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Chapter 4

Muscles and Neurons
C.K. Govind

INTRODUCTION

Crustaceans have provided several premier
model preparationsIfor the study of key concepts in
neuroscience, specifically in the areas of synaptic
transmission, sensory transduction, and muscle fiber
typing. Their attractiveness for such research is the
relative simplicity of the nervous system compared
to vertebrates, as crustaceans have considerably fewer
neurons, many of which are large and individually
identifiable. The nerves and muscles are also access

ible to experimentation. A few crustaceans, such as
lobsters and crabs, are commercially important and
therefore readily available and attractive for study.
The blue crab, Callinectes sapidus Rathbun, has all
these attributes as well as some unique adaptations,
includingits euryteline life, swimmingbehavior, and
courtship behavior.

Driven by these attributes,neuroscience research
in blue crabs is marked by scattered oases of intense
study in an otherwise largely unexplored desert. A
conceptual framework in which to review these dis
parate studies is to focus on the neural control of
behavior.Within this framework the two major and
readily identifiable themes would be the muscles and
neurons. Such a thematic subdivision is also useful in

pointing out obvious gaps in our knowledge and
directions for future research.

MUSCLES

Organization

Movements of the appendages are brought
about by striated muscles that originate and insert
on specific parts of the exoskeleton. They occur in
functional groups that usually operate as antagonists.
This is also the case with movements of the viscera

and especially of the foregut (Fig. 1).Muscles of the
hindgut and heart and its major vessels have a
slightly different organization, lacking distinct inser
tion points for movement, but organized into circu
lar bands that serve to alter the diameter of these

structures.

Blue crab muscle has a basic structure similar to

that of striated muscle in other crustaceans (Atwood
1973; Chappie 1982).The two major structural pro
teins, myosin and actin, occur as filaments that are
grouped into bundles of various diameters termed
myofibrils. Within the myofibrils the filaments occur
in a highly organized linear manner that repeats
itself and is symbolized by the sarcomere (Fig. 2)
(Jahromi and Govind 1976). In longitudinal view
the sarcomere is delimited by adjacent Z-lines. The
thin actin filaments project from the Z-line towards
the middle of the sarcomere and surround the cen

trally-located thick myosin filaments. This gives rise
to a central dark band (A-band) comprised of the
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Figure 1. Lateral view of the left halfof the blue crab stomach showing the muscles, principal nerves (black lines),
and ossicles (grey).The muscles are divisible into intrinsic muscles with both ends attached to stomach ossicles and
extrinsic muscles with one end attached to the ossicles and the other to the exoskeleton (shown here as the cut end).
The muscle nomenclature follows that given inTable 1, which deals only with the intrinsic muscles. The principal
nerve branches are as follows: anterior gastric [AGN]; dorsal ventricular [DVN]; dorsal branch of lateral ventricular
[D-LVN]; dorsal branch of ventral lateral ventricular [DV-LVN]; lateral cardiac |LCN|; lateral ventricular [LVNJ;
median ventricular [MVN]; postero-lateral [PLN]; posterior stomach [PSN]; pyloric [PN]; ventral dilator VON];
ventral branch of lateral ventricular [V-LVN]; ventral branch of postero-lateral |V-PLN|.The stomach ossicles are
numbered as follows: I mesocardiac; II pterocardiac;V zygocardiac;VI propyloric: IX prepectineal; XII posterior lat
eral cardiac; XIII inferior lateral cardiac. From Govind et al. (1975).
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Muscles and Neurons 135

overlapping actin and myosin filaments and on
either side a light band (1-band) with only actin fila
ments. The overlapping arrangement of thin and
thick filaments in the A-band shows each thick

filament surrounded by several thin filaments. The
middle of the A-band where only myosin filaments

Figure 2. Fine structure of fast and slow myofibrils from
the blue crab gastric mill muscles. (A) gmSa. (15) and
(D) gm8b. (C) gm9i. Slow myofibrils have long sar
comeres, thick wavy Z-lines (A), and a high thin-to-
thick filament ratio (C). Fast myofibrils have short sar
comeres, narrow straight Z-lines (15), and a low thin-
to-thick filament radio (D).The longitudinal views of
sarcomeres in (A) and (B) show diads |1)|, H-band |l l|,
M-line |M|), mitochondria [MT|, Z-linc [Z], Z-linc
tubules [ZT|.Bars:2um in (A), (15); 0.2 pm in (C), (I)).
From Jahromi and Govind (1976).

prevail is not as dark as the rest of theA-band and is
referred to as the H-band, In the middle of the ri

band a dark M-line is visible where the myosin fila
ments attach to each other.

Surrounding each myofibril in the form of a
collar is a fenestrated system of tubules forming the
sarcoplasmic reticulum. At points along the myofib
ril, elements of the transverse tubular system are
found, closely juxtaposed to the sarcoplasmic reticu
lum and thus forming diads or triads (Fig. 2). The
myofibrils are congregated into a fiber that also con
tains granular sarcoplasm, mitochondria, and nuclei,
as well as a delimiting sheath of connective tissue.
Muscle fibers, however, subdivide and branch exten
sively and are electrically connected, forming func
tional units of several fibers (Govind et al. 1975). In
rare instances the Z-line appears to be split with an
interspersed sarcomere, suggesting a method for
adding sarcomeres in the maxilliped flagellum
abductor muscle (Jahromi and Charlton 1979).

Differentiation of Fiber Types

Speed of contraction varies widely in crustacean
muscle fibers and forms the basis for categorization
into fist and slow types. Fast fibers respond to depo
larization with a quick rise to peak tension where
tension is maintained for the duration of the stimu

lus. Slow fibers, on the other hand, show a continual
increase in tension for the duration of the stimulus.

These two responses represent the two ends of a
continuous spectrum and are both seen in blue crabs.
The fast type response is seen in the maxilliped fla
gellum abductor muscle (Charlton 1971) and the
slow type in the stomach muscles (Govind et al.
1975). Among the slow-type stomach muscles, the
contractile behavior of fibers in the gastric mill mus
cles reveals that tension develops relatively slowly and
does not follow rapid changes in the membrane
potential (Fig. 3) (Jahromi and Govind 1976). Some
fibers are slower than othersjudging from differences
in the rise and relaxation times (compare examples in
Fig. 3). Electrical interconnections amongst fibers in
the various muscles are also observed during tension
recordings. Not only does the individual fiber that is
being depolarized contract, but usually two to three
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Figure 3. Contractile responses of the single muscle
fibers (lower traces) to depolarizing pulses (upper
traces) from blue crab gastric mill muscles. (A) gm8b.
(B) gm9a. (C) gm5. (D) gm5a.Tension does not follow
the rapid depolarizing changes but develops and relaxes
more slowly. Horizontal bar: upper traces - 20 mV;
lower traces - 30 mg in (A), (C),(D) and 16 mg in (B).
Vertical bar: 1 sec in (A), (B), (D) and 2 sec in (C). (A)
fromJahromi and Govind (1976).

adjacent fibers contract as well. Moreover, the con
tractile force developed by these muscle fibers is
largely independent of temperature (Blundon 1989).

The contractile behavior of crustacean muscle

fibers is regulated by several intrinsic factors such as
sarcomere length, number of thin filaments sur
rounding a thick one, and activity of myofibrillar
ATPase and mitochondrial NADH-diaphorase
enzymes. Among the intrinsic factors governing
contractile behavior, sarcomere length is perhaps the
most influential in guiding speed of contraction.
Other factors being equal, a fiber with more sar
comeres per unit length will contract more rapidly
than one with fewer sarcomeres (Jahromi and
Atwood 1969;Josephson 1975).Vertebrate muscles
have fairly uniform sarcomere lengths of 2 to 4 um,
whereas invertebrates and most notably crustaceans
have a wide range of sarcomere lengths ranging
from 2 to 20 urn.This diversity is unparalleled in the
animal kingdom (Hoyle 1983). The wide range in
sarcomere length permits an equally wide range in
contractile speed, but for simplicity, crustacean sar
comeres are broadly classified into fast (<6 urn) and
slow (>6 urn) types (Govind and Atwood 1982;
Govind 1992).Accordingly, sarcomeres of blue crab

muscles ranging from 2 to 15 (am, thus indicating a
wide continuum, are broadly divisible into fast and
slow types.

The assemblage of myofilaments within a
myofibril has a characteristic pattern: a thick fila
ment is surrounded by several thin filaments and in
crustacean muscle there are two basic patterns
reflecting fast and slow fiber types (Govind and
Atwood 1982).The thick filament is surrounded by
6 thin filaments in fast fibers and by 10 to 12 in slow
fibers. Both patterns are seen in the stomach muscles
ofblue crabs (Fig. 2),where the fast pattern isassoci
ated with shorter sarcomeres and the slow pattern
with longer sarcomeres, in keeping with the typical
crustacean fast and slowfiber types.

Differentiation of muscle fibers is also seen in

the activity levels of their myofibrillar ATPase
enzyme. Histochemical detection of this enzyme
reveals much more intense staining in uniformly fast
muscle compared to slow muscle, as in the deep and
superficial abdominal flexor muscles of crayfish Pro-
cambarus clarkii andlobster Homams americanus (Ogo-
nowski and Lang 1979). The difference in staining
intensity reflects the 2- to 3-fold difference in their
activity profiles (Hajek et al. 1973). Both types of
histochemically differentiated fibers are found in
blue crab muscles. The exopodite abductor muscle
of the maxilliped flagellum shows uniformly intense
staining for ATPase, denoting fast muscle (Silverman
and Charlton 1980) that is in keepingwith the short
2 to 3 pm sarcomere lengths (Jahromi and Charlton
1979). On the other hand, muscles at the base of the
swimming paddle (Fig. 4) reveal distinct differences
in ATPase staining (Tse et al. 1983). For instance,
one of the two branches of the dual-branched leva

tor muscle shows uniformly intense staining indica
tive of fast fibers whereas the other branch shows

intense staining around the periphery and much less
intense staining indicative of slow fibers in the core
(Fig. 5). However, sarcomere lengths between 4 to 5
pm, indicative offast fibers, are found across the lev
ator muscle, including those regions that stain
weakly for ATPase activity, suggesting independent
expression of these two properties.

Mitochondria are intrinsic to muscle fibers and

serve as powerhouses for fueling contraction. Their
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Remotor I

Remotor II & Promotor

Depressor

Figure 4. Basal muscles of the swimmingpaddle of blue
crab showing the four major groups in successive stages
of dissection from the outermost to the innermost

(midline) layers. Branches composing each of the mus
cle groups are denoted alphabetically and are as follows:
[A, B] for remotor ij [E, El, F, Fl] for levator; [C, D] for
remotor II; [J, K, IJ] for promotor; [G, Gl, H, I] for
depressor. In freshly dissected preparations, muscles
appear colored as white, light pink, and dark pink and
these are denoted by light, medium, and heavy stip
pling. FromTse et a!.. (1983).

density varies, and histochemical staining for the
mitochondrial enzyme NADH-diaphorase provides
a measure of this variation. Fast fibers classified
according to ATPase activity in the swimming mus
cles show a relatively low density of mitochondria
that are restricted to the periphery while slow fibers
show a much higher density of mitochondria that
criss-cross the cross-sectional area of the fiber (Fig.
5) (Tse et al. 1983). An exception to this pattern is
the fast flagellum abductor muscle of the maxilliped
that has a thick cortex of mitochondria surrounding
each fiber, making it a highly oxidative muscle (Sil
verman and Charlton 1980).

In summary, blue crab muscle is differentiated
into fast and slow fiber types on a structural basis
(sarcomere length and actimmyosin ratio). However,
some structurally fast fibers may express differential
enzyme activities for ATPase and NADH-diaphor
ase reminiscent offast and slow fibers,indicating that
not all muscle properties are locked into these cate
gories. Such independence in phenotype requires
further study, as does biochemical analysis of the
structural and regulatory proteins and their isoforms
involved in assembling fiber types such as those for
lobster muscles (Mykles 1985).

Fiber Composition of Muscles

Muscles in the foregut (Table 1) and appendages
(Table 2), based on their sarcomere lengths, are
either fast or slow. Among these, the claw closer
muscles and the swimming paddle muscles deserve
further consideration because of their large size and
functional prominence.

The paired chelipeds of blue crabs are unusual
in that they show a marked morphological bilateral
asymmetry consisting of a large major (crusher)
chela with molar-like dentition, and a relatively
smaller minor (cutter) chela with incisor-like denti
tion (Fig. 6). In most blue crabs the crusher appears
on the right side and the cutter on the left side
(Hamilton et al. 1976). The closing behavior of the
dactyl during feeding is correspondingly asymmet
ric; the crusher cracks mollusc shells while the cutter
tears at the exposed flesh (Hamilton 1976;Blundon
and Kennedy 1982).This behavior creates the dis-
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tinct impression of the crusher as a slow-acting but
very powerful claw and the cutter as a relatively
faster-acting more agile claw. Differences in closing
speed are due, in part, to the fact that motoneurons
to the cutter are more effective at a lower firing fre
quency than their crusher homologs (Fig. 6) (Govind

Figure 5. Cross-sections of the basal levator muscle of the swimming paddle of blue crab stained for myofibrillar
ATPase. (A) Shows fast (dark, staining) and slow (light staining) components in bundle |F| and purely fast in bundle
|E]. (C) An adjacent section stained for NADH-diaphorase showing mitochondrial density that is high (dark stain
ing) and low (light staining) in the core and periphery, respectively, ofbundle [F) and uniformly low in muscle bundle
[E]. (B) and (D) High power views of the boxed-in areas in (A) and (C) show not only the two distinct intensities of
staining but also an intermediate level. Bar in (1)): I mm for (A). (C); 250 uin for (13), (D). From Tse et al. (1983).

and Blundon 1985). Twitch-type contractions are
seen only in the cutter claw whereas tonic contrac
tions are seen in cutter and crusher claws. Differ

ences in closing strength are due, in part, to the
larger size and greater mechanical advantage of the
crusher compared to the cutter. Surprisingly, the



Table 1.Structural features of the intrinsic stomach muscles in blue crabs, their motoneuron supply, and physiological
features of their neuromuscular synapses. Muscles are named according to regions of the stomach (see Fig. 1). Sharing
of single excitor motoneurons is indicated by letters of the alphabet. Facilitation of the excitatory post-synaptic
potential (EPSP) is a ratio of its amplitude at 10 Hz compared to 1 Hz. From Govind et al. (1975); Jahromi and
Govind (1976); Atwolod et al. (1977,1978).

Muscle Motoneuron Neuromuscular synapse

Name Sarcomere Thin: thick Inhibitor Excitor EPSP Facilitation

length (pm) filaments (shared) (mv) (10/1 Hz)

Gastric mill (gm)
gm4b 6 - -

1 5-15 1.1

gm4c 8 - -
1 5 1.8

gm5a 4 6:1 - 1(a) 5-9 2.1

gm5b 8 10-12:1 - 1(b) 6-26 1.3

gm6ab 9 10-12:1 - 1(b) 6-15 1.9

gm8a 8 10-12:1 - 1 (b) 6-18 2.3

gm8b 4 6:1 - 1(c) 7-12 2.8

gm9a 5 12:1 -
1(c) 7-20 2.1

Ventral cardiac (cv)
cv2 4 6:1 - 1(a) 18-33 1.1

cv3 3 6:1 -
1(a) 14-22 1.5

Cardio-pyloric valve (cpv)

cpv3a 10 - -
1(d) 0.4 2.0

cpv3b 4 - - 1 (d) 2 4.5

cpv4ab 5 - -
1 (d) 5.6 3.9

cpv6 5 - -
1(d) 1.2 4.5

cpv7a 6 - -
1 (a) 2-10 1.5

cpv8 5 - -
1 2 4.4

cpvlO 5 - - 2(le) - -

cpvl 1 5 - -
2(1e) - -

Pyloric (p)

P1 4 - -
1(d) 0.7 12.6

P2 9 - -
3 (If) - -

p3 4 - - 3(lg) - -

P4 4 - -
1 - -

P5 5 - - - - -

p6 6 - -
1 - -

P7 7 - - 2(g) - -

p8 4 - -
3 (If) - -

p9 5 - - 2(le) - -

plO 6 - - 1(0 2.5 -

pll 8 12:1 1 1 (h) 0.5 5

pl2 8 12:1 1 1(h) 3 -

pi 3 8 12:1 1 1 (h) 33 0.9

pl4 8 12:1 1 2 (lh) - -
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140 The Blue Crab

Table 2. Sarcomere lengths and the number and type ofmotoneurons innervating muscles in the appendages ofblue
crabs.

Appendage
and muscle

Sarcomere

length (pm)

Antennule

m26

m27

m28

m30

Maxilliped
flagellum abductor 2-3

Pereopods
claw closer 7-14

accessory flexor:
proximal head
distal head 7-10

swimming paddle:
remotor

promotor

levator

depressor
opener

4-5

6-12

Excitor

2 (fast, slow)
1

2 (fast)

Inhibitor

2 (fast, slow) 1 (common)

1 (common)
1 (common)

Reference

Roye 1994
Roye 1994
Roye 1994
Roye 1994

Charlton 1971;Jahromi and
Charlton 1979

Govind and Blundon 1985

Govind andWiens 1985

Govind et al. 1978; Govind
andWiens 1985;Wiens and
Govind 1985

2 2 White and Spirito 1973
2-7 1 Tseetal. 1983; White

and Spirito 1973;
Blight and Llinas 1980

1 1 White and Spirito 1973
2 1 White and Spirito 1973
1 1 Honsa and Govind 2002

fiber composition of the pairedcloser muscles is not
asymmetric; both muscles are uniformly slow, with
sarcomere lengths ranging from 6 to 15 pm (Fig. 6).
Moreover, the frequency distribution of the sarcom
ere lengths is also similar between the paired claws,
as are the activities of their myofibrillar ATPase and
mitochondrial NADH-diaphorase enzymes.This
similarity in fiber composition of the paired muscles
is present in the usual cheliped configuration of
right crusher-left cutter, as well as in the unusual
configurations of right cutter-left crusher or right

cutter-left cutter.These unusual configurations may
arise because of a tendency to regenerate a cutter
following loss of either claw, and transformation of
the existing cutter into a crusher (Hamilton et al.
1976).A similar mechanism for reversing claw bilat
eral asymmetry exists in snapping shrimps where
loss of the major snapper claw triggers transforma
tion of the existing minor pincer into a snapper and
regeneration of a new pincer at the old snapper site
(Young et al. 1994; Read and Govind 1997a, b).

Modification of the fifth pereopods into swim-
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Figure 6.Bilateral asymmetry of thepaired chelae in blue crabs. In external morphology, the cutter is smaller, slender,
and has incisor-like dentition compared to the crusher which is larger, stouter, and has molar-like dentition.The con
tractile behavior of the closer muscle is monitored by recording movements of the dactyl (lower trace) in response to
varying frequencies of stimulation of either fast or slow axons (upper trace). Both axons evoke contraction more
readily and rapidly and with fewer stimuli in the cutter claw compared to the crusher claw. The fiber composition of
the closer muscle based on sarcomere length is similar between cutter and crusher claws, with a wide range of slow
(>6 pm sarcomere lengths) fibers in both claws; 90 fibers were sampled in each muscle. Bars: Cutter,fast 0.2 sec, slow
0.5 sec; Crusher, fast 0.5 sec, slow 0.2 sec. From Govind and Blundon (1985).
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142 The Blue Crab

ming paddles in blue crabs has resulted in the evolu
tion of extremely hypertrophied basal muscles, each
consisting of two to four distinct bundles with a
common insertion but separate origins (Fig. 4)
(Cochran 1935; Hartnoll 1971; White and Spirito
1973). Up and down movement of the paddle is
brought about by a pair of antagonistic muscles, the
depressor and levator, which generate the power and
return strokes, respectively. Sculling action of the
paddle during the up and down motion is effected
by a second pairof antagonistic muscles, the remotor
and promotor.The swimming muscles have fast and
slow fibers as shown by enzyme histochemical
detection of myofibrillar ATPase activity (Tse et al.
1983; Houlihan et al. 1985). Discrete branches in
each muscle group are either homogenously fast, or
a regionalized mixture of fast and slow, either with
fast fibers on the periphery and slow in the core
(Fig. 5), or adjacent to each other. Corresponding
differentiation in sarcomere lengths, however, is not
obvious, as 4 to 7 pm sarcomere lengths are seen in
both types of branches. Based on limited evidence,
sarcomere length andATPase appear to be indepen
dently expressed in these basal muscles. On the
other hand, expression of mitochondrial density is
closely linked to myofibrillar ATPase activity. Thus
fast and slow fibers, based on ATPase activity, show
weak and intense staining for mitochondrial
NADH-diaphorase, denoting respectively low and
high densities of mitochondria (Fig. 5). This high
level of differentiation subserves the muscles' role in

swimming, both sideways and backwards (Spirito
1972), and in courtship display by male blue crabs
(Wood and Derby 1995).

MOTONEURONS

Organization

Crustacean muscles are supplied by both excita
tory and inhibitory motoneurons (Wiersma 1961;
Atwood 1976; Govind and Atwood 1982). Most
excitatory neurons have glutamate as their neuro
transmitter, although a few contain acetylcholine;
both transmitters depolarize the muscle membrane
and elicit contraction (Atwood 1976). Inhibitory

neurons with gamma-aminobutyric acid (GABA) as
their neurotransmitter serve to stabilize or hyperpo-
larize the muscle membrane and prevent contrac
tion. This general classification of motoneurons
would apply to blue crabs as well, although there are
relatively few confirmatory reports. For instance,
motoneurons to the intrinsic muscles in the blue

crab stomach are glutamatergic, while those to the
extrinsic muscles are cholinergic based on the sensi
tivity of muscle fibers to applied neurotransmitters
(Atwood et al. 1977;Lingle 1980).There are also rel
atively few data on the morphology and physiology
of blue crab motoneurons except those to the mus
cles of the antennule (Fig. 7) (Roye 1989, 1994;
Roye and Bashor 1991) and swimming paddle
(Blight and Llinas 1980). Motoneuron cell bodies
are located in the ganglia where they give rise to a
single primary neurite from which arise higher
order branches includingdendrites to form the neu-
ropilar segment (Fig. 8).At its distal end, the neurite
leaves the ganglion as an axon that travels to the tar
get muscle. Synaptic input from sensory neuronsand
interneurons activates the integrating segment of the
neurite and generates action potentials that travel in
the axon to the target muscle (Fig. 7).Among the
antennular motoneurons, apart from activating indi
vidual motoneurons or a functional group, there is
also evidence for interaction between neurons with

different functions, such as reciprocal inhibition
between flick and withdrawal neurons (Fig. 7).

In the swimming paddle promotor muscle, four
motoneurons are most likely fired by synaptic con
nections to the stretch receptor neuron (Fig. 8)
(Blight and Llinas 1980). Current pulses in this sen
sory fiber gives rise to excitatory post-synaptic
potentials (EPSPs) in the motoneurons which at
threshold give rise to action potentials. Those cells
with larger somata and axons are likely involved in
more phasic activity such as swimming, whereas the
smaller cells are involved with more tonic activity
such as maintaining posture. Electrical coupling
among dendrites of some motoneurons may permit
them to operate as a group.There may also be differ
ences in the spike-generating mechanism among
this group of motoneurons, the phasic ones having a
higher threshold for spiking than the tonic ones,
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Figure 7. (A) Muscles in the segmented antennule of the blue crab. Four muscles (26 to 29] in the proximal segment
control movement of the medial segment and are innervated by at least 5 motoneurons.The muscle pair [30,31] in
the medial segment control movements of the distal segment, and a single muscle [32] controls the outer Qagellum.
(13) Morphology of one of two motoneurons to muscle [26] showing a prominent soma and extensive branching of
secondary and tertiary neurites. (C) Morphology of a motoneuron to muscle [311 showinga prominent soma with a
primary neurite that gives rise to a number of secondary neurites before exiting as an axon. (D) Identification of
motoneuron to muscle [26] in the cerebral ganglion seen by stimulating sensory nerve Ilie and recording intracellu
lar junctional potentials in its neurite (dots in upper trace) with corresponding extracellular spikes in its axon in
nerve IA (dots in lower trace). (E) Spontaneous depolarization in neurite of antennular motoneuron to muscle 131|
(upper trace) with corresponding burst of spikes in motor nerve 1A (lower trace): such spontaneity is typical of the
repetitive flicking of the distal segment and outer Qagellum in the intact animal. (F) and (G) Evidence for reciprocal
inhibition between flicking and withdrawal motoneurons, respectively, as seen by sustained hyperpolarization in neu
rite of a flick or withdrawal motoneuron (upper traces) during firing of a withdrawal or flick axon in the motor
nerve (lower traces). Vertical bars: 5 mV in (D); 10 mV in (E), (F), (G). Horizontal bars: 10 msec. From Roye and
Bashor (1991); Roye (1994).
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Figure 8.Motoneurons of the levator swimming muscle in blue crab. (A) The central nervous system comprises the
cerebral ganglion (not shown) connected via the oesophageal connective to a fused ventral nerve cord in which the
segmentally arranged rostral to caudal [R-C] neuropils are distinct. These consist of the oral ganglia, cheliped ganglia,
walking leg ganglia [I, II, III, IV], and abdominal ganglia. (B) The seven levator motoneuron somata [1-7] located in
the fused thoracic ganglia have their neurites in the neuropil of walking legs [III] and [IV]. (C) Morphology of one
of these levator motoneurons with a single primary neurite arising from its soma and giving rise to other neurites
before exiting as a single axon. (D) (i) Stimulation of the promotor nerve gives antidromic spikes in the axon and
summating potentials in the soma, and with increasing stimulus intensity (ii, iii) shows two sizes of potentials in the
soma. From Blight and Llinas (1980).
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ensuring responsiveness to a wide range of move
ments of the receptor muscle.

Firing of individual motoneurons ranges from
single spikes to bursts that vary in duration and
degree of patterning. For instance, promotor and
remotor motoneurons fire in reciprocal bursts to
bring about spontaneous movements of the proxi
mal segment of the antennule (Roye 1979). More
complex firing patterns characterize motoneurons
to the swimming paddle muscles to effect sideways
and backward swimming and courtship display in
males (Wood and Derby 1995).

The cardiac garglion situated in the heart is
locatedoutside the nervoussystem, with four to five
small (20 pm) pacemaker cells and five large (80 pm)
follower cells (Hawkins and Howse 1978). Nerve
terminals in the neuropil show synaptic contacts and
have several vesicle types, including the conventional
clear, small (30-60 nm) round or elliptical vesicles
that are indicative of excitatory and inhibitory con
nections. Larger vesicles (70-100 nm) indicative of
neuromodulatory action, either clear or dense, are
also present.

Although details of central synaptic connections
are sketchy due to the technically challenging task of
recording from the neuropil, more is known about
neuromuscular synap:ic connections of the moto
neuron because recoi -dings from the muscle fibers
are much easier to make. In blue crabs, the fine
structure of motor nerve terminals has been exten

sively examined in muscles of the stomach (Govind
and Lingle 1987) and
and Govind 2002).

the swimming paddle (Honsa
The primary axon and its

branches are encased in glial tissue, supported inter
nally by neurotubules, and populated with mito
chondria. Individual motor axons branch extensively
over the muscle and over individual muscle fibers.

