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Ecological Controls on the Evolutionary 
Recovery of Post-Paleozoic Crinoids 

Mike Foote 

Analysis of morphological characters of a global sample of post-Paleozoic crinoid echi- 
noderms shows that this group underwent a rapid diversification after the extinction at 
the end of the Permian to reach maximal morphological disparity by the Late Triassic, 
which is essentially the same evolutionary pattern seen during the group's early Paleo- 
zoic radiation. The accelerated morphological diversification of a single class implies 
that, even if clades surviving from the Paleozoic represented ecological incumbents that 
hindered the origin of new higher taxa, species within individual higher taxa rapidly 
exploited available ecological opportunities in the Mesozoic. 

A f t e r  the late Paleozoic (Late Permian) 
mass extlnctlon, the origlnatlon of higher 
taxa (ph7la and classes) of marine animals 
was more subiiued than In the earlv Paleo- 
zoic (1, 2) .  Even though most marine species 
became extlnct in the Late Permian (3) .  
most of the major adaptive zones occ~~pied 
durlng the Paleozoic were not coinpletely 
evacuateii (2 ,  4) .  Thus, Mesozolc taxa may 
have experlenced greater compet~tion than 
their earlv Paleozoic counternarts that were 
diversifying into unoccupied adaptive zones 
(4) .  Therefore, given a correlation between 
morphological and ecological iiir~ersificatlon 
(2,  5, 6 ) ,  Mesozolc taxa rnlght be expected 
to have reached peak morphological dlversi- 
ty (dlsparlty) (7,  8 )  more gradually than iilii 
many early Paleozoic claiies that rapidly at- 
tained lnaxlmal disparity (8-1 0). Crlnoids, a 
large lnarlne clade, reached a plateau of dis- 
parity in the early Paleozoic (1 0 )  but suffered 
a great reduction in diversity in the late 
Paleozoic, apparently to a single llneage 
(1 1 ) .  They then diversified ecologically and 
morphologically (12-15). The fossil recorii 
of crinoids can thus be useii to compare 
~nacroevolutionary patterns w~th ln  the same 
claiie under significantly iiifferent ecological 
circumstances. 

The ~ost-Paleozoic radiation of marine an- 
imals has been documenteii mainly with tax- 
onomic data [ ( I ,  2, 5)  but see (6)]. Because 
the correspondence between taxonomlc orig- 
ination anii morphological innovation is un- 
clear, it is important to document morpholog- 
ical iiiversiflcation iilrectlv. O n  the basis of 
the primary systematic literature, I ~ ~ s e i i  data 
on 69 iiiscrete characters to quantify the ma- 

Department of Geophys~cal Sciences, University of Chi- 
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lor anatornlcal features (1 6)  for a global Sam- 
~ l e  of 355 crinoid sr?ecies from the Triassic 
through the Eocene. This sample represents 
121 of the -156 genera known for this -200- 
million-year (17) perioii (18). This span of 
time was dlrxled Into 11 time ~nterr~als (mean 
duration, 19 million years; SD, 7.1 rnllllo~l 
years), reflecting a balance between temporal 
resolution and sample slze. Y ~ i t h m  each inter- 
val, species were aggregated into a single sta- 
tlstlcal sample. Although genealogy is essen- 
tial 111 a clade's evolutionary history, iilsparlty 
concerns net rnornholoelcal differences rather 

A 

than branching sequence [(7, 8, 10) but see 
(1 9)]. Therefore, disparity was measureii as 
the mean palrwise character difference be- 
tween specles (9, 10, 20). I compared iiispar- 
ity to genus- and famlly-level taxo~~oinic dl- 
versity [based on several data compilations 
(10, 12, 15, 21, 22)]. The number of species 
sampled for each Interval is generally propor- 
tlonal to the number of known genera and 
famllles. 

