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Abstract Wood falls in the deep sea have recently
become the focus of studies showing their importance as
nutrients on the deep-sea floor. In such environments, Crus-
taceans constitute numerically the second-largest group
after Mollusks. Many questions have arisen regarding their
trophic role therein. A careful examination of the feeding
appendages, gut contents, and gut lining of Munidopsis
andamanica caught with wood falls revealed this species as
a truly original detritivorous species using wood and the
biofilm covering it as two main food sources. Comparing
individuals from other geographic areas from substrates not
reported highlights the galatheid crab as specialist of refrac-
tory substrates, especially vegetal remains. M. andamanica
also exhibits a resident gut microflora consisting of bacteria
and fungi possibly involved in the digestion of wood frag-
ments. The results suggest that Crustaceans could be full-
fledged actors in the food chains of sunken-wood ecosys-
tems and that feeding habits of some squat lobsters could be
different than scavenging.
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Introduction

Today, wood falls are the focus of much research and many
oceanographic cruises. They are regarded as sulfide-rich
reducing environments (H2S > 50 gM; Smith et al. 2003)
along with whale falls, hydrothermal vents, and cold seeps.
Wood falls are also seen as huge, unexpected food sources
on the deep-sea floor, possibly having fundamental impor-
tance in the nutritional ecology of deep oceans (Cayré and
Richer de Forges 2002, Smith et al. 2003, Palacios et al.
2006). Twenty-five years after publishing the first detailed
lists of species associated to deep-sea wood falls by Turner
(1977) and Wolff (1979), the BOA1 cruise report (Samadi
et al. 2005) showed that sunken wood ecosystems support a
richly diversified fauna of macroinvertebrates. Mollusks
form the first group in terms ofboth diversity and number of
individuals represented mainly by wood-borer teredinid
bivalves as well as by mytilids and limpets firmly attached
to the wood. The group has received a careful attention since
the 1980s in the description of the animal communities (e.g.
Marshall 1985, 1988; Kiel and Goedert 2006a, b; Pailleret
et al. 2006), as well as in the study of the impressive taxo-
nomic diversity of mussels (Samadi et al. 2007; Lorion et al.
2009). Moreover, the phylogenetic relationships among
wood-, bone-, vent-, and seep-associated mussels led to pro-
pose the "stepping stones" hypothesis for the colonization of
the deep-sea reducing environments (see Smith et al. 1989;
Distel et al. 2000). Crustaceans constitute the second-largest
zoological group in deep-sea wood falls, with many species
of decapods as galatheid squat lobsters, pagurid hermit crabs
and thalassinid shrimps, as well as with species of amphi-
pods and isopods. Apart from their taxonomies, almost noth-
ing else is known about these crustaceans.

Among the decapods, the squat lobster Munidopsis
andamanica MacGilchrist, 1905 is numerically one of the
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most represented species. Several recent cruises (BOAI-
2005, SantoBOA-2006, SalomonBOA3-2007) have con-
firmed its regular association to deep-sea wood falls.
Individuals are commonly found on the surface of the
sunken wood pieces. However, nothing is known about its
diet and trophic dependency to wood or to the wood fall
ecosystem. Does it feed directly on wood or does it scavenge
or practice predation on other organisms associated to it?
In addition, since sunken woods are not only refractory
substrates (i.e. containing cellulose, lignin) but also
reducing chemosynthetic-based ecosystems, does M. and-
amanica realize symbiotic associations with microorgan-
isms, either to digest wood or to exploit reducing
compounds as energy sources? Is it specifically associated
to sunken wood or not? Indeed, M. andamanica were pre-
viously collected in other locations and perhaps on other
substrates (not reported): in the Andaman Sea, along the
west coast of Sumatra, and in the waters of the Moluccas,
the Philippines, the South China Sea (Baba 1988), Taiwan
(Wu et al. 1998), Indonesia, the Solomon Islands, New
Caledonia, and the Vanuatu and Fiji Islands, at depths of
333-1,598 m (Macpherson 2007).

On the other hand, the genus Munidopsis Whiteaves,
1874 is distributed worldwide in all deep-sea habitats and
commonly found living deeper than 500 m, and down to
2,000 m, on continental slopes and abyssal plains (Baba
1988, 2005; Macpherson and Segonzac 2005). Interest-
ingly, their presence is also reported in vent- and cold-
seep communities (Williams 1988; Hashimoto et al. 1995;
Chevaldonné and Olu 1996), as well as on whale and
wood falls (Bennett et al. 1994; Goffredi et al. 2004,
Samadi et al. 2005). Although few studies focused on
their diet, they are commonly thought to be scavengers
while their feeding habits are much diversified and not
clearly established. Some species from hydrothermal
vents, such as M. marionis, M. acutispina and another
Munidopsis sp. (complete name is not mentioned) would
be predators or scavengers (Chevaldonné and Olu 1996;
Macavoy et al. 2008a) while M. alvisca, M. subsquamosa,
M. geyeri and another Munidopsis sp. appeared to have a
mixed diet composed of organic debris of the sediment,
polychaetes, limpets, crab larvae, and would also graze
the bacteria of the biofilms (Van Dover and Lichtwardt
1986; Escobar-Briones et al. 2002; Micheli et al. 2002;
Phleger et al. 2005). Nothing is reported about the diet of
M. cascadia, M. yaquiensis, M. verrilli, and M. quadrata
that are found associated to whale carcasses (Williams
et al. 2000). However, experimental studies showed that
M. crassa and another Munidopsis sp. would be scaveng-
ers of bone remnants (JanBen et al. 2000; Kemp et al.
2006; Macavoy et al. 2008b). In addition, other species
(M. serricornis, M. sarissa) were found in gorgonians or
sponges, and would perhaps feed on the organic matter or

O Springer

Mar Biol (2009) 156:2421-2439

even on the tissues of these organisms (Macpherson and
Segonzac 2005).

The aim of the present study was to describe and specify
the diet of the M. andamanica specimens associated to
wood falls from Vanuatu, in order to have a better under-
standing about the role they play in these particular ecosys-
tems. In addition, comparisons with specimens from five
other geographic areas were carried out to determine
whether M. andamanica is a specialist of sunken woods or
an opportunistic generalist with various food sources, as
commonly admitted for squat lobsters.

We also looked for microorganisms in the digestive
tract in order to determine whether the specimens of
M. andamanica have developed digestive and/or chemo-
synthetic microbial symbioses. Indeed, previous studies
have highlighted chemosynthetic bacterial symbioses in
the branchial tissues of bivalves from wood falls (Distel
and Roberts 1997; Gros and Gaill 2007; Duperron et al.
2008), and the digestion of vegetal cells often implies a
heterotrophic gut microflora providing the host with exo-
enzymes for metabolizing constituents of plant cell walls;
such associations are well known in xylophagous insects
(Foglesong et al. 1975; Potrikus and Breznak 1977,
Bayon 1980; Bignell 1984; Margulis et al. 1990; Zurek
and Keddie 1998; Dolan 2001).

