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ABSTRACT

Holothurians are marine invertebrates that are among the most widespread benthic megafauna communities by both
biomass and abundance in shallow-water and deep-sea ecosystems, their functions supporting important ecological ser-
vices worldwide. Despite their simple appearance as sea cucumbers, holothurians show a wide range of feeding practices.
However, information on what and how these animals eat is scattered and potentially confusing. We provide a compre-
hensive review of holothurian nutrition in coastal and deep-sea ecosystems. First, we describe morphological aspects of
holothurian feeding and the ultrastructure of tentacles. We discuss the two processes for food capture, concluding that
mucus adhesion is likely the main method; two mucous cells, type-1 and type-2, possibly allow the adhesion and de-adhe-
sion, respectively, of food particles. Secondly, this review aims to clarify behavioural aspects of holothurian suspension-
and deposit-feeding. We discuss the daily feeding cycle, and selective feeding strategies. We conclude that there is selec-
tivity for fine and organically rich particles, and that feeding through the cloaca is also a route for nutrient absorption.
Third, we provide a wide description of the diet of holothurians, which can be split into two categories: living and
non-living material. We suggest that Synallactida, Molpadida, Persiculida, Holothuriida and Elasipodida, ingest the
same fractions, and emphasise the importance of bacteria in the diet of holothurians.

Key words: holothurians, tentacle ultrastructure, bud epidermis, mucous cell, trophic mode, selective feeding, dietary,
proteobacteria, plastic particles
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I. INTRODUCTION

Dating back 460 million years, holothurians (commonly
called sea cucumbers) are ubiquitous marine echinoderms
belonging to the class Holothuroidea. An initial classification
was established by Pearson (1914), who attempted to orga-
nise the species, under the name Holothuria L., into groups
based on their gross morphology. Pawson & Fell (1965) sub-
sequently proposed a classification based on tentacle, body,
and calcareous ring morphology, defining five orders: Den-
drochirotida, Apodida, Molpadida, Elasipodida, and Aspi-
dochirotida. Until recently, this was the most widely used
classification for holothurians. When the first broad-scale
molecular phylogenetic analyses of Holothuroidea were
completed, these deeply altered the previous classification
through the suppression of the order Aspidochirotida, which
was revealed to be polyphyletic. Species previously under
Aspidochirotida have since been placed into three new
orders: Synallactida, Persiculida (in part), and Holothuriida
(Miller et al., 2017). There are more than 1,752 accepted
holothurian species (WoRMS, 2020), with new species being
described each year.

Holothurians have a global distribution, colonising all bio-
topes of the ocean from the polar front (Lawrence &
Guille, 1982; Féral & Magniez, 1985; Gutt, 1990; Post
et al., 2017; O’Loughlin, Bardsley & O’Hara, 2020) to the
tropical (Sloan & von Bodungen, 1980;
Wiedemeyer, 1994; Asha e al, 2015; Resuefio &
Angara, 2020), with most species inhabiting the tropical
Indo-West Pacific region (Conand, 1990). They have also
colonised all depths, from shallow-water (Jaquemet,
Rousset & Conand, 1999; Dissanayake & Stefansson, 2010;
MacTavish et al., 2012; Lee et al., 2017) to hadal zones
(Iken et al., 2001; Jamieson et al., 2011). They are among
the most widespread benthic megafauna species in terms of
biomass and abundance in many ecosystems, especially in
the hadal zone, considered ‘the kingdom of Holothuroidea’
(Beliaev & Brueggeman, 1989; Kuhnz et al., 2014), in coral

zone
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reefs and lagoons (Uthicke, 1999; Wolfe & Davey, 2020),
and in sheltered marine shallow habitats (Conde, Diaz &
Sambrani, 1991).

