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a b s t r a c t

Decapod crustaceans have been the focus of neuroethological studies for decades. With few exceptions,
however, their musculature remains scarcely described. We study the neuroethology of legged loco-
motion in the portly spider crab, Libinia emarginata (Brachyura, Majoidea), which preferentially walks
forward. Majoid crabs are thought to be among the first to have adopted the crab form (carcinification)
from lobster-like ancestors, making them interesting subjects for comparative and phylogenetic studies.
The radial arrangement of the legs around the thorax, coupled with its unidirectional walking modality
makes L. emarginata a good candidate for the presence of anterior and posterior limb specializations.
Here we describe the complete muscular anatomy of all the pereopods of L. emarginata and compare our
findings with other decapods described in the literature. The number of proximal muscle bundles differs
between the anterior and posterior pereopods of L. emarginata. We describe an intersegmental bundle of
the flexor muscle similar to the one present in distantly related, forward walking macruran species. The
behavioral repertoire, amenability to experimental investigations, and phylogenetic position make spider
crabs useful species for the study of the neural control of legged locomotion. To our knowledge, this is the
first instance of a complete description and comparison of the musculature in all the locomotor
appendages of one species.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Decapod crustaceans have been used successfully in the study of
behavior and neuroscience for many decades (Atwood, 1977; Clarac
et al., 1987; Hoyle, 1975; Huxley, 1880; Macmillan, 1975; Paul, 2006;
Rathmayer and Bévengut, 1986). They perform interesting and
diverse behaviors (Faulkes and Paul, 1997, 1998; Hoyle and Burrows,
1973; Hoyle, 1973) with relatively simple and accessible nervous
systems. Because of the diversity of research approaches that these
organisms accommodate, they have contributed much to neuro-
ethology (Atwood, 1977; Clarac, 1977; Macmillan, 1975; Sattelle and
Buckingham, 2006). Despite the important progress achieved in
diverse fields dealing with the study of animal behavior, however, our
knowledge of the muscular anatomy of these organisms has not kept
up with advances in other aspects of neuroethology (examples of
work in the field are Antonsen and Paul, 2000; Bévengut et al., 1983,
Boxshall, 2004; Cochran, 1935; Hessler, 1982; Huxley, 1880; Pilgrim,
1964; Pilgrim and Wiersma, 1963), and remains patchy at best.
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Research on the walking machinery of crustaceans is usually
carried out on individual legs chosen for their accessibility and
often under the assumption that different legs behave similarly.
This assumption was supported in sideway walking brachyurans
by the finding that different legs are used in similar fashion (with
the exception of the specialized terminal pereopods) (Barnes,
1975; Burrows and Hoyle, 1973; Clarac et al., 1987). Sideways
walking is bidirectional in nature (the same leg can be leading or
trailing on different occasions); however, the same adaptations
that allow animals to walk in opposite directions might also
prevent the specialization of limbs for walking in a particular
direction, as is often the case for animals that walk forward
(Ritzmann et al., 2004). For example, animals that walk unidirec-
tionally have limbs anterior to the center of mass that always pull,
and limbs behind it that always push. This division in labor can
lead to the specialization into hind and fore limbs observed in
diverse taxa. In crustaceans, forward walking crayfish (Jamon and
Clarac, 1994, 1997) and lobsters (Macmillan, 1975; Ritzmann et al.,
2004) have different legs that assume different roles in forward
walking behavior.

Although capable of walking sideways, the portly spider crab
(L. emarginata) is a brachyuran that walks preferentially forward
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(Schreiner, 2004; Vidal-Gadea et al., 2008). Spider crabs are majoids
and as such are thought (Rice, 1983; Morrison et al., 2002) to be
basal to the brachyurans. Because they are not laterally compressed
(as is the case for many decapods), the thoracic nervous system of
spider crabs is ventrally accessible without disruption of the
walking musculature. The behavioral repertoire, accessible nervous
system, and phylogenetic position of L. emarginata make an
excellent model for the study of the neural control of legged loco-
motion. The present study is the second of a series looking at the
anatomy and physiology of L. emarginata, and how they relate to its
locomotor behavior. We have previously shown (Vidal-Gadea et al.,
2008) that L. emarginata has skeletal adaptations that reflect its
walking preference. We hypothesized that the forward walking
spider crabs possess differences in musculature between anterior
and posterior pereopods that reflect their specialization into fore
limbs and hind limbs. As part of our ongoing neuroethological
studies of walking behavior, we describe the complete muscular
anatomy of the legs of L. emarginata in order to gain understanding
of the adaptations that are concomitant with forward walking.

2. Material and methods

2.1. Animals used

L. emarginata (n ¼ 10) were obtained from the Marine Resources
Center of the Marine Biological Laboratories in Woods Hole,
Massachusetts, and kept at 20 �C in artificial seawater.

2.2. Muscular anatomy

We used male and female crabs that ranged 7–10 cm in carapace
length. Animals were euthanized by cooling and dissected dorsally.
The carapace was removed and the animals were immersed in crab
saline. Methylene blue enhanced contrast between the muscles.
Photographs were obtained by mounting a digital camera on
a dissecting microscope and used to generate musculature draw-
ings in Corel Photo-Paint.

3. Results

3.1. Pereopod architecture

As with other brachyurans, the five pereopods of spider crabs
consist of six segments (Fig. 1) that articulate with each other via
bicondylar joints. This restricts the range of motion of each segment
to a single plane. Most of these planes are positioned so that they
are perpendicular to that of their neighbor. The sole exception to
this is the basis–ischiopodite joint which pitches the axis of the leg
forward and thus allows crustaceans to articulate their legs in
a wide range of directions.

3.2. Distal musculature

The distal musculature of decapod crustaceans is highly
conserved and has been described in a number of diverse taxa
(Atwood, 1977; Clarac and Vedel, 1971; Hessler, 1982; Wiersma and
Ripley, 1952). The distal musculature of spider crabs resembles that
described for related species. All but two distal muscles have
common features between the different pereopods. For this reason,
the description of the distal musculature (unless stated) applies to
all the pereopods of this animal.

3.2.1. Opener muscle
The opener muscle (Fig. 2), responsible for abduction of the

dactyl, originates on the dorsal half of the propodite segment and
inserts on a single apodeme that is connected to the dorsal
projection of the dactyl. In the first pereopod, this muscle is much
reduced to accommodate the larger closer muscle.