Materials and methods
Biological material

Specimens of M. andamanica associated to wood falls
were collected off Vanuatu Islands during the BOAL
cruise (September 2005, Vanuatu) and during the Santo-
BOA cruise (October 2006) on the R/V Alis. During
these cruises the large bay (Big Bay) located at the north
of Espiritu Santo Island in Vanuatu was thoroughly
explored by trawling. Over the two cruises 55 stations
were explored in this bay at depth ranging from 150 to
1,000 m. Most of the time, trawl brought back sunken
woods and other plant debris. The sunken plant material
was always associated to a specific fauna. Among other
organisms, wood-boring bivalves of the genus Xyloph-
aga, wood-eating limpets of the genus Pectinodonta and
wood or reed housing hermit crabs of the genus Xylopag-
urus were very abundant. During these cruises M. and-
amanica were repeatedly caught in relatively great
number together with woods, other plant debris and the
typical associated fauna. We here examined six speci-
mens from the wood falls of Vanuatu: four from the
station CP2432 (14°59.7'S, 166°55.0'E, 630-705 m, 08
Sep 2005, BOA1), one from the station CP2421
(14°57.1'S, 166°55.1'E, 677-771 m, 06 Sep 2005,
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BOA1) and one from the station AT90 (15°01.5'S,
166°54.1'E, 503-553 m, 13 Oct 2006, SantoBOA). We
compare these specimens with three individuals associ-
ated to wood falls from Solomon Islands (station
CP2846, 10°28.0'S, 161°22.4'E, 533-612 m, 23 Sep
2007, SalomonBOA3) and with four specimens from
four different geographic areas and possibly recovered
on other substrates because the later were not reported.
These specimens come from New Caledonia (station
CP741, 22°36'S, 166°26'E, 700-950 m, 1993, Bathus2),
from the Philippines (station CP123, 12°11'N, 121°45'E,
648-649 m, 1985, Musorstom3), from Indonesia (station
CC21, 05°14'S, 133°00'E, 688-694 m, 1991, Karubar),
and from the Fiji Islands (station CP1342, 16°46.0'S,
177°39.7'E, 650-701 m, 1998, Musorstomi/)). Almost
all specimens were fixed and conserved on board in 75°
and used in light microscopy, scanning and/or transmis-
sion electron microscopy (LM, SEM, and TEM). The gut
of some specimens from Solomon Islands were dis-
sected, removed and fixed in 4% paraformaldehyde,
rinsed, and kept in ethanol 99% at 4°C. One of them was
used in this study for staining with 4',6-diamidino-2-
phenylindole (DAPI).

Fig. 1 Munidopsis andama-
nica. Ethanol-preserved speci-
men from a deep-sea sunken
wood (BOAI cruise. Vanuatu),
a Diagram of'the digestive tract.
The nridgut is supposed to be
very short or lost because never
observed. Anterior and posterior
parts ofthe hindgut are not
externally different and were dis-
sected arbitrary, b Dorsal view
ofthe specimen, ¢ Spoon-shaped
depression formed by a
closed-up claw, d SEM viev,’
ofthe tip ofthe chehped finger:
serrated edge and clumps of
large, smooth setae
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Macroscopic observations and dissection

Before preparation for microscopy, the specimens were
examined and photographed. During dissection, the posi-
tion of the digestive system in relation to the body was
drawn in broad outline (Fig. 1a), with the help of a camera
Lucida on a Leica M10 stereomicroscope. For microscopy,
the following dissections were performed with flame-steril-
ized instruments. Mouthparts were removed and separated
in order to have complete details of their external morphol-
ogy. Digestive tracts were dissected and divided into three
parts: the foregut, the anterior intestinal region, and the pos-
terior intestinal region. This division was arbitrary, as no
particular external morphology enabled us to distinguish
the midgut from the hindgut. Because ethanol fixation tends
to weaken tissues, the midgut often broke off during dissec-
tion. It appeared very short, just behind the stomach.

SEM and X-ray microanalysis

Scanning electron microscopy (SEM) was used to observe
the digestive tracts of five specimens from Vanuatu (4 from
the BOAI1 cruise and 1 from the SantoBOA cruise), and the

Foregut
Midgut
Anterior hindgut

Posterior hindgut
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digestive tract of specimens from the Solomon Islands,
Philippines, New Caledonia, Fiji Islands and Indonesia.
The hindgut of the SantoBOA-cruise specimen was divided
into four parts: two for observation in SEM and two for
observation in TEM and LM (see below). Mouthparts and
gut samples of a specimen from Vanuatu were dehydrated
through a graded ethanol series, critical-point dried with
CO02 as the transitional fluid, and mounted on aluminum
stubs. During mounting, the different parts of the gut were
split longitudinally to reveal the gut lining morphology.
The gut contents were gently removed and put next to the
digestive structure that initially contained them. When they
were recognizable beneath the stereomicroscope, constitu-
ents of the gut contents were roughly identified. The sam-
ples were finally platinum-coated in a Balzers SCD-030
sputter-unit prior to observation with a scanning micro-
scope (JEOL JSM-840A) operating at 20 kV.

Elemental energy-dispersive X-ray microanalyses
(EDX) were performed on the platinum-coated bulk sam-
ples prepared for SEM observation, to determine the ele-
mental composition of hard mineral pieces in the gut
content. X-ray microanalyses and elemental spectra were
performed with a scanning electron microscope fitted
with a Link Pentafet detector and a Link eXI-10 ana-
lyzer.

LM and TEM

Fixed on board in 70° ethanol during the BOAl and
SantoBOA cruises, the gut of one BOAl-cruise specimen
and the two other parts of the hindgut of the SantoBOA-
cruise specimen were utilized for light microscopy (LM)
and transmission electron microscopy (TEM). For better
preservation of the tissue during processing, they were
re-hydrated in the laboratory and fixed in 2.5% glutaral-
dehyde in seawater diluted 7/10. Then the gut samples
were rinsed, fixed in 1% 0s04, dehydrated through an
ethanol and propylene oxide series, and embedded in
epoxy resin (SPI-PON 812). Semi-thin and ultra-thin sec-
tions were obtained with a Reichert-Jung Ultramicro-
tome (Ultracut E) using a diamond knife. Semi-thin
sections were stained with toluidine blue (1%, pH 9.0)
for observation by light microscopy (with an Olympus
PROVIS AX70) and photographed with an Olympus
DP50-CU camera. Ultra-thin sections were contrasted
with uranium acetate and lead citrate and observed with a
Jeol (JEM 100-SX) transmission electron microscope
operating at 80 kV.

DAPI staining

The gut of one specimen from Solomon Islands was fixed
in 4% PFA, kept in 100% ethanol and embedded in
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Steedman’s wax [polyethylene glycol distearate (PEG):
1-hexadecanol 9:1], Sections of 8 pm were obtained with
a Reichert-Austria Microtome on Superfrost Ultra Plus
slides and conserved at -20°C. The slides were passed
through three successive 100% ethanol baths to remove
the wax and dried, then passed through 75% ethanol and
re-dried, and finally passed in methanol: acetic acid (1:3)
to permeabilize the bacteria before to be dried again. The
DAPI solution (0.5 pg/ml) was applied on the sections for
15 min in the dark, and then the slides were rinsed in
distilled water and observed with an epifluorescence
microscope.

Results
Morphological features of feeding appendages and claws

As shown on the specimen in Fig. b, M. andamanica has
symmetrical, long (twice the length of the carapace), and
thin, spindly but robust chelipeds. As a reminder, the pere-
iopods of crustaceans classically consist of seven segments:
coxa, basis, ischium, merus, carpus, propodus, and dacty-
lus. The claws are formed by articulation of the dactylus
with an outgrowth of the propodus.