Some species of holothurians are considered as luxury
food (béche-de-mer, trepang or hai-som), medicines, and
aphrodisiacs in many Asian countries (Conand, 1990; Lova-
telli et al., 2004; Shiell & Uthicke, 2005; Toral-Granda,
Lovatelli & Vasconcellos, 2008). More than 70 species of
holothurians are commonly harvested (Purcell e al., 2016),
predominantly from the Indo-Pacific region (Kinch
et al., 2008; Conand, 2018). In some locations, populations
of highly commercially valuable species have been decimated
to a point that fishing regulations and regulatory measures
alone may be insufficient to restore populations (Friedman
etal., 2011). This overexploitation is linked to a shift from tra-
ditional to semi-industrial fisheries (Conand, 2001). Coun-
tries of the Indian Ocean, West Pacific and Latin America
have active fisheries (Conand, 2018), and South-East Asia is
considered the main world market (Rahman &
Yusoff, 2017). The world fishery of holothurians quadrupled
between 1955 and 2012 to satisfy the increasing Asian mar-
ket for ‘béche-de-mer’ (Rahman, Yusoff & Arshad, 2015).
Consequently, many countries in the Indo-Pacific have
prioritised sea cucumber aquaculture in their development
plans (Jimmy, Pickering & Hair, 2012). In addition, restock-
ing, sca ranching, and sea farming have been described as
potential alternatives to reduce pressure on wild holothurian
populations and their worldwide overexploitation. Three
species have been registered recently in CITES
(Convention on International Trade in Endangered Species
of Wild FFauna and Flora) Appendix II: Holothuria (Microthele)
Juscogilva Cherbonnier, Holothuria (Microthele) nobilis (Selenka),
and Holothuria (Microthele) whitmae: Bell, each with high com-
mercial value but declining natural stocks (Di Simone,
Horellou & Conand, 2019).

Due to their global distribution favouring many local stud-
ies, and their importance in Asian culture, holothurians have
gained increasing importance in recent decades. A search on
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Google Scholar using the key words ‘sea cucumber’ for general
publications and ‘béche-de-mer’ for those focusing on fisher-
ies and aquaculture, shows that the number of articles on
both topics has increased considerably since the
1990s (Fig. 1).

The increasing literature provides scattered data about
holothurian feeding, making it difficult to obtain a broad
view on this topic. This review intends to assess our under-
standing of holothurian feeding. The nutritional aspects con-
sidered herein include feeding (the act of consuming food),
digestion and absorption. To our knowledge, only one review
has been published previously on the nutrition of holothu-
rians (edited by Jangoux & Lawrence, 1982), about 40 years
ago. There is no comprehensive review covering the nutri-
tion traits of holothurians in relation to their ecology, and
collating information on their feeding patterns. While much
information exists on the feeding of farmed holothurians, this
relates only to controlled conditions. Thus, our aim herein is
to analyse holistically the nutrition of wild holothurians.

II. MORPHOLOGICAL AND PHYSIOLOGICAL
ASPECTS

(1) Tentacle structure and movements during
ingestion

The number, size, and structure of tentacles varies among
holothurian orders. Based on their structure, Massin (1982)
defined five types of tentacles: dendritic, peltate, pinnate, dig-
itate, and peltodendritic. The first four of these are common
and widely used in the description of tentacle morphology of
holothurians. Species within Dendrochirotida possess den-
dritic tentacles whereas those of Molpadida possess digitate
tentacles (Levin, 1989). Peltate tentacles, described as “cauli-
flower-like structures” (Bouland, Massin & Jangoux, 1982,
p- 134) or “a nasturtium leaf with a central short stalk giving
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Fig 1. Cumulative number of articles on “sea cucumber” for
general publications and “béche-de-mer” for those focusing on
fisheries and aquaculture since 1950. Note the different scales
for the two axes.
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off horizontal branches” (Hyman, 1955, ¢f. Cameron &
Fankboner, 1984, p. 193), are found within Elasipodida,
Synallactida, Persiculida, and Holothuriida. In some cases,
the tentacle structure shows variations among species within
the same order, such as for Apodida species, which are found
in coastal and deep-sea ecosystems and possess pinnate or
digitate tentacles. Combinations of these four main types of
tentacle can be found in the literature: (1) a ‘peltodendritic
tentacle’ which is, according to Massin (1982), a combination
of the shaft of a peltate tentacle and distal end of a dendritic
tentacle; (z7) a ‘peltatodigitate tentacle’, which is a combina-
tion of the shaft of a peltate tentacle and distal end of a digi-
tate tentacle (Miller ¢t al., 2017). Peltodentritic tentacles are
uncommon, while peltatodigitate tentacles are found in Apo-
dida (Miller et al., 2017).

