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ABSTRACT

Stalked crinoids were widespread in shallow-marine ecosystems throughout much of the
Paleozoic and Mesozoic but are confined to deep-sea environments today. In the Tethyan
realm, this bathymetric restriction is inferred to have begun in the Cretaceous and was
largely completed by the Eocene. This pattern started during the Mesozoic Marine Revolu-
tion when predators and predation became more prevalent. Whether this pattern was glob-
ally synchronous remains uncertain. We compiled Jurassic-Neogene occurrences of stalked
crinoids from the Panthalassan realm to evaluate long-term bathymetric trends. Throughout
the Jurassic, Cretaceous, and Paleogene, deep-water occurrences constitute a consistently
minor component of the stalked crinoid record (3-13 %), with the Cretaceous interval yield-
ing the lowest relative proportion. An increase in the relative proportion of deep-water oc-
currences to 57 % is observed only in the Neogene. These results indicate that the transition
toward deep-sea restriction was temporally decoupled from ecological escalation in the late
Mesozoic and was not globally synchronous. In the Panthalassan realm, shallow-marine
persistence extended well beyond the interval of Tethyan depth restriction, underscoring the
importance of basin-scale perspectives in interpreting the Meso-Cenozoic marine restructur-
ing. Together, these findings challenge the assumption of a globally synchronized Mesozoic
Marine Revolution—driven bathymetric shift and recast deep-sea restriction as a spatially
asynchronous, long-term macroecological transition.

INTRODUCTION

Today, stalked crinoids are exclusively found
in deep waters (>100 m), in marked contrast to
their former abundance in shallow seas (Mess-
ing, 1985; Oji, 1990; Ameziane-Cominardi,
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1991; Hess et al., 1999). Throughout much of
the Paleozoic and Mesozoic, they were common
components of nearshore and shelf ecosystems
(e.g., Hess et al., 1999). In the Euramerican
(Tethyan) realm, the restriction of isocrinids (a
major clade of stalked crinoids) to deeper envi-
ronments is inferred to have begun in the Cre-
taceous and to have been largely completed by
the Eocene (Bottjer and Jablonski, 1988). This

onshore-offshore transition has been interpreted
as a consequence of intensified biotic interac-
tions during the Mesozoic Marine Revolution,
particularly increasing predation pressure from
durophagous fishes and some invertebrates
(Meyer and Macurda, 1977; Vermeij, 1977,
1987; Meyer and Ausich, 1983; Gorzelak et al.,
2012; Garcia-Penas et al., 2024).

However, accumulating data in particular
from the Southern Hemisphere might chal-
lenge the notion of a globally synchronous
shift (Meyer and Macurda, 1977; Vermeij,
1977, 1987; Meyer and Ausich, 1983). Shal-
low-marine isocrinids have now been reported
from Cenozoic strata of Antarctica, Australia,
South America, and New Zealand (Milner, 1989;
Eagle, 1993, 2004; Malumidn and Olivero,
2005; Whittle et al., 2018; Poatskievick-Pier-
ezan et al., 2026, and literature cited therein).
These occurrences have been interpreted either
as ecological reversals driven by regional envi-
ronmental conditions (e.g., Aronson et al., 1997)
or as evidence of prolonged shallow-water per-
sistence (e.g., Whittle et al., 2018). Such records
raise the possibility that the timing and trajectory
of bathymetric redistribution differed between
oceanic realms.

