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ABSTRACT

Crinoids are one of the few clades on Earth that have both a well-documented fossil
record and extant taxa with a similar morphology. Extant stalked crinoids are morphologically
similar to fossil members from the Mesozoic onward, and provide an excellent study group for
modern to fossil comparisons with the caveat that their deep bathymetric range left them
relatively inaccessible until the last half century. With access to submersible technology, studies
can now address questions from the fossil record, such as why stalked crinoids became restricted
to depths greater than 100 meters, how largely sessile stalked crinoids orient themselves for
feeding or protection, and what physical characteristics are useful to delineate stalked crinoid
species.

Long-term in situ observations, field experiments, and morphological data from a large
population of Democrinus (suborder Bourgueticrinina) off Roatan, Honduras, were used to
explore the ecology, functional morphology, and taxonomy of this stalked crinoid genus. Major
areas of interest in this thesis are assessing predation as a causal factor in the bathymetric
restriction of stalked crinoids observed in the fossil record, mobility in stalked crinoid clades,
and a general assessment of the taxonomy of modern Democrinus.

The post-Mesozoic bathymetric range restriction of stalked crinoids has long been
attributed to an increase in predation intensity during the Mesozoic Marine Revolution. If
predation was a determining cause, then we would expect to see that reflected in the intensity of
predation on extant crinoids across bathymetric ranges. Stalked crinoids, limited to bathyal

environments should encounter predators less frequently, and thus, face a lower predation
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intensity than feather stars found in shallow water environments. Documentation of predation
intensity in the Roatan Democrinus population revealed that individuals encounter predators
nearly 60 times less often than reported previously for shallow-water feather stars, confirming
that the predation intensity is much lower at greater depths.

Other stalked crinoids, i.e., isocrinids, are now known to be able to crawl and relocate,
but this ability may be morphologically limited. Individuals from the population of Democrinus
were dislodged, observed, and no individual was found to relocate from its original placement.
However, all dislodged individuals regained a vertical upright posture, something previously
thought impossible because of the absence of muscle in their stalk. Quantitative assessment of
four biomechanical models showed that all were insufficient as the mechanism by which
Democrinus might regain a vertical posture; it is likely instead that the tissues of the ligaments
within the stalks have a contractile ability, even in the absence of muscle.

Examination of submersible-collected specimens from the Roatdn Democrinus
population and comparison to over 350 existing specimens, photographs, and drawings of known
Democrinus species revealed significant differences in the Roatan population, which is
designated a new species accordingly. This study also more precisely define certain features of
the cup and brachials, and establishes that the attachment structure, is likely associated with
environment rather than phylogeny. This assessment of defining characteristics was used to
amend the diagnosis for the genus Democrinus and the species D. rawsonii, and has implications
for the reassessment of other extant and fossil species.

Injury and regeneration rates cannot be determined from a static fossil, nor can fossil

organisms’ responses to challenges, such as changing currents, be observed. Thus, studying
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extant crinoids to investigate aspects of their ecology, morphology and evolutionary history

provides insights inaccessible from the fossil record.
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CHAPTERII Introduction

Thought of by the broader public as almost exclusively working with fossils, paleontologists, in
fact, often incorporate data from living organisms. Research on living organisms offers
significant benefits when addressing questions that fossil data cannot answer fully, including
aspects of soft tissues, functional morphology, ecology, behavior, and more. Scientists who study
taxonomic groups with excellent fossil records and living analogs, such as some Crinoidea
(Echinodermata), have a long tradition of combining modern and fossil data to answer such
questions. However, that tradition has not come without challenges that we have begun to
overcome only recently.

The stalked, flower-eques organisms abundant in the Paleozoic, remains the
representation of crinoids envisioned commonly. Decimated during the Permian-Triassic
extinction event, crinoids never reached the same level of abundance subsequently. However, the
surviving lineage radiated, attained a comparable morphological diversity, expanded into new
ecological niches, and is still thriving in today’s oceans (Simms 1988, Foote 1999, Hess et al.
2011). Post-Paleozoic stalked crinoids, including the extant taxa, resemble their ancestors, with a
crown raised above the bottom by a distinctive long, slender stalk composed of stacked
columnals, which is attached at its distal end to the substrate with either an anchoring structure
(Figure I.1 A) or flexible appendages referred to as cirri (Figure 1.1 A). The crown itself consists
of a sub-spherical theca (Figure 1.2 B) and 5 feather-like rays that often branch multiple times
and radiate outwards (Figure I.1 A, 1.2 A). These rays (or arms) give the stalked crinoids their

well-known flower-like appearance.



Although stalked crinoids are dominant as fossils and still extant, the crinoids seen most
often today, the feather stars, lack the archetypal crinoid stalk (Figure 1.1 B). Unlike stalked
crinoids, feather stars shed their stalks as juveniles, become free-living, and often exhibit high
levels of mobility. While feather stars appeared comparatively late in crinoid evolution (Late
Triassic), they have become highly successful and represent approximately 85% of extant crinoid
species (Hess et al. 2011). All feather stars can crawl, and some groups can even swim,
behaviors credited with their evolutionary and ecological success (Meyer and Macurda 1977,
Vermeij 1977, Meyer 1985, Roux 1987, Shaw and Fontaine 1990). Feather stars can be observed
or collected easily by snorkeling, diving using a self-contained underwater breathing apparatus
(SCUBA), and, in some cases, by standing in ankle-deep water (Clark 1915, Hess et al. 2011). In
sharp contrast, stalked crinoids are less abundant, less diverse, and, importantly, found only at
depths greater than 100 meters today (Meyer and Macurda 1977, Oji 1996). Consequently, extant
crinoid studies have focused predominantly on feather stars.

A great deal has been learned about various aspects of crinoid biology from studies of
extant feather stars, but given that they lack a stalk, using them as an analog for stalked crinoids,
which represent the overwhelming majority of crinoids in the geological past, has significant
limitations. The stalk is thought to play a critical role in various aspects of crinoid ecology,
which may be the primary reason for the minimal attention that feather stars have received from
paleontologists, particularly those who focused on paleoecology, until well into the 20" century
(Meyer and Macurda 1977, Ausich and Kammer 2001). Although there are many living crinoids
that retain their stalk as adults (orders Cyrtocrinida, Hyocrinida, Isocrinida, and suborder

Bourgueticrinina) and the value of studying them to gain paleo-ecological insights has long been



clear, accessing stalked crinoids proved a major challenge to researchers. The will was there, but
the mechanism was not.

For nearly two hundred years after they were first discovered, research on extant stalked
crinoids was limited. As nearly all access was limited to dredging and trawling, a process that
precludes observations that address ecology, functional morphology, growth, and interactions
with other organisms, most of their studies focused on taxonomy, phylogeny, and biogeography.
It was only when submersible technology became accessible to marine science in the late 1960s
and early 1970s that researchers finally had the opportunity to investigate these animals by direct
observation. Unsurprisingly, paleontologists were among the first to study stalked crinoids using
submersibles, and their findings sparked a reevaluation of several long-held assumptions about
stalked crinoid biology and ecology.

In 1972, Macurda and Meyer conducted an extended series of dives in the submersible
Neckton Gamma and observed large populations of stalked crinoids off Jamaica. Their
observations appeared rudimentary, simply a series of photographs that showed various feeding
postures of stalked crinoids (Macurda and Meyer 1974). Nonetheless, these overturned nearly
100 years of suppositions about basic stalked crinoid ecology. They were not, as previously
thought, rheophobic, waiting for food to fall as marine snow passively, with arms outstretched in
a bowl-like fashion. Instead, they lived in current-dominated environments and manipulated their
arms actively to form a “parabolic filtration fan” that maximized the flux water from which
particulate nutrients could be extracted. This led paleontologists to reconsider the life modes of
virtually all fossil crinoids, particularly with respect to feeding postures and the function of the

stalk and the arms.



Submersible expeditions over the next several decades expanded on these initial
observations and illustrated further the value of in situ studies of living stalked crinoids.
Observations of a population of isocrinids off Jamaica and Grand Cayman showed evidence of
relocation and reported active crawling on the part of one specimen (Messing et al. 1988),
upending the long-held general opinion that all stalked crinoids were sessile. Later observations
of isocrinids off Grand Bahama showed that the speed with which they crawl was rapid enough
to allow escape from certain benthic predators, an advantage attributed previously only to feather
stars (Baumiller and Messing 2007). Even more remarkable, the maximum recorded speed, ~10
mm/s, is faster than the maximum crawling speed reported for some shallow water feather stars
(Clark 1915, Meyer et al. 1984). These findings spurred more consideration of the hypothesis
that feather star mobility gave them an advantage in avoiding benthic predators and led to their
continued presence in shallow waters above 100 m while stalked crinoids disappeared.

The hypothesis linking feather star mobility, predation, and their success in Recent
oceans was itself influenced by deep-sea observations. Work on feather stars beginning in the
1960s had indicated already that the widely accepted idea that crinoids were distasteful and not
subject to predation (Clark 1915) might need to be reconsidered (Fishelson 1966). This work
contributed to the hypothesis that the disappearance of stalked crinoids above 100 m during the
Cenozoic could be attributed to changes in predation intensity (Meyer and Macurda 1977). The
newly begun submersible studies contributed significantly to the growing discussion on
predation, particularly in the context of this hypothesis. Observations of direct fish predation on
bathyal stalked crinoids (Conan et al. 1981) preceded documentation of such attacks on feather
stars (Meyer et al. 1984). Studies of stalked crinoid arm injuries across a depth gradient (e.g., Oji

1996) showed decreasing frequencies of injuries with increasing depth, consistent with the



hypothesis that high predation intensity may determine the restriction of stalked crinoids to
greater depths (Meyer and Macurda 1977, Roux 1987, Bottjer and Jablonski 1998, Oji 1996,
Baumiller 2008).

Extant stalked crinoids also provided evidence that predation, rather than abiotic
conditions, causes crinoid arm injuries most often, as collecting stalked crinoids by suction rarely
resulted in crown or arm loss, even when this was done vigorously and crown first (Oji 1996,
personal observations), indicating their robustness to physical perturbation. /n vitro studies on
collected isocrinids that demonstrated that grasping the arms with forceps did not induce arm
autotomy, while simulating a fish nip using scissors did supported predation as the cause of
injuries further (Oji and Okamato 1994). Experiments showed that certain extreme abiotic
conditions lead to arm loss, but crinoids in natural settings are unlikely to experience such
extremes (Baumiller 2003). Viewing arm injuries from this perspective led to the increasing use
of regenerated arms as proxies for predation prevalence and incidence, both in living (see Oji
2015 for a recent review) and fossil crinoids (see Gahn and Baumiller 2010 for an overview).

Submersible research led to further advances in understanding benthic predator and
crinoid interactions. Several studies recorded direct evidence of benthic predators feeding on
stalked crinoids (Baumiller et al. 2000, Baumiller et al. 2008, Bowden et al. 2011), while
evidence of predation on deep-water feather stars, although compelling, remains indirect
(Stevenson et al. 2017) despite decades of more observation. Sediment samples from sites where
interactions between stalked crinoids and sea urchins had been observed (Baumiller et al. 2008)
and the remains of isocrinids fed to sea urchins in aquaria (Baumiller et al. 2010) revealed
echinoid predation traces on crinoid skeletal elements; such traces were found subsequently to

extend back as far as the Triassic (Baumiller et al. 2010, Gorzelak et al. 2012).



The full list of discoveries facilitated and their effect on our understanding of crinoids
and their evolutionary history is too long to recount reasonably in detail for this dissertation.
Direct observation and studies on undamaged specimens collected during submersible
expeditions have expanded our understanding in such areas as taphonomy, biogeography,
taxonomy, histology, and functional morphology, among others. Even more exciting is that these
studies represent only the first steps in deep-sea crinoid research. While the early expeditions, in
addition to the collection of specimens, involved observations carried out over very short periods
of time, and provided only “snapshots” of the organisms (e.g., Macurda and Meyer 1974), over
the past several decades, long-term, longitudinal studies began to be employed (Messing et al.
1988, David et al. 1998, Messing et al. 2007). The latter are logistically more difficult and,
generally, much more expensive than single visits; thus, their use has been limited. The presence
of a permanently based, manned submersible, the /dabel (Roatan Institute of Deepsea
Exploration), with quick and convenient access to multiple stalked crinoid populations off Isla
Roatan, Honduras, presented an excellent opportunity to carry out longitudinal, multi-year
studies at a reasonable cost. In this dissertation, I report the results of several such studies of the
stalked crinoids, Democrinus sp. (Perrier 1883) (Figure 1.2). The results are based upon data
collected over 2.5 years and 8 expeditions and the topics addressed include arm regeneration,
biotic interactions, physiological responses to experimental manipulation, and taxonomy.

Chapter II explores crinoid predation. Predation intensity has been associated with
several ecological changes in evolutionary history of crinoids, including the disappearance of
stalked crinoids in depths above 100 m during the Cenozoic because of increased predation
intensity associated with the radiation of predators during the Mesozoic Marine Revolution

(MMR) (Vermeij 1977). Work conducted on stalked isocrinids off Japan demonstrated



decreasing frequencies of arm regeneration with increasing depth, adding credence to the
hypothesis that crinoids at greater depths experience fewer encounters with predators than those
found at shallower depths (Oji 1996). While Oji’s study supported the MMR hypothesis, other
studies reported that the prevalence of injuries in stalked crinoids (specifically the Democrinus
sp. off Roatan) was of similar magnitude to that in several shallow water feather stars (Paschell
and Water 2017).

These conflicting results are likely a consequence of the methodology used. Other than a
single study by Syverson et al. (2014), previous work quantifying predation on stalked crinoids
has been limited to documenting injury frequency (prevalence) based upon cross-sectional data
collected during a single expedition. However, injury prevalence is an imperfect proxy for
predation intensity, particularly for organisms like crinoids that sustain ephemeral arm injuries
(Baumiller and Gahn 2013, Baumiller 2013b). In crinoids, the prevalence of injuries at any given
moment is dictated by both the rate at which injuries are incurred in a population and the rate at
which they disappear (by complete regeneration of an arm). To understand the predation
intensity on crinoids fully, data across multiple visits, i.e., longitudinal data, are needed. By
monitoring the population of Democrinus sp. off Roatan over several years, two longitudinal
approaches were used to quantify predation intensity on the extant, deep-water, stalked crinoid,
Democrinus sp.: (1) Absolute injuries, where injuries were estimated by counting individuals
with decreased arm length between individuals, and (2) projected expected length, where injuries
were estimated by counting the number of individuals with arms shorter than expected from the
average rates of regeneration. The results indicated that the stalked Democrinus sp. does

experience much lower predation intensity than crinoids living in shallow water and reinforces



the importance of considering time scales when investigating predation intensity in living crinoid
populations.

Chapter III investigates the mobility potential of Democrinus sp. as a representative of
the stalked Bourgueticrinidae (order Comatulida). As mentioned previously, submersible work
over the past several decades has shown that stalked isocrinids (order Isocrinida) are not
necessarily permanently sessile, as was long believed (Messing et al. 1988, Baumiller and
Messing 2007). However, their active locomotion may be limited only to them because of their
unique morphology, specifically the presence of cirri that allow them to return to an upright,
feeding posture, articulations in the stalk specialized for autotomy, and the absence of a
permanent holdfast that facilitates detachment from the substrate (Figure 1.1 A). In contrast,
stalked Bourgueticrinidae have a substantially different morphology, and they possess no
obvious method to detach from the substrate. Their stalks terminate in a permanent holdfast of
either several columnals with branching dendritic rootlets that anchor the animal in soft
sediments (Figure 1.2 A), or a disk cemented to the substrate. They also lack the specialized
articulation for stalk autonomy, as they have columnal articulation characterized by a fulcral
ridge along the longer diameter of the facet with deep ligamentary pits on either side (Figure 1.2
C). In addition, if a Bourgueticrinidae could detach from the substrate, the lack of cirri along the
stalk would leave them without a known method to reestablish an upright posture. Thus,
Bourgueticrinidae morphology reinforces the general belief that Democrinus sp. is permanently
sessile rather than mobile like feather stars and isocrinids.

Manipulations and experiments carried out on Democrinus sp. in situ were used to test
this assumption. The behavior of experimentally dislodged Democrinus sp. observed supported

the speculation that it does not locomote actively, as none of the specimens dislodged moved



from their original location over the course of the 2.5 years of study. However, unexpectedly,
they did not remain prone on the substrate; instead, all dislodged individuals regained an upright
posture. The mechanism by which this was accomplished presents a puzzle because, like all
stalked crinoids, Democrinus sp. lack muscles in their stalk (Grimmer et al. 1984b). Chapter 111
outlines several potential mechanisms and biomechanical models used to interpret this behavior,
including the crinoid using its crown as a kite to generate lift (Baumiller 1992) or engaging in
rapid arm movement to generate thrust like swimming crinoids (Janevski and Baumiller 2010).
Both the qualitative and quantitative data indicated that none of those mechanisms suffices to
explain the behavior observed. We argue that the re-establishment of posture may involve active
contraction of the Mutable Collagenous Tissue (MCT) found in all echinoderms and investigated
previously in only a few laboratory studies (Birenheide and Motokawa 1996, Birenheide and
Motokawa 1998, Birenheide et al. 2000).

In addition to the in situ studies described above, Chapter IV provides a review of the
taxonomy of the genus Democrinus, with a special focus on specimens of Democrinus collected
in Roatan. Analyses of museum specimens and the literature reveal that most of the Democrinus
species were defined based upon specimens dredged or trawled in the early 1900s. Consequently,
the original species descriptions relied on only a small number of specimens and often on
incomplete specimens. This led to very imprecise, confusing, and often contradictory
characteristic descriptions. A reassessment of the genus was initiated, but given the constraints
COVID-19 imposed, it is not yet complete. What the review makes clear is that the Democrinus
sp. off Roatan is a new species, Democrinus newnamus. In addition, Chapter IV makes several

amendments to D. rawsonii and the genus overall.



Together, these studies expand our understanding of stalked crinoids in the areas of
ecology, taxonomy, and functional morphology. Further, they highlight new approaches possible
only recently accessible due to submersible research and represent only a few of the questions

they can allow us to begin investigating.
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Chapter I Figures

B

Figure I.1: A: A stalked isocrinid attached to a vertical rock face at ~160 m. The differing arm lengths
visible are likely attributable to partial predation. The cirri along its stalk allow it to grasp the substrate at
various points along the stalk. Isocrinids can move by either releasing the cirri or autotomizing the
attached portion of the stalk and pulling its body along behind it with its arms. B: A pair of stalkless
feather stars grasping a glass sponge using terminal cirri. Feather stars can move by releasing these cirri
and using their arms to crawl or swim. Photo taken at ~450 m on May 12, 2016.
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Figure 1.2: A: Whole Democrinus sp. individual with five prominent arm rays. The individual is attached
to loose sediment via a thin, hair-like radix. The stalk lacks any cirri. Scale is 5 cm. B: A close-up of a
conical Democrinus brevis cup shows clear suture lines between the radial and basal plates. Arms remain
attached in this specimen, and appear white, while the cup and first brachial are brown. Scale is 1 mm C:
Synarthrial articulation facet of a bourgueticrinid stalk (Democrinus sp.). The fulcral ridge runs through
the center of the facet, split by deep, figure-8 style ligament pits. Modified from Roux et al 2019. Scale is
1 mm.
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CHAPTER II A “Deeper” Understanding: Low Predation Pressure on the
Stalked Crinoid Democrinus sp. (Echinodermata), in Roatan, Honduras,

Reveals Deep Water as Likely Predation Refuge *
ABSTRACT

Predation has been hypothesized to play a key role in the evolutionary and ecological history of
crinoids. While evidence of predation on crinoids in the form of injuries is common, quantifying
predation intensity, which is critical to test such hypotheses properly, has proven challenging.
Two longitudinal approaches were used here to quantify predation intensity on the extant, deep-
water, stalked crinoid, Democrinus sp.: (1) Absolute injuries, where injuries were estimated by
counting individuals with decreased arm length between them, and (2) projected expected length,
where injuries were estimated by counting the number of individuals that did not meet the
amount of growth expected during the time between two successive observations. These
quantitative estimates are based upon data collected from a manned submersible during
expeditions conducted over a 2-year span. These results indicate that this deep-water crinoid is
subject to much lower predation intensity than are those that live in shallow water, consistent
with (1) an inverse relation between predation intensity and depth, and (2) the hypothesis that for
stalked crinoids, which are unable to cope with high predation intensity, deep water is a

refugium.

* Chapter 2 is published in Bulletin of Marine Science.: Veitch MA and Baumiller TK. 2021. “Low
predation intensity on the stalked crinoid Democrinus sp. (Echinodermata), in Roatan, Honduras,
reveals deep water as likely predation refuge”. Bull Mar Sci. 97(1):107-128
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INTRODUCTION

Predation is thought to have played a central role in the evolutionary and ecological history and it
has been invoked as a determining factor in various morphological, physiological, and behavioral
trends. Examples include changes in spinosity (Signor and Brett 1984, Syverson et al. 2018),
calyx plate thickness (Signor and Brett 1984), predation—resistant arm branching patterns (Oji
and Okamoto 1994, Syverson and Baumiller 2014), biochemical defenses (Meyer 1985,
McClintock et al. 1999), gonad position (Lane 1984, Nichols 1994), reproductive strategy
(Nichols 1994), and motility (Meyer and Macurda 1977, Seilacher and Hauff 2004, Baumiller et
al. 2008, Janevski and Baumiller 2010, Gorzelak et al. 2012).

Two particularly well—established patterns, which are also thought to be predation—
related, involve the recent and historical bathymetric distribution of crinoids. In today’s marine
environments, stalked crinoids are restricted to depths greater than 100 m, and only the free-
living feather stars are found in shallower water. However, the distribution patterns found across
the bathymetric gradient today were not always present in the past: The geologic record indicates
that stalked crinoids were common and diverse in shallow-water environments during the
Paleozoic and Mesozoic eras, and the current distribution pattern began to develop sometime in
the Late Mesozoic and increased by the Early Cenozoic (Bottjer and Jablonski 1988, Whittle et
al. 2018). A popular hypothesis associates today’s distribution patterns with an increase in
predation intensity that began with the Mesozoic Marine Revolution (MMR; Meyer and Macurda
1977, Vermeij 1977). According to this hypothesis, stalked crinoids were unable to cope with
increased predation and became restricted over time to greater depths, a predation refugium
(Meyer and Macurda 1977, Oji 1996). In contrast, high diversity and abundance of modern

feather stars in shallow seas has been attributed to their resilience to predation (Oji 1996,
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McClintock et al. 1999, Stanley 2008, Bowden et al. 2011, Gorzelak et al. 2012). Feather star
mobility, behavior, and distastefulness are thought to be essential factors in avoiding fatal attacks
by predators (Meyer and Macurda 1977, Stanley 1977, Vermeij 1977, Mladenov 1983, Meyer
1985, Schneider 1988, McClintock et al. 1999).

However compelling, the hypothesis above has proven challenging to test, in part because
documenting and quantifying crinoid predation is difficult in modern settings and even more so
in the fossil record. The evidence of predation on crinoids used most widely has been the
presence of injuries, specifically arm injuries. In both extant and fossil crinoids, regenerating
arms can represent such injuries. Although there are other causes of arm loss, including an
ontogenetic process referred to as augmentative regeneration, in which arm number is increased
by replacing a single shed arm with a pair (Breimer and Lane 1978, Ubaghs 1978), and stress
from rapid environmental change (Roux 1976, Oji and Okamoto 1994, Baumiller 2003, Shibata
and Oji 2003, Mizui and Kikuchi 2013), it is widely accepted that nonlethal predation represents
the primary cause of arm loss (Meyer and Ausich 1983, Mladenov 1983, Meyer 1985, Schneider
1988, Nichols 1994, Baumiller 2008, Gahn and Baumiller 2010, Gorzelak et al. 2012, Syverson
et al. 2014, Stevenson et al. 2017, Baumiller and Stevenson 2018). Predation—induced arm or
pinnule loss has been observed in nature numerous times (Fishelson 1974, Conan et al. 1981,
Meyer et al. 1984, Vail 1987, Schneider 1988, Nichols 1994, Oji 1996, Lawrence 2009, A.
Stevenson, University of British Columbia, pers. Comm.), while environmentally—induced arm
loss has been shown to occur only under extreme levels of stress produced during rare events of
exceptional magnitude (Oji and Okamoto 1994, Baumiller 2003, Baumiller and Gahn 2003,
Mizui and Kikuchi 2013). In addition to injuries to crinoid arms, loss and regeneration of the

visceral mass have been observed (Smith et al. 1981, Meyer 1985, 1988). Injuries to the visceral
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mass tend to be much more extensive and, in feather stars, the rate of regeneration has been
shown to be species-specific (Dolmatov et al. 2020).

The general acceptance of arm injuries as predation—related has led researchers to employ
such injuries as a surrogate to document and quantify predation on crinoids. For example, Oji
(1996) found that the frequency (prevalence) of regenerated arms in Endoxocrinus parrae, an
extant stalked crinoid common in the Caribbean, was lower in populations living above 500 m
than those at greater depths, while Baumiller (2013a) showed that the frequency of injured arms
in the extant feather star, Florometra serratissima (Clark 1907), decreased with depth. While
these two examples used arm injuries to examine bathymetric trends in predation, Aronson et al.
(1997) looked at spatiotemporal changes in predation intensity by comparing injuries in the
Eocene stalked crinoid, Metacrinus fossilis (Rasmussen 1979), apparently associated with
shallow, nearshore environments, to those in the extant deeper dwelling Metacrinus rotundus
(Carpenter and Von Graff 1885), dredged off the coast of Japan. They found that the prevalence
of injuries was significantly less in the former, a pattern the authors interpreted as a consequence
of low predation levels associated with temperature and productivity changes in Antarctica at the
time. However, the pattern can also be interpreted to be consistent with a temporal increase in
predation initiated during the MMR and persisting into the Cenozoic.