Tentacle morphology may also differ between early and
adult stages of the same species (Cameron &
Fankboner, 1984). Generally, a tentacle possesses several
shafts that end with one or more discs, composed of numer-
ous apical papillae (Fig. 3A, B). The apex of each papilla is
characterised by the presence of buds (Fig. 3C) with various
cell types. The main difference in tentacle structure is the
degree of branching of the main tentacle stalk (Fig. 2), from
an unbranched (digitate form), to a slightly branched (peltate
form), to a highly branched (pinnate form) to an ultra-
branched (dendritic form) structure. These differences reveal
an adaptive radiation facilitating habitat and feeding special-
1sations (Sokolova, 1958; Hansen, 1975). From an ecological
perspective, differences in tentacular morphology among
sympatric holothurian species with overlapping bathymetric
ranges may allow resource partitioning to avoid competitive
interactions (Roberts & Moore, 1997).

A comprehensive review by Massin (1982) described the
feeding mechanisms of deposit-feeding holothurians. When
the animal initiates feeding, the tentacles expand into the
water column, and are pressed onto or into the sediment sur-
face where they perform investigatory movements (Bouland
etal., 1982). The tentacular movement is thought to be driven
by the hydrostatic pressure of the ambulacral fluid of the
system and the mesothelial
(Bouland et al., 1982). Tentacles can also cooperate to cap-
ture large debris such as fragments of seagrass or macroalgae.
In this case, when the desired food elements are located, the
extremities of the tentacle retract first, thus entrapping the
particles between the buds (Fankboner, 1978; Levin, 1989).
Sokolova (1958) described how tentacle morphology can
influence the collection of particulate food in deep-sea holo-
thurian species; well-developed marginal processes on discs
are capable of picking up single food particles from the sedi-
ment, whereas species with undifferentiated discs indiscrimi-
nately ingest the upper layer of the sediment. After collection,
the tentacle continues to contract, bending towards the
mouth and penetrating it. At this ingestion stage, mouth size
1s the limiting factor (Myers, 1977), although a proportion of
captured particles is lost during transport to the mouth
(Powell, 1977; Levin, 1989). As the tentacle penetrates the
pharyngeal cavity, particle removal 1s facilitated by wiping

water-vascular muscles
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Fig 2. Examples of holothurian tentacle morphology. (A) Digitate (unbranched); (B) peltate (slightly branched); (C) pinnate (highly

branched); (D) dendritic (ultra-branched).

the tentacle against the bulging pharynx wall (Cameron &
Fankboner, 1984). Finally, the tentacle withdraws from the
mouth and extends again to continue investigating for food
sources.

(2) Food-capture mechanism

Understanding the mechanism(s) of capture of food particles in
holothurians was approached v studies in functional morphol-
ogy integrating data concerning the ultrastructure of the tenta-
cles to determine the composition of the tentacle parts in
contact with the ingested sediment. These studies, mainly car-
ried out in the 1980s and 1990s, are unfortunately few in num-
ber. Sixteen species were investigated, mainly Dendrochirotida
(13 species; Smith, 1983; McKenzie, 1987), two former Aspir-
ochirotida (Bouland ¢z al., 1982; Cameron & Fankboner, 1984)
and one Apodida (Flammang & Conand, 2004). Roberts &
Moore (1997) and Fankboner (1981) used scanning electron
microscopy to study the fine external structure of tentacles of
four species of Elasipodida and five species of Dendrochirotida
without detailing their cellular composition. Based on these
studies and behavioural experiments, several authors have pro-
posed mechanisms for the capture of food particles in several

species  (Roberts, 1979; Hammond, 1982; Bouland
et al., 1982; Cameron & Fankboner, 1984). Holothurians
appear to use two methods for food collection: food particle
ensnarement (a mechanical process) and food particle adhesion
(a chemical process). Food particle ensnarement was proposed
in early studies about the functioning of the tentacles, since
when adhesion has gained support as the principal mechanism
involved in the capture of food particles.