From the muscle surface, the axonal branches dip
below the muscle fiber connective tissue and con

tinue branching as preterminal or subterminal axons
still sheathed in glial cells (Fig. 9). When these
branches contact muscle membrane, they lose their
glial covering and form nerve terminals that are
often varicose in form. Synaptic contacts with the
muscle membrane in the area ofmuscle granular sar-
coplasm are made intermittently along the length of

these nerve terminals. Mitochondria and glycogen
granules continue to populate the synaptic terminals
as do at least two classes ofvesicles:small clear synap
tic vesicles and larger dense or dense-core vesicles.
The final endings of nerve terminals are synaptic
contacts.

The small clear synaptic vesicles are the pre
dominant class and assume a characteristic shape
when treated with aldehyde fixatives: round for
excitor axons (Fig. 9) and elliptical for inhibitor
axons (Tisdale and Nakajima 1976).The defining
feature of nerve terminals is synaptic contacts that
are recognized by densely-stained presynaptic and
postsynaptic membranes, aligned in a very regular
manner and separated by a synaptic gap (Fig. 9).
Often there is a filamentous substructure within the
synaptic gap. Synapses tend to be delimited by glial
fingers that insinuate themselves in the muscle gran
ular sarcoplasm.

Dense bars occur on the presynaptic membrane
(Fig. 9).These bars are T-shaped structures with
synaptic vesicles aligned on either side under the
transverse arms and in contact with the presynaptic
membrane.This gives the impression that dense bars
are docking sites for synaptic vesicles poised for
release.The impression is confirmed with the obser
vation of Q-shaped figures denoting exocytosis
where vesicles have fused with the presynaptic
membrane along the dense bar. Clearly, transmitter
release occurs preferentially along these dense bars
or active zones.

Apart from being more densely stained, the
postsynaptic membrane appears relatively unspecial-
ized (Fig. 9). Occasionally, the muscle sarcoplasm
immediately adjacent to this membrane has a fine
granular appearance and stains more intensely than
the surrounding tissue, denoting the postsynaptic
receptor area.

Differentiation of Motor Axons

Crustacean motoneurons fall into at least two

classes, viz., excitatory and inhibitory (Atwood
1976,1982; Govind and Atwood 1982), and a possi
ble third neuromodulatory type (Sharman et al.
2000). This differentiation permits fine control of
muscle contraction, enabling exquisite functioning



Figure 9. (A)l hree-dimensional reconstruction ofexcitatory innervation to the blue crab gastric mill muscle, gm8b.
showing nerve terminals [T| connected by a thin axonal branch |AX], both of which contain synapse; [SY|. (B)
Cross-section of excitatory nerve terminal populated with many small, clear spherical synaptic vesicles |c], a few
larger dense core vesicles |d|, and mitochondria [o|.Two long synaptic contacts (between bars) are made with the
muscle membrane adjacent to granular sarcoplasm |s|. One synapse has a presynaptic dense bar (arrow) with clustered
synaptic vesicles indicative of an active zone. (C) and (1)) Cross-section view of presynaptic dense bar (arrows) with
clustered synaptic vesicles, and an omega-shaped profile depicting exocytosis of a synaptic vesicle (arrowhead). (F.)
Longitudinal view ofpresynaptic dense bar (arrow) emphasizing its elongate nature and the docking ofclear synaptic
vesicles poised for release. Horizontal and vertical bars: 1pm in (A). Horizontal bars: I pm in (B), 0.25 pm in (C),
(D),(E). From Atwood et al. (1977); Patel and Govind (1997a, b).
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with relatively few rtiotoneurons. The most studied
excitor shows differentiation between neurons such

as fast and slow as well as differentation within single
individual neurons.These various levels of differenti

ation allow a single or a small number of motoneu
rons to extend the functional range of the muscle,
particularly as the degree of contraction of a muscle
fiber isdependent on the extent to which it isdepo
larized (Atwood 1973, 1976). Each class of
motoneuron will be dealt with separately below
with particular attention to the differentiation
within excitor motoneurons as this is best studied.

Excitatory Axon ]

Differentiation into Fast and Slow Axons. Fast
and slow axons are the two extremes in a range of
crustacean motoneurons and are best exemplified in
the claw closer muscles of lobsters and crayfish
where they are used for fast and slow contractions
(Atwood and Wojtowicz 1986; Lnenicka 1991;
Govind 1992). In blue crabs, the claw closer muscle
also receives fast and slow excitors that give rise
respectively to twitch and tonic type contractions
(Fig. 6) (Govind and Blundon 1985).These contrac
tile differences presumably arise largely from differ

s of neuromuscular synapses of
although this observation has
blue crabs as it has for lobsters

ences in the propertie:
the respective axons,
not been verified for

and crayfish.

Differentiation oj'\SlowAxons.A defining feature
of crustacean excitor axons is the wide variation in

the amount of transmitter released at their numerous

synapses (Atwood 1976,1982;Atwood and Wojtow
icz 1986;Atwood and Cooper 1996). Excitor axons
in the blue crab are no exception.The relatively few
that have been studied are of the slow type because
they are fatigue-resistant and have a substantial pop
ulation of mitochondria (Patel and Govind 1997a)
and glycogen granules (Honsa and Govind 2002).
Among the slow axons, synaptic differentiation is
seen primarily in the amplitude of the excitatory
post-synaptic potential (EPSP), but also in the struc
tural characteristics of their synapses and active
zones. Both these features will be reviewed to high

light differentiation within a single target muscle, as
well as among several separate target muscles.

Within Muscles. Stimulation of the single excitor
axon generates EPSPs that vary from 2- to 5-fold
among individual fibers as seen in the stomach mus
cles (Fig. 10) (Table 1) and in the limb accessory
flexor muscle (Wiens and Govind 1985). Repetitive
stimulation generally increases the amplitude of the
EPSP, due to increased output of neurotransmitter,
which is referred to as synaptic facilitation. The
degree of facilitation varies among individual axons,
although initially-small EPSPs tend to facilitate
more than initially-large EPSPs (Table 1).A unique
feature of synaptic facilitation among some stomach
muscles (gm8b, gm9a, p1) is that it is very long-last
ing, so that EPSPs 10 sec apart still show this phe
nomenon (Fig. 10). Although most synapses of slow
axons facilitate, a notable exception is seen in pi 3
muscle where the repetitive EPSPs are slightly
depressed, but subsequent unitary EPSPs are almost
twice as large, demonstrating a robust form of post-
tetanic potentiation.

The physiological differentiation of synapses of
individual motor axons is underlined by a morpho
logical differentiation regarding synapses and their
presynaptic dense bars or active zones. Synapse size,
measured as surface area, varies from 20- to 25-fold
among single axons to the stomach muscles
(Atwood et al. 1978).Thus, for instance, synapses in
the pyloric muscle, pi, have a spread from 0.5 to 10
pm and those in gastric mill muscles, gm8b and
gm9a, vary from 0.2 to 3 pm. This is an unusually
large variation because in other neuromuscular sys
tems in crustacean limb muscle, for which most

information is available, synapse size may vary 5- to
10-fold (Walrond et al. 1993; Govind et al. 1994).
Presynaptic dense bars are found in most synapses in
the blue crab stomach muscles, although a few are
without (Atwood et al. 1977, 1978; Patel and
Govind 1997a, b). Twice as many synapses have a
single active zone compared to synapses with two or
more, and the latter enhances transmitter release

(Patel and Govind 1997a).
Another feature of these excitatory axons is the

differentiation in vesicle species. Apart from the
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Figure 10. Representative excitatory post-synaptic potentials (EPSPs) from intrinsic stomach muscles in blue crabs in
response to nerve stimulation. [Al] Three sizes of EPSPs in muscle p2 at increasing stimulus intensities, denoting
triple innervation; [A2] in the same preparation, stimulation of all three axons simultaneously evoked a larger EPSP
with an active reponse; [B] stimulation of a single axon to muscle pi often gave a biphasic EPSP suggesting differ
ences in synaptic performance along the muscle fiber; [C] stimulation at 1 Hz of the single axon to muscle pi3 gave
large,non-facilitating EPSPs at 1 Hz or during a brief 10 Hz burst. However, following the burst, stimulation at 1 Hz
evoked two-fold larger EPSPs, demonstrating marked post-tetanic potentiation; [Dl to D4] twin-pulse stimulation
of the singleaxon to muscle gm8b shows facilitation of EPSPs with increasingly longer interpulse intervals of 10,20,
250 and 400 msec respectively; [E] individual stimuli to a single axon (left panels) show sharing among four muscles
in which [cpv7a] and [gm5a] have smallEPSPs, while [cv2] and [cv3] have larger EPSPs. Stimulation at 10 Hz (right
panels) evokes little facilitation in either small or large EPSPs.Vertical bars: 5 mV in [A];4 mV in [B];20 mV in [C,
D, E]. Horizontal bars:40 msec in 1A, D]; 30 msec in [B]; 2 sec in [C]; 20 msec in [E] left traces and 2 sec in [E] right
traces. From Govind et al. (1975);Atwood et al. (1977); Patel and Govind (1997a).
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usual small40 to 50, nm, clear, spherical vesicles that
contain the fast neurotransmitter (most likely gluta-
mate), there is a second species of vesicle, consisting
of larger 70 to 80 nm dense or dense-core vesicles,
that presumably stores a slow neurotransmitter or
neuromodulator (Figs. 9, 11) (Patel and Govind
1997b; Sharman et al. 2000).There is also evidence
that these neurotransmitters are released not only
extrasynaptically, ashas been shown at other inverte
brate synapses (Golding and Bayraktaroglu 1984;
Schurmann et al. 1991), but also at the synapses in
these blue crab stomach muscles (Figs. 11,12).

Among Muscles. Single motoneurons innervate
single muscles, although occasionally a single
motoneuron innervites two or more muscles with

different roles. Blue crab stomach muscles offer sev

eral excellent examples of this complex type of
motor unit (Table 1). For instance, the inferior car
diac motoneuron irnervates four separate muscles,
gm5a, cpv7a, cv2 and cv3 (Fig.l), which have dis
parate roles in chewing and filtering food (Clai
borne and Ayers 1937).To accomplish these varied
roles, synapse differentiation is imposed among mus
cles, over and above that imposed within muscles.
Thus, motor nerve terminals to two of the muscles
(cpv7a and gm5a) release small amounts of transmit
ter (low-output) while those to the other two mus
cles (cv2 and cv3) release 3- to 5-fold greater
amounts (high-output) (Fig. 10) (Govind et al. 1975;
Patel and Govind 1997a).

Structural features underlying the disparity in
synaptic strength were analysed with thin serial-sec
tion electron microscopy (Patel and Govind 1997a).
Nerve terminals are similar in their volume percent
of mitochondria (17%), clear vesicles (27%), and
dense core vesicles (3%) among the four muscles.
This is also the casie for the number and size of

synaptic contacts. However, presynaptic dense bars
representing active zones are significantly longer and
occur more frequently at high-output synapses than
at low-output ones (Fig. 13). High-output synapses
are also characterized by the close spacing of adja
cent active zone dense bars. The longer and more
closely spaced dense bars at high-output synapses
would be factors in the generation of larger synaptic

potentials in these terminals compared to their low-
output counterparts. Other factors, however, need to
be considered to fully account for the physiological
differences in synaptic strength among the four
muscles.

In this same motor unit there is structural evi

dence for the exocytotic release of dense-core vesi
cles exclusively at synapses (Fig. 11) (Patel and
Govind 1997b).The primary evidence is the appear
ance of dense cores in the synaptic cleft accompa
nied by indentations of the presynaptic or postsy
naptic membrane. In its simplest form, this structure
consists of an Q-shaped figure of the presynaptic
membrane enclosing one dense core denoting
release of a single dense-core vesicle. A larger inden
tation of the presynaptic membrane enclosing sev
eral dense cores denotes multiple release. A more
complex form of multiple release is demonstrated
where the presynaptic membrane is normal but the
postsynaptic membrane is elaborated into a sac pro
jecting into the muscle granular sarcoplasm and
filled with dense cores (Fig.12).The postsynaptic sac
in some instances is compressed into a thin, finger
like extension, which lacks dense cores and, at its
distal end, is separatedinto smallcisternae,suggesting
a mechanism for membrane recycling (Fig.11).Pro
files depicting single and multiple release of dense
core vesicles occur more frequently at high-output
terminals (cv2 and cv3) compared to their low-out
put counterparts (cpv7a and gm5a).The many mul
tiple release figures closely adjacent to the active
zones for fast transmitter release suggests a possible
modulatory role for dense-core vesicles in synaptic
transmission. Moreover, the modulatory effects of
dense core vesicles appear to be long lasting as
implied by the postsynaptic sacs that may permit
prolonged release of the contents of their dense
cores into the synaptic cleft. This observation is in
keeping with the functional role of these stomach
muscles, which is to be continuously active for long
periods of time.

Other very active muscles, although used inter-
mittendy, are those of the swimming paddle, as blue
crabs are beautiful swimmers, combining agility
with endurance. Hence, the single excitor axon to
the opener muscle in the swimming paddle



Figure 11. Exocytosis of dense core vesicles at neuromuscular synapses of blue crab stomach muscle cv2. Each panel
shows a nerve terminal [t| populated with clear synaptic vesicles and some dense core vesicles making synaptic con
tact (between small arrows) with the muscle membrane in areas of granular sarcoplasm [s]. (A) Initial fusion of dense
core vesicle to presynaptic membrane. (B) Infolding of presynaptic membrane enclosing a dense core, presumably via
exocytosis of a single dense core vesicle. (C) Synapse with a presynaptic dense bar (long arrow) has an enlarged cleft
containingseveral dense cores indicative of multiple exocytosis of dense core vesicles. (D) Synapse with the postsyn
aptic membrane forming a large sac containing several dense cores. (E) Synapse with two presynaptic dense bars
(long arrows) between which the enlarged cleft contains several dense cores.The postsynaptic membrane extends as a
slender finger-like extension into the muscle granularsarcoplasm. (F) A slender folded membranous structure (double
arrowhead) in the granular sarcoplasm immediately adjacent to a synaptic contact resembles the postsynaptic finger
like extension in the previous micrograph. Bar: 0.5 urn. From Patel and Govind (1997b)
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Figure12.Serialmicrographsdepictingbulkexocytosisofdensecorevesiclesinexcitatorynerveterminalsinablue
crabstomachmuscle.(A)Nerveterminal|t|embeddedinthegranularsarcoplasm[s]ofmusclecv2showsasynaptic
contact(betweensmallarrows)delimitedbyglial|g|tissue.Thepostsynapticmembranehasaveryprominentinvagi
nation(doublearrowhead),whichisfilledwithmanydensecores.Thisinvaginationappearsasasmallpouchin(A),
connectstothepostsynapticmembranein(B),(C),and(D),andagainappearsasapouchin(E)and(F).Notethe
densebars(longarrows)in(A)and(B)lyingdirectlyabovetheinvagination.Bar:0.5pm.FromPatelandGovind
(1997b).
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branches more profusely and more richly innervates
individual muscle fibers compared to its homolog in
the walking leg (Honsa and Govind 2002). More
over, its nerve terminals devote a substantial percent
age of their volume to energy substrates (21%), a
volume similar to terminals of the highly active
stomach motoneurons (Patel and Govind 1997a;
Sharman et al. 2000). However, unlike terminals of
the stomach where mitochondria are the sole

energy substrate, in the paddle opener terminals

cpv7a

there is a mixture of mitochondria (12%) and glyco
gen granules (9%) (Fig. 14A) (Honsa and Govind
2002). Because glycogen provides a much more
rapid source of energy than mitochondria, the
enriched glycogen content of the paddle opener ter
minals appears to be an adaptation for the much
higher firing frequencies of the swimming moto
neurons (50-100 Hz) (Wood and Derby 1995),
compared to those of the stomach neurons (5-10
Hz) (Selverston and Moulins 1987).

cv2

= ,= cv3

Figure 13.Two-dimensional representation of selected synapses from blue crab stomach muscles [gm5a] and [cpv7aj
as low-output types, and [cv2] and [cv3] as high-output types. Each horizontal line represents a thin section and the
thicker vertical lines represent dense bars that traverse one or more consecutive thin sections. White spaces represent
perforations and the curved horizontal lines, most prevalent in fcv2] synapses, represent outfoldings of the postsynap
tic membrane.High-output synapses [cv2, cv3] are characterized by longer and more closely-spaced dense barscom
pared to low-output synapses [gm5a,cpv7a].Horizontal and vertical bars:2 jam. From Patel and Govind (1997a).
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Figure 14. Neuromuscular and axo-axonal synapses in blue crab swimming paddle opener muscle. (A) Neighboring
excitatory [E| and inhibitory |I| nerve terminals recognized respectively by their spherical and elliptical synaptic vesi
cles [c] also display a few dense core vesicles [d], mitochondria [o], and glycogen granules |g|. Synaptic contacts
(between bars) recognized by densely stained, opposing membranes appear adjacent to muscle granular sarcoplasm|s|.
At these synapses, presynaptic dense bars (arrows) with clustered synaptic vesicles denote an active zone. (B) An axo-
axonal synaptic contact (between bars) complete with an active zone dense bar (arrow) from an excitor (E| onto an
inhibitor 111 terminal; terminals are recognized respectively by their spherical and elliptical synaptic vesicles fc|. (C)
An axo-axonal synaptic contact (between bars) from an inhibitor [I] onto an excitor |E| terminal; terminals are rec
ognized, respectively, by their elliptical and spherical synaptic vesicles [c].This synaptic contact, extending through 10
thin sections with several active zone dense bars (arrow), is strategically located on a small branch of the excitor axon
where presynaptic inhibition would effectively cut off this region of the excitatory innervation. Note excitatory neu
romuscular synaptic contacts (between small bars) adjacent to muscle granular sarcoplasm |s], mitochondria [o], and
glycogen granules |g|. Bars: 1 urn in (A), 0.5 pm in (B), (C). From Honsa and Govind (2002).
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Another unique feature of the excitor axon to
the swimming paddle opener muscle is that it makes
synaptic contact with the inhibitor axon (Fig. 14B)
(Honsa and Govind 2002).These axo-axonal synap
ses making up only 4% of the excitor synapses (the
rest are onto muscle fibers) are strategically located
at bottlenecks of the inhibitor axon where they
would be maximally effective in regulating local
regions of the inhibitor axon.Thus, differentiation of
the slow excitor axon to the paddle opener muscle
entails not only regulating synaptic strength onto the
target muscle by varying synaptic structure and
function as outlined above for the stomach axons,
but also in regulating local regions of the antagonis
tic inhibitor axon. Hence, these excitor to inhibitor
synapses may play an unusual role in extending the
functional range ofmotoneurons.

Inhibitory Axon

The classical scheme for motor supply to the
decapod limb has a common inhibitor to all the
limb muscles (Atwood 1976). The accessory flexor
muscle in the merus of thoracic limbs follows this

scheme in that both heads of this muscle receive a

single inhibitory axon (Fig. 15) (Govind andWiens
1985;Wiens and Govind 1985). In the distal head of
the accessory flexor muscle, the inhibitor exerts sig
nificant effects only in a very restricted region,
where the effect is powerful enough to completely
overwhelm the excitor. At these sites the inhibitory
synapses show considerable facilitation and summa
tion.

The specific inhibitor axon to the swimming
paddle opener muscle also exerts a powerful effect
via two pathways, judging from structural evidence
(Honsa and Govind 2002). One route is via its neu
romuscular synapses (Fig. 14A) that serve to reduce
or ehminate depolarization of the muscle fiber, i.e.,
postsynaptic inhibition.The other route is via synap
tic contacts with the excitor axon that serve to

reduce transmitter release from the excitor axon

onto the muscle fiber, i.e., presynaptic inhibition
(Fig. 14C).These inhibitor to excitor synapses con
stitute a substantial percentage (36%) of the total

A

fe3-

fe2

fe1

pe-

| pi +pe +fe3 A^__

B

Figure 15. Excitatory and inhibitory innervation of the
distal accessory flexor muscle of blue crab limb. (A)
Postsynaptic potentials from two muscle fibers (left and
right panels) showing innervation by four excitatory
axons, three from the main flexor nerve [fel, fe2, fe3]
and one from the proximal accessory flexor nerve [pe].
An inhibitory axon in the proximal nerve [pij strongly
inhibits the fiber in the right panel, slowly overcoming
the summed depolarization due to excitatory axons
[pe] and [fe3] to produce a net hyperpolarization when
all three axons are activated simultaneously. (B) Inhibi
tory postsynaptic potentials from a fiber showing facili
tation (increase in size of individual responses) and
temporal summation (increase in size of total response)
with stimulation of the [pi] axon at 4, 10. and 20
Hz.Vertical bar: (A) left traces - 2 mV for [pe],4 mV for
[fe]; (A) right traces - 2 mV. (B) 4 mV Horizontal bar:
(A) left traces - 20 msec; (A) right traces - 100 msec. (B)
1 sec. From Wiens and Govind (1985).
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synapses formed by the inhibitor axon, suggesting
pronounced presynaptic inhibition that is more
likely to rapidly and effectively decouple the opener
muscle from the stretcher muscle in the adjoining
segment; both muscles are innervated by the same
excitor axon (Govind and Atwood 1982). Such
decoupling will allow for the rapid and separate acti
vation of these two muscles during swimming. It is
also interesting to note that inhibitiory nerve termi
nals to the paddle opener muscle, like their excitor
counterparts, exhibit a high volume (17%) of energy
substrate which is differentiated into mitochondria

(8%) and glycogen granules (9%), the former to sup
port the prolonged firing of the swimming
motoneurons and the latter to support their rapid
rate of firing (Wood and Derby 1995).

Crustacean stomach muscles have been regarded
as receiving exclusively excitatory innervation (May-
nard 1972; Govind et al. 1975). However, electron
microscopic examination of the stomach pyloric
muscles in blue crabs revealed nerve terminals with

either spherical synaptic vesicles indicative of an
excitatory axon, or elliptical synaptic vesicles indica
tive of an inhibitory axon (Fig. 16) (Sharman et al.
2000). Synaptic vesicles assume these characteristic
shapes when fixed with glutaraldehyde and osmium,
and these shapes provide a reliable means for distin
guishing excitatory from inhibitory axons (Uchi-
zono 1967; Atwood and Morin 1970). In several
blue crab pyloric muscles, including p2 and p11 to
p14, the vesicle shape index (the ratio of major to
minor diameter) for the excitatory axon is close to
spherical at 1.2, but distinctly elliptical for the
inhibitory axon at 1.9 (Sharman et al. 2000). Apart
from the distinctive shape of their synaptic vesicles,
the inhibitory nerve terminals resemble their excita
tory counterparts in making synaptic contact with
the muscle membrane, at which contacts there are
distinct presynaptic dense bars representing active
zones for transmitter release (Fig. 16). However,
inhibitory innervation in these muscles is slightly less
pervasive than excitatory innervation. Whether this

Figure 16. Excitatory [E| and inhibitory [I| nerve terminals in blue crab stomach pyloric muscle pi2 characterized by
clear |c| synaptic vesicles that are spherical and elliptical in [E| and |I|, respectively.Terminals make synaptic contact
(between bars) with muscle membrane in areas of granular sarcoplasm |s|.The fl] synapse shows a presynaptic dense
bar (arrow). A few dense [d] core vesicles and mitochondria |o| are also visible. Bar: 0.5 um. From Sharman et al.
(2000).
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inhibitory innervation derives from common or spe
cific neurons is unknown, although it clearly pro
vides another avenue for fine control of muscle

contraction, hitherto unsuspected in the stomach
muscles.

Putative Neuromodulatory Axon

A third type of terminal in the stomach pyloric
muscle pi4, based on its dense core vesicles, has
been tentatively identified as a putative neuromodu
latory terminal (Fig. 17) (Sharman et al. 2000). Here
the dense core vesicles, unlike their counterparts in
the excitatory and inhibitory terminals, are signifi
cantly larger and have eccentrically located dense
cores. More strikingly,these unusual dense core vesi
cles constitute 47% terminal volume, whereas clear
vesicles make up only 7%. The mitochondrial con
tent at 6% is markedly less than that of excitatory
and inhibitory terminals at 11 to 25%. This unusual
dense core vesicle composition is present in long
serially-sectioned lengths of terminals, suggesting a
separate axon rather than regional variation in either
excitatory or inhibitory axons.

Also supporting the thesis of a separate neuro
modulatory axon is the finding of synaptic contact
withmuscle membrane and the docking and exocy
tosis of dense core vesicles (Fig. 17) (Sharman et al.
2000). Indeed, synaptic contact with both excitatory
and inhibitory terminals by the neuromodulatory
axon shows that its target includes not only the
muscle, but the motor axons themselves.Thus, the
neuromodulatory axon provides a mechanism for
delivering precise amounts of slow transmitters to
selected targets, thereby regulating muscle contrac
tion. This mechanism makes the transfer function of

the motor patterns to the pyloric muscles in crabs as
complex as mechanisms for generating and modu
latingthe motor patterns themselves in the stomato-
gastric ganglion.

Innervation of Muscles

Innervation is known for relatively few muscles,
with the exception of the intrinsic foregut muscles
where 32 muscles are supplied by approximately 15

excitor neurons (Table 1) (Govind et al. 1975).Most
stomach muscles receive a single excitor neuron that
is shared among two to four separate muscles, mak
ing fine control of these muscles reside largely in
axonal firing patterns and differentiation of neuro
muscular synapses (see above). A few pyloric muscles
receive two to three axons, adding another level of
control for muscle contraction. Additional levels of

control of muscle contractions are provided by an
inhibitor and a putative neuromodulator axon, mak
ing these the most highly regulated muscles.

Among the appendages, the antennular muscles
appear to be verysimply innervated (Table 2) (Roye
1994), whereas the claw closer shows the typical
decapod pattern (Govind and Blundon 1985). The
bipartite accessory flexor muscle shows the usual
decapod pattern of a single excitor and a single
common inhibitor to the proximal head but an
unusual pattern in the distal head with the single
private excitor coupled with three others from the
parent flexor muscle for a total of four excitors; it
also receives the common inhibitor (Govind and
Wiens 1985; Wiens and Govind 1985). The four
groups of basal muscles of the swimming paddle
listed as receiving one to two excitors (White and
Spirito 1973) may be an underestimate because one
of these, the promotor muscle, is associated with
seven motoneurons (Blight and Llinas 1980).
Homologous muscles in another swimming crab
Portunus sanguinolentus are innervated by several
excitors (Hoyle 1973).Finally, the opener muscle in
the swimming paddle exhibits the typical decapod
pattern of a lone excitor and a specific inhibitor
axon (Table 2) (Honsa and Govind 2002).

SENSORY NEURONS

Organization

Blue crabs respond to sensory stimuli via highly
differentiated cells, most of which have their somata

located at the periphery. These sensory neurons are
bipolar, with the distally directed dendrite associated
with transduction and proximally directed axons
conducting spikes to the ganglion. A few sensory
cells have centrally located somata. The dendritic



Figure 17. (A) Three adjacent nerve terminal profiles in blue crab stomach pyloric muscle p14 representing excita
tory IE] and inhibitory 1IJ terminals with small, clear [c] synaptic vesicles that are spherical and elliptical in fE] and
|I| respectively, and a neuromodulatory |N| terminal with predominantly large dense and dense core [Id] vesicles.
The excitatory terminal has a longsynapse (between bars) with a presynaptic dense bar (arrow). (B), (C), (D), (E), and
(F) Five consecutive thin serial sections of a neuromodulatory [N] terminal in blue crab pyloric muscle pi 4 showing
a synaptic contact (between bars) with muscle granular sarcoplasm [s].Typical synaptic features include presynaptic
dense bars (arrows), prominent postsynaptic density (arrowhead), and an infolding of the presynaptic membrane with
an enclosed dense core (double arrowhead in E) indicative of exocytosis. Bars: 0.5 pm in (A); 0.25 pm in (B), (C),
(D), (E), (F). From Sharman et al. (2000).
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processes are usually embedded in supporting struc
tures that serve to gather and amplify the stimuli.
Sensory structures for receiving mechanical and
chemical stimuli in blue crabs are reviewed below.

