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ABSTRACT

The soldier crab Mactyris guinotae Davie, Shih & Chan, 2010 inhabiting sandy tidal flats in
the Ryukyu Is., Japan, are deposit feeders in two regions: its upper habitat where it burrows
and the shoreline. The crabs usually migrate between these two regions during the period of
emergence at the daytime and night-time low tide. The aim of this study was to determine
which kind of sediments are chosen by the crabs when burrowing. Experiments designed
to investigate burrowing-site selection revealed that the crabs preferably burrowed in sedi-
ment that had been conditioned through feeding by conspecific crabs, but not in sediment
that had been conditioned by conspecific crabs walking on its surface. Moreover, the crabs
never showed any preference for burrowing in sediment that had been conditioned through
feeding by the competitor fiddler crab Austruca perplexa (H. Milne Edwards, 1852); both soldier
(prey) and fiddler (predator) crabs sympatrically inhabit the tidal flat, but segregate their habi-
tats with a transition area. These results suggest that chemical cues in sediment conditioned

through feeding by conspecific soldier crabs affect where crabs burrow.
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INTRODUCTION

Crabs are an important component of the benthic community on
sandy and muddy tidal flats. Most of them, especially crabs of the
Superfamily Ocypodoidea, make burrows in the sediment, around
which their surface activities are centered; the burrows are used
for protection from predators, as refuges from environmental stress
(Crane, 1975; Montague, 1980), as a source of water (Crane,
1975; Takeda & Murai, 2003), and as a mating site (Crane, 1975;
Christy, 1982; Christy & Wada, 2015). Usually they form colonies
consisting of conspecific individuals (e.g., Crane, 1975; Christy
&Wada, 2015).

It is known that some crab species inhabiting tidal flats regularly
migrate between the upper habitat where they make burrows and
the shoreline where they feed (e.g., Christy & Wada, 2015). During
the period of emergence at low tide, the crabs go to the shoreline
from their upper habitat at the ebb tide and return to their upper
habitat at the flood tide as in Gelasimus vocans (Linnaeus, 1758)
(Nakasone, 1982; Murai et al., 1983; Takeda, 2019), Macrophthalmus
Japonicas (De Haan, 1835) (Henmi, 1984, 1989), Leptuca pugilator
(Bosc, 1802) (Salmon & Hyatt, 1983; Cameron & Forward, 1993),

and Uca cumulanta Crane, 1943 (Chiussi & Diaz, 2001). Crabs have
been described as using two strategies for migrations from the
shoreline to their upper habitat: zonal orientation for returning to
the colony in the upper habitat, and visual searching for a burrow
in the colony (Murakami et al., 2018).

The crabs are considered to use both celestial and terrestrial
cues for orientation. Celestial cues include the sun and polarized
light (Altervogt & von Hargen, 1964; Herrnkind, 1968; Chiussi &
Diaz, 2001), whereas terrestrial cues include visual orientational
cues such as landscape features (Herrnkind, 1968, 1983; Chiussi &
Diaz, 2001) and non-visual orientational cues such as beach slope
(y-axis orientation) (Young & Ambrose, 1978; Chiussi & Diaz,
2001) and wind (Herrnkind, 1983).

The soldier crab, Mictyris gumotae Davie, Shih & Chan, 2010, is
commonly found on muddy sand and sandy tidal flats in estuaries
and bays of the Ryukyu Is., Japan. The fiddler crab, Austruca perplexa
(H. Milne Edwards, 1852), sympatrically inhabits these areas, but
the habitats of the soldier (prey) and fiddler (predator) crabs are seg-
regated and separated by a transitional zone (Takeda, 2010).

Soldier crabs form dense colonies of conspecific individuals on the
tidal flats (Yamaguchi, 1976; Takeda & Murai, 2004; Takeda, 2010).
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After the tide recedes, they emerge on the sediment surface or
subsurface of their habitat and engage in various activities, mainly
feeding (Yamaguchi, 1976; Takeda & Murai, 2004). Feeding oc-
curs in two distant regions: the upper, burrowing habitat with
a deep water table and well-drained sediment, and close to the
shoreline where the water table is shallow and the sediment is
waterlogged (Yamaguchi, 1976; Takeda & Murai, 2004). In the
upper habitat, the crabs usually feed beneath the surface of the
sediment while creating feeding tunnels running parallel to the
sediment surface with a sand roof about 2 cm in height to conceal
themselves.

