinctions, while yet other

research has alluded to species- or genus- rarity as an extinction susceptible trait

(McKinney, 1997).

Most research, however, attempts to quantify diversity trends in terms of

extinction alone (McGhee, 1996,1989), or by subtracting the number of extinct taxa from

the number of new originations in a particular timespan, and examining diversification

(Foote, 1994; Gilinsky, 1991; Sepkoski, 1991; Koch, 1991). Both types of models

measure important parameters of taxa dynamics, but assume randomness for predicted

outcomes. Population growth models have also been incorporated (Sepkoski, 1991), but

these can only measure extinction as a divergence from expected growth, and do not

allow extinction as a component for evolution. Taxonomic survivorship curves have

been developed as well, (Parker and Arnold, 1997), but these only estimate the

probability of taxon success through time, doing little to describe the processes which

influence survivability or extinction.
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Both survivorship curves and population growth models use population dynamics

to describe taxonomic dynamics, which may not be  a fair assumption. Geologic

timescales are vastly larger than population timescales, and indeed, the forcing functions

between these spatial and temporal scales are probably different as well. Exponential

growth or logistic decay (Sepkoski, 1991) may not be the appropriate solutions. Other

methods, some simplistic, only examine extinction and new originations within a single

time period (McGhee, 1996), which fails to consider the impact of stable taxa upon the

system (Gilinsky and Good, 1994) and only examines dynamics in discrete time intervals.

Additionally, the use of traditional probability and statistics in determining

extinction may not be valid (Sepkoski, 1994) and the expressed extinction rates may be

very misleading (Raup, 1991; Koch, 1991; McGhee, 1996). Sample size variations affect

such ratios, because larger sets translate into a larger denominator in such ratios, which

inflates the perceived probability of extinction. For example, a value of .5 is realized from

an extinct/present ratio of 1/2 or 2/4, 3/6 ... which disregards the variations in the number

of survivors in each instance. Other ratios, like 1/2, 3/4, 5/6,... have increasing extinction

probabilities, yet an equal number of survivors. The mathematical biases inherent when

comparing data sets of varying size have been acknowledged for quite some time, and are

compounded by the observation that most taxa do become extinct, some much faster than

the timescales studied. Rarefaction and reverse rarefaction methods along with other

procedures, have been used to make the size of the data packages equal, so that

quantitative comparisons across taxa may be realized.
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This has important implications for deriving estimates of past extinction.

speciation and stability and may require that future models incorporate any intra-class

differentials of evolution. Methods that assume randomness between groups do not yield

any insight toward understanding the differences between the biotic groups which may

make them extinction-susceptible. The random walk, or random coin toss (Signor, 1991)

may not be an appropriate model for understanding the complex nature of evolution

(Sepkoski, 1994). Even in a coin toss scenario, there is error, which is defined as falling

within statistical confidence, because it is slight. Variables operating upon the coin, such

as air current and density; initial coin velocity; intensity and duration of the launching

force, as well as the internal balance of the coin, all determine the outcome (Koch, 1991).

These factors affect the flipping coin, because, the coin toss does not operate within a

vacuum, and neither do taxa. Systems respond to external forces and exhibit “system

inertia”, with a reaction for every action imposed upon them.

In a random walk, we are given a set of choices or pathways of movement. The

choices presented in a random walk are determined, in part, by those on the walk, not by

the observer. And others concur that a true random walk is “unrealistic” (Sepkoski, 1994;

Stanley, 1990). Considering that a coin responds during a toss, or a group responds

during its “walk”, it is logical to express this idea to biota, which indeed, through

extinction and speciation, do respond to the forcing functions which move them through

time (McGhee, 1989). It is likely “system inertia” is a differential phenomenon, across all

spatio-temporal scales and across taxa. Knowing that data sets do vary in size, and that

manipulation of the data may blur the messages, it seems evident that another approach
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may be necessary. In order to gain an understanding the dynamics of a taxon, one should

consider other parameters such as counts of stable and new species, as well as those

which became extinct.

The need for a more representative system of metrics has long been heralded

(Sepkoski and Koch, 1995; Foote, 1994; McGhee, 1989). Extinction data have been

widely accepted, but often misused (Jablonski, 1995) causing many warnings of the

potential pitfalls relating to these metrics (McGhee, 1989). The positive correlation

between new originations and extinction underscores the importance of considering these

parameters together, rather than solitarily. Recent attempts to resolve this question have

resulted in examinations of volatility (Gilinsky, 1994), as well as morphologic disparity

(Jablonski, 1995), though these types of study still require complex compilations and

manipulation of data.

The time transgressive, as well as incomplete, nature of the rock record provides

many quandaries of the usefulness of data gleaned (Raup, 1991; Gilinsky, 1991; Koch,

1991; McGhee, 1989). One simply does not know when, exactly, an organism originated

or declined, providing that it was even preserved, fossilized and found. However,

patterns do exist in the fossil record (Signor, 1991; McGhee, 1989). While this notion

has been realized for some time, it has been employed with random models that do not

always work. If selectivity is indeed a mitigating factor, then either current models will

need adjustment (Sepkoski, 1991) or new models must be developed.

In an oft-cited publication Raup (1975) modeled the strong correlation between

genus and species diversity in echinoids. His reverse rarefaction curve (Fig. 1) has been
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used with many other taxa, with similar results (Stanley and Yang, 1994). But these

rarefaction curves assume random extinction of species within higher taxa. Current paleo-

ecologic studies, have revealed that genus membership can influence species extinction

(Johnson et al, 1994; Jablonski, 1995), and subsequent genus-species rarefaction curves

do not agree with Raup’s random selectivity curve (McKinney, 1995) (Fig 1). In fact.

Raup (1991), noted that random extinction via the rarefaction method may not be met.

To validate the use of reverse rarefaction analysis of echinoids, as well as with other

techniques which assume randomness, the data should be tested for random distribution

of extinction selectivity patterns.

Research Objectives

This study will analyze a data set representing the Class Echinoidea, and

determine if extinction is random between genera, or is clustered within particular orders.

Using statistical analysis, I will determine if some groups diverge significantly from the

average extinction rate. If extinction values are clustered, then the use of techniques such

as reverse rarefaction must at least be modified to include differential rates of extinction

and speciation between intra-clade organisms (McKinney, 1995). Additionally, this

research will examine the validity of traditional probability and statistics when applied to

the fossil record. Most models seem to follow a statistical approach, and new methods

for presenting and interpreting data will be considered.

Since so many of the sampling errors seem to be associated with arithmetic

differences between group size, a relative weighting system of flux may be more

appropriate rather than a measurement of taxa behavior based upon quantitative input.

12



Expanding or compressing a sample size, such as rarefaction, does alter data, perhaps

blurring the signal. A system of relative measurement does not necessarily have to alter

data, and may provide a more holistic assessment of evolutionary trends. To only

examine extinction, without consideration for the other parameters involved will yield, at

best, partial results. Extinction and speciation are inseparable because they function

together. As Raup (1996, 1994, 1991b), noted, Darwin considered extinction a vital

component of evolution. Therefore, this research will also study the potential for new

metrics for the assessment and measurement of evolution in the fossil record.

While any group of organisms may be considered, this research examines the

Cenozoic evolutionary patterns of the Class Echinoidea. The use of such marine

organisms in paleoecologic study is common for numerous reasons. First, the majority of

sedimentary rock, from which fossils come, is of marine origin (Raup and Stanley, 1978).

The continuing presence of some echinoid taxa into the present provides a unique

opportunity the examine past trends to compare with recent knowledge and observations

of life modes and ecological relationships. Such analysis can yield insights well beyond

implications for a specific taxa. Models following biogeographic occurrences can be

developed which examine such topics as global and regional climate patterns (Flessa and

Jablonski, 1996) or sea level fluctuations.

Echinoid Taxonomy, Ecology and Evolution

This study follows the classification of the Class Echinoidea in The Treatise on

Invertebrate Paleontology (Durham, 1966). This scheme is continued in Kier and

Lawson’s (1978) compilation of echinoid citations from 1924 to 1970. Recent attempts
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to organize ordinal echinoid phylogeny utilizing cladistics have been developed (Jensen,

1981; Smith, 1981), but these classifications have not gained widespread acceptance. An

informal grouping system divides echinoids into two groups - the regulars and irregulars

(Clarkson, 1993). While not a true phylogenetic system, this does serve as a means to

analyze groups that differ in body form and function, and subsequently, mode of life.

There have been over 900 extant species described thus far (Smith, 1984), with all

being both benthic and marine. Echinoids have been found in every habitable range of up

to 7000 meters in depth. They are common in all oceans, although specific habitats vary

with taxon. Regular echinoids are epifaunal, and are common on hard substrates or in

conjunction with reef communities. They are algal feeders, and commonly “graze”

plants, corals, sponges or even other echinoids, with some deep water species feeding

upon detritus (Hendler et al, 1995). Irregular echinoids, by contrast, prefer the infaunal

lifestyle, which may in part, account for their remarkable preservational history,

compared to that of the regulars (Kier, 1977). As burrowers, most irregulars are sediment

feeders, and thus, occupy areas of deposition. This is in contrast to the high energy

environments inhabited by the regulars. The mode of life differences between these two

groups may account for preservational biases in the fossil record. However,

morphological differences dictating life mode are indeed a heritable trait (McKinney,

1995), and these may influence the susceptibility of taxa to extinction and speciation in

addition to controlling taphonomic qualities.

Echinoids first appeared during the Ordovician, and diversified until the end of

the Carboniferous, when species and higher taxa were both reduced (Smith, 1984). By
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the Permian, only six species remained, and after the Permian mass extinction, only the

genus Miocidaris survived (Erwin, 1993). Diversification resumed in the Upper Triassic,

and during the Jurassic, the irregulars first appeared (Kier, 1982). During the Paleocene,

the last major evolutionary event for the echinoids was the first appearance of the

irregular clypeasteroid echinoid or “Sand Dollar” (Mooi, 1993). Phylogeny of the Class

Echinoidea since its inception has been characterized into five parts (Lehmann and

Hillmer, 1983). These developments include: 1) Rigid test; 2) Preferred direction of

locomotion; 3) Improved water-vascular system; 4) Adaptations of tube feet for

specialized functions; 5) Specialized feeding habits. It is the intra-generic differentials of

these five developments that may play a major role in any potential extinction selectivity.

