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Stalks of isocrinid crinoids are dif-
ferentiated into cirri-bearing col-
umnals (nodals) and columnals
lacking cirri (internodals). This
skeletal differentiation allowed us to
test whether stalk fragmentation is
random or whether it occurs pref-
erentially at a specific articulation.
Our analyses indicate that the pat-
terns of fragmentation in multicol-
umnal segments of extant isocrinids
collected by submersible, by dredg-
ing, and in sediment samples, as well
as those found as fossils, are non-
random. The preferred plane of
fragmentation corresponds to the
synostosis, the articulation between
a nodal and the internodal distal to
it. In isocrinids this articulation has

Copyright © 1995, SEPM (Society for Sedimentary Geology)

a characteristic morphology and is
the site of autotomy.

Although stalk shedding by au-
totomy may contribute to the ob-
served patterns, decay experiments
on isocrinid stalks, both in situ and
in the lab, suggest that post-mortem
disarticulation also results in non-
random fragmentation. Thus both
processes, autotomy and post-mor-
tem decay, contribute to the ob-
served pattern of fragmentation.
Underlying both processes is the or-
ganization of soft tissues at synos-
toses.

INTRODUCTION

The recent use of submersibles for
the study of stalked crinoids has pro-
duced a wealth of data on the ecology,
morphology, and biostratinomy of
these animals (Macurda and Meyer,
1974; Roux, 1980a, b; Conan et al.,
1981; Messing et al., 1988; Holland et
al., 1991; Baumiller et al., 1991; Llew-
ellyn and Messing, 1994). Isocrinids
have been the focus of most of the
ecological and biostratinomic re-
search, whereas the morphology of
representatives of all 5 living orders
of crinoids has been studied in detail
(Grimmer et al.,, 1984a, b; 1985;
Grimmer and Holland, 1990; Holland
et al., 1991). These data have given
us a better, though in comparison to
other invertebrate groups still rather
rudimentary, understanding of living
crinoids, which is critical for inter-
preting fossil crinoids. Fossil crinoid
stalks, for example, have often been
used for systematic, taxonomic, and
biostratigraphic purposes (Glu-
chowski, 1981; Hagdorn, 1983, 1986;
Moore and Jeffords, 1968; Schubert
et al., 1992; Simms, 1989; Stukalina,
1988). These approaches have gen-
erally relied on interpretations of

skeletal morphology. In recent years,
however, studies on soft-part anato-
my of stalks of living crinoids (Grim-
mer et al., 1984a, b, 1985; Grimmer
and Holland, 1990; Holland et al.,
1991) have provided a new perspec-
tive to paleobiologists studying cri-
noid stalks. For example, Donovan
(1989) used the absence of muscles
in stalks of living crinoids and hard-
part morphology of fossils to argue
that fossil crinoid stalks also lacked
muscles; Baumiller and Ausich (1992)
used the distribution of ligaments in
living isocrinids to interpret the pat-
tern of fragmentation of Mississip-
pian stalks. These examples illus-
trate how data on living crinoids can
help generate paleontological hy-
potheses.

This study is a further example of
this approach. We used data on the
morphology and behavior of living is-
ocrinids to test the hypothesis that
there is a preferred site of disartic-
ulation in their stalks. To test this
hypothesis we examined stalks of ex-
tant isocrinids and subjected a series
of them to a set of experimental
treatments. Having established that
a preferred site of disarticulation ex-
ists, we then examined Mesozoic and
Cenozoic isocrinid stalks to deter-
mine if, in these fossil specimens, the
site of disarticulation was the same
as in living isocrinids.

ISOCRINID STALK
MORPHOLOGY, AUTOTOMY,
AND BIOSTRATINOMY

The soft- and hard-part structure
of isocrinid stalks has been studied
in detail by several investigators
(Macurda and Meyer, 1975; Roux,
1974, 1975, 1977; Donovan, 1984;
Grimmer et al., 1985). The isocrinid
stalk is organized into two distinct
regions: a short proximal growing re-
gion in which new columnals develop,
and a distal region in which columnal
arrangement and size remain con-
stant. Two types of columnals can be
distinguished in the stalk: the nodals,
which bear appendages called cirri,
and the internodals, which lack cirri.
In external appearance the isocrinid
stalk consists of repeating segments
(noditaxes), each composed of a set
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of internodals bounded on its distal
end by a cirri-bearing nodal (Fig. 3A
in Baumiller and Ausich, 1992). Each
segment contains approximately
equal numbers of columnals, except
for the proximal region where new
internodals are intercalated.