One common feature of the studies cited above, and of nearly all other research that has
focused on crinoid injuries as a predation proxy, is that they are cross-sectional, i.e., they use the
frequency, or prevalence, of injuries in a subsample of individuals from a population as a proxy
for predation intensity. For example, a population with a high prevalence of injuries is inferred to
have been subject to greater predation intensity than one with a low prevalence of injuries.

However, such an inference is not always justified. In instances in which interactions can be
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either fatal or lead to injuries that remain detectable throughout life (i.e., scarring in nonfatal
interactions), the prevalence of injuries is not a proxy for the incidence of predatory encounters
(predation intensity), but rather of the probability that the encounter is fatal, also referred to as
predator effectiveness (Schoener 1979). For crinoids, whose arm injuries are ephemeral, it has
been shown theoretically and numerically that the prevalence of injuries represents a balance
between two opposing processes, the rate at which injuries are added to the population
(incidence of injuries) and the rate at which they are removed (regeneration rate; Baumiller
2013a,b, Baumiller and Gahn 2013). Consequently, for taxa with ephemeral injuries, data on
both the prevalence of injuries and their rate of regeneration are needed to estimate predation
intensity (incidences of injuries). Of course, if one assumes that the rate of regeneration does not
vary across the populations that are being compared, the prevalence of injuries can be used to
assess predation intensity qualitatively, but that assumption is rarely tested. Empirical (Baumiller
and Stevenson 2018) and experimental (A. Stevenson, University of British Columbia, pers.
comm.) data for crinoids suggest that while regeneration rates exhibit little variation at lower
taxonomic levels, order of magnitude differences characterize higher taxa (Table 1). Thus, while
cross-sectional data on injury prevalence alone can offer meaningful qualitative insights into
predation intensity at lower taxonomic levels, such as in the three examples cited above (Oji
1996, Aronson et al. 1997, Baumiller 2013a), comparisons that rely on cross-sectional data at
higher taxonomic levels require additional information on rates of regeneration.

Given the challenges above to quantifying predation intensity from injury prevalence in
crinoids, a different approach is worth considering. Recently, a longitudinal study was conducted
to quantify predation intensity on several species of feather stars off Negros Island in the

Southern Philippines (Baumiller and Stevenson 2018). In that study, tagged individuals were
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monitored periodically, which allowed the number of new injuries to be tracked over time, and
the ratio injuries/time was used as a direct estimate of predation intensity
(injuries/individuals*time™). A comparison of the longitudinally derived results to results those
that combined injury prevalence and regeneration rates showed reasonable congruence
(Baumiller and Stevenson 2018). Therefore, longitudinal studies allow for testing predation
intensity across higher taxonomic levels, specifically between deep-water stalked crinoids and
shallow-water feather stars, which is essential to test whether predation intensity is the cause of
the recent bathymetric distribution of crinoids.

This dissertation used Democrinus sp. as the study organism because the taxonomy of the
genus requires revision. The species examined likely belongs to one of two species currently
recognized: D. rawsonii (Pourtales, 1874) or D. conifer (Clark, 1909). However, it is currently
unclear whether several synonymized names, including D. rawsonii, represent valid species or

not.

METHODS

Between May 2012 and December 2017, eight expeditions were conducted in the manned
submersible /dabel (Roatan Institute of Deepsea Exploration) to explore the deep-water crinoid
fauna off Isla Roatan, Honduras. The fauna include members of Comatulida (both feather stars
and stalked Rhizocrinidae), Isocrinida, and Cyrtocrinida. Thousands of small (1520 cm tall)
Democrinus sp. are found on sediment-covered slopes between 200 and 350 m. Here, densities
can approach 9 ind m?. Features of Democrinus sp. relevant to this study include: (1) it is
permanently sessile, anchored in soft sediments by branched radices covering the distal-most
part of its stalk; (2) adults possess five undivided rays, so it does not undergo ontogenetic

autotomy and augmentative regeneration; and (3) numerous specimens of Democrinus sp. off
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Isla Roatan have been observed missing arms entirely or with extremely short arms, indicative of
predatory injuries (Veitch et al. 2016, Paschall and Waters 2017).

Idabel can accommodate a pilot and two observers, the latter in an observation
compartment with a 76 cm diameter viewport. The two observers used interior digital video and
SLR cameras with synchronized exterior strobes to capture images of Democrinus sp. with scale
provided by a pair of externally fixed lasers set 10 cm apart, and a laserbox with three lasers each
set 2 cm apart, mounted inside the sub on its flat, bottom port. Images with scale were used to
measure arm length and stalk diameter of Democrinus sp. using Adobe Photoshop C6 with
vectors calibrated to laser scales. The use of lasers for scale requires that they be projected onto
an individual’s crown and that all parts of each arm are positioned in the same plane. This is a
difficult task, given that Democrinus sp. only has five short arms that sometimes curl inwards or
outwards at the tips (depending upon feeding position). In most of the Democrinus sp. imaged,
the lasers appear not on the crown, but on the sediment-covered bottom some distance away,
preventing using the lasers as an accurate scale for those individuals. To increase the sample size
of individuals measured accurately, we developed a scale by measuring stalk diameters of
several collected Democrinus sp. specimens with digital calipers in the lab. These measurements
revealed little variability in the diameter of the stalk [mean diameter 0.18 cm (SD 0.03), n= 7],
even for individuals with different stalk and arm lengths. The mean diameters measured in the
lab were statistically indistinguishable from the laser—calibrated measurements [mean diameter
0.19 cm (SD 0.04), n = 53]. Thus, we used the stalk diameter as a proxy to obtain arm length
when laser scales could not be used reliably.

Measurements of Democrinus sp. stalk lengths from videos and photos were also

obtained using the same approach described above. However, all stalk measurements
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underrepresent true stalk lengths, as Democrinus sp. lives with the radix bearing, distal-most part
of its stalk rooted in soft sediment, so a portion of the stalk is often buried in the sediment
(Figure II.1). Consequently, for many specimens, the only part of the stalk that can be measured
from videos and photos is the exposed length from the substrate to the base of the crown. Even
this visible portion is difficult to measure accurately because it is generally arcing and rarely
equidistant/coplanar with the picture plane. These constraints prevented uniformly accurate
measurements of stalk lengths.

This longitudinal study was conducted at a semi-permanent, well-marked site at a depth
of 240 m, where deployed float markers and natural landmarks facilitated the detailed mapping
of the position of 63 Democrinus sp. individuals (Figures I1.3 and 11.4). The site was visited and
the specimens were censused four times: November 2015; May 2016; December 2016, and
December 2017. During each census visit, photos and videos were taken of the area delimited by
the markers (Figures I1.3 and I1.4), and each individual’s arms lengths were measured as
described above. Because image quality was not sufficiently high in some instances, we acquired
accurate measurements of only 39 individuals (n = 24 individuals measured across all four
census visits and n = 15 across either two or three visits).

The bottom temperature was recorded every 30 min from May 2016 to December 2017
using a Hobo Tidbit v2 Temperature Data Logger (0.2 C accuracy), and the data were
downloaded using HoboWare software. Detecting injuries in Democrinus sp. required a different
approach than is used with feather stars and isocrinids. In the latter two taxa, an injury affects
only one or several arms per event and rarely the entire length of an individual’s arm. In these
taxa, injuries are recognized by either discontinuity in the size (diameter) of adjacent plates on

one arm or by the anomalously shorter length of the injured arm(s) relative to the individual’s
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other arms. In feather stars and isocrinids, this difference in length persists until the injured arm
is regenerated fully and no longer recognizable. On the other hand, in Democrinus sp., injuries
lead to the loss of all five arms. The underlying mechanism of why Democrinus sp. lose all five
of their arms rather than just one or two is not understood, but in all but a single instance of
Democrinus sp. with missing or regenerating arms, all arms were lost. Moreover, nearly the
entire length of each arm is lost, with only the five first brachials (Brl) remaining (Figure I1.5).
This is likely a consequence of the fact that Democrinus sp. has short arms (approximately 2.6
cm vs. >10 cm for feather stars and isocrinids) with an autotomy-specialized articulation
between brachials 1 and 2 (Brl and 2; Figure I1.5 A, C), while in the generally many—armed
feather stars and isocrinids, each arm can have multiple autotomy articulations. In the latter two
taxa, predatory encounters rarely involve the loss of the entire crown; usually, only a single arm,
or a subset of adjoining arms, is lost, shed at an autotomy articulation near the point of injury
(Oj1 and Okamoto 1994, A. Stevenson, University of British Columbia, pers. comm.). The mode
of arm loss in Democrinus sp. makes it difficult to identify injured individuals accurately, as all
five arms are of the same size (Figure I11.5 A, B). Although extreme close-ups reveal a
discontinuity in the size (diameter) of brachial 1 (Brl) and brachial 2 (Br2; Figure II.5 B) in
injured individuals, such photographs are rarely available. Another approach involves identifying
individuals with anomalously short arms as those that have been injured. The decision about
what constitutes anomalously short arms is arbitrary, ranging from individuals missing all arms
entirely (Veitch et al. 2016) to using a cut—off ratio of arm length to stalk length >1/6 (Paschall
and Waters 2017). The first of these underestimates the number of injured individuals, as it can
includes none with partially regenerated arms, while the use of arm length to stalk length ratios is

unreliable because even if the visible portion of the stalk could be measured accurately from
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videos or photos, for many individuals, the sediment obscures an unknown length. Similarly, the
ratio of arm length to calyx height was not useful, as the latter varied widely among the
specimens collected (1/3—1/9).

The difficulties in detecting injuries in Democrinus sp. above demonstrate that the
accuracy of estimates of their prevalence derived from cross-sectional studies, which rely on
single snapshots of a population, must be questioned. This is much less of a problem in feather
stars and isocrinids, where injuries can be detected until the injured arms regenerate fully. Unlike
cross-sectional studies, longitudinal studies employ a temporal sequence of multiple snapshots of
the same individual. This allows any changes in arm lengths over time to be detected. An
individual with arms that decreased in length between consecutive observations is classified as
having been injured during the interval. Thus, the longitudinal approach is suited particularly
well to studying predation on Democrinus sp., as it avoids the problems associated with injury
detection from a single snapshot.

Injuries counted by taking only arm lengths that decreased between observations were
used as a conservative approach to estimate the total number of injuries. The decrease in length
approach estimated individual predation intensity (i, injuries d ") using the following equation:

i =N/ Xhaz Yozt tinaw — tindv-1) (IL1)
in which N is the number of injuries, and the denominator represents the number of days
between the dates of two successive census visits summed over all sampled individuals, and
where ¢ is the date of the visit (e.g., #1,2 is the value recorded for individual 1 during census 2). To
illustrate, the time span for individual 1 in Table [Tis 752 d (ti2 t1,1 = 175, iz tip =213, tia 13 =
364), while for individual 14, it is 577 d (t142 t141= 0, t143 t1ap = 213, t1a4 t1a3 = 364);the 0 d

value results from the absence of arm length data for individual 14 during census visit 1.
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Although absolute decreases in arm length provide a conservative assessment of injuries,
this approach can underestimate injuries if the monitoring frequency is too low. In such a case,
some injured arms may regenerate sufficiently so that no decrease in length, or even an increase
in length, will be observed. To account for this, we employed a second method: projected
expected length. The estimate of Democrinus sp. regeneration rate obtained by monitoring arm
length over time, can be used to predict the amount of growth expected during the time between
two successive observations. For a given individual, if the observed increase in length between
observations is less than expected, then an injury is inferred to have taken place between census
visits.

To estimate intrinsic arm regeneration rate of Democrinus sp., the rate of change in arm

length was calculated for each individual between successive visits using the following equation:

Lobsingy—LobSindy—1

(11.2)

TTindv—1tov = ( tindv—Ltindp—1
mna,v mnma,v—

in which 77 is the regeneration rate, Lobs is the measured arm length on a given visit, and ¢ is the
date of the visit, with the subscripts as in Equation II.1. Using the arm lengths recorded during
each census visit (Table II.2), regeneration rates were calculated from changes in arm length over
time spans from 6 to 12 months. Note that negative rates correspond to arms that decreased in
length between successive census visits, which indicate injured individuals identified using the
previous approach. Because the intrinsic regeneration rate is positive by definition, including
these negative rates in its estimate would bias the rate downwards. Therefore, only non-negative
rates were used to estimate the mean regeneration rate in this population.

The mean regeneration rate for Democrinus sp. was then used to calculate the projected
expected arm length for each of the monitored individuals on the latter date of two successive

visits. This was accomplished by setting the initial arm length equal to the arm length observed
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on the day of the earlier of the two visits (Lobsindy-1; Table 2.2), and adding to that the expected

change in arm length attributable to regeneration during the time interval to the current visit v:

Lexpingy = LexPingy-1 + ("Mavg) (tindy — tindv—1) (2.3)

The expected arm length, Lexpind,y, on the second of the two successive visits was compared to
the length observed on that visit and instances in which the latter was shorter than expected were
categorized as having suffered an injury sometime between visits v—1 and v.

In addition to the longitudinal data gathered at the 240 m site, cross-sectional data of
Democrinus sp. populations were obtained from photos and videos during the expeditions
mentioned above and four earlier ones (June 2012, June 2013, July 2014, May 2015). All photos
and videos were taken as the submersible moved several meters off the bottom either parallel or
perpendicular to the 180, 200, 230, and 245 m isobaths. These transects primarily provide
information on the presence/absence of Democrinus sp. crowns. However, in instances when the
images included a clear scale, either via lasers or stalk diameter, arm lengths were measured.
These cross-sectional data were available for 205 individuals. The data were both temporally (5
yr. span) and bathymetrically (180—245 m range) heterogeneous. Nevertheless, they provide a
sample of the areas of the Democrinus sp. population that can be compared to the longitudinally

gathered data at the 240 m site.

RESULTS

The census data are presented in Table I1.2. The pooled mean arm length across all census visits
was 2.6 cm (SD 1.5; n = 135). As each individual’s arms may decrease or increase in length
because of injury or regeneration between any two successive visits, each observation of the

same individual was treated as an independent datum in calculating the pooled average. Mean
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arm lengths for each of the four census visits ordered chronologically were 2.1 cm (SD 1.3; n=
35),2.6 cm (SD 1.5;n=34),3.1 cm (SD 1.7; n=36), and 2.3 cm (SD 1.2; n = 30).

These means showed no obvious trend over time. A closer look at the data indicated that
what underlies this observation is a dynamic quasi-equilibrium, with length increases attributable
to growth balanced roughly by decreases attributable to injury. Comparing the length of an
individual’s arms from one visit to the next revealed that the arms lengthened in 52 and
shortened in 39 of the 91 observations (Table 2.2). Using the decrease in length approach, the
estimate of per individual predation intensity on Democrinus sp. was i = 0.0016 injuries d!. A
more intuitive measure of predation intensity is the average waiting time between injuries,
obtained by taking the reciprocal of i. This conservative method estimated that an individual
Democrinus sp. loses arms every 613 d on average (Table 11.3).

As discussed earlier, the decrease in length approach is conservative and provides only a
minimum estimate of injuries. The more realistic estimate uses projected expected length, the
calculated mean regeneration rate for Democrinus sp. [0.008 cm d! (SE 0.0009; n = 52); Figure
I1.6]. Table III shows the injuries inferred and the corresponding predation intensities obtained
using the mean (SE) regeneration rate from Equation 2.2. As the injury count obtained using the
mean regeneration rate must exceed the count based solely upon decreases in length, and given
that the denominator in Equation 2.1 remains the same in both approaches, the expected length
approach results in a higher estimate of predation intensity and consequently shorter waiting
times between arm loss events than the decrease in length approach (Table II.3).

The cross-sectional data for Democrinus sp. populations gathered (n = 205) were
statistically indistinguishable (p = 0.88, KS test; Figure I1.7) from the longitudinal data at the 240

m site (n = 135).
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DISCUSSION

The primary goal of this study was to quantify predation intensity on the deep-water, stalked,
sessile crinoid, Democrinus sp., by focusing on injuries to its arms. Because crinoid arm injuries
are ephemeral and disappear following some interval of regeneration, the prevalence of injuries,
P, in a population represents a balance between the incidence of injuries, i, and the rate at which
they are eliminated through regeneration, 7. Thus, while the prevalence of injuries may be
obtained cross-sectionally from a single snapshot at an instant in time, estimating injury
incidence and regeneration rates requires individuals to be monitored over time via a longitudinal
approach. In this study, 39 individuals of Democrinus sp. observed at a depth of 240 m near Isla
Roatan, Honduras, were surveyed periodically over a 2-year period. The surveys revealed that, at
this site, Democrinus sp. regenerates its arms at an average rate of 0.008 cm d™!' and suffers
injuries with an incidence of approximately 0.0033 d !, equivalent to a waiting time between
injuries of approximately 303 d. Because arm injuries in crinoids are interpreted generally to be
attributable to nonlethal (partial) predation (Meyer and Ausich 1983, Mladenov 1983, Meyer
1985, Schneider 1988, Nichols 1994, Baumiller 2008, Gahn and Baumiller 2010, Syverson et al.
2014, Stevenson et al. 2017, Baumiller and Stevenson 2018), other possible causes of injuries
should be considered before accepting the approximate 0.0033 d ! incidence of injuries as a
measure of predation intensity, particularly because, unlike in feather stars (Fishelson 1974,
Conan et al. 1981, Meyer et al. 1984, Vail 1987, Schneider 1988, Nichols 1994, Oji 1996,
Lawrence 2009, A. Stevenson, University of British Columbia, pers. comm.), predation—related
arm loss in Democrinus sp. has not been observed directly.

Augmentative regeneration (one arm replaced by two or more) does not occur in the five—

armed Democrinus sp., so ontogenetic arm loss cannot explain the data observed. Other plausible
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causes include temperature excursions or high current velocities that could result in trauma and
arm loss. Temperature data were collected every 30 min at the 240 m site from May 2016 to
December 2017 (Figure I1.8) and an average temperature of 16.4 °C was recorded with an
approximate 4 °C range. Daily fluctuations of 12 °C were surprisingly common, suggesting that
Democrinus sp. is habituated to, and not traumatized by, such variations. Although no
comparable temporal sequence of near-bottom current velocity data is available for the 240 m
site, semi-quantitative estimates based upon the movement of suspended particles, as well as the
submersible’s velocity moving against the current under full throttle, allowed rough estimates of
current velocities. Generally, the bottom currents, reflected by movements of suspended particles
at the Democrinus sp. localities, were well below 5 cm s™!, with stronger currents up to 15 cm s™!
rarely observed. However, no evidence of arm loss or other injuries was observed during or
immediately following even the strongest currents observed. To test the effect of stress/trauma
attributable to strong currents further, a 5 cm PVC pipe was attached to the submersible,
powered by its thrusters, and pointed directly at the crown of Democrinus sp. (Figure I1.9). As
the thrusters were turned on, their posture changed abruptly from the normal roughly parabolic
feeding posture, with arms extended perpendicular to the current, aboral-side upstream and arm
tips flexed into the current, to a low—drag posture, with all arms aligned parallel to the flow and
tips facing down—current. A similar postural response has been described previously in other
stalked crinoids subjected to high currents (Baumiller et al. 2008). Importantly, this thruster-
produced flow did not lead to arm loss or any other type of injury. Similarly, when the thrusters
were reversed, which created a suction force strong enough for the crown to be pulled into the

PVC pipe, no arms were injured.
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Given the observations above, it is unlikely that thermal and/or current stress of the
magnitudes observed caused the arm injuries seen in Democrinus sp. Still, because the
temperature sensor was deployed for only part of the study (May 2016, December 2017) and
current velocities were estimated during only a few hours on several days, episodic events
characterized by more extreme environmental fluctuations may have occurred. If such extreme,
episodic events did cause arm loss, and assuming that similar tolerance to stress characterizes all
individuals of a species, such injuries would likely be clustered in time and occur simultaneously
in most individuals. Arm lengths under such a scenario should show a narrow range of values
centered on one or several modes. On the other hand, predatory attacks are unlikely to occur at
the same instant on all prey in a population, so arm loss in the population should be distributed
more or less randomly over time, and arm lengths should show a flat distribution. Computer
simulations (R v. 3.5.3; R Core Team 2019) parameterized with values based upon results from
the 240 m site were used as a heuristic to explore these two scenarios. In each of 1000
simulations, a population of 39 individuals with 2.5 cm long arms was subjected to arm loss
events and arm growth for 10,000 time steps, equivalent to 10,000 days. In each time step, each
individual could lose the entire length of all of its arms with an average probability of 0.0033, as
observed at the 240 m site; injured and uninjured arms grew at the empirically derived rate of
0.008 cm/time step™'. At the end of each simulation, one time step was selected at random from
among the last of the 2000 steps (8001 to 10,000), and the distribution of arm lengths in the 39
individuals in that time step was compared to the arm lengths observed at the 240 m site using
the F—test of equality of variance. For the time-homogeneous scenario (predation), the

probability of injury was stochastically constant (0.0033) in each time step, while for the time—
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inhomogeneous scenario (extreme/rare events), probabilities were modeled after Foote (1994)
using the following expression:

F(i) = e*[In(x)],0<x =1 (11.4)
in which F(i) is the probability that the risk of injury is less than or equal to x and k = 0.0033/(1—
0.0033). The latter expression was chosen because it produces the temporally clustered
distribution of injuries intended and has the same mean probability of injury per time step,
0.0033, as used in the time-homogeneous scenario. In the 1000 time-homogeneous (predation)
simulations, 90% of the distributions were statistically indistinguishable from the data observed
(F—test, p >0.05). In 1000 of the time—inhomogeneous (extreme/rare events) simulations, 89% of
the simulated distributions differed statistically from the data observed (F—test, p <0.05). While
inconclusive, these results favor predation as the cause of Democrinus sp. arm injuries.

The arguments above support the inference that the incidence of arm loss, i, reported
above is equivalent to predation intensity on Democrinus sp. at the 240 m site. If predation
intensity is a driving cause of bathymetric restriction of stalked crinoids, as the MMR suggests, it
is critical to compare these results with shallow-water predation intensity. However, while data
on injury prevalence (number of injuries/total population) in crinoids are relatively common,
data on predation intensity (injuries time™') are rare. To the best of our knowledge, Baumiller and
Stevenson (2018) provided the only longitudinal study of predation intensity on shallow water
crinoids and demonstrated that for the tropical feather stars, Capillaster multiradiatus (Linnaeus
1758) and Clarkcomanthus mirabilis (Rowe et al. 1986), the average waiting time between
injuries is 45-62 d (i = 0.016-0.022 d'!) in nearshore environments (depth 530 m) of Negros
Oriental, The Philippines. This is a dramatically higher incidence of injuries than in Democrinus

sp. at 240 m, and is consistent with the existence of a bathymetric gradient in predation pressure
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on crinoids. Of course, drawing more robust conclusions about the generality of this pattern
requires more data on predation intensity. These can be obtained using an approach described in
detail by Baumiller (2013a,b), Baumiller and Gahn (2013), and Baumiller and Stevenson (2018)
that combines cross-sectional data on injury prevalence (P) with data on regeneration rates (77)

and length of arm lost per event (Lavg), which is summarized by the following equation:

r

i=—In(1-P)(

) (IL5)

-
*Layg

Relevant data for calculating predation intensity using Equation 5 are available for only
three taxa: the feather star, F. serratissima, collected at 1734 m in Barkley Sound, British
Columbia, Canada (p = 0.8; Lavg = 14 cm, 77 = 0.05 cm d!, Mladenov 1983); the isocrinid, M.
rotundus, dredged from depths of 100160 m off the coast of Japan (p = 0.89, Meyer and Oji
1993; Layvg = 13 cm, Carpenter and Von Graff 1885; r#=0.017 cm d™!, Amemiya and Oji 1992)
and the cyrtocrinid, Holopus mikihe, from 430 to 640 m off Isla Roatan, Honduras (p = 0.18; Layg
=4 cm, rr = 0.002 cm d”!, Syverson et al. 2014). Figure 11.10 summarizes the predation
intensities derived longitudinally as well as those for the three taxa listed above using Equation
IL.5 with a equal to 0.5 (1/2 of the average arm length lost per incident). The results reveal a
pronounced bathymetric trend, with increasing crinoid depth correlated with a reduced incidence
of arm injuries (longer waiting time; Figure I1.10). Some of this signal may be because different
prey taxa have different levels of predation resistance. For example, H. mikihe responds to a
tactile stimulus by closing its 10, heavily—calcified arms very quickly into a protective fist-like
posture that might reduce the incidence of injuries (Syverson et al. 2014), and isocrinids can
crawl, perhaps as a way to escape benthic predators (Baumiller and Messing 2007).