Paleontology

Echinoid evolution is clearly evident in the rock record. This is mainly due to two

reasons: 1) The sheer abundance of echinoid species, from 200 in the Paleocene to over

1000 in the Eocene (McKinney et al, 1992); and 2) an unmatched propensity for echinoid

preservation, resulting from the secretion of calcitic tests and other body parts (Smith,

1984), which tend to remain unaltered unlike aragonitic secretions of other marine

organisms. Additionally, the infaunal life modes and subsequent morphology of some

echinoids, namely the irregulars, makes them especially favorable for preservation, as

does the near-shore facies preference exhibited by some of the regulars (Kier, 1974;

Smith, 1984).

Second, in order to compare methodologies, the biotic group must have been

sufficiently studied such that preliminary evolutionary trends have been ascertained.
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Additionally, enough knowledge should exist to provide adequate stratigraphic range as

well as an accurate taxonomic division of the individuals encountered. This seems to be

best expressed when members of the same taxa exist well into the Recent, and can be

scrutinized and organized as living, interacting organisms. Such luxuries with a mesh

between geologic past and the present do not always occur. Echinoids, however, can

provide ample data between past evolutionary trends and current diversity patterns

(Smith, 1984), using modem behavior as analogues for paleoecologic study.
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METHODOLOGY

Tabulation and Theory

This study will examine echinoid evolutionary trends in the Cenozoic as inferred

by a data set compiled by the author. This time period was chosen for several reasons.

First, echinoid taxa greatly diversified during the last 70 million years (Smith, 1984).

Second, preservation of rock and subsequently fossils is much greater in the recent past

than of the more distant geologic timespans, which aids greatly in the clarity of data

retrieved (Raup, 1979). Third, knowledge of the Cenozoic indicates several pronounced

extinction and radiation events concerning echinoids as well as other organisms

(McKinney et al, 1992; Prothero, 1994). Finally, the taxonomic and morphologic

understanding of echinoids from the Cenozoic is greater than that of previous time

periods, since some genera and families, as well as most orders are extant.

The database used for this study represents echinoid species cited between 1924

and 1996. The validity of a limited data set for higher taxic studies has been

demonstrated, so that trends discovered at one level of taxonomic classification can be

applied to both the higher and lower levels (Sepkoski, 1992). This database was

compiled from Kier’s and Lawson’s (1978) citation index 1924-1970. New citations

gleaned from literature 1970-1996 were also obtained (Appendix A). However, not all

echinoid citations were considered. Only citations with approximately equal time

intervals were admitted to the database, following the system derived by Kier and

Lawson’s compilation, with epochs being divided into upper- and lower- or upper-.
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middle-, lower- time series. This methodology serves several functions - 1) it provides a

consistent grouping scheme; and 2) species longevity is on the order of 5 million years or

so (Stanley, 1990), and since genera can be monospecific, genus appearance or

disappearance can only be examined at this scale of resolution. Additionally, it is likely

that species/genus descriptions near stage-level resolution have a higher probability of

being correctly categorized in taxonomy as well. This distillation of an echinoid database

into finer resolution has several advantages, providing consistency in age-date input while

yielding a more manageable database.

The data set was transferred into a stratigraphic range chart (Appendix B), as a

visual and numerical tool depicting the database behavior over time. Each geologic

epoch, with the exception of the Paleocene and the Oligocene, was divided into lower-,

middle-, and upper- intervals, in accordance with the geologic time scale as .derived by

Harland et al. (1990). The Paleocene and the Oligocene were divided into upper- and

lower- epochs only. Conveniently, the approximate time intervals realized by this system

is from 4 to 7 million years, which allows for reasonable comparison between each time

step. This is necessary to reduce time components of sampling artifacts (Foote, 1994;

Gilinsky, 1991), and is consistent with average echinoid species longevity.

Extinct genera were indicated by disappearances of citations from the stratigraphic

range chart. These were tabulated in Table I. Numerical ratios per each order were

calculated by noting the genera per order present in a time period, versus whether or not

the genera subsequently disappeared from record in the next interval and became extinct.

The number extinct (E) was divided by the number of genera (G) present during that time
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Table I • Database Parameters of Echinoid Orders
L. P«leo U. Pileo L. Eocene M. Eocene 1). Eocene L. Oligo U. Oli£0 L. Mioce M. Mioce U. Mioce L. Plio M. Plio U. PHo PleiitoOrder aramct

II II 11 II 12 12 139 to 10Genera 10 8Cidaroida
0 0 0 0 0 10 1 0 1 0Extinct 2 0 0

1 0 1 0 0 1 0 1I 2 00 0 0New

10 11 II II 12 128 8 10 9 10Stable 8 8

2 2 2 2 2 2 22 2 2 2 2Genera 2 2Euechinoida
0 0 0 0 0 00 0 0 0 0Extinct 0 0 0

0 0 0 0 0 0 00 0 0 0New 0 0 0

22 2 2 2 2 2 22 2 2 2Stable 2 2

2 2 21 1 2 2 2 2I 0 1Diadematoida Genera I 0

0 00 0 0 0 0 0 01 0 1 0 0Extinct

0 0 0 0 0 01 u 0 10 1 0New 0

21 2 2 2 2 2U 0 1 IStable 0 u 0

0 1 1 IPedinoida Genera U

I 0Extinct 0 0

00 I 1New 0

0Stable 0 0 00

1 I 1 I I I1 I 1 1 1Salenioida Genera 4 1

0 0 0 0 0 00 0 0 0 0Extinct 3 0 0

00 0 0 0 0 00 0 u u 0New 1 U

II I 1 I I 1 II 1 I IStable 1

Hemicidaroida Genera 1 I I

Extinct U 0 I

New 0 0 0

1 0Stable 1

0 I5 7 1 0 0 0Phymosomatoida Genera 5 3 4

0 0 0 0 I2 0 2 6 IExtinct 0

4 0 0 0 0 0 0I 1New 0 0

3 3 0 0 0 0 0 0 0Stable 3 3

2 22 2 2 2 2 22 1 I 1 IArbacioida Genera 1

0 10 0 0 0 0 0 00 0 0 0Extinct I

0 0 00 0 1 0 0 0 0New 1 0 0 0

2 2 2 2 2 2 1I 1 1 1Stable 1 1 I

5 4 3 3 43 6 3 6 6 6Temnopleuroida Genera
Extinct

1 1 4

2 1 I 0 0 13 1 3 10 0 2 I

3 1 I 0 0 0 13 I 4 0 4New 0 0

33 4 4 3 3 31 2 2 2 0Stable 1 1

21 I I 2 3 2 21 1 IEchinoida Genera I 1

00 0 0 0 1 0 00 u 0 0Extinct 0 0

00 0 I 1 0 00 u 0 0 0Ne^- 0 u

2 2 2I 1 I 1 IStable I I I I

2 2 2 1 I 1 I3 5 6 IHolcctypoida Genera 3 1

5 0 1 u 0 0 0 02 U 2 0 0Extinct 0

0 U2 3 I 0 U 0 0 0New 0 2 00

2 I 1 I 12 I 1 IStable I I

1215 7 16 18 16 13 IS 13 14Genera 2 2 3 9Clypeasteroida
5 3 I5 5 7 1 2 IExtinct 1 8 (J0 U

7 5 2 3 2 I2 7 9 0New 0 U U

7 12 12 II II2 2 3 7 9 8Stable 2 1

12 11 10 8 6 6 6 6Genera 7 10 20 12 8Cassiduloida 8

2 2 2 2 0 0 0Extinct I 0 0 10 4 0

2 4 1 1 0 0 0 0 0New I 0 3 10 0

57 7 8 8 7 9 8 6 6 6 6Stable 7 9

Genera 2Disastcroida

Extinct 2

New 0

Stable 0

22 n 20 19 2015 32 34 22 35 34 26Spatangoida Genera 16 19

2 I 0 23 4 10 12 0 10 II 6 1Extinct 1

13 9 4 2 I 0 INew 2 5 17 12 0 0I

20 1817 22 21 18 18 20 19 19Stable 12 13 12 14

Pouftalesioida Genera 2

Extinct 2

New 1

Stable 0

Genera 1Neolampoida I

Extinct I 1

1New 1

0Stable 0

19



period. Existence or extinction was determined if the genera in question was absent from

the remainder of the stratigraphic chart. Missing data or an absence of citations during a

particular time interval was allowed if the genera reappeared on the range chart; these

gaps were not considered as extinctions and were not calculated as such. Instead, genera

which had missing representatives during particular time intervals had inferred existence

since it is very remote that a genus could become extinct and subsequently re-evolve.

Two other parameters besides G and E are also presented in Table I, these being

the number of new (N) genera appearances, and the number of stable (S) genera. The

stability of a genus was defined by a presence in both the preceding and subsequent time

steps, to the time period in question. The four parameters G, E, N and S are major

components of ordinal behavior. Each has subcomponents which can be isolated

algebraically (Appendix C), due in part to the rigorous definition of stability, as discussed

above. The subcomponents resolved become:

Gp = Genera previous, the number of genera entering the time step

Ep = Extinct previous, the number of Gp which went extinct

Ne= New extinct, the number of new originations that went extinct

Ns = New survivors - new originations surviving into next interval

O = Output, the total number leaving time interval (S + Ns or G - E)

A formula relating these parameters correctly, may approach an understanding of

flux and stability within a system. And while it may be argued that sample size from

fossil data almost always endures some uncertainty of completeness (Raup, 1991), it can

be countered that all four parameters here suffer equal biases since they were compiled
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from the same set of data, and thus can be compared. Therefore, this metric should

eliminate the biases associated with taxonomy and taphonomy while minimizing any

mathematical artifacts incurred by considering input parameters derived outside of this

system. Further, by using a formula based upon relative weighting, ordinal trends will

still be evident, even with small data sets, and at worst, will only produce conservative

estimates of echinoid stability.

Analytical Methods

A ratio of genera-extinct to genera-present was calculated for each order per time-

step of the Cenozoic. To determine the relative weight of each extinction ratio, a mean

ratio for each interval considered was computed by averaging all the genera extinct per

genera present during each interval. By considering average extinction values for all

genera regardless of taxonomy omits any biases imposed by order membership. Error

bars were calculated about the weighted mean using the second standard deviation,

formula 2(pq/n)^, where p = (extinction ratio), q  =(1 - p), and n = (the number of genera

considered during that time interval). The ratio value of each order was plotted.

comparing the divergence from the average value, plus or minus the second standard

deviation. Orders deviating significantly will be considered as selected either for (+) or

against (-) extinction. Those falling within the error defined about the mean will be

counted as average extinction values (0).

