Species longevity as a function of niche breadth:
Evidence from fossil crinoids
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ABSTRACT

High-resolution stratigraphic and taxonomic data indicate that species longevitiesamong
Paleozoic (Mississppian) crinoids (Echinoder mata) wer e affected by differencesin nichebreadth.
A strong positive relationship exists between niche breadth, measured asthe number of environ-
ments occupied by a species, and stratigraphicrange. Therobustnessof thispattern isverified by
avariety of rarefaction and satistical techniquesconfirming thelong-held supposition that among
animalsecological “ generalists’ have greater specieslongevitiesthan ecological “ specialists” The
resultsalso support the hypothesisthat specialist clades have higher speciesrichness.

INTRODUCTION

Evolutionary processes can be deduced from
the study of both living and fossil organisms, the
fossil record having the potential to reveal pat-
terns and processes not readily studied on the
short time scale of the Holocene. Specieslongev-
ity isone such example. What determines species
longevity? Why do some species persist for
longer periods of geologic time than other
species? Do they possesstraitsthat increase their
chance of survival and, hence, lead to increased
species longevity? As natural selection leads to
the preservation or extinction of individual
species are the differences in mean species
longevities between clades merely the result of
stochastic processes, or can deterministic factors
beidentified? We present herein evidence that at
least one deterministic factor can beidentified in
patterns of species longevity between clades.
Fossil crinoid clades with greater niche breadth
had greater mean species longevities.

Marine rocks from the late Osagean and early
Meramecian stages (ca. 340-350 Ma) of theMis-
sissippian in the east-central United States pre-
serve a total of 207 species of crinoids from
63 localities (Ausich and Kammer, 1990, 19914,
1991b, 1992; Ausich et al., 1997; Kammer and
Ausich, 1992, 1993, 1994, 1996). During this
time the east-central United States was domi-
nated by the Eastern Interior Seaway bordered on
the west by the Burlington-Keokuk carbonate
ramp and on the east and southeast by prograding
clastic wedges of the Borden deltaic complex and
the Fort Payne Formation, respectively. In the
north the Borden clasticsfilled the basin and pro-
graded across the carbonate platform. Crinoids
were important faunal elementsin numerous en-
vironments. They dominated on carbonate plat-
forms and buildups and were very important
parts of other paleocommunities (Ausich et a.,

1979; Kammer and Ausich, 1987; Ausich and
Meyer, 1990).

The crinoid data set consists of 789 species oc-
currences (Table 1) represented by a conservative
estimate of at least 10 000 specimensin research
callections. These 207 species are distributed over
~10 m.y. (7 m.y.) (Harland et &, 1990) and can
be divided into seven biostratigraphic time inter-
vas(Ausichetd., 1994, Fig. 1). These 207 species
are all the crinoid species found in intervals 3-6
(late Osagean—early Meramecian) at the 63 locali-
ties. The lowest first occurrence of any speciesin
thisstudy isinterva 1 and the highest occurrence
isinterval 7. Other species living in intervals 1
and 2 (early Osagean) and 7 (middie Meramecian),
but not found in intervals 3-6, werenot included in
the study. Thelongevity of each speciesisrecorded
intermsof these seventimeinterval sbecausethere
isno way to directly measure longevity in years.
Furthermore, the environmental (facies) distribu-
tion of each speciesisknown.

These Lower Carboniferous crinoids are di-
videdinto five, presumably monophyletic, clades
that include the camerates (Subclass Camerata)
and advanced cladids (Subclass Cladida, poteri-
ocrinids), which are characterized by the posses-
sion of pinnules on the arms, and the disparids
(Subclass Disparida), primitive cladids (Subclass
Cladida, cyathocrinids and dendrocrinids), and
flexibles (Subclass Flexihilia), which lack pin-
nules. These five clades represent distinct body
plansamong Paleozoic crinoidsthat arerelated to
differences in feeding ecology (Ausich, 1980;
Kammer and Ausich, 1987; Baumiller, 1993).
Camerates and advanced cladids with pinnulate
arms had the narrowest food grooves, whereas
disparids, primitive cladids, and flexibles had
wider food grooves. These different crinoids par-
titioned niches by food size selection during
aerosol suspension feeding (Ausich, 1980). Cur-
rent velocity also played an important role in
niche definition; the pinnulate camerate and ad-