Mechanoreceptors

Tlwracic-coxal Muscle Receptor Organ

Unlike other sensory receptors in decapod crus
taceans, the thoracic-coxal receptor is unusual in that
its soma is located in the ganglion and its sensory
axon conducts signals without action potentials
(Bush 1976). Because of its non-impulsive signal
transmission, this receptor has been the focus of an
extensive biophysical and physiological study in the
fifth pereopods or swimming paddles of blue crabs
(Blight and Llinas 1980). Here it is located within
the medial branch of the large promotor muscle and
consists of a separate muscle strand that originates in
the exoskeletal rod of the sternite and inserts on the
coxa, along with the parent promotor muscle (Fig.
18).The muscle receptor strand is innervated by two
motor axons and by two sensory axons referred to as
S- andT-fibers. The T-fiber in the ganglion appears
as a large-diameter neurite filled with synaptic vesi
cles and making synaptic contact with numerous
small profiles, presumably of promotor motoneu
rons.

Stretching of the receptor strand will activate
the T-fiber, resulting in depolarization that propa
gatesdecrementally to the central terminations/den-
drites; this is known as non-impulsive conduction.
The T-fiber axon is therefore adapted for long dis
tance decremental conduction by having a length
constant of up to 60 mm, as well as compensatory
mechanisms for the large electrical capacitance of
the membrane which would distort the signal
(Blight and Llinas 1980).This depolarization appears
to be driven by movement of both sodium and cal
cium ions. Neurites of the T-fiber respond to the
depolarization with transmitter release onto neurites
of promotor motoneurons with short synaptic delay
(1.4 msec), signifying a monosynaptic connection.
Transmission at this synapse has a sigmoid form sim
ilar to that found at the squid Loligo pealei giant
synapse. However, unlike the squid giant axon
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Figure 18. (A) Relationship of stretch neuron T-fiber to
four promotor motoneurons |l-4] in the walking leg
III and IV neuropil area of the ventral nerve cord in
blue crab. (B) Stretching of the receptor muscle (lower
trace) evokes sustained firing which shows adaptation
in one of the promotor motoneurons recorded from
the promotor nerve [prn|. (C) Injection of current in
the T-fiber [stun] depolarizes it [pre] and gives rise to a
junctional potential |post] in one of the motoneurons.
(D) Current injection [stim] into the T-fiber synapti-
cally depolarizes a promotor motoneuron |prn|, result
ing in spikes. From Blight and Llinas (1980).
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synapse which is phasic and depletes its transmitter
stores rapidly (Llinas et al. 1976), the T-fiber synapse
is tonic and shows little if any depletion of its trans
mitter stores (Blight and Llinas 1980). Neither is
there any sign of habituation or facilitation in keep
ing with its tonic nature. The set point of this
synapse for reflex action is most likely regulated by
the receptor muscle by adjusting the tension on the
T-fiber endings.

Stretching the receptor strand triggers the pro-
motor motoneurons to fire a train of spikes that
show frequency adaptation (Fig. 18) (Blight and Lli
nas 1980), most likely due to transmitter depletion.
This reflex is mimicked at the synaptic level by the
EPSP amplitude in a promotor motoneuron in
response to depolarization of the T-fiber. This simi
larity is also seen with sinusoidal depolarization of
the T-fiber which more closely resembles the natural
signal.

Apodeme Tension Receptors

Receptors monitoring tension of the walking
leg opener (Tryba and Hartman 1997) and closer
(Hartman 1985) muscles are found at the distal end
of the apodeme (Fi* 19).They are comprised of rel
atively large 25 to 60 pm bipolar cells, numbering
25 to 35 in the closer apodeme and 9 to 15 in the
opener apodeme.The distal dendritic ends of these
cells are inserted through the hypocuticle into the
endocutile and lie in series with the muscle. The

proximally directed axonsjoin to form a nerve from
which spikes can be recorded, denoting activity of
the sensory cells. Receptors are not spontaneously
active nor do they respond to passive muscle stretch
or unloaded isotonic contraction. However, isotonic

contraction with loading or isometric contraction
causes firing, confirming the receptors' function as
series tension receptors. Contractile force is moni
tored via both firing frequency and the recruitment
of additional units (Fig. 19). Indeed, firing rate
closely parallels the rate ofchange of isometric force,
demonstrating that these receptors more closely
monitor changes in isometric force rather than total
force. Such feedback to the central nervous system
would be necessary for reflexes involved in stance,
walking, and manipulation.

Short Hair Sensilla qfAntennule

Each of the four short hair sensilla on the proxi
mal segments of the antennules consists of a tapered
shaft covered with unbranched hairs on all except
the inner surface (Fig. 20) (Roye and Dillaman
1982).These sensilla do not respond to waterborne
vibrations but to movements of the antennules, with
the most anterior sensillum sensitive to antero-ven-

tral deflection and the other three sensilla to pos-
tero-ventral deflection. Hence, these sensilla may
function as external proprioceptors, and because of
their location may act to regulate movements of the
proximal and medial segments of the antennule.
Innervating each sensillum is a cluster of two large
and one small bipolar neurons with their distal
processes directed towards the cuticular openingand
their proximal processes as axons travelling in anten-
nular nerve bundle IIIc (Roye 1986). In the cerebral
ganglion, these axons have either a simple projection
pattern of a single ipsilateral tuft to the median
antennular neuropil or a complex projection pattern
of tufts to ipsi- and contra-lateral median antennular
neuropils as well as branches to two lateral antennu
lar neuropils. Input to the median antennular neu
ropil suggests connections to interneurons, whereas
input to the lateral antennular neuropil suggests
connections to withdrawal motoneurons as they
project to this area.

Statolith Sensilla ofStatocysts

The statocysts at the base of the antennule are
equilibrium organs operating via the movement of
fluid in vertical and horizontal canals that stimulate

three groups of mechanosensory sensilla (free hook,
thread, and statolith sensilla).The statolith consists of
two concentric rows of sensilla (Fig. 21) (Cate and
Roye 1997). These sensilla are characterized by
siliceous statoconia bound to the filamentous setules,

thus creating a single mass that responds to accelera
tion of fluid in the canal. Each sensillum is inner

vated by a bipolar cell that projects bilaterally to the
median antennular neuropil (Fig. 22), a region
where neurites of the antennular withdrawal

interneurons also project. Hence stimulation of the
nerve carrying the statolith sensilla evokes spikes in
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the withdrawal interneurons that in turn activate
motoneurons and result in the reflex withdrawal of

the antennules (Fig. 22).
Thread sensilla of the statocyst respond to direc

tional rotation by firing their sensory axons, as well
as those of higher orderaxons (Roye 1972). Because
rotation of statocysts is accompanied by phasic
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movements of the thoracic limbs, the thread hairs
are implicated in this reflex.

Chemoreceptors

Aesthetasc sensilla of antennules are olfactory
sensilla, arranged in a dense tuft on the outer flagel-

proximal sensory cells

PD attachment
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Figure 19. (A) Apodeme tension receptor in the closer muscle of the walking leg of a blue crab composed of proxi
mal and distal groups of many bipolar sensory cells embedded in the apodeme between the hinge and attachment of
the propus-dactylus [PD] organ. (B) Extracellular spike recordings (upper traces) from the closer muscle apodeme
sensory nerve in response to increasing isometric tension (middle traces) of the closer muscle elicited via stimulation
for 2 sec (standard lowertraces) of its motor nerve.The nerve was stimulated at 40 Hz (left panels) and 100 Hz (right
panels) while the dactyl was held at increasingly smaller angles to position the muscle from flaccid to rest length.
From Hartman (1985).
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turn of the antennu e (Gleeson 1982). Each sensil
lum is innervated by approximately 100 bipolar sen
sory cells, each of which gives rise to a distal den
drite that projects into the aesthetasc (Fig. 23)
(Gleeson et al. 1996).The dendrite gives rise to two

cilia that subsequently subdivide into approximately
10 branches, making a total of over 1000 processes
that project into the lumen of a sensillum. Most of
these processes are simple.Very small outer dendritic-
processes are supported by a single microtubule and

>i>xww»>wiW>'»i'>'i'i'i4^'v** ww^i nm
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Figure 20. (A) Four short hair sensilla on the proximal segment of the antennule of blue crab. (B) Each sensilla con
sists of a single setule-laden shaft in a circular pit. (C) Central projection pattern ofa type 1B afferent fiber that enters
the cerebral ganglion via the antennular nerve |A1| and then gives rise to a primary [P] and secondary [S] neurite.
The primary neurite branches anterior to the posteromedial cell tract [PMC] and then crosses over to branch in the
corresponding contralateral area; the secondary neurite has initial hranches in the lateral antennular neuropil |L| and
final branches in the tegumentary |T] neuropil. (D) Extracellular spikes (upper traces) from cerebral ganglion nerve
IIIC during sinusoidal oscillation (lower traces) of a single short hair sensillum. At low frequency oscillations, a single
cell fires (small spikes), while at higher frequencies two additional cells fire (large downward and upward deflecting
spikes). From Roye and Dillaman (1982); Roye (1986. 1994).



Figure 21. (A) Scanning electron micrograph of inner |IR| and outer |OR] row of blue crabstatolith sensilla on ven
tral floor of statocyst. Arrowheads indicate single outer row sensilla. (13) A single outer row sensillum with its filaments
decorated with statoconia [sc|. (C) The shaft [ss] ofa statolith sensillum has a fulcrum (arrowhead) on an expanded
bulb fb] covered with vertical folds except for a smooth tooth portion (arrow) in line with the fulcrum. From Gate
and Roye (1997).
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Figure 22. Physiology and morphology of blue crab statolith sensilla. (A) Directional movement of the statolith
(between arrows) elicits firing in its axon recorded from sensory nerve [IIIB]. (B) A single stimulus to nerve IIIB
results in a spike recorded intracellularly from interneuron 21 |IN2l|. (C) Depolarization of [IN21] with current
activates withdrawal motoneuron |MN26| with sustained firing of spikes recorded intracellulary from its neurite
[MN26] and extracellularly from its motor nerve [IA]. (D) The axon of a single outer row statolith sensillum travel
ing in nerve [IIII3] forms dendritic branching in the median antennular neuropil [Ml of the cerebral ganglion.
Antennular nerve [AN], olfactory neuropil [O], oesophageal connective |OC|. (E) Morphology of interneuron 21
with its anteriorly located soma and a single neurite that projects dendrites in the median antennular neuropil [M|
overlapping with those of the statolith sensillum, before exiting as an axon via the oesophageal connective [OC].Ver
tical bars: 10 mV in (B); 2 mV and 2 nA in (C). Horizontal bars: It) msec in (A); 5 msec in (B); 20 msec in (C). From
Cateand Roye (1997).
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Figure 23. (A) Olfactory sensillum of blue crab depicting only two of about 40-160 sensory neurons innervating a
single aesthetasc. Each neuron consists of a single innerdendritic segment that projects from the soma and forms two
cilia. These cilia branch profusely to form the outer distal segment where transduction occurs in the aesthetasc. (B)
Longitudinal view of transitional zone between inner |ids| and outer [ods] dendritic segments. The inner dendritic
segment is supported by rootlets [rj that end in basal bodies |bb]. Originating from the paired basal bodies are ciliary
segments fcs| that give rise to the outer dendritic segments. Mitochondria |m|. (C) Cross-section of outer dendritic
segment [ods] with numerous branches, most with a single flagellum. Accessory cell [ac|; cuticle |c|. (D) An oblique
section within the transitional zone showing inner [ids] and outer [ods] dendritic segments and their connecting cil
iary segments [cs|. Ensheathing the dendrites are auxiliary cells [ac] connected via desmosomes (arrows). Cuticle |c|;
mitochondria |m|; rootlets [rj.Bars: 0.5 urn in (B); 0.1 pm in (C), (D). From Gleeson et al. (1996).
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are separated from the external environment by a
thin permeable cuticle. Olfaction occurs primarily
in these outer dendritic processes, although details of
the mechanism are unknown. The outer dendrites

show considerable plasticity in adjusting their length
to the prevailing salinity: increasing as freshwater-
acclimated crabs are moved to more saline condi

tions and decreasing as seawater crabs are moved to
increasingly freshwater conditions. These length
changes occur within a couple of days and may
reflect differences in maintaining their effectiveness
under variable salinities. In other words, these

changes in dendrite length alter the responsiveness
of the cells to chemicals. These chemicals may
include both pheromones (Gleeson 1982) and food-
associatedodors (Cate et al. 1999).

INTERNEURONS

Broadly defined as neurons with processes only
within the ganglia, relatively few interneurons have
been studied in blue crabs. One such group is the
interneurons controlling antennule withdrawal
(Roye et al. 2000).These are represented by four of
the largest axons in the oesophageal connective.The
somata of these interneurons originate in the ante
rior cluster of the cerebral ganglion and give rise to
relatively long primary neurites from which arise
secondary and tertiary neurites that form extensive
branching in several neuropilar regions of the gan
glion (Fig. 24). Depolarization of these giant axons
evokes withdrawal of the ipsilateral antennule, pre
sumably due to synaptic activation of withdrawal
motoneurons. Stimulation of the short hair sensilla

of the antennules also elicits withdrawal of the

antennule, although! such withdrawal occurs inde
pendent of interneuronal activity, implying that
these interneurons are sufficient but not necessary
for antennule withdrawal. These withdrawal

interneurons also respond to depolarization of the
sensory nerve of statolith sensilla, denoting a strong
sensory input for eliciting antennule withdrawal
(Fig. 22) (Cate and Roye 1997).

The morphology of interneurons in the blue
crab nervous system has been deduced by their
immunoreactivity to dopamine (Wood et al. 1995)

and proctolin (Wood et al. 1996) in an attempt to
find structural correlates for the influence of these
neuromodulators on the rhythmic behavior of the
swimming paddles. The highly modified swimming
paddles have distinctive rhythmic beating patterns
for sideways and backwards swimming (Spirito
1972), and also have a third pattern associated with
courtship display in males (Wood and Derby 1995).
Stimulated by pheromones, the male stands erect on
its walking legs with outstretched chelae and rhyth
mically beats the third maxilliped and the swimming
paddle.The latterbeats in a rhythmical up and down
manner, rotating its most distal segment in the
upstroke when the paddle is held erect over the
body. Application of a number of chemicals and
stimulation of interneurons in the oesophageal con
nectives suggests the existence of a basic rhythm of
the swimming paddle, which is reconfigured to a
courtship mode in the presence of proctolin,
dopamine, and octopamine (Wood 1995;Wood et
al. 1995).The propensity for courtship display in
male blue crabs is also modulated hormonally by
factors in the sinus gland-X organ complex, an
endocrine gland in the eyestalk (Gleeson 1991).

In the cerebral ganglion, dopamine immunore
activity is located in the form of both fibers and cell
bodies (Fig. 25) (Wood and Derby 1996). Cell bod
ies are also located in the oesophageal ganglion.
Dopamine immunoreactive fibers occur in the con
nectives where descending fibers would qualify as
candidate interneurons for involvement in courtship
display posture. Dopamine staining of fibers and cell
bodies is seen in the compressed ventral nerve cord,
where at least one pair of cell bodies stains in the
suboesophageal segment and each of the thoracic
segments.

Proctolin immunoreactive fibers occur in the

optic ganglia and the cerebral ganglia where bilater
ally pairedsomata are also present (Fig. 26) (Wood et
al. 1996). A large cluster of cells (250) stain for this
peptide in the suboesophageal region of the ventral
nerve cord, similar in position to a group of C cells
regarded as neurosecretory in crabs (Maynard 1961).
The neuritic morphology of these cells varies, with
the neurites projecting ipsi- and contra-laterally as
well as anteriorly and posteriorly.
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Figure 24. Morphology of four type-1 interneurons [IN20 to IN23] of blue crab, each with the somata in the ante
rior cluster of the cerebral ganglion and the axon exiting in the contralateral oesophageal connective. Neurites of
these interneurons project in several neuropils including antennal [A], lateral antennular [L], median antennular [M],
and tegumentary [TJ. Physiology of these interneurons as seen (A) when interneuron 20 [IN20] is depolarized (cur
rentpulse) evoking a burst of postsynaptic potentials in motoneuron 28 [MN28] which is matched to extracellularly
recorded spikes in nerve [IA-M]. In an expanded segment of the recording (B), postsynaptic potentials (asterisks) in
[MN28] are matched 1: 1 to spikes (dots) in nerve [IA-M].Vertical bar in (A): 60 nA for current;3 mV for [MN28];
12 mV for [IN20]. Horizontal bar: 80 ms in (A); 5 ms in (B). From Roye et al. (2000).
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SUMMARY

Neurobiological research in blue crabs has been
opportunistic, focusing on the appendages (anten
nules, maxillipeds, chelae, walking limbs, and swim
ming paddles) and the foregut. The antennules have
come under study for the neural circuitry underly
ing their defensive withdrawal behavior. This has
provided details of the structure and physiology of
the movement-sensitive sensilla, the motoneurons,

and the interneurons. Study of the olfactory aes
thetasc of the antennules provides new insight into
sensory plasticity as the dendrites rapidly adjust their
length according to enviromental salinity. Differ
ences in biomechanics of the paired asymmetric
(crusherand cutter) chelae and the relative effective
ness of the homologous motoneurons result in the
use by the crab of these chelae for crushing and

axon

L-cell

soma

Figure 25. (A) and (B) Dorsal and ventral views of the
blue crab cerebral ganglion showing distribution of
dopamine immunoreactive fibers and cell bodies in
relation to the oesophageal connective [oc], olfactory
neuropil [on], and protocerebral tract [pt|. (C) Dopa
mine immunoreactive fibers and cell bodies in the

oesophageal ganglion, including an L-cell with an
anterior projecting axon that loops in the cerebral gan
glion, returns to the oesophageal ganglion, and projects
beyond it. Bars: 250 pm in (A), (B); 50 pm in (C). From
Wood and Derby (1996).

tearing, respectively. The closer muscles of these
dimorphic claws, however, are similar, and they have
a broad range of sarcomere lengths, all >6 pm and
therefore of the slow type. In the walking limb the
minute distal accessory flexor muscle, comprised of
slow fibers, receives a private excitor, as well as exci
tors of the parent flexor muscle, resulting in superin-
nervation.The swimming paddles are modified tho
racic limbs with a highly extended range of motion
and large surface area. They are powered by large
basal muscles with regionally distributed fast and
slow fibers (based on myofibrillarATPase activities)
and abundant mitochondria (based on NADH-
diaphorase activities). The principal mode of swim
ming is sideways, although occasionally blue crabs
swim backwards, and males wave their paddles in
courtship display. Modification of a basic motor pat
tern appears to underlie these different swimming
modes. A stretch receptor situated within the pro-
motor swinmiing muscle has a large axon that con
ducts without action potentials. This depolarization
at its central terminations triggers chemical trans
mitter release onto motoneurons, permitting an
examination of pre- and post-synaptic events under
lying synaptic transmission. Finally, the foregut of
blue crabs with its rhythmic movements of the gas
tric mill and pyloric filter allows study ofhow motor

Figure 26. Distribution of proctolin immunoreactive
fibers and cell bodies (single or clustered) in the female
blue crab in relation to the oesophageal connective
[oc], olfactory neuropil [on], and protocerebral tract
[pt].Bar: 250 pm. From Wood et al. (1996).
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patterns are translated at the periphery. Because a
large number of fast and slow muscles (based on sar
comere lengths and actimmyosin ratios) are inner
vated by few motoneurons, the neuromuscular
synapses of individual excitatory motoneurons are
highly differentiated within a muscle and among
muscles. Inhibitory axons to the muscles provide a
second level of control, while neuromodulatory
axons add a third level to control both excitatory
and inhibitory innervation. A high degree of differ
entiation epitomizes the muscles and neurons of
bluecrabs and invites furtherexploration.
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Chapter 5

he Functional Anatomy of the
Circulatory System

Iain J. McGaw and Carl L. Reiber

INTRODUCTION

There are a n amber of classical papers that
describe the anatomy of the decapod crustacean cir
culatory system in detail. However, most of these
articles were written at the beginning of the last
century or the end of the previous century before
the advent of modern imaging techniques allowed
the detailed analysis of the circulatory system to be
resolved (Haeckel 1857; Claus 1884; Bouvier 1891;
Pearson 1908; Baunann 1921; Brody and Perkins
1930). A comprehe isive study of the cardiovascular
system of the blue crab Callinectes sapidus was carried
out by Pyle and Cronin (1950), but these workers
limited their descriptions to the major arterial sys
tems, with only minimal coverage of the finer vascu
lature.We used two methods to map the entire cir
culatory system of (C. sapidus: (1) injection ofbarium
sulfate into the heart, followed by X-ray analysis and
(2) injection of resin (Batson's Monomer) into the
circulation, followed by soft tissue maceration and
chitinous tissue removal with acid (McGaw and
Reiber 2002). In this chapter we provide a detailed
analysis of the anatomy of the circulatory system of
C sapidus and relates this to cardiovascular regulatory
mechanisms, physiological behavior, and cardiovas
cular dynamics in decapod crustaceans.

I

A Synopsis of the Crustacean
Circulatory System

The brachyuran crustacean circulatory system
includes a single chambered heart that is suspended

in a primary chamber, the pericardial sinus, by 11
suspensory ligaments (Maynard 1960). Hemolymph
is pumped out into seven arteries (five arterial sys
tems) (Figs. 1,2, 3). Five arteries flow anteriorly: the
anterior aorta, the paired anterolateral arteries, and
the paired hepatic arteries. The small posterior aorta
exits the heart posteriorly, and the largest artery, the
sternal artery, exits the heart ventrally and divides
thereafter to supply the limbsand mouthparts (Pear
son 1908; Baumann 1921; Pyle and Cronin 1950;
McLaughlin 1983). Eachartery is valved at its origin
(Alexandrowicz 1932) and opening or closing of the
valves controls hemolymph flow into each arterial
system. All arteries branch into smaller arteries and
fine capillary-like vessels that ramify within the tis
sues. Arterial hemolymph perfuses the tissues at the
level of the lacuna, where gas, nutrient, and waste
exchange takes place.

Sandeman (1967) suggests that hemolymph is
contained in a capillary-like network in portions of
the circulatory system, which would make gas
exchange in these areas similar to capillary exchange
in vertebrate systems.Work byAbbott (1971) on the
green crab Carcinus maenas suggests a unique type of
blood channel analogous to capillaries, associated
with the crab's nervous system. These capillaries are
linedwith glial cells and thus the vessel endothelium
is of ectodermal origin yet is functionally a capillary
exchange bed. Capillary-like structures have also
been reported in the antennal glands of crayfish, and
blue crabs appear to have similar structures (Miya-
waki and Ukeshima 1967).

173



Figure 1. General form of the circulatory and digestive systems of Callinectes sapidus. The top figure shows die heart-
shaped stomacii region along with the midgut, obtained by X-raying the animal after a barium meal.The bottom image
isan X-ray showing the heart and vasculature after injection with barium sulfate. From McGaw and Keiber (2002).
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Decapod crustaceans lack a complete venous
system. Specifically, hemolymph first drains into
interstitial lacunae (small irregular spaces between
tissues) and then into sinuses, which are large irregu
lar inter-tissue spaces (Maynard I960) that are often
so poorly defined that they almost defy successful
demonstration (Pyle and Cronin 1950).The hemo
lymph from these sinuses eventually collects in the
large sternal or ventral thoracic sinus below the
heart, which extends into five branchial sinuses.
These empty into the infrabranchial sinus that
extends along the posterior edges of the gills. From
here, hemolymph flows into the gills by way ofthe
afferent branchial veins and percolates through the
lamellae where it is oxygenated. Hemolymph

returns to the pericardial sinus via the branchiocar
diac veins and then flows into the heart through
three pairs of ostia (Maynard 1960; McLaughlin
1983). By definition, these veins differ from the
sinuses because they are large, structurally distinct
vessels that function solely as defined blood flow
channels (Maynard I960).

During the last decade, the physiology and con
trol of the cardiovascular system has received exten
sive investigation (see McMahon and Burnett 1990;
McGaw et al. 1994a; McMahon et al. 1997; McMa

hon 1999, 2001; Wilkens 1999). Cardiac parameters
and hemolymph flow rates change in response to
exercise (DeWachter and McMahon 1996a; McGaw
and McMahon 1998), feeding (McGaw and Reiber

Figure 2. Dorsal view ofthe arterial system of Callinectes sapidus after injection ofa suspension ofbarium sulfate into
the pericardial sinus.The heart |H| and branchiocardiac veins [BCV| are clearly visible.The sternal artery [SA| exits
ventrally and anteriorly before giving rise to the ventral thoracic artery |VTA|, which splits and supplies hemolymph
to the mouthparts, and the 5 pereopod arteries [P1-P5] (P1 and P4 labeled on figure).The small posterior aorta [FA)
exits posteriorly and ventrally; the paired hepatic arteries [FIA] and anterolateral arteries |ALA1 exit from the anterior
end ofthe heart.The anterior aorta was not seen in these preparations. From McGaw and Reiber (2002).
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2000), hypoxia (Airriess and McMahon 1994;
Reiber 1995, Reiber and McMahon 1998). emer
sion (Airriess and McMahon 1996), low salinity
(McGaw and McMahon 1996; McGaw and Reiber
1998). and temperature change (DeWachter and
McMahon 1996b).The system is now recognized as
being relatively complex, with control mechanisms
and pressures that rival some ofthe simple vertebrate
closed systems (McMahon and Burnett 1990). In

addition to modulation by environmental variables, a
number of naturally occurring peptide and amine
neurohormones modulate cardiac activity and differ
ential hemolymph flow in intact crabs (Airriess and
McMahon 1992; McGaw et al. 1994b, 1995: McGaw
and McMahon 1995, 1997, 1999). These hormones
act on the cardioarterial valves, the artery walls, cen
tral nervous system, or the cardiac muscle itself
(Wiersma and Novitiski 1942;Wilkens et al. ' 974).

ABV

Figure 3. Dorsal view of a resin cast (made using Batson's Monomer No. 17) ofthe circulatory system of Callinectes
sapidus: the branchiostegal circulation has been removed.The gills are intact and six afferent branchial veins [ABV]
run between the gill lamellae |GL|.The heart and pericardial sinus [H| are situated slightly posterior to the midline
ofthe carapace.The anterior aorta [AA], anterolateral arteries [ALA], and hepatic arteries [HA| branch offthe ante
rior end ofthe heart.The posterior aorta [FA] exits posteriorly from the heart. Supplying hemolymph to the mouth-
parts and limbs respectively, the ventral thoracic arteries |VTAJ and pereopod arteries [P1-P5] (PI and P5 are labeled
on figure) are branches ofthe sternal artery (not shown). From McGaw and Reiber (2002).
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THE CIRCULATORY SYSTEM

OF CALLINECTES SAPIDUS

The Heart

The heart lies on the dorsal part ofthe cephalo-
thorax, just under the carapace, slightly posterior to
the middle of the! body, and directly above the
midtmt region. It lies inside the pericardial sinus and
the whole structure is roughly pentagonal in shape
(Fig. 4). The neurogenic myocardium ofthe crab
heart is stimulated to contract by nerves from the
cardiac ganglion that overlie and are embedded
within the cardiac muscle. The cardiac ganglion
serves as the pacemaker ofthe heart and regulator of
myocardial contractile force (Maynard 1960). Cardiac-
ganglion output is influenced by cardioregulatory
nerves (inhibitory and acceleratory fibers) that origi
nate from the anterior ventral nerve cord and sube-

sophageal ganglion (Wiersma and Novitiski 1942;
Wilkens et al. 1974). Central neural integration of
cardiac function appears to originate from command
interneurons found in the circumesophageal gan
glion that are able to cause tachycardia, bradycardia,
and cardiac arrest (McMahon and Wilkens 1983).