Any direct comparison of predation must acknowledge the potential that different

predators prey on shallow-water feather stars and deep-sea stalked crinoids. Certainly, fishes are
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known to prey on shallow-water feather stars (Fishelson 1974, Conan et al. 1981, Meyer et al.
1984, Lawrence 2009, A. Stevenson, University of British Columbia, pers. comm.) and on
stalked isocrinids (Conan et al. 1981). No active predation on Democrinus sp. has been observed,
but injuries involve the crown, not the stalk, which favors nektonic rather than benthic predators.
Either way, there is no evidence currently to suggest that, given an opportunity, predators that
cause injuries to shallow-water feather stars would not do the same to stalked crinoids. In fact,
tests of preference between feather star and isocrinid food pellets presented to fishes showed no
difference (McClintock et al. 1999), although presenting entire isocrinids elicited no aggressive
feeding behavior. Further, the biology of most deep-water stalked crinoids shows little evidence
of strategies that would reduce the incidence of arm injuries attributable to predation. However,
the shallow-water feather stars exhibit such strategies instead (e.g., mobility, behavior, and
distastefulness). Moreover, the interpretation of the gradient as attributable to predators rather
than differences in the prey’s biology is supported by two studies that focused on populations of
a single species, which eliminates the influence of biological differences among taxa as causal to
the incidence of injuries. Both the isocrinid, E. parrae (Oji 1996), and the feather star, F.
serratissima (Baumiller 2013a), showed a decrease in predation intensity with depth. Thus, while
more data will surely reveal the pattern better, the bathymetric trend for crinoids appears general
and robust and is consistent with the hypothesis that predators determine the restriction of stalked
crinoids to deep water.

Finally, it is worth considering the consequences that changes in the incidence of non-
lethal predation on crinoids may have on certain ecologically important traits, such as arm
length. The mean arm length (dimension L) is the ratio of the process that leads to an increase in

its length (regeneration rate, 77, dimension L t!) and can be expressed by the process that reduces
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its length (incidence of injuries, i, dimension t™!). For example, in current bathyal environment of
Democrinus sp., the mean arm length based upon this ratio is 2.4 cm (0.008 cm d ™' / 0.0033 d *!;
Table I1.3), virtually identical to the mean arm length observed. Hypothetically, if this population
of Democrinus sp. was transplanted to shallow water and experienced predation intensity
comparable to the levels feather stars experience in that environment (/ = approximately 0.019 d-
1, while all else remained the same, the mean arm length in the transplanted population would
decrease by a factor of approximately 5, from 2.4 cm to approximately 0.4 cm. Thus, the most
direct effect of increasing nonfatal predation intensity would be shorter arms, assuming no major
ecological or environmental differences other than predation. In the context of the present-day
bathymetric predation gradient, the exclusion of certain taxa of crinoids from shallow depths
where predation intensity is highest may be attributable to not only their lack of escape,
biochemical, or morphological anti-predatory traits, but also because of their intrinsically low

regeneration rates that would result in arm lengths too short to capture sufficient nutrients.

CHAPTER SUMMARY

Our longitudinal study of the deep-water stalked crinoid, Democrinus sp., revealed that
individuals lose arms to injuries once every 303 days and regenerated lost arms at a rate of 0.008
cm d!. Several lines of evidence, including in situ observations and experiments, high-resolution
temperature records, and population-level distribution of arm lengths, suggest that predation
(rather than abiotic factors) is the main cause of these injuries in Democrinus sp. Comparison of
the incidence of injuries obtained from this study to longitudinally—derived estimates in shallow—
water feather stars indicates that predation is 57 times more intense in shallow water than at
greater depths. Estimates of predation intensity from cross-sectional studies also reinforce the

claim that an inverse relation characterizes predation intensity on crinoids relative to depth and is
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consistent with the hypothesis that the deep sea serves as a refugium for crinoids unable to cope
with intense predation. The results of this study add crinoids to the list of taxa [mollusks (Kropp
1992) and rhynchonelliform brachiopods (Harper and Peck 2016)] for which predation intensity

decreases with depth, suggesting that this pattern may be quite general.
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Chapter I TABLES

Table II.1: Regeneration rates across higher crinoid taxa.

Order Species Source Regeneration rate
(cmd™)
Comatulida iy cer multiradiatus ~ Baumiller and Stevenson (2018) 0055

Cenometra bella Baumiller and Gahn (2013) 0.035-0.05
Clarkcomanthus mirabilis Baumiller and Stevenson (2018) 0.063
Florometra serratissima Mladenov (1983) 0.05

Cyrtocrinida ~ Holopus mikihe Syverson et al. (2014) 0.002

Isocrinida Metacrinus rotundus Amemiya and Oji (1992) 0.017
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Table I1.2: Arm lengths of 39 Democrinus sp. measured during longitudinal study at the 240 m site off
Isla Roatan, Honduras. Individuals 1—39: individuals mapped at the site. Zeros correspond to individuals
missing all arms on the day of the visit. Blank cells are individuals that were present, but for which
accurate measurements could not be obtained.

Arm Lengths, Lobs per ind, v (cm)

Visit 1 Visit 2 Visit 3 Visit 4
(26 Nov, 2015) (18 May, 2016) (17 Dec, 2016) (15 Dec, 2017)

Ind. 1 0.8 4.0 5.4 1.9
Ind. 2 2.7 4.8 2.7 2.5
Ind. 3 43 4.4 6.4 1.6
Ind. 4 0.5 4.0 2.7 5.6
Ind. 5 1.0 3.0 4.0 0.2
Ind. 6 1.9 5.2 3.8 43
Ind. 7 0.4 2.0 34 2.4
Ind. 8 43 0.0 4.1 1.6
Ind. 9 1.2 3.6 3.5 1.7
Ind. 10 1.7 34 1.0 2.7
Ind. 11 2.1 1.6 1.3 —
Ind. 12 3.2 2.5 53 3.0
Ind. 13 2.0 2.4 0.0 2.2
Ind. 14 — 0.0 34 2.8
Ind. 15 3.2 — 0.4 —
Ind. 16 0.8 — 2.3 —
Ind. 17 0.0 3.9 3.9 —
Ind. 18 3.0 3.2 1.1 —
Ind. 19 0.0 — — 2.1
Ind. 20 2.2 — — 3.1
Ind. 21 1.3 2.7 2.6 2.1
Ind. 22 4.1 2.0 4.5 2.0
Ind. 23 43 3.5 3.7 3.5
Ind. 24 — 2.1 4.4 0.6
Ind. 25 2.2 33 34 —
Ind. 26 1.8 0.0 2.2 2.3
Ind. 27 2.7 2.8 43 2.7
Ind. 28 1.4 3.7 0.0 0.8
Ind. 29 0.0 2.5 3.7 —
Ind. 30 2.8 0.0 4.6 —
Ind. 31 1.6 — — 34
Ind. 32 — 0.7 0.0 2.4
Ind. 33 0.8 1.1 4.6 —
Ind. 34 3.0 3.2 5.4 1.0
Ind. 35 3.2 4.0 4.8 4.2
Ind. 36 1.7 4.1 4.9 2.2
Ind. 37 33 3.1 4.2 1.8
Ind. 38 — 0.0 1.5 33
Ind. 39 4.7 0.3 1.4 0.0
Mean arm length (cm) 2.1 2.6 3.1 2.3
Standard deviation of 13 15 1.7 12
arm length (cm)

# individuals per visit 35 34 36 30
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Table I1.3: Injury incidence, i, in Democrinus sp. population at the 240 m site off Isla Roatan, Honduras.
Two methods were employed to count injuries and thus calculate i: (1) the conservative method, the
decrease in length approach, which considers injuries only if an individual shows a decrease in arm length
between two successive visits (negative rr); (2) expected length approach, where individuals with lower
than expected increases in arm length were presumed injured. Expected increases in arm length were
calculated as the product of mean regeneration rate [0.008 cm d™!' (SE 0.0009)] and elapsed time between
two successive visits. i = (# injuries d!), waiting time = 1/i, rr = regeneration rate.

Expected Length Decrease in length
rr SE lower  rravg rr SE upper Negative rr

Study duration (d) 23,913 23,913 23,913 23,913

# injuries 76 79 79 39

i (# injuries d!) 0.0032 0.0033 0.0033 0.0016

Waiting time (d) 315 303 303 613
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Chapter II FIGURES

10 cm

Figure I1.1: Several individuals of Democrinus sp. at the 240 m site off Isla Roatan, Honduras. All
individuals are rooted in soft, fine-grained sediment. Part of the stalk of Individual A lies along the
sediment with an elongated distal, radix—bearing root portion of the stalk visible. Photo was taken during
the May 2015 census from submersible, /dabel, using a mounted SLR camera.

49



Deep Shallow

bl
® | Holocene X O
@
©
- Pleistocene x -
a
% Pliocene X -
[@)]
P .
=z Miocene x -
° Oligocene - -
C
)
2| Eocene x X
Q@
(0]
o
Paleocene X X

¥ | Upper X X

X Present

O Absent

— No record

Figure I1.2: Presence/absence of rhizocrinids (bourgueticrinids) in shallow—and deep-water environments.
Shallow—and deep-water definitions are based upon source descriptions of the fossil-bearing formations:
Moore (1967), Klikushin (1982), Hakansson and Thomsen (1999), Jagt (1999), Kjaer and Thomsen (1999),
Donovan and Veltkamp (2001), Ciampaglio et al. (2007), Zamora et al. (2018), and the Oceanic

Biogeographic Information System (https://obis.org/).
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20 cm

Figure I1.3: Democrinus sp. individuals 2—8 in the northwest corner of the mapped site at 240 m,
November 2015. A: West—facing photograph of individuals. B: Outlines of individuals and key
sedimentary features (Pit 1 and Pit 2) in A for clarity. Individuals 4 and 6 show extended stalk laying on
the sediment; individual 7 lacks its crown. Pit 1 and Pit 2 are natural landmarks used to relocate
individuals seen in the image.
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20 cm

Figure 11.4: Democrinus sp. individuals 2—8 in the northwest corner of the mapped site at 240 m,
December 2017. A: East—facing photograph of individuals. B: Outlines of individuals and key
sedimentary features (Pit 1 and Pit 2) for clarity. Individual 7 has regenerated its crown.
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Figure I1.5: Overview of Democrinus sp. morphology. A and B: Close-ups of Democrinus sp.
specimens (outside census area): (4) specimen missing all five arms distal to the first brachial (Brl), and
(B) different specimen with partially regenerated arms. All arms are the same length indicating a constant
rate of regeneration (7). Scale for A and B is 2 cm. C and D: Schematics of proximal stalk, cup, and
proximal arms of Democrinus sp.: (C) without arms, emphasizing usual autotomy location at the
ligamentary articulation between the first and second brachial, and (D) with arms. Basals = B, radial = R,
first brachial = Brl, dotted line between Brl and Br2 = ligamentary articulation. Scale for C and D is 0.5
cm.
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Figure I1.6: A: Frequency distribution of calculated regeneration rates in Democrinus sp. from the 240 m
site (n = 91). Regeneration rates = change in individual’s arm length on successive census visits to
site/time between visits. B: Box and whisker plot of positive regeneration rates only (open circles) with
mean rate (0.008 £ 0.0009 cm d !, n = 52).
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Figure I1.7: Box and whisker plots of arm lengths in Democrinus sp. for data from the 240 m site. Left:
multiple measurements of the same individuals on 4 different dates (mean: =2.6 = 1.5 cm, n = 135).
Right: cross-sectional data gathered at various sites between June 2012 and December 2017 (Mean: =
2.5 + 1.6 cm, n = 205). The two distributions are statistically indistinguishable (p = 0.88; KS—test).
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Figure I1.8: Temperature at the 240 m site from May 2016 to December 2017. Data in the figure were
subsampled every 12 hrs from the 30 min record to enhance clarity.
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10 cm

Figure I1.9: Democrinus sp. under stimulated flow A: Democrinus sp. individual just prior to initiating a
thruster—produced flow. The stalk is upright; the crown is in feeding position. B: Same individual 45 sec
after thrusters were turned on. Note collapsed crown and bent stalk. The increased flow was maintained
for approximately 1 min, and did not result in injury (arm shedding).
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Figure I1.10: Waiting time between injuries as a function of depth for six crinoid taxa. A and B represent
Democrinus sp. waiting times obtained using the expected length (A, circle) and the decrease in length
(B, square) approaches. For Florometra serratissima, Metacrinus rotundus, and Holopus mikihe, waiting
time was calculated using Equation 2.5 and cross-sectional data on injury prevalence and regeneration
rates. For Capillaster multiradiatus, Clarkcomanthus mirabilis, and Democrinus sp., waiting time was
obtained from longitudinal data. Both axes are logarithmic scales.
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CHAPTER III “Keep Your Crown Up”: Evidence of Ligament Contractility
from In situ Submersible Experiments and Observations of a Stalked Crinoid,

Democrinus sp.

ABSTRACT
The stalked crinoids in family Bourgueticrinina have previously been thought to be sessile and
unable to move actively in their environment in the absence of any external force. Experiments
and observations conducted from a submersible at a depth of 240 m near Isla Roatan, Honduras,
revealed that the stalked crinoid, Democrinus sp., while unable to crawl like isocrinids, can
regain an upright posture following dislodgement. Quantitative evaluation of the plausible
mechanisms, parametrized with morphological data, revealed that the righting behavior observed
in Democrinus sp. must involve the active contraction of tissues in its stalk. Because Democrinus
sp. lacks muscle in its stalk, it is the contraction of ligaments on opposite sides of the fulcrum on
columnal articulations that bends the stalk, and allows an upright feeding posture to be re-
established. The implications of ligament contractility for crinoids include a) active stalk bending
necessary for righting and postural control; b) the active flexion of cirri crawling stalked crinoids
(isocrinids) need to attach, reattach, and right the stalk, and c) active arm movement in crinoids
that lack muscular arm articulations, which includes the majority of Paleozoic taxa, and thus

provides them the ability to adjust their feeding posture and cope better with predation.
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INTRODUCTION

Crinoid mobility remains one of the most notable behavioral changes in crinoid evolution.
Attributed to the evolution of muscular arms that distinguish all post-Paleozoic crinoids, these
arms engage in a broad repertoire of motions that allowed some crinoids to depart from the
completely sessile lifestyle of Paleozoic crinoids (Macurda and Meyer 1983, Mladenov 1983,
Meyer et al. 1984, Shaw and Fontaine 1990, Meyer and Macurda 1977, Baumiller and Messing
2007, Janevski and Baumiller 2010). The long-standing assumption of permanent sessility in all
stalked crinoids and their relative inaccessibility because of their restriction to depths greater
than 100 m in modern oceans has limited our understanding of the role mobility may play in
their behavior and ecology. Most previous studies on crinoid mobility focused on crinoids that
lack stalks, such as the feather stars, and left questions about stalked crinoid mobility,
particularly in groups outside of Isocrinida, an area in need of further study.

The historical focus on feather stars is understandable. Feather stars best represent the
extent of crinoid mobility, as all are able to crawl and many to swim. Diverging morphologically
from the classical stalked bauplan, adult feather stars discard their stalks as juveniles in favor of
a cirri-bearing skeletal element referred to as the centrodorsal. These flexible cirri enable feather
stars to grasp or release substrates actively, allowing them to exploit a free-living existence (Hess
2014). In modern oceans, feather stars dominate extant crinoid diversity, where they outnumber
all other crinoid species by an order of magnitude (Messing 1997, Hess 2014); this is in stark
contrast to the overwhelming prevalence of stalked taxa in the fossil record. They stand out
further as the only crinoids that still live at depths shallower than 100 m, with all stalked
articulates restricted to depths greater than 100 m (Bottjer and Jablonski 1988, Messing 1997, Oji

1996).
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As such, a rich body of data exists for living shallow-water feather stars and their
mobility, but data are sparse for the more inaccessible stalked crinoids. Dredging practices
during the 19" and 20"-century allowed some insights into stalked crinoid physiology, but little
information about their ecology beyond the substrate they lived on. In the last half-century, the
advent of submersibles and remotely operated vehicles allowed for in situ studies that have shed
new light on the similarities and differences between stalked and stalkless crinoids. Recent
observations of stalked isocrinids found active locomotion, contradicting the long-standing
assumption that all stalked crinoids are permanently sessile. Isocrinids can crawl: they use their
arms to pull themselves along the substrate, drag their stalk behind, and subsequently re-anchor
and re-establish an upright feeding posture (Messing et al. 1988, Baumiller 1997, Baumiller and
Messing 2007). The isocrinid motility observed suggests that the breadth of behaviors of stalked
crinoids may be much greater than assumed previously. Further, the crawling ability of isocrinids
forces a reassessment of motility in stalked crinoids, the timing of its appearance, and its original
biological role (Baumiller and Hagdorn 1995, Baumiller et al. 2010, de Carvalho et al. 2016).

Whether the isocrinid behavior and function observed may apply to other stalked
articulates is unclear, as distinct morphological features found in isocrinids are critical to their
observed mobility. As with feather stars, isocrinids lack any specialized terminal rooting
structure (except for the Proisocrinidae). Instead, the active flexing and grasping of cirri spaced
at whorls in regular intervals along the stalk, serve to anchor the animal to the substrate, much as
in feather stars (Figure I1I.1 A) (Baumiller et al. 1991, Birenheide and Motokawa 1994).
Conversely, the stalked crinoids in the suborder Bourgueticrinina (order Comatulida) lack any
cirri and their stalk terminates in an anchoring structure (Figure I1I.1 B). An equally substantial

difference between the isocrinids and bourgueticrinids is the columnal articulations in the stalk.
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In isocrinids, each columnal articulation facet is either symplexial (Figure I1I.1 C, D), with
interlocking ridges on adjacent columnals that allow for some stalk flexibility at each columnal
facet, or synostosial, which is flat, featureless, and stiff, but critical for stalk autotomy (Donovan
1990, Wilkie et al. 1994, Baumiller 1997, Wilkie 2001). Bourgueticrinid stalks contain neither
symplexial nor synostosial articulation. Instead, bourgueticrinid stalk columnal articulations are
synarthrial: Each facet possesses a fulcral ridge along the longest diameter, with deep
ligamentary pits on either side (Figure III.1 E, F). The orientation of the ridge changes between
proximal and distal facets and produces the notable twisted outline of the stalk.

The differing stalk morphologies of bourgueticrinids and isocrinids suggest substantially
different functions. The attachment by cirri in isocrinids is suited well for motility; the animal
frees itself by either shedding the anchoring portion of its stalk or releasing the cirri that grip the
substrate (Baumiller et al. 1991). Bourgueticrinids’ terminal attachment structures point to the
converse: a permanently sessile life. Neither the disk nor the root-like structure permits active
detachment, and the absence of synostosial articulations prevents shedding these anchoring
structures. The synarthrial articulations in Bourgueticrinids synarthrial articulations contrast
further with the absence of a fulcral ridge on columnal articulations, suggesting that the
mechanism behind the stalk bending in these groups may differ.

Insights into the function of bourgueticrinid stalks can serve to clarify the role of these
morphological differences and expand our understanding of the role of synarthrial articulations
in crinoid stalks. Thousands of bourgueticrinids, Democrinus sp. (family Rhizocrinidae, Roux et
al. 2019), live on the sediment-covered slopes off Roatan, Honduras. Submersible dives
conducted in the area previously have noted several specimens lying prone on the substrate

naturally (Figure I11.2). Such a prone position may potentially indicate active motility. As
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mentioned previously, isocrinids pull themselves along the ocean floor using their arms. While
Democrinus sp. has the necessary muscular arms, the morphology of its stalk does not allow it to
either shed its stalk or detach actively from the sediment. Consequently, a dislodgment event
would be necessary to free the root structure and permit movement. If this were to occur, a
second problem with Democrinus sp. crawling is the mechanism by which it would regain an
upright posture. In isocrinids, the cirri distributed along their stalk may help lift their stalk and
crown off the substrate (Baumiller et al. 1991). However, as Democrinus sp., like other
bourgueticrinids, lacks cirri, it would require another, as yet unknown mechanism to regain an
upright posture.

It is the paradoxical presence of prone individuals of Democrinus sp. and the absence of
any obvious means by which these individuals could right themselves that led us to conduct in
situ experimental manipulations on this taxon in Roatan, Honduras. The experiments and
manipulations involved 1) dislodging specimens of Democrinus sp., 2) observing these
specimens over time for changes in posture, and 3) interpreting their postural, kinematic changes,

in terms of forces (dynamics).

METHODS

Long—term in situ study

Isla Roatan, the largest of Honduras’ Bay Islands, is located in the western Caribbean Sea near
the southern edge of the Mesoamerican Reef. The islands lie just south of the west end of the
Cayman Trough, part of the tectonic boundary between the Caribbean and North American
plates (Rosencrantz and Mann 1991). Isla Roatan’s northern margin is characterized by a variety

of geologic features, including numerous slump blocks and a range of substrates, rock faces free
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of sediment, and extensive areas of unconsolidated sediment. Thousands of small Democrinus
sp. live rooted in sediment slopes at 200-275 m off the island’s west edge at 200-275 m, with
population densities that approach 9 individuals per m?. Democrinus sp. is characterized by (1) a
branched holdfast that anchors it in soft sediments; (2) a crown that consists of five undivided
rays, and (3) a relatively small stature, with stalks rarely over 30 cm in length (Figure III.1 B).

We conducted eight expeditions to the sediment slopes between May 2012 and December
2017 with the submersible Idabel, owned and piloted by Karl Stanley and based at the Roatan
Institute for Deepsea Exploration, West End, Roatan, Honduras (see Acknowledgments), the
Idabel has been used to study deep-sea crinoids previously (e.g., Syverson et al. 2014, Veitch
and Baumiller 2021). The submersible was equipped with two sets of lasers: A scaling pair, 10
cm apart, mounted externally on the forward rail, and a laser box mounted internally on the flat
bottom port with three fixed lasers 2 cm apart. In addition, either a 4.3 m pole ending in a metal
hook was mounted on Idabel’s port-side rail, or a 5 cm PVC pipe was attached at one end to the
submersible’s thrusters. The latter either produced suction (negative pressure) or flow (positive
pressure) by reversing the thrusters. Digital video and SLR cameras synchronized with external
strobes captured images via the 76 cm diameter viewport. Weighted plastic bags with attached
neon-yellow floats demarcated the two study sites at 240 m and 260 m depth.

During three expeditions, May 2015, November 2015, and May 2016, we dislodged four
specimens of Democrinus sp. from an upright position and left them prone on the substrate.
Other individuals were hooked and dragged free of the substrate using the pole mounted on
Idabel or pulled out of the substrate via suction from the attached PVC pipe and dropped (Table
III.1). Individuals were photographed and video-recorded before and after dislodgment (Figures

II1.3, 111.4, II1.5). We revisited and photographed the individuals manipulated in May 2015 and
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November 2015 within 48 hours of dislodgement. Unfortunately, the weather conditions
deteriorated after the May 2016 individuals were dislodged, which prevented a return visit during
that month’s expedition. However, the individuals dislodged in November 2015 and May 2016
were revisited and photographed on subsequent expeditions in December 2016 and December
2017. The photos imported into Adobe Photoshop C6 with vectors calibrated to the laser scales,

allowed the position and dimensions of the specimens dislodged at each visit to be calculated.

Biomechanical Models

As stalked crinoids are believed to be unable to engage in stalk movement without an external
force because they lack muscular tissues in the stalk (Grimmer et al. 1984b, Donovan 1988,
Baumiller et al. 1991, Baumiller 1992, Baumiller and LaBarbera 1993, Donovan 1989b,
Donovan 1997, Baumiller 1997, Kitazawa and Oji 2014, Donovan 2016) we employed several
biomechanical models to assess the stalk movement observed in the field. The models were
parameterized using morphological data obtained in the lab from Democrinus specimens (stalks
n = 8§, crowns n = 2) collected with the suction device. These morphological data included: (1)
linear dimensions measured using digital calipers; (2) weight in air (WIA, dyn) via a Mettler
balance (Mettler P160; 0.01 g precision); (3) weight in water (WIW, dyn), obtained by
suspending each specimen from a hanging postal scale (precision 0.01 g) in a large beaker filled
with fresh water. To account for the higher density of saltwater increasing buoyancy, WIW was
divided by 1.024 (WIW,y; Tables II1.2, II1.3). For each of the stalks and arm sets collected, the
WIW,y was normalized to the length of the stalk (Lstaix) or arms (Lam). The normalized WIW,y,
were averaged to estimate the WIW per 1 cm of stalk (WIWsik) and the WIW per 1 cm of arms

(WIW am) estimate for Democrinus sp. (Table 3.2).
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We did not collect the dislodged Democrinus sp. and measured their stalk lengths (Lsai)
and arm lengths (Lam) from photos and videos instead. The values measured combined with the
length-normalized, averaged WIW st and WIW arm from the specimens collected allowed each
of the dislodged specimens’ weight in water (WIWEsw) to be estimated (Table I11.4) using the
following equation:

WiWgsw = WIWstaixLstaie + 5 X WIW g Larm (IIL.1)

To calculate the volume (V) for each specimen collected, we used a modified
Archimedes’ principle: The difference between WIA and WIW, AW, corresponds to the weight
of water displaced by the sample (see Baumiller 1992). The mass of water, My, displaced by the
sample is its weight divided by the acceleration attributable to gravity (980 cm/s?) and as mass is
the product of volume and density, the volume of the displaced water, and hence, the sample’s
volume, is:

My,

V= . (11L.2)

The ratio of each sample’s dry mass to its volume, V, was used to estimate the density of the
sample, p (Table I11.2).

We tested two biomechanical models to assess the potential for Democrinus sp. to regain
an upright posture: hydrodynamic lift, the “kite” model, and hydrodynamic drag, the

“swimming” model.

Hydrodynamic Lift, the Kite Model

For the crinoid to move under the kite model, a lift force must be generated by an
external current that interacts with the crown (e.g., Breimer and Webster 1975, Rasmussen 1978,
Breimer 1978). The most extreme version of this hypothesis proposes that a crinoid could

generate sufficient upward lift to act as a kite, beginning prone on the substrate to raise the crown
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and proximal stalk off the substrate, with the attachment structure acting as a tether. The
magnitude of the downward (gravitational) and the upward (lift) forces required for the kite
model depends upon the shape, size, and density of the crinoid, and the velocity of the current
that affects it (see Baumiller 1992 and Appendix A, Part I for more details on the model’s
development).