(@) Food particle adhesion

Several authors described a mucus-like secretion on the oral
tentacles and suggested a primary role in holothurian food
capture (Bouland et al., 1982). Roberts & Bryce (1982)
described mucus-secretory cells in the tentacular epidermis
of several tropical species and stated that the adhesive mate-
rial would play a role in collecting food particles.
Levin (1982), studying Apostichopus japonicus (Selenka), pre-
sumed that adhesion was a primary function of the tentacle
during feeding. Similarly, Hammond (1982) observed mucus
coating the tentacular surface and stated that adhesion is a
significant factor in food collection for Synallactida, Persicu-
lida, and Holothuriida, a statement reiterated by other
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Fig 3. Fine ultrastructure of the holothurian tentacle. Digitate tentacle of (A) Thyonidium sp. and (B) Holothuria forskali. D, discs; P,
Papillae; S, shaft. (C) Profile view of a five-bud papilla. B, buds. (D) Arrangement of cilia and microvilli on bud surface. C, cilium;
Mi, microvilli. (E, F) Diagrammatic sections through a whole tentacle (E) and through a two-bud papilla (F). AL, ambulacral
lumen; Co, connective tissue layer; EN, epineural nerve plexus; Ep, epidermis; HN, hyponeural nerve plexus; Me, mesothelium;
Mu, muscles. Modified from Bouland ez al. (1982) and McKenzie (1987).
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authors working on temperate species (Smith, 1983;
Costelloe & Keegan, 1984; Holtz & MacDonald, 2009).
Transmission electron microscopy studies have shown buds
to be the sites of secretion. The bud epidermis can include six
types of cells in the species investigated to date, with 3-5 of
these cell types usually being present (Table 1). The functions
of these cells have been deduced by drawing parallels with
the roles of cells in the adhesive disc of podia of echinoderms.
(1) “Support cells’ have been described in some Dendrochiro-
tida (McKenzie, 1987) and in the only species of Apodida
mvestigated (Flammang & Conand, 2004) (Table 1). () A
‘vesicular cell’ type has only been described in Apodida
(Flammang & Conand, 2004) with unknown functions. (i)
Ciliated cells, also named ‘uniciliated cells’, ‘ciliated cells’ or
‘uniciliated sensory cells’ have been observed in all species
investigated (Table 1). Two roles have been suggested for this
cell type: they could mechanically disengage particles
(Fankboner, 1978) or they could be sensory (Flammang &
Conand, 2004). Bouland et al. (1982) associated the bud struc-
ture of Holothuria (Panmingothuria) forskali Delle Chiaje with
Laverack’s (1974) description of chemosensory organs in
marine invertebrates, where cilia are proposed to function as
olfactory receptors, while microvilli are gustatory. Cilia are
generally short and non-motile (Dorsett & Hyde, 1969;
Schulte & Riehl, 1976), like those depicted by Bouland
et al. (1982). The apical elements of the tentacles are the first
structures to contact substrates while the tentacles actively for-
age for food, strongly suggesting that the buds are likely to be
chemosensory (Bouland et al., 1982). The cells of the epidermis
of each bud are adjacent to the epineural nervous plate, which
is connected to the hyponeural nerve plexus of the tentacles
(Fig. 3E, F). Mesothelial muscles are present in each buccal ten-
tacle (Fig. 3E; Bouland ¢ al., 1982; McKenzie, 1987). (w)
‘Mucous cells’, also called ‘mucocytes’ were observed in the
tentacles of Dendrochirotida, Holothuriida and Apodida
(Table 1). As similar cells are also observed outside the tenta-
cles, their mucus-secreting role is probably to ensure the pres-
ence of a physical barrier on the epidermis. (v) Type-1 and ()
type-2 secretory cells are thought to play a direct role in the
capture of food particles. Type-1 secretory cells, also referred
to as ‘granular cells’, ‘glandular vesicular cells’ or ‘papillate
cells’ (Table 1) are characterised by numerous dense-cored ves-
icles of 200700 nm, with their diameter varying among spe-
cies. These vesicles are found in many microvilli and are
thought to be secreted into the cuticle. They may be homo-
logues of the adhesive cells found in the podia of echinoderms.
Type-2 secretory cells, also named ‘type-2 neurosecretory cells’
or ‘granular cells’, have been observed in Dendrochirotida and
Apodida (Table 1). This cell type possesses numerous dense-
cored vesicles of 60-130 nm, again with their diameter varying
among species. These vesicles are found in the cell apex and
also are thought to be secreted into the cuticle. They are
thought to be homologues of de-adhesive cells found in the
podia of echinoderms. Thus, the chemical capture of food par-
ticles could be performed by the secretion of type-1 secretory
cells and, when the tentacles are placed in the oral cavity, adhe-
sion could be removed by the secretion of type-2 secretory cells.