3.2.2. Closer muscle
The closer muscle, which closes (adducts) the dactyl, originates

on the ventral half of the propodite and inserts onto a single apo-
deme attached to the ventral projection of the dactyl. The enlarged
first propodite of L. emarginata possesses a larger closer muscle that
occupies much of the volume of this segment. This particular
muscle is further differentiated from other closers in that the
muscle fibers are more oblique (and correspondingly shorter) than
in other legs. The fiber arrangements in the first pereopod allow
this muscle to accommodate a larger number of (shorter) fibers
than homologs in posterior legs (Fig. 2).

3.2.3. Stretcher muscle
The stretcher muscle is similar in each of the pereopods. It

originates on the posteroproximal half of the carpopodite and
inserts onto a single, wide apodeme connected by arthrodial
membrane to an invagination on the posterior edge of the propo-
dite (Fig. 2). This muscle is responsible for adduction of the pro-
podite and moves this segment in the posterior direction.

3.2.4. Bender muscles
The bender muscles, responsible for flexing the propodite in

the anterior direction (forwards) originate on the proximal and
anterior edge of the carpopodite, and insert onto a broad apo-
deme connected by arthrodial membrane to an invagination on
the anterior edge of the propodite (Fig. 2). Although this muscle
is practically identical in pereopods 2–5, it is different in
pereopod 1. Pereopod 1 has two bender muscles with distinct
origins and apodemes (Fig. 2). The largest bender in leg 1 is
similar to the bender in the rest of the legs in origin, attachment
and size. There is a smaller bender muscle that inserts on
a smaller apodeme just dorsal to the main bender muscle (Fig. 2).
We also found this pair of muscles in the first pereopods of the
green shore crab Carcinus maenas, and the crayfish Procambarus
clarkii (data not shown).

3.2.5. Extensor muscle
The extensor muscle shares many features with the opener. It

consists of a single muscle of dorsal (and proximal) origin in the
meropodite segment, which inserts onto a single apodeme that
is connected to the dorsal edge of the carpopodite by arthrodial
membrane (Fig. 2). The fibers of this muscle are long and run
less perpendicularly to the axis of the apodeme than flexor
fibers.

3.2.6. Flexor muscles
The flexor muscle is anatomically the most complex of the distal

muscles. It consists of two apodemes and five muscle heads.

3.2.6.1. Main flexors. The main flexor muscle, together with the
closer in leg 1, is one of the two largest distal muscles. It originates
on the ventral half of the meropodite segment and inserts onto
a long apodeme. The anterior half of this apodeme connects, via the
arthrodial membrane, directly to the carpopodite. The posterior
half of the main flexor apodeme inserts via a flexible ligament onto
an anterior lip of the apodeme of the accessory flexor apodeme (see
insert ‘‘a’’ in Fig. 2). The flexor of L. emarginata differs from related
species (Parsons and Mosse, 1982) in having two additional muscle
bundles that insert onto the narrow proximal lip of the main flexor
apodeme. A small muscle bundle originating proximally on the
postero-ventral edge of meropodite (Flexorp, see Table 1 for



Fig. 1. Dorsal view of Libinia emarginata showing the underlying endophragmal skeleton and the leg segments, the walking legs (1–5), as well as the thoracic ganglia (TG), and
circumesophageal connective (COC).
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abbreviations used) inserts on the posterior half of this lip. The
third muscle bundle to insert on this apodeme is a small group of
intersegmental fibers (Flexori) that arise on a projection of the
reductor muscle apodeme and insert on the anterior edge of the
flexor apodemal lip (see insert ‘‘b’’ in Fig. 2).

3.2.6.2. Accessory flexors. Govind and Wiens (1985) previously
looked at the innervation of the accessory flexors in L. emarginata
and found it to be similar to that of related species (Barth, 1934;
Melvin and Cohen, 1963; Clarac and Vedel, 1971). The accessory
flexor muscle consists of two muscle bundles inserting onto a long,
thin apodeme. This apodeme (see insert ‘‘a’’ in Fig. 2) widens
anteriorly before connecting to the carpopodite to connect (via
a flexible ligament) to the apodeme of the main flexor muscle. The
most proximal of these bundles (aFlexorp) originates just posterior
to Flexorp and, similarly to them, inserts onto the proximal end of
the accessory flexor apodeme (Fig. 2). The most distal of the
accessory flexor muscle heads (aFlexord) is a short, laminar bundle
of fibers that originates on the posterior and distal side of the
meropodite.

3.2.7. Reductor muscles
The reductor muscles are responsible for rotating the meropodite

anteriorly (thus pitching the axis of the leg forward). These muscles
consist of two distinct muscle heads that originate proximally on the
dorsal anterior end of the basi-ischiopodite side by side and run in
parallel to their insertion on two, partially fused apodemes that
attach to the dorsoposterior edge of the meropodite (see insert ‘‘b’’ in
Fig. 2). From these apodemes, a perpendicular projection arises
proximally where the fibers of the Flexori bundle attach.

3.3. Proximal musculature

3.3.1. Notes on the skeletal structure
Most of the proximal musculature in decapod limbs arises from

skeletal structures in the endophragmal skeleton. Before describing
this musculature, we give a brief overview of the endophragmal
skeleton from which it arises. A more thorough description may be
found in Vidal-Gadea et al. (2008). We employ the nomenclature
used by Huxley (1880) and Cochran (1935). Briefly, the proximal
musculature of each leg originates within the coxopodite or the
thorax. In the thorax, each segment (somite) is flanked by endo-
phragmal skeleton. The bottom of each somite is termed the ster-
nite, and the top of each endophragmal somite is called the
epimeral plate. Vertical ribs arise from the sternite between each
somite. These are called endosomites, and can be anterior or
posterior within a somite. Approximately half way between the
sternite and the epimeral plate, horizontal projections of skeleton
invaginate from the endosternites; these are called mesophragm
(if medial) or paraphragm (if distal). These projections divide
the endophragm into a ventral and a dorsal compartment. The
epimeral plate is connected to the ventral endophragm by its own
vertical ribs, called endopleurites, which constitutes the basic
structure of the endophragmal skeleton. The dorsal endophragm of
anterior segments, however, can overlap the ventral endophragm
of posterior segments. Whenever necessary, we clarify differences



Fig. 2. Dorsal view of the distal musculature of the legs of Libinia emarginata. The musculature is highly conserved and only shown for different legs when the trend varies (for the
benders and closers of leg one). The insets show details on the proximal flexor apodeme (a), and the reductors apodemes (b) in dorsal (*) and lateral (**) views (see Table 1 for
abbreviation key).
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in endophragmal structure between the pereopods where the
musculature attaches.