In resting position, the chelipeds of M. andamanica are
outstretched forward with the claws laid in such a way that
they can pinch laterally and are dorsoventrally flattened.
The mediodorsal rims of the fingers bear a row of sharp
teeth that grow serrated toward the distal part of each finger
and become a smooth edge in the ventral rim. When the
fingers are closed, the mediodorsal rims meet each other;
the serrated edges show imbricated teeth and the ventral
side of each claw forms a spoon-shaped depression (Fig. le).
The chelipeds are covered with many clumps of large,
smooth setae without epibiotic microorganisms (Fig. 1d).
The joints between the propodus and carpus, and between
the carpus and merus enable movements of the claws
toward the mouth appendages.

As in other decapods, the mouthparts consist of six pairs
of appendages. From oral to aboral these are: the mandi-
bles, the first and second maxillae, and the first, second, and
third maxillipeds. A general view of the mouthparts of M.
andamanica is shown in Fig. 2a. All mouthparts were
observed, but we present here only the results pertaining to
the third maxillipeds, the first maxillae, and the mandibles,
because several previous studies on decapods have shown
that the third maxillipeds are often the first parts to make
contact with the food (accumulating sediment, collecting
particles in suspension, or grasping preys) and that the
crista dentata, a raw of strong teeth on the ischiopodite of
the third maxilliped, can sometimes play a role in clasping
large food items. The food is generally transferred from the
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Fig. 2 Munidopsis andamanica from Vanuatu. Mouthparts. a Ventral
view of the mouthparts. b-f general view and details of the left third
nraxilliped, ¢ serrate setac on the ischiopodite, d papposerrate setae
carpopodite, e serrate setae on the propodite, f strong crista dentata on
the ischiopodite. g. h left first maxilla, with (h) spines and teeth-like

third maxillipeds up to the mandibles, transported by the
other oral appendages (the second and first maxillipeds,
then the second and first maxillae). The mandibles are usu-
ally involved in pummeling (i.e. cutting, tearing, crushing,
or grinding) the food before ingestion.

For the same reasons, the morphology of the setae cover-
ing these mouthparts is also presented. Setal types were dis-
tinguished according to the classification system found in
Garm (2004), in which setae are divided into pappose, plu-
mose, serrulate, serrate, papposerrate, simple, and cuspidate
types. An attempt is made here to link the morphology of
the setae covering the mouthparts to the function they
might have (e.g. creating water current for respiration,
cleaning or brushing the antennae, mechanoreception or
chemoreception, grasping and sticking the food, etc.).
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cuspidate setae on thebasipodite, i.j left mandible with (j) thick serrate
setae with scale-like setules on the pedipalp. Bas basipodite, Cox cox-
opodite, Endo endopodite, Exo exopodite, Inc incisor process. Mel
mandible. Mdp mandible pedipalp. Mx!/ first maxilla. Mxp3 third
nraxilliped

Third maxillipeds

Each third maxilliped of M. andamanica (Fig. 2b) consists
of a basis bearing a segmented pediform endopodite and a
long, slender, segmented exopodite with few setae. The
endopodite is composed of an ischiopodite with an aboral
row of ten large serrate setae (Fig. 2c), a meropodite with
seven strong simple setae, a carpopodite with fine long pap-
poserrate setae (Fig. 2d), a propodite with short pappose
setae on the aboral side and long, fine, serrate setae on the
oral side (Fig. 2e), and a small dactylopodite with bundles
of long serrate setae. The medio-oral side of the ischiopo-
dite has a well-developed crista dentata (Fig. 2f) with a
row of 18 strong teeth 70-80-pm height with tip-to-tip dis-
tances of £60 pm.
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First maxillae

Each first maxilla of M. andamanica (Fig. 2g) consists of a
paddle-shaped basipodite, a coxopodite, and a spike-heel-
like endopodite. Only the basipodite has large spines and
large teeth-like cuspidate setae on the medial side (Fig. 2h).

Mandibles

Each mandible of M. andamanica (Fig. 2i) consists of a
long basis bearing a gnathal lobe and a palp. The gnathal
lobe is strongly curved and has two processes: a large,
flattened, molar process orally and a large, cutting, inci-
sor process aborally. The palp is three-segmented and
originates anteriorly at the base of the gnathal lobe. It
crooks to the median and the terminal segment is located
orally in relation to the incisor process. The end of the
terminal segment bears a bundle of long, large setae of
two types; on the one hand, papposerrate setac with
sparse fine setules on the distal portion giving way to
more densely arranged distal setules, and on the other

Fig. 3 Munidopsis andama-
nica from Vanuatu. a-d Gastric
mill: a dorsal robust median
tooth, b oval-shaped lateral
tooth, with (c) projections of
short thick spines in its grooves,
d lateral accessory tooth with
strong spines, e. f Hindgut:

e spiny villous plates separated
by deep grooves, f cuticular
spines on the villous plates and
arranged in semi-circles toward
the anus. Ant anterior part.
arrows resident bacteria
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hand setae with thick, densely arranged scale-like setules
(Fig. 2j).

Ultrastructure of the digestive lining
Gastric mill

The following descriptions concern the grinding pieces of
the gastric mill in the foregut, i.e. the dorsal (or median)
tooth and lateral teeth. For a description of the anatomy and
physiology of the decapod foregut see Ceccaldi (2006).
The dorsal tooth of M. andamanica (Fig. 3a) is smooth
and pyramid-shaped, with a rectangular base and triangular
lateral surfaces. The anterior face is rather concave and has
a dorso-ventral flattened keel. The ventral surface of the
urocardiac ossicle leading to the tooth is slightly curved and
bears dorso-ventral grooves. Both of the lateral sides of the
urocardiac ossicle are girded with setae and the areas from
which the tooth arises widen in a small flange bearing
spines. Both of the lateral teeth are elongate and oval in
shape (Fig. 3b), tapering posteriorly, with nine denticles,
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the first anterior denticle being the largest. The first three
denticles are smooth and crest-shaped, the fourth being
curved. The medial surface of the teeth is concave from this
point, and five grooves traverse the teeth posteriorly. They
extend to the ventral side of the teeth and are continued on
their dorsal side by the last five denticles of the teeth. The
three anterior-most grooves have an anterior edge bearing
projections of short thick spines (Fig. 3c). Both of the lat-
eral accessory teeth (Fig. 3d) bear 14-15 strong, compact
ventral spines arranged in a circle and directed posteriorly.

Midgut and digestive gland

The midgut and the digestive gland of M. andamanica were
unfortunately not observed. Due to ethanol fixation, the
digestive gland was liquefied and the junction between
foregut and hindgut always broke during dissection. Never-
theless, this junction appears very thin, suggesting that the
midgut is very short, maybe limited to a simple ring
between the pyloric stomach and the anterior hindgut.

