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Tube feet are extensions of the echinoderm water vascular
system that play essential roles in feeding and ecology in
living crinoids. However, only a single instance of tube foot
preservation has been described across the 485-million-year
fossil record of crinoids, which limits our understanding of
soft-tissue morphology and functional ecology within this
major clade of echinoderms. Here, we report on the earliest
example of tube feet preserved in the crinoid Dendrocrinus
simcoensis from the Late Ordovician Neuville Lagerstätte
of Québec, Canada. The tube feet are preserved as pyrite
films and exhibit morphology that is broadly similar to
that of extant comatulid crinoids, but with combinations of
length and spacing that differ from those documented in
any extant crinoid. Spacing of tube feet in D. simcoensis is
significantly similar to that inferred for other fossil crinoids
based on ambulacral cover plates, especially other eucladid
crinoids, and reveals a strong relationship between tube
foot spacing, phylogeny and palaeoecology. The unique
combination of tube foot length and spacing in D. simcoensis
suggests this crinoid may have fed with the arms oriented
in a multidirectional or conical posture, unlike most modern
stalked crinoids.
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1. Introduction
The fossil record is overwhelmingly dominated by biomineralized hard parts, but non-mineralized
tissues may be preserved in rare cases. By revealing details of soft tissues that are typically lost
during the fossilization process, instances of exceptional preservation provide important windows
into the anatomy, ecology and evolution of ancient organisms. Soft-tissue preservation is particularly
informative when it occurs in entirely extinct groups that lack modern representatives [1,2] or in
the early members of clades where the preservation of non-mineralized tissues can clarify aspects of
ecology, functional morphology, behaviour, evolution and character acquisition that would otherwise
be impossible to infer from fossilized hard parts or living organisms alone [3,4].

Echinoderms are a major phylum of marine invertebrates with a rich fossil record that ranges from
the Cambrian period to the present day [5,6]. Despite their exceptional abundance and diversity over
more than 500 million years, only a small portion of the echinoderm tree of life is extant, and very
little is known about the soft-tissue anatomy of most fossil echinoderms. The water vascular system
is a critical part of the soft-tissue anatomy of all echinoderms that performs key functions including
movement, respiration and feeding [7,8]. Most of the water vascular system is internal, but perforations
in the ambulacral regions of the skeleton allow tube feet, extensions of the water vascular system, to
penetrate through the skeleton. The anatomy of tube feet varies depending on the specific functions
for which they are used (e.g. [9–12]), which makes them informative for understanding many aspects
of echinoderm ecology and evolution. Because tube feet are rarely preserved, each discovery of these
structures in the fossil record has revealed new information on ancient echinoderms, such as anatomi-
cal and ecological insights [13–15], the nature of the water vascular system in entirely extinct groups
(e.g. edrioasteroids and ophiocistioids [16,17]), affinities of enigmatic taxa [18] and the evolutionary
steps leading to development of crown-group body plans [19].

Within class Crinoidea (sea lilies and feather stars), tube feet play an essential role in feeding as
the primary structures that are used for direct food capture during passive suspension filter feeding
[20,21]. In extant crinoids, tube feet exhibit variations in length, width and spacing that reflect aspects
of environmental conditions and feeding posture [9,12]. However, across the thousands of crinoid
species known from the fossil record, only a single example of tube foot preservation has been
recognized [14], which limits our understanding of feeding mechanics and anatomy in extinct crinoids.

Here, we report the oldest evidence of tube feet in the crinoid fossil record from newly discovered
specimens of Dendrocrinus simcoensis Wright et al. 2019 [22] collected from the Upper Ordovician (Katian)
Neuville Lagerstätte of Québec, Canada (approx. 452 Ma). The occurrence of tube feet in an Ordovician
fossil provides a rare opportunity to document the soft-tissue anatomy and palaeobiology of extinct
crinoids. Based on its phylogenetic position within total-group Crinoidea [23], this species is confidently
assigned to the Eucladida, a major clade that includes both crown-group crinoids (superorder Articulata)
and their closest Palaeozoic stem groups [24]. Comparative analysis of the tube feet anatomy of D. simcoensis
with other members of the total-group Crinoidea provides significant, independent support for our
interpretation of these morphological structures as tube feet and reveals new insights into understanding
the feeding ecology and functional diversity of early crinoid communities.