Joséphine Pierrat et al.

This hypothesis is currently only theoretical and future func-
tional morphology studies are needed, together with transcrip-
tomic data to characterise the proteins expressed at the
tentacle buds.

(b) Food particle ensnarement

Authors have long debated the mechanisms of food capture
by which particles are trapped within bud interstices. Rob-
erts (1979) suggested that expansion of the peltate tentacles
caused inter-bud spaces to open on the tentacles, which could
then mechanically trap particles when the tentacles retract.
Cameron & Fankboner (1984) reported mechanical ensnare-
ment to be of relatively little importance for Parastichopus cali-
Jornicus [now Apostichopus californicus (Stimpson)] since there is
no reverse process of tentacle expansion/relaxation while
the tentacle is in the pharyngeal cavity. Food detection is
likely to be related to the ciliated cells as described in
Section 1.2, as the tentacles spread onto the substratum or
in the water column.

(3) Digestive and assimilation processes in
holothurians

(@) Dugestive tract morphology

The nomenclature used for parts of the digestive tract varies
among authors. Trefz (1958) distinguished between the
mouth, pharynx, oesophagus, foregut, midgut, hindgut, clo-
aca and cloacal opening when studying the physiology of
Holothuria (Halodeima) atra (Jaeger) (Fig. 4A). Massin (1978),
in his study on holothurian nutrition, focused mainly on
Holothuria (Holothuria) tubulosa Gmelin (Fig. 4B), differentiating
the pharyngeal bulb surrounded by the calcareous ring, fol-
lowed by the three portions of the digestive tract (foregut,
midgut and hindgut), and finally the cloaca. Dividing the
digestive tract between mouth and cloacal opening into three
sections — foregut, midgut and hindgut — gives a broader
view, and many studies describing holothurian feeding use
this partitioning (e.g. Trefz, 1958; Ward-Rainey, Rainey &
Stackebrandt, 1996; Taddéi, 2006; Plotieau, 2012; Amaro
etal., 2012).

The foregut includes the pharyngeal bulb, oesophagus,
and the first descending loop of the intestine. The oesophagus
1s divided into two parts of equivalent lengths, both ending in
a sphincter (sphincters 1 and 2) (Fig. 4B). The midgut begins
immediately beyond the first intestinal loop where the prox-
imal tubules of the rete mirabile are attached and consists of the
ascending anterior loop of the intestine. A third sphincter
separates the midgut from the hindgut. The hindgut, which
represents approximately 70% of the total length of the gut,
consists of the final posterior descending loop of the intestine
and the cloaca from which respiratory trees emanate
(Dolmatov & Ginanova, 2009). Only species from Pneumo-
nophora have respiratory trees (Dendrochirotida, Holothur-
iida, Molpadida, Persiculida and Synallactida; Miller
et al., 2017). The descending loop of the foregut is paralleled
by the dorsal haemal plexus, which extends posteriorly to the
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Table 1. Ultrastructural composition of the tentacle buds of holothuroids with the nomenclatural terms used in analyses by various
authors. The first column describes the corresponding cells observed in podia of echinoderms where a duo glandular adhesive system
(adhesion and de-adhesion) has been identified