Cardiac function may also be influenced by car
dioactive hormones and neuropeptides released by
specialized neurosecretory terminals of the pericar
dial organ. The pericardial organ lies in the pericar
dial cavity that completely surrounds the heart. It
consists of nerve trunks, plexuses, and nerve endings.
The site of release of cardioactive hormones is

located directly upstream from the heart; the hor
mones enter the heart during diastole (Taylor 1982).
Because all these neurosecretory products are
released into the general circulation and because
there are interactions between other components of
the circulatory system, each substance that is released
can potentially act at multiple sites other than the
cardiac ganglion. These sites may include the
myocardium, cardioarterial valves, and the central
nervous system's regulatory center (Saver and
Wilkens 1998). Additionally, both the ostia (paired
filling inlets to the heart that are located dorsally, lat
erally, and ventrally on the heart) and cardioarterial
valves appear to be innervated, thus enabling regula
tion ofboth filling and arterial perfusion.

Heart rate in Callinectes sapidus can be modu
lated by several environmental variables (see DeFur
and Mangum 1979). However, one must be cautious
when inferring an adaptive role from heart rate
alone, because cardiac output and regional tissue
perfusion may not be solely dependent on heart
rate; changes in stroke volume of the heart or con-
traction/relaxation of the cardioartcrial valves may
play a significant role in determining cardiovascular
dynamics (McGaw et al. 1994a).

The Arterial System

Seven arteries (five arterial systems) originate
from the heart and subsequently branch to supply

Figure 4. Photograph of the dye-injected heart of
Calliuectes sapidus, iu situ, during (A) systole and (B)
diastole, showing the ostia [OS],and the exit points of
the anterolateral arteries |ALA| and posterior aorta
|PA|.



118 The Blue Crab

distinct regions of the body. Each of these is dis
cussed in turn.

AnteriorAorta

The anterior aorta (AA) (previous authors have
named it the ophthalmic artery, cephalic artery, dor
sal median artery, median lateral artery, median
aorta, median cephalic artery, or carotid artery) exits
from the medial dorsal anterior aspect of the heart
(Fig. 3) and is wider for the first third of its length.
The functional significance of this tapered design is
unclear, and it is not mentioned by Pyle and Cronin
(1950) or in papers on other crab species (Pearson
1908; McLaughlin 1983; Airriess 1994; Davidson
and Taylor 1995).The anterior aorta continues ante
riorly over the gonads as well as the pyloric and car
diac stomachs, then dips ventrally towards the ros
trum on the anterior edge of the carapace. It is the
third largest artery in terms of diameter. Despite the
anterior aorta's large diameter, hemolymph flow
rates in this artery are relatively low. In C. sapidus,
only 3 to 7% of the total cardiac output is delivered
through this vessel (McGaw and Reiber 1998,
2000). By comparison, less than 1% of the cardiac
output is pumped through the anterior aorta of the
Dungeness crab Cancer magister (Airriess and McMa
hon 1994, 1996; McGaw et al. 1994a, b; McGaw
and McMahon 1995, 1998, 1999). Hemolymph
flow in this artery is characterized byregular periods
of decreased flow or total cessation (McGaw et al.
1994a). In fact, in brachyuran crustaceans, this artery
is only perfused heavily during periods of emersion
(Airriess and McMahon 1996), acute exposure to
low salinity (McGaw and Reiber 1998), and in
response to the neurohormone octopamine (Airriess
and McMahon 1992).

At the end of the anterior aorta is an enlarged
region (Fig. 5A, B), the cor frontale (CF), which
consists of tendons and two strips of striated muscle
(Steinacker 1978). Although its exact function has
not yet been defined, it is thought to act as an auxil
iary heart, aiding hemolymph flow into the suprae-
sophageal ganglion (brain) during periods of acardia
(cessation of cardiac contraction) (Steinacker 1978;
Davidson and Taylor 1995). The cor frontale may

also behave as a variable elastic buffer by dampening
pressure pulses to the cerebral vessels (Davidson and
Taylor 1995).

Three arteries extend from the cor frontale: the
cerebral artery and the paired optic arteries. The
small cerebral artery (CA) branches anteriorly from
the cor frontale and divides in two around the optic
and oculomotor neuropiles, and numerous capillar
ies ramify throughout the supraesophageal ganglion
(Haeckel 1857; Sandeman 1967). The paired optic
arteries (OA) (also referred to as the ophthalmic
arteries, or lateral ophthalmic arteries) exit at right
angles to the anterior aorta and follow the anterior
edge ofthe carapace (Fig. 5A); as their name suggests
they supply hemolymph to the eyes. Each optic
artery splits into smaller capillaries that ramify
throughout the retina (Sandeman, 1967; Fig. 5B).
There are also enlarged regions or lacunae around
the position of the sinus gland and X-organ com
plex, organs that are involved with hormone pro
duction and that require a good blood supply to
ensure effective hormone delivery to other areas of
the body. One lateral optic artery (LOA) protrudes
from each optic artery where it meets the eye (Fig.
5A).The lateral optic arteries are situated 180° rela
tive to the optic arteries and run back towards the
midline of the carapace, supplying hemolymph to
the ventral flexor and dorsal extensor muscles of the

eyes and antennae. Branches of these arteries may
also supply the antennules. In freshly injected ani
mals, the Batson's Monomer could be seen in the

antennules; however, these fine vessels were lost dur

ing the tissue maceration process. In the crayfish
Astacus jluviatilis (Baumann 1921) and the rock lob
sterJasus lalandii (Paterson 1968), the eye muscles
also receive a co-lateral hemolymph supply from the
oculomotor arteries (Baumann 1921), which branch
off the anterolateral arteries. However, this does not
appear to be the case in brachyuran crustaceans
(Pearson 1908;Pyle and Cronin 1950).

Anterolateral Arteries

The anterolateral arteries (ALA) (also referred to
as the anterior lateral arteries, antennary arteries/
aorta, lateral arteries, antennal artery, or lateral
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Anterior

LOA

Posterior

g Sinus gland
lacuna

Figure 5. (A) Line drawing ofthe anterior aorta com
plex [AA| of Callinectes sapidus (dorsal view).The ante
rior aorta is enlarged at the end, forming the cor
frontale [CFl.The small cerebral artery fCA] arises
anteriorly from the cor frontale and the optic arteries
[OA] exit laterally from this structure. The optic arter
ies perfuse the eyestalks. Smaller vessels, the lateral optic
arteries [LOAJ, branch from the optic arteries to supply
hemolymph to the antennules. Anterolateral artery
[ALA]. (B) Enlarged view of a resin cast of eyestalks to
show vessels ramifying the eye. The X-organ complex
on the posterior face ofthe eye is heavily perfused and
a small lacuna liesjust below each sinus gland. Abbrevi
ations as in (A). From McGaw and Reiber (2002).

cephalic arteries) extend dorsally and anteriorly
from the heart at approximately a 40° angle, relative
to the anterior aorta (Figs. 2, 3, 6), but are narrower
in diameter than the anterior aorta. The first medial
branch of the anterolateral artery is the cardiac
stomach artery (CSA), which dips ventrally and
anteriorly, passing through the gonads; additional
branches leave the gonads and supply hemolymph
to the pyloric and cardiac stomachs as well as the
cardiopyloric muscles (Fig. 6). A second smaller
branch also arises medially, but more anteriorly, from
the main branch of the anterolateral artery; it pro
gresses medially and anteriorly, but the course of this
artery is more superficial than the cardiac stomach
artery. This artery also supplies hemolymph to the
gonads and we named this vessel the lesser gonadal
artery (LGA).

The anterolateral artery continues its course and
a large branch, the gonadal artery (GOA) (also
referred to as the ovarian artery or spermatic artery),
exits laterally at right angles to the main vessel, about
two-thirds along its length.Almost immediately after
branching off the anterolateral artery, the gonadal
artery bends 90° anteriorly and runs parallel to the
anterolateral artery, dorsal to the gonads,and supplies
hemolymph to the gonads and the hypodermis of
the cephalothorax. It then bends 90° laterally and
extends out to the lateral surfaces ofthe cephalotho
rax; running superficially and dorsal to the hepato-
pancreas, the gonadal artery supplies hemolymph to
this gland (Fig. 6).The gonadal artery bifurcates ter
minally, with one branch going laterally to the
hypodermis of the lateral spine and the other con
tinuing posteriorly around the distal dorsal edge of
the hepatopancreas. A smaller lateral branch of the
gonadal artery, the posterior hepatic artery (PF1A),
provides hemolymph to the posterior dorsal part of
the hepatopancreas and carapace (Fig.6).

Serving as a source for yet two more arteries,
the main anterolateral artery continues anteriorly
and superficially (dorsal to the gonads and hepato
pancreas) towards the head region of the crab. As it
passes the cardiac stomach, it dips down slightly and
bifurcates. The medial branch is the antenna! gland
artery (AGA) (or antennary artery), which supplies
hemolymph to the antenna! gland and the antennae
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(in the current preparations, the fine arteries in the
antennae were lost).The outside branch is the man
dibular artery (MA) (or external abductor mandibu
lar artery, antennary artery), which supplies the
external adductor muscles ofthe mandibles through
a number of parallel sub-branches (Fig. 6). Other
very fine vessels also branch along the length of the
anterolateral artery, supplying hemolymph to the
gonads, the hypodermis of the central cephalo-
thorax, the posterior adductor muscle of the mand
ible, and the anterior parts of the branchiostegal
circulation (Fig. 6).

The morphology of the blue crab's anterolateral
artery is very uniform when compared with that of

other crab species (Pearson 1908; Airriess 1994;
Davidson and Taylor 1995). From measurements of
the resin casts, only 2.7% ofthe hemolymph is con
tained in the anterolateral arteries; however, these
arteries receive approximately 10% of the total car
diac output in Callinectes sapidus (McGaw and
Reiber 1998, 2000) and 20% ofthe cardiac output
in Cancer magister (McGaw and McMahon 1995,
1998, 1999). In C. sapidus, hemolymph flow
increases in this artery during acute exposure to low
salinity (McGaw andReiber 1998) and during feed
ing (McGaw and Reiber 2000). In C. magister,
hemolymph flow through the anterolateral artery
decreases in response to the neurohormones proc-

Anterior

•~>2>- •*?

Posterior

Figure 6.Line drawing ofthe paired anterolateral arteries [ALA] and hepatic arteries [HA] of Callinectes sapidus (only
one ofeach pair shown).The cardiac stomach artery [CSA] and a smaller artery (lesser gonadal artery [LGA]) supply
ing hemolymph to the gonads branch off the inner surface of the anterolateral artery. At its end, the anterolateral
artery splits into the mandibular artery [MA] and antennal gland artery IAGA]. The gonadal artery [GOA] exits at
right angles from the outside ofthe anterolateral artery.This artery and its branch, the posterior hepatic artery [PHAJ,
supply hemolymph to the gonads, hepatopancreas, and hypodermis. Smaller branches near the origin of the heart
supply the branchiostegal circulation.The paired hepatic arteries perfuse the hepatopancreas and arise more ventrally
than the ALAs, while the smaller pyloric hepatic artery [PYA] flows anteriorly under the stomach, along the midgut,
and up and around the posterior edge ofthe hepatopancreas. Anterior aorta [AA]. From McGaw and Reiber (2002).
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tolin (McGaw et al. [1994b) and Fl and F2 (McGaw
and McMahon 1995), hypoxic exposure (Airriess
and McMahon 1994), emersion (Airriess and
McMahon 1996), and exposure to low salinity
(McGaw and McMahon 1996). Conversely,
hemolymph flow increases during activity
(DeWachter and McMahon 1996a; McGaw and
McMahon 1998) and in response to the neurohor
mone crustacean cardioactive peptide (CCAP)
(McGaw et al. 1994b). When a physiological role is
considered for some of these changes in flow
through the anterolateral artery, the direction and
magnitude often does not change as expected. The
anterolateral artery has many sub-branches that lead
to specific organs (Fig. 6) and pulsed-Doppler
flowmeter recordings have been made on the first
part of the main artery as it exits the heart. The vas
cular resistance of i:he arteries can be changed by
various neurohormones, thus modulating blood
flow to peripheral regions (Wilkens 1997;Wilkens et
al. 1997). Therefore: the changes that occur at the
base of the artery may not necessarily reflect the
perfusion levels of each individual branch of the
anterolateral artery and its associated organs.

HepaticArteries

The paired hepatic arteries (HA) (also referred
to as the lateral arteries) arise anteriorlyand ventrally
from the heart at about a 10° angle relative to the
anterior aorta (Fig. .6). These arteries are depicted as
very small vessels in portunid crabs (McLaughlin
1983), the rock lobster (Paterson 1968), crayfish
species (Baumann 1921; Reiber 1994), and the
shrimp Caridina laevis (Pillai 1963). However, in
Callinectes sapidus they are greater in diameter than
the anterolateral arteries (Figs. 2, 3, 6; Pyle and
Cronin 1950).They are also the second largest arter
ies in terms ofdiameter in the Dungeness crab (Air
riess 1994), the edible crab Cancer pagums (Pearson
1908), and the New Zealand paddle crab Ovalipes
cathams (Davidson and Taylor 1995). Almost imme
diately, these arteries dip ventrally under the stom
ach and laterally into the hepatopancreas (Fig. 6).
Each hepatic artery gives off many capillary-like ves
sels that ramify profusely within the hepatopancreas.

In C pagums (Pearson 1908) and C.magister (Airriess
1994), the main hepatic artery has two large
branches that, when viewed from a dorsal aspect, lie
posterior to theanterolateral arteries. However, in C.
sapidus the hepatic artery is a single branch and it lies
much closer to the anterolateral arteries when
viewed dorsally (Figs. 2,3, 6).The hepatopancreas of
C. sapidus is smaller than that of cancrid crabs,
accounting for the single instead of doubled
branched system.

A small lateral branch, the pyloric hepatic artery
(PYA), exits each hepatic artery soon after it leaves
the heart and is much larger than previously
described for Callinectes sapidus (Pyle and Cronin
1950).This vessel bifurcates almost immediately: one
branch curves anteriorly under the pyloric and car
diac stomachs, and the midgut caeca, supplying
hemolymph to these tissues; the other branch issues
posteriorly, running along the midgut before turning
dorsally around the posterior ventral margin of the
hepatopancreas (Fig. 6).

When hemolymph flow was measured in the
hepatic arteries with internal Doppler probes,
hemolymph flow rates in these arteries were very
uniform (McGaw and McMahon 1995,1998,1999;
McGaw and Reiber 1998, 2000). The arteries
receive 15 to 20% ofthe cardiac output in Callinectes
sapidus (McGaw and Reiber 1998, 2000) and 25 to
30% of cardiac output in Cancer magister (McGaw
and McMahon 1995, 1998, 1999). Flow rates
decrease in response to perfusion of high concentra
tions of the neurohormones Fl and F2 (McGaw
and McMahon 1995) and gamma aminobutyric
acid (GABA) (McGaw and McMahon 1999); they
increase during periods of feeding and subsequent
digestion (McGaw and Reiber 2000).

PosteriorAorta

The posterior aorta (PA) (also referred to as the
superior abdominal artery/aorta or dorsal abdomi
nal artery) (Figs. 2,3,7) is a narrow-diameter vessel
that leaves the posterior ventral side of the heart. In
all brachyuran crustaceans (including Callinectes sapi
dus), the posterior aorta is the smallest-diameter
artery (Fig. 7; Pearson 1908;Pyle and Cronin 1950).



\S'2 The But: Crab

Estimates from corrosion casts show that it holds

0.8% ofthe blood and receives only 1 to 3% of total
cardiac output (McGaw and McMahon 1995. 1998,
1999; McGaw and Reiber 1998, 2000). In anomu-
ran crustaceans, the posterior aorta is larger, receiv
ing 12.3% of cardiac output in the red swamp cray
fish Procambarus clarkii (Reiber 1994; Reiber et al.
1992) and 20.7%) ofthe total cardiac output in the
American lobster Homarus amcricanus (Reiber et al.
1997). It supplies the well-developed musculature of
the abdomen (Baumann 1921; Pillai 1963; Paterson
1968). As the posterior aorta exits the heart of C.
sapidus. two fine arteries branch at right angles and
dip ventrally under the pericardial cavity to supply
hemolymph to the posterior edge of the gonads,
midgut, and possibly some of the promotor muscles

ofthe pereopods (Fig. 7). A second pair of branches,
the posterior lateral arteries (PLA), arises at 45°
(from the posterior aorta) over the posterioi midgut
caecum. These coil through the posterior midgut
caecum, dipping ventrally and anteriorly around the
end of the midgut to anastamose with the inferior
abdominal artery (IAA, Fig. 7). Two side branches
exit the posterior lateral arteries, descending beneath
the edges of the crab body and around the periph
eryofthe posterior midgut caecum (Fig. 7).

The posterior aorta itself descends through the
abdomen and there are regular branches offthe pos
terior aorta that supply the tissues of the abdomen.
The posterior aorta joins the inferior abdominal
artery in the area ofthe second abdominal segment.
It continues along the hindgut, but soon after bifur-

Anterior Dorsal

Ventral

Figure 7. Line drawing of the posterior aorta complex of Callinectes sapidus, from an oblique dorso-lateral aspect
(inset shows orientation). The posterior aorta [PA] exits posteriorly and ventrally from the heart |I I. larger dashed
line] near the origin ofthe sternal artery [SA, smaller dashed line].The posterior aorta's course continues posteriorly
towards the abdomen until it curves ventrally, supplying hemolymph to the tissues ofthe abdomen and hindgut. A
number of small arteries arise from the posterior aorta. The largest are the posterior lateral arteries [FLA|, which exit
at right angles to the main artery. The inferior abdominal artery [IAA| exits from the end ofthe sternal artery and
anastomoses with the posterior lateral arteries and posterior aorta. From McGaw and Reiber (2002).
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cates, traversing either side of the hindgut to the
anus in the telson and giving off many smaller
branches to the tissues of the rectum and abdomen

(Fig. 7). The co-lateral supply of hemolymph to the
abdomen and hindgut by the posterior aorta, poste
rior lateral arteries, and inferior abdominal artery
may help maintain hemolymph flow to these tissues
when flow in either artery becomes occluded by
movement of the abdomen or the presence of food
in the hindgut.

Despite its being closely associated with the
hindgut and posterior midgut caeca, there is no
increase in flow in che posterior aorta during diges
tive processes (McGaw and Reiber 2000). However,
flow does increase in the posterior aorta of Cancer
magister during short-term low-salinity exposure
(McGaw and McMahon 1996); this increase is due
to extension of the abdomen, a behavioral adapta
tion that may enhance low-salinity survival (McGaw
et al. 1999). Hemolymph flow also increases in this
species in response to perfusion of the hormone
proctolin (McGaw ''et al. 1994b). Hemolymph flow
rates in C. magister also decrease in response to the
FMRFamide-related peptides Fl and F2 (McGaw
and McMahon 1995) during exposure to hypoxic
water (Airriess and McMahon 1994) and emersion
(Airriess and McMahon 1996), and during periods
of activity (DeWachterand McMahon 1996a).

SternalArtery

Exiting from tie ventral surface of the heart
close to the posterior aorta, the sternal artery (SA)
(also referred to as the sternal aorta, descending
artery, or main artery) is the largest in the circulatory
system. According to corrosion casts, about 87% of
the hemolymph is contained within the sternal
artery and its associated branches and it receives 50
to 80% of the total cardiac output (McGaw and
McMahon 1995, 1998, 1999; McGaw and Reiber
1998,2000); it follows that changes in flow through
this artery have the greatest effect on cardiac output
(McGaw et al. 1994a). Likewise, in the sand crab
Portunus pelagkus (Gribble and Reynolds 1993), the
sternal artery complex receives over 90% of the car
diac output. In Callinectes sapidus the artery's course
is directly ventral (Fig. 7). It passes on the right side

of the midgut, after which it continues ventrally,
until it turns anteriorly and passes through the fused
thoracic ganglia. It ends at a point in the thorax
above the telson and splits into two vessels: the infe
rior abdominal artery, which turns posteriorly, and
the ventral thoracic artery, which proceeds anteri
orly. There is disagreement as to whether its course
is essentially vertical (McLaughlin 1983), or more
anterior, ending at a point above the telson, which
has been reported here for C. sapidus, and for other
crustaceans (Pearson 1908;Airriess 1994).The ster
nal artery isvalved at its origin, but control of blood
flow into the peripheral regions served by the ven
tral thoracic artery is probably influenced by changes
in down-stream resistance, possibly under control of
neurohormones from the pericardial organs
(Wilkens 1997;Wilkens et al. 1997).

InferiorAbdominal Artery

The inferior abdominal artery (IAA) (also
referred to as the ventral abdominal artery or poste
rior ventral abdominal artery) exits from the end of
the sternal artery (Fig. 7) and proceeds posteriorly
and dorsally, following the sternalartery and the first
part of the posterior aorta. It then passes ventrally
through the abdomen along the hindgut and joins
the posterior aorta in the region of the second
abdominal segment. It supplies hemolymph to the
hindgut and muscles ofthe abdomen.

Ventral ThoracicArtery

The ventral thoracic artery (VTA) (also known
as the thoracic artery, sternal artery, or inferior tho
racic artery) issues anteriorly from the sternal artery
(Fig. 8) and is broadest at its origin with the sternal
artery. Almost immediately it branches into seven
vessels: three paired arteries that exit laterally and a
smaller single artery that exits anteriorly (Fig. 8).The
first pair of arteries (P3) exits laterally and posteri
orly, providing hemolymph to the 3rd pair of pere
opods; another branch (P4), which supplies
hemolymph to the 4th pair ofpereopods,arises from
pereopod artery 3. Pereopod artery 4 in turn, gives
off a branch (P5) that supplies the 5th swimming
pereopods. The 2nd set of paired arteries (P2) exits
from the ventral thoracic artery anterior to the first
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pair (P3) and also flows laterally and posteriorly, tak
ing hemolymph to the 2nd pair of pereopods (Fig.
8).

These pereopod arteries follow very similar
plans: each artery extends into the tip of the dactyl
and capillary-like vessels branch extensively along
the entire length of each pereopod artery, supplying
hemolymph to the muscles of the pereopods. The
densities of these pereopod capillaries are greatest
within the promotor, remotor, levator, and depressor
muscles ofthe thoracic sterna; this area is highly vas
cularized (Fig. 9B). In the 5th pereopods, the vessel
ramifies throughout the entire modified dactyl,
known as the paddle (Fig 9A). These capillary-like
structures are of much greater density than seen in
the figures, but because of their delicacy they are
easily lost in the corrosion casts during the macera
tion process. These muscles are shown to be more
vascularized than previously described for Callinectes
sapidus (Pyle and Cronin 1950) and other species of
brachyuran Crustacea (Pearson 1908;Airriess 1994;
Davidson and Taylor 1995). Because the blue crab
is an active, fast-moving predator (Tagatz 1968),
adequate blood flow to these muscles would be
essential.

The first paired branches (PI) ofthe ventral
thoracic artery exitlaterally andanteriorly, supplying
hemolymph to the chelae (Fig. 8). The main vessel
traverses the coxa, basischium, merus, and carpus,
giving off small branches at regular intervals. These
branches divide among the muscles of that region
(Fig. 9C). Three main branches supply hemolymph
to the posterior extensor and anterior flexor muscles
within the propodus (these muscles are used to open
and close the chelae). The main vessel finally bifur
cates at the dactyl, with each vessel extending to the
very tips of the chelae (Fig. 9C). Each individual
muscle fiber may be perfused by as many as seven or
eight tiny vessels (Govindand Guchardi 1986). Such
a complicated perfusion has been previously men
tioned for Callinectes sapidus (Marcinek and LaBar-
bera 1994) and Cancer pagums (Pearson 1908), but
has not been shown clearly in figures.

On each pereopod artery, a smaller branch, the
branchial artery (BA), arises on the superior surface

(Fig. 10). However, this is still quite a large vessel. On
pereopod arteries P1-P4, the branchial artery wraps
around the base of the gills and appears to join the
infrabranchial sinus; its course thereafter was not
traceable in corrosion casts because it fused and was

lost in the mass ofthe afferent and efferent branchial
vessels. In pereopod 5, the branchial artery supplies
hemolymph to the posterior parts of the bran
chiostegal circulation. The branchial artery supplies
hemolymph to the gill tissues (Taylor and Green-
away 1979, 1984), but it is possible that this artery
could act as a shunt, by-passing the muscle mass of
the walking legs.

The final vessel exiting the ventral abdominal
artery is a single artery of smaller diameter than the
pereopod arteries that flows anteriorly, giving off
three pairs of arteries along its course (Figs. 8, 9B).
The first paired arteries (M3) exit at about 50° rela
tive to the main vessel and supply the third maxil-
lipeds. One branch curves into the endopod (en3)
and the otherbranch extends into the exopodofthe
third maxilliped (ex3), with smaller side branches
perfusing the epipod (ep3) (Fig. 8).A second pair of
vessels (M2) arises off the ventral thoracic artery
anteriorly to the first pair and bifurcates. The lower
branch supplies the exopod and merus ofthe second
maxilliped (exm2); the upper branch supplies the
exopod of the first maxilliped (exl) (Fig. 8).At the
anterior end of the ventral thoracic artery is a final
pair of arteries (Ml) that bifurcate repeatedly. The
upper branches extend to the mandibles (mdb),
nearly meeting along the midline.The smaller lower
branches supply the first and second maxillae
(mxl2), and very fine vessels also radiate out to the
scaphognathite (scp) (preserved on only one side of
cast:Fig. 8).

Hemolymph flow to the legs, chelae, and
mouthparts via the sternal artery increases during
activity (DeWachter and McMahon 1996a; McGaw
and McMahon 1998), as well as during feeding and
digestion (McGaw and Reiber 2000). Large
increases in flow also occur in the sternal artery dur
ing exposure to hypoxic water (Airriess and McMa
hon 1994) and infusion of proctolin (McGaw et al.
1994b); however, reasons for these changes are
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Figure 8. Line drawing (ventral view) of the major branches of the ventral thoracic artery |VTA| of Callinectes
sapidus. The ventral thoracic extends from the anterior end of" the sternal artery [SA].Three paired branches split to
supply hemolymph to the limbs |Pl-P5].The ventral thoracic artery continues its course anteriorly and splits into
three pairs of branches [MI-M3] that supply hemolymph to the mouthparts. Branches of M3 supply hemolymph to
the epipod \ep3\, exopod \ex3\, and endopod \cn3] ofthe third maxilliped. The lower branch of M2 supplies
hemolymph to the exopod and merus ofthe second maxilliped \exni2\. while the upper branch perfuses the exopod
ofthe first maxilliped |c.v/|. At the end ofthe ventral thoracic artery. Ml bifurcates.The upper branches supply the
mandibles \indb\ and the lower branches supply hemolymph to the first and second maxillae |//;.v/2].A smaller artery
(preserved on only one side ofthe cast) supplies hemolymph to the scaphognathite [scp]. Inferior abdominal artery
|IAA|. From McGaw and Reiber (2002).
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unclear. Hemolymph flow decreases in the sternal
artery during infusion of the FMRFamide-related
peptides Fl and F2 (McGaw and McMahon 1995),
as well as SchistoFLRFamide and leucomyosup-
pressin (McGaw and McMahon 1999). Differences
in flow rates occur in Calliuectes sapidus and Cancer
magister during exposure to low salinity; flow
increases in the former species (McGaw and Reiber
1998) and decreases in the latter (McGaw and
McMahon 1996).These differences may be because
Calliuectes sapidus remains active in low salinity
whereas Cancer magister adopts an isolation-type
response, becoming quiescent and slowing ventila
tion ofthe branchial chambers (McGaw et al. 1999).