2. Material and methods
2.1. Geologic setting and taphonomy
The Neuville Formation (uppermost Trenton Group) from the Québec City region of Québec, Canada,
preserves a diverse but sparsely distributed Upper Ordovician (early Katian) fauna that includes
echinoderms, trilobites, brachiopods, bryozoans, conulariids, graptolites and other typical Lower
Palaeozoic marine invertebrates [25–29]. The unit is composed of argillaceous and micritic limestones
with thin interbedded shales and is interpreted to have been deposited in a deep carbonate ramp
setting with minimal storm influence [26]. Black shales dominate at some locations, such as the
Saint-Joachim Quarry (approx. 3 km northeast of Beaupré, Québec) that exposes the upper Grondines
Member of the Neuville Formation [25,26]. Several fossil medusozoan cnidarians have been described
from the Saint-Joachim Quarry that exhibit Burgess Shale-type preservation of soft tissues through
carbon impressions [29], which has led to its recognition as a Konservat-Lagerstätte. Other fossils from
the Saint-Joachim Quarry commonly exhibit pyritization, but to date, soft-tissue preservation has not
been described in other taxa from this or any other locality within the Neuville Lagerstätte.
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Echinoderms have primarily been recovered from the upper Grondines Member of the Neuville
Lagerstätte. The Neuville echinoderm fauna is dominated by crinoids, but also includes rhombiferans,
solutes, stylophorans, cyclocystoids, asterozoans and paracrinoids [28,30]. The deep-water setting
of the Neuville Formation promoted the preservation of fully articulated echinoderms, with many
specimens preserving complete columns, holdfasts and feeding structures. Although the majority of
echinoderm specimens are preserved as original calcite, many also exhibit partial pyritization that
ranges from minor to nearly complete replacement by pyrite. Disseminated pyrite is also common
throughout the surrounding matrix in horizons where pyrite replacement of fossils occurs.

2.2. Fossil material and imaging
The most significant collection of fossil material from the Neuville Formation is housed at the
Musée de paléontologie et de l’évolution (MPE) in Montréal, Québec, Canada. During a survey of
the crinoids in this collection, two specimens of D. simcoensis Wright et al. 2019 [22] (MPEP700.56a
and MPEP700.56b) from the Saint-Joachim Quarry (Neuville Formation, Grondines Member) were
identified that exhibit soft-tissue preservation of the tube feet through partial pyritization. These
specimens were prepared prior to donation to the MPE using air abrasion. Specimens were photo-
graphed under alcohol, and tube foot measurements were taken from photographs using ImageJ.
Interpretive diagrams were drawn using a camera lucida and photo tracings to better visualize
the anatomy of the preserved tube feet. Although geochemical methods such as scanning electron
microscope (SEM) imaging or X-ray fluorescence (XRF) can further confirm the presence of pyrite
versus calcite in soft-tissue preservation (e.g. [31,32]), it was deemed unnecessary to employ these
methods here, given the clear distinction between calcite and pyrite material based on textural
relationships and optical properties observed under microscopy.

2.3. Comparative study of tube feet in fossil and living crinoids
A comparative study was conducted to evaluate the tube foot anatomy of D. simcoensis compared with
that of other living and fossil crinoids. Data for tube foot length (in mm) and spacing (in mm−1, the
number of tube feet per 1 mm) were collected for D. simcoensis and for the Lower Devonian crinoid
Codiacrinus schultzei Follmann 1877 [33], which is the only other known fossil crinoid that preserves
tube feet [14].