Authors Fankboner (1978) 5‘;‘21?;1;8 g Swith (1983 g:ig‘;;‘lil gy McKendc (1987) 222?3‘50% "
Analysed taxon Dendrochirotida ~ Holothuriida ~ Dendrochirotida  Synallactida Dendrochirotida ~ Apodida
Number of species 1 1 1 1 11 1

studied

Cell with no - - - - Support cell Support cell
particular (T-shaped
development of cell) with
intracellular 400-600 nm
component vesicles

Cell with large - - - - - Vesicular cell
vesicle containing with
one spherule numerous

4 pm vesicles

Cell with small Uniciliated cell Uniciliated Ciliated cell Uniciliated cell Uniciliated cell Uniciliated
apical cilia cell sensory cell
[presumed to be
sensory cell, or
cilia suggested to
disengage food
particles by
Fankboner, 1978]

Cell filled with large ~ Mucous cell Mucous cell  — - Mucous cell (two ~ Mucocyte
clear vesicle different types) (goblet-
(presumed to shaped cell)
participate to the with 2 pm
protection of the dense-cored
external surface vesicles

Cell with large Papillary cell with ~ Glandular Papillate cell Granular cell Type-1 secretory ~ Type-1
dense-cored 500 nm dense- vesicular with 300— with 600— cell with 200 secretory cell
vesicles secreted cored vesicles cell 600 nm dense- 700 nm dense- 400 nm dense- (spherical)
into the cuticle released into cored vesicles cored vesicles cored vesicles with 250 nm
(presumed to be the cuticle released into released into released into dense-cored
similar to the the cuticle the cuticle the cuticle vesicles
adhesive cells
identified in podia
of echinoderms)

Cell with small - - Granular cell - Type-2 Type-2
dense-cored with 130 nm presumed secretory cell
vesicles (presumed dense-cored neurosecretory (spherical)
to be similar to the vesicles cell (due to low with 90 nm
de-adhesive cells numbers) with dense-cored
identified in podia 60-100 nm vesicles
of echinoderms) dense-cored

vesicles

anal end of the animal where it loops back. The dorsal hae-
mal plexus is a complex of pulsating channels attached to
the dorsal midline of the foregut. Longitudinally along the
ventral side of this region runs the ventral sinus. The rete mur-
abile is a complex of tiny tubules, entangled within the respi-
ratory tree, and attached to the ascending loop of the
midgut. These tubules terminate into the main channel of
the dorsal haemal plexus.

Although the foregut, midgut, and hindgut have three dif-
ferent functions (accumulation, digestion, and assimilation),
most species of Synallactida, Persiculida, and Holothuriida

are able to assimilate food from these three parts
(Massin, 1978).

(b) Cell and enzymatic activities

The epithelia of the pharynx, oesophagus, and cloaca all con-
tain T-shaped cells that are involved in the uptake of dis-
solved organic matter. The gut epithelium is composed of
enterocytes with a filamentous coat for intracellular digestion
(Féral & Massin, 1982). A broad range of hydrolytic gut
enzymes has evolved in association with the diet
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Fig 4. Digestive tract morphology of (A) Holothuria atra and (B) H. tubulosa. BR, brown region of the anterior foregut; Cl, cloaca; CR,
calcareous ring; DHP, dorsal haemal plexus; Fg, foregut; G, gonads; Hg, hindgut; LT, longitudinal tube of rete mirabile; MC, main
channel of dorsal haemal plexus; Mg, midgut; RM, rete mirabile; RS, region of severance; R'T, respiratory tree; Sy;, sphincter 1; S,,
sphincter 2; S, sphincter 3; T, tentacles; T'S, transverse sinuses; TV, tentacle vesicles; VP, vesicle of Poli; VS, ventral sinus. Modified

from Trefz (1958) and Massin (1978, inspired by Cuénot, 1948).