TABLE 1. SPECIES RICHNESS, OCCURRENCES, EURYTOPY INDEX, AND MEAN
LONGEVITIES FOR THE FIVE CRINOID CLADES

Clade Species Occumences”  Eurytopyindex t Mean longevity §
richness intervals intervals intervals  2.35 occur./sp.#
2-6 1-7 2-6 1-7 2-6 1-7 1-7
Primitive cladids 25 144 151 1.92 1.92 248 272 2.05
Disparids 9 50 51 1.78 1.78 222 233 1.95
Camerates 80 359 366 1.59 1.59 195 201 1.64
Advancedcladids 69 162 162 1.27 1.27 1.58 1.58 1.58
Flexibles 24 58 59 1.33 1.33 1.41 1.46 1.44

* An occurrence is the presence of a single species at a single locality. Intervals are biostratigraphic
time intervals (Ausich et al., 1994). All crinoid species (n = 207) found in intervals 3-6 were treated;
the maximum ranges of some of these species extended as low as interval 1 or as high as interval 7.

1 Eurytopy index defined as mean number of facies per species.

§ Longevity measured in biostratigraphic time intervals. Numerical analyses (Figs. 1-3) were
done on infervals 2-6 (98% of occurrences), rather than 1-7, in order to decrease the effect of data
outliers. Longevity differences between clades would be even greater by including intervals 1 and 7.

# Longevity if all clades were limited to only 2.35 occurrences/species, the lowest of any clade.
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vanced cladid crinoids showed clear preferences
for benthic environments with strong current ve-
locities, whereas the nonpinnul ate disparids and
primitive cladid crinoids showed no clear prefer-
encesfor current velocities (Kammer and Ausich,
1987; Baumiller, 1993). These four clades were
common in both clastic and carbonate facies.
Flexible crinoids were the most restricted in their
environmental distribution. They showed a pref-
erence for clastic facies with their greatest
species richness in deeper water environments.
They were relatively rarein shallow water car-
bonate environments at this time (Kammer and
Ausich, 1987).

For the eurytopy indices and longevities dis-
cussed below, two sets of analyses were com-
pleted, onefor intervals 1-7 and the other for in-
tervals 2—6. Intervals 2—6 include 98% of the
occurrences. The 2% of occurrences in inter-
vals 1 and 7 have a disproportionate impact on
mean species longevities increasing longevity as
much as 10% for the primitive cladids. Both
analyses produced similar results (Table 1), but
only thosefor intervals 2—6, which provide more
conservative estimates of longevity, are graphi-
caly presented (Figs. 1-3).

EURYTOPY INDEX

We propose a simple standard for measuring
niche breadth: the eurytopy index, which isthe
mean number of facies occupied by the speciesin
aclade. This eurytopy index can be readily cal-
culated for each of the five crinoid clades based
on known occurrences (Table 1). Generalists (eu-
rytopes), by definition, occur in agreater number
of environments than specialists (stenotopes).

In order to increase the reproducibility of this
study, only three major facies are recognized;
subdividing the localities into more than three
major facies, whichispossible (Kammer and Au-
sich, 1987; Kammer et d., 1990), would be more
open to subjective interpretation of origina de-
positional environments. The three major facies
are (1) lower energy clastic mudstones and minor
carbonates (n = 9 locdities); (2) carbonate plat-
forms and organic buildups (n = 38); and
(3) higher energy clastics, siltstones and sand-
stones, and carbonates (n = 16). Environments
are arranged from lowest current velocity (1) to
highest current velocity (3) on the basis of sedi-
mentary structures, mean sediment grain size,
sorting, and basin topography. Eurytopy values
in this study range from 1.27 to 1.92 for the cri-
noid cladesand are the samefor intervals 2-6 and
1-7 (Table 1).