Alternatively, larger soldier crabs, mainly males, emerge from
the burrows onto the sediment surface in their upper habitat,
move in droves to the shoreline, and feed there while walking
The linear distance between the upper habitat and the shore-
line may be up to 15 m (Takeda & Murai, 2004; Takeda, 2010).
After feeding near the shoreline around the dead low tide, some
of the crabs burrow in the water-logged sediment slightly above
the shoreline, and then reside there during the period of submer-
gence (Takeda & Murai, 2004; Takeda, 2005). Others return to
their upper habitat during the period of emergence at low tide.
During the daytime low tide, the crabs begin burrowing adjacent
to their feeding tunnels after arrival at the upper habitat (Takeda,
2005, 2010).

During the night-time low tide, the soldier crabs burrow in
areas that are limited in extent in their upper habitat (Takeda &
Murai, 2004; Takeda, 2005), when they are unable to use visual
cues, unlike daytime (Chiussi & Diaz, 2001). This strongly suggests
that soldier crabs can precisely distinguish their upper habitat in
some way, without the need for visual cues. It, however, remains
unclear how they achieve this.

Megalopae (the final larval stage) of fiddler crabs inhabiting the
tidal flat undergo accelerated metamorphosis in the response to
chemical cues in sediment that has been conditioned by conspe-
cific adults (O’Connor, 1993, 2005; O’Connor & Gregg, 1998;
O’Connor & Judge, 1997, 1999; O’Connor & Van, 2006 for
Minuca pugnax (Smith, 1870); O’Connor, 1991, 1993 for L. pugilator;
O’Connor & Judge, 2004 for Minuca minax (Le Conte, 1855)).
These findings suggest that crabs inhabiting the tidal flat have the
ability to distinguish their habitats using chemical cues in sediment
conditioned by conspecific individuals.

The aim of this study was to determine whether M. guinotae is
able to distinguish sediment that had been conditioned by conspe-
cifics. The study examined three kinds of sediment that had been
conditioned through walking or feeding by the soldier crab and
through feeding by a fiddler crab, Austruca perplexa. The possibility
that soldier crabs were able to distinguish sediment using chemical
cues was investigated by examining differences in the proportions
of individuals that initiated burrowing activity on three types of
sediment that had been either conditioned or non-conditioned, in
addition to the length of time taken to begin burrowing.

MATERIALS AND METHODS

To determine whether the soldier crab distinguishes sediment that
had been previously conditioned by conspecific crabs or com-
petitor fiddler crabs when burrowing, the following experiment
was carried out for 1.5 h around the daytime dead low tide on the
sandy flat at the mouth of the Okukubi River, Okinawa I., Japan
(26°27°N, 127°56°E) from 22 to 31 October 2012. A mangrove
forest, mainly Bruguiera gymnorhiza (L.) Savigny, backs the tidal flat.

Before the experiment, large soldier crabs (carapace length
13.81 £ 0.04 (SE) mm, N = 279) that had been walking on the
surface of the sediment were collected on the flat near the shore-
line. About 1.5 h before the dead low tide each day, an enclosure
(9 cm in height, 60 X 60 cm) made of light-brown acrylic plates
was set on the surface of the well-drained sediment with a water
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table deeper than 20 cm from the sediment surface and devoid of
soldier and fiddler crabs (Fig. 1). Any gaps between the bottom
margin of the plates and the surface of the sediment were filled
with sand, and the sediment surface was flattened. The enclosed
area was divided into two subareas (30 X 60 cm) perpendicu-
larly to the shoreline to ensure a balance of y-axis orientation
and visual orientation using a mangrove forest as cues for bur-
rowing (Fig. 1). The sediment in one of the two subareas was sub-
sequently covered in a 2-3 mm layer of sediment that had been
conditioned by soldier or fiddler crabs (referred to hereafter as
the “experimental area”). This collected sediment that had been
conditioned by fiddler crabs consisted of pseudofecal pellets after
feeding (see Gherardi e al., 2002). The water in these pellets con-
tained a metabolite excreted from the gill chamber, which was
used for sorting organic matter in the mouth (Takeda et al., 2004).
The collected sediment that had been conditioned by soldier crabs
consisted of pseudofecal pellets, which had constructed the roof
of feeding tunnels (Takeda & Murai, 2004). Another sample of
sediment conditioned by soldier crabs was one consisting of sand
that had been walked over by several hundred large soldier crabs
while moving to the shoreline from the upper habitat. The sedi-
ment in the other subarea was covered in a 2-3mm layer of sur-
face sediment collected from the surrounding area with no crabs
(control area).