To compare tube foot anatomy of fossil taxa with extant species, we conducted a survey of
published literature and identified publications from which data on the length and/or spacing of
extant crinoid tube feet could be compiled from reported values and photographs [9,12,34]. Meyer
[9] presented data for tube foot length and spacing for comatulid crinoids from Lizard Island (Great
Barrier Reef, Australia) and Palau Islands. Because some species were sampled at both localities, we
calculated mean values for tube feet measurements of these species. Messing et al. [12] documented
an approximate tube foot length of 2.0 mm in a stalked, deep-sea hyocrinid (Hyocrinidae sp.) but did
not document tube foot spacing or width or include photographs from which these data could be
collected. Byrne & Fontaine [34] reported the mean primary tube foot length in Florometra serratissima
but did not report tube foot spacing. To add tube foot spacing data for this species, we collected novel
measurement data from a scaled photograph of pinnules with tube feet from Byrne & Fontaine [34, fig.
4], which were used to calculate mean tube foot length and spacing. A total of 17 extant crinoid species
were included in the final dataset, of which 16 included tube foot spacing data and all included tube
foot length data (electronic supplementary material, table S1 [35]).

Although tube foot anatomy is not directly preserved in other known fossil specimens, Brower [36]
proposed a model to infer tube foot spacing based on the configuration of associated ambulacral cover
plates and inferred tube foot spacing distributions for 15 extinct species spanning major subclades of
Ordovician taxa. To evaluate how values of tube foot spacing measured from D. simcoensis specimens
compare with other members of the total-group Crinoidea, we used simple Gaussian modelling to
generate tube foot spacing distributions for subclades based on the mean and standard deviation of
tube foot spacing measurements in fossil (n = 16) and extant (n = 16) taxa. Measurements for tube foot
spacing were gathered from our literature compilation of extant species and Brower’s [36] inferred
values for fossil taxa. Data were analysed and visualized in R v. 4.3.1 using custom scripts and the base
R MASS package [37] to evaluate patterns of morphological variation in tube feet of fossil and living
crinoids. Additional analytical details are outlined in the R script that is provided in the electronic
supplementary material [35].
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3. Results
3.1. Description
The skeletal morphology of D. simcoensis was previously described in detail [22], so this description
focuses on the new details of soft-tissue anatomy and associated features that can be observed in the
Neuville Formation specimens. The two specimens of D. simcoensis are preserved adjacent to each other
on a single bedding surface in association with three partially complete solute echinoderms (figure 1a).
Both D. simcoensis specimens consist of small, crushed calyces with partial arms and stems. The calyx
of MPEP700.56b is 3.7 mm high and 3.3 mm wide with a maximum arm length of 14.9 mm. The calyx
of MPEP700.56a is crushed but of a similar size, with a maximum complete arm length of 17.9 mm.
Tube feet are best preserved along two of the medial to distal arms of MPEP700.56a (figure 1b) and one
of the medial to distal arms of MPEP700.56b (figure 1f). Additional structures are present on some of
the other arms of both specimens that may be tube feet, but they are very poorly defined or indistinct
due to heavy pyritization.

The tube feet are essentially indistinguishable from the surrounding matrix when observed or
photographed dry under direct light. Under strongly angled light, the tube feet are visible as reflective,
slightly raised structures that are similar in colour and texture to the surrounding matrix (figure 1c).
When immersed in alcohol, the preservation of tube feet by pyrite is apparent due to increased contrast
between pyritized structures and the surrounding matrix, and the boundaries of most tube feet are
more distinctive. However, extensive pyritization obscures details of the tube feet in some instances
(e.g. figure 1d). As a result, tube feet are best viewed using a combination of different lighting angles
and immersion in alcohol versus dry photography.

The best-preserved tube feet project from the secundibrachials and tertibrachials in both specimens.
Each tube foot consists of a short, smooth structure with a bluntly rounded tip (figure 1c,e,g,h). Tube
feet of D. simcoensis average 0.41 mm long and 0.15 mm wide in MPEP700.56a (n = 17) and 0.48 mm
long and 0.16 mm wide in MPEP700.56b (n = 9) for an overall mean tube foot size of 0.45 mm long and
0.15 mm wide. Spacing of tube feet is approximately 4 mm−1 in both MPEP700.56a and MPEP700.56b.
Each brachial plate of the arms corresponds to two pairs of tube feet.