Disparity among post-Paleozoic crlnoliis 
peakeii early in the radiation (in the Late 
Trlasslc. less than 40 million vears into the 
~esozoic ) ,  well before the tltlle of rnaxlrnal 
taxonoinlc iiiverslty (Fig. 1, A through H) 
(23). Thls period is sirnllar to the 40 million 
to 50 million rJears between the ar?r?earance of 
unquestionable crllnoliis In the Early Ordov1- 
cian and the Paleozoic peak of disparity In the 
Caradoclan (1 0 ,  24). Dlsparlty decll~led from 
the Late Triasslc to the Early Jurassic, in part 
reflecting the extinction of encrlnids, holo- 
crinids, and other taxa (1 2, 13, 15). Dispar- 
ity agaln increased early in the Cretaceous 
(Neocoinian), h luc l~  of this increase is at- 
tributable to origlnatlon withln the order 
Cyrtocrinida, which displays many unusual 
forms and habits, such as reduced, bilaterally 
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Fig. 1. Temporal pattern of dlsparlty, dlverslty. A Paleozoic Post-Paleozoic 
and sample slze for post-Paleozoc crnolds (rlght 
panels) Some earler results [data from (10, 12, 
15, 22)] for Paleozolc crnods  are shov?in for com- 
parlson (left panels) Tme ~ntervals, from oldest to 
youngest, are as follows (abbreviations in brack- 4 
ets are used In Fig 3) Ordovic~an [Early Ordovi- 5 0.10 0.15 

clan (01).  Llanvlrnan through Early Caradocian a 0.10 
(02),  Mddle Caradocian through Ashgilian (03)l; ' 0.05 

Silurian [Llandoveran (Sl) ,  Wenockian (52). Lud- 
lovlan + Prldolan (S3)], Devonan [Early Devonan 
(Dl),  Mldde Devonian (D2). Late Devonan (D3)], 
Carbon~ferous [Tournasan (Cl j, Vsean (C2), S e r  100 
pukhovlan (C3). Bashklran (C4). Moscovlan (C5). 
Stephanlan (C6)I. Perman [Assellan + Sakmarlan 20 

(PI),  Alilnsklan + Kungurlan (P2), Late PermIan ¤ 10 
(P3)I; Triassc [Early and Mdde  Trlassc (TI j, Late 
Trasslc (TZ)]: Jurassc [Early Jurassc (J I ) .  Mdde  E 60 
Jurassic (J2), Late Jurasslc (J3)]; Cretaceous 
[Neocomian (KI!, Barremlan + Aptlan (K2). Alblan 
through Turonian (K3). Senonian (K4)]: Teriiary $ 40 

I [Paleocene (P), and Eocene (E)]. (A and 8) Dispar- = 30 

ity Squares represent raw data Error bars show 20 

2 1 SE. based on bootstrap resampling (10). Be- 
cause somewhat dlffererit characters were used 0 
for Paleozoic versus post-Paleozoc crinolds and G 

80 ' 
H 

loo-' because each of the two data sets includes only 
. 

8 A -30 
characters that vary wlthin the corresponding 60 - 80 - A 

span of tme,  levels of dsparity are not compara- $ 
ln A . =. . .$ 60- A A .  -20 g 

ble between (A) and (B). Trangles in (B) represent 'c 40 - 
8 =. a A 

A 8 data wlth genus as the samping unt (that i s  only $ 20 m m  . ,P 40- 
C 

rn 8 . . A 4 -10 G 
one speces  sampled per genus per time nten~al). 8 

8 
20-: A 

Diamonds In (B) are data with the lnorphologically 0 . ¤ 
. . 