Here, we expand on previous local studies by
compiling a comprehensive Jurassic-Neogene
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Figure 1. Examples of
Meso- and Cenozoic cri-
noids from the eastern
shore of Panthalassa.
Scale bar equals 1.0 cm. (A)
Austinocrinus mexicanus
(Springer), pluricolumnal,
lateral view. Campanian/
Maastrichtian of Tamauli-
pas, Mexico. Smithsonian
National Museum of Nat-
ural History: USNM 75437.
(B) Isocrinus sp., pluri-
columnal, lateral view.
Bathonian of Rierdon
Formation, Canada.
Royal Tyrell Museum:
TMP1973.010.0124. (C)
Isocrinus sp., colum-
nal, articular facet
(C1), and pluricolum-
nal, lateral view (C2).
Bathonian of Sundance
Formation, USA. Smith-
sonian National Museum
of Natural History: USNM
493594. (D) Millericrinida
indet., columnal, articu-
lar facet. Albian of Gault
Formation, Canada.
Royal Tyrrell Museum:
TMP1973.008.0632. (E)
Millericrinida indet.,
articular facet (E1), and
pluricolumnal, lateral view
(E2). Oxfordian of Iquique,
Chile. Servicio Nacional
de Geologia y Mineria
(Sernageomin), Santiago:
SNGM-58[1]. (F) Isocrinus
sp., pluricolumnal, lateral
view. Bathonian of Sun-
dance Formation, USA.
Smithsonian National
Museum of Natural His-
tory: USNM 493594. (G)

Isocrinus sp. cf. I. nicoleti (Thurmann), articular facets of columnals and cirrals in different views. Bathonian of Twin Creek Formation, USA.
Florida Museum of Natural History Division of Invertebrate Paleontology: UF 279011. (H) Millericrinida indet., pluricolumnal, lateral view. Oxford-
ian of Iquique, Chile. Servicio Nacional de Geologia y Mineria (Sernageomin), Santiago: SNGM-2090. (I) Isocrinus australis Moore, cup with the
uppermost part of stem. Albian of Bulldog Shale, Australia. National Dinosaur Museum Canberra. (J) Isocrinida indet., partly covered stem and
cirrals. Pliensbachian of Fernie Formation, Canada. Royal Tyrell Museum: TMP2006.045.0004. S—stem; C—cirri/cirrals. (K) Isocrinus oregonensis
Moore and Vokes, four nearly complete individuals. Oligocene, Oregon, USA, Royal Tyrell Museum: TMP1983.010.0040. (L) /socrinus oregonen-
sis Moore and Vokes, nearly complete individual. Oligocene, Oregon, USA. Smithsonian National Museum of Natural History: USNM 493607.

dataset of post-Paleozoic stalked crinoids from
across the Panthalassan realm, integrating occur-
rences from Antarctica, Australasia, the eastern
Pacific margins, and the northwestern Pacific
regions to evaluate the temporal and geographic
pattern of their bathymetric redistribution.

METHODS

We compiled a stage-level Jurassic—Neo-
gene dataset of occurrences of post-Paleozoic
stalked crinoids from the Panthalassan realm
using museum specimens, published records,
and field-collected material from Antarctica,
Argentina, Australia, Canada, Chile, Colom-
bia, Japan, Mexico, New Zealand, Peru, Russia,
and the United States, representing a broad geo-
graphic and environmental range across tropi-
cal, temperate, and polar settings (SOM_1 in the

Supplemental Material'). Only well-preserved,
articulated specimens (crown and/or stalk frag-

!Supplemental Material. SOM_1: Distribution of
stalked crinoid occurrences by region and geologic
interval (Jurassic—-Neogene), with counts of shallow
and deep settings. SOM_02: Source data for occur-
rences of post-Paleozoic stalked crinoids used in this
study, including assignment to environment, strati-
graphic interval, depositional facies, and literature
references. SOM_03: Relative proportion of facies
types across Jurassic, Cretaceous, Paleogene, and
Neogene intervals. SOM_04: Representative examples
of shallow-marine carbonate exposures or deposits
containing a significant carbonate component from
the studied regions. These deposits preserve diverse
fossil assemblages but yield no well-preserved stalked
crinoids. Please visit https://doi.org/10.1130/GEOL
.S.32940140 to access the supplemental material;
contact editing @ geosociety.org with any questions.

ments) were included (Fig. 1) following tapho-
nomic screening; heavily abraded or reworked
material was excluded to ensure specimens were
autochthonous.