In both specimens, additional structures are preserved adjacent to some parts of the arms that
superficially resemble tube feet (figure 1a,f,i,j). However, submersion in alcohol reveals that these
features are preserved as calcite plates rather than pyrite films (e.g. figure 1j). As a result, these
structures are interpreted as partially disarticulated biserial ambulacral cover plates rather than tube
feet. This interpretation is further supported by the fact that these plates are substantially larger and
have more equant dimensions than the tube feet (mean width = 0.39 mm, mean length = 0.41 mm), and
in MPEP700.56a, they are roughly divided into two columns of plates (figure 1i), which is consistent
with the typical morphology and biserial arrangement of crinoid cover plates.

3.2. Comparative anatomy
In all living crinoids, tube feet occur in groups of three, called podial triplets, that flank the ambulacra. The
primary tube feet are the longest within each triplet and are used for particle capture, whereas the shorter
secondary and tertiary tube feet are used to transfer particles down the ambulacra and compact them
into boluses, respectively [20]. Due to their small size, the secondary and tertiary tube feet are typically
not visible in living crinoids unless examined under a microscope and thus are not expected to be readily
detectable in fossil specimens. Surveys of modern crinoids have shown that primary tube foot length,
width and spacing are variable across modern species. Tube foot length ranges from approximately
0.45–0.9 mm in unstalked feather stars from order Comatulida and up to at least 2 mm in stalked crinoids
from the order Hyocrinida [9,12,34]. Although tube foot spacing has not been well-documented for living
stalked crinoids in the literature, comatulids show variable spacing, with mean values between 4.59 and
9.49 tube feet per mm [9].

A specimen of the Lower Devonian crinoid C. schultzei preserves three partial tube feet that are at
least 7.0 mm in length [14] and approximately 1.4 mm wide. These structures are substantially longer
than the tube feet documented in D. simcoensis or in any living crinoids. The bases of the tube feet are
obscured, but spacing is approximately 0.3 mm−1, which reflects the large size of the tube feet.

Other than C. schultzei and the specimens of D. simcoensis documented here, no other fossil crinoids
have been identified that preserve tube feet, which limits the data available for tube foot length.
However, Brower [36] inferred the spacing of primary tube feet in fossil taxa based on the arrangement
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of ambulacral cover plates that cover the food grooves of the arms. In this model, each cover plate is
assumed to correspond to one podial triplet, which is consistent with the configuration observed in
extant crinoids [38]. In the fossil species sampled, inferred tube foot spacing ranges from 2.24 to 13.70
mm−1, which reveals that spacing is much more variable across fossil taxa compared with spacing in
extant comatulid crinoids (figure 2a). Tube foot spacing in fossil species also shows a close relationship
with clade membership across crinoid phylogeny, where mean spacing is closest in camerate crinoids,
widest in porocrinoids and intermediate in disparids and eucladids. Tube foot spacing measured from
D. simcoensis specimens falls within the theoretical distribution predicted for fossil Eucladida (figure
2b) but is significantly outside the distributions for all other crinoid subclades (electronic supplemen-
tary material, table S2 [35]).

4. Discussion
4.1. Tube foot interpretations and comparative anatomy
Preservational differences provide one major line of evidence that supports the interpretation of
these structures as crinoid tube feet. The soft tissues that make up the tube feet are preserved as
slightly raised, lightly pyritized structures, whereas biomineralized skeletal elements of the crinoid
are preserved as calcite. Calcite structures interpreted as cover plates exhibit these preservational
differences and also have different dimensions compared with the tube feet.