The kite model follows the assumption that the lift force (F1) generated must be greater
or equal to the downward gravitational force (WIW,y) acting on the crinoid (Figure I11.6). This
threshold must be met for the crinoid to succeed in elevating itself off the substrate. Thus, the
given crinoid’s WIW;y, is the gravitational force that Fi. must overcome and is governed by a
standard lift equation:

Fy = > C15SAmrmPruiaUc” (IIL3)

in which F = hydrodynamic lift, psuia = density of the fluid, SAam is the total solid portion of a
single arm, Cr, = coefficient of lift, and Uc = current velocity (Vogel 1994). Cr, SAam, and priuid
were derived empirically for each dislodged specimen (see Appendix A, Part I). SAam, pfuid, and
CL act as constants for the given crinoid. Thus, the current velocity (Uc) is the determining factor
in generating a force great enough to lift the crinoid. Equation (3.3) was applied to a range of

current velocities from Uc = 0 cm/s through Uc = 60 cm/s and compared to the WIWEggw

calculated for each of the four dislodged individuals (CI 95%).

Hydrodynamic Drag, the Swimming Model

The swimming model examines the ability of a crinoid to generate thrust via rapid arm
movement to adjust its position in the water, much like the way feather stars swim.
Documentation of several different swimming strokes exists (Clark 1915, Macurda and Meyer

1983, Shaw and Fontaine 1990), but the most detailed swimming analysis published is for
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Florometra serratissima (Shaw and Fontaine 1990). F. serratissima swims using a drag—based
mechanism. During the power stroke, the orally extended arm with outstretched pinnules
generates drag by pivoting aborally through a certain angle (dependent upon stroke length) with
a certain angular velocity (dependent upon stroke speed). During the recovery stroke, the now
enfolded arm pivots orally and returns to its original position. Adjacent arms alternate in their
power-recovery strokes, and only half of the arms produce thrust at any given moment. The
muscular arm articulations in Democrinus sp. allow it to bend its arms effectively, and while in a
normal upright posture, it exhibits rapid arm—bending behavior occasionally (maximum observed
approximately 1.1 seconds subtending an angle of ~80°). Thus, it is worth considering whether
such rapid arm strokes could produce a sufficient upward thrust to serve as the mechanism to lift
the crown and proximal stalk off the substrate following dislodgement.

We applied a modified version of a simplified swimming model (Janevski and Baumiller
2010; see Appendix A, Part II for more details) to the dislodged Democrinus sp. to test this
hypothesis. The original model calculates vertical thrust via drag using empirically—derived
parameters based upon the behavior and morphology of F. serratissima (Shaw and Fontaine
1990) and a standard equation for hydrodynamic drag (Vogel 1994). To achieve lift, the vertical
drag, Dv, the arms produce must be equal to or greater than the given WIW. The magnitude of
Dv changes as the arm pivots across an angle, 0, during the drag-producing power stroke (Figure
I11.7). To determine the mean instantaneous upward thrust, Dy, one needs to solve for Dy and

divide by the period of the arm, t, (sec):
Dy = ? (%) (cos(a) —cos(a +6)) (1I1.4)
p

in which o is the arm’s angular velocity (radians/sec) with a maximum value 1.1 s, a = 30° and 0

= 80° representing the maximum observed distance for Democrinus sp. arm movements, and Dr
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is the drag force an arm stroke produces overall (see Appendix A, Part II, Janevski and Baumiller
2010, for details of deriving and calculating Drand Dy). Two variables drive the Dy generated in
a stroke: arm length and time to complete a power stroke, t,. Therefore, for each individual, we
calculated Dy twice: first for a range of arm lengths, holding angular velocity constant at the
maximum time observed for a power stroke (t, = 1.1 s), and second, for a range of power stroke
speeds, with arm length held constant at D1 =3.11 cm.

In addition, we also considered: muscle—bearing arms pushing the crown off the
substrate, the “push—up” model, and (2) neutral or positive buoyancy caused by low density, or

the “balloon‘ model.

RESULTS

Table III.1 summarizes the timeline and each dislodged individual’s status (posture and arm
number) across four visits to the field site. Table II1.2 shows the collected specimens’ stalk data,
and Table III.3, the arm data. The calculated WIWsy per 1 cm estimates for Democrinus sp.’s
stalk and arms were 27.47 + 3.62 dyn and 13.35 £ 0.12 dyn, respectively (Tables II11.2 and III.3).
Table I11.4 presents the WIW calculations and measurements for dislodged Democrinus sp.
collected at the 240 m depth site.

Figures II1.8 and I11.9 summarize the results from the quantitative evaluation of
Democrinus sp. using the kite model. Appendix A, Part I details the quantitative evaluation of
Democrinus sp. overall and additional results using the hydrodynamic lift or kite model. Figure
II1.10 and Appendix A, Part II summarize the quantitative evaluation of Democrinus sp. using
the hydrodynamic drag or swimming model.

All four Democrinus sp. individuals survived the experimental trauma of our

dislodgment. However, none of the experimentally dislodged Democrinus sp. exhibited any
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evidence of locomotion; all remained in the same place that they were left (Figures I11.3, I11.4,
and II1.5). However, despite lacking any cirri, the four Democrinus sp. did not remain prone on
the substrate.

Subsequent visits to the study sites showed that all four dislodged individuals of
Democrinus sp. reestablished an upright posture, with the stalk held sub—vertically and the crown
several arm lengths above the substrate. The posture change timing varied among individuals
(Table III.1), with the shortest estimate at four days, as D1 was only half upright on day 2, and
the longest greater than 4 and fewer than 175 days (D3). While D3 and D4 were dislodged
together on May 19, the weather conditions deteriorated and prohibited another visit during the
May 2016 expedition. However, both individuals were upright by the next visit on December 15,
2016.

We monitored D2, D3, and D4 for >12 months and, as far as we could tell, all were
thriving more than a year after dislodgement. D2 lost its arms sometime after it was dislodged on
November 22, 2015, and the next expedition, May 17, 2016, but its stalk was upright—a sign of
recovery (Table III.1). While we cannot be certain whether D2 reestablished an upright posture
before or after arm loss, given the known regeneration rates of Democrinus sp. (Veitch and
Baumiller 2021), the loss of arms must have occurred a short time before the visit, no more than
approximately 30 days, which would indicate that arm loss occurred approximately 145 days
after dislodgement, probably from a predation attempt, and most likely after it was already
upright, as the regeneration rate for Democrinus sp. is approximately 0.008 cm d™! and arm
injuries are effectively undetectable after arm lengths reach over 3 cm (Veitch and Baumiller

2021). Even individual D4, which was missing its arms when dislodged, survived the event and
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was upright with five regenerated arms when seen next on December 14, 2016, 213 days later
(Table III.1).

The fact that Democrinus sp. can achieve this unexpected posture change demonstrates
that bourgueticrinids may be capable of greater motility than suspected previously. Nonetheless,
the in situ observations of posture change did not reveal directly the mechanism by which
Democrinus sp. reestablishes an upright posture. Below, we explore four plausible mechanisms

that may explain this unexpected behavior.

The Push-up Model

When in a normal upright posture, the muscular arm articulations in Democrinus sp. have been
observed to allow occasional rapid arm—bending behavior (maximum approximately 1.1 seconds
to cross an angle of ~80°). The arm flexibility and range of movements of Democrinus sp.
suggest that it may be capable of a “push-up* of sorts: the crinoid may lift the crown by placing
the tips of several arms on the substrate and extending the arms such that their long axes are
straight and perpendicular to the substrate. This push-up would elevate the cup above the bottom.
However, its elevation would be limited to the length of the longest arm and all individuals
dislodged experimentally reestablished an upright posture with their crowns elevated much

higher than the maximum length of their arms (Figures I11.3, II1.4, and IIL.5).

Buoyancy, the Balloon Model

Several authors have proposed that some crinoids may be neutrally or positively buoyant
(Breimer 1978, Grimmer et al. 1984b, Haude 1992). A detailed transmission electron microscopy
(TEM) study of one bourgueticrinid, Democrinus conifer, identified lipid-rich organelles in its

stalk and cup (Grimmer et al. 1984b). The authors postulated that these might lower the density
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sufficiently to allow the crown and a portion of the stalk to float above the seafloor while the
distal-most stalk and attachment structure anchored Democrinus conifer to the bottom,
functioning much like a balloon. However, the balloon mechanism hypothesized has remained
untested.

Our study provided two lines of evidence against the balloon hypothesis. Although we
could not confirm whether lipids are present in Democrinus sp., and if so, how much they may
reduce density, it was evident from in situ observations and laboratory measurements that these
crinoids are negatively buoyant. /n situ, negative buoyancy was illustrated clearly by the fact that
when dislodged, all four individuals fell to the bottom and lay prone, the stalk and crown in
contact with the substrate. Had they been positively buoyant, one would expect that even with a
dense, sediment-covered attachment structure, the crown and proximal stalk would rise off the
bottom immediately after dislodgement. Negative buoyancy was also confirmed by laboratory
measurements: the crown and stalk of Democrinus sp. are substantially denser than seawater
(Table III.3).

The negative buoyancy of Democrinus sp. was consistent with data on densities of other
crinoids, including feather stars and isocrinids (Messing et al. 1988, Baumiller 1992, Baumiller
1993, Baumiller 1997, Baumiller and Janevski 2010). In fact, no single example of a neutrally or
positively buoyant extant crinoid has been reported in the literature. Thus, positive or neutral
buoyancy appears unlikely in any extant crinoid. Further, even hypothesized cases of positive
buoyancy in some extinct taxa (Haude 1992) have been challenged recently (Gorzelak et al.

2020). Therefore, the balloon model must be rejected at this time.

Hydrodynamic Lift, the Kite Model
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As with other crinoids evaluated under the kite model (Baumiller 1992), Democrinus sp.
is unlikely to employ this mechanism to elevate its crown off the substrate. To be able to do so
would require (1) maintaining an optimal arm posture to generate lift and (2) a minimum current
of 35 cm/s (Figures II1.8 and I11.9, Appendix A, Part II). Observations of Democrinus sp.
revealed that it undergoes a dramatic posture change at velocities between 7 and 15 cm/s. While
below 7 cm/s, Democrinus sp. holds its crown as a parabolic fan, with arms splayed out, long
axes perpendicular to the current, and tips recurved into the current, at higher velocities, the long
axes of the arms align parallel to the flow and the tips face down—current (Figure III.11, top).
The latter posture (“‘cone”) exposes a much lower surface area to the current than the parabolic
fan posture, and reduces drag and lift thereby. Even if the crinoid generates some lift in this
posture, its magnitude would be much lower than the Democrinus sp. modeled with arms
extended (Figures III.1 A, II1.5 A, III.10 B). It is unknown whether this postural change in
Democrinus sp. represents an active response or whether the arms collapse passively once drag
exceeds the strength needed to maintain aboral flexure. Regardless, the response decreases drag,
as postulated for other taxa with this behavior, including other bourgueticrinids (Tunnicliff et al.
2016) at similar current velocities and isocrinids (Baumiller et al. 2008) and feather stars (Meyer
1973, Meyer et al. 2021) at higher velocities.

Assuming the four dislodged Democrinus sp. were able to maintain a parabolic fan
posture above the threshold velocities, the kite model could not provide the mechanism for them
to become upright because there is no evidence of currents of the appropriate magnitude. We
drew this conclusion based upon sedimentological and biological criteria. The sediment cover at
the dislodgement site is silt-sized and it would take current velocities ~ 20 cm/s to mobilize such

particles (McCave et al. 1995, McCave 2008, McCave et al. 2017, Grifoll et al. 2019). Current
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velocities that approach the threshold (above 35 cm/s) would suspend and winnow substantial
volumes of sediment, but there was no evidence of this at the site. For example, a partially buried
beer can at the demarcated site showed no change in the buried proportion during its observation
period (November 2015—December 2017). Moreover, the attachment structures of Democrinus
make them particularly susceptible to being dislodged and transported by currents that approach
the threshold velocity. Such velocities would create substantial volumes of suspended sediment
that would lead to (1) mass dislodgement of the dense populations of Democrinus sp.; (2)
transport of the dislodged individuals in suspension, and (3) burial when the current subsided.
Yet there was no evidence of this: The four individuals were not transported, exhumed, or
buried; they remained at the site of dislodgement with little or no sediment covered their
attachment structures or distal stalks throughout the duration of the study. Therefore,

hydrodynamic lift was rejected as a sufficient mechanism.

Hydrodynamic Drag, the Swimming Model

A complete power stroke involves the arm rotating through 80°, or 6 = ~1.4 radians. Under the
simplified swimming model, when considering a range of arm lengths, no dislodged specimen
had an arm length sufficient to produce thrust to overcome its WIWEgsw. The maximum arm
length observed for any Democrinus sp. was less than 8 cm. Even assuming a Democrinus sp.
with 10 cm long arms, the thrust generated fails to reach the estimated threshold needed for lift
(Figure IIL.10 A).

Figure I11.10 B shows the thrust generated as a function of time to complete the power
stroke, considering a range of angular velocities from 0.28 rad/s to near infinity with arm length
held constant. In addition, the model assumes that Democrinus sp. moves all of its arms

simultaneously, rather than in an alternating fashion as observed in feather stars, which
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maximizes potential lift (from 5 to ~0 s). At the angular velocity observed, demarked by a circle
in Figure II1.10 A, even if all five arms moved in unison, the instantaneous thrust generated, ~ 10
dynes, would be roughly 1.5 orders of magnitude lower than WIWEsw. For Democrinus sp. to
generate the thrust required, it would have to flap its arms at 10 Hz, approximately the frequency

with which the giant hummingbird flaps its wings when it hovers (13 Hz, Fernandez 2010).

DISCUSSION

Thousands of individuals of Democrinus sp. were observed, photographed, and videoed during
the eight multi—dive expeditions that spanned five years (2012-2017), but
uprooting/dislodgement was never observed directly. However, as mentioned earlier, several
specimens were observed lying prone on the substrate, some with crowns fully intact, suggesting
that such events do occur, potentially related to faunal “bulldozing” (Figure I11.12). Regardless
of the cause, given the results of the dislodgement experiments, such events are survivable and
Democrinus sp. can regain an upright position.

Our analyses indicated that the mechanism by which Democrinus sp. rights itself cannot
result from the push—up, balloon, kite, or swimming models. Their arm lengths are too short for
the push-up model to be the cause and we found no evidence of positive buoyancy necessary for
the balloon model. Although the kite and swimming models are theoretically appealing and
plausible on biomechanical grounds, they failed to account for the behavior observed.
Democrinus sp. modifies its posture at currents half of what the kite model requires. Assuming
Democrinus sp. could maintain an optimal fan posture in currents faster than 15 cm/s, the
threshold current velocity modeled is higher than currents at this site. Similarly, Democrinus sp.

could not generate sufficient thrust by moving its arms to re-establish its upright posture
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following dislodgement, even under the most generous scenarios, and the swimming model

failed.

Contractility of the stalk ligament in Democrinus sp.

One final mechanism to consider is the active flexure of the stalk, analogous to the active flexing
of muscular arms of extant crinoids. However, although the columnal facets in Democrinus sp.
have a central fulcrum that would be compatible with active bending, their stalk has no muscular
tissues (Grimmer et al. 1984b). Other non—muscular tissues hypothesized to produce contraction,
such as the bundles of filaments in the coelomic epithelium of feather star cirri (Holland and
Grimmer 1981a), are also absent in the stalk of Democrinus conifer (Grimmer et al. 1984b).
Assuming that D. conifer is a reasonable representative of the genus, the only tissue that
connects adjacent columnals in Democrinus is ligamentary, which is also true for all other extant
stalked crinoids (Grimmer et al. 1984a,b, Grimmer and Holland 1985, Holland et al. 1991).
Historically, crinoid scholars have interpreted the absence of stalk muscles as an
indication that stalked crinoids are unable to flex their stalks actively (Grimmer et al. 1984b,
Donovan 1988, Baumiller et al. 1991, Baumiller 1992, Donovan 1989b, Donovan 1997,
Baumiller 1997, Kitazawa and Oji 2014, Donovan 2016). Field observations of isocrinids and
feather stars supported this interpretation, with the possible exception of the stalks of larval
feather stars (see Grimmer et al. 1984a for a review). In the absence of active flexure, the best
biomechanical model used to discuss crinoid stalks is a multi-element cantilever beam passively
undergoing deflection because of external forces, e.g., gravitational, hydrodynamic, or those
generated by arms or cirri (Baumiller and LaBarbera 1993). The multi-element cantilever model
accounts not only for the fact that crinoid stalks are segmented, but also for the fact that their

ligaments are mutable (Baumiller 1992).
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As in other echinoderms, the crinoid ligament consists of actively mutable collagenous
tissues, or MCT. These unique tissues allow the animal to stiffen and de-stiffen ligaments over
several orders of magnitude within a short time (Smith et al. 1981, Wilkie 1983, Motokawa
1984, Wilkie et al. 1994, Birenheide and Motokawa 1994, Wilkie et al. 1994, Wilkie 2001,
Motokawa et al. 2004, Wilkie 2005, Ribeiro et al. 2011, Barbaglio et al. 2015, Mo et al. 2016).
Certain echinoderms use MCT in conjunction with muscle extremely effectively (Motokawa and
Fuchigami 2015). However, the variability in the mechanical properties of MCT is entirely
independent of muscle and has been noted in its absence (Wilkie 2001, 2005). It has been
suggested that the changes in the mechanical properties result from modulation of the ligament
fiber matrix that switches from a stiff “catched* state to a soft, stretchable “slide* state (Smith et
al. 1981, Wilkie et al. 1994, Motokawa et al. 2004, Ribeiro et al. 2011, Barbaglio et al. 2015, Mo
et al. 2016). Thus, a stalk with MCT functions as a cantilever beam with variable and
controllable stiffness. While in the “slide” state, crinoids can adjust their feeding posture
passively using external forces such as varying current conditions. In the “stiff” state, crinoids
maintain their posture at little energetic cost, and some taxa can autotomize the stalk (Baumiller
and Labarbera 1993, Birenheide and Motokawa 1996, Baumiller 1997, Wilkie 2001, 2005,
Takemae et al. 2009, Motokawa et al. 2012, Kitazawa and Oji 2014). Yet, despite its importance
to echinoderms’ ability to function, the variable properties of ligament associated with MCT
cannot explain active stalk flexure, as that requires contractility.

Early in the 20" century, the idea that echinoderm ligaments could contract had several
proponents (e.g., Reichensperger 1912, Gislén 1924). However, several physiological
experiments designed to detect it failed, and the idea fell out of favor (see summaries in

Takahashi 1967b, Wilkie 1979, 1983, and Motokawa 1982). It gained attention again in the mid—
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1990s when several laboratory studies reported active contractility in response to chemical
stimuli in the ligaments of crinoid arms and cirri (Birenheide and Motokawa 1996, 1998,
Birenheide et al. 2000). These studies suggested that the crinoid ligament is not simply mutable
(MCT), but that it is contractile also (Contractile Connective Tissue, CCT). CCT contraction was
shown subsequently to be an order of magnitude slower than muscular contraction but, like
stiffness, to be under nervous control (Motokawa et al. 2004). However, the phenomenon has
remained somewhat conjectural, as none of the studies has elucidated the molecular mechanism
of ligament contractility. Moreover, experiments on contractility have involved the use of
dissected or fragmented crinoid segments in a controlled setting. The righting behavior of
Democrinus sp. reported in this study offers additional and complementary evidence for the
contractile properties of the crinoid ligament in a natural setting and suggests strongly that it is
under nervous system control.

If crinoid ligaments are contractile, as this study and previous laboratory results suggest
(Birenheide and Motokawa 1996, 1998, Birenheide et al. 2000), the functional implications are
profound and extend beyond the righting behavior of Democrinus sp. observed. First, synarthrial
stalk articulations such as those in the stalk of the Democrinus sp. are also found among other
extant crinoids. For example, they occur in all stalked members of Bourgueticrinina (Hess and
Messing 2011), juvenile feather stars (Haig and Rouse 2008), and juvenile isocrinids (Amemiya
et al. 2016). While active movement has been proposed previously for several of them (see
Grimmer et al. 1984a for discussion of this phenomenon in the larval stalk of feather stars), it has
been rejected generally because of the absence of muscles associated with synarthries (Grimmer
et al. 1984a,b, Grimmer and Holland 1985, Holland et al. 1991); however, in light of the results

of this study, active movement in all of those synarthries must be considered highly plausible.
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Synarthrial stalk articulations are known among fossil crinoids (see Donovan 1988 for a
summary), although the nature of soft tissues in fossil crinoids is difficult to discern and
generally involves the use of skeletal or taphonomic proxies (e.g., Lane and Macurda 1975,
Donovan 1989b, Baumiller and Ausich 1993, Ausich and Baumiller 1993, Baumiller and
Hagdorn 1995, Bohaty 2011, Gorzelak et al. 2014). In most fossil crinoids, the microstructure of
synarthrial stereom is galleried and, based upon analogy with extant crinoids, these synarthries
are thought to have been ligamentary (Donovan 1988). However, it has been argued recently that
in at least one fossil crinoid, the Devonian Ammonicrinus, the stalk was muscular and capable of
active movement (Bohaty 2011, Gorzelak et al. 2014, Gorzelak and Zamora 2016). The
inference of muscles in the stalk of Ammonicrinus was based upon the presence of labyrinthic
stereom (Gorzelak et al. 2014, Gorzelak and Zamora 2016), a proxy used widely, but not
foolproof: In at least one extant crinoid, Calamocrinus diomedae, the labyrinthic stereom is
associated with ligament, not muscle (Holland et al. 1991). Regardless, based upon the results
presented here, Ammonicrinus need not have relied on muscles to bend its stalk; contractile
ligaments would have sufficed.

The functional implications of ligament contractility for non-synarthrial columnal
articulations are not as obvious. As discussed previously, two common types of stalk
articulations are synostoses and symplexies (Figure III.1 C - F). In isocrinids, stalk flexibility is
associated with changes in the stiffness of ligaments at symplexies, while synostoses are
specialized for autotomy, and MCT’s central role in both of these functions is recognized well
(Wilkie and Emson 1988, Wilkie et al. 1994, Baumiller and Hagdorn 1995, Baumiller 1997,
Birenheide et al. 2000, Wilkie 2001, Baumiller 2008). However, ligament contraction at

symplexies or synostosis would not result in seesawing (rotation) of adjacent columnals relative
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to each other. Rather, contraction would cause adjacent columnals to press more firmly against
each other. Thus, in a stalk that is already straight, rather than bending the stalk, contracting
ligaments would make it more resistant to bending (Baumiller 2008). However, a stalk that had
been bent by some external forces, such as gravity or hydrodynamic drag, could be “unbent”
(straightened) by ligament contraction; i.e., a crinoid stalk in a curved posture could return to a
straight, upright posture without a new external force to provide a drag force on the crown. In
other animals, such unbending is assumed generally to result from the elastic recoil of the
stretched ligaments. However, MCT ligaments are visco-elastic and are known to regain only
about half of the displacement lost (Wilke et al. 1994). Thus, they may be unable to recover their
original length fully when the external load is removed.

Ligament contractility may also play an indirect role in the bending of stalks with non-
synarthrial articulations through its effect on the active bending of stalk cirri. Cirri have long
been known to be actively motile (e.g., Agassiz 1888). In feather stars, cirral bending is
interpreted to involve the contraction of filaments located away from the central fulcrum of the
cirral joint in the wall of the coelomic canal (Holland and Grimmer 1981a). However, in the cirri
of isocrinids, such as Metacrinus rotundus, the central canal and the associated filaments run
through the center of the fulcrum (Birenheide et al. 2000). Thus, contraction of the canal tissue,
as suggested for feather stars, would bring the two adjacent ossicles closer to each other rather
than allowing rotation around the fulcrum, while contraction of ligaments on one side of the
cirral fulcrum could produce rotation and account for active cirral bending (Birenheide et al.
2000).

Further, ligament contraction has significant consequences for early Paleozoic crinoids.

Together with its role in the fossil crinoid stalk discussed previously, the presence of CCT would
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alter the way we interpret early crinoid arms. The skeletal morphology of arm facets in some
Paleozoic eucladids is notably similar to that in articulate crinoid arms. A transverse ridge
separates the facet into aboral and adoral sides, which suggests that these crinoids had muscular
arms, a hypothesis that the arm articulation microstructure (Lane and Macurda 1975) and the
mode of preservation (Ausich and Baumiller 1993) supports further. Traditionally, other
Paleozoic crinoids are regarded as having only ligamentary articulations between their arm
plates, which are generally inferred to be capable of only passive movement via external forces.
However, ligament contraction may have allowed some of these crinoids, for example,
calceocrinids and some disparids that have ridges analogous to those found in muscular
articulations, to bend actively to a limited extent (Ubaghs 1978). Moreover, as discussed above
for non-synarthrial stalk articulations, contractile ligaments in arms that lack a fulcrum entirely
could allow active “unbending” of arms bent by external forces. This could affect filter-feeding
by allowing a certain degree of arm adjustment in environments with variable currents (Meyer

and Macurda 1977, Meyer 1979, Baumiller 1993, Kitazawa et al. 2007).

CONCLUSIONS

1. Field observations of dislodged individuals of Democrinus sp. demonstrated that they
are able to regain an upright posture within a relatively short timescales (48 hours).

2. Quantitative evaluation of four mechanisms of the phenomenon above, including the
use of arms to push the crown off the bottom (push-up model), buoyancy (balloon model),
hydrodynamic lift (kite model), and thrust generated through hydrodynamic drag by aboral
flexure of the arms (swimming model), revealed that none is adequate.

