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Terrace lines, or terraces, are ridges with a sharp
edge and one side consistently steeper than the
other. Adjacent terraces are usually parallel, and
their steeper faces are oriented in the same direc-
tion. The occurrence of comparable terrace pat-
terns in several invertebrate groups (inarticulate
brachiopods, bivalve and gastropod molluscs, tri-
lobites, isopods, brachyuran and anomuran deca-
pods, anomalocystitid echinoderms or calcichor-
dates) and the apparently simple relationships
between their morphology and adaptive signifi-
cance have attracted the attention of biologists
and paleontologists (Seilacher 1961, 1972, 1973,
1976; Stanley 1969, 1970, 1977, 1981; Miller
1975; Schmalfuss 1975, 1976, 1978, 1981; Signor
1980, 1982a, 1982b, 1982c, 1983; Savazzi 1981,
1982, 1983; Jefferies et al. 1981; Savazzi et al.
1982).

A consistent number of invertebrates which
burrow in loose sediments possess terrace sculp-
tures. Being asymmetrical in cross-section and
oriented perpendicularly to the burrowing direc-
tion, the terraces exert a different friction against
the substrate when pushed in opposite directions.
The steeper terrace sides, which face away from
the burrowing direction, wedge against the sedi-
ment particles and greatly increase the resistance
against back-slippage. The gently sloping oppo-
site sides, on the other hand, do not hinder
progress through the sediment. In general, bra-
chyuran and anomuran decapods burrow back-

wards, and possess burrowing sculptures with the
steeper faces directed anteriorly.

Efficient burrowing terraces should possess a
high frictional asymmetry, i.e. they should dis-
play a high difference in the friction exerted in
forward and backward direction. The efficiency
of burrowing terraces depends on their physical
size being proportional to the sediment grain-size
(Seilacher 1972, 1973; Savazzi 1981, 1983).

Therefore, the size and spacing of burrowing
terraces should remain constant during the
growth of the organism, in order to stay propor-
tionate to the unchanging granulometric compo-
sition of the sediment. In an arthropod, this re-
quires that new terraces are introduced during
ontogeny, to compensate for the overall increase
in size of the organism. The constraints imposed
by different growth patterns have been analyzed
by Seilacher (1972, 1973), Savazzi (1981, 1983),
Signor (1982a) and Savazzi et al. (1982).

In some brachyuran decapods that wedge
themselves within rock crevices to avoid being
extracted by predators, the terraces increase the
friction against the surface of the rock. Schmal-
fuss (1978) showed that the number of terraces in
these crabs does not increase during growth. Ap-
parently, the efficiency of terraces acting as fric-
tional anchors against a solid substrate does not
depend on the size and number of terraces per
unit of surface area, but on their total number,
which does not have to change allometrically.
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Fig. 1. Schematic drawing of Gecarcinus lateralis (A) and Ocypode quadrata (B) showing the distribution of terraces on the

carapace and legs, approximately x 0.7.

The different ontogenetic patterns of burrow-
ing and crevice-wedging terraces appeared to be
potentially useful in assessing the life habits of
fossil forms (Schmalfuss 1976, 1978). However, it
has subsequently been found that the fossil bra-
chyuran Ranina (Lophoranina), a burrower in
sandy sediments, did not display an ontogenetic
increase in the number of terraces (Savazzi
1981). The profile of the terraces became instead
progressively modified during growth, to com-
pensate for the diminishing burrowing efficiency.

In addition, the physical dimensions of bur-
rowing terraces are related to characteristics of
the burrowing process (e.g. hydraulic loosening
of the sediment by water jets: Savazzi 1982).
Coarse terraces are not necessarily indicative of
life in coarse-grained sediments, but may suggest

a combination of hydraulic and mechanical bur-
rowing processes. It therefore appears that the
relationships between morphology and function
of terrace lines are much more complex than
previously suspected. A larger sample of organ-
isms must be studied, before general conclusions
are attempted.

Material and methods

Two species of terraced brachyuran decapods,
Gecarcinus lateralis (Freminville) (Gecarcinidae)
and Ocypode quadrata (Fabricius) (Ocypodidae)
were studied alive in the Bermuda Islands during
the summer of 1982. No true growth series was
obtained, but individuals at different growth
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stages provided material for an analysis of the
ontogenetic patterns.

Individuals of Gecarcinus lateralis ranging
from 17 to 40 mm in carapace length were col-
lected at Tucker’s Town, around Harrington
Sound and in several other localities in the Ber-
muda Islands, up to 0.5 km from the sea.