The regular pattern of the nodi-
taxis skeletal morphology is also re-
flected in the organization of isocrin-
id soft tissues (Grimmer et al., 1985).
In each noditaxis, long ligament fi-
bers, called through-going ligaments,
pass through the stereom of the in-
ternodals and into the nodal where
they terminate (Fig. 3B in Baumiller
and Ausich, 1992). Only short liga-
ment fibers, called intercolumnal lig-
aments, penetrating no deeper than
tens of microns into the stereom, con-
nect the nodal to the adjacent distal
internodal, called the infranodal. This
pattern is then repeated in the sub-
sequent noditaxis. Thus the stalk is
subdivided into noditaxes, each held
together by long ligaments and con-
nected to other noditaxes by articu-
lations bearing only short ligament
fibers. The latter type of articulation
is called the synostosis. The synos-
tosis is easily distinguished from oth-
er types of articulations (symplexies)
in living and fossil isocrinids because
of its relatively featureless skeletal
morphology (Hagdorn, 1983; Dono-
van, 1984).

Observations of living isocrinids in
situ and in the lab have shown that
distal parts often disarticulate from
the rest of the stalk (Baumiller et al.,
1991). When such disarticulation oc-
curs, it invariably does so at a syn-
ostosis. As a result, the most distal
columnal of the stalk is a cirri-bear-
ing nodal. The disarticulation of parts
of the stalk in a living animal has
been interpreted as autotomy and the
synostosis is judged to be the artic-
ulation specialized for autotomy
(Roux, 1974, 1977; Emson and Wilk-
ie, 1980; Wilkie and Emson, 1988; Oji,
1989).

The details of how crinoids autot-
omize stalk segments have not been
worked out, but it is believed that the
mutable collagenous tissue (MCT)
composing the ligaments must be in-
volved in this process (Emson and
Wilkie, 1980; Motokawa, 1984; Wilk-

ie, 1984). The physical properties of
the MCT"’s, such as stiffness and vis-
cosity, may be controlled by the or-
ganism; autotomy may involve the
active reduction of the stiffness and/
or viscosity of the ligament. It is not
known why or how frequently autot-
omy of stalk segments occurs. If
shedding of distal stalk segments is
frequent, the majority of multicol-
umnal segments (pluricolumnals)
found in the sediment should ter-
minate distally at a nodal rather than
an internodal.

Alternatively, a pattern of nodal-
terminated pluricolumnals could be
produced by another mechanism: the
differential resistance of synostosial
and non-synostosial articulations to
decay. Baumiller and Ausich (1992)
argued that synostoses, because they
lack thicker, through-going liga-
ments and because they may bear
special structures facilitating autot-
omy, would be the first to disarticu-
late following death, thus producing
nodal-terminating pluricolumnals.
Decay experiments on four short stalk
fragments of the isocrinid Cenocri-
nus asterius (Linné) confirmed this
prediction: the stalk segments dis-
articulated first at the synostosial ar-
ticulations, while the other articula-
tions remained intact for several days
longer.

These results, and the observa-
tions of living crinoids in situ and in
the lab, suggest that isocrinid pluri-
columnals in modern sediments and
as fossils should be characterized by
nodal-terminated segments. Alter-
natively, if the processes of differ-
ential decay and/or shedding are un-
important, the pluricolumnals found
should be terminated at a random
columnal, i.e., either at a nodal or at
an internodal. Since, in a given stalk,
the number of internodals exceeds the
number of nodals by approximately
an order of magnitude, a random pat-
tern of disarticulation would produce
many more pluricolumnals terminat-
ing in internodals than in nodals. The
goal of this study is to test whether
the pluricolumnals in experimental
and natural settings, and those pre-
served as fossils, exhibit the expected
non-random pattern, i.e., with the

nodal as the distalmost (terminal)
columnal.