3. Having excluded the mechanisms above, we concluded that the righting behavior

observed in Democrinus sp. involves the active contraction of tissues on either side of a fulcral

81



ridge that characterizes its synarthrial columnal articulations. Contraction of the ligament on one
side of the fulcrum causes flexion at the joint and active stalk bending.

4. This study corroborates a previous hypothesis that the connective tissue of the crinoid
ligament is contractile (Birenheide and Motokawa 1996).

5. The implications of ligament contractility for crinoids include: (1) active stalk bending
is necessary for righting and postural control of Democrinus sp. and other crinoids with
synarthrial stalk articulations; (2) active flexure of cirri is necessary for the animal to attach and
reattach to the substrate, and, possibly, to right the stalks that lack synarthrial articulations; (3)
active arm movement occurs in crinoids that lack muscular arm articulations, which includes the
majority of Paleozoic taxa. Ligament contractility would allow adjustments of the feeding

posture and possibly anti-predatory behaviors.
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Chapter III TABLES

Table II1.1: Record of dislodged individuals of Democrinus sp. visited during the study. All individuals
were seen over multiple visits, and their relative positions on the sediment were noted. Unless specified
otherwise, individuals had complete crowns. The method of dislodgement varied only for D2, which was
dislodged via suction rather than hooking. D1 was not seen after May 2015, nor were any individuals
mapped on May 2015 (see discussion section for more detail).

D1 D2 D3 D4
Dislodgment: Dislodgment: Dislodgment: Dislodgment:
hooked and dragged  Suction and dropped hooked and dragged hooked and dragged
Visit date
5/4/2015 Dislodged _ _ _
5/6/2015 )
15.5 cm curving off
sediment. Crown o o o
raised 7 cm, 3 cm of
stalk still on
sediment.
11/24/2015 Missing Dislodged — —
11/26/2015
. prone on o o
Missing sediment
5/17/2016
Upright, only
Missing attachment structure on — —
sediment. No arms.
5/19/2016
Upright, only .
Missing attachment structure on Dislodged Dlilsoloa(iif Sd’
sediment
12/15/2016 Upright, no visible Vigigig;gl{(lzn
Upright, only stalk on sediment diment
Missing attachment structure on (attachment (;tiach:qen ¢
sediment structure likely .
under sediment) structure 1 ikely
under sediment)
12/14/2017 Upricht
Upright, no visible Visigigsta’l{(lzn
Upright, only stalk on sediment diment
Missing attachment structure on (attachment (;t(:a hrfl ot
sediment structure likely chme
under sediment) structure 1 ikely
under sediment)
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Table II1.2: Lab measurements of stalk dimensions and masses of eight collected individuals. Arm and
crown measurements are not included, as only the May 2015 A specimen had any crown attached.
Calculating WIWsw via WIW measured has an additional step, as the values were gathered in fresh
water. WIW was divided by 1.024 to account for the higher density of salt water, which increases
buoyancy, and was represented as a force value in dynes (x 980 cm/s). The last column is WIWsw per 1
cm of stalk (dynes/cm). Density p = WIA/V.

Lstaik WIA v p WIWyw WIWstaik

(cm) (dyn) (cm3) (g/cm3) (dyne) (dyne/cm)
Specimen
May 2015 A 20.21 960.40 0.51 1.91 516.80 25.57
May 2016 A 17.57 911.40 0.46 2.01 449.80 25.60
May 2016 B 25.23 1185.80 0.64 1.88 526.37 20.86
December 2016 A 36.58 1871.80 0.94 2.03 909.18 24.85
December 2016 B 37.27 2273.60 0.95 2.45 1291.99 34.67
December 2016 C 27.63 1881.60 0.71 2.70 1148.44 41.56
December 2016 D 19.50 686.00 0.49 1.43 181.84 9.33
Stalk Segment 15.39 989.80 0.41 2.44 574.22 37.31
Average 699.83 27.47
StDev 379.08 10.24
StError 143.28 3.62
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Table II1.3: Lab measurements for the two arms of specimen May 2015 A and a detached crown. Density
calculated by mass/volume. WIW,, was calculated by dividing the measured WIW 1.024 to account for

the density of salt water.

Lam Arm
(cm) number

Specimen

May 2015 A | 2.00 2

Detached 1.58 5

V p WIWgy WIW arm

(cm3) (dyne) (dyne/cm)
(gfem?)

0.08 1.78 54.23 13.26

0.15 1.46 105.27 13.56

Crown
Average 13.44
StDev 0.16
StError

0.12



Table I11.4: WIW,, values calculated for dislodged individuals. Arm and stalk length varied across
individuals, but all had 5 arms. Stalk length (Lstwi) and arm length (Lam), were calculated using
dimensions from photos and videos. WIWE, was found by multiplying mean WIW arm (13.44 dynes/cm)
and mean WIWsqik (27.47 dynes/cm) by the dislodged specimens’ dimensions. 95% confidence intervals
were calculated by simulating 1000 WIWE, from the calculated WIWEs, values and their error.

Dl
D2
D3
D4

Lstai Lam WIWEgsy WIWggy Error 95% CI
(cm) (cm) (dynes) (dynes) [LL,UL]
15.10 3.11 623.95 56.53 [508.70, 742.03]
25.07 5.13 1033.67 93.83 [848.03, 1217.38]
27.45 5.75 1140.74 102.82 [932.60, 1354.02]
24.00 4.20 941.73 941.73 [766.72, 1122.26]
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Chapter III FIGURES

Figure IIL.1: Overview of stalk morphology for a stalked isocrinid and stalked bourgueticrinid. Top:
(left) A stalked isocrinid, Cenocrinus asterius, and (right) a stalked bourgueticrinid, Democrinus sp., in
situ off Roatan, Honduras. C. asterius uses cirri to cling to a vertical wall (~150 m), while Democrinus sp.
is rooted in sediment. Bottom, left to right: (A) Lateral view of an isocrinid stalk (Endoxocrinus)
terminating at a synostosis. Five cirri are present just above the characteristic flat surface of the
articulation. (B) A close-up of a symplexial articulation facet (Endoxocrinus). The central canal is small
and the articulation is marked with distinct ridges in a flower-like pattern. The ridges interlock with
adjacent ones on the next columnal. (C) Lateral view of a bourgueticrinid stalk (Democrinus sp.). At the
synarthrial articulation facets, adjacent columnals connect along a central fulcral ridge. A gap between
adjacent columnals is visible on either side of this fulcral ridge. The ridge rotates approximately 65—70
degrees on each successive facet. (D) Synarthrial articulation facet of a bourgueticrinid stalk (Democrinus
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sp.). The fulcral ridge runs through the center of the facet, split by deep ligament pits. All scales at 0.2
cm.

Figure IIL.2: Images of several prone Democrinus sp. Top: An individual at the 260 m site on May 4,
2015. The individual is lying prone on sediment and lacks a crown. Bottom: (Leff) An individual with a
brittle star at the stalk base, lying prone on the sediment (December 16, 2016). (Righ?) An individual
with more than half its stalk prone on the sediment (December 15, 2017). Scale bars set at 5 cm.
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Figure I11.3: Dislodged Democrinus sp. individual D1 at the 240-meter site off Isla Roatan, Honduras.
A: On May 4, 2015 between 3 and 5 pm, a wooden board ending in a hook attached to the front of the
submersible was used to catch the attachment structure and pull individual D1 until it uprooted. Then, it
was left lying on the sediment. B: Two days later, on May 6, 2015 around 4 pm, D1 was observed in a
partially vertical position (crown raised approximately 7 cm, 15.5 cm of the stalk off the sediment).
Although the angle of the two photos differs slightly, and thus not all of the scarring in the sediment is
visible, the deep drag depression the hook made during dislodgement on May 4 is visible in both photos
directly behind individual D1. Scale 4 cm.
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Figure II1.4: Dislodged individual D2. A: Initially dislodged via suction and dropped in front of marker
M2 on November 22, 2015. No changes in posture were observed on November 24 (not shown). B: By
the next visit on May 17, 2016, D2 had lost its crown (likely predation-related), but had reestablished an
upright posture.
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Figure IIL5: Dislodged individuals D3 and D4. A: On May 19, 2016, the mounted board and hook on
the submersible front dislodged individuals D3 (left) and D4 (right). D4 was chosen because it had no
crown to see whether this might influence regaining an upright posture. Unfortunately, extreme weather
conditions prevented a return visit during the May 2016 expedition. B: By December 15, 2016 both
individuals were upright, and D4 had regrown its crown. Scale bar set at 10 cm.
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Figure II1.6: Forces on a stalked crinoid using the current to generate lift with the distal portion of stalk
laying along the sediment. In this model, lift must be greater than the downward force (Fgown), which is
equal to the weight of the prone individual in water (WIW). The current velocity necessary for a given
WIW is calculated with Equation III.3, and is based upon an individual’s WIW, crown surface area
(5*SAam), and the coefficient of lift, Ci, which is a function of the crown’s solidity (SAam/ SAr). The
WIW that lift must overcome varies based upon how much stalk is off the sediment.
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Figure I11.7: Simplified model of crinoid with the distal portion of stalk laying along the sediment and
the crown generating thrust via vertical drag through arm movement, the swimming model. The power
stroke of the arm (right) is illustrated in starting position (grey arm) relative to vertical («) and at the end
of the power stroke (black arm), after it has rotated through . Using the period of the power stroke, #,, the
linear velocity of the arm tip, UL = (Lam™ 0)/2,, as well as the arm’s angular velocity (w = 6/%,), can be
calculated. Total drag force represents the force generated during a single arm stroke (Dr), detailed in
Appendix A, Part I1, and is used to calculate the mean instantaneous vertical drag force (Dv) (Equation
I11.4). Dv must be equal to or greater than the crinoid’s weight in water (WIW) to raise the crown and
stalk off the sediment.
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Figure II1.8: Lift generated by D1 under the kite model plotted as log. Under the kite model, the
crinoid’s morphology (surface area of outstretched arms, arm number *SAam), the coefficient of lift
(constant, based upon the solidity of the crown, Cr), and the density (constant) and the fluid’s velocity all
influence lift (See Equation I11.3 for constants and details). Lift was calculated for a range of current
velocities, from 0 to 60 cm/s, with SAam based upon the dimensions of individual D1. To achieve an
upright posture, lift must be greater than or equal to a given crinoid’s weight in water (WIW). The value
of WIWEgs, for D1 (thin black horizontal line) is shown here with its 95% CI (light grey dashed lines).
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Figure I11.9: Lift force generated for a range of current velocities, from UC = 0 to 60 cm/s, with SAam
based upon the dimensions of individual D1. The WIWkg, to lift 1, 5, 10, and 20 cm of stalk are shown as
horizontal gray lines. The WIWEg, to lift 15.1 cm of stalk, the length of D1’s stalk, had lifted by the return
visit, is represented by a horizontal black line. Current velocities in excess of 30 cm/s would be necessary
to produce sufficient lift for any stalk length over ~5 cm, and in excess of 20 cm/s for even 1 cm of stalk.
Lift is plotted as log.
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Figure I11.10: Thrust force produced for D1 as calculated via the swimming model. Under the swimming
model, thrust force (Fr) is equivalent to the vertical drag, Dy, produced during power stroke of the
crinoid's arms, and the average Dv must be equal to or greater than the given individual’s weight in water
(WIW). The size of the paddle influences the thrust force (SAam, and the coefficient of drag Cp, based
upon arm solidity) while performing the power stroke (SAarm, and the coefficient of drag Cp, based upon
arm solidity) and how rapidly the crinoid completes the stroke. Estimates of Cp were based upon
measurements of the arm’s filter and experimental results (Baumiller 1993), set at 0.22. Arm movements
of Democrinus sp. were observed and recorded on numerous occasions, and while the reason for this
behavior is unknown, they provide data to estimate the start angle, o (~30°) relative to vertical and the
angle subtended during the movement, 8 (~80°) (See Equation II1.4, Appendix A, Part 2 for expanded
details on obtaining Dy). The values of WIWEg, for D1 isare shown with its 95% CI (light grey dashed
lines). The model assumes that all five arms move together, behavior not seen in any living crinoid
(feather stars move approximately half of their arms up and half down at any given time). Fr is plotted on
a log axis.
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Figure II1.10 A: Thrust force plotted against arm length. Assuming the fastest observed speed for a
complete power stroke, 1.1 seconds, Fr was calculated for arm lengths between 0.01 cm and 10 cm. A
circle (0) denotes the smallest arm length measured (individual D1), and where it falls on both the SAam
range. WIWEg, is for D1. The thrust the arms produced was far below that necessary for the crinoid to
achieve an upright posture. Note, no Democrinus sp. with an arm length greater than 8 cm was measured.
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Figure I11.10 B: Thrust force plotted against period of power stroke (time to subtend the 80°). Assuming
the maximum arm length measured (D3), Fr was calculated for a range of periods, from 0.01 seconds
(fastest) to 5 seconds (slowest). The period observed for Democrinus sp., 1.1 seconds, is marked by an
open circle. The slowest stroke period that would generate sufficient thrust to overcome the crinoid’s

weight in water is approximately 0.05 seconds.
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Figure I1L.11: Democrinus sp. in various current speeds. Top: May 19, 2016. Five Democrinus sp. with
crowns in the low-drag postures, with tips facing down-current. Suspended particles of the substrate are
visible in the upper portion of the photo. All of the Democrinus sp. stalks are bent down-current. The flow
speed calculated using suspended particles was approximately 11 cm/s, with current direction
approximately right to left. Bottom: December 15, 2016. Democrinus sp. in less than 2 cm/s current. The
arms are outstretched, the long axes perpendicular to the current, and stalks are vertical. The current
direction is approximately perpendicular to the plane of the photograph. Scale lasers are 10 cm apart.
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Figure II1.12: Interaction between the echinoid, Paleopneustes cristatus (Agassiz, 1873), and
Democrinus sp. (December 14, 2017). The echinoid appears to be pushing slightly against the visible
stalk base, causing the individual to lean. However, no actual dislodgement was observed. Echinoids are
approximately 10 cm in diameter.
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CHAPTER IV Democrinus newnamus, a New Species of Stalked Crinoid

(Crinoidea, Comatulida, Rhizocrinidae) from the Southern Caribbean Sea

ABSTRACT
Democrinus newnamus, a new species collected during submersible dives at depths of 230-300
m off the northwestern end of Isla Roatan, Honduras, is described. The new species is placed in
the five-armed genus Democrinus, tfamily Rhizocrinidae Jaekel, 1894, and is most similar to
Democrinus rawsonii. It differs in: (1) having a significantly smaller ratio of the diameter of the
central depression to cup diameter overall; (2) greater maximum size; (3) greater maximum
width across the radial plates; (4) greater ratio of basal height to width, and (5) the first pinnule
on Br7-Br9 rather than on Br5—Br7. A review of other species of Democrinus resulted in several

amendments to the description of D. rawsonii and the genus as a whole.
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INTRODUCTION

Previously, the xenomorphic stalk united all crinoids within the suborder Bourgueticrinina
Sieverts-Doreck in Ubaghs, 1953. Molecular and morphological work over the past two decades
has shown that this feature is a paedomorphic homoplasy (Cohen et al. 2004, Hemery et al. 2011,
Rouse et al. 2012, Hemery et al. 2013, Roux et al. 2013), which prompted a reassessment of the
clade at higher taxonomic levels (i.e., family and above). This reassessment placed genus
Democrinus Perrier, 1883 (Figure IV.1) in the recently resurrected family Rhizocrinidae Jaekel,
1894 (Roux et al. 2019, WoRMS Editorial Board 2022).

The change above is only the latest in the complex history of the genus Democrinus. The
genus was synonymized initially with Rhizocrinus Sars, 1868 (Carpenter 1884) within a year of
its original description (Perrier 1883), and was not reestablished for more than 20 years (A. H.
Clark 1909). All Democrinus have xenomorphic stalks characterized by synarthrial articulations,
five undivided arms (occasionally four or six), and conical or elongated and sub-cylindrical cups
(Figure IV.1). As with many crinoids, arm characteristic are often key features in identifying
species, but many Democrinus species are defined poorly in this respect. Individual Democrinus
are delicate and fully articulated specimens in museum collections are rare: Most
fossil Democrinus are represented only by cups and columnals, while living specimens collected
by dredging are often few in number, damaged, and have arms that are broken or missing
entirely.

Diagnosing species of Democrinus primarily using cup characters is complicated, as no
single characteristic is unique to any of the species assigned to the genus. Instead, each species is
identified by a suite of cup characters (Figure IV.1) that often vary widely within a species, as

exemplified by D. chuni (A. M. Clark 1972); arm and stalk features are used rarely. A
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consequence of the paucity of complete, undamaged specimens is that nearly every living
Democrinus species has been synonymized and split at least once, sometimes more (see A. M.
Clark 1972 for an overview of these issues, as well as A. H. Clark 1909, Gislén 1938, Gislén
1947, A. M. Clark 1977).

Currently, 12 living (Figure IV.2) (WoRMS Editorial Board 2022) and 4 fossil species
(Hess 2011, Roux et al. 2019) are recognized within Democrinus. The use of Remote Operated
Vehicles (ROVs) and submersibles in the last half-century has provided new collection methods
that limit the damage dredging causes and has led to an increase in the number of specimens
collected. While only a few species have been reassessed, the resulting data now allow more
accurate taxonomic descriptions and detailed comparisons across species. These descriptions
address several the taxonomic problems that arose from historical collection methods. Further,
the diagnostic characters of five undivided arms and of synarthrial stalk articulations (Figure
IV.1), are now thought to be convergent (Roux et al. 2013). Future studies are likely to lead to
further rearrangement of species assigned to Democrinus, particularly if features such as the
knobby processes on the arms (Mironov and Pawson 2014, Roux et al. 2019) are shown to hold
phylogenetic value.

This chapter details recent work on a population of Democrinus studied off Roatan,
Honduras via submersible (Figures IV.3, IV.4). Examination of submersible-collected specimens
demonstrated that these Democrinus represent a new species, the first new species since 1973
(McKnight). This brings the number of extant species of Democrinus to 13. Here, I describe this
new species and in addition, provide amended diagnoses for D. rawsonii and the
genus Democrinus. 1 also show that several features used historically to diagnose species of

Democrinus are problematic.
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Physical and Biological Setting

Located ~60 km north of mainland Honduras, Isla Roatan is the largest island of Islas de la
Bahia. Uplifted only recently (early Oligocene, Pindell and Barret 1990), Roatén is the surface-
reaching part of the East-Northeast trending submarine Bonacca Ridge. The Ridge runs parallel
to a major left-lateral transform fault system at the southern margin of the Cayman Trough
(Figure IV.3 A, Holcombe et al. 1973, Pindell and Barret 1990, Rosencrantz and Mann 1991,
Avé Lallemant and Gordon 1999). The location and formation of Roatén led to several unique
features. Key among these is a northwestern oceanic barrier reef and a substantial drop-off that
reaches depths greater than 500 meters quickly (Kornicker and Bryant 1967, Mehrtens et al.
2001).

The northwestern drop-off’s topography is highly varied between 100—700 m. Near-
vertical rock faces dominate the shallower sections before bottoming out to extensive slopes with
unconsolidated sediment, rock faces, and slump blocks. Both feather stars and stalked crinoids
live in environments below ~150 m. The study area is a sediment slope that extends from 185—
300 m dominated by a population of the new species of Democrinus (Figure IV.3 B) that
numbers in the thousands. The sediment consists primarily of silt-sized particles and
sedimentation rates are low, while flow events greater than 15 cm/s are rare (see Chapter I11
discussion section for more details). The study area lacks any other notable populations of either
epifaunal or pelagic organisms, other than scattered unidentified anemones, small (< 3 cm long)
spider crabs found on many of the Democrinus, and small (< 20) roving groups of the echinoid
Paleopneustes cristatus Agassiz, 1873.

Democrinus is found widely across the sediment slope from 200-300 m, with the largest

densities of up to 9 individuals per m? between 215-260 m. As one approaches the edges of the
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depth range, individuals become more scattered. Democrinus typically holds its stalk vertical or
slightly bent; rare individuals appear lying prone on the substrate. Under current velocities < 7
cm/s, most individuals extend their arms in the characteristic feeding posture of stalked crinoids,
a parabolic fan with arms splayed out, long axes perpendicular to, and tips recurved into the
current (Figure IV.4). At higher current velocities, individuals begin to collapse their arms
parallel to the flow, with tips oriented down-current. Regenerating arms are frequent (~ 18% of

individuals), most likely attributable to injuries from predators (Veitch and Baumiller 2021).

METHODS

We accessed this study area using the submersible /dabel, owned and piloted by Karl Stanley
and based at the Roatan Institute of Deepsea Exploration, West End, Roatan, Honduras. We
conducted eight expeditions over five years (2012—2017), with 16 separate dives spanning
different seasons (May—June, October—December). We documented each visit using digital video
and SLR cameras synchronized with external strobes via Idabel’s 76 cm diameter viewport.
Lasers mounted externally (two placed 10 cm apart) and internally (3, each placed 2 cm apart) on
a flat viewport provided scale in the media collected. In May 2015, we marked a site at 240 m
and another at 260 m in depth, using weighted bags equipped with neon-yellow floats, and
revisited them on the four following expeditions.

We attached a 5 cm PVC pipe provided with suction from Idabel’s thrusters to collect
nine Democrinus individuals on four separate occasions (Table IV.1). Collection depths were
approximated for six of the nine individuals, as the sampling sometimes involved several
individuals collected at slightly different depths. We recovered three complete crowns
(unattached to a cup) and two arms (up to the 12" and 15" brachials); the remainder of the

material collected consisted of cups with the stalk attached and portions of the rooting structures.
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The Democrinus collected were examined in the lab using a binocular microscope and compared
with known species of Democrinus. Table 1V.2, and Figures IV.5 and IV.6 show the characters
used for this study, while Figure IV.7 shows other Democrinus cup features mentioned in this
study.

Additional material examined included published descriptions, photographs and
diagrams, photographs of specimens provided by colleagues and by the National Institute of
Water and Atmospheric Research (NIWA), specimens from C. G. Messing’s personal collection
at Nova Southeastern University (abbreviated herein as NSU-CGM), and specimens on loan
from the Harvard Museum of Comparative Zoology (MCZ). Appendix B summarizes the details
of the additional material examined, including the collection site and date, accession number,

institution where housed, and any additional notes. An overview of that material is as follows:

Democrinus aoteanus McKnight, 1973: 21 specimen photographs from NIWA that V.
Sadie Mills, NIWA invertebrate collection manager, took under a dissecting scope by. Holotype
description and photograph from McKnight 1973.

Democrinus brevis A. H. Clark, 1909: 221 specimens from NSU-CGM; 1 photograph of
the holotype C. G. Messing took in 2012.

Democrinus cabiochi Roux, 1976: 1 photograph of the holotype, available online from
the Muséum national d’Histoire naturelle (MNHN-IE-2013-10100); original description from
Roux, 1976.

Democrinus chuni Doderlein, 1907: 1 specimen from MCZ; plates of 13 individuals in
Ddoderlein, 1912; photographs of 3 specimens (Gislén 1937), and diagrams of 3 specimens from

A. M. Clark, 1972.
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Democrinus conifer A. H. Clark, 1909: 35 specimens from NSU-CGM; 1 photograph of
the holotype C. G. Messing took in 2019; the latter synonymized Rhizocrinus robustus (Gislén
1938) original description’s measurements from A. H. Clark 1909.

Democrinus japonicus Gislén, 1927: 2 specimens from MCZ; 4 diagrams, including one
of the holotype and 25 descriptions/measurements from Gislén 1927.

Democrinus nodipes Doderlein 1907: 1 diagram and 2 individuals from plates and
measurements from Ddderlein 1907.

Democrinus parfaiti Perrier, 1883: 1 specimen from MCZ; holotype description from
Perrier, 1883; diagrams of 2 individuals from Carpenter, 1884 and 2 from A. M. Clark, 1977.

Democrinus rawsonii Pourtales, 1874: 4 syntypes and 17 specimens from MCZ; 4
specimens from NSU-CGM; diagrams of 1 individual from Pourtalés, 1874, and 1 from A. H.
Clark, 1915; the original descriptions’ measurements from A. H. Clark, 1909 for one of the
syntypes and the later synonymized R. sabae.

Democrinus weberi Déderlein, 1907: plates and measurements of 8 individuals from
Ddéderlein 1907.

Neither D. globularis Gislén, 1925 nor D. poculum Ddderlein, 1907 were examined
quantitatively, as the placement of both species in Democrinus is in doubt. Both were moved to
Conocrinus (Roux 2002, Roux et al. 2019), but are still listed as Democrinus as of this paper
(WoRMS Editorial Board, 2022).

Ontogenetic shape differences are reported in two species of Democrinus: D.
chuni (Gislén 1938) and D. japonicus (Gislén 1927). Burnaby (1966) proposed a method of
multivariate analysis that removes the effect of isometric growth, referred to as Burnaby’s Back

Projection Method (BBPM). BBPM provides accurate and unbiased estimates of between-group
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differences, even when groups have many overlapping variables (Klingenberg 1996b, McCoy et
al. 2006, Klingenberg 2016). Species with multiple similar variables and differing maximum
heights, such as D. newnamus n. sp. and D. rawsonii, were compared using Principal Component
Analysis (PCA) after BBPM was applied to the dataset. All analyses were carried out in R (R

Core Team 2020).

RESULTS

Suborder Bourgueticrinina Sieverts-Doreck, 1953
Family Rhizocrinidae Jackel, 1894
Genus Democrinus Perrier, 1883
Type species: Democrinus parfaiti Perrier, 1883.
Synonymy:

Democrinus Perrier, 1883: 450; A .H. Clark, 1917: 392; Gislén, 1938: 25; A.M. Clark
1977: 167-168; Rasmussen, 1978: T844; Hess, 2011: 149-151.