The Venous System

Sinuses

In crustaceans, the arterial blood collects in

sinuses before flowing through the gills and back to
the heart. There is disagreement in the literature
about how anatomically well-defined these sinuses
are. Pyle and Cronin (1950) report that many ofthe

sinuses of Calliuectes sapidus are so ill-defined that
they almost defy successful demonstration. We pro
pose that all sinuses are discrete channels rather than
arbitrary spaces between organs, and that their form
is determined by the boundaries of specific organs
or muscles. However, under abnormally high pres
sures such as those generated during infusion of Bat
son's Monomer, the sinuses may be blown apart,
thus exaggerating their form and interpretation
(Davidson and Taylor 1995). In the present study.
most of the sinuses appeared as a fine veneer
between or covering the vessels; however, because of
their delicate form, some were lost from the corro

sion casts during the tissue maceration process. The
fact that all areas of the arterial system were per
fused, including the return channels, the gills, and
branchiostegal sinuses (Fig. 3), suggests that ours is a
complete cast; thus the representation of the sinuses
is probably accurate.

The direction of hemolymph flow- through the
sinuses is as follows: hemolymph from the hepatic
sinus and eye sinuses drains into a dorsal sinus (Pear
son 1908) while hemolymph from the pereopods

B M1 M3

M2

\ • $ •••/• /

Coxa

1 PA

Figure 9. (A) Enlarged view of pereopods 3,4,and 5 [P3, P4, and P5] of Callinectes sapidus, showing capillaries perfus
ing the musculature of each segmental region.The artery in P5 extends into the dactyl; its capillaries extend to the
edges ofthe swimming paddle. (B) Enlarged ventral view of Callinectes sapidus focuses on the capillary mass that sup
plies the promotor, remotor, levator, and depressor muscles ofthe thoracic sterna. The ventral thoracic artery [VTA|
exits anteriorly, giving rise to the arteries that supply hemolymph to the maxillipeds and mandibles [Ml to M3].
Posterior aorta [PA]. From McGaw and Reiber (2002).
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drains through tube-like sinuses running longitudi
nally along the limbs (Davidson and Taylor 1995).
Classical anatomical studies show that all sinuses

eventually drain into a sternal or ventral thoracic
sinus below the heart (e.g., Pearson 1908).The ster
nal sinus radiates out between the muscles of the
thoracic sterna as die branchial sinuses. These then

fuse with the infrabranchial sinus that runs along the
posterior edge ofthe gills (Pearson 1908; Fig. 10).
From here, hemolymph flows through the gill
lamellae via the afferent and efferent branchial veins,

which are distinguished from sinuses by having a
definite shape and which function as return channels
for blood (Maynard 1960). Oxygenated blood is
returned to the heart by three pairs of branchiocar
diac veins that empty into the pericardial sinus (Figs.
2,3).

An alternative, dorsal venous return route via

the branchiostegal circulation (Fig. 11) has been
demonstrated (Taylor and Greenaway 1984; Farrelly
and Greenaway 1987; Greenaway and Farrelly 1990;
Taylor andTaylor 1992). Changes in the distribution

of venous return between the branchial and bran

chiostegal circulations have been shown in the arid
zone crab Tlolthusiana transversa, although precise
estimations ofthe portioning have not been made in
any crab (Taylor and Greenaway 1984; Taylor and
Tiylor 1992).The branchiostegal circulation of Call
inectes sapidus appears asa fine mesh-work of lacunae
that covers the posterior dorsal surface of the bran
chial chamber and extends over the pericardial cav
ity (Fig. 1I). It is supplied with hemolymph (in part)
by fine branches from the anterolateral arteries.
However, the main hemolymph supply to the bran
chiostegal circulation is venous and comes from the
dorsal and eye sinuses (Taylor and Greenaway 1984;
Greenaway and Farrelly 1990; Taylor and Taylor
1992). Hemolymph returns to the pericardial cavity
by way of lateral collecting vessels (Fig. 10).

The branchiostegal circulation is well developed
in terrestrial crabs (Tiylor and Greenaway 1979) and
amphibious species (Greenaway and Farrelly 1990;
Greenaway et al. 1996) where it is used for aerial gas
exchange. The branchiosteo;al circulation of Call-

Figure 9 (continued). (C) Enlarged view of pereopod artery I [PI], which supplies hemolymph to the right chelae.
Smaller arteries branch off the main vessel to supply the muscles of the chelae. In the propodus region, three
branches supply hemolymph to the posterior extensor and anterior flexor muscles. Pereopod artery I finally bifur
catesat the dactyl, With each vessel extending to the tips ofthe chelae. From McGaw and Reiber (2002).
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inectes sapidus is similar to that of Ovalipes cathams,
which is also a fully aquatic species (Davidson and
Taylor 1995). In both species, its role is unclear, but
it may be used for oxygen extraction during periods
of reversed ventilation (Davidson and Taylor 1995).

Gill Vessels

Hemolymph collects in the infrabranchial sinus
(IBS) at the base of the gill. From there it flows
along theafferent branchial vein (ABV) that supplies
individual lamellae (GL) (Fig. 10,12A,B). Individual
lamellae are separated at their margins bysmall spac
ing nodules that promote water circulation and
increase gas exchange (Fig. 12; Taylor and Taylor
1992). Perfusion occurs in a counter-current orien
tation with ventilatory water flow, maximizing

exchange capability (Burggren et al. 1974). Observa
tions of a living lamella (made with a light micro
scope at lOOx magnification) show that hemolymph
flow is unidirectional, through the marginal canal
along the anterior edge and through many fine lacu
nae within the lamellar hemocoel, thus providing an
extensive surface area of exchange with inflowing
water (Fig. 12B).

Hemolymph is directed through the gill lamel
lae via trabecular cells (TB), which extend to the
midline ofthe lamellae (Fig. 12C) and provide lacu
nar channels through which hemolymph flows
(Johnson 1980). Transmission electron microscopy
shows that the lacunae come into close contact with

the branchial epithelium, which is rich in mito
chondria (Fig. 12C). After passing through the
lamellae, hemolymph flows through the efferent

Dorsal

Figure 10. Line drawing of circulation within the gills of Callinectes sapidus (lateral view). The branchial artery [BA]
exits from the anterior surface of each pereopod artery and supplies hemolymph to the exterior basal region of the
gills. Hemolymph drains from the infrabranchial sinus [IBS, dashed line] at the base of each gill and flows along the
afferent branchial vein [ABV], over the gill lamellae [GL], and along the efferent branchial vein [EBV], and is
returned to the heart via the branchiocardiac veins 1BCVJ. Sternal artery [SA]; ventral thoracic artery 1VTA]. From
McGaw and Reiber (2002).
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branchial vein (EBV) and continues into the bran
chiocardiac veins (BCV) (or branchiocardiac sinus,
branchiopericardial veins). From there it drains into
the pericardial sinus and back into the heart through
the ostia (Greenaway and Farrelly 1984) (Figs. 3, 4,
10).

Regulation of blood flow through the gills is
thought to occur via the efferent septum (valve),
which acts as a variable resistance element in the

efferent channels (Taylor and Taylor 1986; 1992). In
isolated gill preparations, resistance has been shown
to change in response to injections of a variety of
neurohormones, which might allow regulation of
flow through individual lamellae as well as the entire
gill (Taylor"et al. 1995).

Lateral collecting
vessels

CONCLUSIONS AND FUTURE

DIRECTIONS

Cardiovascular performance and regulatory abil
ities in blue crabs should prove to be quite high and
complex, given the activity patterns exhibited by
this animal. We have shown that the circulatory sys
tem of Calliuectes sapidus is more complex and more
tightly regulated than usually described. All areas of
the body are highly perfused by arteries, arterioles,
and fine capillary-like vessels. The presence of
sinuses, rather than a complete venous return sys
tem, defines the system as an open circulatory sys
tem. However, the terms open and closed are
ambiguous. The systems of cladoceran, anostracan,

Gills

Branchiostegal sinus

Figure I1. Dorsal view ofa resin cast showing the branchiostegal circulation of Calliuectes sapidiis.Thc lattice work of
sinuses extends over the posterior dorsal branchial chamber. Hemolymph drains back into the pericardial sinus via
the lateral collecting vessels. From McGaw and Reiber (2002).
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Figure 12. (A) Scanning electron micrograph of Callinectes sapidus gills (150x) to show arrangement of lamellae [GL]
along the afferent branchial vein [A15V] and spacing nodules. (B) Resin cast of an individual lamella (light micro
scope, lOOx) showing the regions where the lamella is attached to the afferent branchial vessel [ABV] and the mar
ginal canal [MC],and the capillary network ofthe lamellae. White arrows indicate the direction ofhemolymph (low.
(C) Electron micrograph (9,900x) of a transverse section of a lamella of Callinectes sapidus. showing trabecular cells
[TB], hemolymph channels |FIC|. and chitinous exchange surface of lamellae [CH]. From McGaw and Reiber
(2002).
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calanoid, and cirriped crustaceans (Maynard 1960;
McLaughlin 1983) are definitely classed as open,
because they lack the discrete vessels of the decapod
crustaceans. The decapod crustacean system, how
ever, is far more complex, with hydrostatic pressures
that rival those of some lower vertebrate systems
(McMahon and Butnett 1990) and neurohormonal
control mechanisms that allow fine regulation of
cardiac function and regional hemolymph flow
(reviewed in McGaw and McMahon 1999).

Our study suggests that there maybe room for a
third category of circulatory system, one that would
define the decapod crustacean circulatory system as
"partially closed" rither than open.This proposal
invites further investigation into whether the deca
pod crustacean circulatory system has a two fluid-
compartment system (intracellular and hemolymph),
or a more vertebrate-like three-fluid- compartment
system (intracellular, interstitial, and blood).

Because the vascular system of the blue crab
(and decapods in general) is recognized for its com
plexities, further examinations ofthe local or central
regulatory capabilities of regional blood flow should
also support the regulatory comparisons made
between decapods aid lower vertebrates.J.L.Wilkens

Posterior lateral

arteries

Inferior abdominal
artery

Sternal

artery

Hindgut

(University ofCalgary,Alberta,pers.comm.) has sug
gested that perfusion of the abdominal segments in
lobster or crayfish may be regulated via valve-like
structures located at the entrance to each segmental
vessel. Active control of these valves has yet to be
established (Davidson et al. 1998). Perfusion of tis
sues regulated at the local level by metabolic feed
back mechanisms (intrinsic factors) also has yet to be
established. However, Stegen and Grieshaber (2001)
have shown that adenosine has strong effects on car
diac performance and hemolymph velocities in the
American lobster. Hypoxic conditions have also
been shown to modulate local blood flow in

decapods (Reiber 1994; Reiber et al. 1997).
The complex nature of decapod crustacean car

diovascular functions should not come as a surprise
given their long evolutionary history and diverse
adaptive radiations, rilling niches occupied by many
amphibians, reptiles, and even mammals. The highly
cited and reproduced diagram of McLaughlin
(1980) should now be modified to reflect our cur
rent understanding of the circulatory system of the
blue crab and to include some of the subtle yet sig
nificant newly identified anatomical details (Fig. 13;
see also Fig. 14).

Cor frontale

Supraesophageal
ganglion

Foregut

Ventral thoracic

artery

Thoracic Pereopod
ganglion arteries
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Figure 13. Line
the drawing of
and the dashed region

drawing of the arterial system of the blue crab from a lateral aspect, modified with permission from
McLaughlin (1980).The five dashed ovoid shapes in the ventral region represent the five pereopods

around the heart is the pericardial sinus region.
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Branchiocardiac
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Anterior

aorta
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artery

Pericardial
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Pereopod
artery 1

Pereopod
artery 5

Figure 14. Line drawing ofthe arterial system ofCallinectes sapidus from adorsal aspect showing the superficial arter
ies (left side) anddeep arterial systems (right side).
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Chapter 6

Molting and Growth
Steven G. Smith and Ernest S. Chang

INTRODUCTION

The problem of5how to increase body size, or
grow, is a challenge for animals with rigid external
skeletons. Perhaps the most straightforward solution
is to increase the size [ofthe hard outer shell and soft
inner tissues concurrently, the approach taken by
clams and sea urchins, for instance. Crustaceans are
much more peculiar: an animal sheds its external
shell, develops a new largershell, increases the size of
its internal body tissues to fill the new shell, and then
molts again. For the blue crab Callinectes sapidus and
other crustaceans with thick, heavily calcified outer
shells, this growth process places individuals in a pre
carious situation immediately after molting. When
animals lose their external skeletons, they are less
able to eat, move, or fend off attackers, and their
exposed soft bodies become easy targets for a hostof
predators. In addition, the considerable time and
much ofthe energy invested in developing the outer
shell are simplylost when the shell is discarded onto
the seafloor at molting. Perhaps these risks and costs
are the price of increased mobility of crabs and
lobsters compared to
intent in this chapter,

clams and sea urchins. Our

however, is not to speculate
on why but rather t(j> describe how the molting
process occurs in blue crabs and related decapod
crustaceans.

Maybe because of its peculiarity, molting or
ecdysis has long fascinated crustacean biologists
(Reaumer 1712, in Drach 1939). Early investigators
ofthe life history of crabsand lobsters viewed molt

ing as a short "interruption" in an animal's normal
routine of searching for food, seeking shelter,etc.As
was discovered through subsequent research, ecdysis
is a remarkable physiological feat, and individuals
spend a large proportion of their time between
moltseither recovering from or preparing for a molt
event (Drach 1939; Passano 1960a). The perception
of molting thus shifted from a brief interruption to a
more encompassing "cycle" of physiological and
biochemical events. Many aspects of a crab's or lob
ster's physiology and ecology, including respiration,
feeding, and habitat preference, change at various
points in this cycle that spans two molt events. The
blue crab molt cycle thus serves as the underlying
context for many of the topics discussed in subse
quent chapters of this volume.

The crustacean molting process has also thwar
ted efforts to develop mathematical functions that
accurately depict growth of an individual over its
lifetime (Cobb and Caddy 1989).Traditional length-
age growth models, such as the von Bertalanffy
(1938) or Richards (1959) functions, describe
growth as a continuous process and require length-
at-age data for model fitting. These functions are
readily applicable to many fish species because
growth of individuals occurs in a continuous fashion
and absolute age can be determined with relative
ease by counting growth rings laid down on certain
bony parts such as scales, fin rays, or otoliths (ear
bones).This class of length-age functions may not be
well-suited for modeling crustacean growth. One
problem is that growth occurs discontinuously as a
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series of discrete increases in length as an animal
molts. A second problem concerns the practical dif
ficulties in accurately determining the age of indi
vidual crustaceans. For example, the ageing tech
nique most widely used for fish, examination of
calcified structures, is not applicable to crustaceans
because these structures are lost when the exoskele-
ton is shed at each molt. The inability to quantita
tively describe growth has obscured our understand
ing of crustacean population dynamics in general, in
turn making it difficult to construct sustainable har
vest policies for blue crabs and other economically
valuable decapod crustaceans (see Fogarty and Lip-
cius,Chapter 16).

In this chapter, we examine blue crab growth
from a molt-process perspective.There are two main
aspects of molting with respect to growth: (1) the
time between molts and (2) the size increase at
molting. We begin our examination with a descrip
tion of the blue crab molt cycle and aspects of its
hormonal and environmental control. Our intent in

these sections is to gain an understanding of how
various factors, biological and environmental, may
influence molting processes. We next explore the
issue of determinate versus indeterminate growth
(i.e., the existence of a terminal instar) from physio
logical and demographic points of view. We then
construct mathematical models that describe growth
in length and weight of blue crabs over their life
span, building upon our biological and environmen
tal understanding of the molting process. Data from
published empirical studies are used to estimate
growth model parameters. We conclude by high
lighting several areas of future research on molting
and growth that would greatly improve our
understanding of blue crab ecology and resource
management.

THE MOLT CYCLE

The period between two molting events is
commonly described in terms of a cycle tracing
changes in the exoskeleton (or cuticle) between
sheddings (Fig. 1). Drach (1939) divided the molt
cycle into a series of stages associated with specific

cuticular events from just after ecdysis (postmolt
stages A, B, and C,_3), through an interim period
(intermolt stage C4), to the period leading up to a
subsequent ecdysis (premolt stage D).This staging
method and subsequent variations (Passano 1960a;
Drach and Tchernigovtzeff 1967) have been used to
describe the molt cycle of blue crabs (Johnson 1980;
Mangum 1985; Freeman et al. 1987) and many
other decapods (see Adelung 1971; Berry 1971;
Aiken 1980; O'Halloran and O'Dor 1988). Practical
criteria developed by Mangum (1985) and Freeman
et al. (1987) for rapid, non-destructive determina
tion of molt stages of live, postlarval blue crabs are
listed in Table 1.

Stage C4 Integument

The crustacean integument has two main parts,
an inner permanent hypodermis and an outer cuti
cle that is periodically shed (Fig. 1). At intermolt
stage C4, all layers ofthe cuticle are present: the thin
outer epicuticle, composed of tanned lipoprotein
and calcium carbonate (CaC03); the exocuticle,
composed of tanned chitin-protein fibers and
CaC03; the endocuticle, the thickest layer com
posed of untanned chitin-protein fibers and
CaC03; and the innermost membranous layer,
composed ofchitin and protein but no calcium.The
hypodermis is comprised of three principal layers.
The outer epithelial cells, arranged one cell thick,
form the layer in contact with the cuticle.The inner
epithelial cells form the innermost layer, also one
cell thick. In between is the connective tissue layer
that consists of lipoprotein and pigment cells, oval
reserve cells, and blood sinuses with hemocytes.
Detailed accounts of the microstructure of decapod
integumentary layers are given by Green and Neff
(1972) and Roer and Dillaman (1984).

During progression of the molt cycle, both
organic and mineral constituents of the cuticle are
formed by the outer epithelial cells of the hypoder
mis. An important feature of the integument not
shown in Fig. 1 are the pore canals, cytoplasmic
extensions ofthe outer epithelial cells that run verti
cally through the layers of the cuticle.These pore
canals are numerous, e.g., 950,000 mm"2 in the por-
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Figure 1. Conceptual diagram ofthe progression of changes occurring in die crustacean exoskeleton during stages of
the molt cycle.Adapted from Roer and Dillaman (1984).
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Table 1.Description of blue crab molt stages, modified from Passano (1960a),Johnson (1980), Mangum (1985), Free
man et al. (1987), and Hines andYoung-Williams (in review), with supplemental information on body water percent
from Haefner (1964) and Cameron andWood (1985). Percent water and duration are approximate mean values.

Stage

Early postmolt

A,

13,

Late postmolt

2 3

Local name Staging criteria

Softshell No tangible rigidity in
carapace; chelae soft and
not functional

Softshell Carapace soft with leathery,
rough texture; chelae same
as in A,

Papershell Carapace soft but brittle;
chelae beginning to harden
and functional

None Carapace hard at margins,
mostly soft over dorsal
surface; chelae hard

Hardshell, or

green sign

Carapace hard; exocuticle
thicker than endocuticie

Carapace hard; endocuticie
thicker than exocuticle

Intermolt C4 Green sign Carapace hard; membranous
layer present; color of
dactyl (paddle) of fifth
pereopod (swimming
leg) uniformly greenish

Early premolt

\X

D,

Early white
sign

Mid-white sign

Clear space begins to form
along ventral rim of swim
paddle

White colored edge of
swim paddle clearly visible

200

Duration

Locomotor Water of stage
activity Feeding % %

85

None, slight None

Limited None

Considerable None

Full Begins

Full Yes 70-80 25

Full Yes 60-65 45

Full Yes 60-65 15
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Table 1, continued.

Stage Local name Staging criteria
Locomotor

activity
Water

Feeding %

Duration

of stage
%

Late premolt

D9 Late white sign

D, Pink sign

10

D4 Red sign peeler

Same as D,

Distinctive pink colored
band forms along swim
paddle edge

Dark red band forms

along margin of swim
paddle; ecdysial sutures
about to break

Ecdysial sutures open
immediately ventral
and anteroventral to

lateral spines; animal
emerging from shell

Full

Reduced

None

>60

Reduced

None

None Rise

EcdysisE Buster, shedder

tunid Carcimts

hypodermis in close
cuticle. Roer and

the cuticle should

maenas

be

(Roer 1980), keeping the
contact with all layers of the

Dillaman (1984) thus suggest that
considered living tissue.

Premolt

At the onset of premolt (stage D()), solation
(breakdown) of the membranous layer occurs,
resulting in apolysis, the separation of the cuticle
from the hypodermis (Fig. 1). The pore canals are
severed during this process (Green and Neff 1972).
Concurrently, the outer epithelial cells increase in
height and complexity, and during stage D, these
cells secrete the organic matrix ofthe new epicuticle
(Roer and Dillaman 1984).

In C. sapidus, about 50% of the organic matrix
in the separated cuticle is resorbed during late pre
molt stages D9-D4
resorption of CaCCD
The outer epithelial cells of the hypodermis attain
maximum height and complexity, and begin secret
ing the organic matrix ofthe new exocuticle under
neath the old exoskeleton (Fig. 1). Although por-

In contrast, there is almost no

3 (Cameron and Wood 1985).

None None Rapid <1
rise

tions of the new cuticle are formed before molting,
the hardening processes of calcification and protein
tanning occur, for the most part, after ecdysis. The
one exception is that the epicuticle is tanned during
premolt (Roer and Dillaman 1984). Premolt stages
generally correspond to readily distinguishable
"peeler" categories used in the softshell crab indus
try (Table 1; Fig. 2, right panels). A more refined
method for determining premolt stages of decapods
is based on the process of setagenesis, i.e., the devel
opment of setae or hair-like structures, in the cuticle
of the scaphognathite, the appendage that pumps
water across the gills (Aiken 1973). Application of
this technique to blue crabs (Hines and Young-
Williams, in review) is illustrated in Fig. 2 (left pan
els).

Descriptions of crab and lobster premolt behav
ior indicate that the overriding trait is for an individ
ual to seek an isolated location in which to undergo
ecdysis (Tamm and Cobb 1976; MacDiarmid 1989).
Field studies of C. sapidus have shown that premolt
crabs move into shallow, vegetated areas offering
some protection from predators during molting
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(Hines et al. 1987; deFur et al. 1988; Shirley et al.
1990; Wolcott and Hines 1990). Both feeding and
locomotory movement activities are curtailed dur
inglate premolt, and by stage D4 crabs have stopped
eating and moving altogether (Table 1).

Distinct changes in physiology accompany these
behavioral shifts. Although movement, an activity
with a high tissue oxygen (O0) demand, ceases at
stage D4, there is no corresponding reduction in
ventilation, the active pumping of water across the
gills that facilitates O0 uptake into the hemolymph
(i.e., blood).The resulting increase in blood 02 levels
leads to increases in blood HCO^ (bicarbonate),
ammonia excretion, and pH (Mangum 1992).Con
current with this rise in blood alkalinity is an
increase in monovalent ion uptake, as evidenced by
an increase in the activity ofthe transport enzyme
Na+/K+-ATPase in the gills (Towle and Mangum
1985; Cameron 1989).These events are followed by
osmotic water influx, which begins at a slow rate in
stage D4 crabs in the hours before molting.The con
clusion ofstage D4 is marked by a rapid rise in water
uptake, creating an intense build-up of internal
hydrostatic pressure, the force of which breaks open
the old cuticle along the ecdysial sutures (Neufeld
and Cameron 1994).

Ecdysis

Molt stage E encompasses the actual events
involved in shedding the old exoskeleton, a process
termed exuviation. A detailed description of C.
sapidus exuviation is provided in Fig. 3. The rapid
uptake of water that began in late postmolt contin
ues through ecdysis. The resulting high internal
hydrostatic pressure provides the skeletal support
that enables the animal to emerge from the old cuti
cle (Mangum 1992; Neufeld and Cameron 1994).
For blue crabs, the whole process of exuviation is
usually completed in a matter of minutes (Churchill
1919; Cameron 1985a).

Early Postmolt

A crab enters molt stage A] when it has com
pletely cast off its old exoskeleton.The new cuticle is
visibly wrinkled at this point (Cameron 1985a).The
rapid uptake ofwater, which began in stage D4, con
tinues for up to several hours after ecdysis. Drinking
accounts for two-thirds of the net water entering
the blood space of blue crabs during this rapid
uptake period, with osmotic uptake through the gills
accounting for the remaining one-third (Neufeld
and Cameron 1994). The net influx of water

Figure 2. (Opposite page) Setagenesis of the scaphognathite ("gill bailer") and swim paddle coloration during the
molt cycle. Pairs of photos show cuticular and setal development of the scaphognathite (left) and coloration of the
distal edge of the merus of the swim paddle (fifth pereopod) (right) during molt cycle progression from intermolt
(C) through premolt (DQ-D4) and ecdysis (E). (From Hines andYoung-Williams, in review.) Letters with number
subscripts follow the cuticular development stages of Drach (1939) and Aiken (1973) for other decapods, and are
applied here (left side) to blue crabs for the transparent scaphognathite seen through a dissecting microscope. Color
and stage names (right side) follow watermen's convention of the Chesapeake soft crab industry. C: intermolt; epi
dermis is closely adhered to the cuticle and bases ofthe setae (unlabeled arrow), with no sign of reorganization or
retraction. Labeled arrows indicate seta components. (Note that apparent striations often seen in the epidermis are
not new setae forming.) Green sign: hard crab; color of swim paddle is uniformly greenish, without discontinuity at
edge (arrow). DQ: first stage of premolt; epidermis retracted from cuticle, progressively forming clear space (arrow).
Early white sign: transition from green sign to white sign; development of white edge along margin of swim paddle
(arrow). D,: early setagenesis; maximal epidermal retraction, with epidermis characterized by invagination of papillae
at sites of future setae (arrow) (note rough appearance of edge of epidermis); setal shaft formation progressing, but
proximal ends not yet well-defined (dashed double arrow). Mid-white sign: white colored edge of swim paddle
clearly visible (arrow).
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Calcification of

and tanning of the
stages A,-A7
by the reaction

the epicuticle and exocuticle
exocuticle proteins begin in

Calcium carbonate formation proceeds

Ca2+ + HCOj = CaCO, + H+. (1)

Calcium and bicarbonate ions from seawater enter

the hemolymph through the gills, and are subse
quently deposited in the cuticle via the outer
epithelial cells, including the pore canals (Roer and
Dillaman 1984; Cameron 1985b; Cameron and
Wood 1985). In G sapidus, uptake of Ca2+ and con
comitant excretion of H+ occur at extremely high
rates compared to other decapods (Vigh and
Dendinger 1982; Greenaway 1983; Cameron and
Wood 1985). Uptake of Ca2+ across the gills appears
to be largely passive, whereas Ca2+ is actively trans
ported from the outer epithelial cells into the layers
ofthe cuticle (Cameron 1989). Mouthparts, the gas
tric mill, walking legs, and other strategic regions of
the exoskeleton are-calcified first (Greenaway 1985).