A round cork plate (10 cm diameter) was then placed on the
sediment in the center of the enclosed area (Fig. 1), and a soldier
crab of known carapace length was placed on the cork plate and
covered with a conical opaque vessel (6 cm diameter). After care-
fully removing the vessel, the length of time taken for the soldier
crab to begin digging a burrow in the sediment after leaving the
cork plate was recorded; burrowing was defined as the burial in
the sediment of the entire body of a crab. Also recorded was the
walking course and position where crab had dug a burrow within
the experimental area, the control area, and the area intermediate
between the two. The soldier crab was then removed from the
sediment, and the remaining depression was filled with condi-
tioned or non-conditioned sand, and flattened. Another soldier
crab was subsequently placed on the cork plate for the next obser-
vation. The experiment was carried out a maximum of ten times
in each fenced enclosure. The enclosure was set up 11 times for

Landward

Experimental area

[ ] Control area

. Cork plate

Seaward

Figure 1. Diagram of experimental area. The area fenced by the en-
closure (9 cm height, 60 X 60 cm) was divided into two subareas (30 X
60 cm). The sediment in one of the two subareas was covered with sediment
that had been conditioned through feeding by fiddler crabs Austruca perplexa,
or through walking or feeding soldier crabs Mictyris guinotae (experimental
area), and that in other subareas was covered with sediment that had been
collected from the surrounding area without crabs (control area). A round
cork plate (10 cm diameter) was placed on the sediment in the center of the
enclosed area.
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sediment that had been conditioned by fiddler crabs and through
walking by soldier crabs, respectively, and nine times for sediment
that had been conditioned through feeding by soldier crabs.

Repeated-measures analysis of variance (ANOVA) was used to
examine the significance of differences in the length of time taken
for soldier crabs to begin burrowing into the sediment, as well as
the carapace length of soldier crabs among the conditioned and
non-conditioned areas in the three experiments designed to in-
vestigate sediment selection. When a significant difference was
recognized, the Tukey-Cramer test was used to determine the sig-
nificance of differences between each pair of any of the factors.

Using the actual number of individuals encountered, Chi-
square test was conducted to examine differences in the pro-
portions of individuals that burrowed in the conditioned and
non-conditioned areas in the experiment designed to investigate
sediment selection.

RESULTS

The behavior of 279 soldier crabs that were tested was divided
into five categories: burrowing 1) in the control area, 2) in the ex-
perimental area, 3) at the border between the control and experi-
mental areas after walking on either of the two areas, and 4) in
the control area and 5) experimental area after walking on both
areas (Table 1). The proportions of individuals that burrowed in
the control and experimental areas, excluding those that burrowed
at the border, did not differ between crabs that walked on either
of the two areas in each experiment (Fig. 2). Moreover, the pro-
portion did not differ among the three experiments (Chi-square
test: 2 = 0.701, P = 0.7043).

The proportion of individuals that burrowed in the control
area and the experimental area did not differ between crabs that
walked on both areas in the experiments using sediment condi-
tioned by fiddler crabs and walked on by soldier crabs, but differed
significantly in the experiment using sediment that had been con-
ditioned through feeding by soldier crabs (Fig. 3). In the enclosed
area containing sediment that had been conditioned through
feeding by soldier crabs, the proportion of individuals that bur-
rowed in the experimental area was significantly higher among
crabs that walked on both areas than among those that walked on
either of the two areas (Chi-square test: x> = 4.972, P = 0.0258).

The length of time taken for soldier crabs to begin burrowing
differed significantly among individuals that showed the five
categories of such behavior in the three experiments (ANOVA: I
(4, 06n, = 274235, P < 0.0001) (Fig. 4). In general, the times were
divisible into two groups: the lengths of time taken for soldier
crabs to begin burrowing in the control area, in the experimental
area, and at the border between them after walking on either of
the two areas, and in the control area and in the experimental
area after walking on both areas. The length of time taken for
soldier crabs to begin burrowing after walking on either of the
two areas did not differ among the three experiments (ANOVA:
Iy o5 = 0.7467, P = 0.6502). The range of the mean times was
between 2.2-7.7 s, suggesting that the individuals swiftly bur-
rowed into the sediment to evade any danger. The time required

tended to be longer after walking on both of the two areas than
after walking on either of them alone. The length of time taken
for soldier crabs to begin burrowing after walking on both areas
was shorter in the experiment using sediment conditioned through
feeding by soldier crabs than in that using sediment conditioned
through being walked on by soldier crabs (Tukey-Cramer test:
P <0.05).