LABORATORY EXPERIMENTS

The decay experiments conducted
by Baumiller and Ausich (1992) were
limited in scope: only four incom-
plete stalk segments were used, the
specimens had been frozen prior to
the experiments, the complete se-
quence of disarticulation was ob-
served over a period of only 6 days,
with only a single specimen observed
during an additional 15-day period
and under modified experimental
conditions, and only a single species
was tested. In an attempt to extend
and confirm those results, the decay
sequences of 12 specimens of two dif-
ferent isocrinid species [(Endoxocri-
nus parrae (Gervais) and Chladocri-
nus decorus (Carpenter)] were ob-
served for up to 60 days (Fig. 1). The
specimens were placed in 60-liter,
aerated, sea-water tanks and main-
tained in the dark at either 18 or 20°
C. They were monitored daily and
the patterns of fragmentation were
recorded. The results largely confirm
the conclusions of the previous study
(Baumiller and Ausich, 1992): the
synostoses fragmented before the
symplexies (articulations between
internodals) did, yielding isolated
noditaxes; but unlike the previous
study in which all synostoses frag-
mented before any of the symplexies
did, in this instance some synostoses
remained intact longer than several
of the symplexies.

To statistically test whether syn-
ostoses have a higher probability of
fragmentation, the observed patterns
of disarticulation were compared to
patterns expected under the null hy-
pothesis of an equal probability of
fragmentation for all articulations
(H,: probability of synostosial break
= probability of symplectial break).
To obtain the patterns expected un-
der the null model, the disarticula-
tion of each of the 12 stalks used in
the experiments was simulated by a
QuickBASIC program. The articu-
lations at which fragmentation oc-
curred were selected by a random
number generator and a running
count was kept of how many of the
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breaks were synostoses (the initial ra-
tio of synostoses to symplexies was
1:10 for Endoxocrinus parrae and
1:14 for Chladocrinus decorus). As
the number of breaks in the simu-
lation reached a stage of disarticu-
lation corresponding to that in the
experiment, a comparison was made
between the simulated and the ob-
served pattern. If the number of bro-
ken synostoses was smaller in the
simulation, the simulation was
counted as “non-random”; otherwise
it was counted as “random.” This
procedure was continued until the
number of simulated breaks corre-
sponded to the maximum number of
breaks in the given experiment. The
entire procedure was repeated 1000
times, keeping “non-random” and
“random” scores. If after 1000 sim-
ulations the “random” score was low-
er than 50 (corresponding to a “non-
random” score greater than 950), the
null hypothesis was rejected at P <
0.05. By repeating the simulations for
each of the 12 stalks, it was possible
to determine for which, if any, stages
of disarticulation the ‘“random”
model could be rejected.

The results, shown in Figure 2, sug-
gest that in almost all stages of dis-
articulation in nearly all stalks, the
“random” model can be rejected, i.e.,
that synostoses have a higher prob-
ability of disarticulation. Generally,
the model cannot be rejected only in
the initial and final stages of disar-
ticulation. But this is as expected,
since for the very first break the ran-
dom probability of it corresponding
to a synostoses is 1/10 (0.1) for En-
doxocrinus parrae and 1/14 (0.07) for
Chladocrinus decorus, i.e., for both
taxa it is higher than the 0.05 thresh-
old for rejecting the random model.
Likewise, as disarticulation proceeds
to completion past the stage at which
all synostoses had been broken and
symplexies begin to disarticulate, the
random probability again approach-
es 1/10 for E. parrae and 1/14 for C.
decorus and the random model can-
not be rejected.