Ordov~clan I silur. [ -Devon. 1 Carbon11 I Perm O --~riasslc ( Jurassic I Cretaceous ( Tert 
0 

most extreme 40% of speces wlthin each ~ n t e ~ a l  I I I I I I I I I 

omitted. The relative slzes of error bars are similar 500 450 400 350 300 250 200 150 100 50 
for culled and raw data; for the sake of clarlty. Age (x 106 years) Age (x 106 years) 
these are shown for the raw data only. (C and D) 
Genus diversity. (E and F) Family dlverslty. Error bars In (C) through (F) show 2 \/n (N = number of taxa) (36). (G and H) Sample size. Squares represent 
speces ,  Triangles In (H) designate genera. Genus 1s the sampling unlt for the Paleozoc; the number of specles sampled per interval is therefore equal to the 
number of genera sampled. 

symmetrical cups dlrectly attached to 
harderounds (25,  26). A decllne in cvrto- 
crinid diversity through the Cretaceous ef- 
fects a drop 111 disparity, hut this drop is 
partly offset hy the proliferatioll of morpho- 
logically and ecologically atypical, plankton- 
ic lnicrocrinoids iRoveacrinida) 126). 

, \  , 

Taxonolnic splitting could hias disparit\- 
hy causlng certain forlns to he overrepre- 
sented. This possibility is especially salient 
in the Late Jurassic (Fig. 1,  D and E-I), where 
de Loriol (27) described many specles o n  
the basis of what may he ininor differences. 
T o  explore this hias, I calculated disparity 
for a culled s a m ~ l e  containillg only one 

u 

species per genus per time interval (28) .  
Culling the  data increased disparity esti- 
nlates in some suhsamples and decreased 
them in others, hut the  overall pattern was 
not  substantially changed (Fig. 1B).  

A feu, extreme taxa could also bias dispar- 
ity. T o  test this. I culled the data within each 
interval to exclude the 40% of specles with 
the ereatest mean distance to contemnorane- u 

ous species. (This arbitrary proportion reflects 
an  extreme culling; other proportions yleld 
sllnilar results.) The resulting disparity is lom- 

A 
Paleozoic Post-Paleozoic 

' I 
I 

:I 
Triasslc I Jurassic I Cretaceous I Ten. I 

I I I I 
Ordovic~an I Silur. 1 Devon. 1 Carbanif. 1 P e n .  1 
1 I I I I I~ 

500 450 400 350 300 250 200 150 100 50 

Age (x 1 O6 years) Age (x I O6 years) 

Fig. 2. Temporal pattern of dsparty in (A) the Paleozoc and (B) the post-Paleozoc, allowng average 
morphology for each genus to spat? ~ t s  known stratgraphic range. Dsparity is measured as the sum of 
the sample variances of the first 20 prlncipa coordinates (10). Paleozolc data are from (10). 

er for each interval, hut the temporal pattern 
1s the same (Fig. 1B). I also reanalyzed the 
data several times, each time vr-it11 a different 
order omitted (26). In each case, the Late 
Trlassic remaned the interval with maximal 
disparity or had disparity equal to that of the 
Neocomian. Thus, the early radlatlon to max- 
ilnal disparity is statlstlcally robust and phylo- 
genetically broad-based (15). 

Uneven sampling of species could also af- 

fect disparity. Because nearly 80% of knovr-n 
genera urere sampled, this h a s  can he circum- 
vented if each genus 1s represented hy its 
average morphology in each interval within 
the knourn stratigraphic range of that genus 
(1  0, 20, 29). The resulting disparity cL1n.e still 
peaks in the Late Triassic and Neocomian 
(Fig. 2). Because trine intervals are unequal, 
disparity could also he biased by different de- 
grees of data aggregation. Hovr-ever, there is an  
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insignificant Spearman rank-order correlation 
coeff~c~ent  (r,) hetureen first d~fferences [dif- 
ferences hetureen values at adjacent ~ntervals 
(30)] of disparity and interval length (for ge- 
nus averages, T, = 0.25, one-tailed P = 0.23; 
for ravr- data, r, = 0.37, one-tailed P - 0.14). 
The environmental shlft of qtalked crinoiils 
~ n t o  more poorly sampled, deeper waters is 
also unlikely to hias major patterns of disparity 
within the Mesozoic, as it occurred mainly In 
the late Ivlesozo~c and Cenozoic (6 ,  31 ). 