Rhizocrinus pars Carpenter, 1884: 245, A.H. Clark, 1909: 673—-676.

Rhizocrinus (Bythocrinus) Doderlein, 1912: 11-14.

Bythocrinus A.H. Clark, 1917: 392.

Species Included:

Bourgueticrinus londinensis Forbes, 1852 (Ypresian), Conocrinus elongatus Roux, 1978a
(Bartonian), Democrinus simmsi Ciampaglio, Donovan, and Weaver, 2007 (Middle-Upper
Eocene), Democrinus sp. Roux et al. 2019 (Danian). Extant species: D. aoteanus McKnight,
1973; D. brevis A. H. Clark, 1909; D. cabiochi Roux, 1976; D. chuni Dbderlein, 1907; D.

conifer A. H. Clark, 1909; D. globularis Gislén, 1925; D. japonicus (Gislén 1927; D.
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nodipes Doderlein, 1907; D. parfaiti Perrier, 1883; D. poculum Doderlein, 1907; D.

rawsonii Pourtales, 1874, and D. weberi Doderlein, 1907. See also Figure IV.2.

Emended diagnosis: Crinoids with xenomorphic stalks as adults characterized with synarthrial
articulations, conical or elongated and sub-cylindrical cups, and five undivided arms
(occasionally four or six) (see Figure IV.1 for example Democrinus overview). Stalk columnals
distal to the 4—8 proximal columnals show Conocrinus-type synarthries (Roux et al. 2019), with
the figure-8 ligament depression (Figure IV.1 B) that increases in size more distally along the
stalk, and extends often over two-thirds or more of the articular facet before the attachment
structure. The synarthries on proximal and distal facets of each columnal rotate between 60° to
90° relative to each other (mean angle of rotation appears to be species dependent) (Figure IV.1
A). Sutures between basal and radial plates vary from highly visible to inconspicuous. The height
of the basal circlet constitutes the majority of the cup height (Figure IV.1). The distal face of the
radial circlet has muscular fossae with conspicuous upward curves that extend often over the
inner portion of the interradial crest (Figure IV.7 A). The articular facets are as large as the distal
radial width and lack any interradial process or thorn (Figure IV.7 A). The ratio of the central
depression to the distal radial circlet diameter ranges from 0.20-0.60. Beginning with the first
syzygy between Brl and Br2, all brachials have articulations with a distinct trifascial pattern
(Figure IV.7 B). When present, knobby processes appear at least by the upper portion of IBr2
(Roux et al. 2019). Tapering of the arms begins by Br5 (Figure IV.1), and the first pinnule is
usually between Br4 and Brl2.

Remarks: In D. newnamus n. sp., the ratio of the diameter of the central depression to the cup
diameter (CD:Rg) falls short of the expected 30—40% specified previously as diagnostic for the

genus Democrinus. Instead, the ratio matches that of Pseudoconocrinus (Roux et al. 2019);
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however, D. newnamus n. sp. lacks the conspicuous interradial crests and ten arms found

in Pseudoconocrinus. Examination of this feature in several other living Democrinus species
suggests that the CD:Rq range is larger than documented previously, as several specimens of D.
brevis, D. rawsonii, and D. japonicus fall between 25-30%.

Roux et al. (2002) removed both D. poculum Ddéderlein, 1907 and D. globularis Gislén,
1925 from Democrinus and placed them within the genus Conocrinus. No justification was
offered for reassigning D. poculum, but D. globularis was reassigned based upon the fact that it
is known only from one specimen with extremely constricted proximal stalk columnals
compared to the cup base (Figure IV.8 A) (Roux et al. 2019). If other specimens of D. globularis
were found, and all had this feature, it would be reasonable to remove it from Democrinus.
However, the presence of constricted proximal columnals compared to the cup base is found in
several specimens of D. brevis and D. chuni (Figure IV.8). Abnormalities in cup shape are
documented well in D. chuni, possibly due to different growth patterns (Ddderlein 1912, A. M.
Clark 1972), and this study found similar abnormalities in D. brevis (Figure IV.8 C). It may be
that the constricted proximal columnals are merely another such abnormality; without additional
specimens or additional features to distinguish D. globularis from other Democrinus, removing
the species from Democrinus seems premature.

The position of the first pinnule is adjusted from Br4—Br8 to Br4—Br12. Ddderlein (1912)
originally reported D. chuni has the first pinnule on the 5™ or 6 pair of brachials (i.e., on
Br9/Br10 and Br11/12) on page 15: “Vom 5. oder 6. Armgliederpaar ab sind Pinnuld
vorhanden,” and D. baueri, later synonymized with D. chuni (Gislen 1938), as the 8" brachial

pair (i.e., Br16). Gislén (1938) later reported a single specimen of D. chuni he dredged off S.
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Africa that had the first pinnule on Br8. A. M. Clark (1972) reported that two specimens

collected during a voyage of the Anfon Bruun had the first pinnule on Br8 and Br12.

Democrinus newnamus n. sp.

Etymology: It is currently a placeholder.

Holotype: The specimen is uncatalogued, current designation is November 2015 (Figure 1V.9).
Diagnosis: Sub-cylindrical aboral cup, with 150-180% increase in width from the cup base to
the widest point across the radial circlet (Figure IV.9 A). Radial height is 40-70% of the radial
width and 50-80% of the Br1 height. The ratio of the diameter of the central depression to the
cup diameter 20-30%. Brl is rectangular in shape, with a height that usually reaches between
80—-100% of its width. Four of the nine individuals had intact or partially intact arms, with the
first pinnule between Br7 to Br9. No arms displayed either knobby processes or any tapering
along the arm (Figure IV.9 B).

Characters and measurements for all nine specimens are listed in Table IV.3.

Description: The cups of the nine specimen collected ranged in height from 3.6-9.1 mm. In
seven of the nine, the cups increase in width continuously from the base to the distal edge of the
radial circlet. In specimens Dec 2016C and Dec 2016D, there is a slight hollowing or inward
slope across the middle of the radials (Figure IV.10 A); however, it is not sufficiently abrupt to
be considered a constriction (Figure IV.11; see also Discussion for the definition of a
constriction in Democrinus). May 2014 A appears to have a minimally extruding ring
approximately 1/3 of the way up the basal plates; a similar feature has been noted in other

species and is interpreted as representing healed breakage (Gislén 1927, Gislén 1947).
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Unbroken arms of in situ specimens (n = 192) rarely exceeded 5 cm, although lengths of
up to 7.2 cm have been recorded. The brachials are taller than wide until approximately Br5/Br6,
where the trend reverses (Figure IV.9 B). Of 17 arms (3 complete crowns and 2 arms), one has
the first pinnule on Br7, 13 on Br§, and four on Br9. The first pinnule appears to occur equally
on the left or right arm side. The pinnules average 0.5 mm long and 0.1 mm wide, with the
shortest at the base and tip of an arm, and the longest in the middle. Arm brachials after Brl and
Br2 are alternatingly joined by syzygy (such as between Br3 and Br4) and separated by muscular
synarthries (Br4 and Br5).

Stalk length, including those in individuals in situ (n = 197), averaged approximately 17
cm; the longest stalk was 40 cm. The stalks of specimens collected averaged approximately 22
cm, possibly because many in situ D. newnamus n. sp. have sections of distal stalk laying along
the sediment where they are not easily visible, which leads to an underestimate of the stalk
length. The proximal columnals of the collected individuals had smaller diameters (1.3—1.6 mm),
but for the majority of the stalk, ~85%, the diameters averaged 1.8 mm (Figures IV .4, IV.9 C).
This is consistent with measurements of diameters taken from field photos where the laser scales
were at the base of the stalk (n = 11, mean 2.0 + 0.2 mm). The proximal columnals are shorter
than wide until approximately the 4™ or 5" columnal. The columnals reached a maximum height
of 3.0 mm in the distal stalk, just proximal of the columnals before the attachment structure. The
columnals are largely rectangular in shape when viewed in profile, and assume a faint hourglass
shape only near the attachment structure, where the width at the center of the columnal is only
90% of the maximum width at the articulations (Figure IV.9 C). The fulcral ridges of the
proximal and distal facets of each columnal are offset by ~60° (Figure IV.1 A). The attachment

structure is a series of thin radices growing parallel at each articulation joint along a distal
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portion of the stem, usually 2—6 cm long (Figure IV.9 D). These radices appear to branch only a
few times, although the distal-most tips were not been observed as they broke off during
collection.

Color: The arms are a bright yellow in situ, while the cup appears a more muted brown-yellow
(Figures 1V.3, IV.9, IV.10). The stalk is creamy to off-white (Figures IV .4, IV.9 C). After
several years of storage in 70% ethanol, the arms fade to a color similar to the stalk.
Distribution: D. newnamus n. sp. is currently known only from depths of 200-300 m off the
northwestern side of Isla Roatan, Honduras.

Remarks: D. newnamus n. sp. differs from other Democrinus most notably in a smaller ratio of
the distal radial diameter to the width of the central depression (CD:Rq). Most other Democrinus
have CD:Rgq of 30—40%, with only a few specimens in any species less than 30% or more than
40%. All nine specimens of D. newnamus n. sp. examined had a ratio of 20-30%.

D. newnamus n. sp. resembles D. rawsonii most closely. Both species possess an
elongated, sub-cylindrical cup (Figures V.10, IV.12), a rectangular Brl that is usually taller than
wide, distal stalk columnals with a minimal hourglass shape, and arms which do not tapered
(Figures IV.9, IV.13). As with other species of Democrinus, many characters overlap between
the two species and diagnosis requires the use of several characters. Taken together, the
following five characters distinguish D. newnamus n. sp. from D. rawsonii: (1) the height to
width of the radial plates of D. newnamus n. sp. never exceeds ~70%, while D. rawsonii ranges
from 44% to 120%); (2) the location of the widest point of the cups (across the basal-radial
suture or radial plates in D. newnamus n. sp., across the basal plates in D. rawsonii); (3) location
of the first pinnule (Br7 or higher in D. newnamus n. sp., Br5 or Br6 and rarely Br7 in D.

rawsonii); (4) the ratio of the CD:Rq (between 20-30% in D. newnamus n. sp., approximately
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30% in D. rawsonii); (5) Brl height always greater than radial height in D. newnamus n. sp.,
while it is between 0.8—1.7x as high in D. rawsonii (Table 1V.4). Taken together, these
characters are diagnostic.

Given the similarities, the overlap of diagnostic characters, and height differences (D.
rawsonii maximum recorded as 7.1 mm and D. newnamus n. sp. reaching upward of 9 mm) the
possibility that the differences observed represent different ontogenetic stages of a single species
must be considered. Principal Component Analysis was used to evaluate the continuous
characters of the species after the BBPM was applied (Burnaby 1966). The analysis showed
separation between D. newnamus n. sp. and D. rawsonii (Figure 1V.14). Further, while the
sample size of the D. newnamus n. sp. collected was small (n =9), all individuals with cup
heights smaller than the maximum known cup height of D. rawsonii (< 7.1 mm) have their
widest point across the radial circlet, while in all D. rawsonii, the widest point is across the basal
circlet. In addition, the first pinnule on D. newnamus n. sp. appears typically on or distal to the
Br7, while in D. rawsonii, it is never above Br6.

Additional biological notes: D. newnamus n. sp. often shows shortened or missing arms in the
field (~18% of the population) that are attributed to predation (Veitch and Baumiller 2021).
However, no signs of drilling or scratches, as seen in other extant and fossil Democrinus
(Doderlein 1912, Gislén 1927, Jagt 1999), were found on any of the cups of the individuals

collected.

Democrinus rawsonii Pourtalés, 1874

Synonymy: Rhizocrinus sabae: A. H. Clark 1909: 673—676.
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Syntypes: MCZ 147. Four specimens, here referred to as MCZ 147 A, B, C, and D, were
collected in 1871 off Barbados, at 13.151944 N, 59.6694 W, and a depth 146220 m (Pourtales
1874).

Emended diagnosis: The aboral cup is elongated and sub-cylindrical, with the widest point across
the basal circlet, usually just below the basal-radial suture. Overall width of the cup increases <
30% from the width at the base of the cup. Radial plates are always wider than tall, Brl is equal
or greater in height than width (Figure IV.12). The central cup depression width to the distal
radial circlet width is between 0.29—0.31 (n = 5). The arms lack knobby processes or tapering,
and the first pinnule appears most often on Br5 and Br6, rarely on Br7.

Descriptions: Cup heights for D. rawsonii range from 3.0—7.1 mm (n = 20), with a mean height
of approximately 4.3 mm. As with all Democrinus, the basal plates constitute most of the cup
height, ~80%. In all specimens, the widest point of the cup is across the basal circlet. Some cups
display a slight hollowing on the aboral side of the widest point that has been mischaracterized as
a constriction (Doderlein 1912, Gislén 1938, 1947) (see discussion below on the definition of a
constriction in Democrinus). In the most extreme examples of cups with this hollowing, the cup
takes on a bulging rather than cylindrical shape (Figure IV.12 B, D).

Columnals are wider than high for the proximal 4—6 columnals, while more distal
columnals are 1.5-2x higher than wide. The columnal height increases to reach nearly 4 mm at
the distal end of the stalk just proximal to the attachment structure. The columnal diameter is
relatively constant, with proximal columnals averaging 1.5 mm and those of the mesistele and
dististele reaching 1.7 mm. The fulcral ridge rotates ~70° between the proximal and distal
articular facets of each columnal. Individuals with both the Knotted-type and Disk-type

attachment structures are present. (Figure IV.15).
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Color: The cups are a light beige to dark brown (Figure IV.12), and the stalks are off-white, as
are the arms (Figure IV.13). The latter may be attributable to fading as seen in the arms of other
Democrinus stored in alcohol.

Distribution: Known to be from the Leeward Islands in the Eastern Caribbean, the Bahamas, and
the northeastern Gulf of Mexico.

Remarks: Almost immediately after Pourtalés described D. rawsonii in 1874, Carpenter
synonymized the species with D. parfaiti (1884). Apparently, in doing so, Carpenter did not
examine the specimens Pourtalés collected and relied only on specimens collected during the
Challenger expedition from nearby areas in the Caribbean. However, later examination revealed
that Carpenter’s specimens were D. brevis (A. H. Clark 1909), meaning that what Carpenter
perceived to be D. parfaiti included three different species: D. parfaiti, D. rawsonii, and D.
brevis. Although A. H. Clark split D. brevis and D. rawsonii from D. parfaiti once again in 1909,
Carpenter’s grouping affected the species assignment for Democrinus throughout the last
century.

Since 1900, all “D. rawsonii” collected in northwest Africa and the Bay of Biscay have
been reassigned to D. parfaiti (Gislén 1938, Roux 1977). A. M. Clark (1977), who examined
specimens in the National History Museum in London (NHM) and assigned them previously to
D. rawsonii, reassigned them all to either D. brevis or D. parfaiti. In fact, two specimens that
currently appear in the NHM catalog and are listed as D. rawsonii are actually the designated
holotype and paratype of D. brevis. Reassessment of the material examined in this study led me
to conclude that 3 of the 22 bourgueticrinids labeled D. rawsonii (NSU-CGM: JSL2-3684, CRI-

529, CRI-524) and 1 labeled D. parfaiti (MCZ: CRI-142) are more appropriately assigned to D.
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brevis, as a comparison of these three species revealed significant differences between D.
rawsonii, D. brevis, and D. parfaiti.

Both D. rawsonii and D. parfaiti possess cups of similar height and width (Perrier 1883,
Pourtales 1874, Gislén 1947). However, the sutures between the basals and radials are distinct in
all specimens of D. rawsonii (Pourtalés 1874, Koehler 1909, Gislén 1938, Gislén 1947), while D.
parfaiti undergoes a fusion of the basiradial sutures in all but the smallest specimens, as well as
of the interradial sutures in the largest specimens (Gislén 1947). In addition, the ratio of the cup
height to maximum cup width and the ratio of the maximum cup width to minimum cup width
differs significantly between the two species (p-value = 0.0015 and 0.0043, respectively).
Finally, while previous studies (Gislén 1938, 1947) have described a constriction in the
basiradials or radials, none of the 22 D. rawsonii that I examined, including the 4 syntypes, had a
constriction in the cup (Figure IV.11, see also Discussion for the definition of a constriction
in Democrinus used here), while D. parfaiti always does.

D. rawsonii differs more obviously from D. brevis than D. parfaiti (see A. M. Clark 1977
for an extensive review, as well as A. H. Clark 1909, 1915, Gislén 1938, 1947). The most
obvious difference is in the cup’s shape: sub-cylindrical in D. rawsonii, conical in D.
brevis (Figure IV.2). This is shown quantitatively in the difference between the ratio of cup
height to maximum width (Ch:CWmx) for the two species. The cup of D. rawsonii has a
Ch:CWmx never less than 1.6, which results in the sub-cylindrical shape, while in D. brevis that
ratio is always less than 1.5, and some specimens even have cups wider than high (Ch:CWmx
<1).

In addition, both D. brevis and D. parfaiti most commonly have their maximum cup

width across the radial plates, while in D. rawsonii, it lies across the basal plates. D.
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rawsonii also lacks the tapered arms found in both D. brevis and D. parfaiti. The former also has
its first pinnule between Br5 and Br7, while the latter two have their first pinnules between Br7
and Brl2.

In the original description of D. rawsonii, Pourtales (1874) refers to the first and second
brachial, Brl and Br2, as the second and third radial, a nomenclature not used currently (Hess et
al. 2011). This would place the location of the first pinnule on Br6 according to the original
description, not Br4. Later authors continue to list D. rawsonii has the first pinnule on Br4, as
Pourtales (1874) indicated, without adjusting for the change in nomenclature. A review of four
arms associated with the syntypes (MCZ 147 A, B, C, and D) found one first pinnule on Br5 and
three on Bro6, consistent with Pourtalés original description adjusted for the change in
nomenclature for Brl and Br2. Additional specimens reviewed (one crown and two detached
arms) showed the first pinnule on Br6, and one case of an arm with the first pinnule on Br7.
Additional biological notes: No cup showed signs of healed breakage (Gislén 1927, Gislén
1947), drilling, or scratches, as seen in other extant and fossil Democrinus (Déderlein 1912,
Gislén 1927, Jagt 1999). MCZ: CRI 148 has an unidentified epizoan on the distal portion of its

stalk.

DISCUSSION

Cup constriction As a Diagnostic Characteristic in Democrinus

The presence of a constriction on the cup of Democrinus has historically been a defining
character for several species (Perrier 1883, A. H. Clark 1909, 1915, Ddderlein 1907, 1912,
Gislén 1927, 1938, 1947, A. M. Clark 1977). However, the use of the character is problematic

because different authors have defined this feature differently. For example, some authors have
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considered a slight decrease in cup width followed by a gentle widening, as seen in the radial
plates of D. rawsonii syntypes (Figures IV.11 C, 12 A), a constriction (Carpenter 1884,
Doderlein 1912, Gislén 1938). Others, including Pourtalés (1883), A. H. Clark (1909), and A.M.
Clark (1977), restrict the term to an abrupt wedge-shaped narrowing in the cup (Figure IV.11 B).
I followed the latter definition in this study, and restricted the term to the wedge-shaped
narrowing.

Additional problems related to using the cup constriction as a taxonomic character in
Democrinus relate to its intraspecific variability. For example, Déderlein (1912) indicated that D.
chuni has a cup constriction, although many of the specimens he assigned to the species that I re-
examined lack it entirely; other studies also noted this (Gislén 1938, A. M. Clark 1972). The
same is true for D. conifer, where a cup constriction is a diagnostic character, although some
specimens lack the feature (A. H. Clark 1909, Gislén 1938). The location of the constriction on
the cup, which has also been used as a diagnostic feature, is similarly variable. In D. parfaiti, the
constriction can be found across the radials (Perrier 1883, Carpenter 1884, A. M. Clark 1977) or
at the basiradial suture (Carpenter 1884, Ddderlein 1912, Gislén 1947). Similarly, D. chuni is
known to have the constriction across the radials (Ddderlein 1912, A. M. Clark 1972), but in at
least one specimen described, it is across the basals (A. M. Clark 1972). D. conifer was described
from two specimens, one with the constriction across the radials, and the other at the basiradial
suture; Rhizocrinus robustus, later synonymized with D. conifer, has the constriction in either the
radials or basals (A. H. Clark 1909). Thus, the definition, presence, and location of a cup
constriction requires further investigation to clarify its utility as a diagnostic trait in Democrinus

species.

Attachment Structures in Democrinus
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Although some species’ descriptions use attachment type as a diagnostic character, in this study
the evidence showed that the attachment type is highly variable and reflects the environment
rather than phylogeny. Democrinus has three basic attachment types: a terminal Disk-type, a
Knotted-type akin to the classic look of tree roots, and an extended series of Thread-type radices
that grow out of the joints at each columnal where the articulation facets meet, in the distal-most
few cm of stalk (Figure IV.15). Although several species are known only to exhibit a single type
of attachment, these species have been described only from sites with similar substrate
characteristics. Species collected at several sites with a range of substrates, such as D. aoteanus,
D. brevis, D. parfaiti, and D. rawsonii, exhibit more than one attachment type, and D.
rawsonii and D. brevis have representatives of all three (Figures IV.16, IV.17).

The Knotted-type and the Thread-type attachments are both known in Democrinus that
live on soft-sediment substrates. For example, 36 individuals of D. brevis collected by the R/V
Bellows off Elliott Key (NSU-CGM: Bellows) from soft-substrate sediments contained 8 intact
attachment types: 6 had the Thread-type, and 2 the Knotted-type (Figure IV.17 A, B). An
additional 11 specimens of D. brevis collected in the northern Gulf of Mexico in 1984 (NSU-
CGM: CRI-553) included only 2 with intact attachment structures: a specimen with a Disk-type
attachment and another with a Knotted-type that appeared to be partially cemented (Figure IV.17
C, D); however, the substrate where they were collected is not listed. Some fossils have reported
the Knotted-type as a cementing holdfast associated with hard surfaces (Jagt and Donovan 2012),
much like the Disk-type. No collections from a single locality containing both a Disk-type and a
Thread-type have been reported, consistent with the former being associated only with hard

substrates and the latter with loose sediments.
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SUMMARY

Democrinus newnamus n. sp. from Roatan, Honduras, increases the number of known extant
species of Democrinus to 13. D. newnamus n. sp. differs from other species of Democrinus by
having: a ratio of the diameter of the central depression to overall cup diameter < 0.3; (2) the
maximum cup width across the radial circlet; (3) radial plates wider than high; (4) Brl height
greater than radial height, and (5) the first pinnule on Br7-Br9.

Thus, the genus Democrinus is emended to include greater variation in the ratio of the
central depression’s diameter to cup diameter. The description for D. rawsonii is amended with
the following: (1) the location of the widest point of the cup lays across the basal plates; (2) the
width of the cup from the base to the widest point increases by < 30%; (3) the correct placement
of the first pinnule is on Br5, Br6, or rarely Br7, and (4) the Disk-type attachment structure is not
diagnostic for the species.

The constriction in the cups of Democrinus was discussed and restricting its use to “an
abrupt wedge-shaped narrowing in the cup” is proposed. In addition, Democrinus attachment
structures appear to be influenced environmentally and thus have little taxonomic use. Both the
Thread-type and Knotted-type structures are associated with loose, soft sediments, while the

Knotted-type and the Disk-type with hard substrates.
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Chapter IV TABLES

Table IV.1: Record of individuals of Democrinus newnamus n. sp. collected from Isla Roatan, Honduras.
All individuals were collected via suction using a 5 cm PVC pipe attached to the Idabel’s thrusters. As the
individuals could not be sorted before reaching the surface, in the case of detached crowns and multiple
individuals, which individual the crown may have belonged to is unknown.

Number of collected Collection date Collection method Collection Depth Notes
individuals (YYYY/MM/DD) (m)
. One at 230 2 crowns collected,
2 2014/05/07 Suction One at 260 not attached
Two arms still
1 2015/11/22 Suction ~230 attached when
collected
2 2016/05/09 Suction ~230 No crowns collected
One crown
4 2017/12/16 Suction 245 -260 collected, not
attached
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Table IV.2: List of ratios used based upon characters measured. Location of measurement points shown

in Figures 5 and 6.

Ratios Abbreviation
Cup height:Cup width (max) Ch:CWmx

Cup width (max):Cup width (min) CWmx:CWmin
Basal height:Cup height Bh:Ch

Basal height:Basal width (max) Bh:BWmx
Basal width (max):Basal width (min) BWmx:BWmin
Radial height:Radial width Rh:RW

Basal width:Radial width BW:RW

Basal height:Radial height Bh:Rh

Cup width (max):Radial width CWmx:RW
Primibrachial height:Primibrachial width Brh:BrW
Primibrachial height:Radial height Brh:Rh

Cup height:Primibrachial height Ch:Brh

Central depression:Distal radial circlet diameter CD:Rd

gi(sitta}tll columnal articulation facet diameter:Columnal midpoint ColAd:ColMW
Distal columnal height:Distal columnal width Colh:ColIMW
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Table IV.3: Quantitative and discrete characters for the nine individuals of D. newnamus n. sp. collected
from Roatan, Honduras during 4 separate visits. Abbreviations: RR = Radial plates, Rec = Rectangular,
NP = Not present, N/A = Data not available.