Another method to check the statistical approach is to use the derived average

extinction ratios, and multiply these by the number of genera per stage in a particular

order to obtain a predicted number of genera extinction. A normalized variance is
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derived by subtracting the observed (O) extinction from the genera present (G) and

dividing by the number of genera (G) minus the predicted number (P) of extinctions:

(G-0)/(G-P)= normalized variance of predicted extinction from that
observed

Use of this variance test produces deviation from  a value of 1, with values falling

below .70 being considered as more favored than average for extinction (+), with those

values above 1.30 as being favored against extinction (-) and those between .70 - 1.30

falling within average expectations (0). As has been noted, possible abundance variations

between 10 - 25 % should be expected between different data sets, attributable to

sampling error alone (Koch, 1991). The value of .30 was chosen, in part, as a

conservative estimate of uncertainty, even though normalized variance probably

minimizes mathematical biases.

However, since extinction alone is not sufficient to define ordinal behavior, a new

metric will be introduced and utilized employing the four parameters of G, E N, and S.

Rather than considering extinction as an independent variable, other parameters from the

database were also tabulated and utilized. New genera originations (N), and stable genera

(S), are shown algebraically in Appendix C to be closely linked to the parameters of

extinction (E) and the genera total (G). A metric relating these parameters was developed.

This was defined as a relative measure of internal flux of an order during a time

interval, and was conceived to fulfill several constraints. First, input and output of genera

through a time interval must be equal to be stable. Second, extinction should be weighed

against new originations such that stability can still be met if extinct and new genera
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equal. Third, both of the first items, input/output and new/extinct parameters are to be

considered together, and not exclusive of one another. And, fourth, that data size does not

significantly alter results; that missing or partial data can still be calculated. The formula

derived considers stability, defined by both the ratio of extinct (E) to new (N) genera, and

the total output (G-E) to stable (S) genera, and is presented here as Flux:

G-E+N+SFlux =

S+G [(E+1)/(N+1)]
where,

G = Genera

E = Extinct Genera

N= New Genera

S = Stable Genera (See text for definition)
and, all 4 parameters are from the same time step.

Flux is also normalized to sample size, and should provide an unbiased

comparison of relative behavior between orders. Relative flux is determined by deviation

from unity (1), with high values indicating an increase in speciation and stability, with

low values indicating high extinction with low replacement and instability amongst the

genera. Values that decrease to zero show complete extinction. Values approaching

unity are indicative of equal extinction/speciation (E/N) values, and/or dominant numbers

of stable (S) genera, relative to total (G) genera. The ratio of extinct (E) to new (N)

genera appearances is calculated as (E + 1)/(N + 1) to include timesteps which did not

endure any cited extinction. The addition of 1 to the denominator and numerator prevents

the equation from becoming undefined when there is no recorded extinction. The effect

of this manipulation is regarded as minimal since  1 is added to both terms.
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Flux as shown here is not presented versus time, because it cannot be determined

from most data sets the actual ranges of genera, but rather, only that they appeared or

disappeared from record by the end of a particular time step (Raup, 1991). Additionally,

rate metrics assume a constant value across an interval, which may not be valid (Foote,

1994). Therefore, to eliminate time biases flux will be shown as a net result of an order’s

dynamics at stage end, rather than a continuous rate.

By obtaining all parameters from one time interval, this metric should eliminate

the biases associated with taxonomy and taphonomy while minimizing any mathematical

artifacts incurred by considering input data or fitting parameters derived outside of the

closed system. If all the biases are assumed to be equal per taxon, per interval, then.

effectively they could be resolved by dimensional analysis. By treating these biases as

units”, as calculated in the flux metric, they would eventually cancel out, as flux is

unitless. Mathematical biases will also be further minimized since the result is

normalized for sample size.

The use of such a technique seems appropriate because a more holistic approach

weighting several key components of evolution may be necessary to present data in

another form for analysis. The flux metric allows data to be retrieved and analyzed in a

non-linear fashion, eliminating many of the problems associated with the use of linear

math for paleoecologic studies (Sepkoski, 1994; McGhee, 1989). The internal variation of

the echinoid orders within this database will be plotted, interpreted, and subsequent

implications discussed.
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RESULTS

Analysis and Presentation of Data

Comparison between the extinction rates versus time for this data set (Fig. 2) with

other published echinoid extinction rates (McKinney and Oyen, 1989) (Fig. 3) shows

similar patterns. Therefore, since this data is in general agreement with independent

research, it is probable that this database is both applicable and valid, and that trends

evident in this data set can probably be extended to Cenozoic echinoid behavior as a

whole.

Statistical Analysis. The statistical analysis for selectivity resulted in trends

deviating from random (mean) values. Each epoch and sub-epoch of the Cenozoic was

evaluated and graphed (Appendix D). Tables n and HI compile this data and categorize

the orders into two groups, the regulars and irregulars. Deviation from mean extinction

values, was denoted by either a “-h”, as favored for extinction; a as favored against

extinction (survival); or “0” which means that order had average extinction. Those orders

with no citations for a particular time interval have an empty cell. Average extinction per

time is the weighted mean, plus or minus the second standard deviation. Those orders

whose extinction value fell within the range of standard deviation are considered as

having average extinction. In addition to ordinal level trends towards or against

extinction over time, other patterns are derived from these tables. Specific time periods

seem to have affected each group differently. The Middle- and Upper Eocene, and the

Lower-, Middle- and Upper Miocene target irregulars for extinction over the regulars.
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Figure 2. Average echinoid extinction rate for each time step of the Cenozoic computed from the data set
used in this study. Formula for this derivation is the total number genera extinct (E), divided by the total
number of genera present (G) for all orders, per each time period, divided by the length of the time interval
(T). Extinction rates presented here are those per every 100,000 years.
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Figure 3. Other published extinction rates of marine genera, including echinoids. Source: Sepkoski, J.J.,
1990. The taxonomic structure of periodic extinction. Pages 33-44 in Sharption and Ward (eds.) Global
Catastrophes in Earth History. GSA Special Paper 247, Boulder, Co.
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Table II. Extinction trends of database for Regular echinoids.

Olig Mio Flip Pkis£rsi M HocOrder
U L U L MU L U L MU

-  0 0 0 0  0 0Cidaroida

Orthopsida +

00Diadematoida 0 ++

0 0 00 0Salenioida +

0Pedinoida + ++

+  0 0 + + 0 + + + +0Temnopleuroida

0 +  0 +Phymosomatoida +

0  +0 0Echinoida

00 0Arbacioida ++

Hemicidaroida 0 ++

0 00 0Euechinoida

Table III. Extinction trends of database for Irregular echinoids.

Olig Mio Plip Pleis£m Eal £Q£.Order

U L U L MU L U L  M U

+  00 0Holectypoida 0+ + +

+  0 0  0 0  0 + 0 0Cassiduloida 0 0+

0 0 +  0 0 0Clypeasteroida 0 ++ +  +

0 0  0 0 0 0Spatangoida 0 0 0 0  0 0

Disasteroida +

Pourtalesioida 0 +

Neolampoida ++

Notes: Data derived using extinction ratios of Genera extinct: Genera present per each order,
per time step of the Cenozoic.
Extinction trends are compared to deviations from average extinction values:
0” denoted average values; “+” is favored toward extinction; is favored against extinction.
Time steps are divided into Upper (U), Middle (M), and Lower (L) intervals.
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Other time periods, especially during times of rebound such as the Upper Paleocene and

Lower Oligocene show no selectivity at all, with the majority of orders falling within

average ranges.

In further analysis of the database, the extinction values (P) of each order were

plotted against the number of genera membership (G). This was performed in two ways;

1) for each order over time, from Upper Cretaceous to Pleistocene; and, 2) for each time

step, as an average value of all existing orders.  A regression line was fitted to the both

types of plots, which are included in Appendix V. The regression analysis yielded an

apparent relationship between generic richness and extinction. Regression for the average

extinction value of all orders, irrespective of time, shows a trend towards higher

extinction with increased generic richness (Fig. 4). These trends continued when each

order was examined separately. The clypeasteroids, spatangoids, holectypoids and

cassiduloids, all irregulars, exhibit the same trend (Figs 5-8). This pattern is not as

pronounced when examining the mean behavior of all taxa within a time interval,

however, regression analysis did indicate the positive relationship between genera-rich

favored extinction in some cases (Fig 9 and 10). Another graph plots the regression curve

of the average extinction value of all orders in chronological fashion from Cretaceous to

Pleistocene (Fig. 11). This plot indicates not only an 80 % decrease in extinction rates as

approach the present, but also illustrates the apparent relationship between generic

richness and high extinction values. The general shape of this curve, is typical of a “pull

to the Recent” effect, (Raup, 1978) which illustrates increasing resolution of knowledge

with an increasingly less distant past.