3.3.2. Nomenclature used
Unlike the distal musculature, the proximal musculature of the

legs of spider crabs shows important differences between
the different pereopods. Because of the number and complexity of
the proximal musculature, we will describe each group of muscles
for each leg. It is important to note that the legs of spider crabs are
more radially arranged around the thorax than those of sideway
Table 1
Abbreviations used in this study.

aBender Accessory bender muscle (Leg 1)
aFlexord Accessory flexor muscle, distal bundle
aFlexorp Accessory flexor muscle, proximal bundle
BI-M Basischium–merus joint
CB Coxa–basis joint
CP Carpus–propus joint
Flexori Main flexor muscle, intersegmental bundle
Flexorp Main flexor muscle, proximal bundle
MC Merus–carpus joint
PD Propus–dactyl joint
P1–5 Pereopods one through five
Reductord Distal reductor muscle
Reductorp Proximal reductor muscle
TC Thoracico-coxal joint
TG Thoracic ganglia
walking crabs (Vidal-Gadea et al., 2008). The result of this is that for
muscles moving the legs in the forward and backward direction
(promotors and remotors), the orientation of the force vectors
created by each muscle bundle must be considered in combination
with the insertion angle of the limb. We employ a muscle
nomenclature based on the anatomical properties of the muscles,
without implying homology of function or development. We
distinguish between muscle bundles that arise and/or insert on
distinct skeletal structures. We use the nomenclature employed by
Antonsen and Paul (2000), but have expanded it into a naming
system that simplifies the cumbersome task of naming different
muscle bundles (Table 2). This system is as follows. Each muscle
bundle is given a series of letters that describe its function, position,
origin, and the location of its base, which unambiguously identifies
the anatomical characteristics of the bundle. The first letter is
capitalized and describes the muscle group to which the bundle
belongs. If more than one muscle is present (one muscle is defined
here as all muscle bundles sharing a common apodeme),
a subscript letter will indicate the relative placement compared
with the other muscles in the group. If there is only one muscle, this
subscript letter is absent. The third and fourth letters indicate the
location within the skeleton from where muscle bundles arise.
The fifth and last letter (if present) will be in subscript to indicate
the relation of the origin of the bundle to other bundles of the
muscle on the same structure. As an example of this naming
system, consider Dmcxv. The capitalized letter D indicates that this
is a bundle of the depressor muscle. The subscript letter m indicates



Table 2
Naming abbreviations used for proximal musculature.

1st Definition 2nd Definition 3rd Definition 4th Definition

D Depressor a Anterior es Endosternite a Anterior
L Levator m Medial cx Coxa p Posterior
R Promotor p Posterior st Sternite v Ventral
P Remotor ep Epimeral plate d Dorsal

pp Paraphragm m Medial
mp Mesophragm r Distal
fr Foramen
el Endopleurite

Naming key used for the bundles of the proximal musculature of L. emarginata. The
first (capitalized) letter describes the group to which the bundle belongs. The second
(subscript) letter signals the presence and relative location of multiple apodemes for
a muscle. The third and fourth letters indicate the skeletal structure from where the
bundle originates. The final (subscript) letter indicates the relative position of the
bundle origin.
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this as a medial (as opposed to anterior or posterior) bundle. The
third and fourth letters ‘‘cx’’ indicate that this bundle originates
within the coxa, and the subscript letter ‘‘v’’ indicates that this
bundle has a ventral origin.

3.4. The first pereopod

The first pereopods are specialized into chelipeds, but are also
used in walking (manuscript in preparation). They have several
anatomical differences from the posterior pereopods.

3.4.1. Depressors
The depressor musculature of the first pereopod is the most

complex of the muscles that move the legs of L. emarginata. Three
distinct apodemes converge on the ventral lip of the basopodite
(Fig. 3A,B). Because there is a posterior rotation of the axis of the
leg, the depressor site of apodeme insertion lies anteriorly (as well
as ventrally) within the coxa. Of the 12 muscle heads described for
the depressor musculature of this pereopod, only one (Dmep) is
housed on the dorsal endosomite, with the rest of the musculature
being housed either in the coxa or on the ventral endophragmal
cavity.

3.4.1.1. Anterior depressors. The most anterior apodeme serves as
attachment site for four muscle bundles, three originating in the
thorax and one contained within the coxa. The coxal head of the
anterior depressor apodeme (Dacxv, see Table 2) originates imme-
diately below the insertion point of its apodeme on the ventral
surface of the coxopodite. It extends dorsally a short distance to
insert onto the flattened ventral surface of the apodeme. The
remainder of the muscle heads of the anterior apodeme originate
within the thorax. The most anterior of these is Daesa, which
originates distally from the anterior endosternite and separates the
first pereopod from the third maxilliped. Thinner and longer fibers
comprise the next muscle head attached to the anterior apodeme,
the Dast. These fibers originate from the most ventral and proximal
surface on the anterior endophragmal compartment, the sternite.
The fourth muscle head inserting onto the anterior depressor
apodeme is Daesp, which consists of a bundle of horizontally and
anteriorly inserting fibers originating from the distal part of the
medial endosternite and inserting onto the posterior lip of the
apodeme.

3.4.1.2. Medial depressors. The medial apodeme is moved by six
different muscle heads; two of these reside entirely within the coxa
and four arise in the thorax. The most ventral of the coxal heads is
Dmcxv, originating on the ventral surface of the coxa (posteriorly
adjacent to Dacxv) and running dorsally to insert on the ventral
surface of the apodeme as it inserts onto the lip of the basopodite.
The second of the coxal-bound muscle heads is Dmcxd. It originates
posteriorly on the distal and dorsal side of the coxa and inserts
anteriorly and ventrally to its insertion site on a dorsally oriented
lip of the apodeme. The next three medial muscle heads have
similar origins and insertions and are only described separately
because of the complexity of the apodemal surfaces upon which
they insert. The most anteriorly originating of these heads is Dmesa

which originates from the vertical distal surface of the endosternite
before it turns from facing anteriorly to antero-medially. The Dmesa

inserts horizontally to its insertion site on the ventral edge of the
apodeme as it connects through a flexible ligament to the section of
apodeme that attaches via connectives to the ventral lip of the
basipodite. The next muscle head lying in close proximity to Dmesa

is Dmesm. It originates ventrally and distally to Dmesa on the
endosternite and inserts ventrally and anteriorly to it on the ventral
surface of the apodeme that contacts the basis. Just before the
medial apodeme contacts the basipodite, it sends a ventral lip to
which the third muscle head, Dmesp, attaches. This muscle head is
the most posterior of the three, and like the previous two, inserts
horizontally from its origin on the most distal portion of the
endosternite (facing anteriorly) to its insertion site. The final and
largest of the medial depressor muscle heads is Dmep. This muscle
head originates on the ventral surface of the epimeral plate and
inserts on the dorsal surface of the medial apodeme.