In conclusion, the results of the de-
cay experiments confirm that the
synostosis is the plane of post-mor-
tem weakness, that it preferentially
disarticulates during decay, and that
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FIGURE 1—Results of decay experiments on Endoxocrinus parrae and Chladocrinus decorus.
The total number of synostosial (St,) and symplectial (Sp,) articulations was counted in each
specimen at the start of the experiment. The degree of fragmentation of each type of articulation
is plotted through time. Fragmentation is expressed for each specimen as the ratio of number
of fragmented articulations to the total number of such articulations: synostoses = St = St/
St,; symplexies = Sp = Sp4.../SP.- The subscripts correspond to different individuals. C.
decorus at 20° C: St1, Sp1; St2, Sp2; St3, Sp3; St7, Sp7: E. parrae at 20° C: St4, Sp4; St5,
Sp5; St6, Spb6; E. parrae at 18° C: St8, Sp8; St9, Sp9; C. decorus at 18° C: St10, Sp10;

St11, Sp11; St12, Sp12.

the resulting pattern of pluricolum-
nals should be dominated by those
terminating on a nodal (Fig. 3A).

IN SITU EXPERIMENTS AND
STATISTICAL ANALYSES

To determine whether the pre-
dicted pattern of stalk segments ter-
minating on nodals can be observed
in nature, we performed an addition-
al experiment and examined dredged
specimens and sediment samples col-

lected in the vicinity of living iso-
crinids.

In the in situ experiment, we col-
lected live Endoxocrinus parrae and
Chladocrinus decorus via a suction
hose apparatus on the submersible
Johnson Sea Link in 420430 m south
of West End, Grand Bahama Island
(see Llewellyn and Messing, 1994 for
study site details). Specimens of both
species were placed, either live or sac-
rificed (by freezing), inside panty-
hose (Hanes®) legs, tied off, weight-
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FIGURE 2—Comparison of patterns of fragmentation of simulated stalks to experimentally
decayed stalks. The data represent the comparison of 1000 computer simulations generated
under the null model (no differences in probability of fragmentation between synostoses and
symplexies) to data from lab decay experiments. The heavy horizontal line corresponds to 50
simulations with an equal or a greater number of disarticulated synostoses than observed in
the decay experiments; for data below the line, the null model is rejected at P < 0.05. The
numbers in the legend correspond to the stalks listed in Figure 1.

ed from a plastic-covered SCUBA
weight, and returned to the collection
site. The pantyhose fabric allowed
ambient water to circulate around the
crinoid carcass while providing a
means of retaining the products of
taphonomic breakdown. Three spec-
imens were recovered after 2 months
and two after 5.5 months.

The arms and calyx of all speci-
mens dissociated completely, but
even for those remaining at the site
for 5.5 months, some articulated stalk
segments were recovered. In the ma-
jority (60/73) of recovered nodal-
bearing segments, the nodal was at
the terminal end (Table 1).

To assess whether the observed
pattern was consistent with a random
or anon-random pattern of breakage,
we formulated and tested a null hy-
pothesis in which the pattern was
random. Under this random model,
every articulation has an equal prob-
ability of fragmentation. For a plur-
icolumnal consisting of x plates, there
is an equal probability (1/x) that any
of the plates will lie at its distal end.
If only one of these plates is a nodal,
there is a 1/x probability that the
pluricolumnal will terminate in a

nodal. Correspondingly, the proba-
bility that the pluricolumnal termi-
nates in an internodal is (x — 1)/x.
For a segment consisting of 5 plates,
a nodal and 4 internodals, there is a
20% probability that the distal plate
is a nodal; for a segment with 7 in-
ternodals and a nodal, that proba-
bility is 12.5%. The probability that
both segments terminate at a nodal
is 0.025, i.e., the product of proba-
bilities for individual segments (0.125
x 0.2). If a third pluricolumnal, con-
sisting of only three columnals, is
considered, the probability that all
three possess a nodal at the distal end
is 0.008 (0.33 x 0.125 x 0.2). If these
three pluricolumnals constituted our
sample, we would reject the null hy-
pothesis at P < 0.01, and conclude
that the pattern is more consistent
with the scenario that fragmentation
is more likely at the synostosis. If,
however, the third pluricolumnal ter-
minated at an internodal, testing for
non-randomness would prove more
difficult. We chose the conservative
approach and asked the following
question: assuming all three seg-
ments were of equal length and that
the length corresponds to the short-

est segment (3 columnals in our ex-
ample), what is the probability that
2 of these segments would terminate
in a nodal? We can apply the bino-
mial equation to answer this ques-
tion:

P(x) = mp‘Q“_"

where P(x) is the probability that the
event will occur x times in n trials; p
is the probability that the event will
occur in any given trial; andq =1 —
p is the probability of the event not
occurring. In our example, x = 2, n
= 3, and, since we have made the as-
sumption that all segments are of
equal length of 3 columnals, one of
which is a nodal, p, the probability
that a nodal lies at the distal end in
any of these segments, is V3, while q,
the probability that an internodal is
at the distal end, is %5. The value of
P(x) in this example is 0.26; thus we
cannot reject the null hypothesis and
must conclude that the sample of
three pluricolumnals represents a
random pattern of breakage. The ap-
proach is conservative because the
shortest pluricolumnal is used to cal-
culate the values of p and q; in the
extreme case of a pluricolumnal con-
sisting of two plates, a nodal and an
internodal, both p and q would have
a value of 0.5. This approach there-
fore overestimates the value of p and
underestimates the value of q for all
pluricolumnals in the sample except
the shortest one. The calculated P(x)
is therefore maximized, making it
more difficult to reject the null hy-
pothesis.

The above approach can be ap-
plied to any sample of pluricolumnals
by obtaining the values of n, the
number of pluricolumnals with at
least a single nodal, of x, the number
of pluricolumnals with a nodal at the
distal end, and of p, which is the ratio
of nodals to total number of colum-
nals in the shortest specimen in the
sample. For a sample in which all
pluricolumnals contain more than a
single nodal, p is just the reciprocal
of the number of plates in an indi-
vidual noditaxis.

When applied to the data from the
pantyhose experiment, the statistical
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test confirms the initial impression:
when taken together, 60 of 73 nodal-
bearing segments terminated in a
nodal, and even under the most con-
servative assumption of 2 columnals/
segment, the random model was re-
jected at P < 0.001 (Table 1). The
synostosis is thus the preferred site
of disarticulation.

PLURICOLUMNALS IN
SEDIMENT SAMPLES, AND
STALKS OF DREDGED AND

COLLECTED SPECIMENS

Sediment samples were collected
in the same area and depth and by
the same means as the live specimens
in the pantyhose experiment (see
Llewellyn and Messing, 1994 for de-
tails of sampling). The submersible’s
standard collecting buckets were cov-
ered with 0.0625-inch? plastic mesh
which retained the coarse sediment
fraction. Following ascent, retrieved
sediment was preserved in alcohol
and subsequently washed through a
standard series of sieves. The major-
ity of retrieved crinoidal material (=2
mm) consisted of individual crinoid
columnals; pluricolumnals were rare.
The suction apparatus is sufficiently
powerful to pick up complete isocrin-
ids and even pieces of rubble, so it is
unlikely that individual columnals
were preferentially sampled. Of the
retrieved nodal-bearing pluricolum-
nals, 25 terminated at nodals and 1
at an internodal (Table 2). Again, us-
ing the binomial test described above,
the pattern of disarticulation was
non-random with respect to articu-
lation type: synostoses were more
susceptible to fragmentation.

The preferred disarticulation of
synostosial articulations was tested
with two additional data sets con-
sisting of dredged and collected spec-
imens of isocrinids. The Museum of
Comparative Zoology (Harvard Uni-
versity) houses isocrinid specimens
dredged from a depth of 176-248 m
in the vicinity of St. Vincent, eastern
Caribbean, by the Blake expedition
in 1878-1879 (MCZ 8; MCZ 232; MCZ
269). Several of these were preserved
in alcohol, but a majority were dried.
Although many crowns and arm clus-
ters are available, the majority of the