we
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Figure 4. Linear regression analysis of ordinal extinction probability versus the number of genera present.
The plot indicates a slight trend of increasing extinction probability with an increasing number genera.
Each point represents the average extintion probability of a time step plotted against the number of genera
within that interval. Timesteps are designated by the following system: 1) Upper Cretaceous; 2) Lower
Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5) Middle Eocene; 6) Upper Eocene; 7) Lower
Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10) Middle Miocene; 11) Upper Miocene; 12) Lower
Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 5. Linear regression of the extinction probability versus the number of genera present for the Order
Cassiduloida. Each point represents the average extinction probability of each time step plotted against the
number of genera present during each corresponding time step. Timesteps are designated by the following
system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5) Middle
Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10) Middle
Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 6. Exponential regression of the extinction probability versus the number of genera present for the
Order Temnoplueroida. Each point represents the average extinction probability of each time step plotted
against the number of genera present during each corresponding time step. Timesteps are designated by the
following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5)
Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 7. Exponential regression of the extinction probability versus the number of genera present for the
Order Clypeasteroida. Each point represents the average extinction probability of each time step plotted
against the number of genera present during each corresponding time step. Timesteps are designated by the
following system; 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5)
Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 8. Linear regression of the extinction probability versus the number of genera present for the Order
Spatangoida. Each point represents the average extinction probability of each time step plotted against the
number of genera present during each corresponding time step. Timesteps are designated by the following
system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5) Middle
Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10) Middle
Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene
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Figure 9. Linear regression of extinction probability with increasing genera for all echinoid orders during
the Middle Eocene. Each data point represents one order and plots the number of genera on x-axis versus
the extinction probability on the y-axis. Orders are designated by the following system: A) Cidaroida; B)
Euechinoida; C) Diadematoida; D) Pedinoida; E) Salenioida; F) Hemicidaroida; G) Phymosomatoida; H)
Arbacioida; I) Temnopleuroida; J) Echinoida; K) Orthopsida; L) Holectypoida; M) Clypeasteroida; N)
Cassiduloida; O) Disasteroida; P) Pourtalesioida; Q) Spatangoida. Note, not all orders may be present in
the database during this timestep.
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Figure 10. Linear regression of extinction probability with increasing genera for all echinoid orders during
the Upper Oligocene. Each data point represents one order and plots the number of genera on x-axis

the extinction probability on the y-axis. Orders are designated by the following system: A)
Cidaroida; B) Euechinoida; C) Diadematoida; D) Pedinoida; E) Salenioida; F) Hemicidaroida; G)
Phymosomatoida; H) Arbacioida; I) Temnopleuroida; J) Echinoida; K) Orthopsida; L) Holectypoida; M)
Clypeasteroida; N) Cassiduloida; O) Disasteroida; P) Pourtalesioida; Q) Spatangoida. Note, not all orders
may be present in the database during this timestep.
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Figure 11. Chronologic plot of extinction probability against generic richness from Cretaceous to present.
Each data point represents average ordinal echinoid extinction probability versus the number of genera
recorded for each of 14 time steps, with 1 being the Upper Cretaceous and 14 being Recent. Note “Pull to
tlie Recent” effect of less extinction probability as data approaches the present. Timesteps are designated
by the following system; 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene;
5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Normalized Analysis. In an attempt to lessen the sampling artifacts realized when

comparing databases of various size, a normalized variance approach was utilized in

conjunction with the method above. The average extinction ratio per each time interval,

as derived above, was multiplied by the number of generic members for each order,

giving a predicted number of extinct genera (Table IV). The observed extinctions were

compared to the predicted by subtracting the values from the number of genera in

question, and dividing the result yielding:

(G-0)/(G-P)= normalized variance

This analytical tool allows for equal comparison between groups, regardless of

sample size, and gives a qualitative scale of variance, deviating from unity. Deviation

from the mean was assumed at + or - .3 from 1, with values between .70 and 1.30

considered as falling with average extinction, with high values indicating low extinction

(-), and low values indicating high extinction ratios (+). These data are presented in

Tables V and VI, once again separating the two echinoid groups as regulars and

irregulars. Comparisons to the data in Tables n and m show that the regular echinoid

extinction trends remained basically unchanged. The irregulars do show some divergence

between extinction trends using the different methodologies. The holectypoids.

clypeasteroids, and cassiduloids have diminished extinction ratios, and tend to have more

average values using the normalized approach. However, across all orders, there are

particular time periods where heightened extinction seems evident, such as the Upper
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Table IV. Predicted and observed extinctions, with variance of difference
U. Eocene L. OHgo U.Oligo L. Mioce M. Miocc U. Mioce Pliocene

0.1670.203 0.0720

PleistoceL. Paleo U. Paleo L. Eocene M. EoceneOi
0.11.3% 0.017 0.244 0.2440.3330,309 0.025 0182Avg. Ext.

Cidaroida
1.42.2 0.8 22.7 2.40.171.5 3 4423.1Predicted

10 0 01 0I 0002 0Observed
1.031.25 1.08 1.21.2 1.32.5 1.021.51.02 1.231.16Variance

Euechinoida
0.220.14 0.330.49 041079 0.034 0490.66005 0.360.62Predicted
00 00 00 00 000 0Observed

1.12.08 1.2.32 1.261.02 1.321.5 1.651221.45 1.02Varii

Diadematoicb
0.220.320.49 0.41 0.140,396 0.017 0.2440182 n/aPredicted 0.31 n/a
00 0 00 00 0IOb! 1

1.121.26 1.21.32 1.31.65 1.0200Variance

Ida

Predicted

Observed

Variance

Salt
0,167 0.110203 00720.396 0.017 0.244 0.2440.182 0.331 2 0.025iCted

00 00 00 00 00 0Observed 3
121.25 1,21.32 1.321.65 .021.51.02 1.220.36Variance

01820.31 0.025Predicted

10Observed 0

1.02 01.45Varij

matoida
0.167n/a n/a n/a2.77 0.017 0.2441.671.5 0.075 0.73Predicted

112 6 002 0Observed
0.02 00.231.22 0,90.57 1.02Variance

Atbacit
0.33 0,3%0025 0.1820.62Predicted

001 0 0Observed

1.5 1.651.22072 1.02Variance

Ter
0.5 0.330.81 0.221.5 1.221.98 0,050.73 0.990025idicted 031

1I 1 I23 12 10Observed 0
0,7491.05 0.94 0.72 0.80.67 0.890660.61 0.991.5 1.02Variance

Echinoida
0.5 0.220.203 0.0720396 0.017 0.244 0,2440182 0,330.31 0.025Predicted

00 10 0 000 00 0Observed 0
1.121.25 1.08 0.81.3 1.31.6 1,02.22 1.51.021.5Variance

Holectypoida
0167 0.110.41 00722.4 0.017 0.488 0.4880.55 1.670.025Predicted 0309

01 0 005 0 020 0Ob: 0
1.120.62 1.01 1.2.3 1.30,27 1.0212 0.91.02Variance 1.4

Clypeasteroida
I.2I3.25 0,94 2.53.9 4,45.9 0.120.55 3062 0.05Predicted

I5 1 45 705I 1Observed 0
0.980.99 0.880.81 0860.76 1.01 1.90.66.45 0.51 0.81Variance

Cassi
058 0.662.7 24.75 0.136 2.925 0.175 6.6Predicted

I2 2 02 24 0101 0 0Observed
1.2 093I 0.811.09 1081.1 1.021.22 0741.27 1.02Variance

Dis; ida

0.62Predicted

Observed 1

0.72Variance

Spatangoida
3.5 2,25.2 1.58.5 8.313.5 0.373.5 1060.4Predicted 4.9

21 312 612 0 1093 1 4Observed
1.010.95 1.02 .030.841.02 0941.081.2 0.95 0.96Variance

Pourtalcsioida

0.62Predicted

2Observed

Variance 0

0.244ida
10.396Predicted

Observed

1.3Variance
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Table V. Normalized variance of Regular echinoids.

Olig Mitt. £liQ„Eleis£rel Eal EQ£.Order
U L U L MU L U L MU

0  00  0 0  0 0Cidaroida

n/aOrthopsida

+  n/a + 0  0 0Diadematoida 0

+  0 0 0  0 0Salenioida

+  n/a n/a +Pedinoida +

+  + 0 0 0 + 0 +Temnopleuroida 0  +

0  + 0 +Phymosomatoida +  0

0 0 0  0 0Echinoida

0  + 0 0  0 0  0 +Arbacioida

Hemicidaroida 0  ++

0 0  0 0Euechinoida 0

Table VI. Normalized variance of Irregular echinoids.

Mio Plio Pleis£ret M ms.Ordgr
U  L

0  0

M U L

0  + 0

u L  M U

+  0

U  L

0  0Holectypoida

+  0 0 0 0 0 0 0 0Cassiduloida 0+

+  + 0 0  0 0 0 0  0Clypeasteroida 0+

0  0 0 0 0  0 0 0  0Spatangoida 0 0 0

Disasteroida +

Pourtalesioida 0 +

Neolampoida ++

Notes: Extinction trends of orders using normalized variance between Predicted and Observed
extinctions (G-0)/(G-P). Predicted extinctions were derived by multiplying average extinction values for
that stage by the number of genera (G) for that particular order. Deviations are ± 0.2 from unity.
Extinction trends are compared to deviations from average extinction values:
0” denoted average values; “+” is favored toward extinction; is favored against extinction.
Time steps are divided into Upper (U), Middle (M), and Lower (L) intervals.
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Eocene, and Lx)wer Paleocene intervals. Of particular interest is the continued “average'

extinction determined for the spatangoids, using both approaches. The fact that

spatangoids dominate this database numerically as well as defining the extinction average

implies that some selectivity is occurring, though the mathematical artifacts imposed by

the larger data sets may conceal tme behavior. Therefore, the development and

implementation of new tools was deemed necessary to: 1) reduce any mathematical

biases, and, 2) to consider other parameters thought to be intrinsic in evolutionary

dynamics.

Flux Metric. The third facet of this study introduces a new approach and formula

for resolving diversity and extinction patterns.  A regression line through these data

points shows the positive relationship between the number of extinct and new genera

(Fig. 12), and confirms the necessity of considering both sets of data together rather than

independently.

A formula meeting these requirements is defined here as:

Flux = G-E+N+S

S+G [(E+1)/(N+1)]

Understanding the dynamic of a biotic system may be more pertinent than

extinction values alone, with the relationship between extinction and speciation being

highly recognized (Stanley, 1990, McGhee, 1996)). Flux as defined here, is a

measurement of internal variation within an order. Perfect stability is calibrated at 1, with
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Figure 12. Plot of extinct genera versus new genera appearances for all orders for all time periods. The x-
axis is number extinct and the y-axis is new appearances. Each point may contain multiple entries. Dashed
line is linear regression of this data while the solid line is a 1:1 reference. Note the strong relationship
between new appearances and extinction.
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high flux > 1, and low flux <1. When all genera become extinct, the values approach 0

for total extinction of an order.

Computational analysis of flux is presented in Table Vn, of the regulars and

irregulars, respectively, and the results do vary from the statistical measures employed

previously in this work. Values above 1 indicate higher internal flux, with an increase in

output, speciation or both. Values below 1 are a result of declining output, and/or

extinction exceeding speciation. The results differ greatly from the first two analyses.

and may depict a more realistic pattern of system dynamics. Spatangoids no longer

define average behavior, and instead show variation of flux rather than “average'

extinction as determined previously. Clypeasteroids, and cassiduloids also show more

dynamic behavior than in the previous methods, showing both positive and negative flux

modes. The regular echinoids actually expressed more stable values, whereas in Tables n

and in and Tables V and VI, they are depicted as mostly below average extinction. Flux

graphs of each order are presented in Figs 13a-g, along with an average flux graphs (Fig.