SPECIESLONGEVITY

Mean species longevity per clade is measured
by tabulating the number of biostratigraphic
zones per species (Ausich et a., 1994) (Table 1).
However, this approach does not account for dif-
ferences in number of occurrences per species
between clades; i.e., species with a greater num-
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Figure 1. Rarefaction curves of species
longevities for five crinoid clades. Longevity
units based on biostratigraphic intervals 2—6 of
late Osagean—early Meramecian (Ausich et al.,
1994). In this rarefaction technique, data of oc-
currences linked to biostratigraphic zones for
each species were used. Occurrences for each
clade were randomly resampled (without re-
placement) 100 times, and iterative calcula-
tions of longevity were recorded from sample
size 1 to n occurrences. Mean values of lon-
gevity for 100 runs are plotted for each clade
(thick lines) together with £2 standard errors
(thin lines) for camerates and primitive cladids
demonstrating that even at moderate sample
sizes clade longevities differ from each other
significantly. Occurrences for each clade are
scaled relative to the largest clade (camerates)
to account for differences in species richness
between clades (see Table 1) so that rarefac-
tion curves could be compared between
clades because, other factors being equal, a
more species-rich clade should, on average,
have more total occurrences than a less
species rich clade simply because it has more
species. Scaling occurrences corrects for this
bias. The following scaling factors were used
(all clades scaled to a hypothetical 80 species):
camerates (x1.0), advanced cladids (x1.16),
primitive cladids (x3.20), flexibles (x3.33), dis-
parids (x8.89).

ber of occurrences could have longer recorded
time ranges simply because they were better
sampled. To account for this potential biasin cal-
culating longevities, we used the rarefaction
method which isaresampling techniquethat per-
mits direct comparison of a given variable be-
tween samples of different sizes (Raup, 1975;
Foote, 1992). Initial rarefaction curves of lon-
gevity versus occurrences for each clade cannot
be directly compared becauise numbers of species
and occurrences are different for each clade. To
address these problems we have taken three ap-
proaches to rarefaction analysis of longevity
(Figs. 1and 2; Teble 1).

The first approach adjusts for differencesin
clade size by scaling the number of occurrences
for each clade asif it had 80 species, the size of
the largest clade. If the number of occurrences
are not scaled upward, smaller clades will have
steeper curves and seemingly greater longevities.
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Figure 2. Rarefaction curves of species
longevities for five crinoid clades normalized
for clade size. Only nine species, the size of
the smallest clade (disparids), were sampled
at random from each clade. The occurrences
were then sampled at random without replace-
ment for each nine-species sample and
longevities were calculated as a function of
the number of occurrences sampled. The pro-
cess of selecting nine species, sampling oc-
currences, and calculating longevities was re-
peated 100 times. The average longevities
based on the 100 runs are plotted as a func-
tion of occurrences sampled for each clade
(thick line) together with +2 standard errors for
the camerates and the primitive cladids. Stan-
dard errors for the other clades are compara-
ble in size and there is no overlap between
longevities for clades at large number of oc-
currences. At small number of occurrences
the longevities of camerates and advanced
cladids cannot be distinguished; the same is
true for disparid and primitive cladid longevi-
ties. ac = advanced cladids

At 188 scaled occurrences, the highest number of
occurrences obtained by all five clades, differ-
ences in longevity between clades are apparent
(Fig. 1). The second approach adjusts clade size
to nine species, the size of the smallest clade. In
this approach only nine species are randomly
sampled from each clade. The rarefaction curves
are similar to the first approach but not identical
because only asubset of speciesareused for each
clade, except the disparids (Fig. 2). Thethird ap-
proach standardizes occurrences by limiting each
clade to amean of 2.35 occurrences per species,
the lowest rate of occurrences for any clade
(Table 1). This approach also yields less than
maximum longevity values because only a subset
of occurrences are used.

All three rarefaction approaches yield parallel
results demonstrating the robust pattern of lon-
gevity differences between clades. Generalists,
primitive cladids and disparids, have distinctly
greater longevities than specialists, camerates,
advanced cladids, and flexibles. Although lon-
gevity differences between clades are real and
distinct, absolute longevities are indeterminate.