In add~tion to differences between s~,ecies, 
morphological diversity can he quantified as 
the range of morphology (8), mhich, hecause 
it depends on sample size (32),  should he 
conlpared to the nulnber of species sanlpled 
(Fig. 3). As in the Paleozoic, the range of 
nlorphology of post-Paleozoic crinoids contin- 
ued to increase after the early neak in disnar- , L 

ity, but this increase is consistent wit11 the 
expectation of mcreasing sample size. Even if 
sample size reflects true species diversity, the 
post-Triassic proliferation of crinoid specles 
involved no net increase in rariance. This 
result contrasts wlth the exnectatlon of un- 
constrained nlorphologlcal evolution, in 
\vhich diversification ~vould yield an increase 
in varlance (that is, an  increase in range 

6 Post-Paleozoic i 

Number of species 

Fig. 3. Sample size (logarithmc scale) and mor- 
phologcal range n (A) the Paleozoic and (B) the 
post-Paeozoc. Range is the suln of ranges of the 
first 20 prncipal coordnates. Abbreviations are for 
the time ~ntervals glven In the legend to Fig. 1 .  
Paeozoc data are froln (10). 

beyond the expectation of sanlple slze differ- 
ences) (20, 33).  

These analyses of crlnoid morphology 
shovr- that peak disparities in the  Paleozoic 
and post-Paleozoic were attained at compa- 
rahle rates. T~ILIS, ~norphological diverslfica- 
tion of crinoids %-as evidently not more 
strongly hindered in the  ostensibly more 
cromded marine ecosystems of the  blesozoic 
12). A t  least three explanations can he of- 
fered fur these results. Flrst, the  anatorn~cal 
characters studied nlav not he ecoloe~callv - ,  
significant. Ho~vever,  the close correspon- 
dence between soft and hard anatomy and 
the extenslye coverage of structural and 
f~lnctional characters over the  entire crl- 
noid skeleton suggest that important aute- 
cological factors are captured ( 1  0 ,  14,  25,  
34).  Second, perhaps the  early Mesozoic 
m~orld really was as empty ecologically as the 
earlv Paleozoic m~orlii. Al t l io~leh the I I L I ~ I -  

her of ecological guilds ahsent in the early 
Paleozoic, but renresented in the earllest 
Mesozoic as holdovers from the late Paleo- 
zoic, seenls to 17rc)vide Prlnla facie evldence 
for a greater degree of ecological saturation 
in the  early Mesozoic ( 2 ,  ii), diversity and 
abundance ivitliin ~uilcls also need to he 
considered. This issue remains to he ex- 
nlored with fine-scale ecoloirical data. 

Finally, if ecological crowiling was impor- 
tant, it may have influenced evolutionary pat- 
terns mainly at larger scales than those studied 
here. Althoueh taxonomic rank 1s subiective, 
the origin of higher taxa (classes and phyla) is 
commonly thought to reflect major morpho- 
logical transitions (2 ,  5 ,  6). If such transitions 
require the crosslllg of thresholds lietween 
adaptive zones and if ecological mcumliency 
was mportant as a competitive force because 
most adaptive zones were already partially oc- 
cupied by Paleozoic holdovers, then incum- 
liency could have retarded higher raxonornic 
orlglnation ( 1 ,  2 ,  5, 35). (For example, out- 
side the Crinoldea, no new clades of stalked 
echinoder~ns origl~~ated in the h,fesozoic. The  
oriein of ne\v taxa of attached sus~ension- 
feedlqg echinoderlns co~lld have heen 1li11- 
dered bv susnension feeders in the unstalked 
echlnoderln 'classes or in other phyla.) HOW- 
ever, the lncolnplete occupation of a particu- 
lar adaptive zone (for example, that occupied 
by a slngle class such as crinoids) could still 
leave numerous opportunities for a clade to 
diversify and explore ecological and morplio- 
logical themes \vlthin that zone. 
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The Clementine Bistatic Radar Experiment 
S. Nozette,* C. L. Lichtenberg, P. Spudis, R. Bonner, W. Ort, 

E. Malaret, M. Robinson, E. M. Shoemaker 

During the Clementine 1 mission, a bistatic radar experiment measured the magnitude 
and polarization of the radar echo versus bistatic angle, p, for selected lunar areas. 
Observations of the lunar south pole yield a same-sense polarization enhancement 
around p = 0. Analysis shows that the observed enhancement is localized to the 
permanently shadowed regions of the lunar south pole. Radar observations of period- 
ically solar-illuminated lunar surfaces, including the north pole, yielded no such en- 
hancement. A probable explanation for these differences is the presence of low-loss 
volume scatterers, such as water ice, in the permanently shadowed region at the south 
pole. 