14a-b), constructed by computing the flux for all genera behavior for each timespan. This

depiction of internal flux does show independent behavior between orders which may be

due to selectivity.

While variations in magnitude and direction of flux between the orders is evident.

there are still strong trends which transcend ordinal behavior. Flux graphs of higher

taxonomic resolution (genera to family), are consistent with genera to order dynamics.

Three examples of genera to family flux are shown (Fig. 15a-c) The Lower Paleocene is

seen as a time of low flux for most orders, with the Lower to Mid Eocene, and the Upper
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Cidaroida - Flux / time
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Figure 13. Flux graphs of selected echinoid orders. Figure 13a, flux versus time of the Order Cidaroida.
Data points are designated by the following system; 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper
Paleocene; 4) Lower Eocene; 5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper
Oligocene; 9) Lower Miocene; 10) Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper
Pliocene; 14) Pleistocene.
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Clypeasteroida - flux / time
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Figure 13 (continued). Figure 13b, flux versus time of the Order Clypeasteroida. Data points are designated
by the following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene;
5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 13 (continued). Figure 13c, flux versus time of the Order Cassiduloida. Data points are designated
by the following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene;
5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Spatangoida Flux/time
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Figure 13 (continued). Figure 13d, flux versus time of the Order Spatangoida. Data points are designated by
the following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5)
Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Holectypoida Flux / time
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Figure 13 (continued). Figure 13e, flux versus time of the Order Holectypoida. Data points are designated
by the following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene;
5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10)
Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 13 (continued). Figure 13f, flux versus time of the Order Temnopleuroida. Data points are
designated by the following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4)
Lower Eocene; 5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower
Miocene; 10) Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14)
Pleistocene.

50



Phymosomatoida

Figure 13 (continued). Figure 13g, flux versus time of the Order Phymosomatoida. Data points are
designated by the following system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4)
Lower Eocene; 5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower
Miocene; 10) Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14)
Pleistocene
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Figures 14. Graphs of average flux for all orders. Figure 14a shows flux plotted against geologic time steps.
Each data point is the average flux per time interval calculated by computing total G, E, N and S values (see
text for explanation of variables) of all orders to determine flux. Data points are designated by the following
system: 1) Upper Cretaceous; 2) Lower Paleocene; 3) Upper Paleocene; 4) Lower Eocene; 5) Middle
Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper Oligocene; 9) Lower Miocene; 10) Middle
Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper Pliocene; 14) Pleistocene.
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Figure 14 (continued). Figure 14b, flux graph of averaged flux of all orders plotted against absolute time.
Each data point is the average flux per time interval calculated by computing total G, E, N and S values, as
in Fig. 14a. Data points are designated by the following system: 1) Upper Cretaceous; 2) Lower Paleocene;
3) Upper Paleocene; 4) Lower Eocene; 5) Middle Eocene; 6) Upper Eocene; 7) Lower Oligocene; 8) Upper
Oligocene; 9) Lower Miocene; 10) Middle Miocene; 11) Upper Miocene; 12) Lower Pliocene; 13) Upper
Pliocene; 14) Pleistocene.

53



Family Schizasteridae - flux
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Figures 15. Examples of genera to family flux. Figure 15a, flux of the Family Schizasteridae over absolute
time.
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Cassidulidae flux
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Figure 15 (continued). Figure 15b, flux of the Family Cassidulidae over absolute time.
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Brissidae flux
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Figure 15 (continued). Figure 15c, flux of the Family Brissidae over absolute time.

56



Oligocene show crests indicative of high flux. Additionally, the trend towards recent

shows an overall decrease in internal fluctuations, both across the orders and with the

average flux graph. The changes in trends, when examining more than one parameter.

also indicate the correlation between high extinction and high diversity. High extinction

ratios (+) from the statistical approach are countered by high diversification trends with

the normalized flux method. Similarly, low (-) or average (0) extinction values from the

statistical analysis are met with low diversity trends using the flux approach. Thus a

different picture develops as other parameters are considered, which only underscores the

importance and interdependence of these relationships.
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DISCUSSION

Interpretations of extinction data alone via statistical analysis show more

extinction within the irregular group than the regulars, which would imply positive

extinction selectivity towards the irregulars. A major exception is the spatangoids, which

are consistently “average”. Conventional wisdom and traditional theories would declare

spatangoids as “extinction-resistant”, with explanations such as infaunal life modes

(Smith, 1984) contributing to resilience. However, examination of spatangoid flux shows

that decline occurred significantly for this order. Clypeasteroids, which had higher

extinction ratios, actually demonstrated higher flux, and thus increased diversity. These

seemingly contradictory results can be resolved, considering the strong correlation

between extinction and speciation, as shown earlier. High extinction rates may not

necessarily indicate ordinal decline, they may instead relate to speciation events, or at

least link the forcing functions that control extinction and speciation. Using extinction

data alone, the spatangoids would appear healthy and average, with no selectivity evident.

However, the apparent decline in flux may imply that reasons imposed for extinction

resilience can also explain the decline in flux.

Being deep burrowers, spatangoids may be more resilient because of the sheltered.

insulated habitat provided when occupying such a niche (Smith, 1984; McNamara, 1994).

But, it can be argued, especially with flux data, that perhaps the more specialized nature

of an infaunal mode, compared to the epifaunal nature of the regulars, makes the

Spatangoids less adapted during increasingly dynamic environmental conditions. This is
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in contrast to the more generalist types, like shallow water, reef-dwelling cidaroids

(Hendler et al, 1995) that seem to follow more stable flux patterns. The regulars which

showed lower extinction ratios demonstrated positive flux correlations. This is not to

discount the usefulness of the extinction data. In fact, considering the spatangoids again.

was there no selectivity evident?

The interpretation that infaunal nature makes the spatangoids less adaptable to

change does not explain the average extinction values observed when using traditional

statistical approaches of extinction-ratio only data. This can be addressed because this

database, and indeed the fossil record, is dominated by spatangoid occurrences. This may

not be as indicative of abundance as it is for taphonomic biases, which may influence the

propensity for preservation (Smith, 1984, Raup, 1991). The same argument made for

deep burrowers having more environmental resilience than shallow or epifaunal genera

can be applied to preservational qualities as well - deep burrowers are already in place for

fossilization, due merely to life mode. This indeed is selectivity, with taphonomic biases

skewing data. However, it should be noted that life mode traits may be a heritable

(McKinney, 1995), therefore some selectivity could still occur. Life mode traits can be

linked to environmental conditions (McNamara, 1994; McKinney et al, 1992), which

also indicates selectivity.

Conversely, the cidaroids had low extinction ratios, due in part to their small

sample size. However, they appear quite stable with the flux method. As epifauna, in

nearshore dynamic areas, they are considered generalists in comparison to the specialized

deep water and burrowing spatangoids (McNamara, 1990). One interpretation may be
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that they are stable during extinction events, because as generalists, they can better adapt

to changing environments. And, as one of the oldest echinoid lineages, cidaroids may

experience incumbency (Sepkoski, 1996; Rosenzweig and McCord, 1991), which is the

condition where long-lived lineages trend towards less extinction.

The low extinction ratios derived for the regulars contrast with the generally high

and/or stable flux calculations. Once again, taphonomy may be responsible. Lower

abundance and smaller data sets do not greatly influence the average extinction ratios.

Lack of preservation would account for depauperate datasets, which is a reasonable

expectation considering the epifaunal, high energy environment life mode exhibited by

some of the regulars along with their tendency to become disarticulated during diagenesis

(Smith, 1984). Similar reasoning can also explain the high flux and stability of these

genera - that as generalists they are better adapted for dynamic environments than their

more specialized and somewhat sessile counterparts. The change to high energy

conditions may be the result of some forcing function (s) responsible for extinction in the

first place. Increasing the dynamics of the environmental forcing functions may increase

sedimentation, and subsequent differentials between preservation and fossilization of

specimens, which may only compound the artifacts of sampling bias. This may be

evident in the positive correlations between taxa richness and extinction probability as

noted in this research and with others (Lawton, 1995).

In fact, it may be that extinction events as previously interpreted, are actually

periods of increased sediment influx. Raup (1976) noted that an increased volume of

sedimentary rock would preserve more fossil types than a smaller rock package. Higher
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extinction rates are shown here to be due in part to larger sample sizes. This could imply

interpretations of some extinction events may actually be indicative of increased

deposition, or increased deposition because of some environmental gradient.

Additionally, orders may improve their taphonomic quality, responding to external

factors. Spatangoids have been observed in an offshore retreat in Tertiary Australia

(McNamara, 1994), which may be a response to environmental gradients.

Substrate control has been suggested on echinoid distribution (McKinney, 1986),

and upon functional morphology (McNamara and Philip, 1980). Displacement into new

substrate as an bathymetric response has also been pondered (Jablonski and Bottjer, 1988;

McNamara, 1990). McNamara (1990, 1994) proceeds with evidence of gastropod

predation on some echinoids as a mitigating factor influencing displacement,

documents defensive strategies in morphology or habitat preference as responses. In the

He

Australian fauna, niche replacement from cassiduloids to clypeasteroids has been

postulated for the lower Miocene. This is thought to be a result of gastropod predation

(cassid) which seemed to target the cassiduloids (McNamara, 1994) over the

clypeasteroids, which differ in morphology yet share similar ecospace. Flux graphs of

cassiduloid and clypeasters (Fig. 16) show an inverse behavior during this time, which

seems to indicate selectivity. A similar pattern between cassiduloids and clypeasters is

observed in the Upper Eocene, which is also the time cassid gastropods are first observed

in the global fossil record (McNamara, 1994).

Though many generalizations may be inferred by using data from treatments like

flux graphs, it is certainly should be mentioned that selectivity at higher taxonomic levels
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Figure 16. Differential flux of the Orders Cassiduloida and Clypeasteroida. Both orders are irregulars and
occupy similar niches, however, cassiduloida decline at 45 to 35 mya may be linked to preferential
predation by gastropods which may target the cassiduloids over the clypeasteroids.
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is difficult to relate to biologic variables (Jablonski, 1996). This is due in part to the

diverse nature of such a large group. However, overall patterns of this database do seem

to confirm previously reported correlations between diversity and ocean temperature

(McKinney et al, 1992). Diversity plots (Fig. 17) of echinoid diversity and temperature

during the Cenozoic follow the same pattern as flux graphs, as does a global sea

temperature graph of southern high latitude oceans (Fig. 18). The relationship between

flux and temperature should also be cautiously interpreted since many variables such as

sea level and sedimentation rates often vary with temperature change (McKinney et al,

1992), and these are intrinsic environmental gradients as well as factors enhancing

taphonomic biases.