The paleoenvironmental assignments were
based on field observations and published
sedimentological interpretations within a stan-
dardized depositional framework (Bottjer and
Jablonski, 1988). The environmental interpreta-
tion for each occurrence was based on an inte-
grated assessment of lithology, sedimentary
structures, microfacies observations from thin
sections (cf. Fliigel, 2010), associated fossil
assemblages, and previously published sedi-
mentological interpretations of the host strata.
For analytical purposes, the crinoid settings
were grouped into shallow (subtidal to middle
shelf) and deep (outer shelf to basin) categories.
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This broader division provides a more robust
environmental framework than finer-scale
units. Because deep-marine environments are
typically underrepresented in the onshore rock
record, given that they are better preserved in
offshore and platform-margin settings, deposi-
tional environments are unevenly represented.
Therefore, analyses were conducted using rel-
ative proportions of occurrences within each
time interval rather than absolute counts. Occur-
rences were grouped into Jurassic, Cretaceous,
Paleogene, and Neogene intervals. All analy-
ses were performed in R version 4.6.0 (R Core
Team, 2026).

RESULTS

The compiled dataset includes 114 Juras-
sic-Neogene occurrences of post-Paleozoic
stalked crinoids from the Panthalassan realm.
Shallow-marine settings dominate throughout
the Jurassic (35 shallow, five deep), Cretaceous
(29 shallow, one deep), and Paleogene (32 shal-
low, five deep) intervals (SOM_1 and _2). In
these intervals, deep-water occurrences con-
stitute a consistently minor proportion of the
record (3.3-13.5%) and show no significant dif-
ferences among the Jurassic, Cretaceous, and
Paleogene intervals (X test, p = 0.33).

In contrast, the Neogene interval (three shal-
low, four deep) shows a marked increase in the
relative proportion of deep-water occurrences
(57.1%) (Fig. 2), based on Miocene occurrences
only because no records are known from the
Pliocene. When grouped into pre-Neogene
(Jurassic—Paleogene) and Neogene intervals,
shallow and deep occurrences differ signifi-
cantly in their relative proportion (Fisher’s exact
test, p =~ 0.006), corresponding to an approxi-
mately elevenfold increase in the odds of deep-

water occurrences in the Neogene (odds ratio
~ 11.2; 95% confidence intervals ~ 1.7-86.6).
Confidence intervals (95%) for proportions
(see Fig. 2B) were calculated using the Wilson
method. The resulting intervals overlap among
the Jurassic, Cretaceous, and Paleogene inter-
vals, whereas the Neogene shows higher but
more uncertain values.

When all intervals are considered together,
the proportion of deep-water occurrences shows
a marginally nonsignificant increasing tempo-
ral trend (Cochran-Armitage trend test, p ~
0.057). When the analysis is restricted to Juras-
sic—Paleogene intervals, no significant trend is
detected (p =~ 0.91), indicating that the potential
signal is driven primarily by the elevated pro-
portion of deep-water occurrences in the Neo-
gene. Consistent with this pattern, the Neogene
interval shows a significantly higher proportion
of deep-water occurrences relative to the back-
ground proportion observed across the dataset
(binomial test, p ~ 0.003).

Facies types bearing stalked crinoids are
broadly comparable across intervals and are
dominated by shallow-marine siliciclastic and
carbonate shelf deposits (SOM_3). Although
Miocene occurrences in our dataset are restricted
to siliciclastic facies, extensive shallow-marine
carbonate faunal assemblages of Miocene age
are known from the studied regions (SOM_4)
yet do not yield stalked crinoids. The persistence
of shallow-water depositional environments
capable of preserving diverse fossil assem-
blages, together with the broad regional distri-
bution of samples across intervals (SOM_1-4),
therefore, indicates that the observed bathy-
metric pattern of crinoid occurrences cannot be
attributed solely to changes in the availability
of depositional environments.

Overall, the data indicate long-term persis-
tence of shallow-marine occurrences from the
Jurassic through the Paleogene, with no signifi-
cant change in the relative proportion of deep-
water occurrences. The Neogene interval departs
from this pattern, showing a higher relative rep-
resentation of deep-water occurrences, although
its limited sample size warrants a cautious inter-
pretation of the magnitude of this shift.

DISCUSSION

The Panthalassan record documents pro-
longed shallow-marine persistence of stalked
crinoids through the Jurassic, Cretaceous, and
Paleogene, with a possible increase in deep-water
representation emerging only in the Neogene.
Notably, the Cretaceous and Paleogene intervals
are characterized by abundant shallow-marine
occurrences in the Panthalassan realm, yet deep-
water occurrences remain consistently rare.