Hindgut

The hindgut of M. andamanica has characteristic elliptical
villous plates (100-150-gm large, 200-300-gm length, and
10-pm height; Fig. 3e), except on the ventral zone. Cuticle
projections were observed, arranged in acute semi-circles
of spines directed toward the anus (Fig. 3f), each semi-cir-
cle being formed by one epidermal cell. The anterior-most
part of the hindgut has simpler arrangements (3 or 5
spines), but the number of spines increases rapidly toward
the posterior part. The major part of the hindgut thus bears
semi-circles with 12-25 spines 3-grn length at their exter-
nal border and 8-14 spines 500-nm length at their internal
border. Between convolutions, however, the number of
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spines is very low and sometimes nil. The hindgut lining
harbors a nanorelief (Figs. 3f, 6¢) made of tiny, entwined,
rod-shaped paddings (+1.5-gm length) and depressions.

Gut content morphology and X-ray microanalysis

The analyses of the gut contents of all the specimens,
including those from the different geographic areas, are
summarized in the Table 1 and illustrated by the Figs. 4a-f,
Sa-g, and 6a-d. Most of the pictures were taken on individ-
uals from wood falls of Vanuatu, but some of them illus-
trate peculiar structures found in specimens from other
locations. The content of the gut always includes both
organic and mineral fractions.

In all the specimens associated to the Vanuatu wood
falls, LM photographs reveal an organic fraction consisting
of large, blue-stained wood fragments (up to 500 pm)
mixed with a coarse, purple-stained organic material not
readily recognizable (Fig. 4a). The plant fragments exhibit
thick secondary walls and empty cell lumens, confirming
that they consist of ligneous hard tissue and most probably
xylem (Fig. 4b, e). The peripheral broken cells are gener-
ally filled with exogenous material (Figs. 4b, e, 5c) and
their walls appear considerably decomposed by microor-
ganisms (i.e. bacteria and fungi) (Fig. 4b, f). Bacteria and
fungi are observed by SEM on the plant cell walls (Fig. 5a,
b). By TEM, these walls appear perforated by tunneling
bacteria (Fig. 4f). Low-magnification SEM pictures show
that the wood fragments look like shavings rolled up on
themselves (Fig. 5¢). Almost all specimens from other loca-
tions have terrestrial vegetal fragments in their gut contents,
except the one from Fiji Islands (Table 1). The specimen
associated to wood falls from Solomon Islands has gut con-
tent very similar to that of the specimens from Vanuatu
wood falls, with high quantities of vegetal fragments of

Table 1 Comparative analysis of the resident hindgut nricroflora and the gut contents of 14 M. andamanica specimens from six different
geographic areas: Vanuatu. Solomon Islands. New Caledonia. Fiji Islands. Indonesia, and Philippines

Munidopsis n  Resident Gut contents
andamanica hindgut

microflora Mineral fraction Organic fraction

Bacteria Fungi Clay  Skeletons Tests of  Organic Plant Algae Fungi Gorgonin Bacteria

and spicules  protists matter remains

Vanuatu 6 ++++ +++ +++ +++ +++ -+ -+
Solomon ++++ ++ +++ +++ -+ + -+
New Caledonia 1 ++ + +++ ++ +++ ++ +++ +++ ++ ++
Fiji 1 +++ +H+ ++ +++ +++ 4+
Indonesia 1 ++ ++ + +++ ++ + +++ ++
Philippines 1 +++ ++ ++ +++ ++ +++ +++ ++ 4+

Approximate proportion ofitems observed: + rare (15%). ++ more than sparse (15-30%), +++ abundant (50-60%), ++++ very abundant (70% and

more). An empty case means that the item was not observed

n number of specimens examined
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Fig. 4 Munidopsis andama-
nica from Vanuatu, a Senri-thin
cross-section of the anterior
hindgut. Wood fragments
(arrowheads) in the contents are
blue-stained, organic matter is
piuple-stained, and the mineral
fraction appears as darkparti-
cles (arrows), b Detail of a frag-
ment of wood (xylern tissue),
with empty cell lumens and thick
secondary walls. At the periph-
ery. the cell walls are degraded
by microorganisms and the cells
are filled with exogenous mate-
rial. c. d Senri-thin section ofthe
posterior hindgut with (cl) fungal
mycelium filaments (dotted ar-
row) located between the gut
content and the cuticle, e Ultra-
thin section ofa wood fragment,
with peripheral cells filled with
exogenous organic material and
minerals (thin arrows), f Traces
() left by tunnelling bacteria
having perforated secondary
walls (w) of a wood fragment in
the gut. Cont gut content. Cut
cuticle lining. Epi epidernr, ¢
traces of bacteria, w secondary
walls of wood fragments, arrow-
head wood fragment, arrow
minerals, dotted arrow fungal
nrycelia

leaves and wood. The difference with the other specimens
(from New Caledonia, Indonesia, and Philippines) is
observed in the lower proportion of vegetal cells and in the
presence of other organic fragments, as branching filaments
of algae (50-100-pm width; Fig. 6a) in the gut of the Indo-
nesian specimen, or fungi filaments (5-40-pm width;
Fig. 6b) in the gut of the Fijian specimen. Both algae and
fungi are found in great amounts in the gut of the specimen
from New Caledonia. In contrast to terrestrial plants frag-
ments, algae filaments do not show cells with strong broken
walls, angular disposition and open punctuations between
them. They rather appear as ribbon-like structures with sev-
eral cells abreast in width, thin intercellular walls that are
often folded and a smooth, external surface giving a hint of
the cells beneath. The fungus hyphae appear as single files
of cells and exhibit a thick, wrinkled surface such as resi-
dent gut fungi (see below). Other organic fragments in the
gut of specimens from Solomon Islands, New Caledonia
and Philippines are identified as gorgonin (Fig. 6¢), i..
organic matrix of the corneous skeleton in gorgonians,
whose elemental microanalysis shows a major peak of sul-
fur (e.g. see Block and Bolling 1938). These gorgonin frag-
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ments are sometimes associated with mineral debris of
gorgonian skeleton (Ca-phosphate, see below). The gut
content of all specimens, recovered or not with wood falls,
includes rod-shaped bacteria (1 pm x 0.25 pm), either iso-
lated or compacted into pellets that can be very large (up to
180 pm in diameter; Fig. 5d, ¢). The DAPI-staining of the
gut cross-sections of the Solomon Islands’ specimen gives
evidence of a lot of bacterial rods inside the digestive con-
tent (Fig. 7). Finally, in all individuals, SEM (Fig. 5f) as
well as LM (Fig. 4a) and TEM (Fig. 5g) reveal coarse, torn
organic matter between the larger, recognizable, organic
and mineral fragments. This matter is often mixed with
scaly clay particles (3-5 pm) described below. Among the
unidentified organic material in the gut content of Vanuatu
specimens, constituents  are
remains or vesicles, bacterial cell ghosts, small debris of
plant cell walls, and secretions left in wood cell walls by
tunneling bacteria (compare Figs. 4f, 5g). Thus, the organic

recognizable membrane

fraction in the gut content of M. andamanica appears to
consist mostly of highly degraded vegetal debris (terrestrial
plants, algae) and other refractory materials, as gorgonin
fragments and mycelium filaments and also in a large
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Fig. 5 Munidopsis andama-
nica from Vanuatu, a Bacteria
and b fungi at the surface of
wood fragments in the gut.