The similarity of flux graph results with other published data seems to confirm

this method. Consistent trends with independent published data of echinoid diversity

patterns (McKinney et al, 1992) or of inter-order dynamics with possible niche

competition (McNamara, 1994) in the Miocene are present with this method.

Additionally, major dynamics of echinoid diversity during the Cenozoic as presented by

various authors, such as Eocene and Oligocene peaks are also coincident with the data

presented with flux. These strong correlations confirm the validity and usefulness of

using an approach such as flux when measuring and interpreting the fossil record.
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Figure 17. Published echinoid diversity plotted against global temperature. Source: McKinney, M.L. and
Oyen, C.W., 1989. Causation and non-randomness in biological and geological time series: Temperature as
a proximal control of extinction and diversity. Palaios 4:3-15.
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Figure 18. Echinoid genera to order flux plotted with Cenozoic paleotemperatures, showing a correlation
between temperature and flux. Flux scale on left y-axis, temperature scale on right y-axis. Temperature data
taken from (source): Crame, J.A., 1993. Latitutdinal range fluctuations in the marine realm through geologic
time. Tree 8 (5) 162-164.
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SUMMARY

Extinction alone is not the sole descriptor of evolution. Numerous citations

abound in professional research confirming the positive correlation between origination

and extinction. The trend of extinct/new ratios from this database also shows the

proportionality between these two parameters. Relative changes in behavior may be a

more succinct and appropriate choice for understanding taxa dynamics. We cannot

expect to have equal fossil sets presented to us; and the first option should not be to

recreate the data to fit mathematical expectations. Rather, the relative flux of one group

compared to that of other groups can provide insight to differential behavior through time

and space. Though not quantitative, relative measures are probably a more realistic

comparison since the fossil record is not quantitatively complete. Phase two of this

project used a normalized variance approach to assess extinction behavior, and yielded

results from small data sets which previously would have had to be ignored due to

statistical insignificance. Too much concern is placed about high extinction rates.

because, when one puts geologic time into perspective, the message is clear - most taxa

do become extinct. Therefore, perhaps other parameters such as speciation and stability

should be considered along with extinction data, requiring the use of new metrics.

The third phase of this project centered upon measuring other evolutionary

dynamics, in addition to extinction which could gleaned from the data set. The flux

metric, as derived, provided a working tool with which data packages of various sizes

could be compared and analyzed for a number of parameters simultaneously. Using the
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concept of normalized variance and by considering other factors which contribute to

evolutionary flow, a different picture emerges. High extinction rates are not necessarily

bad, they may be indicative of an order’s growth and speciation, or a response to an

environmental gradient, or total decline and disappearance. By comparing the total health

of an order in this fashion, perhaps a better understanding may be incurred of the forcing

functions which acted upon biotic systems in the geologic past. Trends in relative flux are

probably more indicative of environmental controls than extinction data alone, which has

been assumed, and shown, to be linked closely to speciation (Raup, 1994; Appendix C).

The equation developed for this study:

Flux = G-E+N+S

S+G [(E+1)/(N+1)]

G= number of genera present during a time interval

E= number genera extinct

N= number of new appearances

S= number of stable genera

is deemed appropriate on several levels. First, it is normalized for sample size. Second,

it considers generic stability with input and output parameters. Third, it also considers

extinction relative to speciation. Fourth, the model is applicable to small data packages,

and missing entries. The discerning element to this formula is the definition of stability

(S), which mandates generic presence both prior and anteceding the time period in

question. Current predictive models usually only consider extinction, or extinction,

speciation and genera number (McGhee, 1996) which basically examines each time unit
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as a discrete interval and has no linkage or stability components between the time periods.

This may be only a relict of how most databases are compiled (Raup, 1991), however this

type of approach views time unidirectionally - forward. It may be more prudent to

maintain a link to previous behavior if continuous trends are to be discerned.

The exponential and logistic growth models as well as survivorship curves, do

consider past behavior and trends, but hinge upon the assumption that population growth

and taxonomic growth are analogues. The magnitude and nature between population

timescales and paleontologic timescales are vast, and it may be fair to assume that the

forcing functions and the dynamics would vary accordingly. The usefulness of these

growth models in paleontology should not be diminished, however. Considering the

timescale differences, it could be that these models may indeed describe aspects of taxa

growth, albeit over a narrower timespan. The wave-shape graph of flux would allow

periods of dynamic growth, but also describe periods of stability and decline. The

concepts of growth models and flux interpretations need not be mutually exclusive;

Sepkoski (1991) described the parabolic shapes he resolved from his models which may

be only one part of a wave.

The trends of potential periodicity seen in this work are consistent with a growing

body of evidence indicating periodicity in the rock record (McGhee, 1989; Paul, 1989).

Though extinction periodicities of the many studies do not always coincide, this work

emphasizes that yet another method describes it. The main point may not be to focus on

one harmonic or frequency, but to consider that the periodicities may be differential, or in

some cases, as in competition, have an additive or dampening effect. It is not fair to
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assume that a system will respond to forcing functions exactly as do the other systems.

Periodicity has been described in many processes, from climatic, to bolide theory, to

periodic convection in the mantle, all which have been cited as possible extinction

mechanisms (McGhee, 1989). However, there is no clear reason to expect them to

overlap and/or coincide. If true, this would imply there is one single mechanism

controlling biotic as well as planetary evolution, plus a wealth of other phenomena.

Therefore, perhaps analysis of the dynamics between the periodicities and wave forms of

different systems (taxa and forcing functions) may provide new insights to evolution.

Future Work

The wave appearance of flux over time may possibly lend usefulness in modeling.

As the fossil record is replete with patterns (Signor, 1991), it seems perfectly reasonably

to expect wave patterns as well. Many natural phenomena already coincide with sine and

cosine functions. Mean annual temperatures have been shown to follow such a

distribution of flux. Mean annual precipitation has also been shown have periodicity, as

does the Milyankovitch Cycle, and other phenomena relating to climate. Since climate

and subsequent eustatic sea level changes are thought to be related to extinction events, it

may be reasonable to consider evolution in terms of wave functions. A test of this

hypothesis may include a regional echinoid database, another marine invertebrate taxa, or

another type altogether. The frequency and amplitude of wave phenomena, if found, may

confirm and further describe the periodicity thought to be associated with extinction

events (McGhee, 1996; Raup, 1994, 1991a, 1991b,; Sepkoski, 1991). Interaction

between wave equations of different taxa, especially between predator and prey, or niche
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competitors, could provide modeling insights, showing dampening effects or increased

Predictive models could be constructed, and by constraining input

parameters, such as starting numbers, wave-interactive models may show the dynamics

oscillations.

between taxa and the environment.
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APPENDIX A - New and Stratigraphically Important Citations 1970 - Present
Middle Miocene

Ali, M.S., 1989. Middle Miocene Trachypatagus from Egypt: J Afr Earth Sci 8 (1) 57-63.

Middle Eocene

Ali, M.S., 1983. A new echinolampas species from the Middle Eocene of Egypt: Journal Palaeont.
Soc. India (28) 56-58.

Trachypatagus tuberculatus

Echinolampas qattamiaensis (n. sp.)

Hattapsis sphericus (n gen/sp) Upper Cretaceous
Ali, M.S., 1992. A new genus and species of regular echinoid from the Late Cretaceous of Gebel

el Rowdan Hatta area Oman-uae: J Paleontol 66 (4) 693-696.

Upper Cretaceous

Azzi, S.A. and Badve, R.M., 1990. Occurrence of Hemipneustes Agassiz echinoid from
Tirucharalli Cretaceous Tamil Nadu India: J Geol Soc India 36 (3) 326-330.

Hemipneustes indicus (n. sp.)

Upper Cretaceous
Upper Cretaceous
Upper Cretaceous
Upper Cretaceous
Upper Cretaceous
Upper Cretaceous
Upper Cretaceous

Badve, R.M. and Aziz, S.A., 1983. Revision of the Cassiduloid genus Gongrochanus
echinodermata echinoidea from the south India Cretaceous deposits: Proc Indian Acad Sci Anim Sci 92 (3)
231-246.

Gongrochanus chiplonkari
G. stoliczkai

G. kieri

G. ottakovilensis

G. circularis

G. tamilnaduensis

G. herschelianus

Lower Eocene

Baker, A.N., 1983. A new Apatopygid echinoid genus from New Zealand echinodermata
cassiduloida: Natl Mus N Z Rec 2(15) 163-173

Porterpygus kieri (n gen/sp)

Upper CretaceousAlmucidaris durhami (n. gen/sp)
Blake, D.B. and Zinsmeister, W.J., 1991. Anew marsupiate cidaroid echinoid from the

Maastrichtian of Antartic: Palaeontology 34 (3) 629-636.

Upper Cretaceous
Upper Cretaceous

Brito, I.M., 1981. Os equinoides fosseis do Brasil. 2 - espatangoides, exeto Hemiasteridae: Anais
Acad. Bras. Cienc. 53 (3) 569-578.

Linthia oliveirai

Linthia romani

Lower OligoceneBrissus bridgeboroensis (n. sp.)
Carter, B.D., 1987. Brissus bridgeboroensis, a new spantangoid echinoid from the Lower

Oligocene of southwestern Georgia: J Paleontology 61 (5) 1043-1046.

Middle Miocene

Middle Miocene

Middle Miocene

Middle Miocene

Cutress, B.M., 1976. A new Prionocidaris Echinodermata Echinoidea from the Middle Miocene of
Florida USA: Proc Biol Soc Wash 89 (12) 191-198.

Prionocidaris cookei

P. spinidentatus
P. cojimarensis
P. clevei

Upper Oligocene
Mid Eocene

Echinoneus cyclostomas
Brissus unicolor
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Mid Eocene

Mid Eocene

Mid Eocene

Haimea ovumserpentis
Haimea conexa

Asterstoma excentricum

Donovan, S.K. and Veale, C., 1996. The irregular echinoids Echinoneus Leske and Brissus Gray
in the Cenozoic of the Antillean region: Journal of Paleontology 70 (4) pp 632-640.