Ocypode quadrata was observed in the field on
a beach near Tucker’s town, in the supratidal
zone. Individuals with carapace lengths ranging
from 6 to 33 mm were collected.

Both species were allowed to burrow in the
field and in the laboratory. The burrowing move-
ments were recorded by time-lapse photography.
As a rule, the nature of the substrate and the
characteristics of the environment did not alter
the basic burrowing behavior. As previously ob-
served in several species of marine crabs (Savazzi
1982), the burrowing process consists of a rather
stereotyped sequence of movements, ethologi-
cally distinctive at the generic or specific level
and little affected by environmental conditions.

Morphology, ontogeny and ecology

Gecarcinus lateralis is adapted to life in subaerial
environments. It typically excavates permanent
tunnels in compacted soil in grass-covered areas
or among tree roots and boulders, from which it
emerges at night for foraging. The preferred
sediment type in Bermuda is unsorted, of preva-
lently fine grain size. G. lateralis possesses finely
tuberculated terraces on the chelipeds, on the
walking legs, and on @#band around the sides of
the carapace (Figs. 1A, 2, 3A-C). The steeper
sides of the terraces on the legs are directed
distally, while the carapace terraces are directed
roughly upwards and anteriorly. At the center of
the pterigostomial region (see Fig. 2B), the ter-
races are modified to serve as a stridulatory ap-
paratus (Klaassen 1973; Schmalfuss 1978, Fig.
25). The individual tubercles forming the ter-
races in this region are more projecting and
pointed than in other regions (Fig. 2).

Ocypode quadrata burrows above the high-
water mark on medium to fine sand beaches.
This species digs semi-permanent tunnels in
moist sand. The ecology of Ocypode and the
morphology of its burrows have been described
by Cowles (1908), Hayasaka (1935), Crane
(1941), Milne & Milne (1946). In Ocypode qua-
drata, terrace lines occur only on the chelipeds
and walking legs (Figs. 1B, 3D). The terraces,
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the carapace of adult Gecarcinus lateralis, % 50. The terraces in
B are modified to serve as part of a stridulatory apparatus.

like in G. lateralis, consist of laterally aligned
tubercles, and their steep faces are directed dis-
tally. The carapace bears round tubercles, which
are symmetrical in cross-section. The sculpture in
O. quadrata is representative of most species in
the Ocypodidae.

A comparison of individuals of both species at
different growth stages shows that the terrace
sculptures become progressively reduced with
age (Fig. 4). In addition, the leg terraces progres-
sively lose their asymmetrical cross-sections and
the sharp edges, until only rounded ribs may
remain in the largest adults. In O. quadrata,
degeneration of the terraces is accompanied by a
marked increase in the number and length of the
associated setae. In neither species does signifi-
cant secondary increase in the number of ter-
races take place during growth in the size interval
available for this study (Fig. 3), unlike what is
reported by Schmalfuss (1978) for individuals of
G. lateralis of smaller sizes. The carapace ter-
races in G. lateralis tend to increase in relative
length during growth, but the general aspect of
the adult carapace is not markedly different from
that of juveniles (Fig. 3A). As a whole, thereis a
reduction of the extension of terrace sculptures
during ontogeny (Fig. 4). This ontogenetic pat-
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Fig. 3. Growth pattern of the terraces on the carapace (A,

D) in the two species studied in this paper. The distal direction is to the left in B and C; to the right in D. See the text for details.
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Gecarcinus lateralis and Ocypode
quadrata at different growth
stages.

tern contrasts with that described in other bur-
rowing crabs (Seilacher 1976; Schmalfuss 1978).

Both Ocypode quadrata and Gecarcinus latera-
lis begin to burrow by scraping the soil with the
dactyli of the first to third walking legs on one
side. The legs on the opposite side anchor the
crab to the ground. The fourth pair of walking
legs, which is significantly smaller than the oth-
ers, is only used to support the body. When a
small amount of loose sediment has been collect-
ed beneath the animal, it is pushed away frontal-
ly by the chelipeds. As the burrow deepens, the
material accumulating beneath the body of the
crab is periodically collected between the che-
lipeds and the ventral surfaces (often also among
the folded walking legs used for burrowing) and
brought to the entrance of the tunnel (Fig. SA,
O).

Once outside the burrow, Ocypode throws the
sediment a short distance with a rapid jerk of the
body. Gecarcinus, on the other hand, tends to
pile it close to the burrow entrance. From time to
time, both species use the chelipeds to flatten the
accumulating sediment mound. Ocypode was of-
ten observed to turn upside down within the
tunnel while burrowing, in order to smooth the
walls and ceiling. The flattened manus of Ocy-
pode is well suited for holding the scarcely cohe-
sive sandy sediments.