¢ Shaving-shaped wood
fragment observed by SEM.

d, e Pellet of rod-shaped
bacteria, f Organic matter mixed
with clay particles (arrows), and
X-ray spectrum of clay particles
showing Al Si. Ca. and Fe major
peaks, g Organic remains in the
gut content as viewed by TEM.
m membrane remains or bacte-
rial ghost, ¢ traces of tunnelling
bacteria, arrows clay particles

Fig. 6 Munidopsis andama-
nica gut contents, a Branching
algae and b fungi filaments

in the specimen from New
Caledonia, ¢ Gorgonin in the
specimen from Fiji Islands,

d mineralized Ca-phosphate
skeleton of a gorgonian coral
in the specimen from the
Philippines

0.5 um
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Bacteria

Fig. 7 Munidopsis andamanica from Solomon Islands. DAPI-stain-
ing of the bacteria fluorescing in blue inside the gut content. Their
shape of small rods enables us to differentiate them from some
elements that have a natural auto-fluorescence like the minerals or the
lignin of the wood fragments

proportion of bacteria either from surface biofilms or from
the inside of decaying substrates. No cuticle fragments are
seen, however, suggesting that M. andamanica does not
feed on crustacean preys or cadavers. Animal tissue
remains cannot be excluded, but if present, they must come
from animals other than crustaceans.

In all specimens, the minerals and mineralized structures
of the gut content consist of clay particles, intact or broken
perforated globular foraminifer tests, straight and spiny spic-
ules as well as other mineral fragments (Table 1). The clay
particles appear scaly by SEM, as darkly stained particles by
LM (Fig. 4a), and as stacks of parallel electron-dense sheets
by TEM (Fig. 5g). Their nature was confirmed by X-ray
spectra showing major Al (Ka 1.48 keV), Si (Ka 1.73 keV),
Ca, and Fe (Ka 6.4 keV) peaks (Fig. 5f). The calcareous
composition of foraminifer tests was confirmed by spectra
dominated by Ca peaks (Ka: 3.69 keV, K*: 4.01 keV). The
microanalysis revealed the siliceous nature of some spicules,
which might thus be sponge spines. In the specimen from
Fiji, structures looking like mineral fragments of gorgonian
coral skeletons are identified on the basis of the crossed dis-
position of the crystals (Fig. 6d), and their X-ray spectra
dominated by significant Ca et P (Ka: 2.013 keV) peaks.
Calcium phosphate particles found in the bolus of the speci-
mens from Fiji Islands, Solomon Islands, and Indonesia
could also originate from gorgonian skeletons. Finally, the
spectra obtained with wood fragments displayed minor Si
and Ca peaks, compatible with the mineral content of wood.

Gut microorganisms
No microflora was found on the foregut lining of M. and-

amanica, but microbial colonization (i.e. bacteria and fun-
gal mycelia) was obvious in the hindgut of all specimens.
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The pictures show that in all specimens from wood falls
of Vanuatu, rod-shaped bacteria (1.5 pm x 0.25 pm) are
distributed all along the hindgut (Fig. 8a). Often attached to
the cuticle spines of the villous plates, these bacteria are
mostly found at higher density in the depressions between
plates (Fig. 8b, c). In the median dorsal zone of the hindgut,
they are generally stuck together, whereas they are more
separated from each other in the ventral zone. In some
places, they are glued in mucous secretions, probably of
bacterial origin (Fig. 8d). Bacteria are also observed on
ultra-thin sections (Fig. 8¢). Although ill-defined, the cell
envelope displays two membranes as classically found in
Gram-negative bacteria (e.g. Costerton et al. 1974). Table 1
shows that such resident rod-shaped bacteria are found in
the hindgut of the specimens from others locations, except
in the Indonesian specimen. Yet, it was noticed that the
bacterial colonization was less extended and patchier in the
individuals from New Caledonia, Fiji Islands, Indonesia,
and Philippines than in the specimens from wood falls of
Vanuatu and Solomon Islands.

In all specimens from wood falls of Vanuatu, except the
one from the SantoBOA cruise, large filaments resembling
fungal hyphae in shape and size (+ 2.3 mm x 8 pm) are
observed in the posterior hindgut. Their surface is deli-
cately and longitudinally wrinkled. They cover an average
0of 20% of the hindgut surface, according to measurements
taken on SEM objects. SEM (Fig. 9a, b) and LM (Fig. 4d)
pictures show that these filaments surround the gut content,
like a cylindrical cover between the cuticle and the ingested
food. Some of the hyphae clearly appear to be attached to
the hindgut cuticle (Fig. 9¢c, d), with a pot-bellied base
(12-pm width) upstream and a filament extending toward
the anus. Others are attached downstream, with the filament
extending up the digestive Pact. Their eukaryotic fungal
nature is confirmed by the observation of cell nuclei and
thick cell walls by TEM (Fig. 8¢). In their distal part, the
filaments exhibit round-shaped or ovoid fructifications
appearing to vary in number from 7 to 35 "cells" at least
(Fig. 9f). Rod-shaped bacteria are found at some locations
on the stems of the fungal filaments. Fungi attached to the
hindgut lining are also found in specimens from New
Caledonia, Indonesia, and Philippines, but neither in those
from Solomon nor in those from Fiji Islands (Table 1). The
hyphae roughly correspond to the above description. The only
differences consist in the length of the filaments, that are
much shorter (from 10 to 40 pm) in the specimen from
New Caledonia, and in attach of the filament to the cuticle
surface. Instead of a pot-bellied base the filaments have a
cylindrical, narrow foot of 5 pm in length in the specimens
from New Caledonia and Indonesia. Only the resident fungi
found in the specimens from Vanuatu exhibits distal fruc-
tifications. Fungal colonizations were also less expanded in
individuals from New Caledonia and Philippines.
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Fig. 8 Munidopsis andamanica from Vanuatu hindgut. a Rod-shaped
bacteria (1.5 ::0.25 pm) widely distributed over the hindgut lining, b.
¢ higher density of bacteria in the grooves between the villous plates

Discussion

In the absence of any possible in situ observations on M.
andamanica, the morphological approach has been most
helpful in supplying information on its feeding ecology.
While some morphological features may be constant
within families, it has been shown that the mouthparts
and digestive tract morphology can vary according to the
type of mastication (Powell 1974; Kunze and Anderson
1979; Icely and Nott 1984; Ngoc-Ho 1984; Felgenhauer
and Abele 1985; Skilleter and Anderson 1986; Wolfe
and Felgenhauer 1991; Pinn et al. 1999; Ceccaldi 2006).
We have also been able to relate the diet of the host to
the presence of microbial symbionts of several types that
can play a role in the digestion, especially in detritivo-
rous and herbivorous species (Harris 1993; Pinn et al.
1999).
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Q?) d bacteria attached to the cuticular spines and glued in mucous
secretions, and e TEM view of a bacterium showing its Gram-negative
cell envelope, p villous plates

On what does it feed?

Our results clearly show that M. andamanica associated to
wood falls (from Vanuatu and Solomon Islands) is at least
partially xylophagous. Yet, observations, particularly of
others specimens (from New Caledonia, Philippines,
Indonesia, and Fiji Islands), suggest that M. andamanica is
not exclusively xylophagous but rather a specialist of
refractory substrates. Moreover, bacteria associated to the
ingested substrates (i.e. the biofilm) should highly contrib-
ute to its diet.