3.4.1.3. Posterior depressors. The third depressor muscle is fully
contained within the coxa. Its apodeme is much smaller than the
other depressor apodemes and it is the insertion site for two
distinct muscle heads. The most anterior of these is Dpcxv origi-
nating medially on the postero-ventral surface of the coxa. Dpcxv

travels in the anterior, medial and distal direction to insert on the
anterior surface of its apodeme. The second muscle head (Dpcxd)
inserts on the posterior edge of the apodeme and originates
dorsally on the postero-distal side of the coxa.

3.4.2. Levators
The levator musculature is simpler than that of the depressors

but it also has three apodemes that lie adjacent to each other on the
postero-dorsal edge of the coxa. Six muscle heads insert onto these
apodemes, of which two originate in the thorax (Fig. 3C,D).

3.4.2.1. Anterior levators. The anterior levator muscle is composed
of one large apodeme upon which three muscle heads attach. The
largest bundle (Laep) originates dorsally along the ventral surface of
the epimeral plate (posterior to Dmep). From its origin Laep inserts
distally and ventrally on the dorsal surface of the apodeme. The
second bundle attaching on this apodeme is Laes, which originates
on the distally facing surface of the endosternite and travels hori-
zontally a short distance to its insertion site along the ventral and
posterior aspects of the apodeme. The last and smallest of the
anterior levator heads is the coxa-bound Lacx. This short bundle
originates on the ventral surface of the coxa, directly beneath the
apodeme, and travels dorsally to its insertion site on the ventral
surface of the apodeme.

3.4.2.2. Medial levators. The medial apodeme is much smaller than
its anterior counterpart and connects to a posterior projection from
it via a flexible ligament. The apodeme has a small horizontal
surface from which two attachment lips project. The most anterior
of these projections exits ventrally and the most posterior exits in
a slightly dorsal direction. Two short but wide bundles attach to
these lips. The most anterior of these bundles is the Lmcxv, which
originates ventrally on the proximal and medial surface of the coxa.
The second bundle is the Lmcxd, which originates dorsally on the



Fig. 3. Proximal musculature of the first pereopod of Libinia emarginata. Dorsal (left column) and frontal (right column) views of the muscle bundles comprising the depressor (A,B);
levators (C,D); promotors (E,F); and remotor (G,H) muscles. In this and successive figures, the crab sketch on the top right of each column depicts the leg and its orientation in the
diagrams. Refer to Table 2 for muscle bundles abbreviation key.
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proximal and posterior surface of the coxa and travels in the
ventral, distal and anterior direction to its insertion site.

3.4.2.3. Posterior levator. The posterior levator apodeme is small
and, like the medial apodeme, is connected to a posteriorly pro-
jecting lip from the anterior apodeme. This apodeme is oriented
posteriorly and is the site of attachment for a single muscle head,
Lpcx. This muscle originates on the dorsal and posterior surface of
the coxa and inserts anteriorly and ventrally to its insertion site.

3.4.3. Promotors
The promotor musculature is fully contained within the thorax

(Fig. 3E,F). Because the axis of the leg is rotated slightly backward,
the promotor apodeme attaches not just anteriorly, but also
dorsally. Flexion of the promotor musculature results in a combi-
nation of promotion and elevation of the limb. Three distinct
muscle bundles attach to the promotor apodeme. The most anterior
of the promotor heads (Pst) arises from the anterior sternite,
adjacent to the anterior somite. From its origin, this bundle travels
dorsally and distally to its insertion site on the ventral surface of the
apodeme. The longest of the promotor bundles is Pmp. This bundle
originates medially and posteriorly on the mesophragm (which
actually overlaps the two posterior somites). The Pmp is composed
of long, thin muscle fibers that insert on the dorsal surface of the
apodeme. The most posterior of the three promotor muscle heads is
Ppp, and it originates along the vertical surface of the distal
endopleurite and paraphragm.

3.4.4. Remotors
The remotor musculature of the first pereopod is composed of

two muscles with two apodemes (Fig. 3G,H). The anterior remotor
muscle head Rafr originates around the dorsal edge of a para-
phragmal foramen, located distal and posterior in the somite. This
muscle inserts horizontally on the anterior apodeme. The three
remaining muscle bundles attach to the most posterior (and
larger) apodeme. The largest of these three bundles is Rpmp, which
originates dorsally, medially, and posteriorly in the somite, from
the mesophragmal surface to its insertion on the dorsal aspect
of the apodeme. A second (Rppp) bundle originates more distally
on the paraphragm (anterior to Rafr) and inserts on the anterior lip
of the apodeme. The last (and smallest) of the remotor muscles
(Rpes) originates distally on the endosternite and travels to its
insertion on the posterior edge of the apodeme (just before it
connects to the coxa).

3.5. The second pereopod

The second pereopods are the first pair of legs specialized for
walking (unlike the chelipeds) and as such share many features
with the musculature of the remainder of the pereopods. Like the
first pereopods, however, the second pereopods exit the thorax
facing forward (Figs. 1 and 4).

3.5.1. Depressors
These pereopods, like all posterior legs, are distinct from the

first in that they lack the medial depressor muscle. Only two apo-
demes serve as attachment sites for the depressor musculature,
which are anatomical homologs of the anterior and posterior
depressors in leg one.

3.5.1.1. Anterior depressors. The most anterior apodeme is proxi-
mally articulated and serves as the attachment site for six muscle
bundles. Three of these originate entirely within the thorax, and the
remaining three are wholly housed in the coxa. The largest of these
bundles is the Dastm, which originates on the anterior and posterior
endosternites (adjacent to leg 1) as well as on the ventral sternite
(Fig. 4A,B). The Dastm bundle attaches to the apodeme after it exits
the coxal cavity. A second smaller bundle originates distally on the
posterior endosternite after it turns to face anteriorly; this is Daes.
This second bundle originates from the same region where the
Dmes bundles originate in leg 1, and inserts onto the posterior edge
of the proximal apodeme within the coxa. The third and last of the
depressor bundles originating in the coxa is Dastr. This short bundle
originates on the distal edge of the anterior endosternite and
inserts onto the anterior edge of the apodeme within the coxa. The
anterior apodeme is connected via a flexible ligament to a smaller
calcified section of apodeme that makes contact with the basis, and
which is site of attachment for the coxa-bound anterior depressor
bundles (Fig. 4A). The most anterior of these bundles is Dacxa,
which originates on the anterior side of the coxa and inserts pos-
teriorly to its insertion on the anterior edge of the apodeme. The
most ventral of the bundles, Dacxv, originates ventral to the apo-
deme and inserts on its ventral surface. The last and longest of the
coxa-bound depressor bundles is Dacxd, which originates medially
on the posterior and dorsal surface of the coxa.