FIGURE 3—A. Two examples of pluricolumnals of Endoxocrinus parrae (top) and Chladocrinus
decorus (bottom) following the decay treatment. Note that the proximal end in both specimens
is an infranodal and the terminal end a nodal (scale bar = 0.25 mm). B. One of the specimens
of C. decorus collected during the Blake expedition. The terminal end is a nodal. (scale bar
= 0.31 mm). C. A noditaxis of a Jurassic isocrinid terminating at a nodal. Pentacrinus scalaris
Goldfuss; MCZ 2463. (scale bar = 0.20 mm). D. An isocrinid pluricolumnal with nodal not at
the terminal end. Pentacrinus cingulatus Goldfuss; MCZ 137.5. (scale bar = 0.17 mm).

specimens consist of stalk fragments
of various lengths. Fragmentation of
the stalks may have occurred prior
to, during, or after dredging, and these

data undoubtedly represent a sum-
mation of processes including autot-
omy, post-mortem decay, and me-
chanical breakage caused by
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TABLE 1—Results of in situ taphonomy experiments.

Termi- Terminat- Probability
Segments nating in  ing in of random

with nodal nodal internodal fragmentation
Chladocrinus decorus 15 15 0 3.1 x 103
Chladocrinus decorus 18 10 8 4.0 x 10!
Endoxocrinus parrae 15 11 4 6.0 x 102
Endoxocrinus parrae 10 10 0 1.0 x 10—
Endoxocrinus parrae 15 14 1 5.0 x 10—
Total 73 60 13 1.1 x 10-8

TABLE 2—Patterns of fragmentation in specimens obtained from sediment
samples.

Termi- Terminat- Probability
Segments nating in  ing in of random

with nodal nodal internodal fragmentation
Chladocrinus decorus 14 14 0 6.1 x 10—
Endoxocrinus parrae 12 11 1 3.1 x 103
Total 26 25 1 4.0 x 1077

TABLE 3—Patterns of fragmentation in specimens dredged by the ““Blake”
expedition.

Terminat- Terminat- Probability
Segments ing in ing in of random
with nodal nodal internodal fragmentation
Chladocrinus decorus 291 186 105 1.2 x 10-¢

TABLE 4—Types of columnals found at the distal end of isocrinid stalks
collected by submersible.

Termi-
Terminat- nating Probability
Number ingin in inter- of random
of stalks  nodal nodal fragmentation
Chladocrinus decorus 72 62 10 1.3 x 10~
Endoxocrinus parrae 94 81 13 1.8 x 101
Diplocrinus maclearanus 14 13 1 9.1 x 10—+
Total 180 156 24 0

handling. We repeated the procedure
used with previous data on these stalk
segments and a majority, 105 out of
a total of 186, terminated at nodals

(Fig. 3B; Table 3). Using the conser-
vative assumption of 2 nodals/seg-
ment, the random model of breakage
was rejected (P < 0.001). The same

approach was applied to 180 speci-
mens (crowns with column attached
of 3 isocrinid species collected via the
Johnson Sea-Link in 265-530 m off
Grand Bahama Island (Messing and
Llewellyn, in prep.). In 156 of these
specimens, the nodal was the termi-
nal column (Table 4); this again in-
dicates non-random fragmentation
even under the most conservative as-
sumption (P < 0.001).

The above examples demonstrate
that in nature, as in the laboratory,
a preferred plane of stalk disarticu-
lation exists and corresponds to the
synostosis. It is not possible to dis-
criminate between those segments
produced by autotomy, disarticula-
tion or mechanical breakage, but the
overall pattern is non-random.