Munidopsis andamanica associated to sunken woods
feeds directly on them, as attested by the quantity of wood
fragments found in its gut contents. Other indications that
the squat lobster feeds on the deposit substrate are the pres-
ence of clay spangles and the shaving-like wood fragments
in the gut, suggesting that M. andamanica grazes silty
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Fig. 9 Munidopsis andamanica from Vanuatu posterior hindgut.
a. b Fungal mycelia (£2.3 mm :: 8 pm) surrounding the gut content,
c. d fungal mycelia attached (large arrows, c) to the cuticle lining,
e cross-section of a fungal filament showing the cell nucleus (n) and

sunken wood. The clay spangles, as the calcareous and sili-
ceous fragments from various organisms (i.e. tests of pro-
tists, mineralized gorgonian skeletons, sponge spicules),
certainly have a sedimentary origin. On the other hand,
organic matter other than wood, of unknown origin, consti-
tutes a considerable proportion of the gut contents, and thus
seems to be an important food source for M. andamanica
on sunken woods. The large bacterial pellets found in the
gut of some specimens suggest that M. andamanica may be
able to feed on the biofilm covering the substrate. Although
unrecognizable with the exception of traces of tunneling
bacteria and some membrane vesicles or bacteria ghosts,
this organic matter might be degraded microorganisms and/
or highly decomposed wood components. The comparison
between specimens from wood falls and those from other
substrates (not reported) strongly suggest that the species
M. andamanica is rather specialized in eating refractory
substrates, including wood, algae, fungi, and the corneous
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wall (w), f vegetative fructifications ofthe fungal hyphae (thin arrow),
n cell nucleus of fungal mycelium, w wall of fungal mycelium, /arge
arrow base of the fungal mycelia, thin arrow fructifications of fungal
mycelium

skeletons of gorgonian corals. It seems, however, to have a
clear preference for terrestrial vegetal remains. Indeed, at
least one of these refractory substrates occurs in all the
specimens (Table 1) and can reach high quantities, espe-
cially when it consists of wood. Even if soft animals’ tis-
sues cannot be excluded from the diet, a predatory behavior
should be ruled out. Indeed, the morphology of the spindly
claws strongly reduces this hypothesis. Instead, the scav-
enging of worms or mollusks from sunken wood, which
represent a large part of the macrofauna associated to wood
falls ecosystems (Samadi et al. 2005) remains possible, but
is not defended by any evidence. A much more probable
source of nutrients other than wood would be bacteria
ingested with the substrate. Even if there is no direct
evidence of bacterial digestion by M. andamanica, many
bacteria were found in the gut contents, especially with the
DAPI-staining and in SEM showing bacteria clustered into
large pellets. Traces of bacteria viewed in TEM, notably
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inside the vegetal cell walls, support the view that bacteria
were degrading the substrate and most probably alive
before being ingested. The squat lobster ingesting deeply
degraded wood could first benefit from the action of free-
living wood bacteria that release degradation products and
nutritive compounds. The presence of numerous bacterial
ghosts on the TEM sections suggests that a great proportion
of the free-living wood bacteria die during the transit. This
does not exclude that some of them survive and develop
into a transitional microflora in the digestive tract and could
provide cellulose-degrading enzymes as it is proposed for
the resident microflora (see below).

How does it feed?

The claws, mouthparts, and foregut morphology of M. and-
amanica are in good agreement with the diet of the species
as determined by analysis of the gut contents. The feeding
appendages appear similar to those of detritivorous deca-
pods, while the gastric mill is suggestive of deposit-feed-
ing. On these bases, a processing sequence for food items,
especially wood pieces, is proposed.

Feeding appendages morphology

The spindly chelipeds of M. andamanica are not those of a
predator. The use of the chelipeds for feeding is often
reported for both crabs and galatheid squat lobsters (e.g.
Munida sarsi, according to Hudson and Wigham 2003). It
was also observed directly on board during the Salomon-
BOA3 cruise, with freshly collected live galatheid speci-
mens other than M. andamanica (C. Hoyoux, personal
observation). The fingers of M. andamanica, forming a
spoon, not gaping and with prehensile edges crenulated,
might hold a piece of decayed wood by clasping (e.g. a
splinter at the surface of a log), tear the piece off by crush-
ing its teeth fingers against each other, and then finally
bring the freshly cut fragment to the third maxillipeds,
using the spoon-shaped depression to retain it. Bacteria
found in the gut contents could be highly likely be ingested
with the wood fragment, but this depression could also
scrape the biofilm covering the substrate producing the pel-
lets of bacteria. Among the 224 species of Munidopsis spp.
discovered up to now (see Baba et al. 2008), at least 49 spe-
cies have this type of chelipeds. Interestingly, although the
diet of very few of them was described, it appears that spe-
cies feeding at least partially on bacteria have often this
spoon-shaped structure (e.g. M. alvisca, M. subsquamosa,
M. crassa, M.aries) in contrast to some others that would
be predators or scavengers (e.g. M. acutispina, M. mario-
nis, M. serricornis). Such spoon-shaped chelipeds are also
reported in herbivorous crab species (Wolcott and O’Connor
1992) for collecting plants (Coen 1987) and in two
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specimens of Munidopsis spp. that had plant fragments in
their foregut (Gore 1983).

The mouthparts of M. andamanica exhibit features sug-
gesting that they are adapted to manipulating large food
items. It is commonly accepted that teeth-like structures,
i.e. a well-developed crista dentata on the third maxilli-
peds, spiny first maxillae, and well-developed mandibles,
enable clasping as well as shredding of larger food items
(Caine 1974; Kunze and Anderson 1979; Stamhuis et al.
1998; Martin et al. 1998; Garm and Hpeg 2001; Salindeho
and Johnston 2003). Although these morphologies are often
reported to a carnivorous feeding (e.g. Kunze and Anderson
1979), these are also found in deposit-feeders (Salindeho
and Johnston 2003; Garm and Hpeg 2001; Nickeli and
Atkinson 1995; Stamhuis et al. 1998). Yet, Nickeli et al.
(1998) and Coelho and Rodrigues (2001) consider that the
morphology of the crista dentata is linked to phylogeny
rather than to the type of feeding, but they do not exclude
the possibility that this structure might be used in situ to
catch food, since the specimens they studied were fed in
captivity. We can thus suggest that these features may
simply indicate an aptitude to process large food items,
for carnivorous as well as for detritivorous species. In
M. andamanica from wood falls, the crista dentata could
be used in feeding to hold wood pieces firmly and to push
them toward the mandibles. Furthermore, the symmetry of
the mandibles of M. andamanica is not typical of a carnivo-
rous species, as this feeding type often implies asymmetri-
cal mandibles (Kunze and Anderson 1979; Skilleter and
Anderson 1986; Salindeho and Johnston 2003).

Construing the function of the setae covering the mouth-
parts is quite difficult. Some authors have tried to link
function to setal morphology, but sometimes similar mor-
phologies fulfill several possible functions (Factor 1978,
Schembri 1982; Felgenhauer and Abele 1985; Crain 1999;
Stamhuis et al. 1998; Coelho and Rodrigues 2001; Garm and
Hpeg 2001). Ifie literature suggests that serrate setac can
play a role in chemosensitivity, cleaning, or food adhesion;
cuspidate setae can play a role in grasping food; plumose
setae are often involved in creating water currents important
in respiration or suspension-feeding; and pappose setae do
not participate in food handling but usually create setal barri-
ers. M. andamanica has very few plumose setae on its
mouthparts, confirming that it is clearly not a suspension-
feeder. Ifie majority of setae on the third maxillipeds are ser-
rate chemoreceptive setac and pappose setae that can retain
fine food particles stuck in the setules. Ifie cuspidate setae on
the basipodite of the first maxillae could help to grasp food.