3.5.1.2. Posterior depressors. The posterior depressor apodeme is
articulated and is not in close proximity to the anterior apodeme.
Two muscle bundles attach to this apodeme. The most anterior
bundle is the Dpcxv, which originates proximally on the ventral lip
of the coxa and travels distally to its insertion on the anterior part of
the apodeme. The second bundle of the posterior depressor, the
Dpcxd, originates on the posterior and dorsal face of the coxa from
where it travels anteriorly and ventrally to its insertion site on the
posterior half of the apodeme.

3.5.2. Levators
There are two levator muscles in the second pair of pereopods,

the anterior and the posterior levators. The anterior levator
musculature originates in the thorax while the posterior levators
are confined to the coxa. The posterior apodeme is interesting in its
structure and looks like a fusion of the medial and posterior apo-
demes in leg one (Fig. 4C,D).

3.5.2.1. Anterior levators. The anterior levator muscle is composed of
one large apodeme upon which two muscle heads attach. The largest
of these bundles is the Laes, which originates from the anterior and
posterior endosternites. This bundle inserts onto the posterior side of
the apodeme and onto the distal half of the anterior side of the
apodeme. The second bundle attaching on this apodeme is Last,
which originates distally on the anterior sternite and travels distally
to its insertion site along the proximal anterior aspect of the apo-
deme. The anterior apodeme is continuous via a flexible ligament
with a smaller apodeme that connects with the basipodite.

3.5.2.2. Posterior levators. The posterior apodeme is shaped like
a letter ‘‘T’’ with one bundle inserting onto the left half, and
a second onto the right half of the top. The last bundle inserts onto
the bottom part (Fig. 4C). The most anterior of these bundles (Lpcxd)
originates proximally on the dorsal lip of the coxa and inserts onto
the anterior side of the apodeme.

The posterior bundle (Lpcxp) originates medially on the poste-
rior and dorsal edge of the coxa and inserts on the posterior (and
horizontal) lip of the apodeme. The ventral lip of the apodeme is
the site of attachment for the Lpcxv bundle, which originates
ventrally on the proximal surface of the coxa.

3.5.3. Promotors
The promotor musculature in the second pereopod is composed

of two muscles and four thorax-bound muscle heads (Fig. 4E,F).



Fig. 4. Proximal musculature of the second pereopod of Libinia emarginata. Dorsal (left column) and frontal (right column) views of the muscle bundles comprising the depressor
(A,B); levators (C,D); promotors (E,F); and remotor (G,H) muscles. Refer to Table 2 for muscle bundles abbreviation key.
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Contraction of the promotor musculature results in a combination
of promotion and elevation of the limb due to the posterior rotation
of the axis defined by the condyles.

3.5.3.1. Anterior promotor. The anterior promotor muscle has three
distinct bundles. The most anterior of the promotor heads (Past)
arises from the anterior surface of the ventral sternite, adjacent to
the anterior somite. From its origin, this bundle inserts dorsally and
distally on the ventral surface of the apodeme. The longest of the
promotor bundles is Paesm. This bundle originates medially and
posteriorly on the anterior aspect of the posterior endosternite and
is composed of long, thin muscle fibers that insert on the dorsal
aspect of the apodeme. The last of the anterior promotor bundles is
Paesr which originates distally on the posterior endosternite before
it turns from facing medially to facing anteriorly.

3.5.3.2. Posterior promotor. The posterior promotor consists of
a single muscle bundle that originates distally on the anterior facing
surface of the posterior endosternite (distally adjacent to Paesr).
This bundle does not insert onto an apodeme, but directly onto the
dorsal lip of the coxa (posterior to the insertion of the anterior
apodeme).

3.5.4. Remotors
The remotor musculature lies dorsally and posterior within the

somite. In the second pereopod there are two muscle bundles
associated with the single remotor apodeme (Fig. 4G,H). The largest
of the remotor bundles is Rael, which originates on the posterior
and medial endopleurites. The second remotor bundle (Rpes)
originates from the distal-most surface of the posterior endo-
sternite and travels horizontally to its insertion on the dorsal edge
of the apodeme just before it connects with the coxa.

3.6. The third pereopod

Although there are some important differences between the
musculature of the second and third pereopods, the overall number
and characteristics of the proximal musculature is similar between
these two pereopods. The third leg is unlike the rest of the pereo-
pods in that it exits the thorax perpendicular to the longitudinal
axis of the animal.

3.6.1. Depressors
As in the second pereopod, there are two depressor muscles in

the third leg, the anterior depressor to which five muscle bundles
attach, and the posterior depressor with its single bundle
(Fig. 5A,B).

3.6.1.1. Anterior depressor. The anterior depressor in leg 3 has two
thoracic bundles and three coxal bundles (Fig. 5 A,B). The largest of
the bundles is Dast which is the anatomical homolog of Dastm in leg
one. The Dast bundle originates on the sternal and endosternal
surfaces and inserts on the anterior face of the apodeme. The
second (and last) bundle of the anterior depressor to originate in
the thorax is Daes. This bundle is anatomically homologous to Daes
in leg one. The largest of the coxa-bound bundles of the anterior
depressor is Dacxa, which is homologous to the one with the same
name in leg 2. The second bundle in the coxa (Dacxd) is also present
in leg 2 and has similar origin and attachments. The last bundle of
the anterior depressor, Dacxp, is not present in the second
pereopod, Dacxp. This bundle originates posteriorly on the dorsal
and distal edges of the coxa and inserts just behind Dacxd on the
posterior lip of the apodeme as it connects the basis. In addition to
not having the Dacxv bundle, the apodeme of this muscle is not
articulated as is the case in leg two.
3.6.1.2. Posterior depressor. A single muscle bundle is associated
with the posterior depressor apodeme. This bundle (Dpcx) origi-
nates from the posterior coxal side (dorsally) between Dacxd and
Dacxp and inserts anteriorly and ventrally on a small, articulated
apodeme (Fig. 5A,B).

3.6.2. Levators
Like the second leg, the third pereopod has two levator muscles.

The anterior muscle has three bundles that are entirely thoracic,
while the posterior muscle has two within the coxa (Fig. 5C,D).