Duringpostmolt stages A,-A.,, before any appre
ciable hardening of the exoskeleton, blue crabs are
especially vulnerable to attack and injury from other
animals, including other blue crabs. Softshell blue
crabs (Table 1) are also in a precarious situation from
a physiological perspective (Mangum 1992). In addi
tion to undergoing a five-fold increase in blood

pressure, a stage A,-A0 crab experiences a decrease in
ventilation because the scaphognathite only worksat
about 50% capacity when it is soft. Fortunately, 02
from seawater can enter the blood directly through
the uncalcified postmolt cuticle. Crabs also undergo
some amount of anaerobic respiration at this time;
however, this produces lactic acid as a by-product,
which acidifies the blood. The production of H+
during CaC03 formation (equation 1) also con
tributes to a decrease in blood pH.The net increase
in blood alkalinity during late premolt counterbal
ances this early postmolt acidosis. These mechanisms
for sustaining respiration and blood acid-base bal
ance are instrumental in enabling a crab to survive
ecdysis and early postmolt. Mangum (1992) has
noted that blue crabs survive this stressful period, in
part,by reverting to primitive forms of skeletal sup
port (i.e., hydrostatic;Taylor and Kier 2003) and res
piration (i.e., subcutaneous).

Endocuticie secretion by the outer epithelial
cells begins in stage B, (Fig. 1;Johnson 1980).
Organic matrix formation and calcification occur
simultaneously for this cuticle layer. Calcification
also continues in the epicuticle and exocuticle
(Roer and Dillaman 1984).A crab's ability to move
progressively increases with this exoskeleton harden
ing. In stage B7, blue crabs attain full locomotory
movement ability and also begin to feed (Table 1).

Figure 3. (Opposite page) Ecdysis of a blue crab photographed in shallow water in the laboratory over about 30 min
utes. (A) Suture line, rupture along the posterior (left arrow) and posterior-lateral (right arrow) margins ofthe cara
pace as the crab takes in water and swells. (B) Further swelling occurs and the dorsal carapace lifts off(left arrow).The
crab begins to move its legs, but the legs have not yet begun to withdraw (right arrow). (C) With further leg move
ment the legs begin to withdraw from the exuvium, which is evident for the right fourth walking leg (top arrow)
and right fifth leg (swim paddle) (bottom arrow).The swelling crab is not yet turgid, as indicated by the flopping lat
eral spine (middle arrow). (D) Withdrawal of walking legs is nearly complete (bottom arrow) and claws are progress
ing, but withdrawal iof eyestalks (top arrow), foregut, and gills is not yet underway. (E) Crab extends chelae straight
(top arrow) and pulls out of exuvium. The crab continues to swell but is not yet fully turgid, as lateral spines are still
not fully extended [(bottom arrow). (F) Ecdysis is complete, with complete swelling and extended lateral spines
(arrow), but the early postmolt crab is still very soft as tanning of its new cuticle isunderway. Note that the new instar
is about 25% larger in carapace width than the exuvium, but much larger in volume. Photographs by A.C.Young-
Williams and description by A.H. Hines, Smithsonian Environmental Research Center, Edgewater, Maryland.
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Late Postmolt and Intermolt

Molt stage C includes late postmolt (CrC3) and
intermolt (C4). Endocuticie deposition continues
during late postmolt stages CrC2,and is completed
in stage C3 (Roerand Dillaman 1984). Feeding and
movement return to intermolt levels during this
period (Table 1). Substantial growth of internal soft
tissues occurs. Blue crabs are approximately 85%
water and 15% dry tissue by weight immediately
after ecdysis (Haefner 1964; Cameron and Wood
1985). Dry tissue content increases to about 30% of
animal wet weight by the end of postmolt. Secretion
of the membranous layer marks the completion of
the new exoskeleton and the end of postmolt stage
C3 (Roer andDillaman 1984). Although all layers of
the cuticle are complete, internal tissue growth con
tinues during intermolt stage C4. Dry tissue content
eventually reaches a maximum of 35 to 40% ofani
mal weight (Haefner 1964; Cameron and Wood
1985).

Molting Processes, Cycle Stages,
and Animal Size

The basic aspects of cycle progression through
postmolt, intermolt, premolt, and ecdysis apply to all
decapod life stages that undergo molting, which
include larvae as well as juveniles and adults (Aiken
1980; Sasaki 1984). Distinct molt stages have even
been identified in decapod embryos, as it appears
that the process of embryonic development involves
one to several molts that occur within the egg
(Lachaise and Hoffmann 1982;Goudeau et al. 1990;
Helluy and Beltz 1991). The main phase of somatic
growth, and thus the majority of molting, occurs
from postlarval setdement through the juvenile life
stage.The rate of increase in body size tends to slow
down as individuals enter the adult life stage and
begin to produce offspring.

The time between molts, one main component
of the molting process, is the duration of one com
plete circuit through the molt cycle. During the
main juvenile growth phase, blue crabs remain in
stage C4 for nearly one-halfof the total molt cycle
period.The remaining cycle time is almost evenly

divided between premolt (D()-D4) and postmolt
(ArC3) stages (Freeman et al. 1987;Table 1).A gen
eral property of decapods during the somatic
growth phase is that actual cycle durations progres
sively increase with increasing animal size (Passano
1960a; Smith 1997); however, the average propor
tion of time spent in each molt stage appears to
remain fairly constant irrespective of size (Adelung
1971; Aiken 1980;Freeman et al. 1987).The second
main component of the molting process, the size
increase at molting (i.e., molt increment), seems to
be linked to the events ofnew cuticle formation and
elongation that occur from late premolt through
early postmolt.This process is also affected by animal
size. In blue crabs, molt increments tend to increase
as animal size increases during the juvenile growth
phase (Churchill 1919; Gray and Newcombe 1938).

ENDOCRINE CONTROL

Much of the information about the endocrine

regulation of molting in crustaceans has been
obtained from species of decapods other than blue
crabs. However, it is reasonable to assume that the
generalities are applicable to blue crabs as well. For
this reason, we will not limit this discussion solely to
blue crabs.

Isolation and Characterization of

the Molting Hormone

Using the classical endocrinological methods of
ligation, extirpation, and implantation of suspected
glands, Kopec (1922) first hypothesized that arthro
pod molting was regulated by hormones.The study
required the development of various chromato
graphic techniques and the accumulation of large
amounts of starting material before the first molting
hormone was isolated and characterized. From sev

eral hundreds of kilograms of moth pupae, the
steroid hormone ecdysone was isolated (Butenandt
and Karlson 1954).

The structure of insect ecdysone was subse-
quendy determined to be 2B,3B,14a,22R,25-pen-
tahydroxy-5B-cholest-7-en-6-one (Karlson et al.
1965; Huber and Hoppe 1965; Fig. 4). Shortly
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OH OH

3 4

Figure 4. Structures of (1) ecdysone, (2) 20-hydroxyecdysone, (3) 3-dehydroecdysone, and (4) 25-deoxyecdysone.

thereafter, Horn arid his colleagues (Hampshire and
Horn 1966; Horn et al. 1966) isolated and deter
mined the structure of a related steroid hormone,
20-hydroxyecdysone (Fig. 4) from the rock lobster
Jasus lalandei. Although the hormone was originally
called crustecdysone or ecdysterone, Horn's group
demonstrated the identity of20-hydroxyecdysone as
the principal active form of the molting hormone
from both insect and crustacean sources. In most

species examined, it appears that ecdysone is the
prohormone secreted by the Y-organ and it is
hydroxylated byi target tissues to 20-hydrox
yecdysone (Changl and O'Connor 1978).There are
exceptions to this jparadigm, however, as described
below. Although 20-hydroxyecdysone appears to be
the predominant molting hormone in all decapod
species examined to date,other ecdysteroids (steroids
structurally related to 20-hydroxyecdysone that have

molting hormone activity) have been characterized
in hemolymph and tissues of various species. These
other ecdysteroids include ecdysone; ponasterone A
(25-deoxy-20-hydroxyecdysone); inokosterone (25-
deoxy-20,26-dihydroxyecdysone); makisterone A
(24-methyl-20-hydroxyecdysone); 20,26-dihydrox-
yecdysone; and 2-deoxyecdysone (for reviews, see
Spindler et al. 1980; Skinner 1985;Watson et al.
1989; Chang 1993). Comparisons in the absolute
concentrations of the different ecdysteroids between
species are difficult to make due to different detec
tion methods and the lack of standardization in the

molt stage ofthe donor animals.Table 2 lists some of
the ecdysteroid isolation and quantification data
obtained from blue crabs.

Classical morphological observations and endo
crinological experiments (Gabe 1953; Echalier
1959) indicated that the molting gland in the crab
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Table 2. Quantification of ecdysteroids in C.sapidus.

Source Method1 Type: of ecdysteroid found Concentration (ng g"1)

whole body3 MS inokosterone

makisterone A

0-20

0-24

20'-hydroxyecdysone 0-280

whole body (female)b RIA p 5-90

whole body (male)b RIA 7 5-55

hemolymph (female)b RIA 7 2-382

hemolymph (male)b RIA 7 2-502

ovariesb RIA 7 1.1-2.9

embryos0 HPLC, MS,

RIA

ponasterone A 7

Y-organsd RIA 7 ll3

"Fauxetal. 1969.

bSoumoffand Skinner 1983.
c McCarthy 1979.
d Schoettker and Gist 1990.

1Abbreviations: HPLC = high-performance liquid chromatography; MS = mass spectroscopy; RIA =radioimmunoassay.
2ng ml"1

3ngmg"1 ofY-organ protein during thefirst 9 h invitro.

C. maenas was the thoracicY-organ. In crabs, theY-
organs are spheroidal glands located ventrally and
anteriorly in the gill chambers. Organ culture exper
iments using Y-organs from the crabs Cancer anten-
narius and Pachygrapsus crassipes resulted in the char
acterization of ecdysone as the primary secretory
product of the Y-organ (Chang and O'Connor
1977). Analogous results were obtained from the
crayfish Orconectes limosus (Keller and Schmid 1979).
In vitro cultures of blue crab Y-organs confirmed
that these glands secrete ecdysteroids (Schoettker
and Gist 1990). Neither the identification ofthe
specific secretory product of the Y-organ nor the
primary circulating ecdysteroid in the hemolymph
have been reported for C. sapidus.

Recent data have revealed that there are other

ecdysteroids secreted by the Y-organs in some crab
species. These ecdysteroids include 3-dehydro

ecdysone (Fig. 4) from C. antennarius (Spaziani et al.
1989) and 25-deoxyecdysone (Fig. 4) from C. mae
nas (Lachaise et al. 1989;see review by Watson et al.
1989). It is apparent that much more comparative
research must be conducted on the determination of

the types and ratios of the different ecdysteroids
secreted by theY-organs from various species.

Regulation ofthe Molting Gland

The concentration of the molting hormone
fluctuates dramatically during the molt cycle and
these changes mediate the various biochemical and
physiological processes that occur during the cycle.
At postmolt,just after ecdysis, the molting hormone
titer is negligible or may show a slight rise (Figs. 5
and 6; Soumoff and Skinner 1983). Low, relatively
constant levels are observed during intermolt. There
is an increase in ecdysteroids above intermolt levels
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that is indicative of;the premolt stage. A high level of
the hormone followed by a precipitous drop is
observed just before ecdysis.

It appears that alterations in the rate of synthesis
or secretion of ecdysone by theY-organ may be the
predominant mean$| ofcontrolling circulating ecdys
teroids. Partial evidence for this is the observation

that the secretory rate of ecdysteroids byY-organs in
vitro is correlated with the amount of circulating
ecdysteroids observed in the hemolymph of P. cras-
sipes. Just before the substage of premolt in which
the highest concentration of ecdysteroids was
observed in the hemolymph, explanted Y-organs
were found to secrete the greatest amount of
ecdysone (Chang and O'Connor 1978). Whether
this phenomenon is true for C.sapidus is unknown.

Removal ofboth stalked eyes ofthe fiddler crab
Uca pugilator resulted in a shortening of the inter
molt period (duration of molt cycle or molt inter
val; not to be confused with the intermolt stage)
(Zeleny 1905).This observation lead to the postula-
tion of an endocri ne factor present in the eyestalks
that normally inhibits molting — a molt-inhibiting
hormone (MIH). Detailed microscopical examina
tions resulted in the description of a neurohemal
organ in the eyestalk of several decapod crustaceans
(Bliss andWelsh 1952;Passano 1953). This neurohe
mal organ is called the sinus gland and serves as a
storage site for neurosecretory products. It consists of
the enlarged endirgs of a group of neurosecretory
neurons collectively called the X-organ (Hanstrom
1939). The shortened intermolt period of eyestalk-
ablated decapods is likely due to a rapid elevation in
the concentration of circulating ecdysteroids, which
is a result ofX-organ/sinus gland removal (Chang et
al. 1976; Chang 19^3; Fig. 6).

The demonstration of decreased ecdysteroid
titers in eyestalkj-ablated crabs that have been
injected with eyestalk extracts (Hopkins 1982;Keller
and O'Connor 1982) lends additional support to the
paradigm of the MIH—Y-organ molt-controlling
axis. Further evidence of this hypothesis was pro
vided by Gersch et al. (1980), who demonstrated
that if crayfish O. limosus were initially injected with
sinus gland extracts, the subsequent culture of the
crayfish Y-organs resulted in a decreased production
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of ecdysone compared to control-injected animals.
Subsequent experiments also demonstrated the abil
ity of crab sinus glands to inhibit ecdysteroid secre
tion by theY-organ (SoumofFand O'Connor 1982;
Mattson and Spaziani 1985; Schoettker and Gist
1990). In vitro secretion of ecdysone by crabY-
organs could be inhibited when cultured with either
conditionedmedium that had previously been incu
bated with explanted sinus glands or by the addition
ofeyestalk extracts (Fig. 7).

Additional evidence of the inhibitory role of
MIH was shown by Lee et al. (1998) andWatson et
al. (2001b). Using a cDNAprobe to C.sapidus MIH,
they demonstrated that the amount ofMIH mRNA
in the eyestalk neural ganglia was negatively corre
lated with the hemolymph concentration of ecdys
teroids, e.g., there were low levels of MIH mRNA
in the eyestalk during premolt. However, Chungand
Webster (2003) have recently reported data indicat
ing that not only do circulating levels of MIH vary
during the course of the molt cycle, but that the
sensitivity of theY-organ cells to MIH may also vary.

Molt-inhibiting hormone is a member of a
novel neuropeptide family, representatives of which
have to dateonly been found in arthropods.This isa
fascinating neuropeptide family because its members
regulate such diverse functions as molting, reproduc
tion, and metabolism. There has been a flurry of
recent publications about members of this peptide
family (for reviews see Chang 1993; De Kleijn and
Van Herp 1995;Webster 1998;Watson et al. 2001b;
Bocking et al. 2002). These studies used lobsters
Homarus americanus, shrimp and prawns (Litopenaeus
spp., Marsupenaeus japonicus, Metapenaeus ensis, and
Macrobrachium rosenbergii), crayfish (O. limosus and
Procambams spp.), isopods Armadillidium vulgare,
locusts Schistocerca gregaria, and several crabs. For the
purposes of this review, we will restrict our discus
sion primarily to members of this hormone family
found in crabs.

The first crab MIH was characterized from C.

maenas (Webster 1991). Its amino acid sequence was
determined via Edman degradation sequencing
methods (Fig. 8). It has 78 amino acid residues with
six cysteines and unblocked N- and C-termini.With
the use of PCR techniques, a cDNA encoding the

complete precursor of MIH from C. maenas was iso
lated and sequenced.The precursor consists ofa 35-
amino acid residue signal peptide and the 78-amino
acid mature MIH (Klein et al. 1993). Molt-inhibit
ing hormone peptides were also isolated or charac
terized from C.sapidus (Lee et al. 1995), Cancer pagu
ms (Chung et al. 1996), and Cancer magister
(Umphrey et al. 1998).

Watson's laboratory has worked extensively on
C. sapidus MIH. In addition to the molecular probes
mentioned above, they have developed MIH anti-
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Figure 7. Sinus gland extract inhibition of ecdysteroid
secretion byY-organs. EachY-organ from Cancer magis
ter was cut into 8 pieces to decrease variability.Two
pieces of each organ served as its own control. Each
piece was preincubated in sterile lobster saline for 30
min and then placed into 0.5 ml of Medium 199 con
taining fetal bovine serum (10%), penicillin-G (12.5 U
nil"1), and streptomycin sulfate (12.5 pg ml"1) in a 24-
well tissue culture plate (Corning). Sinus gland extracts
from C. magister were prepared in sterile lobster saline
and added to the wells in a volume of 5 pi.Y-organ
pieces were incubated for 6 or 18 h with continuous
agitation at 16°C with (black bars) or without (open
bars) sinus gland extracts (0.5 gland equivalents).
Medium (50 pi) was removed from each well and
assayed for ecdysteroids using radioimmunoassay. Data
are expressed as means (± S.D.) of ecdysteroids secreted
per Y-organ piece. Eight Y-organs were used for
the experiment. Asterisks indicate significance at
p<0.05 (*) or p<0.001 (***) (Tamone and Chang,
unpublished).
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Figure 8.Amino acidl sequences ofthe CHH/MIH/MOIH/VIH family of neuropeptides from crabs: Cancer magister
molt-inhibiting honnone (Canm-MIH; Umphrey et al. 1998), Cancer pagums MIH (Cap-MIH; Chung et al. 1996),
C. pagums mandibular organ-inhibiting hormones (Cap-MOIH-1, Cap-MOIH-2; Wainwright et al. 1996), Carcinus
maenas crustacean hyperglycemic hormone (Carm-CHH; Kegel et al. 1989), C. maenas MIH (Carm-MIH; Webster
1991; Klein et al. 1993), Callinectes sapidus MIH (Cas-MIH; Lee et al. 1995), and Libinia emarginata MOIH (Lie-
MOIH; Liu et al. 1997).

sera (Watson et al. 2001a; Lee and Watson 2002a)
and reported progress on the production of recom
binant MIH (Lee andWatson 2002b). Elucidation of
the physiological action of MIH upon the Y-organ
will be aided by the availability of large quantities of
MIH.

Crustacean hyperglycemic hormone (CHH) is a
member ofthe same neuropeptide family as MIH. It
contains a high degree of homology with MIH. It
has been isolated and characterized from the crab C.

maenas (Kegel et al. 1989;Weidemann et al. 1989). In
contrast to considerable accumulated knowledge on
the structure ofCHH, its localization in neurosecre-

tory structures, and [its activities in several bioassays,
relatively little is known ofthe physiological role of
CHH in vivo. One important role of CHH is the
maintenance of glucose homeostasis. In the crayfish
O. limosus, sinus gland removal that left the remain

der of the eyestalk neural tissue and vision intact
clearly demonstrated the hormone is responsible for
maintaining the normal glucose level and for a cir-
cadian rhythm in blood glucose (Hamann 1974).
Hyperglycemia is commonly observed under a vari
ety of stressful conditions, and there is considerable
indirect evidence to suggest that this stress hyper
glycemia is caused by the release of CHH (for
reviews see Kleinholz and Keller 1979 and Keller

and Sedlmeier 1988). For example, under hypoxia,
glucose maybe released by CHH from carbohydrate
stores to serve as a substrate for glycolysis and lactate
formation, as is typical for anaerobiosis of decapod
crustaceans.

Another important function of CHH has
recently been documented in C. maenas. Chung et
al. (1999) observed a dramatic rise in the late pre
molt concentration of CHH compared to intermolt
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values (over 100-fold). This surge in CHH regulates
the massive ion and water uptake during ecdysis and
mediates the swelling necessary for successful ecdy
sis. The source of this premolt CHH was shown to
be paraneurones located in the fore- and hindgut
(Webster et al.2000).

Other members of this same peptide family are
the neuropeptides from the crabs C pagums (Wain-
wright et al. 1996) and Libinia emarginata (Liu et al.
1997). These hormones inhibit the mandibular
organ (and hence are called mandibular organ-
inhibiting hormones; MOIH). The mandibular
organ and its secretory product are discussed in
more detail below.

Yet another member of this novel neuropeptide
hormone family is the vitellogenesis-inhibiting hor
mone (VIH) from H. americanus (Soyez et al. 1991).
This peptide was isolatedwith the use ofa heterolo
gous assay involving the inhibition of yolk synthesis
in eyestalk-ablated shrimp Palaetnonetes varians. An
analogous VIH has not yet been characterized from
any crab species.

It is clear that members of the MIH/

CHH/MOIH/VIH neuropeptide family are closely
related and regulate the major physiological pro
cesses of crabs and other crustaceans. Recent data on

the genomic organization of these peptides indicate
that thispeptide family can be divided into two sub
groups (see Bockinget al. 2002 for review). Peptides
belonging to the CHH subgroup are encoded by
exons that include a translated CHH-precursor
related peptide (CPRP).This CPRP is cleaved from
the CHH prohormone to produce mature CHH.
Genes coding for peptides belonging to the
MIH/MOIH/VIH subgroup do not code for a
CPRP.

There are various degrees of biological cross-
reactivity between those peptides that have been
assayed in intra- or interspecific comparisons. We
believe that these hormones may have physiological
relevance beyond the process implied by the names
given to these peptides by researchers. For example,
MIH may have distinct roles in crab physiology
other than solely inhibiting the molt via repression
of theY-organ.

Methyl Farnesoate

The mandibular organ produces a sesquiter-
penoid related to the insect juvenile hormone (Fig.
9).This related compound is methyl farnesoate (MF;
Fig. 9), and was initially isolated from L. emarginata
(Laufer et al. 1987). It was further determined that
the secretory source of MF was the mandibular
organ.Analogous data were obtained from the crabs
Cancer borealis and C. maenas and other decapods
(Borstetal.1987).

Methyl farnesoate may have several different
effects on crustacean development and reproduction
(for review see Homola and Chang 1997). It has
been shown to have an effect upon the duration of
the molt cycle. When added to the water in which
lobster larvae were cultured (Borst et al. 1987), there
was a small yet significant increase in the time to
metamorphosis compared to control larvae. These
observations are consistent with the hypothesis that
MF is acting as a crustacean juvenile hormone in
that it promotes the retention ofjuvenile character
istics. There were, however, no significant changes in
the morphology ofthe larval lobsters.

Manipulations involving the mandibular organ
can alter the intermolt period. Yudin et al. (1980)
observed that implantation of blue crab mandibular
organs into white shrimp Litopenaeus setifems resulted
in shortened intermolt periods accompanied by
more frequent molting (Table 3).The molt stimula
tion was not due to ecdysteroid secretion by the
mandibular organ. Tamone and Chang (1993)
observed that application of MF increases the syn
thesis and/or secretion of ecdysteroids by the Y-
organ. Y-organs from C. magister were incubated
with various concentrations of MF. In the presence
of MF, the organs secreted more ecdysteroids into
the medium after a 24-h incubation when com

pared to controls.The magnitude of this stimulation
increased with higher concentrations of MF and
increasing incubation times. Consistent results were
observed in lobster larvae cultured in water contain

ing MF. At various times, the larvae were extracted
for ecdysteroids and assayed using an ecdysteroid
radioimmunoassay. After 48 h, the larvae incubated
with exogenous MF had significantly higher levels
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Figure 9. Structures of: (A) Juvenile hormone III. (B)
Methyl farnesoate. (C) l3H]-farnesyl diazomethyl
ketone.

of ecdysteroids compared to control larvae (Chang
etal. 1993). j

Hemolymph MF binding proteins have been
characterized in the few crustacean species exam
ined. Prestwich et al (1990) characterized a 40 kDa
protein in the hemolymph of H. americanus that
bound a photoafHnity analog of MF (farnesyl dia
zomethyl ketone, FE>K; Ujvary and Prestwich 1990;
Fig. 9). Binding of [?H]-FDK was prevented in the
presence of excess unlabeled MF. Methyl farnesoate
binding proteins were also observed in the hemo

lymph of shrimp Sicyonia ingentis (Chang et al.
1992), crayfish Procambams clarkii (King et al. 1995)
and crabs (L.emarginata, Li and Borst 1991;C. magis-
ter,Tamone and Chang 1993).

Regeneration

Decapods have an amazing ability to regenerate
limbs, and crabs have been the primary experimen
tal animals for research in this area.The topic has
been extensively reviewed by Skinner (1985) and
Hopkins (1988).Wound closure occurs immediately
proximal to the site of limb loss (autotomy plane)
due to the extension of a connective tissue septum
(Emmel 1910). In minutes, blood cells start to
migrate to the site of the wound and a scab forms.
Within hours to days, multipotent cells migrate to
the site and mitosis and differentiation of a regener
ating limb bud begin. Depending upon when limb
loss occurred during the molt cycle, a fully formed,
albeit often smaller, limb will unfold at the subse
quent molt.

Skinner (1985) observed that both the time that
autotomy (self-induced leg loss) occurred during the
molt cycle and the number of limbs autotomized
affected the duration of the intermolt period. Using
the crab Gecarcinus lateralis, she observed that loss
(and hence initiation of regeneration) of five or
more limbs during the intermolt stage resulted in a
shortened intermolt period. Loss of two or more
limbsduring early premolt lengthened the intermolt
period. This has led to the postulation of an endo
crine factor that is synthesized/released upon multi
ple limb autotomy in anecdysis (intermolt) and that

Table 3. Effect of C. sipidus mandibular gland implants on the molt cycle of white shrimp Litopenaeus setiferus. Con
trolA: unmanipulated; Control B:jabbed with a needle; Control C: crab muscle implants; Experimental: implanted
with crab mandibular Iglands (fromYudin et al. 1980). (n = sample size.)

Variable

total number of molts

mean intermolt period (d)

Control A Control B Control C Experimental

11 11 20 26

9 10 12 351

87.6 76.5 70.6 32.2'

Significantly different fi-Dm all controls at p<0.05.
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shortens the intermolt period.This factor is called
limb autotomy factor-anecdysial (LAP ) (Holland
and Skinner 1976; Skinner 1985).The other postu
lated factor, which is thought to be responsible for
the proecdysial (premolt) lengthening of the inter
molt period, is called limb autotomy factor-pro-
ecdysial (LAF[w)). Little is known about the chemical
nature of these hypothesized factors, though LAF
is likely a peptide (Yu et al. 2002).

Regenerated limbs can be induced in hetero
topic sites. For example, implantation of claw tissue
ofthe crab Cancergracilis into the stump of a recently
autotomized walking leg can give rise to a regener
ated claw (Kao and Chang 1996). In other experi
ments, one eyestalk of a crab Cancer jordani was
removed and claw tissue was implanted into the eye
socket. Occasionally a complete claw was able to
differentiate in the heterotopic site (Kao and Chang
1997). The chemical natures ofthe morphogens
involved in these unusual examples of regeneration
are unknown.