Dec Dec Dec Dec May May May May Nov
2017A  2017B 2017C 2017D 2016A 2016B 2014A 2014B 2015A
Character

Location of

Constriction (if present) NP NP NP NP NP NP NP NP NP

Location of Cup max
width

Location of first

pinnule N/A N/A Br7* N/A N/A N/A Br8 Br§ Br7

Location of arm taper

(if present) NP NP NP NP NP NP NP NP NP
Shape of Brl Rec Rec Rec Rec Rec Rec Rec Rec Rec
Cup height (mm) 7.9 9.1 6.3 8.8 5.6 6.6 7.4 3.6 4.3
Cup max width (mm) 2.4 2.6 2.6 2.1 2.3 2.5 24 22 1.7

Cup minimal width

(o) 1.5 1.4 1.7 1.3 1.4 1.6 1.4 1.3 1.3
Basal height (mm) 7.3 8.2 60 79 5.3 5.8 6.7 3.1 3.9
Basal max width (mm) 1.1 1.2 1.4 1.2 1.2 1.5 1.2 1.1 0.7
Basal minimal width 0.9 0.8 0.8 0.7 0.8 0.8 0.9 0.7 0.6
(mm)

Radial height (mm) 0.7 09 06 08 0.7 0.9 09 07 0.6
Radial width (mm) 13 1.7 1.5 1.4 1.4 1.3 1.5 12 1.00
Brl Height (mm) 1.4 1.2 1.2 1.1 1.2 1.2 1.1 1.0 09
Brl width (mm) 1.5 13 1.4 1.2 1.4 1.4 1.3 1.2 1.0
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Ratio of Cup max width

Ravio of Cup ma 17 18 16 17 16 15 17 13 14
Ratio of Cup height to 33 35 24 41 25 27 31 171 25
cup max width

Ratio of Basal max

Ravlo ol Basal max | 13 16 17 17 16 18 14 14 11
Ratio of Cup height to

basa heigh 1.1 111 11 11 11 11 12 11
Ratio of Basal heightto | 68 43 66 43 40 58 30 57
width

Ratio of Radial height 0.6 05 04 06 05 07 06 06 06
to width

Ratio of Basal width to 0.9 07 09 09 09 1.1 08 09 07

Radial width

Ratio of Basal heightto | 105 97 95 97 74 65 78 46 64

Radial height

Eagzdifvlvlﬁig:ax width 1 g 16 18 15 16 19 16 18 17
giiiiggﬁ“p height to 5.5 75 54 84 46 55 67 35 51
pavo 0 }fﬁ;ﬁheight 0 20 14 19 13 17 13 13 15 14
Ratio of Brl height to 0.9 09 08 08 09 08 08 08 08

Brl width

Ratio of central
depression width to N/A 0.2 0.3 0.3 0.3 0.2 N/A N/A 0.2
Radial circlet width
Ratio of distal
Columnal edge to 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
center width
Ratio of distal
Columnal height to 2.1 2.0 2.0 2.1 1.9 1.7 2.1 1.6 2.0
width

*Only one crown of the four individuals collected in December 2017 survived collection. However this
crown was detached, so was assigned arbitrarily to Dec 2017 C.
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Table IV.4: Character measurements range from the minimum to the maximum value for D. newnamus
n. sp. and D. rawsonii. p-values shown were calculated using an unpaired #-test and * indicates p-values <
0.05. p-values were not applied to discrete characters. Abbreviations: RR = Radial plates, BB = Basal
plates, NP = Not present, N/A = Data not available.

D. newnamus D. rawsonii p-value
Characters (n=9) (n=18)
Location of Constriction (if present) NP NP
Location of Cup max width RR BB
Location of first pinnule Br 7-9 Br 5-7
Location of arm taper (if present) NP NP
Shape of Brl Rectangular Rectangular
Proximal columnals with width > height 34 4-5
Cup height (mm) 3.6-9.1 3.0-7.2 0.0011*
Cup max width (mm) 1.7-2.6 1.5-2.8 0.73
Cup minimal width (mm) 1.3-1.7 1.1-2.1 0.0071%*
Basal height (mm) 3.1-8.2 1.1-2.1 0.00058*
Basal max width (mm) 0.7-1.5 0.7-1.6 0.15
Basal minimal width (mm) 0.6-0.9 0.5-1.3 0.0097*
Radial height (mm) 0.6-0.9 0.4-1.1 0.53
Radial width (mm) 1.0-1.7 0.7-1.4 0.14
Brl height (mm) 0.9-1.4 0.5-1.3 0.049
Brl width (mm) 1.0-1.5 0.7-1.3 0.034
Ratio of Cup height to cup max width 1.7-4.3 1.7-2.6 0.062
Ratio of Cup max width to min width 1.4-1.8 1.2-1.8 0.98
Ratio of Basal max width to min width 1.1-1.8 0.7-1.8 0.47
Ratio of Cup height to basal height 1.1-1.2 0.9-1.2 0.0009*
Ratio of Basal height to width 3.0-6.8 3.0-4.5 0.013*
Ratio of Radial height to width 0.4-0.7 0.4-1.2 0.0097*
Ratio of Basal height to Radial height 4.6-10.2 3.2-9.9 0.34
Ratio of Basal width to Radial width 0.7-1.1 0.8-1.7 0.0043*
Ratio of Cup max width to Radial width 1.5-1.9 1.6-3.9 0.000038*
Ratio of Brl height to Radial height 0.8-0.9 0.6-1.1 0.085
Ratio of Brl height to Brl width 0.8-0.9 0.8-1.7 0.069
Ratio of Cup height to Brl height 3.5-84 3.8-7.9 1
i{i?zl](étoiigf:g:i depression to distal Radial 09-03 03 0.0043*
Ratio of distal Columnal height to width 1.6-2.1 1.5-2.0 0.087
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Chapter IV FIGURES
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Figure I'V.1: General overview of the features and terms used to describe the bourgueticrinid genus
Democrinus. Left: Overview of an entire D. brevis (NSU-CGM: CRI-556) specimen showing crown,
stalk and attachment structure. Scale bar: 5 cm. Right: (Top) Close up of a cup from D. brevis, showing
cup details. Scale bar: 1 mm. (Bottom) A: Close up of a side profile of several stalk columnals from D.
brevis. Note fulcral ridge ordination change between the proximal and distal synarthrial facets in the
middle columnal. B: Close up of a synarthrial articulation facet from a Democrinus newnamus n. sp. (Dec
2016D) Scale bars: 0.1 mm.
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Figure I'V.2: Collection of photographs and diagrams of the original holotypes (or syntype) for species in
genus Democrinus and a schematic rendition for each. D. poculum Doderlein 1907 and D. globularis
Gislén 1925 are excluded as there is uncertainty about their current placement within Democrinus (see
Roux 2002, Roux et al. 2019). Diagrams and grayed photos are taken from the respective publication of
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the holotype (i.e., D. aoteanus is from McKnight 1973). A: D. aoteanus McKnight, 1973. B: D. brevis
Clark, 1909 (BMNH-846208), C: D. cabiochi Roux, 1976, D: D. chuni Ddderlein, 1912, E: D. conifer
Clark, 1909 (USNM 22679), F: D. newnamus n. sp. (November 2015), G: D. japonicus Gislén, 1927, H:
D. nodipes Déderlein, 1907, I: D. parfaiti Perrier, 1883, J: D. rawsonii Pourtalés, 1874 (MCZ: CRI-147
D), K: D. weberi Doderlein, 1907. A key of the schematic characters drawn for each holotype is found in
the bottom right. Scale bars: 1 mm.
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Figure IV.3: Type locality. A: Map of Roatan within the greater Caribbean Basin. A red dot represents
the approximate location of the sediment slope off Roatan’s West end. B: Habitat where D. newnamus n.
sp. is found. The bourgueticrinids occupy the slope at depths between ~200—275 m and are found in

densities up to 9 individuals per m?. Green lasers are 10 ¢cm apart.
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Figure IV .4: In situ D. newnamus n. sp. off Isla Roatan, Honduras. A: Side profile of two individuals,
crowns held in a parabolic fan. B: Front profile of an individual. Note slightly recurved arms, with
pinnules outstretched. Approximately 7 cm of the stalk is partially visible along the substrate where
terminal radices root the crinoid in the sediment. Scale bars: 5 cm.
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Figure I'V.5: Schematics detailing the characters measured in this study. A: Cup measurements, including
the height overall (Cy), maximum and minimum widths (Cwmax, Cwmin). B: basal measurements (Bn, Bwmax,
Buwmin), radial measurements (Ry, Ry), and first brachial measurements (Bry, Bry). C: Overhead view of the
distal radial circlet facet showing the central depression (CD) and radial circlet diameter (Rq). D:
Measurements for distal columnal, including the height (Coly), midpoint width (Colmw), and articulation
facet diameter (Colaa).
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Figure I'V.6: Schematics of discrete characters used in this study. A: Democrinus cup with a constriction.
B: Democrinus cup with proximal columnals that exhibit a notably smaller width than the base of the cup.
C: (Left) D. brevis arm diagram showing tapering beginning at Br5/Br6. Although all arms taper
eventually, the rapid decrease in width by nearly 40% defines “tapering” as a character. (Right) D.

rawsonii arm diagram showing no tapering. D: (Top) D. chuni Brl diagram showing trapezoidal shape.
(Bottom) D. rawsonii Brl diagram showing rectangular shape.
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Figure IV.7: Characters on the distal surface of the aboral cup. A: Distal view of the aboral cup of
Democrinus rawsonii (MCZ 147B). A single articulation facet is outlined; the fulcral ridge involved in
arm movement, the muscle fossae, and the interradial crest are noted. B: Distal view of the aboral cup of
D. newnamus n. sp. (November 2015, holotype) with Brl1 still attached. The trifascial ligament
articulation on the distal end of each Brl that distinguishes genus Democrinus from Rhizocrinus is noted.
Scale bars: 1 mm.
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Figure IV.8: Individuals of Democrinus that exhibit extremely constricted proximal stalk columnals
compared to the cup base. A: Diagram of D. globularis from Gislén 1925. B: D. chuni from Doderlein
1912 (plate 5, specimen 2). C: D. brevis that shows deformation and constricted proximal stalk (NSU-
CGM: CRI-538). Scale bars: 1 mm.
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Figure IV.9: D. newnamus n. sp. overview. A: Aboral cup collected in November 2015 (holotype). B:
Detached crown from December 2016. Red arrow shows the first pinnule on Br8. White arrows show
point of slight decrease of approximately 20% in arm width, not enough to be considered a taper. C:
Distal stem that shows slight hourglass shape. D: Attachment structure that shows thread-like radices.
Scale bars A—C, 1 mm; D, 2 mm.
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Figure IV.10: Four cups of Democrinus newnamus n. sp., selected to demonstrate variation between
individuals. A: December 2016 C, the single specimen that shows a slight decrease in width across the
radial circlet compared to the basal circlet. B: May 2016 A showing the darkest brown the cup color
reaches. C: November 2015 (Designated holotype). D: May 2014 B, the smallest specimen collected
(3.62 mm) that displays a slightly conical shape. Scale bars: 1 mm.
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Figure IV.11: Constriction in Democrinus. A: Diagram of a bourgueticrinid cup showing the sharp pinch
that denotes a constriction. It is pictured here at the basiradial suture, but can appear anywhere on a cup.
The constriction usually creates a triangular indent in what would otherwise be a straight profile of the
cup. B: Holotype of D. conifer showing a constriction (USNM 22679). C: Syntype MCZ 147D showing
the slow, sloping decrease in the cup’s width that 19" century authors did not consider a constriction, but
some 20™ century scientists mischaracterized as such. Such an indent creates a very shallow curve in the
cup’s profile, rather than a triangle. Scale bars: 1 mm.
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Figure IV.12: Syntypes of D. rawsonii housed at the Harvard Museum of Comparative Zoology,
accession #147. Collected in 1871 at 13.151944, -59.6694, west side of Barbados, depth: 146-220 m. A
and D show best the slight, sloping decrease in cup width in the radials that is not sufficiently sharp to
constitute a constriction. A: MCZ 147A, B: MCZ 147B, C: MCZ 147C, and D: MCZ 147D. Scale bars:
1 mm.
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Figure IV.13: D. rawsonii syntype MCZ 147A. A: Aboral cup. B: Three detached arms of likely HMCZ
147A, based upon measurement of the Brl distal facet on the cup and the potentially corresponding Br2
proximal facet on the arms. Red arrow shows the first pinnule on the arms on the far side of Br5. C:
Distal stem of one of the syntypes shows a slight hourglass shape. D: Broken attachment structure, the
only one from the 4 specimens collected. Scale bars: A-B, 1 mm; C-D, 1 cm.
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Figure IV.14: Principal Component Analysis on the continuous characters for D. newnamus n. sp. and D.

rawsonii after performing BBPM to remove any potential isometric size effect in the clustering. D.

newnamus is shown in blue with round markers. D. rawsonii is shown in orange, with syntypes starred
and other individuals are marked with squares. Only the highest contributing characters for the loadings in

the PCA (> 50%) are shown. Ellipses represent the 95% confidence interval.
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Democrinus newnamus root
“Thread" type

Democrinus rawsonii root
“Disk” type

Demoerinus braueri root
“Knotted” type

Figure IV.15: Examples of the three attachment structures found in Democrinus. The “Knotted-type” and
the “Thread-type” have both been found associated with soft substrates and have been found together in
large groups of individuals. The “Disk-type” is known to be associated with hard substrates in both extant
and fossil species; the “Knotted-type” has been found on hard substrates as well in the latter.
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Figure IV.16: Examples of the three attachment types found in Democrinus. All three specimens are
individuals of D. rawsonii. A: Broken “Knotted” type structure, showing the beginning of the major
branches (MCZ: CRI-150). B: “Thread” type structure, with the parallel thread-like radix at each
articulation joint (MCZ: CRI-148 B). C: “Disk” type attachment structure (MCZ: CRI-149). Scale bars: 1
mm.
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Figure IV.17: D. brevis attachment structures. Top: Two attachment structures from individuals
collected in 2004 off Elliott Key by R/V Bellows. These D. brevis lived in soft sediment and displayed
two different types of attachment structures. (4) “Thread” type attachment structure (NSU-CGM: Bellows
#8) and (B) “Knotted” type attachment structure (NSU-CGM: Bellows #30). Bottom: Two attachment
structures from an unknown substrate collected in 1984 in the northeastern Gulf of Mexico. (C) The
typical “Disk” type attachment structure (NSU-CGM: CRI-553 #6) and (D) a “Knotted” type attachment
structure that appears to be cemented in part (NSU-CGM: CRI-553 #2). Scale bars: 1 mm.
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CHAPTER V Conclusions

A paleontologist’s work necessarily entails piecing together an understanding of organisms, their
ecologies, and landscapes we can never observe directly; our inferences come with the
knowledge that even our best work will always provide an incomplete picture. The nature of this
work requires the paleontologist to be a “jack-of-all-scientists”, as interdisciplinary studies are
foundational to a meaningful reconstruction of Earth’s history. For crinoid paleontologists, the
expansion of modern deep-sea research will likely continue to influence all studies of the clade.

Access to living bathyal stalked crinoids allows us to test hypotheses about patterns in the
fossil record, as discussed in Chapter II. When considering whether increasing predation made
conditions unsustainable for stalked crinoids in shallow waters, as predicted by the Mesozoic
Marine Revolution hypothesis (MMR), we expect to find an inverse relation between predation
intensity and depth. Indeed, we found this to be true for Democrinus newnamus, which
experiences arm-loss events nearly 60 times less often than stalkless shallow-water feather stars.
However, while this result supports the MMR hypothesis, it is moot why stalked crinoids could
not withstand the higher predation pressure that characterizes shallow water. One possible
answer is that crinoid mobility may be key, as bourgueticrinids, which are attached permanently
to the seafloor, are unable to escape predators. Yet, mobility cannot be the complete answer, as
other stalked crinoids that are mobile, the isocrinids, are also restricted to depths greater than 100
m in today’s oceans.

An alternative hypothesis may involve high regeneration rates as the deciding factor in

being able to withstand increasing predation intensity. Recent work on feather stars suggests that
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the regeneration rate may be related to swimming ability, in which greater mobility necessitates a
higher rate (Stevenson et al. 2022). As a higher regeneration rate would allow feather stars to
recover faster from injury, they likely can withstand more frequent injuries. Studying the way
regeneration rates change across different clades of stalked crinoids and whether or not they vary
across large depth gradients within species are potential areas of future research that could
illuminate the potential role of regeneration within the context of the MMR hypothesis. Studying
regeneration rates could also shed light on the evolutionary history of feather stars—which came
first, faster regeneration or greater mobility? The former could indicate that there is a
phylogenetic signal to be found in regeneration rates, the latter that functional morphology may
influence the rates to a greater extent.

Chapter III focused on crinoid mobility, or more accurately, on the presumed passivity of
crinoid stalks. While the individuals of D. newnamus do not engage in crawling and relocating as
isocrinids do, they exhibit unexpected behavior: they regain an upright posture when knocked
over in situ. Four possible mechanisms for this behavior were assessed: that the crinoid could (1)
use its arms to push itself up; (2) generate lift by holding its crown in a kite-like position; (3)
‘flap’ its arms to create an upward thrust akin to swimming behavior in feather stars, or (4) rely
on positive buoyancy in the crown. None proved sufficient to explain their righting behavior,
which led us to conclude that active contraction of the ligaments found in the stalk must be
involved. This interpretation is consistent with in vito studies of crinoid arms and cirri that have
argued for ligament contraction by the so-called “Contractile Connective Tissue” (Birenheide
and Motokawa 1996, Birenheide and Motokawa 1998, Birenheide et al. 2000).

Active contraction of crinoid ligaments provides an alternative to the generally held

assumption that the stalk and arms must either have muscle or no active contraction at all. Thus,
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it has important consequences for the functional morphology of Paleozoic crinoids, most of
which had muscle-less stalks and arms. While the mechanism of ligament contraction and its
functional implications are yet to be explored fully, one obvious consequence of contraction
relates to the active flexure of stalks with synarthrial articulations, as in D. newnamus. Yet
synarthrial articulations are comparatively rare in both extinct and extant crinoids, perhaps
because they are less able to resist torque (Donovan 1988). Accordingly, further exploration is
needed.

Finally, Chapter IV describes a new species of extant Democrinus, D. newnamus.
Moreover, it provides a review of the genus based upon morphological data from 285 physical
specimens, diagrams, plates, and descriptions of 65 specimens from the literature, and
photographs of 23 specimens. A discussion of several morphological features in the context of
taxonomy is included. Among other things, it argues that the attachment structure, a diagnostic
character used previously for Democrinus, is likely associated with the environment rather than
phylogeny. In this case, the presence of a constriction on the cup, and a constriction of the
proximal columnals below the stalk base, have diagnostic value only when consistently defined.
Thus, it is warranted to conduct a more thorough reassessment of Democrinus, with more precise
character definitions and a better understanding of variation.

Further, Chapter IV touches on several other taxonomic problems in the
Bourgueticrinina. Fossil bourgueticrinids are rarely intact, which makes it difficult or impossible
to assess the features used to distinguish extant members, such as pinnule location. As more
extant Democrinus are collected with methods that limit damage, more data will become
available on characteristics that are useful to diagnose extant and fossil crinoids. Further, larger

samples of undamaged extant bourgueticrinids will allow a better assessment of intraspecific
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variation. Critically, such morphological work should be performed in conjunction with
molecular studies, as several features that unite the clade currently are likely non-homologous
(Rouse et al. 2013, 2019). Thus far, molecular work has focused at the level of family or higher;
to help resolve the extant and fossil relationships better, in the future, it will important to apply
this at lower taxonomic levels and combine it with comprehensive morphological details.

This dissertation addressed organisms living in the deep-sea. The data were collected in situ
and relied on technologies that have been available only since the latter half of the 20" century.
Although relatively new, these approaches have provided new perspectives and unique insights
into the biology, ecology, and ultimately, the evolutionary history of deep-sea organisms. May

this dissertation serve as only one in a long line of such endeavors.
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APPENDIX A Details on the Hydrodynamic Models and List of
Abbreviations Used in Chapter 111

Part I: Hydrodynamic lift, the kite model

For the kite Model to serve as the mechanism by which Democrinus sp. elevates itself off
sediment after being dislodged, the generated lift force (F1) on the crown must be greater than
the downward gravitational force acting on the crinoid. In this case, the gravitational force equals
the given crinoid’s estimated weight in water, WIWEsw (Figure I11.5). Therefore, we calculated
FL using a standard lift equation (equation III.3 in text), where FL = WIW, CL = coefficient of
lift, pruia = density of the fluid, Uc = current velocity, and SAr is the total area of the arm as a
solid rectangle (Vogel 1994). As Democrinus sp. has five arms, 5*SAam is the surface area of
the entire filter, the Democrinus sp. crown. Cr of a filter is a function of the angle of attack
relative to the fluid and its solidity (ratio of the exact surface area of solid filter elements, SAAm,
to the total area of arm as a solid rectangle, SAr). Each arm is effectively rectangular (Figure
A.1); thus, SAR is calculated by:
SAg = (Larm(da + 2Lpin)) (A.L1)

SAamis calculated as:

SAprm = Larmda + LpinQpinPrum (A.L2)
In which Lam= arm length, da = arm diameter, Lpin = pinnule length, dpin = pinnule diameter, and
Prum = the number of pinnules on the arm of the given crinoid (Figure A.1). Lpin and dpin values

were averaged from measurements on 98 pinnules and set at Lyin = 0.49 and dpin = 0.05.
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Baumiller (1992) obtained values of lift and Cr. experimentally for a range of circular filters
composed of orthogonally oriented fibers of different dimensions and spacing for a range of
current velocities and angles of attack. The filter formed by the arms and pinnules
of Democrinus sp. has a solidity (SAam / SAr, Table A.1.1) ~0.31. This most closely
approximates “Filter A” in Baumiller, 1992 (Table 2, Fig. 10), with Cr = 0.05 assuming the
crown is held at the optimal angle.

SAam, pruid and Cr are constants for any dislodged individual; whether or not the crinoid
gains enough force for lift is determined by current speed (Uc). Rearranging equation II1.3

calculates Uc as follows:

U, = \/ CL*SSATT’ZWM (AL3)
Equation A.L.3 was applied to a range of current speeds from 0 — 60 cm/s and compared

with WIWEsy for each of the four dislodged individuals. This is plotted in Figure A.I.2 with the

95% confidence intervals. Values of Uc that meet the value of WIWEsw from Equation A.L3

represent the minimum current necessary for a given individual to gain lift. Figure A.1.2 shows

the results for each individual.
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Part I: Tables and Figures

Table A.L.1: Variables for each dislodged individual used to calculate arm solidity to determine the
coefficient of lift, CL. The number of pinnules per arm was averaged across all arms and rounded up.
SAarm is the total planer surface area of an arm, SAr is the rectangular area that SAam would have
without gaps between the pinnules, and Solidity is SAam/SAr.

Arm Length Number of SAam SARr Arm Solidity

(cm) Pinnules (cm?) (cm?) (SAam/SAR,)
D1 3.11 25 1.12+0.03 3.53£0.05 0.31 £0.01
D2 5.13 41 1.82+0.04 5.81 +£0.08 0.31+0.01
D3 5.75 46 2.07 +£0.05 6.52+0.09 0.31+0.01
D4 4.2 34 1.52+0.04 4.76 £ 0.06 0.31+0.01
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Figure A.L.1: Arm measurements used to calculate SAam and SAr. La= arm length, da = diameter of
the arm, Lpin = length of a pinnule, dpin = the diameter of a pinnule.
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Figure A.L2: Lift force generated for a range of current velocities, from Uc = 0 to 60 cm/s, with SAam
based upon the dimensions of each individual, D1, D2, D3, and D4 (ordered top to bottom, respectively).
Each graph shows the value of WIW?gg, (thin black horizontal line) and its 95% CI (light grey dashed
lines). FL must be greater than the WIWg, of the individual to achieve lift. Current velocities in excess of
30 cm/s would be necessary to produce sufficient lift for any individual. Lift is plotted as log.
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Figure A.L.3: Lift force generated for a range of current velocities, from Uc = 0 to 60 cm/s, with SAarm
based upon the dimensions of D1. The WIW&sw necessary to lift 1, 5, 10, and 20 cm of stalk are shown as
horizontal gray lines. The WIWE, necessary to lift 15.1 cm of stalk. The length of stalk D1 had lifted by
the return visit. Current velocities in excess of 30 cm/s would be necessary to produce sufficient lift for
any stalk length over 5 cm, and in excess of 20 cm/s for even 1 cm of stalk. Lift is plotted as log.
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Part II: Hydrodynamic Drag, the Swimming Model
The swimming model for crinoids (Janevski and Baumiller 2010) calculates vertical thrust
during a crinoid’s downward arm stroke. The model used empirically—derived parameters based
upon the swimming behavior and morphology of F. serratissima (Shaw and Fontaine 1990) and
a standard equation for hydrodynamic drag (Vogel 1994). Here we use a simplified version of
this swimming model to maximize the potential upward thrust in a Democrinus sp.’s arm stroke.
For example, we only consider the force associated with the power stroke while ignoring any
force acting in the opposite direction generated during the recovery stroke. Further, for
Democrinus sp,, we assume that the entire outstretched arm generates thrust, while, in feather
stars, only the proximal 3/4 portion of their arm is involved (Janevski and Baumiller 2010).
These conservative assumptions compensate for the possibility of additional thrust generated by
tube feet, currently excluded in the model (which, although likely very minor, would increase the
solidity and, therefore, thrust generation).