3.6.2.1. Anterior levator. The most anterior and largest of the bundles
is Last. This bundle arises along the anterior edge of the sternite and
inserts on the anterior aspect of the apodeme. The second largest of
the levator bundles is Laesm, which originates medially on the
posterior endosternite and inserts horizontally on the distal edge of
the apodeme. The last of the thoracic levators is Laesr. It, like Laesm,
also originates on the posterior endosternite, but more distally as the
endosternite turns posteriorly.

3.6.2.2. Posterior levator. The apodeme of the posterior levator
appears to be the result of the fusion of two smaller apodemes after
the anterior component turned to point ventrally and the posterior
to point dorsally. Two muscle bundles make up the posterior
levator. The most anterior of these is Lpcxv, which originates
ventrally on the proximal surface of the coxa and inserts on
a ventral projection of the apodeme that lies anteriorly. The second
posterior depressor bundle is Lpcxd. This bundle arises proximally
from the posterior and dorsal side of the coxa and inserts distally,
ventrally, and anteriorly to its insertion site on a horizontal
projection from the apodeme.

3.6.3. Promotors
Two promotor muscles occur on the third pereopod, one ante-

rior and one posterior (Fig. 5E,F). The anterior promotor consists of
a single apodeme and a continuous bundle of fibers Paes that
originate horizontally from the posterior endosternite and ventrally
from the sternal surface. The much smaller posterior promotor,
Ppes, originates on the posterior endosternite distally to Paes and
inserts directly onto the coxa just posterior to the site where the
apodeme of the anterior promotor inserts.

3.6.4. Remotors
The single remotor muscle in the third pereopod (Rel) originates

from the posterior and medial endopleurites (dorsally) as well as on
the epimeral plate. This muscle inserts (via its apodeme) on the
dorsal and posterior lip of the coxa (Fig. 5G,H).

3.7. The fourth pereopod

The fourth pereopod follows the radial arrangement of the legs
around the thorax and is nearly perpendicular to the axis of leg two
(Figs. 4 and 6).

3.7.1. Depressors
The depressor musculature of the fourth pereopod is identical to

that of the third pereopod in muscle bundle numbers, origins, and
attachments (Figs. 4A,B and 6A,B).

The main differences between these two pereopods are in
relative size of the muscle bundles and the orientation assumed by
the skeletal structures from which they originate (Fig. 6A,B).

3.7.2. Levators
The levator musculature of the fourth pereopod is composed of

three apodemes, and six muscle bundles (Fig. 6C,D).



Fig. 5. Proximal musculature of the third pereopod of Libinia emarginata. Dorsal (left column) and frontal (right column) views of the muscle bundles comprising the depressor
(A,B); levators (C,D); promotors (E,F); and remotor (G,H) muscles. Refer to Table 2 for muscle bundles abbreviation key.
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Fig. 6. Proximal musculature of the fourth pereopod of Libinia emarginata. Dorsal (left column) and frontal (right column) views of the muscle bundles comprising the depressor
(A,B); levators (C,D); promotors (E,F); and remotor (G,H) muscles. Refer to Table 2 for muscle bundles abbreviation key.
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3.7.2.1. Anterior levators. The anterior levator musculature is con-
tained within the thorax. The most anterior of the three bundles is
Lasta, which originates anteriorly on the distal surface of the ster-
nite and inserts on the anterior edge of the apodeme. A second,
horizontal bundle (Laes) originates on the posterior endosternite
and inserts on the posterior aspect of the apodeme. The last of the
anterior levator bundles is Lastp, which originates ventrally on the
posterior surface of the sternite and inserts on the ventral side of
the apodeme.

3.7.2.2. Medial levators. The medial levator musculature, contained
within the coxa, is composed of a small apodeme inserting just
posterior to the anterior apodeme and the two muscle bundles that
insert on it. A ventrally originating bundle (Lmcxv) inserts from its
origin on the medial proximal lip of the coxa to its insertion on
a ventral projection from the apodeme. The last of the medial
bundles, Lmcxd, originates dorsally on the proximal side of the coxa
and inserts distally on the apodeme.

3.7.2.3. Posterior levator. The single posterior levator muscle (Lpcx)
originates dorsally (posterior to Lmcxd) and inserts in the distal–
ventral–anterior direction to its insertion onto a small apodeme
adjacent to the medial apodeme.

3.7.3. Promotors
A single promotor muscle with two muscle bundles occurs in

the fourth pereopod (Fig. 6E,F). The most anterior of the promotor
bundles is Pst, which originates ventrally on the anterior surface of
the sternite and inserts dorsally along the anterior face of the
apodeme. The second promotor bundle (Pes) originates posteriorly
on the surface of the posterior endosternite and inserts horizontally
on the posterior side of the apodeme.

3.7.4. Remotors
A single remotor muscle with two muscle bundles is present in

this pereopod (Fig. 6G,H). The smallest and most anterior of these
bundles is Res, which originates on the side of the anterior endo-
sternite and inserts anteriorly on the dorsal and proximal side of
the apodeme. The last and largest of the remotor bundles in this
pereopod is Rel, which occupies much of the dorsal-posterior
endophragmal compartment in the somite. The Rel originates on
the surrounding endopleurites and epimeral plate and inserts on
the anterior and posterior apodeme.
3.8. The fifth pereopod

The last walking leg is the smallest of all the pereopods and exits
the thorax pointing almost posteriorly (Fig. 7).

3.8.1. Depressors
The depressor musculature of the fifth pereopod is similar to

that of its neighbor pereopod with the following exceptions. The
Dast bundle originates on the sternal surface and also on the
anterior endosternite and consequently lacks the Daes bundle
present in the third pereopod (Fig. 7A,B).

3.8.2. Levators
Three apodemes, receiving five muscle bundles, occur for the

levator musculature of the fifth pereopod (Fig. 7C,D).

3.8.2.1. Anterior levators. The anterior levator consists of two
bundles that attach to a long apodeme. The most anterior (Last)
originates anteriorly on the ventral surface of the sternite and
inserts on the anterior face of the apodeme. The second muscle
bundle is Laes, which originates on the posterior endosternite and
inserts horizontally on the posterior side of the apodeme.

3.8.2.2. Medial levators. Two medial levator bundles exist that
share the same characteristics as those of the medial levators in the
fourth pereopod.

3.8.2.3. Posterior levators. As with the medial levators, the poste-
rior levator resembles that of the fourth pereopod except perhaps
in having its apodeme placed more posteriorly.