Figure 1. Dendrocrinus simcoensis photographs taken under alcohol (a, b, e, f, h, i) or dry (c) and interpretive diagrams of tube feet
(d, g). (a) MPEP700.56a (left specimen) and MPEP700.56b (right specimen), noting the location of arms bearing tube feet, cover
plates and associated solutes. (b) Arms of MPEP700.56b showing the location of tube feet. (c) Close-up of tube feet on MPEP700.56b
photographed dry. (d) Close-up of tube feet on MPEP700.56b photographed under alcohol. (e) Interpretive drawing of tube feet
preserved in MPEP700.56b. (f) Arms of MPEP700.56 a showing the location of tube feet and cover plates. (g) Close-up of tube feet
on MPEP700.56a. (h) Interpretive drawing of tube feet preserved in MPEP700.56a. (i) Biserial column of ambulacral cover plates
preserved in MPEP700.56a. (j) Ambulacral cover plates preserved in MPEP700.56b. Abbreviations: T, tube feet; CP, cover plates; S,
solutes. Scale bars: (a) is 1 cm; (b–j) are 1 mm.
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A second major line of evidence that these structures are tube feet relates to their overall morphol-
ogy and measurements compared with tube feet of other fossil and extant crinoids. Tube foot length
and spacing in D. simcoensis are consistent with previously documented measurements for tube feet
in extant crinoids [9,34], as well as inferred tube foot spacing in fossil crinoids [36]. Compared with
extant crinoids for which both length and spacing data are available, D. simcoensis tube feet have
the same spacing as F. seratissima A.H. Clark 1907 [39] (4 mm−1) and the same length as Himerometra
robustipinna Carpenter 1881 [40] (0.45 mm), which has the shortest tube feet of the extant crinoids
sampled (electronic supplementary material, figure S1 [35]). The short tube feet of D. simcoensis may be
attributed to several possible factors, including the very small size of both D. simcoensis specimens as
well as substantial differences in the overall structure of the arms and filtration fan (e.g. D. simcoensis is
apinnulate, whereas all living crinoids possess pinnules).

An additional line of evidence supporting these structures as tube feet comes from our comparative
analysis of tube foot spacing in D. simcoensis. Tube foot spacing in D. simcoensis is very consistent
overall with fossil crinoids for which tube foot spacing has been inferred based on cover plates,
which ranges from 2.24 to 13.7 mm−1 in the Ordovician dataset compiled by Brower [36] (figure 2b).
Furthermore, D. simcoensis is taxonomically assigned to the Eucladida based on whole-body skeletal
anatomy, and three of the eucladid species sampled by Brower [36] have tube foot spacing similar
to D. simcoensis (4.59, 4.96 and 5.61 mm−1). In our analysis of tube foot spacing, D. simcoensis falls
within the statistical expectation for Eucladida but is significantly outside the distributions for other
extinct taxa (figure 2b and electronic supplementary material, table S2 [35]). Although it is possible that
fossil species could exhibit morphological variation outside of a subclade’s known distribution, we are
unaware of any bias that could account for a spurious recovery of tube foot spacing measurements
closely matching its expected subclade distribution while also statistically outside the distributions of
other clades (figure 2b).

Given the limited data that are currently available, the breadth of morphological variation in tube
foot anatomy is probably underestimated in both fossil and living crinoids. However, new data from
D. simcoensis suggest that fossil crinoids may exhibit more extensive variation in tube foot morphology
compared with living crinoids. The range of tube foot length in the fossil crinoids C. schultzi (7 mm)
and D. simcoensis (0.45 mm) is much greater than that reported for living crinoids (0.45–2.0 mm), and
tube foot spacing ranges from 0.3 to 13.7 mm−1 in fossil crinoids compared with only 4.0–9.49 mm−1

in living crinoids (figure 2 and electronic supplementary material, figure S2 [35]). The higher morpho-
logical disparity of tube feet in fossil crinoids may reflect a number of differences between fossil and
living crinoids, including variations in arm number, structure and branching [12], tiering height and
the presence or absence of a stalk [41], body size [42] and phylogenetic diversity [24]. Although living
crinoids show extensive variation in the number and branching of arms [12], fossil crinoids show