Deep-marine settings are generally under-
represented in the available onshore rock expo-
sures. However, the relative stability of stalked
crinoid proportions in deep-water settings from
the Jurassic through the Paleogene suggests
that sampling bias alone is unlikely to explain
the observed pattern. Most notably, numerous
Paleogene occurrences are recorded from shal-
low-water deposits, which is inconsistent with
amajor shift toward deep-water habitats during
that interval (Bottjer and Jablonski, 1988). This
pattern contrasts with the earlier Cretaceous—
Eocene shift to deeper-water habitats of stalked
crinoids inferred for the Tethyan realm alone
(Bottjer and Jablonski, 1988), indicating that the
bathymetric restriction of stalked crinoids was
not globally synchronous, but instead regionally
variable and more protracted on a global scale
than previously assumed.
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Figure 2. (A) Relative proportion of deep- and shallow-marine occurrences of post-Paleozoic stalked crinoids grouped into Jurassic, Cretaceous,
Paleogene, and Neogene intervals. Numbers within bars indicate total occurrences per interval. (B) Proportion of deep-water occurrences
with 95% confidence intervals, illustrating uncertainty associated with proportion estimates.
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Cenozoic shallow-water occurrences from
Antarctica, Australia, New Zealand, and South
America (Whittle et al., 2018; this study) indi-
cate the continued presence of stalked cri-
noids in shallow sea environments well after
the Mesozoic Marine Revolution, suggesting
a persistent Southern Hemisphere signal. In
contrast, the sparse European, shallow-water
records (Salamon et al., 2024, 2025) likely rep-
resent isolated relict occurrences rather than a
sustained regional pattern (Bottjer and Jablon-
ski, 1988).

The shallow-water crinoid assemblages
commonly co-occur with potential duropha-
gous predators (Whittle et al., 2018), indicat-
ing that predator presence did not uniformly
result in shallow-water exclusion during this
interval. Escalating durophagy likely played
an important long-term role in shaping crinoid
evolution, as reflected in the modern restriction
of stalked forms to deeper settings that func-
tion as ecological refugia (Oji, 1996; Gorzelak
et al., 2025). However, the Panthalassan data
in particular show that the ecological conse-
quences of this escalation unfolded unevenly
across regions. The transition from shallow- to
predominantly deep-water habitats was there-
fore not a single, globally synchronized event
but a protracted and complex process within the
broader Mesozoic—Cenozoic reorganization of
marine ecosystems (Ameziane and Roux, 1997).
The delayed shift toward deeper-water habitats
in the Panthalassan realm may partly reflect
large-scale geographic differences between
Panthalassa and the Tethyan domain. Panthal-
assa formed a vast open ocean that potentially
offered more environmental refugia in shal-
low settings, whereas the more geographically
restricted Tethyan region was characterized by
extensive shallow-water carbonate platforms
and broad continental shelves (e.g., Kiessling
et al., 2003) that may have facilitated earlier
ecological restructuring, potentially modulated
by regional environmental conditions. In addi-
tion, latitudinal gradients in predation pressure
(Freestone et al., 2021; Ashton et al., 2022) may
have further slowed ecological change in parts
of the Panthalassan realm, although the broad
latitudinal distribution of occurrences (SOM_1)
suggests that such effects were not the primary
driver of the observed pattern.

Together, these findings indicate that the
bathymetric restriction of stalked crinoids was
neither rapid nor globally coordinated. Rather
than marking an abrupt ecological displacement
during the Cretaceous, the deep-sea confine-
ment of stalked forms represents the cumula-
tive outcome of regionally staggered ecological
contraction.

These results indicate that the Panthalassan
record is largely decoupled from patterns pre-
dicted under the Marine Mesozoic Revolution,
given that the bathymetric distribution observed

here cannot be readily explained by increased
predation pressure alone. They underscore the
importance of basin-scale perspectives in evalu-
ating macroevolutionary responses to ecologi-
cal escalation and caution against treating the
Tethyan record as globally representative of
Mesozoic—Cenozoic marine restructuring.
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