Among the crinoid clades, eurytopy and lon-
gevity have a strong positive correlation (correla-
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Figure 3. Eurytopy-longevity plots for mod-
eled data (white circles) and observed data
(black squares) for intervals 2—6 (Ausich et
al., 1994). Modeled data assume occurrence
of each species in every time interval its pre-
ferred facies are known to occur regardless
of actual time distribution of species. Line of
best fit for observed data has steeper slope
than line for modeled data. To test for statisti-
cal significance of eurytopy-longevity pat-
tern, bootstrap technique was used in which
100 simulations were derived from observed
data set. In each simulation actual number of
species for each clade were randomly se-
lected individually, with replacement. Lon-
gevities and eurytopies for five clades were
then calculated for each simulation, and
slope of fitted line was compared to slope for
same simulated data under the null model ex-
pectation, i.e., with longevities of all species,
which had identical durations, calculated by
assuming that they occurred only in appro-
priate facies (gaps between lowest and high-
est stratigraphic occurrences were included
when calculating longevity for each species).
If in more than 95% of simulations slope of
actual data was higher than that for null
model, null model would be rejected at
P < 0.05. Of 100 simulations randomly cho-
sen, with replacement, from observed data
set, 96 simulations had slopes greater than
modeled data. Thus null model, that longevi-
ties are merely function of facies distribution
in time, can be rejected at P < 0.05. Error bars
are standard errors. ac = advanced cladids;
fx =flexibles; cm = camerates; ds = disparids;
pc = primitive cladids.

tion coefficient, r = 0.98; probability of random-
ness, P < 0.004) for time intervals 2—6 (Table 1).
Niche generaligts, primitive cladids and disparids,
had greater mean longevities than niche special-
ists, camerates, advanced cladids, and flexibles.
However, this relationship could be an artifact of
facies digtribution acrossintervals 2-6: if agiven
speciesisrestricted to aparticular faciesand if that
facieshasalimited temporal distribution, then ob-
served species |longevity may systematically un-
derestimate true longevity (Marshall, 1991).

TEST OF EURYTOPY-LONGEVITY
PATTERN

To determine whether the facies distribution
generated the eurytopy-longevity correlation, we
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compared the relationship between eurytopy and
longevity of observed data to a null model
(Fig. 3). In the null model all specieswereini-
tially assigned equal durations of 5.00, but their
facies distributions were retained; thus each
species could occur only in those time zones
where its known facies occurred. If facies distri-
bution exerted no control on observed longevi-
ties, then al clades should have identical mean
species longevities equal to the assigned dura-
tion, and the dopefor the eurytopy-longevity line
should be indistinguishable from zero. This was
not the case. The slope of the fitted line for the
null model was positive (0.89), demonstrating
that facies distribution can generate noise and
produce an artifactud relationship between eury-
topy and longevity. The noise, however, could
not overwhelm the signd of the actual data, be-
cause the dope of the data (1.54) is significantly
higher than for the null model (P < 0.001). To
verify the statistical significance of the eurytopy-
longevity pattern, a bootstrap technique was de-
veloped (Fig. 3). Theresults of the bootstrap pro-
duced a higher dope for the actual data than the
null model in 96% of the smulations. Thus, the
null model, i.e., species longevities controlled
only by faciesdistribution, isrejected at P < 0.05,
indicating that longevity differences between
cladesarered.

DISCUSSION AND CONCLUSIONS

Results of this study indicate that among Mis-
sissippian crinoids niche generalists had greater
species longevities than niche specialists. Al-
though logicd, few datahave previoudy been de-
veloped to rigoroudly test thisrelationship. Sim-
ilar patterns of increased longevity in generdists
have been reported for other fossil organisms, in-
cluding foraminifers (Buzas and Culver, 1984;
Norris, 1991, 1992), marine gastropods (Hansen,
1978, 1980; Jablonski, 1986; Gili and Martinell,
1994), marine bivalves (Stanley, 1986), Paleo-
zoic crinoids (Baumiller, 1993), and Cenozoic
mammals (Vrba, 1987).

Eldredge (1979) theorized that eurytopes
should be more extinction resistant because they
are less affected by fluctuating environments,
whereas stenotopes should evolve more rapidly
in response to fluctuating environments. A vari-
ety of factors are at work here. Eurytopes, be-
cause of their ability to live in awider array of
habitats, should be less affected by fluctuating
environments. They aso will, on average, havea
larger overall population size than stenotopes
simply because they have a broader geographic
range by living in a greater number of environ-
ments (Lawton et a., 1994). In genera, largeand
geographically widespread populations are more
extinction resistant (Pimm et al., 1988; Brown,
1995, p. 212). The capacity to livein awide vari-
ety of environments also gives eurytopes an ad-
vantage when aspecific type of environment crit-
ical to stenotopes is degraded or eliminated