Figure 2. Distributions of tube foot spacing in extant versus fossil specimens and by clade membership. Tube foot spacing measured
from specimens of the eucladid D. simcoensis is indicated by dashed lines. (a) A comparison of tube foot spacing values measured in
extant crinoid species with inferred values for fossil taxa [36]. (b) Empirically derived Gaussian distributions of tube foot spacing for
major subclades of crinoids. Specimen measurements for D. simcoensis are consistent with the predicted theoretical distribution for
Eucladida taxa but well outside the distributions of other subclades.
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greater variability in arm structure, often within a single fauna (e.g. [36,43]). Additionally, all living
crinoids are pinnulate, whereas fossil lineages include both pinnulate and apinnulate forms; as a result,
apinnulate forms might be expected to have substantial differences in tube foot length and spacing
to accommodate differences in arm morphology. As an example, C. schultzi is a very large, stalked,
apinnulate crinoid from the Devonian with arm morphology that is unlike any living species, which
may explain the unusually large tube feet that it possesses. Finally, all living crinoids belong to a
single superorder, Articulata, whereas the fossil record includes many distantly related, entirely extinct
lineages. Given that tube foot spacing is strongly correlated with taxonomic affinity (figure 2b), the
greater phylogenetic diversity among fossil forms may also contribute to greater tube foot disparity in
the fossil record.

4.2. Ecological implications
Because tube feet play an essential role in feeding, there are several ecological implications for the
discovery of tube feet in D. simcoensis. Meyer [9] established that the length and spacing of tube feet
directly correspond to feeding posture and habitat type in reef-dwelling comatulids. For example,
comatulids with shorter, more closely spaced tube feet live and feed in more exposed areas with
higher flow velocities (i.e. perched on reef prominences) and orient their arms into filtration fans. By
contrast, reef-dwelling comatulids with longer, more widely spaced tube feet are semi-cryptic and live
within the reef infrastructure where lower-energy microhabitats with slower, multidirectional currents
dominate. Arm orientation of these crinoids is multidirectional in order to maximize particle capture
while feeding in weak currents. Non-reef-dwelling comatulids like F. seratissima, which have tube feet
that are widely spaced but intermediate in length [34], also live in environments with low currents,
which suggests wider spacing of tube feet may be an adaptation for low-energy environments. Arm
orientation of F. seratissima shifts from a cone posture when currents are absent to a partial fan
when a measurable current flow is present [9]. Because the tube feet of D. simcoensis are short but
widely spaced compared with other extant crinoids, there is no living analogue that can serve as a
direct ecological model for this species. However, the relationship between wide tube foot spacing
and low-current environments is consistent with the interpretation that the Neuville Formation was
deposited in a deep-water, low-energy environment. This may also suggest that D. simcoensis fed with
the arms oriented in a multidirectional or conical posture, rather than the fan orientations that are
observed in modern stalked crinoids and assumed for most stalked crinoids in the fossil record [12,44].
However, because few studies have linked tube foot morphology to posture and habitat, and tube foot
data for both fossil and extant species are limited, further studies are needed to confidently establish
these relationships. Investigating links between tube foot morphology, habitat parameters and feeding
posture in living crinoids presents a promising avenue for future study that could allow more robust
inferences of ecology in extinct crinoid species.

5. Conclusion
Small, pyritized structures projecting from the arms of two specimens of D. simcoensis from the
Neuville Lagerstätte of Québec (Upper Ordovician, Katian) are interpreted as tube feet and represent
an example of exceptional soft-tissue preservation. These are the earliest known examples of crinoid
tube foot preservation and only the second documented instance of these features preserved in fossil
crinoids. The interpretation of these structures as tube feet is supported by (i) preservational differ-
ences compared with adjacent skeletal features, (ii) morphological differences compared with cover
plates preserved in the same specimens, and (iii) striking similarities in tube foot anatomy compared
with tube foot data from fossil and living crinoids. Comparative analysis of the tube foot anatomy
of D. simcoensis reveals that fossil taxa exhibit much higher morphological disparity of the tube feet
than extant crinoids, and that tube foot spacing is significantly correlated with clade membership.
Relationships between tube foot anatomy, feeding posture and habitat in living crinoids suggest that
D. simcoensis fed using a multidirectional or conical arm posture that was optimized for low-energy
environments. These findings highlight the important role of tube feet in crinoid feeding ecology and
the need for additional studies of living crinoids to further clarify relationships between tube foot
morphology and ecological factors.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
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