Lower Pliocene

Durham, J.W. and Morgan, S.R., 1978. New sand dollars for the genera Merriamaster and
Dendraster from Purisima Formation, California: Proceedings Calif. Acad. Sci. 41 (11) 297-305.

Dendraster sullivani (n. sp.)

Upper CretaceousScutellina supramarginalis (n. sp.)
Engel, H., 1976. On a new echinoid from the Cretaceous of Maastricht: Bulletin Zool. Mus. Univ.

Amsterdam 5 (7) 55-57.

Upper CretaceousPhymosoma maastrichtensis (n sp)
Engel, H., 1972. Phymosoma maastrichtensis spec, nov., a fossil echinoid from the Cretaceous of

Maastricht: Zoologische - Mededelingen (47) 540-545.

Upper CretaceousRaciosoma gigasei (n sp)
Geys, J., 1983. Raciosoma gigasei nov. spec, an addition to the echinoderm fauna of the

Maastrichtiam of Belgium: Bulletin de la Societe Beige de Geolgie 92(4) 255-259.

Upper CretaceousSalenidia sactipetri (n sp)
Geys, J.F., 1979. Salenoid echinoids from the Maastrichtian Upper Cretaceous of Belgium and the

Netherlands: Palaeontol Z 53 (3-4) 296-322.

Upper Cretaceous
Upper Cretaceous
Upper Cretaceous

Geys, J.F., 1982. Regular echinoids from the Turonian and the Coniacan Upper Cretaceous of the
Mons Basin Belegium: Bull Inst R Sci Nat Belg Sci Tere 53 (3) 1-20.

Tylocidari clavigera
Gauthieria radiata radiata

Salenia cherei (sp n)

Upper Cretaceous

Geys, J.F., 1984. Porosoma kapsicum n. sp. from the Campanian of Mangyshlak (Kazachstan,
USSR): Neues Jb Geol. Palaont. MH. (1) 27-32.

Porosoma kaspicum (n. sp.)

Upper CretaceousHemicidaris bandeli (n sp)
Geys, J.F., 1989. Hemicidaroid echinoids from Upper Cretaceous deposits in the Wadi Qena area

eastern desert Egypt: Bull Inst R Sci Nat Belg Sci Terre 59 (0) 127-136.

Upper CretaceousTypocidaris cidaroida
Geys, J.F., 1987. The genus Typocidaris cidaroida echinoidea in the Upper Cretaceous of the

Maastricht area Belgium and the Netherlands: Bull Inst R Sci Nat Belg Sci Terre 57 (0) 201-216.

Upper Cretaceous

Geys, J.F. and Machalski, M., 1992. A new salenoid echninoid, Salenia sigillata pozaryskae,
subs, n., from the uppermost Maastrichtian of the middle Vistula Valley, central Poland: Acta Geologica
Polonica 42(1-2), 135-139.

Salenia sigillata pozaryskae

Upper Eocene

Harper, J.A. and Shaak, G.G., 1974. A new echinolampas echinodermata echinoidea from the
Ocala Limestone of Florida USA: J Paleontol 48 (6) 1166-1169.

Echinolampas tanypetalis (n sp)
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Upper CretaceousMicraster maleckii (n. sp.)
Upper Cretaceous

Hynda, VA and Maczynska, S., 1979. Micraster malekii sp. n. from the Santonian of the environs
of Cracow, a new echinoid Micraster rogalae Nowak: Prace Muz. Ziemi 32:21-28.

Micraster rogalae

Tylocidaris (Pyschocidaridae) inexspectata (n. sp.) Upper Cretaceous
Jagt, J.W. and Van der Ham, R.W., 1995. First record of the echinoid genus Tylocidaris from the

Maastritchian fo the Netherlands: Palaeontologische Zeitschrift 69 (1-2) 233-239.

Early Pliocene

Kier, P.M., 1992. Neogene paleontology in the northern Dominican Republic 13. The class
Echinoidea echinodermata: Bull Am Paleontol 102 (339) 13-22.

Clypeaster maoadentroensis (n. sp.)

Middle Miocene

Lower Pliocene

Lower Pliocene

Lower Pliocene

Pleistocene

Kier, P.M., 1983. Upper Cenozoic echinoids from the Lee Creek Mine North Carolina USA:
Smithsonian Contrib Paleobiol 0 (53) 499-508.

Abertella aberta

Echinocardium kelloggi (n sp)
Psammechinus philanthropus
Arbacia improcera
Mellita aclinensis

Middle Eocene

Middle Eocene

Middle Eocene

Middle Eocene

Middle Eocene

Eurhodia baumi

Eupatagus wilsoni (n sp)
E. Lawsonae (sp n)
Linthia harmatuki (n sp)
Agassizia wilminglonica

Kier, P.M., 1980. The Echinoids of the Middle Eocene Warley Hill Formation Santee Limestone
and Haynes Limestone of North Carolina and South Carolina USA: Smithsonina Contrib Paleobiol 0 (39)
1-102.

Upper Miocene
Upper Miocene

Kier, P.M., 1972. Upper Miocene echinoids from the Yorktown Formation of Virginia and their
environmental significance: Smithson Contrib Paleobiol (13) 1-41.

Echinocardium orthonotrum

Echinocardium marylandiense

Upper CretaceousRachiosoma granulosa
Kutscher, M., 1985. Neue echiniden aus dem unter-maastricht der insel Rugen Vertreter der

phymosomatidae Pomel, 1883: Zeitschrift Geol. Wiss. 13 (4) 521-532.

Upper Cretaceous
Upper Cretaceous

Kutscher, M., 1978. Neue echiniden aus dem Unter-Maastricht der insel Rugen 2: Zietschrift
Geol. Wiss 6 (8) 1025-1037.

Brissopnuestes ruegensis
Cyclaster platornatus

Upper CretaceousHagenowia elongata (n. sp.)
Kutscher, M., 1978. Neue echiniden aus dem Unter-Maastricht der insel Rugen 1: Zietschrift

Geol. Wiss 6 (5) 627-633.

Upper CretaceousZeuglopleurus costulatus
Zeuglopleurus rowei rowei

Lewis, D.N., 1986. The Cretaceous echinoid boletechinus, with notes on the phylogeny of the
glyphocyphidae and temnopleuridae: Bulletin Br. Mus. Nat. Hist. (Geol.) 40 (2) 59-90.

Upper Cretaceous
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Salenia trisuranalis (n. sp.) Lower Eocene

Lewis, D.N. and Jefferies, R.P., 1980. Slaenia trisuranalis sp. nov. from the Eocene of Essex:
Bulletin Br. Mus. Nat. Hist. (Geol.) 33(2) 115-121.

Salenia cascadensis (n sp)
Stomechinus dissimilaris (n sp)
Arbacia abiquaensis (n sp)
Lytechinus baldwini (n sp)
Gagaria crenularis (n sp)
Kewia marquamensis (n sp)

Linder, R.A., Durham, J.W. and Orr, W.N., 1988. New Late Oligocene echinoids from the central
Western Cascades of Oregon USA: J Paleontol 62 (6) 945-958.

Upper Oligocene
Upper Oligocene
Upper Oligocene
Upper Oligocene
Upper Oligocene
Upper Oligocene

Abertella complanata (n. gen & sp.) Lower Miocene

Machado de Brito, 1., 1981. A ocorrencia de Abertella na formacao Pirabas: Boletim Mus. Para.

Emilio Goeldi (Geol.) 23:1-8.

Abatus Kieri

Stigmatopygus andersoni
McKinney, M.L.; McNamara, K.J.; and Wiedman, L.A., 1988. Echinoids from the La Meseta

Formation, Seymour Island, Antartica: Geol. Soc. Am Mem (169) 499-503.

Lower Eocene

Lower Eocene

Hysteraster paragrapsimus (n. gen. & sp.)
McNamara, K.J.and Barrie, D.J., 1992. A new genus of marsupiate spatangoid echinoid from the

Miocene of South Australia: Records of the South Australian Museum 26 (2) 139-147.

Early Miocene

Apoxypetalum chenjafra (n gen & sp) Late Oligocene
McNamara, K.J., 1993. A new genus of brissid echinoid from the upper Oligocene of Victoria:

Proceedings of the Royal Society of Victoria 105 (1) 39-48.

Echinolampas ducani Middle Miocene

McNamara, K.J., 1987. An enigmatic Echinolampas from the Miocene of Victoria: R Soc Vic
Proc 99 (3-4) 109-110.
Echinocorys stomias (n sp) Upper Cretaceous

McNamara, K.J., 1987. The Holasteroid echinoid Echinocorys from the Maastrictchian of
Western Australia: Rec West Aust Mus 13 (3-4) 419-426.

Hemiaster (Bolbaster) snbidus
H. dolosus

H. verecundus

H callidus

Upper Eocene
Lower Oligocene
Lower Miocene

Middle Miocene

Upper Eocene
Upper Oligocene
Lower Miocene

McNamara, K.J., 1987. Taxonomy Evolution and Functional Morphology of southern Australian
Tertiary Hemiasteroid Echinoids: Palaeontology 30 (2) 319-352.

Psephoaster lissos (n gen)
P. apokryphos
P. klydonos

Linthiapulchra (n sp) Upper Eocene
McNamara, K.J., 1985. The Spatangoid echinoid Linthia from the Late Eocene of southern

Australia: Trans R Soc S Aust 109 (3-4) 161-166.
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Protenaster preaustralis (n sp)
Protenaster philipi (n sp)
Protenaster antiaustralis

McNamara, K.J., 1985. Taxonomy and evolution of the Cainozoic Spatangoid echinoid
Protenaster: Palaeontology 28 (2) 311-330.

Upper Eocene
Upper Oligocene
Lower Miocene

Lower Miocene

Lower Miocene

McNamara, K.J., Philip, G.M., and Kruse, P.D., 1986. Tertiarty Brissid echinoids of southern
Australia: Alcheringa 10 (1) 55-84.

Brissopsis Australis (n. sp.)
Brissopsis praeuluzonica

Late Paleocene

McNamara, K.J., 1993. First record of a spatangoid echinoid from the Paleocene of the Perth
Basin, Western Australia: Rec. West. Aust. Mus. 16 (3) 331-336.