Conceptual Model

The X-organ - Y-organ endocrine control sys
tem for molting is illustrated in Fig. lOA.This system
regulates the transition from intermolt to premolt
(Fig. 1), and thus plays a direct role in determining
the duration of the molt cycle. As described above,
animals spend the majority of time between molts
in intermolt stage C4 (Table 1). Empirical growth
studies for C. sapidus and other decapods have found
that the duration of stage C, varies widely among
study animals of similar sizes, whereas durations of
postmolt and premolt stages exhibit little individual
variability (Berry 1971; Hopkins 1982; Freeman et
al. 1987;0'Halloran and O'Dor 1988; Rahman and
Subramoniam 1989). This observation indicates that
most of the variability in the intermolt period can
be attributed to stage Cj.The source of this variabil
ity has been further pinpointed to the transition
between the intermolt and premolt stages of the
molt cycle. Aiken's (1973) detailed investigation of
the premolt stage of EI. americanus recorded transi
tion times from stages C, to D3 for individual lob
sters. Some lobsters steadily progressed through these

stages with no pause, while others initially pro
gressed part way through stage D arid then
remained there for several weeks to several months

before continuing through stages I), to Dy This
delay period, described by Aiken (1973) as a "devel
opment plateau," occurred in stage D() (the early
phase of apolysis) in H. americanus and appears to
occur either in the latter portion ofstage Q, orearly
stage D« in other species (Aiken 1980; Hopkins
1982).The duration of Aiken's (1973) "development
plateau" appears directly linked to the MlH-con-
trolled inhibition period ofstages C4 or D(), or both,
preceding stage D..

The connection between MIFI and intermolt

period variability has been further elucidated from
results of eyestalk ablation studies. The intermolt
period was shorter on average and often less variable
for ablated versus unablated animals (Freeman et al.
1983; Radhakrishnan and Vijayakumaran 1984;
Molyneaux and Shirley 1988; Koshio et al. 1989).
Stage C4 animals that underwent the ablation proce
dure proceeded immediately into premolt and ulti
mately molted sooner than stage C4 control animals
with intact eyestalks (Biickmann and Adelung 1964;
Cheung 1969; Rao et al. 1973; Pradeille-Rouquette
1976; Rahman and Subramoniam 1989). Similar
experiments on control and ablated premolt (stages
D,-D4) animals yielded no difference in subsequent
molting times (Rahman and Subramoniam 1989).
Eliminating MIH thus seems to eliminate the inter-
molt-premolt delay period from the molt cycle,
reducing the duration of stage C4 (Sochasky et al.
1973; Aiken andWaddy 1976), but does not appear
to either eliminate or affect the durations of other

cycle stages (Adelung 1971;Aiken 1980).
Taken together, these results on various aspects

of molt cycle biology indicate that cycle stages can
be grouped into two distinct time phases, a physio
logically required phase and a variable phase (Smith
1997). The required phase (solid lines, Fig. IOB)
begins with the initiation of premolt by increased
production of ecdysone or other ecdysteroids by the
Y-organ, and continues through the sequential cas
cade of physiological and biochemical events com
prising the premolt, ecdysial, and postmolt stages
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depicted in Fig. l.This phase ends after internal tis
sue growth is completed in intermolt stage C4 at the
point where animals acquire the physiological capa
bility to start another circuit through the molt cycle.
This event can be termed the attainment ofphysio
logical molting competence. The variable phase
(dashed lines, Fig. 10B) is the time period under
MIH control between the attainment of molting
competence and premolt initiation. This phase cor
responds to the time period that is eliminated by
eyestalk ablation. As illustrated in the conceptual
model of Fig. 10B, stage C4 contains portions ofthe
required phase (C4(r)) and all of the variable phase
(C4(v)). Although not shown in Fig. 10B, stage DQ
also appears to contain portions of the required and
variable phases in some cases.

ENVIRONMENTAL CONTROL

In the preceding sections we have mainly dis
cussed endogenous factors (e.g., animal size, endo
crine system) that influence decapod crustacean
molting processes.We now turn our attention to
environmental or exogenous factors that affect
molting and growth of decapods in general, and of
blue crabs in particular. We specifically focus on the
effects of environmental variables such as tempera
ture on the two principal molting processes: (1) the
time between molts, or intermolt period, and (2) the
increase in length (e.g., carapace width) at molting,
or molt increment. Note that intermolt period in
this context denotes the overall duration between

two ecdysial events rather than the specific duration
ofmolt stage C4.

Temperature

Temperature exerts a profound influence on
many growth processes of cold-blooded organisms
(i.e., ectotherms), including egg-to-adult emergence
times for insects (Curry and Feldman 1987), instar
durations of planktonic crustaceans (Kurata 1962;
McLaren 1963), and intermolt periods of crabs and
lobsters (Smith 1997). Plots of these various types of
development times against temperature generally
exhibit a decreasing exponential or hyperbolic rela

tionship (Fig. 11 A). Intermolt periods in C. sapidus
are shorter at higher temperatures and longer at
lower temperatures (Tagatz 1968b; Fig. 11C). While
intermolt period is also influenced by animal size,
the general effect of temperature is the same for all
sizes. Expressing development in reciprocal time
units (i.e., d"1) yields a linearly increasing relationship
with temperature (Fig. IIB). Fig. IIB is commonly
termed the "development rate" function in contrast
to the "development time" function of Fig. 11A
(Curry and Feldman 1987). The corresponding
development rate plot of the C. sapidus intermolt
period data of Fig. 11C is shown in Fig. 11D.
Viewed from this perspective, development rate, or
the rate of progression through the molt cycle,
increases with increasing temperature and is faster
overall for comparatively smaller crabs.

Note that the linear property of the develop
ment rate-temperature response illustrated in Fig.
IIB only holds for temperatures between an organ
ism's Tmin and Tmax physiological temperature
thresholds. These thresholds generally lie within
lethal tolerance limits but demarcate temperatures
coinciding with abrupt changes in the development
rate response. Results from LefHers (1972) growth
study indicate that Tmax is 34°C or slighdy higher
for C. sapidus. Properly acclimated blue crabs can
survive up to 37 to 40°C (Tagatz 1969; Chung and
Strawn 1984; Lewis and Roer 1988).As shown in
Fig. 1IB, Tmin is the x-intercept of the linear devel
opment rate function. Development rate-tempera
ture relationships for C. sapidus differ among size
classes but appear to converge on a similar T .
value (Fig. 11D).Afirst-order approximation of T .
for C. sapidus can be obtained by averaging the x-
intercepts of development rate functions fit to sepa
rate size classes. This procedure yields a T . value of
8.9°C (Fig. 11D). Blue crabs are able to withstand
temperatures down to at least0°C (Tagatz 1969).

The average intermolt period of decapods of a
given size is usually shortest at the upper tempera
ture threshold Tmx (Figs. 11A and B).The general
response to temperatures above T . is an increase
in intermolt period (Chittleborough 1975; Smale
1978) and a corresponding decrease in development
rate (Smith 1997).This high temperature effect on
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intermolt period has! not been studied for C. sapidus.
In contrast to intermolt period, the average molt
increment of blue crabs of a given size seems to
remain relatively coistant at temperatures between
T . and T , but appears to decrease at high tem-

min max' *r °

peratures in the vicinity of T|nax (Tagatz 1968b; Lef-
fler 1972).The general lack of a temperature effect
on molt increment except at high temperatures at or
above T has beer observed in other decapods as
well (Hartnoll 1982),

It has long been recognized that during the
coldest periods of the year molting may stop alto

gether in crabs, e.g., C. sapidus (Churchill 1919), and
lobsters, e.g.,H. americanus (Templeman 1936),living
in temperate regions. Hiatt (1948), in his classic
study of the shore crab P. crassipes, termed this cessa
tion of molting the "period of inhibited ecdysis"; it
is sometimes referred to more specifically as a "win
ter anecdysis" (Orensanz and Gallucci 1988). The
winter non-molting season for blue crabs appears to
be associated with the minimum temperature
threshold T in. Molting inhibition was observed in
South Carolina (Archambault et al. 1990) and
Chesapeake Bay (Churchill 1919;Van Engel 1958;
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Havens and McConaugha 1990) where the lowest
average winter temperatures were at or below the
estimated C sapidus Tmin of 8.9°C. In contrast, aver
age winter temperatures remained above 8.9°C in
Florida (Tagatz 1968b) and Mississippi Sound (Perry
1975) where year-round molting was observed.

Several studies have examined the effects of

below-threshold temperatures on decapod molt
cycle physiology. Experiments on H. americanus
(Aiken andWaddy 1976) and fiddler crab Uca pug-
nax (Passano 1960b) found that low temperatures
inhibit progression through the molt cycle at the
intermolt-premolt transition step. This is the same
point in the cycle that is blocked by the inhibition
hormone MIH (Fig. 10A).This low-temperature
block of premolt initiation occurred in U. pugnax
after removal of eyestalks and thus the X-organ/
sinus glandcomplex (Passano 1960b), indicating that
temperature inhibition ofthe molt cycle is indepen
dent of MIH inhibition (Fig. 10A). Long-term
experiments found that H. americanus individuals
maintained at below-threshold temperatures of 5°C
remained at intermolt stages C4 to D() for periods
up to 3 years, only progressing to premolt when
temperatures were increased above T . (Aiken
1980).

An interesting feature ofthe H. americanus exper
iments (Aiken and Waddy 1976) was that lobsters
already in the premolt phase when temperatures
were decreased below T . were not prevented from
molting, and continued through the postmolt and
intermolt phases of the following molt cycle under
below-threshold conditions. Experiments with H.
americanus eyestalk-ablated and non-ablated individ
uals (Aiken and Waddy 1976) demonstrated that
MIH inhibitory control resumed afterlow-tempera
ture inhibition was removed. A conceptual model of
molt cycle progression in response to below-thresh
old temperatures is shown in Fig. IOC (Smith 1997).
During a low-temperature inhibition period, ani
mals appear to progress to a specific point in molt
stage C4(r) ("synchrony point," Fig. IOC) regardless
of their molt stage when the inhibition occurs.An
interesting aspect of this conceptual model is that

animals in the MIH-controlled C4^ stage at the
time of temperature inhibition are not only pre
vented from entering premolt, but also must repeat
some portions of intermolt stage C4 after the tem
perature inhibition is removed. When temperatures
rise above Tmin, molt cycle progression begins from
the synchrony point for all individuals in a popula
tion.This model explains the phenomenon of "syn
chronous molting" that has been observed in C.
sapidus populations in spring after the winter non-
molting season (Bishop et al. 1983; Havens and
McConaugha 1990).

Nutrition

There is very little quantitative information
concerning the effect of nutrition on aspects of G
sapidus molting (Winget et al. 1976; Millikin et al.
1980; Millikin and Williams 1984). Studies on other
decapod species, however, have shown that quality
and quantity of food provided to captive animals
influence intermolt period and molt increment in
the expected manner: decreased nutrition results in
longer intermolt periods and smaller molt incre
ments, and increased nutrition has the opposite
effect (Adelung 1971; Aiken 1980; Hartnoll 1982).
The effect on intermolt period can be dramatic.
Chittleborough's (1975) experiments on the lobster
Panulims cygnus demonstrated that reducing feeding
frequency from once per day to once per week
nearlydoubled average intermolt period, a compara
ble effect to lowering temperature from 26° to 20°C
in this species. These somewhat intuitive influences
of nutrition on molting processes may offer at least
one clue to the meaning of "physiological molting
competence" (Fig. 10B).Blue crabsdo not appear to
progress from intermolt stage C4 into premolt until
they have decreased body water content to 60 to
65%, and have thus amassed enough dry tissue to
account for 35 to 40% of their total weight (Table
1). It follows that a drop in food consumption, par
ticularly during molt stages B9 to C4, would slow
this net accumulation of dry tissue, lengthening the
overall intermolt period. The extent to which nutri
tion affects growth of blue crabs in the wild, how
ever, is unknown.
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Salinity

The influence of salinity on decapod molting
processes is much more subtle compared to the
effects of temperature, nutrition, and animal size.
Moreover, these effects are usually only observed at
salinity extremes. The general response is a decrease
in molt increment or an increase in intermolt period
at very low or very high salinities, or both (Hartnoll
1982). Data for G sapidus more or less support these
observed trends. Tagatz (1968b) detected a small yet
significant decrease in molt increment in blue crabs
maintained in freshwater (<1 salinity1) compared to
those held at higher salinities (mean 18).There was
no effect on intermolt period, however. Tagatz's
(1968b) growth study is notable in that sample size
exceeded 2,000 observations and the experimental
design controlled for temperature and animal size.
Several small-scale experiments (e.g., low number of
observations, varying animal sizes) reported no dif
ferences in molt increment among blue crabs main
tained at salinities ranging from 2 to 30 (Haefner
1964; Haefner and Shuster 1964; Neufeld and
Cameron 1994). Studies ofthe effect of salinity on
blue crab respiration corroborate the results of
Tagatz (1968b) to some degree. Consumption of O0
showed a marked increase at salinities below 15 to

20 (King 1965; Findley et al. 1978), suggesting that
blue crabs expend more energy in lower vs. higher
salinity environments. From a bioenergetics perspec
tive (Jobling 1994),an increase in the standard respi
ration rate at low salinities could negatively affect
growth rate, i.e., effect a decrease in molt increment
and/or increase in irtermolt period.

Other Factors

Additional environmental or exogenous factors
that have been shown to affect decapod molting
processes are mostly
captivity. Insufficient

artifacts of holding animals in
aquaria space,poor water qual-

1Salinity is presented as
units, according to the
1985).

a pure ratio with no dimensions or
Practical Salinity Scale (UNESCO

ity, etc., can result in longer intermolt periods and
reduced molt increments (Van Olst and Carlberg
1978; Mohamedeen and Hartnoll 1989; Smith
1997). Some of these adverse aspects of captivity
seem to influence growth secondarily by affecting
food consumption (Aiken 1980).

With respect to C. sapidus, there has been a
long-held beliefthat the timing of ecdysial events is
associated with phases of the moon (Churchill
1919). For example, the spring pulse in soft crab
production, i.e., "synchronous molt," observed in
temperate regions is thought to occuron or nearthe
full moon. As described above, the phenomenon of
synchronous molting appears to be a function of
temperature alone.There will no doubt be a correla
tion between molting activity and moon phase for
some time period after the spring rise in tempera
ture (Ryer et al. 1990; Steele and Bert 1994), but
correlation does not imply causation in this case.
Churchill (1919) investigated the hypothesis oflunar
control of molting over eighty years ago. He con
ducted growth experiments on blue crabs held in
field enclosures, and thus subject to natural environ
mental conditions. Crabs molted in each lunar phase
with almost equal frequency. Churchill (1919) con
cluded:

No evidence whatever exists for the belief that

the moon has any effect upon the molting of
the crab, and the matter may be dismissed as ofa
class with all folklore superstitions concerned
with the supposed relation between the moon
and mundane affairs, such as the weather, gar
dening, and the like.

Quantitative examination of blue crab molt pro
cesses, presented below, supports this conclusion.

GROWTH FORMAT:

DETERMINATE OR

INDETERMINATE?

Crustaceans exhibit two different growth for
mats, determinate and indeterminate (Hartnoll
1982). In species with determinate growth, individ
uals progress through a series of molts until they
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reach a final or terminal instar. Under an indetermi

nate growth format, individuals continue molting
throughout their lifespan and do not possess a final
molt stage. Examination of this aspect of growth for
G sapidus has largely centered on mature females,
perhaps because of their distinct morphology
(Kennedy and Cronin, Chapter 3) that enables them
to be readily distinguished from male and immature
female crabs. The conclusion by Churchill (1919)
and later researchers (cf.Van Engel 1958) that G
sapidus females reach a terminal instar at the attain
ment of sexual maturity was mosdy based on what
they did not observe: evidence that adult females
undergo ecdysis. Though circumstantial, this type of
evidence should not be discounted. In Chesapeake
Bay and many other regions,adult female blue crabs
are subject to intense harvesting. As Abbe (1974)
points out:

Although millions of crabs have been handled
annually over the past 90 years, only a very few
adult females have been found showing any
signsofpreparation for an additional molt....

This type of evidence is unavailable for male
blue crabs because it is not possible to separate adult
males from juveniles by any readily identifiable mor
phological features. However, we do know that
males attain sexual maturity at smaller sizes than
females (Tagatz 1968a; Van Engel 1990), and males
have been observed to molt again after reaching
maturity (Van Engel 1958). But do males continue
to molt and grow for their entire lifespan? Churchill
(1919) conjectured that "there is no especial reason
to suppose that the male molts indefinitely, in con
tradistinction to the female..." To gain further
insight into the growth format ofblue crabs, male as
well as female, we examine the phenomenon of
determinate growth from both physiological and
demographic perspectives.

Physiological Aspects

There are two different endocrine scenarios for

the occurrence of a terminal instar (Carlisle 1957;
Skinner 1985;Fig. 10A).The first is physical degen
eration of the Y-organ and the ensuing cessation in
production of ecdysone. Because ecdysteroids are

also involved in basic regenerative processes, termi
nal instar individuals of this type exhibit distinct
morphological characteristics: lost appendages do
not form limb buds and carapaces deteriorate to
some extent (Carlisle 1957). Y-organ degeneration
and these accompanying morphological features
have been observed in some brachyuran species of
the family Majidae (Skinner 1985). In the second
scenario the Y-organ remains intact, but X-organ
production of MIH at high concentrations contin
ues indefinitely. Under this scenario, terminal instar
individuals retain the ability to form regenerative
limb buds and effect minor repairs to the carapace,
and will even molt again if the X-organ is removed
(Carlisle 1957; Cheung 1973). Cheung's (1973)
experiments on the crab Menippe mercenaria add an
interesting twist to the nature of X-organ terminal
instar endocrine control. Eyestalk ablation induced
molting in terminal instar individuals (>110 mm
carapace width) if the operation was performed
within 4 months after the terminal molt. Eyestalk
ablation performed a year or more after the terminal
molt did not induce molting, although these indi
viduals were still able to form regenerative limb buds
(Cheung 1973).These results suggest that theY-
organ can produce the necessary high quantities of
ecdysone to initiate the molting process after a ter
minal molt, but this capacitydiminishesover time.

Physiological evidence suggests that the scenario
involving X-organ regulation of the terminal instar
applies to G sapidus. Large males (>140 mm cara
pace width) and mature females that lose an
appendage form regenerative limb buds but do not
enter into premolt (Ary et al. 1985). Mature females
molt in response to eyestalk ablation (Havens and
McConaugha 1990). Because terminal instar indi
viduals retain the physiological capability of molting
under this scenario, it is not surprising that field-
captured G sapidus adult females have been observed
to enter premolt on rare occasions, most likely as a
result of some physiological anomaly (Abbe 1974;
Olmi 1984).

Demographic Aspects

The occurrence of a terminal molt implies the
existence of a finite number of instars. Whether total
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posdarval instar number is fixed or varies to some
extent among individuals is unknown for G sapidus.
We can, however,narrow our focus to reproductively
mature crabs. Figure 12 illustrates a method for esti
mating the potential number of adult instars (Smith
1997). Three types of information are used: (1) per
cent of mature individuals at carapace width classes
(Fig. 12A,shaded dots) for females (left panel; Tagatz
1968a) and males (right panel;Van Engel 1990); (2)
average molt increment (Fig. 12A, solid squares and
lines) by premolt carapace width (CW) and sex
(Gray and Newcomtie 1938; Tagatz 1968b); and (3)
sampling survey estimates ofpopulation size structure
(Fig. 12B) by sex (Archambault et al. 1990). For
females, average molt increment projections for pre
molt sizes corresponding to 10,50, and 90% maturity
levels are shown in Fig. 12A (left panel, solid squares

B

100

90

80 i

2 70

I »
£ 50

1 40
0) 30
Q.

Females

20

10

0

10

70 80 90 100 110 1

o
c
CD
=}

P

03

CD
OC

Females

6 •

2 •

,o©o

9-
moltl

20 130 140 150 1160 170 1j80 190

and lines). These projections represent molt incre
ments of crabs that are sexually immature before
moltingand reach maturity at the indicated"molt 1."
Note that the percentage of crabs expected to molt
to maturity at a given premolt size corresponds to
the percentage of immature animals at that size. The
projected upper size range of the first female adult
instar (Fig. 12A, left panel) corresponds with the
observed upper size range of females in the popula
tion (Fig. 12B, left panel). These results support the
view that female blue crabs reach a terminal instar at

the molt to maturity.The analysis shown in the right
panels of Figs. 12A and 12B indicates that determi
nate growth occurs in G sapidus males as well. Male
crabs appear to possess two adult instars, in contrast
to females. A limited number (=s3) ofadult instars has
also been observed in males and females of other
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Figure 12. (A) Percent maturity-carapace width plots (shaded dots) for C. sapidus females (left panel; data source:
Tagatz 1968a) and males (right panel; data source:Van Engel 1990). Solid squares and lines are average molt incre
ment projections (datasources: Gray and Newcombe 1938;Tagatz 1968b) for premolt sizes corresponding to 10,50,
and 90% maturity levels. (B) Relative frequency histograms for C. sapidus carapace width from the field sampling
study ofArchambault et al. (1990) conducted in North Carolina. Data for females (left panel) and males (right panel)
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brachyuran species, including the cancrids G magister
and G pagums (Orensanz and Gallucci 1988), gery-
onid Chaceon maritae (Melville-Smith 1989), and por-
tunids Portunus sanguinolentus (Ryan 1967) and Scylla
serrata (Robertson and Kruger 1994).

The length frequency histograms of Fig. 12B are
from a fishery-independent trawl survey conducted
on a blue crab population in North Carolina
(Archambault et al. 1990).Thesteepdecline in num
bers from 155 to 200 mm CW and the absence of

crabs >200 mm CW arestrikingly similar features of
blue crab size composition data reported fordifferent
types of surveys (e.g., fishery-independent, fishery-
dependent) using different gears (e.g., trawls, crab
pots) over a widegeographical range, includingTexas
(More 1969), Louisiana (Jaworksi 1972), Mississippi
(Perry 1975), Florida (Steele and Bert 1994), Geor
gia (Palmer 1974), South Carolina (Eldridge and
Waltz 1977), and Chesapeake Bay (Rothschild et al.
1992). Presumably, fishing intensity varied among
the regions and time periods of these surveys. Molt
increment data (Gray and Newcombe 1938; Tagatz
1968b) suggest that larger crabs would increase to
sizes well above 200 mm CW should they molt
again, yet individuals of these projected sizes are not
observed in any appreciable numbers. It is common
for one or two unusually large individuals to be
observed in a large-scale population sampling survey.
For example,Tagatz (1965) observed a 246 mm CW
male and Archambault et al. (1990) observed a 254
mm CW female. These are expected postmolt sizes
of crabs that were approximately 180 to 200 mm
CW before molting.

There are at least twoplausible explanations why
180 to 200 mm CW individuals might molt one
more time. First, a small proportion of crabs are still
sexually immature at large sizes, i.e., carapace widths
at the 99% maturity level (Fig. 12A). Immature
female crabs as large as 177 mm CW have been
reported (Tagatz 1968a). These late-maturing indi
viduals would be expected to reach their respective
final adult instars at sizes well over 200 nun CW.

Second, there are likely to be a few individuals that
possess one additional adult instar (Abbe 1974; Olmi
1984). As described above, blue crabs retain the phys

iological capacity to molt for at least some period of
time after reaching the terminal instar. Some sort of
physiological abnormality in the endocrine system,
e.g., an anomalous drop in MIH production at this
instar, could result in an additional ecdysis.

Tag-recapture experiments provide some infor
mation on instar durations of large individuals that
may have reached a final molt stage. Tagged large G
sapidus females and males have been recaptured 2 to
3 years later without molting in studies conducted
on populations in North Carolina (Fischler 1965;
Judy and Dudley 1970), Florida (Tagatz 1968a), Mis
sissippi (Perry 1975), and Texas (More 1969).The
longest observed tag-recapture time interval for
both sexes, 3 years, represents a minimum estimate
of the potential duration of the final adult instar.
Empirical growth data place this potential duration
time in demographic perspective. Average intermolt
period for larger premolt animals (130 to 140 mm
CW) was approximately 5 weeks under summer
conditions, with a maximum of 11 weeks (Tagatz
1968b). It thus appears that large (>150 mm CW)
male and female blue crabs have ample opportunity
to molt again, but a variety ofdemographic evidence
indicates that they do not. We will conclude our
demographic examination of determinate growth in
the mathematical modelingsectionbelow.

MATHEMATICAL

DESCRIPTION

Mathematical models describing growth of an
individual over its lifespan are fundamental building
blocks of cohort-structured demographic models
(Fogarty and Lipcius, Chapter 16).These models are
of great utility in assessing and managing exploited
populations ofaquatic animals — fishes, crustaceans,
molluscs, etc. — for sustainable harvests. Because

these cohort-structured models incorporate basic
dynamic processes of growth, survivorship, and
reproduction, they are also invaluable tools for
understanding the ecology of aquatic species at the
population level.

Growth models focus on two aspects of the
growdi process:
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and dW

da

Land change in weight H^with
in age a. A common strategy,
this chapter, is to first develop a

length-age model and then describe weight-at-age
via a weight-length relationship. In this context
"length" refers to any accepted linear measure of
size, usually carapace length for lobsters and anomu-
ran crabs and carapace width for brachyuran crabs,
including the blue crab. Table 4 provides a glossary
of growth model variables, while Table 5 summa
rizes the principal data sources used in model
development.

Growth in Length

Our approach to mathematically describing
growth in length of an individual blue crab utilizes a
molt-process model that separates crustacean growth
into two main components, molt increment and
intermolt period. Each of these molting processes
(molt increment and intermolt period) is described
by an independent set of predictive functions based
on empirical data. These functions are ultimately
linked together within a numerical modeling frame
work to depict lifespan growth in length.The ability
to incorporate relevant features of our biological
understanding of molting and growth described in
the previous sections jis akey attribute ofthis model
ing approach.

Molt Increment

The main object: ve of a molt increment model
is to predict how much a crab will increase in length
at a given molt event. Our examination above sug
gested that molt increment is insensitive to environ
mental factors such as temperature and salinity
except at extreme values (i.e., temperatures exceed
ing T or salinities less than 1) that would be

o max r '

encountered infrequently by individuals of a given
population, e.g., blue crabs inhabiting Chesapeake
Bay. Molt increment of blue crabs and other
decapods does appear to be related to at least one
endogenous factor, the size of an animal before

molting (Gray and Newcombe 1938; Hartnoll
1982). A general mathematical model for molt
increment predicts postmolt length as a function of
premolt length

L,+1=/(L.)+e, (2)

where L/+, is length at instar /+1 (i.e., postmolt
carapace width), L{ is premolt length, and 8 is the
model error term. Interestingly, this model was first
applied by Gray and Newcombe (1938) in a study
of blue crab growth. Its use was extended to other
crustaceans in the classic studies of Hiatt (1948) and
Kurata (1962) (see Botsford 1985 for historical
review).The basic model-building steps (Neter et al.
1996) are: (1) identify an appropriate model form
(i.e., linear, hyperbolic, etc.) for the function/(L.)
describing the average relationship between post
molt and premolt length; (2) identify an appropriate
probability density function for the error term e;and
(3) identify an estimation method (i.e., ordinary
least-squares regression, nonlinear regression, etc.)
appropriate for the combination of (1) and (2).

The mean postmolt-premolt carapace width
relationship for blue crabs is examined in the data
plots of Figs. 13A and 13B (open circles).These data
were pooled from three different growth studies
(Table 5), one targeting small crabs (L. <30 mm
CW) of both sexes (Newcombe et al. 1949b; Fig.
13A), and the other two (Gray and Newcombe
1938;Tagatz 1968b) targeting mostly larger crabs (L.
>30 mm) distinguished by sex (females in Fig. 13A,
males in Fig. 13B).Although sample sizes were quite
high in each of these studies (n>400;Table 5), data
were reported (and thus plotted in Fig. 13) as size
class mean values rather than actual observations.