A power stroke for this model begins with the fully extended arm, pinnules outstretched,
and the arm’s long axis at angle a from vertical (Figure I11.6). The arm then rotates aborally
around its hinged base through angle 0 at an angular velocity . During the rotation, it
experiences a drag force that acts perpendicular to the direction of motion. The following

equation governs the drag force acting on the arm:

Dr = 5Cp 55Asrm 3 Pruuials’ (AIL1)
where Cp is the coefficient of drag, 0.22, SAam is the area of the arm filter, calculated as in the
Kite model, pauid 1s the density of the fluid (seawater, 1.024 g/cm3), and Uy is the linear velocity

of the arm at the tip (Distance travel at the tip of the arm/time to complete power stroke). The

above equation differs from the standard drag equation (Vogel 1994) by a factor of 1/3,
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accounting for the fact that the linear velocity of the arm decreases from Uy at the tip to 0 at the
hinge (see equation 3 in Janevski and Baumiller, 2010, with b0 = b1).

As Dr is perpendicular to the arm’s long axis, we may resolve it into two components:
vertical drag, Dv, and horizontal drag, Du. Only Dv affects the upward thrust necessary to
overcome the crinoid’s WIW. The Du generated by the radial arms around the cup cancels out.
The magnitude of Dy changes as an arm rotates (Figure I11.6). To find the average instantaneous

upward thrust, Dv, equation II1.4 is used:

Dy = ? (%) (cos(a) — cos(a +6)) (111.4)

where o is the angular velocity of the arm (radians/sec), o = 30° and 6 = 80°, representing the
maximum observed distance for Democrinus sp. arm movements, t, is the period of the stroke,
and all other variables are as before (the derivation of equation 3.4 is in Janevski and Baumiller
2010). Two variables drive both Dy and Dr: (1) arm length and (2) time to complete a power
stroke. Thus, we calculated Dy twice: first, for a range of arm lengths assuming max observed
time (1.1 s) (Figure A.IL.1), and secondly, for a range of times (Figure A.II.2). These two ranges

were plotted along with the WIWEgsw for the dislodged Democrinus sp. specimens D1 — D4.
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Part II: Figures
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Figure A.IL.1: Thrust force plotted against arm length for dislodged individuals D1, D2, D3 and D4
(ordered top to bottom, respectively) A circle denotes the arm length measured for the given individual
where it falls on Fr. The thrust produced by the arm of observed length is far below that necessary for the
crinoid to achieve an upright posture. Note that no Democrinus sp. has been measured with an arm length
greater than 8 cm.
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Figure A.IL.2: Thrust force for dislodged individuals D1, D2, D3 and D4 (ordered top to bottom,
respectively) plotted for a range of arm speeds. Arm speed (time to complete a power stroke) varied from
0.001 to 5 seconds. A circle denotes fastest power stroke seen in the field, t,= 1.1 s, and where it falls on
the Frcurve. The thrust produced at any reasonable speed (>0.1 s) is less than that necessary for the
crinoid to achieve an upright posture.
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Part I1I: List of abbreviations used in Chapter II1

Table A.IIL.1: List of abbreviations used in Chapter 111

Variable Abbreviation (unit) Value
Stalk diameter (avg) ds (cm) 0.09 £ 0.0003 cm
Stalk length Lstaik (cm) Varies
Arm diameter (avg) da (cm) 0.08 +£0.001 cm
Arm length Lam (cm) Varies
Pinnule length (avg) Lpin (cm) 0.50 £0.002 cm
Pinnule diameter (avg) dpin (cm) 0.05+0.001 cm
Number of pinnules per arm Prum Varies
Mass of water M. (g) Varies
Density of water P (g/cmS) 1.024 (g/cm?)
Volume of a specimen V (cm?) Varies
Density of a specimen P (g/cmS) Varies
Weight in air WIA (dyn) Varies
Weight in water WIW (dyn) Varies
Weight in salt water WIWy (dyn) Varies
Difference between WIA and WIW AW (dyn) Varies
WIW,, stalk per 1 cm WIWsaik (dyn/cm) 27.47 £ 3.62 dyn/cm
WIWg, arm per 1 cm WIW arm (dyn/cm) 13.45+0.12 dyn/cm
Estimated WIWyy, WIWEgw (dyn) Varies
Lift force Fr (dyn) Varies
Arm as solid rectangle surface area SAR (cm?) Varies
Arm surface area SAam (cm?) Varies
Coefficient of lift Co 0.05
Solidity S 0.31
Current velocity Uc (cm/s) 0—60 cm/s
Drag force Dr(dyn) Varies
Period of a power stroke to (S) Varies, max observed = 1.1 s
Vertical component of drag force Dy (dyn) Varies
Coefficient of drag Cob 0.22
Linear velocity Ur(cm/s) Varies
Angular velocity o (deg/s) Varies
I/)X;lv%l; z?r glr(ten rotates through during a 0 (deg) R0°
Starting angle of arm from vertical o (deg) 30°
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APPENDIX B Specimen Information for Specimens Used in Chapter IV

Table B.1: Specimen Information for Specimens Used in Chapter IV

D. aoteanus

Specimen Information

Collection Information

Specimen Catalo Number Year Depth
peet & of Type status Material examined : Location p Method Additional notes
location number . collected by (m)
specimens
'Written description,
p- 208-209 and 1964, Lat: -40.099 Figure 3 in McKnight
NIWA > ! Holotype Figure 3 from McKnight | Long: 171.266 688 Trawl 1973 is in black and white.
McKnight 1973
Photograph Tasman Basin .
NIWA | 92465 3 (Stacking o0, | Lat:40.5517 | 570 | iifi’hic Labeledslmj for this
microscope) Long: 170.955 p y
Photograph .
NIWA | 35075 | 10 (Stacking Labeled 1 = 10 for this
) study
microscope)
Photograph .
. 1964, Lat: - 41.1667 Trawl, Labeled 1 — 6 for this
NIWA | 71320 6 ('Stacklng McKnight | Long: 170.233 770 Menzies study
microscope)
Photograph .
. 1964, Lat: -38.1667 Labeled 1 — 2 for this
NIWA | 71321 2 ('Stacklng McKnight | Long: 170.350 861 Trawl, study
microscope)
Photograph
. 2013, Lat: -41.1465 Trawl, fish,
NIWA | 89599 ! (.Stacklng Anderson | Long: 170.606 >83 bottom
microscope)
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Photograph

Tasman Basin,

NIWA | 92465 3 (Stacking | 1980, Bohn | Lat: -40.5517 | 570 | >ted: | Labeled 13 for this
w . . epibenthic study
2 microscope) Long: 170.955
$
8 Photograph
S . 2007, Lat: -39.8088 Sled,
Q| NIWA ) 35080 ! ('Stacklng Anderson | Long: 167.964 915-920 epibenthic
microscope)
Photograph Specimen is still listed at
(Canon: Rebel BMNH as Rhizocrinus
T3i); UNK, Capt. Dredged; rawsoni; AH Clark 1909
E. Cole; cable moved it to brevis and
BMNH [84.6.20.8 1 Holotype . Off Colon ~549 . . .
cataloged in steamer designated this specimen
Written description, 1884 Investigator | as the holotype; AM Clark
p. 675 from Clark (1977) confirmed this
1909 move
Specimen is still listed at
'Written description, BMNH as Rhizocrinus
p. 675 from Clark | UNK, Capt. Dredged; | rawsoni; AH Clark 1909
1909 E. Cole; cable moved it to brevis and
BMNH  84.6.20.9 ! Paratype Figure 19 B, cataloged in Off Colon 349 steamer designated this specimen
2 Diagram, from 1884 Investigator | as the paratype; AM Clark
;‘g Carpenter 1884 (1977) confirmed this
. move
Q
N. Gulf of
Mexico, station
NSU- Physical 1985, E2C Labeled A—-Z, A1 —E1
cgm |CRI-38 31 specimens Messing 620-616)  Trawl for this study
Lat: 28.226
Long: 6.111
N. Gulf of
Mexico, station Labeled 1 — 4 for this
NSU- Physical 1985, WC6 study
CGM CRI-539 4 specimens Messing 543-783| Trawl
Lat: 27.712 Extremely delicate.
Long: 91.549
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D. brevis

N. Gulf of
Mexico, station

Labeled 1 — 48 for this

NSU- Physical 1985, E2D
CGM CRI-547 48 specimens Messing 624-631| Trawl study
Lat: 28.127
Long: 85.860
N. Gulf of Labeled A — N for this
Mexico, station study
NSU- I cRri-sas | 14 Physical 1985, B2A 1625625 Trawl
CGM specimens Messing Specimen N has regen
Lat: 28.584 P e R
Long: 86.762 arms
N. Gulf of Labeled A~ Z, Al - G1
Mexico, station for this study
NSU-lcri-sa0| 33 Physical 1985, B2 lo13618)  Trawl
CGM specimens Messing Specimen H has
Lat: 28.268 p
Long: 86.201 regenerated arms
N. Gulf of
Mexico, station
NSU-|criss2| s Physical 1985, E3 871-871| Trawl | Labeled 1-5 for this study
CGM specimens Messing
Lat: 28.160
Long: 86.399
N. Gulf of
Mexico, station
NSU- Physical 1984, E2 Labeled A—K for this
com | CRI33 1 specimens Messing 603-640)  Trawl study
Lat: 28.176
Long: 86.148
NSU- Physical UNK, Labeled 1-28 for this
CGM CRI-557 28 specimens Messing study
. N. Gulf of
NSU- CRI-589 1 Physwal 198.5’ Mexico, station Trawl
CGM specimens Messing El
NSU- Bellows 36 UNK, Labeled Bellows: A —Z,
CGM Messing J1 — E1 for this study
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Photograph!'l;

Station T453

% Trawl,
£ vnaN E2013-1 | fojotype 1967 344-354  Shi
"§ 10100 YP | Written description Lat: 47.950 Tha lazsa
s from Roux 1976 Long: -7.85
Written description;
Plate 1 Figure 5, .
USNM | 35998 1 Syntype | Plate 6 Figure 6 1§z9£i1t?§§a 1668
from Ddoderlein p
1907
. Off Cape
MZC [CRI-738| 1 Physical <1920 | Colony, South | ‘047 From historical Collection
specimen . 1830
Africa
The specimens are from
Near the East twc?. dlffer'ent locations, but
. . Doderlein 1912 does not
Written African Coast .
o . match specimens to locals.
descriptions; Station #250 . R
. . Station #250 is listed as
Figures 3a, 5 - 7; Station having a 4.6°C bottom soil
Plate 3 Figures 1-7, Lat: -1.78 #250: gas.
: 1898-1899, temperature, and
Plate 4 Figures 1 - Long: -41.9667 | 1668 L
o~ . Deutsche Trawl; |globigerine mud/blue clay.
S 12 6, Plate 5 Figures . . f o
3 - Tiefsee- . . |SS Valdivia | Station #257 has 3.8°C
S 2-4, Plate 6 Figures Expedition Near the Somali | Station bottom soil temperature
) 1 -6, Plate 7 p Coast #257: P
Figures 1-5, Plate 8 Station #257 1644 .
. 6 specimens were
Figures 1 - 10. from originally listed as
Déderlein 1912 Lat: 1.8 gmatly istedas
Lone: -45.8 Bythocrinus baueri; Gislén
g (1938) synonymized the
species with D. chuni
Off Durban, Trawl: NHM 1972.8.21.123-132
1972.8.2 Written description; 1964 Station #389E Rese:;éh says it has 9 specimens
NHM | 1.123- 2 Figure 17 A; Table NI O’ 930 vessel (NHM 2014). Clark 1977
132 15 from Clark 1972 o Lat: -30.15 does not label figured
\Anton Bruun .
Long: 31.6167 specimens
. s 1929,
Written description, Mortensen Off Durban, From Mortensen (1929)
3 Plate 2 figure 8 . 411 .
. . Dana South Africa Station 25
Gislén 1938b .\
Expedition
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D. conifer

Photograph South Atlantic
(Canon: Rebel T3i) 1887 Ocean, Brazil,
J Ceara Fortaleza Trawl Small | bottom temperature, 4.72°
USNM | 22679 ! Holotype Written description, U(':S' Fish 763 Beam C (Clark 1909)
p. 674 from Clark omim. Lat: -3.3667
1909 Long: -37.8167
Albatross station
#2401;
North Atlantic Bottom conditions: green
Holotype ' o Ocegn, Gulf of mud and broken shells
for 'Written description, 1885., Mexico, Un}ted Trawl Large (Clark 1909)
USNM | 22680 1 Rhizocrinus | P 675-676 from U.S. Fish | States, Flor{da, 260 Beam
vobustus Clark 1909 Comm. "Panama City, Rhizocrinus robustus was
South of" synonymized with D.
conifer by Gislén 1938
Lat: 28.6417
Long: -85.875
. Labeled A-V for this study
I(\:Iélli/i CRI-528 22 si?éiﬁ::lis I\/Ea I:sliig Reass.essed.D. brevis
during this study
1879, off Canouan,
Physical Agassiz with station #238 Dredged:
MCZ |CRI-136 1 . the U S. Fish 127 USCSS
specimiens “Com PN Lat: 12.769 Blake
oMM L ong: -61.774
North West of
Phvsical }f7a7s;1i 8v3§1; Sf;{gf;i’ 4 Dredged: |[Labeled A, B for this study
MCZ |CRI-137 2 Y & . 539 USCSS Reassessed as likely D.
specmens the U.S. Fish Blake brevis during this study
Commission Lat: 25.55
Long: -84.583
1878, West of
Physical Agassiz with Tortugas, Dredged:
MCZ |CRI-138 1 specimens the U.S. Fish Station #29 955 USCSS
Comr.ni'ssion Lat: 29.41, Blake
Long: -84.083
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1879 Milligen Key, Labeled A — C for this
Physical Acassiz ;vith station #259 Dredged: study
MCZ |CRI-140 s egimens thg U.S. Fish 159 USCSS
P Comr'ni.ssion Lat: 12.0542 Blake Reassessed as likely D.
o Long: -61.7736 brevis during this study
By .
S Nicholas Dredged via
S Channel, off
Q Puerto Sagua la 14 Ft Blake
CRI- Physical 1938, g 360 - Trawl, Reassessed as likely D.
MCZ . Grande . . .
1083 specimens Schroeder . 415 Research | brevis during this study
Station #2989
Vessel
Lat: 23.2 Atlanti
Long: -80.067 @
2 .
§ Written description Mgrgtgrzlgen is?afrfcﬁg]
2|ZMCD[5 and Figures 19-21, . Collection site bottom was
S Holotype . 1 with the 290 Dredged
] 22 #3 from Gislén . . mud.
; 1914 Danish Lat: 5.483
_ Expedition | Long: 132.617
Physical 2017, Roatan, Suction via 4 cups attached to stalks; 1
Dec2017 Specimens Veitch Honduras Submerible detached crown;
P Labeled A-D for this study
2014 2 cups attached to stalks; 2
Mav2014 Physical Baumilier Roatan, Suction via detached crown;
y Specimens . Honduras Submerible Labeled A, B for this
and Messing
2 study
§
IS
= . 2016, , . . 2 cups attached to stalks;
3 May2016 SPEZiSI‘;jrllS Baumiller | MO SSEE}"C‘;[VE Labeled A, B for this
Q P and Veitch study
. . . . | Cup with 2 arms (broken
Physical 2015, Roatan, Suction via th .
Nov2015 Specimen Baumiller Honduras Submerible at ~12% brachial) attached

to stalks
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1914,

figure 2,3

Long: 129.817

Witten description;| Mortensen | Off Kyushu[2],
ZMCD | 77791 1 Holotype | figures 47 (drawn)| with the Japan 162-207| Not listed
from Gislén 1927 Danish Station #9
Expedition
. Witten description: 1914, Full cup characters and
= Mortensen Off Kyushu, measurements were
8| ZMCD figures 48-80, 85- . . . .
S 23 with the Japan Not listed | obtained for 8 specimens;
S| [4] 89 (drawn) from . . .
Y . Danish Station #9 the rest had only partial
g Gislén 1927 .. . .
a Expedition character information
2 cups and partial stalks
1914,
Not attached, one cup has
Physical Mortensen Southwest of specified. | regenerating arms. 1 stalk
MCZ |CRI-774 2 . with the | Fukue Island[2] | 165 ) :
specimens Danish Scraper or fragment ~ 2 cm long
Expedition trawl. Labeled A, B for this
P study
West of Collection site bottom was
Written description; Celebes, fine, grey mud.
ZMA.CR Holotype of | Figure 1; Plate 2 1899. Siboea Makassar strait Not
NBC [US.P.262 1 Bathycrinus | Figure 1 a-f; Plate ox ’e ditio I‘(f Station #88 1301 specified Bathycrinus minimus was
1[7] minimus 6, figure 5 from P P ' synonymized with D.
Doderlein 1907 Lat: 0.5683 nodipes by Gislén 1938
Long: 119.134
West of
Written description; Celebes,
© : . :
'QE)* ZMAEC Ft%ggllllrrz 2;#:5?61 , 1899, Siboga Miig:;isrtlr’ait Not Bottom was fine, grey
= s 5 s )
S NBC H'%}:'ZO 2 Syntype figure 1; Plate 4, | expedition Station #88 1301 specified. mud
Q figure 5 from
Déderlein 1907 Lat: 0.5683
Long: 119.134
Figure 2 b-d North of Banda
ZMA- Plate 1, figure 4; . . ’
NBC [ECH.CR. 1 Syntype Plate 4 a-c, g-h, 1899, S'1l?oga Station #241, 1570 N'ot Bottom' was dark sand
. expedition specified. with stones
2093 Figure 3,4; Plate 6, Lat: -4.4008
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CRI-142 Physical Off Havana, Reassessed as likely D.
MCz specimens 1878 Station #72 175 brevis during this study
- Written description; 1898-1899, | Canary Islands Déderlein originally
3 Figure 7; Plate 9 Deutsche Station #33 2500 Trawl; assigned this specimen to
\g Figure 2 from Tiefsee- Lat: 24.583 SS Valdivia | D. rawsonii, reassigned by
= Déderlein 1912 | Expedition | Long: -17.083 AM Clark 1977
S 1976.1.1 Written description; Station #175 2210-
NHM 71 0;2'2 Figure 3 A from Lat: 36.335 3010 Shackleton | Rocky and muddy bottom
’ Clark 1977 Long:-12.884
1 set fragmented arms (5—
4 ohysical 8 brachials); one arm with
p i}rls (; ) Brl. 4 cups with ~2-3 cm
_Spectmens, | 1871, Off Barbados, Dredged; of stalk, 1 attachment
'Written description. &
MCZ |CRI-147 Syntypes PUON pourtalés and|  Lat: 13.152  |146-220 expedition |structure. Labeled A-D for
p. 27-31, plate 5 . ) . .
X Agassiz Long: -59.669 ship Hessler this study.
from Pourtalés - .
1874 A is likely the specimen
figured in Pourtales 1844
based on measurements.
Based on measurements of
stalk width listed in
Figure 133 of one 1871, Off Barbados, Dredged; s i?ggilzsoﬁgizhlz 1
= individual from |Pourtalés and| Lat: 13.152 |146-220| expedition pectmen .
S Clark 1915 Agassiz | Long: -59.669 ship Hessler | ™ In height (Clark 1977
g T estimated 6 mm). Neither
N match any of the specimens
Q from MCZ CRI-147
Holfc())tryp © | Written description, UNK. Cant. | Caribbean Sea Drcea(iﬁzd; Rhizocrinus sabae was
USNM | 22700 . . p. 675 from Clark > ~apt > | 366 synonymized with D.
Rhizocrinus E. Cole Saba Island steamer ” .
1909 . rawsonii by Gislén 1938
sabae Investigator
Physical Leeward Labeled A, B for this
MCZ |CRI-119 specimens Islands, off Saba 200 study
Physical A a1s§i729\:vi th Sﬁgﬁtjeﬁ?s Dredged: |3 cups with attached stalks
MCZ |CRI-148 Y & . ) 161 USCSS Labeled A — C for this
specimens the U.S. Fish| Lat: 16.689 Blake stud
Commission | Long: -62.223 Y
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D. rawsonii

1879,

Off Barbados,

1 whole animal. 2 cups
with partial stalk. 1 stalk

. L . Dredged: .
Physical Agassiz with | Station #297 fragment. 1 partial stalk
MCZ |CRI-149 specimens the U.S. Fish| Lat: 13.043 225 LZS}CkS S| with attachment structure
Commission | Long: -59.629 ake Labeled A—C for this
study
1877, Gulf of Mexico Dredged:
MCZ  |CRI-150 hysical | Agassiz Wt ok 28708 Uscsg | labeled A~ Clorthis
P > U Long: -88.675 Blake Y
Commission
2 cups with partial
attached stalks. 1 set of
arms broken off cup, from
second brachial onward
1879, Off Barbados, Dredged:
MCZ |CRI-152 Physical = Agassizwith| - Station #2951 359 | "j$CSS | Notes on MCZ record: 3
specimens the U.S. Fish| Lat: 13.238 .
Commission | Long: -59.688 Blake specimens, 1 of each Type
T A, B, intermediate] but
only two cups were in lot.
Labeled A—C for this
study
Physical 1909, Capt | Leeward Islands Reassessed as likely D.
MCZ |CRI-154 specimens E. Cole off Saba 366 brevis during this study
West of Grand
NSU- Physical 1993, | Bahamalsland Submersible | it notes: Sloping
CGM CRI-523 imen Messin 235-240| JSL 1 dive neered harderound
specimens essing Lat: 26.633 3635 veneere ground.
Long: -78.967
West of Grand Submersible
NSU- CRI-524 Physical 1993, Bahama Island 423.6 Johnson Reassessed as likely D.
CGM specimens Messing Lat: 26.632 " | Sea-Link I | brevis during this study
Long: 78.992 dive 2493)
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Lat: 27.550
NSU- Physical 1984, Long: Johnson R/V Cape
S CGM CRI-529 specimens Messing Sea-Link 11 350-400 Florida
S 79.283
S
= . .
.| NSU- JSL Physical 2009, Lat: 27.0825 . Reassessed as likely D.
Sl cGM | D3684 specimens Messing |Long: -79.39278 604-630)Submersible brevis during this study
ZMA.EC Written description; SE of Timor
) Plate 8, figure 1 | 1900, Siboga| Station #297 Bottom was soft, grey
NBC H'(;};'ZO Syntype from Doderlein | expedition Lat: -10.65 520 mud
1907 Long: 123.6667
Written description; South of Timor-
ZMA.EC Plate 6, figure 11 . Leste
NBC |H.CR.20 Syntypes [Plate 8, figures 2,3 lzgojc;‘tti’gfa Station #284 | 828 Botiom was dﬁ“e’ grey
31 from Déderlein P Lat: -8.7169 '
1907 Long: 127.2686
ZMA.EC 'Written description; Ceram Sea
- ’ Plate 7, figures 1,2 | 1899, Siboga | Station #173[6] Bottom was fine, yellow-
_§ NBC H.(;Iz{.ZO Syntypes from Ddéderlein | expedition Lat: -3.45 567 green mud.
2 1907 Long: 131.0014
q . - .
ZMA.EC Written description; SE of Timor
’ Plate 7, figure 3 | 1900, Siboga| Station #295 Bottom was fine, grey
NBC H'%%‘ZO SYNYPe | fom Doderlein | expedition | Lat: -10.585 | 2020 mud
1907 Long: 124.1853
South of Timor-
7MA.EC Written description; Leste, East of
NBC |H CR' 20 Syntvpes Plate 6, figure 7-10| 1900, Siboga Timor, 112 Bottom was muddy and
' 79' yniyp from Ddéderlein | expedition Station #289 sandy with shells
1907 Lat: -9.0025
Long: 126.4014

[1] Muséum national d’Histoire naturelle, Paris (France), Collection: Echinoderms (IE), Specimen MNHN-IE-2013-10100.
http://coldb.mnhn.fr/catalognumber/mnhn/ie/2013-10100; Accessed July 2020.
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[2] The specimen lot lists Fukaye Shima. Gislén (1927) stated that all Democrinus japonicus specimens are from Kiu Shiu, station #9. Kiu Shiu is
an early (1800s- early 1900s) Europeanization of Kytisht. However, Gislén (1927) also states station #9 is equivalent to station #12 in Gislén
1914. Station #12 list location as Gotd Islands, Kiu Shiu, Japan. Fukue island is the largest of the Gotd islands, and Fukaye Shima is likely a more
obscure early Europeanization of Fukue Island (records show early sailing charts listed the island as Fukae-shima, Fukae-shima, and Fukaye Jima
as alternative names; Jima itself is an alternative Europeanization of Shima, which means island in Japanese). As Gislén only lists Kiu Shui for a
location in 1927, it is not completely certain if the two stations are exactly the same, or simply nearby. No latitude and longitude is listed for either
station.

[3] Gislén 1925 listed the collection location as Station #56 (Lat: -5.5; Long: 132.85) near Kei islands. He later (1938) corrected the site to Station
#58 (Lat: 5.483; Long: 132.617) many miles from the Kei islands. However at that same time he also still stated it was off the Kei islands,
suggesting the actual location is Lat: -5.483; Long: 132.617, which is right off the Kei islands

[4] Gislén states the 96 specimens collected were sent to ZMCD. Currently ZMCD only has type specimens in their digital records. Further, it is
clear some specimens were later sent elsewhere, such as MCZ (CRI-774). No obvious record of which (if any) of the specimens Gislén detailed
end up outside ZMCD. ZMCD = Zoological Museum (Copenhagen, Denmark)

[5] Gislén states the specimen is at the ZMCD, but their online records do not list it, despite having a digital collection of type specimens.

[6] Station 173 is listed at Lat: 3.45 Long: 131.0014, in the Ceram sea. However, Lat: 3.45 is not in the Ceram Sea. As -3.45 is in the Ceram Sea,
the original Lat listed is likely a typo

[7] Somehow incorrectly in the crustacea collection at ZMA. Naturalis Biodiversity Center
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