DISARTICULATION
PATTERNS IN FOSSIL
ISOCRINID STALKS

Although counts of stalks subject-
ed to experimental and natural con-
ditions confirm predictions based on
morphological analysis, i.e., that syn-
ostoses are the preferred sites of dis-
articulation, these results are not suf-
ficient to conclude that fossil isocrinid
stalks ought to exhibit the same pat-
terns. Actualistic results may not be
applicable to fossil material for at
least two reasons: (1) biostratinomic
patterns can be smeared or altered
during burial and fossilization, and
(2) fossilized taxa may have had dif-
ferent soft-tissue morphology, re-
sulting in different taphonomic be-
havior. To determine whether the
actualistic results could be extended
to the fossil record, we examined col-
lections of fossil isocrinid pluricol-
umnals from the MCZ and the Na-
tional Museum of Natural History,
Smithsonian Institution (NMNH).
These collections of stems are from
numerous localities throughout Eu-
rope and range in age from Triassic
to Eocene. The pluricolumnals rep-
resent a variety of isocrinid species
and were probably collected non-ran-
domly; it is likely that longer pluri-
columnals were preferentially select-
ed. It is highly unlikely, however, that
the collectors exhibited any bias for
segments terminating in nodals; in-
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stead, they probably collected long
pluricolumnals indiscriminately.
Since the presence of cirral scars al-
lows for the recognition of nodals in
fossils even when no cirri are pre-
served, the frequency of segments
terminating in nodals versus inter-
nodals could be determined from the
specimens. Thus, we were able to re-
peat the procedure used in the pre-
vious experiments, to determine the
frequency of the two types of seg-
ment. We selected all isocrinid plur-
icolumnals which allowed us to test
the hypothesis that synostoses are the
preferred sites of disarticulation. The
sample thus included all pluricol-
umnals in which a nodal was present
(Appendix 1). Just as in the actu-
alistic examples, the majority of fos-
sil pluricolumnals terminated at no-
dals (384 of 410) (Fig. 3C, D; Table
5). The statistical analysis confirmed
that the pattern was not consistent
with a random model even under the
most conservative assumption of 2
columnals/segment (H, rejected at P
< 0.001). The synostoses, once again,
prove to be the preferred sites of dis-
articulation.

DISCUSSION AND CONCLUSION

By investigating multi-columnal
segments from living and fossil iso-
crinid stalks, a non-random pattern
has been revealed. The majority of
isocrinid pluricolumnals terminate at
a nodal, though this columnal is un-
der-represented relative to interno-
dals in all isocrinids. At least two
mechanisms could be responsible for
generating this pattern: shedding, by
autotomy, of distal noditaxes by the
living organism, or lower post-mor-
tem resistance of the synostosis to
disarticulation.

Whether shedding of stalk frag-
ments occurs in nature has not been
determined, but indirect evidence
suggests that such shedding does oc-
cur: the stalks of dredged isocrinids
and those collected by submersible
commonly break and the breaks co-
incide with a synostosis (Rasmussen,
1977). This could be attributed to the
lower strength of this articulation as
argued by Rasmussen (1977), but the
stalk breaks even when no force is

93
TABLE 5—Patterns of fragmentation in fossil pluricolumnals.
Probability
of random
Segments  Terminating Terminating fragmen-
with nodal in nodal  ininternodal tation
NMNH collection 159 140 19 0
MCZ collection 244 238 6 0
Total 403 378 25 0

applied; it is more likely that the an-
imal is actively shedding parts of the
stalk under unfavorable conditions.
Shedding has also been used to ex-
plain why the isocrinid Metacrinus
rotundus possesses a relatively short
stalk in spite of its unusually high
growth rate (Oji, 1989). Shedding may
be supported by the fact that there
is no distal taper in stalks of large
isocrinid specimens, whereas small
individuals may display a distal taper
in column diameter. Since the most
distal columnals are formed during
early stages of ontogeny, their di-
ameter should be the smallest. The
lack of a distal taper in large individ-
uals suggests that the oldest colum-
nals have been shed. An alternative
explanation would require an in-
creasing proximal to distal radial
growth gradient. Shedding is a more
likely explanation and deserves fu-
ture attention.

The pattern of post-mortem dis-
articulation has been demonstrated
with experiments, both in situ and in
the lab. The actual mechanism re-
sponsible has not been identified;
Baumiller and Ausich (1992) pro-
posed that symplexies may be more
resistant because of the presence of
through-going ligaments or because
structures promoting autotomy at
synostoses reduce the integrity of lig-
aments even after death. Again, more
research is required to identify which
of these two mechanisms is respon-
sible.