Carapace length did not differ among individual crabs that
showed the five different categories of behavior when the sedi-
ment had been conditioned by fiddler crabs (ANOVA: F | o =
0.5171, P =0.7233), when it had been conditioned through hemg
walkcd on by soldier crabs (I, .. = 0.1884, P = 0.9438), or when
it had been conditioned through feeding by soldier crabs (I
1.7775, P = 0.4299).

4,93

DISCUSSION

Previous field surveys of the distribution of soldier crabs during
the daytime low tide indicated that, after walking on the tidal flat
during the previous night-time low tide, large individuals bur-
rowed into the sediment of their upper habitat where conspe-
cific juveniles and young crabs inhabited (Takeda & Murai, 2004;
Takeda, 2005).

In the fenced enclosure that included one area surfaced with
sediment that had been conditioned by fiddler crabs, or through
being walked on by soldier crabs after migration to the shore-
line, and another area surfaced with sediment that had not been
thus conditioned, the proportion of soldier crab individuals that
burrowed into the conditioned sediment was equal to that of in-
dividuals that burrowed into the non-conditioned sediment after
walking on the two areas. In contrast, the proportion of individ-
uals that burrowed into sediment conditioned through feeding
by conspecific crabs was significantly higher than that of in-
dividuals that burrowed into the non-conditioned sediment.
Moreover, the length of time taken for soldier crabs to begin
burrowing into sediment conditioned through feeding by con-
specific crabs was about half that taken until they began bur-
rowing into sediment conditioned through having been walked
on by conspecific crabs, or by fiddler crabs. These results
strongly suggested that conditioning of the surface sediment
through feeding by conspecific crabs was related to sediment
selection by soldier crabs when burrowing. In other words,
the presence of sediment conditioned through feeding by con-
specific crabs prompted soldier crabs to burrow swiftly. In the
fenced enclosure that included one area with sediment condi-
tioned through feeding by soldier crabs and a non-conditioned
area, the short length of time taken for soldier crabs to begin
burrowing in the non-conditioned area after walking on both
the two areas may have been related to earlier walking on sedi-
ment that had been conditioned.

At least two behaviors are related to the return of soldier crabs
to their upper habitat in the tidal flat during the night-time low
tide after moving to the shoreline from their burrows during the
daytime low tide (e.g., Chiussi & Diaz, 2001; Murakami et al.,
2018). One behavior is to determine the direction of the upper

Table 1. Number of individuals that burrowed in the control and experimental areas, and at the border between the two areas after walking on either of

the two areas, and in the control area and the experimental area after walking on both areas in the enclosure that had been included in half of the sediment
conditioned by fiddler crabs Austruca perplexa, or through walking or feeding by soldier crabs Mictyris guinotae.

Conditioning Either of two areas Both areas Total
Control Experimental Border Control Experimental

Fiddler crabs 35 32 6 15 1 99

Walking by soldier crabs 20 24 3 19 16 82

Feeding by soldier crabs 36 42 6 2 12 98
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Figure 2. Proportion of individual soldier crabs Mictyris guinotae that bur-
rowed into the sediment in the control area or an experimental area con-
taining sediment that had been conditioned by fiddler crabs Austruca perplexa,
or by being walked on or through feeding by conspecific crabs after walking on
either of the two areas within the fenced enclosure (P values: Chi-square test).
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Figure 3. Proportion of individual soldier crabs Mictyris guinotae that bur-
rowed into the sediment into the control area or an experimental area con-
taining sediment that had been conditioned by fiddler crabs Austruca perplexa,
or by being walked on or through feeding by conspecific crabs after walking
on both of the areas within the fenced enclosure (P values: Chi-square test).

area on the tidal flat, and the other is to distinguish the location
of the burrow on the upper tidal flat. In the first approach, soldier
crabs probably use y-axis orientation, celestial and terrestrial cues,
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Figure 4. Length of time (mean + SE) taken for soldier crabs Muctyris
guinotae to begin burrowing into the sediment in the control area or an ex-
perimental area containing sediment that had been conditioned by fiddler
crabs Austruca perplexa, through feeding or by being walked on by conspecific
crabs, or at the border between the two areas after walking in either or
both of the areas within the fenced enclosure as an indicator of sediment
selection by the soldier crab. Values with different letters in each column are
significantly different (Tukey-Cramer test: P < 0.05).

as is the case for fiddler crabs (e.g., Chiussi & Diaz, 2001). In the
second behavior occurring on the upper tidal flat, chemical cues
in the sediment conditioned by conspecific crabs may play an im-
portant role in distinguishing the location for burrowing, especially
during the period of emergence at the night-time.
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