(Féral, 1989). Hydrolytic enzyme activity has been reported
within the digestive tract, on cell membranes (Féral, 1989),
and inside cells (Lawrence, 1982). Roberts et al. (2000)
reviewed the enzymes found in the gut of deposit-feeding
holothurians (shallow-water species in Holothuriida, Synal-
lactida, Apodida and Dendrochirotida, and deep-sea species
of Holothuriida, Persiculida, Synallactida and Elasipodida),
finding broad similarities in their hydrolytic enzymes. Gut
enzymes include: () esterases that hydrolyse short-chain fatty
acids, with strong activity throughout the gut (Fish, 1967;
Féral, 1989), () lipases that hydrolyse long-chain fatty acids,
with lowest activity (Clifford et al, 1982; Féral, 1989;
Manship, 1995), (uz) proteases, (i) peptidases, which hydro-
lyse peptide bonds and may be important in the initial stages
of protein digestion (Massin, 1984; Féral, 1989; Roberts
et al., 2000), (v) saccharidases, and (v7) phosphatases, present
at high concentrations in the gut tissue (Féral, 1989;
Boetius & Felbeck, 1995).

Trefz (1958) observed phagocytic activity of abundant
cells in the holothurian gut, such as round phagocytic amoe-
bocyte cells that ingest and digest bacteria (Bacillus subtilis),
but not indigestible particles.

(¢) Obtaining nutrients through cloacal waler retention

The major functions of cloacal ventilation are commonly
described as respiration, excretion, and salt balance. Holo-
thurians with respiratory trees (absent in Apodida and Elasi-
podida) have the ability to pump large volumes of water into

and out of the cloacal opening. A similar pumping mecha-
nism is reported for echinoderms such as holothuroids
(Newell & Courtney, 1965; Brown & Shick, 1979) and
edrioasteroids (Bell, 1977), annelids (Wolcott, 1981), and
crustaceans (Fox, 1952).

Innovative work, using radiography and stable isotope
enrichment, demonstrated that the epithelium of the respira-
tory tree can assimilate dissolved organic matter such as
monosaccharides and amino acids from the water column
during cloacal water retention (Fontaine & Chia, 1968;
Brothers, Lee & Nestler, 2015). The respiratory tree of Cucu-
mania lactea [now Ocnus lacteus (Forbes & Goodsir)] can assim-
ilate dissolved *H-labelled glycine and *H-labelled glucose
(Fontaine & Chia, 1968). The respiratory tree of
A. californicus assimilated '’N-labelled amino acids and pep-
tides (Brothers et al., 2015) and '*C-labelled unicellular algae,
suggesting the transfer of nutrients from the respiratory tree
into the haemal system (Jaeckle & Strathmann, 2013). Thus,
is possible that holothurians can obtain nutrients through
their respiratory trees as a result of cloacal pumping, but
additional studies are needed to clarify its importance to
these animals.

III. HOLOTHURIAN FEEDING BEHAVIOUR

As for all organisms, the movements and behaviour of holo-
thurians will be driven by physiological requirements such
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as feeding, reproduction, or avoidance of stress factors
(Mercier, Battaglene & Hamel, 1999; Pitt & Duy, 2004;
Meng et al., 2011; Hamel et al., 2019). A possible role of pher-
omones in intra- or inter-specific control of reproduction was
recently hypothesised for holothurians (Marquet et al., 2018).