3.8.3. Promotors
A single, large promotor muscle arises from the anterior para-

phragm and inserts on a large apodeme (Fig. 7E,F).

3.8.4. Remotors
Two remotor muscle bundles occur on the fifth pereopod, which

are anatomically similar to those in the fourth pereopod (Fig. 7G,H).
The most anterior of these two bundles, Rel, originates on the
anterior endopleurite and attaches to the anterior face of the apo-
deme. The second and largest bundle, Rmp, originates on the
mesophragmal surface and inserts on the posterior side of the
apodeme as well as the distal half of the anterior side.

4. Discussion

4.1. Distal musculature

Although the distal musculature of L. emarginata is highly
conserved between the pereopods, a few differences were observed
between the first pereopod and the rest of the legs. One was the
larger closer muscle in the first leg (Fig. 2). This difference in size is
expected from the specialization of the first pereopods into claws
and is shared among many crustaceans (Boxshall, 2004). Perhaps
the most interesting difference between the pereopods of
L. emarginata is the second bender muscle in the first pereopod
(Fig. 2).

Previous work on brachyuran distal leg musculature (Cochran,
1935) did not report this muscle. Furthermore, physiological work
(McDermott and Stephens, 1988) on the bender of Pachygrapsus
crassipes also failed to report a second bender muscle. We found
this muscle in the first pereopods of P. clarkii and C. maenas (data
not shown) as well as in L. emarginata (Fig. 2).

The bender muscles in the claws differ from those in the
posterior legs in the behaviors that they effect. In addition to having
to move the heavier claws, we have observed L. emarginata crabs
and P. clarkii using the first pereopod benders to pull the ground
during walking, to tear and bring food items to their mouth, and
during altercations between conspecifics (personal observations).
In contrast, the benders of posterior pereopods are mostly active
during the swing phase of the stepping cycle which does not
require the strength or accuracy observed from claw benders
(personal observation). In his thorough work on eumalacostracan
walking morphology, Hessler (1982) described musculature of the
third pereopod of Palaemon squilla (Eucarida) and noted the pres-
ence of an additional bender muscle in that species. Wiersma and
Ripley (1952) described the presence of a second bender in all the
members of the Natantia that they surveyed. From their descrip-
tion, and from the close resemblance that these muscles bear in the
three species we examined, it seems likely that the two bender
muscles are an ancestral trait and not later specializations.
Considering the strength and accuracy required from the bender
musculature serving the claws, it is possible that the two ancestral
bender muscles were retained in decapods and that they might
contribute differentially to the performance of different behaviors.



Fig. 7. Proximal musculature of the fifth pereopod of Libinia emarginata. Dorsal (left column) and frontal (right column) views of the muscle bundles comprising the depressor (A,B);
levators (C,D); promotors (E,F); and remotor (G,H) muscles. Refer to Table 2 for muscle bundles abbreviation key.
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This last point is supported by the observation that there is a size
disparity between both benders which is similar in all three species
observed, and that the smaller of the two (aBender) is found on the
same position (dorsal to the larger bender) in the two crabs and the
crayfish (personal observation).

Although the rest of the distal musculature was the same for all
the legs, we found distal musculature differences between L.
emarginata and other brachyurans described in the literature. The
flexor musculature resembles more closely that of forward walking
crustaceans than sideways walking brachyurans (Fig. 2; Parsons,
1982; Parsons and Mosse, 1982) in having multiple bundles,
including an intersegmental one. Hessler (1982) described a flexor
bundle in the primitive isopod Janiralata (Asellota) that extends
through the ischium and inserts into the basis. This intersegmental
bundle is also described for another decapod (Spelaeogriphus
lepidops, Caridea) by Boxshall (2004) and is likely a retained
ancestral trait. In L. emarginata this bundle inserts on a projection
of the apodemes that hosts the two reductor muscles. It is note-
worthy that these two muscle groups (reductors and flexors)
receive innervation from a common thoracic nerve (personal
observation). During forward walking, the intersegmental flexor
bundle (Flexori) might be acting as an antagonist for the reductor
muscles, as the reductors have no obvious antagonists. During
forward walking, spider crabs make use of their reductor muscu-
lature to pitch the long axis of the leg forwards so that joints
pushing down on the substrate (i.e. moving in a vertical plane)
become able to propel the animal forwards by acquiring a hori-
zontal vector (personal observation). The two reductor muscles are
parallel to each other and lack an antagonistic muscle to return the
joint to its original position. The Flexori bundle attaches to a ventral
lip of the reductor apodeme and could provide the required
antagonistic action to the reductor musculature.

4.2. Proximal musculature

The proximal musculature of crustaceans is much more complex
than its distal counterpart. It is not surprising that previous work on
the proximal musculature of crustaceans implicated it in the
production of complex behaviors (Antonsen and Paul, 2000; Paul,
2006; McVean, 1973; White and Spirito, 1973). We compared the
number of muscle bundles in the proximal musculature of spider
Table 3
Comparison of proximal musculature across decapod species.

Species Carcinus
maenas

Callinectes
sapidus

Libinia
emarginata

Munid
quadri

Classification Brachyura, Eubrachyura,
Portunoidea

Brachyura,
Eubrachyura,
Portunoidea

Brachyura,
Eubrachyura,
Majoidea

Anomu
Galath
Galath

Walking
preference

Sideways Sideways Forward Forwar

Muscles
Levators a (4) a (4) a (2–3) a (3)

m (0–2)
p (2) p (2) p (1–3) p (2)

Depressors dep (4) dep (4) a (4–6) dep (6
m (0–6)
p (1–2)

Promotors pro (2) pro (2) a (1–2)
p (0–3)

Remotors a (1) a (1) a (1–3)
p (1) p (1) p (0–1)

References a b c

Comparison between the muscle bundles comprising the proximal musculature of spider c
literature). The presence of multiple heads within a group is indicated by a letter followed
indicate data not reported. a, Bévengut et al., 1983; b, Cochran, 1935; c, Antonsen and Pa
crabs to literature accounts from both closely related brachyurans
that walk sideways and distantly related decapods that walk
forward (Table 3). Forward walking decapods seem to have a larger
number of proximal muscle bundles that insert onto discrete apo-
demes than their sideways walking counterparts. One possible
reason for this is the different way in which these species use their
leg joints during locomotion. During forward walking, spider crabs
use all their leg joints comparably to achieve forward propulsion
(manuscript in preparation). Sideways walking crabs make prefer-
ential use of the distal merus–carpus and propus–dactyl joints
during walking (Schreiner, 2004). This reduction in the role played
by proximal joints during locomotion might explain the fewer
proximal muscle bundles, and the motor neurons that innervate
them.