Gastric mill morphology

The gastric mill of M. andamanica exhibits morphological
characteristics generally found in deposit-feeders (Kunze
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and Anderson 1979; Pinn etal. 1999; Salindeho and
Johnston 2003): few setae, a simple strong dorsal tooth, and
large, oval-shaped lateral teeth with deep transversal ridges,
few flexible spines, and a large anterior denticle. This is
clearly different from suspension-feeders, the gastric mill of
which usually has many setae, a complex dorsal tooth, and
rhomboidal lateral teeth with many stout spines having a
comb-like appearance (Pinn et al. 1999). In M. andama-
nica, the simple, strongly calcified, and robust teeth might
be adapted to processing hard substrates and specialized for
crushing and grinding wood fragments. Interestingly, simi-
lar morphological features of the gastric teeth are found in
herbivorous crabs, where they are used to crush fibrous
plant materials (Coen 1987; Warner 1977; Giddins et al.
1986). This is especially true for the mangrove crab Neos-
armatium smithi, which feeds on mangrove litter that has
decayed for several weeks. This crab has robust, smooth
gastric teeth with deep grooves (i.e. molar-shaped teeth).
Large spines encircling the accessory lateral tooth are also
found in M. andamanica in addition to lateral teeth.
Together, these spines and teeth might, like the lateral teeth
of deposit-feeders, help to maintain food particles such as
wood shavings, while the dorsal tooth would grind the food
particles like a pestle on a mortar.

Munidopsis andamanica thus possesses the feeding
appendages and gastric mill of a detritivorous deposit-
feeder that seems fairly well adapted to feeding on wood.
Up to the foregut, the treatment sequence of food, espe-
cially wood pieces, in M. andamanica might be described
in three steps as follows : (1) use of the chelipeds to tear off
a partially degraded wood fragment and bring it between
the crista dentata of the third maxillipeds, (2) production of
shavings from the wood fragment maintained by the maxil-
lipeds and spiny maxillae, by grating with the incisor cut-
ting edge of the mandibles, and (3) crushing of the wood
shavings between the lateral and dorsal teeth of the gastric
mill. This scenario suggests that M. andamanica would not
directly bore the wood surface and does not form a part of
the first colonizers of the sunken wood; this agrees with the
behavior of some species of the genus (e.g. M. crassa and
another Munidopsis sp.) which come later in the coloniza-
tion of a bait (e.g. thuna or seal cadaver) compared to other
scavengers as fishes and amphipods (JanBen et al. 2000;
Kemp et al. 2006).

Role of the resident gut microorganisms

It is generally recognized that the gut microflora of marine
detritivores provide the host with a complementary enzy-
matic arsenal for the degradation of refractory ingested
organic substrates (Dempsey and Kitting 1987; Plante et al.
1990; Erasmus et al. 1997). Harris (1993) further suggests
that the degree and type of colonization of the decapod
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digestive tract is related to the diet. Thus, carnivorous spe-
cies show little evidence of bacterial colonization in the
gut, while the hindgut of detritivorous decapods is exten-
sively colonized. In contrast to the symbionts harbored by
mollusk and annelid tissues, which are generally intracellu-
lar (i.e. endosymbionts), crustacean symbionts are often
extracellular (i.e. ectosymbionts) and located on the cuticle
lining of the hindgut as in the digestive symbioses
described in detritivorous isopods (Zimmer and Bartholmé
2003; Lindquist et al. 2005), thalassinid shrimps (Pinn et al.
1999; Lau et al. 2002; Harris 1993), prawns (Zbinden and
Cambon-Bonavita 2003; Oxley et al. 2002), and crayfishes
(Growns and Richardson 1988) which feed on leafs litter
(Guan and Wiles 1998; Reynolds and O’Keeffe 2005).

The present results reveal a considerable microflora of
resident bacteria and/or fungi in all specimens examined.
Moreover, it is likely that some bacteria from the gut con-
tents form a living transitional microflora.

Based on both the literature (Smith and Douglas 1987;
Margulis et al. 1990; Douglas 1994; Zook 1998; Bricage
1998, 2000; Werner et al. 2002) and our own observations
of the bacteria covering the hindgut lining of M. andama-
nica, we here propose four morphological criteria that
could define a resident, possibly symbiotic association: (1)
the association occurs in all examined specimens, (2) the
microorganisms are consistently located on the gut lining,
(3) the supporting tissues appear healthy, and (4) the diet of
the host suggests a requirement for digestive symbionts.
The xylophagous, detritivorous diet of M. andamanica
associated to wood falls strongly suggests a need for this
symbiotic digestive microflora. The colonization less
extended or patchier in the case of specimens from sub-
strates not reported would be linked either to their molt
stage or to their diet less rich in vegetal fragments. For
example, in the specimen from Indonesia, contrarily to the
occurrence of resident fungi, no bacterial colonization was
found (Table 1). During transit through the hindgut, diges-
tion of wood might be assisted by the activity of resident
bacteria, surviving transitory bacteria, or both. The prolifer-
ation and activity of these bacteria could enrich the feces
in nutrients. As suggested for mangrove grapsid crabs
(Webster and Benfield 1986), M. andamanica should both
accelerate wood decay by tearing off pieces and enrich the
medium in nutrients by producing feces containing wood
fragments partially degraded by the microorganisms of its
digestive tract. The role of such detritivores is recognized
as very important in the biodeterioration of deep-sea
organic substrates (Schwarz etal. 1976; Palacios et al.
2000).

In M. andamanica, interestingly, the bacteria are not
attached only to the microspines of the hindgut lining but
appear massed in the folds between the spiny villous plates.
This suggests that the cuticular spines might not really be
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necessary for bacterial attachment as proposed by Brecko
and Strus (1992) and Pinn et al. (1999). They might, rather,
play a mechanical role, facilitating the transit of the fecal
pellets through the hindgut (Pillai 1960; Dali 1967; Bignell
1984; Felgenhauer 1992). According to our observations on
M. andamanica, attachment of the bacteria should be
favored by the nanorelief of the cuticle surface, which pro-
vides small depressions precisely in the size range of the
observed rod-shaped bacteria. This contributes to the
debate on the role of the cuticle microdentition.

The presence of resident bacteria in the hindgut of
M. andamanica further suggests that most of the digestion
might occur in the hindgut, like in the terrestrial isopod
Porcellio scaber, which feeds on leaf litter and harbors
cellulolytic bacterial endosymbionts in its digestive gland
(Zimmer and Topp 1998). Two ways could be considered
for M. andamanica to gain nutrients: they are either
obtained through the very thin cuticle of the hindgut or by
the ingestion of feces. The part of nutrients that are not
assimilated then would be definitively lost and would
enrich the environment. Moreover, this important role of
the hindgut is likely related to the reduced size of the
midgut which, although not observed here because of its
tendency to break off, appears very short in M. andamanica.