Hemifaorina rex (n sp)

Upper OligoceneApoxypetalum chenjafra (N gen & sp)
McNamara, K.J., 1993. A new genus of brissid echinoid from the Upper Oligocene of Victoria:

Proc. of the Royal Society of Victoria 105 (1) 39-48.

Late Eocene

Early Miocene
Early Miocene
Early Miocene
Middle Miocene

Echinolampas posterocrassa
E. morgani
E. Ovulum

E. gambierensis
E. gregoryi gregoryi (sp. Nov.)

McNamara, K.J. and Phillip, G.M., 1980. Tertiary species of Echinolampas (Echinoidea) from
Southern Australia: Memoirs of the National Museum of Victoria, No. 41, pp. 1-13.

Extant

Mooi, R., 1990. A new living fossil echinoid echinodermata and the ecology and paleobiology of
Caribbean Cassiduloids: Bull Mar Sci 46 (3) 688-700.

Eurhodia relicta

Lower Paleocene

Lower Paleocene

Echinocorys kongieli (sp. nov.)
Echinocorys sulcata orbiculata

Moskvin, M.M. and Shimanskaya, N.V., 1993. Genus Echinocorys in Danian of eastern part of
European paleobiogeographic province: Bulletin Moskoskogo Obshchestva Ispytatelei Priody Otdel
Geologicheskii 68 (2), 44-59.

Eoscutella mirandae (n. sp.)
Parma, S.G., 1985. Eoscutella Grant y Hertlein en el Patagoniano de la Provincia de Santa Cruz,

Republica Argentina: Ameghiniana 22 (1-2) 35-41.

Upper Eocene

Upper Cretaceous
Upper Cretaceous

Roman, J., and Sornay, J., 1983. Ammonites inocerams and echinoids from the Upper Cretaceous
of Paki Senegal: Bull Mus Natl Hist Sect C Sci Terre Paleontol Geol Mineral 5 (1) 3-23.

Hemiaster messai

Linthia payeni

Samlandaster dineuri (sp. nov.) Rhabdoc Upper Eocene
Roman, J., 1989. Echinoides Palaeogenes de Bassin de Paris; Apercus nouveaux: Actes Congr

Natl Soc Savantes Sect Sci (114) 293-304.
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Upper CretaceousCotteauanus lathumilis

Oolopygus globulorostratus
Savchinskaya, O.V., 1974. In Atlas of Upper Cretaceous fauna of the Don Basin, Nedra, Moscow.

Upper Cretaceous

303-333.

Extant

Shigei, M., 1975. A new species of heart urchin an extant species of Brissopatagus Echinoidea
Spatangoida from Sagami Bay Japan: J Fac Sci Univ Tokyo Sect IV Zool 13 (3) 333-339.

Upper Paleocene
Squires, R.L., 1984. Megapaleontology of the Eocene Llajas Formation, Simi Valley, California:

Contributions in Science, Natural History Museum (LA), No. 350, 76 pages.

Brissopatagus relictus

Schizaster diabloensis

Early Eocene
Early Eocene
Lower Eocene

Lower Eocene

Squires, R.L., 1995. A new genus of Cassiduloid echinoid from the lower Eocene of the Pacific
Coast of western North America and a new report of Cassidulus ellipticus Kew, 1920, from the lower
Eocene of Baja California Sur, Mexico: Journal of Paleontology 69 (3), pp. 509-515.

Calilampas californiensis (gen. & sp. nov.)
Cassidulus ellipticus
C. ynezensis
C. cailfornicus

Lower EoceneHaimea bajasurensis (sp. nov.)
Squires, R.L. and Demetrion, R.A., 1994. A new species of the oligopygoid echinoid Haimea

from the lower Eocene of Baja California Sur, Mexico: Journal of Paleontology 68 (4) 846-851.

Middle Miocene

Squires, R.L. and Demetrion, R.A., 1993. A new species of the clypeasteroid echinoid Astrodapsis
from the Miocene Isidro Formation Bjaj Californi Sur Mexico: J Paleontol 67 (2) 258-263.

Astrodapsis bajasurensis (n.sp.)

Middle EoceneEupatagus batequensis (n. sp.)
Squires, R.L. and Demetrion, R.A., 1992. Paleontology of the Eocene Bateque Formation Baja

California Dur Mexico: Contrib Sci 0 (434) 1-55.

Midlle Eocene

Srivastava, D.K., 1982. A record of echinoid genus Salenia from the Middle Eocene rocks of
southwestern Kutch, India: Record Geol. Surv. India 112 (7) 23-25.

Salenia tandoni

Upper Cretaceous
Upper Cretaceous

Hemiaster unwajimensis

Hemiaster Stella

Upper CretaceousHemiaster regulusanus
Tanaka, K., 1984. Hemiasteroud echinoids from the Upper Cretaceous of Japan: Trans Proc

Palaeontol Soc Jpn New Ser (135) 427-444.

Upper CretaceousHemiaster eluvialis (n. sp.)
Van der Ham, R.W., 1995. Hemiaster eluvialis, a new echinoid from the late Maastrichtian of NE

Belgium and SE Netherlands: Bulletin de ITnstitut Royal des Sciences Naturelles de Belgique Sciences de
la Terra 65 (0) 153-164.

Upper Oligocene
Wang, C.C., 1983. A new species of astriclypeus from the Wuchinshan formation near Chilung,

Taiwan: Bull Cent Geol Survey (Taipei) No. 2, 113-120.

Astriclypeus waiwulunensis
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Echinodiscus tiliensis

Wang, C.C., 1984. Fossil Echinodiscus from Taiwan; Bull Cent Geol Surv (Taipei) No.3, 107-
Lower Eocene

115.

Clypeaster chiangchunshanensis
Clypeaster maanliaoensis
Clypeaster ogasawarensis
Clypeaster paishatunensis
Clypeaster pitouensis
Clypeaster yeni
Clypeaster yingkoensis

Wang, C.C., 1985. Fossil clypeasterid echinoids from Taiwan: Proceedings Geol. Soc. China (28)

Pleistocene

Pleistocene

Pleistocene

Pleistocene

Pleistocene

Pleistocene

Pleistocene

143-176.

Echinodiscus yeliuensis (n. sp.)
Wang, C.C., 1982. On the early Miocene sand dollar Echinodiscus yeliuensis n. sp. from the

Taliao Formation of Yeliu, northern Taiwan: Proc. Geol. Soc. China (25) 150-157.

Lower Miocene

Giraliaster jubileensis (n gen/sp) Holasteridae
Giralster bellissae (n sp)
Cardabia bullarensis (n sp)

U Cret - U Olig
Mid - Upper Paloecene
Upper Eocene

Wolleben, J.A., 1977. Paleontology of the Difunta Group Upper Cretaceous Tertiary in northern
Mexico: J Paleontol 51 (2) 373-398.

Haimea rojasi (n. sp.)
Zitt, J., 1993. Some oligopygoids of the genus Haimea from the Eocene of Cuba: Sbomik

Narodniho v Praze Rada B Prirodni Vedy 49 (1-4) 1-40.

Upper Eocene
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APPENDIX C - Algebraic Relationship of GENS Formula

To determine these:

Gp= Genera previous; the number coming into stage
Ng = New that went extinct
Ep = Extinct previous; the Gp which became extinct

S= Number stable before and after interval Nj = New survivors; New originations which survived stage

Given these:

G= Number of genera present
E= Number extinct during interval
N= Number New Apperances

Mass Balance: Input = Output
G - E = Output (O)

0-S = N, Nj = New originations that survived; G - E - S = Nj

Ns/N= % new survival per new evolved

Ne = New which went extinct; N-G + E + S = NeN - N, = Ne

Nj/N = % new which went extinct per new evolved
Nj/E = % New extinctions per all extinction

E = G - S - Ns results in Nj = G - E - S
E = Nj + Ep results in Ep = E - N^

Ep = Number Extinct coming in from previous stage

Ep+S = Gp
Gp = Number of genera coming into stage

Gp = G-N

Ep/E = % of extinction of old genera per total extinction
Ep/E + N^E = 1

Ep/Gp = % of old genera which went extinct
S/ Gp = % of old genera still stable

(G-E)/(G-N) = % of net increase or decrease

Nj/O = % output from new genera

Ns/0 = (G-E-S)/(G-E)
N, = N-Ns; Ne=N-G + E + S

(N - G + E + S)/E = % Extinction from New; N^/E

Output - Stable/Output = % of new in output
(G - E - S)/(G-E)

S/(G-E) = % of stable in ouput

* Denotes potential useful relationships derived when only collecting G, E, N, and S.
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Appendix D - Graphical representation of echinoid extinction ratios for each timestep of
the Cenozoic. Cretaceous • n=152
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Figure DI. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Upper Cretaceous. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Lower Paleocene n = 58
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Figure D2. Bar graph representation of each ordinal extinction ratio compared to the weighted mean
average extinction ratio for the Lower Paleocene. The number of data entries is denoted by “n”. Orders
without data for this time interval have values of zero.
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Upper Paleocene n = 40
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Figure D3. Bar graph representation of each ordinal extinction ratio compared to the weighted mean
average extinction ratio for the Upper Paleocene. The number of data entries is denoted by “n”. Orders
without data for this time interval have values of zero.
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Lower Eocene

n=55
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Figure D4. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Lower Eocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Middle Eocene
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Figure D5. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Middle Eocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Upper Eocene
n=96
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Figure D6. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Upper Eocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Upper Oligocene
n=90
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Figure D7. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Upper Oligocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Lower Miocene
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Figure D8. Bar graph representation of each ordinal extinction ratio compared to the weighted mean
average extinction ratio for the Lower Miocene. The number of data entries is denoted by “n”. Orders
without data for this time interval have values of zero.
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Middle Miocene
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Figure D9. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Middle Miocene, The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Upper Miocene
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Figure DIO. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Upper Miocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Lower Pliocene
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Figure D11. Bar graph representation of each ordinal extinction ratio compared to the weighted mean
average extinction ratio for the Lower Pliocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Upper Pliocene
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Figure D12. Bar graph representation of each ordinal extinction ratio compared to the weighted mean
average extinction ratio for the Upper Pliocene. The number of data entries is denoted by “n”. Orders

without data for this time interval have values of zero.
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Pleistocene
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Figure D13. Bar graph representation of each ordinal extinction ratio compared to the weighted mean

average extinction ratio for the Pleistocene. The number of data entries is denoted by “n”. Orders without

data for this time interval have values of zero.
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