drastically reducing the stenotopes population
size and increasing the probability of extinction
(Soulé, 1991). Thus eurytopes should have
greater species longevities. Alternatively, steno-
topes, more specifically adapted to a particular
habitat, should evolve in response to environ-
mental fluctuations and, therefore, undergo more
rapid evolution. With increased rates of specia
tion morphological change should accumulate
more rapidly in stenotopic clades (Eldredge,
1979). Also, for stenotopes to maintain constant
clade sizethey must evolve morerapidly than eu-
rytopes (Stanley, 1990).

A corollary prediction Eldredge (1979) madeis
that stenotopes should have higher clade species
richness because of division of niche resources
during the process of accommodation. Accom-
modation encompasses avariety of processesthat
leads to subdivision of niches as species “make
room for one another.” Such processes may in-
clude character displacement between two similar
species or development of unique feeding behav-
iors and food preferencesin individual species.
Stenotopic clades, because of the tendency of
their speciesto specidize, will occupy a grester
variety of nichesthan will eurytopic clades. Vrba
(1987), in her work on late Cenozoic African
mammals, reported that generalist clades have
lower rates of both speciation and extinction lead-
ing to greater species longevity. Vrba also sug-
gested that generalist specieswith overlapping re-
source bases will tend to exclude each other and
have species-poor clades. Specialists accommo-
date each other and have species-rich clades.

Results of this study are in agreement with
both Eldredge’s (1979) and Vrba's (1987) con-
clusions on eurytopy-longevity and speciesrich-
ness. The stenotopic camerates and advanced cla-
dids have shorter longevities and higher species
richness, whereas the eurytopic disparids and
primitive cladids have greater longevities and
lower species richness (Table 1). The flexibles
having both short longevity and low speciesrich-
ness are an exception, probably because they are
the most environmentally limited of the five
clades as previoudly explained.

The more rapid evolution of niche specidists
may produce evolutionary innovations that con-
fer long-term advantagesto their clade. Thismay
be why the advanced cladids, with their uniquely
muscular arms, came to dominate crinoid faunas
during the late Paleozoic (Baumiller, 1994) and
were the ancestors of modern crinoids, the Artic-
ulata (Simms and Sevastopulo, 1993).

Two major conclusions are drawn from this
study. (1) On average, niche generaists have
greater specieslongevities than niche specidists.
(2) Niche generdists tend to have fewer species
per clade than niche specialists. These conclu-
sions are probably robust only during times of
background extinction when Darwinian natural
selection prevails. The example studied hereis
from atime of rapid species turnover with no ev-
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idence of mass extinction (Ausich et a., 1994).
Mass extinctions, because of their universal and
catastrophic nature, often undo the cumulative ef-
fects of natural selection (Gould, 1985). Whereas
niche generalists, such as the opossum or cock-
roach, are famous as survivors of mass extinc-
tions (Newell, 1963), there is no guarantee that
among various clades only generalists will sur-
vive mass extinctions. Fortuitous events probably
dictate the survivors of mass extinctionsin many
cases. The crinoid descendants of Mississippian
niche generdistswerein decline by theend of the
Paleozoic and did not survive Permian extinc-
tions. The oldest Triassic crinoid, Holocrinus, is
either the youngest advanced cladid or the oldest
articulate (Hagdorn, 1995) and was derived from
one of the specidist Mississippian clades.

Ecologic theory predictsthat niche generalists
should survive longer because they have more
habitat options than specialists (Brown, 1995).
Habitat fluctuations over geologic time are as-
sumed to have been amajor enginefor evolution-
ary change as organisms were forced to adapt to
avariety of physica changes as tectonic plates
moved, epicontinental seas expanded and con-
tracted, climates varied, etc. The current global
extinctions caused by human-induced reductions,
or disturbance, of terrestrial habitats have the
greatest influence on niche speciaists dueto neg-
ative impacts on habitats (Soulé, 1991). Earth’s
biota is becoming more cosmopolitan, species
poor, and increasingly dominated by niche gen-
eralists adapted to environmentsimpacted by hu-
mans (Wilson, 1988; Brown, 1995).
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