T h e  possibility of ice on  the moon was 
suggested in 1961 (1 ). Volatiles degassed 
from the primitive moon or deposited on  
the lunar surface bv cometarv and asteroidal 
impacts might migrate to and collect in 
permanently shadowed cold traps near the 
lunar poles, where they could be stable over 
geologic time (1-5). Because these cold 
traps receive n o  direct solar illumination, 
and emit little radiation, they are difficult 
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using laser illumination of a particle suspen- 
sion (13, 14). A high ratio of same sense to 
opposite sense polarization and high reflec- 
tivity has been detected by radar observa- 
tions of the Galilean satellites of Jupiter 
(15, 16, 17), the residual south polar ice cap 
of Mars (18), portions of the Greenland ice 
sheet (19, 20), and the permanently shad- 
owed polar craters of Mercury (21-23). 
These results are generally attributed to to- 
tal internal reflection and/or CBOE pro- 
duced hv low loss frozen volatiles (6). al- ~ ,, 

though other mechanisms have been pro- 
posed (24). High-resolution ground-based 
synthetic aperture (monostatic) radar ob- 
servations. from Arecibo. of the lunar south 
pole revealed some small anomalous same- 
sense polarization bright patches that are 
permanently shadowed (25). Brightening 
and enhancement of same sense polariza- 
tion can be caused by double bounce reflec- 
tions from large blocks or surface roughness. 
The  presence of CBOE could distinguish 
brightening and polarization reversal pro- 
duced bv a low loss target from other scat- 
tering Aechanisms. ~ i s L t i c  radar measure- 
ments, using a spacecraft in orbit acting as 
the transmitter, can be used as a test for 
CBOE (13, 14, 20) by measuring the echo 
magnitude and polarization sense as a func- 
tion of p. 

The Clementine 1 mission (26) provid- 
ed data on  the environment and geology of 
the polar regions of the moon (27, 28). In 
the northern hemisphere, no large basin 
overlaps the polar area. The  south pole, 
however, is located within the South Pole- 
Aitken basin (SPA), an impact crater over 
2500 km in diameter and averaging 12 km 
deep near the center of the basin (29). The 
pole is about 200 km inside the rim crest of 

to observe from the Earth. Radar can iden- /a 
tify deposits of frozen volatiles because, un- 
der certain conditions, they produce a 
unique radar signature (6). However, such 
radar observations may not be conclusive 
depending on  the quantity of volatiles 
present, the nature of the surface, and the 
sensitivity of the measurements. Frozen 
volatiles have much lower transmission loss 
than silicate rocks, producing a higher av- 
erage radar reflectivity than silicate rocks. 
Total internal reflection also preserves the 
transmitted circular polarization sense in 
the scattered signal. A n  opposition surge or 
coherent backscatter opposition effect 
(CBOE) (7-1 2)  may also be observed as the 1 P = 8 5 O  

phase, or bistatic angle p (Fig. I),  approach- 
es '' The CBoE requires scattering Fig. 1. Orbital g6ometry of the Clementine bistatic 
(cracks inhomogeneities) imbedded in a radar experiment. The lunar polar tilt relative to the 
low loss matrix such as ice (7-9). The  Pres- ecliptic (1.67, the lunartilt toward Earth (-57, and 
ervation of the sense of polarization for the bistatic angle p between spacecraft, lunar sur- 
CBOE has been observed in the laboratory face, and Earth receiver are shown. 
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