The greater frequency of nodal-
terminating pluricolumnals may be
the result of both processes, shedding
and post-mortem disarticulation.
Both processes reflect the same un-
derlying cause: the organization of
soft tissues at synostoses. This mode

of soft-tissue organization must have
been present in Triassic isocrinids, as
is suggested by their patterns of frag-
mentation. Thus, among these early
isocrinids, skeletal differentiation
(synostoses/symplexies) (Hagdorn,
1983; Simms, 1988) and soft-tissue
differentiation were both present. A
question which we cannot answer with
certainty, however, is whether soft-
tissue differentiation preceded the
evolution of synostoses among the ar-
ticulates. Baumiller and Ausich
(1992) have suggested that some Mis-
sissippian crinoid stalks, while lack-
ing skeletal differentiation, pos-
sessed soft-tissue organization anal-
ogous, or homologous, to the isocrin-
ids. They further argued that the
ability to autotomize need not be as-
sociated with a skeletal signature.
Their conclusion needs further test-
ing, but if correct, would make the
recognition of autotomy in fossils
much more difficult. Yet autotomy is
an important trait not only because
of its biomechanical and paleoeco-
logical implications, but also because
it could prove to be a useful character
for phylogenetic analyses. However,
if this trait cannot be recognized on
purely morphological criteria, other
means must be used for its identifi-
cation. The pattern of fragmentation
method used by Baumiller and Au-
sich (1992) is applicable only in very
special circumstances, while the
methods used in this study still es-
sentially rely on recognition of skel-
etal differences. Other methods for
recognizing autotomy, such as addi-
tional non-random patterns of frag-
mentation or geochemical signatures
associated with autotomy planes, may
be available but need testing with liv-
ing and fossil material.
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APPENDIX 1
Disarticulation patterns among fossil pluricolumnals.*
Museum of Comparative Zoology United States National Museum
Catalog # Species A B C Catalog # Species A B C
112 Pentacrinus cingulatus 60 58 6 82941 Pentacrinus agassizi 1 1 5
2139 P. tuberculatus 24 24 9 32946 P. basaltiformis 3 3 3
1369 P. cingulatus 23 23 3 82945 P. bajocensis 3 3 6
177 P. cingulatus 10 10 4 82947 P. basaltiformis 3 3 4
3928 P. cingulatus 11 11 2 19510 P. basaltiformis 2 2 4
128 P. subteres 11 11 2 82944 P. cingulatus 14 14 2
2349 P. subteres 9 8 2 82953 P. nodulosus 1 1 11
9165 P. annulatus 6 6 6 No # P. tuberculatus 1 1 2
741 P. pentagonalis 9 9 3 82954 P. pentagonalis 3 3 7
761 P. propinquus 4 4 6 No # P. pentagonalis 4 2 6
731 P. basaltiformis 14 14 3 19217 P. pentagonalis 43 30 2
No # P. scalaris 6 6 4 82955 P. priscus 1 1 6
2459 P. scalaris 6 6 4 6031 P. sp. 8 8 5
129 P. subteres 8 7 3 9781 P. basaltiformis 3 3 8
1773 P. laevigatus 1 1 2 $2958 P. rupellens 4 4 4
2470 P. scalaris 8 8 5 23320 P. saevigratis 22 20 2
743 P. cingulatus 10 9 7 82960 P. sigmariengesis 2 2 2
128 P. carinatus 1 1 7 1951 P. tuberculatus 4 3 6
2309 P. propinquus 2 2 6 8267 P. tuberculatus 4 4 10
1219 P. agassizi 4 4 3 194297 P. cingulatus 7 7 8
3881 P. sp. 3 2 5 23319 Isocrinus propiquus 5 5 4
1779 P. subteres 1 1 7 $2974 L crista-galli 3 3 6
1221 P. annulatus 1 1 4 82973 I. bavaricus 17 16 5
1389 P. scalaris 1 1 9
2450 P. cingulatus 3 3 4
2451 P. subteres 1 1 7
1478 P. basaltiformis 2 2 5
738 P. sp. 1 1 3
1470 P. propinquus 2 2 6
1217 P. sp. 2 2 8
949 P. basaltiformis 8 7 2
* T ts as on labels. A: Total ber of pluricol Is; B: ber of nodal- inating pluricol Is; C: of Is/] 1
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