The fungal mycelia detected in M. andamanica meet
only three of the four criteria of a symbiotic association.
They are frequently found and always located in the poster-
ior hindgut. They are oriented and anchored to the cuticle
lining. They reproduce outside the gut contents and they do
not seem to be parasitic, given the apparent good health of
the tissue. Their anchorage to the cuticle suggests that they
are not environmental fungi ingested with wood fragments.
Morphologically, the fungal microflora of M. andamanica
also appears very different from the fungi found in the
sunken wood itself (Dupont et al. 2005). The vegetative
fructification of the hyphae in Vanuatu specimens and their
location at the end of the hindgut might be due to the high
nutrient content of the posterior feces, enriched by the
upstream bacterial proliferation. Yet their absence in some
specimens might indicate that these fungi are not obligate
symbionts. Although resident fungi are generally consid-
ered pathogens in marine invertebrates (Lopez Lastra 1990;
Lichtwardt 1996; Alencar et al. 2003), complex digestive
symbioses have been described between cellulase-produc-
ing fungi and arthropods (Martin 1992; Kimura et al.
2002). An example of digestive symbiosis is found in the
squat lobster Munidopsis subsquamosa from hydrothermal
vents, which hosts a trichomycete in the foregut. It thus
seems likely that the hindgut fungi of M. andamanica con-
tinue the digestion of wood, perhaps by degrading lignin
which should be present in the xylem of ingested wood
fragments, and is known to be attacked by fungi (e.g.
Hammel 1997). Fungal microorganisms might considerably
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assist digestion of the ligneous wood, plant and/or algae
that M. andamanica ingests.

Herbivorous specialist or generalist scavenger?

Squat lobsters are generally thought to be scavengers, and
few studies have focused on the diet of species of the genus
Munidopsis. Even rare, these studies give nevertheless evi-
dence of differences of diet within the genus (Van Dover
and Lichtwardt 1986; Chevaldonné and Olu 1996; Janf3en
et al. 2000; Escobar-Briones et al. 2002; Micheli et al.
2002; Phleger et al. 2005; Kemp et al. 2006; Macavoy et al.
2008a, b). The diet of M. andamanica from deep-sea wood
falls, shown here to ingest ligneous wood in large propor-
tion, appears quite original or exceptional. Indeed, various
plant materials, e.g. phytoplankton, micro- and macroalgae,
foliage, seeds, fruits, and leaf litter have been reported as
food sources for different crab species, wood being the
exception not listed by Wolcott and O’Connor (1992).
However, Gore (1983) examined two specimens belonging
to the species M. aries and M. bermudezi and reported that
they had plant fragments in their stomach. Thus, it could be
proposed that among the genus Munidopsis, some species
are actually scavengers but others, as M. andamanica,
could have evolved and become specialized in feeding on
different hard substrates. The similarity shared by the
refractory substrates considered here, i.e. wood, plant
debris, algae, and fungi cell walls, as well as hard animal
tissues as corneous gorgonians skeletons and vertebrate
bones, is a fibrous texture and macromolecules stabilized
by hardy breakable covalent links. Generally, animals do
not dispose of the endogenous enzymes to degrade such
organic substrates. Feeding on them should thus be consid-
ered as a specialization different from usual scavenging that
does not require any peculiar adaptation when restricted to
the feeding on soft tissues from dead animals. As showed
by Kiel etal. (2008), some species (e.g. Xylophaga)
appears to be specialized in a wood-based diet at least since
the late Cretaceous.

Despite of the negative aspects and constraints in using
plants as food instead of animal tissues, herbivory is a com-
mon phenomenon in many decapod crustaceans, especially
crabs, in both aquatic and terrestrial habitats (Wolcott and
O’Connor 1992) and even in species considered carnivo-
rous (Warner 1977). Using plants as a food source does
have many negative aspects and constraints, such as: the
presence ofrefractory components such as lignin, cellulose,
tannins, and phenolics that are difficult to digest (Mattson
1980); calcifications causing excessive wear on the chelae,
mandibles, and teeth of the gastric mill (Coen 1987); given
the high C/N ratio of plants, the 30% lower nitrogen con-
tent of a plant-based versus an animal-based diet (Wolcott
and Wolcott 1984) and lower levels of essential amino
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acids, vitamins, sterols, and polyunsaturated fatty acids as
compared to animal tissue (Phillips 1984). Thus, plant-
eating decapods are generally not exclusively herbivorous,
benefiting from other food sources or using various means
to offset the unfavorably high C/N ratio. The mangrove crab
N. meinerti, which eats leaf litter, is proposed to derive a
significant part of its diet by foraging sediment detritus, a
richer source of nitrogen (Skov and Hartnoll 2002). Fur-
thermore, these crabs fragment leaves during feeding
(Malley 1978), with subsequent acceleration of microbial
decay (Webster and Benfield 1986) and a decrease in the
C/N ratio (Cundell et al. 1979).

Our results on M. andamanica showed that this species
does not break with the rule. Even if almost all the speci-
mens have vegetal debris in their gut contents, they also
manifestly feed on other organic matters. The results of our
examination of M. andamanica gut contents strongly sug-
gest that the C/N-ratio-reducing secondary food source of
M. andamanica is the bacteria found in high quantities in
all gut contents, likely originating from the biofilm growing
at the surface of decayed wood or other hard substrates.
The large amount of fungi found in the bolus of two speci-
mens (New Caledonia and Fiji) should play the same role
as ingested bacteria. Such an alternative food is indeed
required by most wood-eating species, because the xylem
consists solely of thick lignified cell walls and is devoid of
even remnants of cytoplasm. Thus, the biofilm may be an
important supply of molecules and elements lacking in
wood. It is noteworthy in this context that M. andamanica
does not bore into intact sunken wood, but rather ingests
partially degraded wood fragments that it tears off or grazes
at different places. The periphery of these fragments gener-
ally shows alterations, such as perforations by tunneling
bacteria, which occurred in the environment prior to inges-
tion of the fragments.

In conclusion, M. andamanica is predominantly a detri-
tivorous deposit-feeder and, as such, has robust mouthparts
and a robust gastric mill. By its regular distribution with a
number of individuals on wood falls, by the presence of a
high proportion of wood or plant debris in the gut of numer-
ous specimens, by the morphology of its appendages and
gastric mill as well as by the regular presence of two kinds
of digestive symbionts (bacteria and fungi), M. andamanica
has to be regarded as a specialist adapted to feed preferen-
tially on terrestrial vegetal remains but also by extension on
other hard refractory substrates of animal origin. Although
the specimens associated with wood appear to feed mainly
on the wood itself, ingesting large quantities of xylem tis-
sues, an important other food source should be the bacteria
and the fungi grazed from biofilms. Comparing the feeding
habits of M. andamanica with the ones of other Munidopsis
species let us think that this species and perhaps some of its
congeners have evolved differently from others among the
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genus. On the other hand, M. andamanica has developed
lasting associations with fungal and bacterial resident gut
microorganisms, which most probably assist digestion of
the refractory components, especially in the case of a wood-
based diet.

Munidopsis andamanica is likely to be an important
actor in the food chains of deep-sea wood falls, through its
ability to mechanically degrade wood and to produce, as is
usual for herbivores, feces enriched in nutrients and organic
nitrogen (Wafar et al. 1997; Skov and Hartnoll 2002). This
conclusion breaks with the widespread idea that squat lob-
sters are generalist scavengers.
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