4.2.1. Basal muscles
The basal musculature is responsible for raising the animal off

the substrate (depressors) and for lifting the leg during the swing
phase during a step (levators). The proximal musculature differs
considerably between the different pereopods (Figs. 3–7).

Because of its functional specialization, the first pereopod
showed the greatest differences in number and morphology of
proximal muscle heads (Table 4). Of all the leg muscles, the
depressor musculature of leg 1 had the most complex arrangement
with 12 different bundles originating in the thorax and coxa
(Fig. 3A,B). The number of muscle heads described for the rest of the
legs decreases in complexity and numbers posteriorly and from
levator to promotor and remotor successively (in general). The large
number of depressor muscle bundles is likely due to the function of
these muscles in posture as well as locomotion. The levator
musculature comprises one muscle arising in the thorax, and one or
two arising in the coxa. Although most of the legs had two levator
muscles as described for other decapod species in the literature
(Table 4) in spider crabs the posterior levator is further split into
two separate muscles with different apodemes in the first and last
pereopods. This second coxal levator muscle was reported for the
green shore crab (Bévengut et al., 1983), although in C. maenas the
additional bundle seems to be associated with the anterior levator
muscle. The levator musculature of brachyurans is instrumental in
limb autotomy (McVean, 1973; McVean and Findlay, 1976; Findlay
and McVean, 1977; Moffett et al., 1987) The addition (or separation)
a
spina

Procambarus
clarkii

Homarus
americanus

Palaemon
squilla

Janiralata
occidentalis

ra,
oidea,
eidae

Astacidea,
Cambaridae

Astacidea,
Nephropoidea

Caridea,
Palaemonoidea

Isopoda, Asellota,
Janiridae

d Forward Forward Forward Forward

a (3) a (1) a (1) a (1)

p (1) p (1) p (3) p (1)
) a (1) a (2) a (2) l (1)

m (2) m (1–2)
p (4) p (1) p (1)
a (1–3) a (1) pro (1) pro (2–3)
p (0–2) p (1)
a (1–3) a (1) rem (1) rem (2)
p (0–2) p (1)

d e f g

rabs (after Antonsen and Paul, 2000), and those of other decapods (as reported in the
by the number (or range) of muscle bundles described (in parentheses). Empty cells
ul, 2000; d, Pilgrim and Wiersma, 1963; e, Macmillan, 1975; f,g, Hessler, 1982.



Table 4
Comparison of musculature between the pereopods of L. emarginata.

Pereopod Depressors Levators Promotors Remotors

1 a (4), m (6), p (2) a (3), m (2), p (1) a (3) a (1), p (3)
2 a (6), p (2) a (2), p (3) a (2), p (1) a (1), p (1)
3 a (4), p (1) a (3), p (2) a (1), p (1) a (1)
4 a (5), p (1) a (3), m (2), p (1) a (3) a (2)
5 a (4), p (1) a (2), m (2), p (1) a (1) a (2)

Numbers and locations of muscles and muscle heads for the proximal musculature
of each pereopod. Anterior (a), medial (m), and posterior (p) muscles comprising
a muscle group are followed by the number of muscle bundles that comprise them
(in parentheses).
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of bundles in the two terminal limbs of C. maenas and L. emarginata
hints at a need for further uncoupling of the autotomy and levation
mechanisms in these limbs.

4.2.2. Coxal muscles
Key during forward walking is the musculature that moves the

coxa and therefore the entire leg, in the forward and backward
direction. Two muscle groups are responsible for this motion, the
promotors and remotors, which differ from each other in number of
bundles and in size. The promotor muscles tend to have multiple
and distinct bundles which sometimes can be segregated into two
muscles, as is the case in the second and third pereopods (Figs. 4
and 5). In both of these legs a second (posterior) promotor muscle is
present and inserts directly onto the dorsal lip of the coxa without
the aid of an apodeme. The number of promotor heads might be
important for the fine control of leg positioning during promotion
in forward walking. Except in the first pereopod where a second
muscle is present and inserts on an anterior apodeme (Fig. 3G,H),
the remotor musculature comprises a large and a smaller bundle.
The remotor muscle usually fully occupies the posterior dorsal
compartment of the endosomite and its size is likely a consequence
of the need for generating the propulsive forces required during
forward locomotion.

The radial arrangement of the legs around the thorax makes
interpreting potential specializations into fore and hind limbs
difficult. However, comparison of the proximal musculature
between limbs revealed posterior legs to posses fewer muscle
heads than anterior ones (Figs. 3–7). It seems unlikely that this is
a consequence of the radial leg arrangement as this would result in
differences away from the third leg (which inserts perpendicularly
to the long axis of the body) and not just in the posterior direction.
One potential explanation for this difference between anterior and
posterior limbs is that since anterior legs always lead the walk they
are in a privileged position for sensing the environment and cor-
recting waking direction. Such ‘‘fore and aft’’ specialization has
been described in a wide variety of legged animals, and even
incorporated into legged robots (Ritzmann et al., 2004).

5. Concluding remarks

We distinguished between muscle bundles on the basis of
anatomical features alone. In other species, different bundles of
proximal muscles are independently innervated (Antonsen and
Paul, 2000) raising the possibility for independent activation of the
different bundles. In L. emarginata we have observed differential
activation of proximal bundles (manuscript in preparation) for the
coxal and thoracic bundles of the depressor muscles.

Much research has been conducted on the physiological prop-
erties of the crustacean muscles responsible for the production of
legged locomotion (Atwood, 1963, 1977; Fatt and Katz, 1953;
Günzel et al., 1993; Honsa and Govind, 2002; McDermott and Ste-
phens, 1988; Tse et al., 1983). The wealth of neuroethology research
that has been conducted on decapod crustaceans is based on the
sometimes non-extensive anatomical knowledge of the machinery
that is instrumental in the production of behavior. Only by eluci-
dating this machinery and its properties can we hope to fully
understand how adaptive behavior is produced. Differences in
distal musculature between L. emarginata and other brachyurans
support the idea that spider crabs show forward walking adapta-
tions in their musculature that are present in other forward
walking crustaceans. Although we cannot establish if these adap-
tations are analogous or homologous between these species, it is
likely that they confer an important advantage to their owner for
the production of forward locomotion. By fully elucidating the
walking machinery in the forward walking spider crab and
comparing it with that in sideway walking brachyurans, we can
expect to better understand the nature of legged locomotion in
general.
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