(1) Deposit- or suspension-feeding

The first larval stage in holothurians, the auricularia, feeds on
phytoplankton (planktotrophic) by means of cilia located on
the epidermis. The second larval stage, the doliolaria, is
non-feeding, and the final stage, the pentactula, develops
the tentacles that are present in juveniles and adults. The first
and second stages can be absent in holothurians with direct
development (McEdward & Miner, 2001; Raff &
Byrne, 2006). In general, juveniles and adults are particle-
feeders, which usually exhibit either suspension-
(in Dendrochirotida) or deposit-feeding (most other taxa)
behaviour (Roberts et al, 2000; Pawson, 1970;
Bakus, 1973). Suspension-feeding holothurians tend to live
in high-energy environments to allow them to intercept food
particles (Taghon & Jumars, 1984). Deposit-feeding behav-
1our can be subdivided into three groups related to feeding
depth (Roberts et al., 2000). () Epibenthic deposit-feeders
feed at the interface between the water column and sediment,
or on the surface of seagrasses (Cuvillier, 2016), the sand scat-
tered over the tegument of other specimens (e.g. f1. atra; J.P.,
personal observations), boulders and corals (Roberts
et al., 2000; J.P., personal observations), or sponges
(Hammond & Wilkinson, 1985). (i) Subsurface deposit-
feeders feed below the sediment surface. (#z) Funnel
deposit-feeders create funnel-shaped depressions in sedi-
ments and feed on particles trapped in these funnels
(Jumars, 1993).

Feeding mode may vary at the individual or population
scale. According to Cadée (1984), many benthic individuals
are opportunistic in their feeding mode. Some individuals
of species in Dendrochirotida (Roberts ¢t al., 2000), Synallac-
tida, Persiculida, and Holothuriida (Da Silva, Cameron &
Fankboner, 1986) can shift between deposit-feeding and
suspension-feeding. This may be possible if the individual is
positioned in a negative geotropic orientation (Da Silva
et al., 1986). Leptopentacta elongata (Ditben & Koren) and other
shallow-water species (Fankboner, 1981; Levin, 1989)
are known to shift opportunistically from suspension- to
deposit-feeding when the concentration of suspended
particulate organic matter is low. This opportunistic behav-
iour is driven by environmental factors such as food
pulses in shallow-water (tidal or seasonal fluctuations)
(Cushing, 1959) and deep-sea ecosystems (Jumars, Self &
Nowell, 1982; Billett ez al., 1983).

At the population scale, the feeding modes of some holo-
thurian species can vary depending on their geographic loca-
tion. Holothuria (Thymiosycia) arenicola Semper is an epibenthic
feeder, feeding on surface layers of sand under coral debris in
the Indo-West Pacific region and Cuba (Levin, 1989),
whereas in the Bahamas, it feeds on particles in sediments
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(Mosher, 1980) as a subsurface deposit-feeder. The underly-
ing reasons for these intraspecific differences at a population
scale, and their drivers, are poorly studied.

(2) Daily burrowing cycle

A study on the burrowing behaviour of shallow-water
holothurians in Palao Island classified holothurians
into two groups according to their feeding habits
(Yamanouchi, 1939): (z) species that do not burrow into sed-
iments or other substrates and feed continuously, such as
Holothuria (Halodeima) edulis Lesson, H. (Semperothuria) flavomacu-
lata Semper or H. atra (Yamanouchi, 1939; Trefz, 1958;
Uthicke, 1994) and (z) species that show a daily cycle of bur-
rowing and feeding (Yamanouchi, 1939, 1956; Mercier
et al., 1999; Lavitra et al., 2009). The factors regulating bur-
rowing and feeding cycles appear to be complex
(Yamanouchi, 1939, 1956), with differences among species
increasing the complexity of cues that drive such behaviour
and impeding generalisation.

According to Yamanouchi (1956), most adults prefer to
feed during the day, particularly in the early afternoon when
the water temperature is highest (Mercier et al., 1999) and
productivity of the marine ecosystems is maximal (Heil
et al., 2004). Some species, such as Stichopus chloronotus Brandt,
move under corals from 00:00 to 10:00 and then return
to sediments to feed during the day (Yamanouchi, 1956).
Similarly, Stichopus — variegatus  (now  Stichopus — herrmanni
Semper) hides under seagrasses between 20:00 and 10:00
(Yamanouchi, 1956). Coulon & Jangoux (1993) argued that
it may be more energetically advantageous for juveniles of
H. tubulosa to stop feeding during the coldest hours 