Discussion

According to Schmalfuss (1976, 1978), Gecar-
cinus lateralis carries the loosened sediment out

N X" | degenerate short terraces,
&\ terraces torncas isolned tubercles

of the burrow by holding it between the che-
lipeds and the pterigostomial regions. In his
view, the terraces on the ventral surfaces of the
carapace and on the merus of the chelipeds are
functional in increasing the friction between the
cuticle and the sediment, preventing it from slip-
ping away.

From the above observations, it is apparent
that the terraced regions in both species are not
in contact with the sediment at any moment of
the burrowing process. In no instance were the
crabs observed to carry the sediment out of the
burrows in the manner described by Schmalfuss
(1978). When burrowing in dry ground, Gecar-
cinus may come out of the burrow with small
amounts of sediment escaping between the che-
lipeds and the body, which may account for
Schmalfuss’s interpretation. However, the bulk
of the sediment is always carried between the
manus of both chelae and the antero-ventral sur-
faces. Furthermore, the extent of the terraced
regions along the sides of the carapace largely
exceeds the reach of the chelipeds, and the orien-
tation of the terraces is not optimal to prevent
sediment particles from slipping downwards (Fig.
SA). From these observations, it is concluded
that the terraces on the carapace of Gecarcinus
lateralis have no part in the burrowing process.
The different behavior of G. lateralis reported by
Schmalfuss (1978) may be due to the different
size of the individuals (his observations were car-
ried out on a juvenile population), and to possi-
ble genotypic, climatic, and substrate differences
between the two populations. The observation
that the nature of the substrate generally does
not affect the burrowing dynamics (Savazzi 1982,
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Fig. 5. Burrowing and wedged Gecarcinus lateralis (A and B, respectively) and Ocypode quadrata (C-D). The vertical lines in B
are a feature of the plastic box used in the experiments. For photographic purposes, the crabs were induced to assume the wedged
posture in shallow, incomplete burrows. Normally, wedging occurs much deeper within the burrows. Approximate scale: A, C-D:

x 0.5; B: x0.7.

and above) seems to exclude the latter possibil-
ity.

A sideways burrowing process can explain the
lack of transversal terrace lines on the dorsal
surfaces of the two species in discussion. Longi-
tudinal terrace lines might be expected in this
case. Decapod crustaceans do not seem to pos-
sess morphogenetic constraints limiting the dis-
tribution and orientation of terrace lines on the
body and appendages. In fact, a few forms pos-
sess sculptures (not related to burrowing) con-
sisting of complex convoluted lines with a sharp
edge and an asymmetrical cross-section. The
steep faces of these lines are directed anteriorly,
posteriorly and laterally in different regions of
the carapace. Therefore, it is legitiniate to expect
that the morphogenesis of longitudinal terrace
lines in place of transversal lines is not prevented
by constructional constraints. Rather, it may be

noted that burrowing terraces occur in decapods
burrowing in loose sediments by alternately using
the body and appendages as retraction and pene-
tration anchors, respectively. Burrowing in a
sediment with a shear strength sufficiently high
to prevent the tunnel walls from collapsing is a
considerably different process (see above), and
constitutes a strong reason why burrowing sculp-
tures should not be expected to occur in either
species.

The behavior of the crabs within their burrows
was studied to find possible adaptive values for
the terrace sculptures. Both species, when
scared, were often observed to fold the legs at
the side of the body and wedge themselves
against the walls of the burrow (Fig. 5B, D).
Usually, the crabs also turned within the burrow
to face the intruder. Since the body is much
larger than long, this results in both sides of the
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carapace wedging against the walls. One of the
chelipeds was raised towards the intruder, or
both were firmly pressed against the floor of the
burrow.

The wedging behavior was easily triggered in
G. lateralis, while O. quadrata often resorted to
running out of the burrow, or fighting. Adult O.
quadrata, in particular, usually assumed the
wedging posture when alert, but immediately
switched to the running or fighting behavior
when directly touched. The distribution and ori-
entation of the terraces on the legs in G. lateralis
is consistent with a wedging function. An addi-
tional adaptive value of the wedging behavior
may be that of bringing sensory setae in close
contact with the sediment, thus enhancing the
possibility of picking up vibrations of the sub-
strate (this capability is possessed by both spe-
cies). This function is not mutually exclusive with
wedging to prevent removal from the burrow.
Similarly, a primary wedging function does not
automatically exclude a burrowing-related secon-
dary function like the one described by Schmal-
fuss (1978).

Trying to dislodge a wedged G. lateralis by
pulling at its appendages is often impossible
without breaking them, as shown aiso by the
numerous individuals observed in the field lack-
ing one or more appendages. With respect to the
wedging behavior, the shear strength of compact-
ed soil is comparable with that of a solid sub-
strate. The terraces on the carapace of G. latera-
lis, together with the leg terraces, form a redun-
dant frictional apparatus ensuring that the loss of
a few walking legs would not impair the effec-
tiveness of the wedging behavior. Once one or
more legs are lost, their wedging function is tak-
en over by the terraced surfaces on the side of
the carapace, pushed against the substrate by the
legs on the opposite side.

The ontogenetic change in behavior of O. qua-
drata from wedging to active escape or fighting
may also be related to the nature of the sedi-
ment, which in this case is scarcely cohesive wet
sand. Its shear strength is low enough to make it
likely that large individuals of this species, if
relying on wedging as a defense against pred-
ators, could be extracted whole from their bur-
rows by pulling on their legs. In both species, the
terraces on the chelipeds are much coarser than
on the rest of the body. This reflects the higher
pressure exerted by these appendages, in com-
parison with the muscularly and mechanically
weaker walking legs.
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The wedging behavior is likely to be effective
in discouraging predation by vertebrates, and
may also be significant in intraspecific combat. In
nature, individuals wandering at a distance from
their own burrows may seek refuge in occupied
burrows. In one instance, two males of G. latera-
lis were observed inside a burrow. The two indi-
viduals were locked with the chelae and wedged
against the walls of the burrow, and were ener-
getically trying to dislodge each other.

The reduction of the terraces during growth
suggests that effective wedging sculptures be-
come progressively less advantageous as the
body size increases. However, this does not im-
ply that the wedging behavior in general is less
adaptive for adults than for juveniles. While
adult O. quadrata prefer to run or fight, adult G.
lateralis still wedge themselves within their bur-
rows. In this case, the sheer increase in muscular
strength resulting from the increase in size, to-
gether with a substrate unlikely to give way when
subjected to mechanical stress, may render spe-
cialized sculptures unnecessary. As shown by
Warne (1977) and Schmalfuss (1978), the forma-
tion of cuticular terraces in crabs is a complex
process of selective resorption and resecretion of
the exocuticle during the pre-molt stages. Since
this process is certainly energy-consuming, ter-
races can be expected to degenerate, once they
no longer constitute a significant selective advan-
tage.

Conclusions

The primary function of the terraces in Gecar-
cinus lateralis and Ocypode quadrata is to in-
crease the friction against the substrate when
these organisms wedge themselves against the
walls of the burrow. This behavior prevents the
crabs from being extracted from their burrows by
predators, and may also be advantageous in in-
traspecific fighting. The sculptural pattern and
the associated behavior may prove to be com-
mon in terrestrial and semi-terrestrial crabs. Pre-
vious ideas on the function of terraces as burrow-
ing sculptures in G. lateralis are not supported by
the present study.

The reasons for the degeneration of the ter-
races during ontogeny may be different in the
two species. Adults of Ocypode quadrata rely on
their speed to escape predators, while adult Ge-
carcinus lateralis seem to rely on their muscular
force and on the high shear strength of the sub-
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strate to maintain the wedged posture. The ter-
races on the sides of the carapace in G. lateralis
can be interpreted as a redundant feature, en-
abling this species to wedge within the burrow
even if several legs are lost. The nature of the
substrate, and the connected burrowing process,
are also likely reasons why true burrowing sculp-
tures do not occur, and should not be expected,
in either species.

The function of the terraces is reflected in their
ontogenetic pattern: like in crevice-dwelling
crabs, there is no marked ontogenetic increase in
the number of terraces, at least in the size inter-
val available for this study.

Terrace patterns similar in general appearance
to those occurring in the two species studied in
this paper occur in many other Recent and fossil
brachyuran decapods. These sculptural patterns
are essentially similar in burrowing (e.g. Cardis-
oma, Ocypodidae, some Grapsidae) and crevice
dwelling forms (Cyclograpsus, Pachygrapsus,
Grapsus). Therefore, although a more detailed
analysis may show characteristics useful in the
inference of their autecology, their general as-
pect, distribution on the body and appendages,
and ontogenetic pattern cannot be used as a
reliable indicator of the life habits.
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