The mean relationship between postmolt and pre
molt CW appears fairly linear within certain ranges
of L.,but these linear trends are noticeably different
among various premolt size ranges. Of particular
note is the downward shift in the molt increment

function for male crabs at L.=100 mm (Fig. 13B).
This shift seems to coincide with sexual maturation,

a phenomenon of molt increment that has been
observed in many crustaceans and that is often
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Description

Age
Age at recruitment
Oldest age
Parametersof weight-length function
Probability density function (PDF)
Instar (postlarval molt number)
Instarat first sexual maturity
Within-season intermoltperiod of instar /
Within-season degree-day intennolt period
Observation subscript
Animal length (carapace width)
Length at instar /
Length at first sexual maturity
Length at recruitment
Length at oldest age
Number of molts to terminal instar from instar i
Time

Degree-days at time /
Time at molting to instar /
Time at low temperature molting inhibition
Time at recruitment

Time at start of molting season
Time at reaching oldest age
Time at molting to terminal instar i'=Q
Water temperature
Low temperature molting inhibition threshold
High temperature physiological threshold
Animal weight
Weight at instar i
Parameters of molt increment function

Scale parameter ofthe shifted exponential PDF
Duration of molt cycle variable phase
Parametersofduration function (3(L.)
Shiftparameter ofthe shifted exponential PDF
Duration of molt cycle required phase
Parameters ofduration function y(L.)
Model error term

Cumulative degree-days from time of precursor
event k to time t

Between-season intermolt period
Duration between molting to instar / and

low temperature molting inhibition
Duration of non-molting season
Duration between start of molting season

and molting to instar i+1
Degree-day duration between start of molting season

and molting
Terminal instar duration

Terminal instar

226

Units

Days
Days
Days

Dimensionless

Dimensionless

Number

Number

Days
Degree-days
Dimensionless

Number

Day ofyear
Degree-days
Day of year
Day of year
Day of year
Day ofyear
Day ofyear
Day ofyear
°C

°C

°C

g

g

Dimensionless

Dimensionless

Degree-days
Dimensionless

Dimensionless

Degree-days
Dimensionless

Dimensionless

Degree-days

Days
Days

Days
Days

Degree-days

Days
Number
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Table 5. Description of data sources used to model blue crab growth; CW iscarapace width; n is sample size.

Growth

process

Molt

increment

Molt

increment

Molt

increment

Molt

increment

Intermolt

period

Intennolt

period

Intermolt

period

Weight-
length

Geographical
location

Chesa seake

13;

Chesapeake

Bay

St. Johns
River, Florida

Georgia

St

River,
J9hns

rlorida

Carolinas

Georgia

Chesapeake
Bay

Experimental
conditions

Field

enclosures

Laboratory
aquaria

Field

enclosures

Laboratory
aquaria

Field enclosures;
Temperature:

summer mean, 26.3°C;
winter mean, 13.7°C

Laboratory
aquaria;

Temperature:
23.5°C

Laboratory
aquaria;

Temperature:
ambient, 17-29°C

Field captured
individuals

Data

format

Size class

means

Size class

means

Size class

means

Observations1

Sex

F

M

F, M

F

M

F, M

Size class F

means M

F, M

Instar

means

Observations'

Size class

means

F, M

F, M

F

M

Premolt CW

range (mm)

10-140

10-160

2-29

20-140

20-140

35-65

20-140

20-140

20-100

2-7

50-60

10-180

10-200

259

191

530

1,211
1,026

177

summer: 642

summer: 614

winter: 208

575

28

138

99

Reference

Gray and
Newcombe

1938

Newcombe

et al. 1949b

Tagatz
1968b

Fitz and

Wiegert 1991

Tagatz
1968b

Millikin et al.

1980; Millikin
and Williams

1984

Fitz and

Wiegert 1991

Newcombe

etal. 1949a

Original observations providedby H.C. Fitz (South Florida Water Management District, West Palm Beach,Florida.)

accompaniedby abrupt shifts in allometry, e.g., rela
tionships between
width, chela length

carapace length and carapace
and carapace width, etc. (Hart

noll 1982). A similar shift in the molt increment
function is not apparent in larger female crabs (Fig.
13A,L. >30 mm), which stop molting after reaching
the maturity instar. A peculiarity of these data is the
apparent change in the postmolt-premolt CW rela
tionship at L.= 30 mm between smaller and larger
crabs. It is unknown whether this shift in molt

increment is due to some actual, yet-to-be-discov
ered biological process, or is perhaps attributable to a
difference in experimental conditions (laboratory
aquaria vs. field enclosures) between the growth
studies targeting smaller and larger crabs (Table 5).

We follow Gray and Newcombe s (1938) strat
egy of modeling molt increment as a series of sepa
rate linear postmolt-premolt CW relationships for
different life stages and sexes. The formal name for
this type of model is "multi-phase" regression
(Draper and Smith 1981). The statistical model for
each linear segment is

i +1,; 0 1 i,j j (3)

where aQ and a, are the respective intercept and
slope parameters, and 8. is the error residual ofthe
/th observation. An objective technique for locating
the "change-point," or the point along the x-axis
where a change in phase (i.e., shift) occurs, in molt
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incrementmodelsisdescribedinSomerton(1980).
Identificationofanappropriateprobabilitydensity
functionfortheerrortermofequation(3)isillus
tratedinFig.14,usingdatafromthestudyofFitz
andWiegert(1991).Originalobservationsweregra
ciouslyprovidedbyH.C.Fitz(SouthFloridaWater
ManagementDistrict,WestPalmBeach,Florida).
Thepostmolt-premoltCWplotforpooledfemale
andmaleimmaturebluecrabsisshowninFig.14A.
AlthoughtherangeofpremoltLisnarrow,thevari
anceofL.+]appearsfairlyconstantoverthisinterval
ofL..Thefrequencyhistogramoferrorresiduals
resultingfromtheordinaryleast-squares(OLS)
regressionfitofequation(3)tothesedataisdia
grammedinFig.14B.Theresidualsaresymmetric
andsatisfytheShapiro-Wilktest(ShapiroandWilk
1965)fornormality(p>0.05).ThenormalN(0,a2)
distributionwasthusselectedasanappropriateerror
probabilitydensityfunction.

Moltincrementmodelparameters(equation3)
wereestimatedusingleast-squaresregressionforthe
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Figure13.Bluecrabmoltincrementfunctions(data
sources:GrayandNewcombe1938;Newcombeetal.
1949b;Tagatz1968b;seeTable5fordescription).(A)
Postmolt-premoltcarapacewidthdataplotsandfitted
relationshipsforearlyjuvenilemalesandfemales
(L.s30mm)andlatejuvenilefemales(L>30mm).(B)
Dataandfittedrelationshipsforlatejuvenilemales
(30<L.sl00mm)andsubadult-adultmales(L>100
mm);theverticaldottedlinedenotesmeancarapace
widthatsexualmaturity(VanEngel1990).(C)Sum
maryofestimatedfunctionsbylifestageandsex.

followinglifestage-sexgroups(Figs.13A,13B;Table
6):earlyjuvenilemalesandfemales(L.<30mm
CW);latejuvenilefemales(L>30mm);latejuvenile
males(30<L.sslOOnun);andsubadult-adultmales
(L>100mm).Sizeclassmeanswereweightedby
thecorrespondingsamplesize.Thefittedlinesare
plottedtogetherinFig.13C.Themoltincrement
functionsforlatejuvenilefemalesandlatejuvenile
malesappearnearlycoincident.However,because
thelineswereestimatedfrommeanvaluesrather

thanobservations,weareunabletoconductanyfor
malstatisticaltestsfordifferencesamongthevarious
functions.

IntermoltPeriod

Inthissectionwedevelopamodeltopredict
intermoltperiodusingobservationsofmoltcycle
durationobtainedfromanimalsheldincaptivity.
Crustaceanintermoltperiodcanalsobepredicted
"indirectly"insomecasesusingobservationsof
moltingfrequency,orthenumberofmoltevents
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occurring in a timje period, as opposed to direct
observations of durations between molt events. Data

on molting frequency are usually obtained from tag
ging studies. A technical requirement is a tag that
can be retained by an animal through one or more
molts.

Two main approaches have been developed for
estimating intermoit period from molt frequency
data; however, neither approach is generally applica
ble to blue crab populations. One approach applies
only to populations exhibiting asynchronous, i.e.,
year-round, molting (Munro 1983; Hoenig and
Restrepo 1989; Millar and Hoenig 1997). A second
approach is most readily applicable to crustacean
populations with very short molting seasons during
which individuals would be expected to molt either
once or not at all (Hancock and Edwards 1967;
Smith 1997). As described above, the situation for

0.25 •

50

L,(mm)

10 12

Residual

Figure 14. Examination ofthe error probability density
function for the molt increment model (equation 3).
(A) Plot of postmolt-premolt carapace width observa
tions (L. range 35-65 mm) from the study of Fitz and
Wiegert (1991; see Table 5). (B) Corresponding fre
quency histogram of least-squares regression residuals.

many blue crab populations lies somewhere in
between these two conditions. Blue crabs in tem

perate regions exhibit distinct molting and non-
molting seasons, and the molting season is generally
of sufficient duration (e.g., April to November in
Chesapeake Bay) for pre-terminal instar crabs to
complete at least several molt cycles.

In developing a predictive function for blue crab
intermolt period, we draw upon several characteris
tics of molt cycle duration described in previous
sections. Asshown in Fig. 11,mean intermolt period
is influenced by animal size and temperature. Tem
perature influence occurs in two distinct ways. First,
temperature dictates the rate of molt cycle progres
sion for crabs at a given size when temperature
remains within the physiological thresholds Tmin and
T . (Figs. IIB, 11D). Second, molt cycle progres
sion is blocked when temperature drops below Tniin
(Fig. 10). Variation of intermolt period occurs at a
specific stage in the molt cycle (C4), and is linked to
X-organ production of MIH. A general mathemati
cal model incorporating these characteristics is

IP(i)=f(Li,T) + e, (4)

in which intermolt period (IP) of instar / is a func
tion of both premolt length (L.) and temperature
(T), and variability of IP(i) is accounted for in the
error term E. Practical application of equation (4)
requires identification of (1) a specific mathematical
function for describing average intermolt period
with respect to size and temperature, and (2) an
appropriate probability density function for the
error distribution. In this section we focus develop
ment on a "within-season" intermolt period model
that is valid when temperature remains between
T . and T . A model for predicting intermolt

nun max r °

periods that span a winter inhibition season, termed
the "between-season" IP model, is described in the

following section.
Data plots from the growth study of Tagatz

(1968b) indicate a linear relationship between inter
molt period and premolt carapace width under uni
form temperature conditions (Fig. 15A).These data
also suggest that the intermolt period-length rela
tionship is the same for male and female blue crabs,



Table 6. Molt-process growth modelparameters for bluecrabs.

Symbol Description Function/value

Setdementdate, 1st postlarval instar
Early-, mid-, late-season in Jul 15,Sep 15, Nov 15
Chesapeake Bay;
mid-season in Louisiana Jul 15

Age at setdement

Carapace width, 1st postlarval instar 2.5

Mean carapace width at maturity
Females

Males

Postmolt carapace width
Earlyjuveniles, both sexes,L. s30
Latejuvenile females, L>30
Latejuvenile males, 30<Ljs100
Subadult-adult males, L>100

Low temperature molting inhibition
threshold

135

105

L.+|= 0.705+1.145L.
L.+,=-4.273+1.343L,.
L.+,=-2.803+1.296L.
L+1 =21.047+1.0641.

8.9

IPdd (i) Within-season intermolt period IPd<l(i)=y(L)+V(Li)
Y(L(.) = 43.5+1.74L.
P(L.) = 53.18+2.82L.

Units

Day of
year

Days

Degree-
days

Trfd(y.+i) Duration between start ofmolting Tdd(ts,ti+])=Q.25\y(L)+^(L)\ Degree-
season and molting +P(L.) days

t('q''x) Terminal instar duration 3-4 Years

Reference

van Montfrans et al. 1990

Estimated from spawning season
(Adkins 1972)and larval development
schedule (van Montfrans et al. 1990)

Model starting value

Newcombe et al. 1949b; Millikin and
Williams 1984

Tagatz 1968a; Figure 12A, left panel
Van Engel 1990; Figure 12A, right panel

Data sources: Gray and Newcombe
1938; Newcombe et al. 1949b;
Tagatz 1968b

Estimation: Equation 3, Figure 13

Method: Curry and Feldman 1987
Data source: Tagatz 1968b
Estimation: Figs. 1IB and 1ID

Method: Smith 1997

Data sources: Tagatz 1968b;
Millikin and Williams 1984

Estimation: Equations 7-10, Figure
16C

Equations 18 and 19

Data sources: Fischler 1965; Tagatz
1968a; More 1969;Judy and
Dudley 1970; Perry 1975

NMT(i) Number of molts to terminal
instar from instar at first

sexual maturity /
Females

Males

Number Figure 12, Equation 21

W-L Weight-length relationship
Females

Males

H/=0.000355L2-571
H/=0.000274L2f'62

230

Data source: Newcombe et al. 1949a

Estimation: Equation 24, Figure 20
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and does not differ between reproductively imma
ture (all females, males <100 mm) and mature
(males >100 mm) individuals. At different uniform
temperatures, the intermolt period-length relation
ship appears to remain linear but follows a separate
function for each temperature regime (Fig. 15B).

A standard approach for incorporating tempera
ture effects on the growth rate of ectotherms is the
degree-day method (Curry and Feldman 1987).
General application of this method to crab and lob
ster intermolt periods is detailed in Smith (1997).
The basic premise of this approach is that the dura
tion of a physiological process can be expressed as
the cumulative sum of daily temperatures occurring
through the time period. Applied to intermoltdura
tions, this method essentially converts IP time units
from "chronological" days (d) to "physiological"
degree-days (dd). The number of degree-days in a
single chronological day t is computed from the
formula

'* =
T(t)-Tm

0

T(t) > Tm

T(t)<Tm (5)

where T(t) is average water temperature for day t
and T • is the low temperature threshold below

mm r

which molting does not occur.The data of Fig. 15B
were converted to degree-day time units, and the
resulting plot isshown in Fig. 15C.The separate uni
form-temperature intermolt period-length relation
ships (Fig. 15B) reduce to a single linearrelationship
in terms ofdegree-days (Fig.15C).

A probability density function for intermolt
period needs to account for both the required and
variable components ofthe molt cycle.The concep
tual molt stage timeline diagram of Fig. 10B is
redrawn in Fig. 16A in terms of the required and
variable cycle phases. The sum of the durations of
stages A to C4(r) and D0 to D4, i.e., the entire
required phase, yields the physiological minimum
intermolt period.The range of IP observations will
thus have a nonzero, positive lower bound. This
lower bound is evident in the frequency histogram
of Fig. 16B,computed from degree-day-adjusted IP
observations for a single size class (50 to 60 mm
CW) from the growth study of Fitz and Wiegert
(1991; see Table 5). The pattern of IP variation is
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Figure 16. (A) Molt stage timeline diagram of Figure 10B redrawn with respect to the required and variable phases
of the molt cycle. (B) Frequency histogram of intermolt period observations of blue crabs 50 to 60 mm carapace
width from the studyof FitzandWiegert (1991). Mean intermolt period is denoted by the vertical dashed line;y and
(3 are parameters of the shifted exponential probability density function (equation 6). (C) Plot of size class mean
(open diamonds), minimum (lower solid circles) and maximum (upper solid circles) intermolt period-length values
(data sources:Tagatz 1968b, Millikin andWilliams 1984; seeTable 5) and the corresponding maximum likelihood-fit
ted function (solid line;equation 7);estimated parameter values are provided inTable 6.
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indicative ofan asymmetric, non-normal probability where y(L) is a linear function
density function in
tions occur near or

and Prentice 1980;

of IP for C. sapidus

which the majority of observa-
below the size class mean (verti

cal dashed line). As shown in the data plot of Fig.
16C, values of mean intermolt period (open dia
monds) are closer to minimum rather than maxi
mum observations within size classes along the
range of premolt length. The pattern of IPvariation
illustrated in Fig. 16B is characteristic of time-to-
event duration data from many diverse fields of
investigation. Some examples are service-to-failure
times of electronic components in engineeringrelia
bility studies, survival times of patients after surgery
in biomedical research, and interarrival times of
bank customers in business queueing models (Law
and Kelton 1991)[ Duration data are usually not
normally distributed, but instead follow asymmetric
distributions such as the exponential, gamma, or
Weibull probability density functions (Kalbfleisch

Law and Kelton 1991).Variation
and a number of other crab and

lobster species conforms quite well to the shifted
exponential distribution (Smith 1997), with proba
bility density function

1 iy-r)
/(y) =-e p (6)

for random variab' e y.The parameters y and P of
equation (6) have >pecific biological meaning with
respect to crustacean intermolt period. The shift
parameter y represents the physiological minimum
IP, and parameter p represents the mean duration of
the variable cycle phase under MIH control (Figs.
16A and 16B).The overall mean intermolt period is
the sum of these two parameters.

The probability density function of equation (6)
is validfor a single size class.To extend it to incorpo
rate premolt length L., we note that the data plot of
Fig. 16C indicates the minimum intermolt period
exhibits an increasing relationship with premolt
length in the same
predictive function

fashion as the mean IP. The full

for average intermolt period IPd(l
(/) can thus be expressed as

IPdd(i)=y(Li) + $(Li), (7)

Y(A) = Yo + V,^ (8)

predicting the duration of the molt cycle required
phase, and P(L.) is a linear function

P(L.) = P0 + P,L. (9)

predicting the average duration of the molt cycle
variable phase. Average intermolt period is thus pre
dicted by the sum of two separate lines. The com
plete probability density function for IP is obtained
by substituting IP(hj(i)=y, y(L)=y, and P(L.)=p in
equation (6),yielding

/[^*(0] =
A+A*-,

Po+PtL
(10)

Standard least-squares methods for parameter
estimation are not appropriate when model error is
distributed non-normally. A maximum likelihood
procedure for estimating parameters y0, Yv P(), andpt
of equation (10) is developed in Smith (1997), along
with computer algorithms for carrying out the esti
mation. This procedure was applied to the data of
Fig. 16C, and the overall fitted intermolt period-
length model (equation 7) is shown on the graph
(solid line).Table 6 provides parameter estimates.

Molt-Process Length-Age Model

The basic construction of molt-process growth
curves (Hiatt 1948) is simple. Premolt length L. is
used to predict the time when the next molt will
occur via an intermolt period function (equation 4),
and also the associated increase in length at this molt
via a molt increment function (equation 2), resulting
in postmolt length L/+].This procedure is repeated
for L.+1 to predict the time and length increase of
the subsequent molt, and so on. This modeling
approach has been difficult to apply in practice,
however, because intermolt period is very sensitive
to changes in temperature,molting may be inhibited
during winter in colder regions, and species may
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possess a terminal instar after which molting does
not occur for the remainder of an animal's lifespan.
In this section we describe a general numerical
modeling framework following Smith (1997), which
incorporates these aspects ofthe crustacean molting
process. We apply the model to describe the growth
of C. sapidus in two geographical regions, Louisiana
and Chesapeake Bay. As will be illustrated, two
advantages of the molt-process growth model over
continuous length-age functions (e.g., von Berta-
lanffy 1938 or Richards 1959) are that it realistically
depicts the discontinuous nature of crustacean
growth in length-at-age and it does not require
explicit age data.

Much ofthe complexity of molt-process growth
models entails the estimation of specific molting
dates for each instar j'=1, 2,...,Q, where i=l is the
first postlarval instar and /=Q is the last instar for
species with indeterminate growth or the terminal
instar for species with determinate growth. For a
given t.t, time (day of year) at molting to instar /', the
date ofthe subsequent molt tj+] is estimated by a 3-
step procedure. Computational examples are pro
vided inTable 7.The first step is to use the intermolt
period function (equation 7) to predict the quantity
IPdd{i), the expected degree-day duration of a molt
cycle for a crab of length L.. We will refer to this
predicted value as the "target" degree-days needed
for molting. Because molt-process growth curves are
necessarily constructed in chronological time units
(e.g., days, weeks, years), the actual calendar date of
molting tj+] will depend on the environmental tem
perature regime in effect from t. to f-+1.We intro
duce the general function A(tk,t) to represent the
cumulative degree-days from the time of a precursor
event k (e.g., molting) to time t,defined as

A(M)= J^df, (11)

where tdd is the degree-days for day t (equation 5)
and dt=l day. For example, the cumulative degree-
days for an intermolt period IPdd{i) are given by

•r+i

^(0 =A(^/+1)= \tMdt , (12)

where t. is the time (day) at molting to instar / and
tj+l is the time at molting to instar i+l. Step 2 entails
using an input time series of water temperature T(t)
and equations (5) and (11) to compute A(f., r), the
cumulative degree-days from date t. to subsequent
date t. As showninTable 7, numerical integration of
equations (11) or (12) is carried out by summing tM
over a range of calendar days t. Step 3 is to identify
the calendar day tj+] of molting that is expected to
occur when the target degree-days have been accu
mulated, i.e., when A(^) a IPdd(i). The resulting
intermolt period measured in chronological time
units, IP(i), is obtained from

•i+l

IP(i)= ftdt,

the cumulative calendar time from t. to t

At the time of molting to instar i+l, length L at
instar i+l is predicted from equation (3). Substitut
ing L.+ ) from equation (3) for L. in equation (7)
begins the procedure for estimating the time of the
next molt, /.+,.The iterative process is begun with
input values for Lr(ar,tf), the respective length, age,
and molting date ofthe first postlarval instar /=!.
Post-setdement age a at time t iscomputed by

i+i •

a(t)= \t df?

(13)

(14)

thus enabling specification of L(a,t), length at age
and time.

The above procedure for estimating molting
date C/+1 is valid as long as temperature T(t) remains
above the threshold Tmin (equation 5). When T(t)
drops below Tmin, progression through the molt
cycle is physiologically blocked (Fig. 10).Time peri
ods in which T(t) remains above T { constitute
"molting seasons," which begin at time t$, the date
when the event T(t)>T . occurs.These seasons are

x ' nun

spanned by periods of low temperature molt inhibi
tion, which begin at time tjt the date when the
event T(t)&T • occurs. As illustrated in Fig. 17,
between-season intermolt period, denoted as x(t.,
tj+]), is estimated from three separate time segments

^W+^Wl^W^A+i)» (15)
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Table 7. Example ofcomputational worksheets for predicting the time tat molting to instar i+l using the degree-day
method (equations 5,11, and 13) for a 10 mm blue crab under two different environmental temperature regimes.
Parameters: L. = 10 mm (premolt carapace width); IPJi) = 142.3 degree-days (equation 9,Table 6); Tmin = 8.9°C
(Table 6).

Case 1. Increasing temperature regime Case 2. Decreasing temperature regime

T(t) ldd A(',, f/+1)
(Day of year) (°C) (Degree-days) (Degree-days) (Day of year)

m ',,,, A(r, r+1)
(°C) (Degree-days) (Degree-days)

t.= 180

181

182

183

184

185

186

187

188

r.+, = 189

IP(i) = 9 d

where z(t., t{) is the (duration from time at molting t.
to time of low temperature inhibition t}, t(^,fs) is
the duration of th^ low temperature inhibition

is the duration from the start of

to time at molting f.+ ,.The first
period, and x(f^/+1)
the molting season f
segment, duration x(k., t}), is given by

0.0

15.1

15.6

16.1

16.6

17.1

17.6

18.1

18.6

19.1

0.0

15.1

30.7

46.8

63.4

80.5

98.1

116.2

134.8

153.9

M'p ',+,)*«yo

''

*(',-,',)= \tdt (16)

and is estimated

son intermolt

(11) by substituting
time at low

segment, duration of[the low temperature inhibition
period, is given by

from

period
the procedure for within-sea-
using equations (5), (7), and

the timeat molting tj+l with the
temperature inhibition t{. The second

t.= 250
i

— 0.0 0.0

251 24.0 15.1 15.1

252 23.5 14.6 29.7

253 23.0 14.1 43.8

254 22.5 13.6 57.4

255 22.0 13.1 70.5

256 21.5 12.6 83.1

257 21.0 12.1 95.2

258 20.5 11.6 106.8

259 20.0 11.1 117.9

260 19.5 10.6 128.5

261 19.0

18.5

>d

10.1

9.6

A(

138.6

r.+ 1=262 148.2

ip(i) = \: :', <,+,Myo

(17)

where T(t) =sT for all t.
The third segment, post-inhibition time x(t$,

C.+]), is the duration from the synchrony point of
molt stage C4(r) to ecdysis (Fig. 10C), which involves
a portion of the C4(r> stage, the variable phase (stage
C4(v>) under MIH control, and all premolt stages D()
to D4 (Fig. 17). This "season-to-molt" duration is
similar to the within-season intermolt period except
that it does not involve the entire required phase.
However, the exact portion of stage C4^ of the
within-season molt cycle (Fig. 10B) that is included
in season-to-molt progressions (Fig. 17) is unknown,
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Precursor

molt to)
Environmental

inhibition (f/)
Season

start (fs)
Target

Between-season intermolt period

Figure 17. Conceptual diagram ofmodel for between-season intermolt period, based on the low-temperature inhibi
tion scenario depicted in Figure 10.The overall duration between molt events [x(r, f.+,)] is the sum ofpre-inhibition
[x(((., t)], inhibition period lx(f;, t)], and post-inhibition [x(ts, tj+l)] durations.

and it is also unclear whether the season-to-molt

variable phase is coincident with the variable phase
of within-season IP. Predicting the time at molting
tj+] after the start of a molting season t requires an
additional degree-day function

xJw»\)=m as)

thatwe caninfer to be analogous to equation (7) for
within-season IPdd (i), i.e.,/(L.) is linear and obser
vations o£%dd(ts,t.+]) follow a shifted exponential
probability density function. Model-fitting of equa
tion (18) requires observations of season-to-molt
duration at premolt length obtained from empirical
studies.These experiments would entail maintaining
animals at below- Tmin temperatures for sufficient
time to allow molt cycles to synchronize at the C4(r)
stage. Temperatures would then be increased to
above-Tmin levels and the subsequent season-to-
molt durations would be recorded for each individ

ual. Experiments of this type have yet to be per
formed for C. sapidus, however. Drawing upon the
observation that premolt stages of blue crabs account
for about 25% of the average molt cycle duration
(Table 1), we propose that equation (18) is reason
ably approximatedby

^,^/+i)=0.25[Y(L,)+P(L/)]+P(L.), (19)

where y(L.) and p(L.) are the respective required
and variable phase durations from the within-season
JP function (equations 7-9). From equations (5) and
(11), molting is expected to occur at day t=tj+]
when cumulative degree days A(r(,r) reach or exceed
the season-to-molt degree-days Trfrf(f(,f.+ ]) predicted
from equation (19).The chronological time duration
l(ts, t,;+]) is then computed from

tdt

•i+l

(20)

Parameterization ofthe numerical molt-process
length-age model for C. sapidus males and females is
documented in Table 6. Growth was modeled under

annual temperature regimes approximating condi
tions in Louisiana and Chesapeake Bay (Fig. 18A).
Chesapeake Bay temperatures are comparatively
cooler throughout the year, and also drop below
Tmin during winter and early spring. The estimated
mean postlarval setdement date in Louisiana (based
on Adkins 1972 and van Montfrans et al. 1990; see
Table 6), t=]u\ 15 (Day of year 196), occurs during
the middle ofthe summer high-temperature season,
whereas in Chesapeake Bay mean setdement occurs
after the summer peak during the temperature
decline of early fall (t=Sep 15,Day of year 258;van
Montfrans et al. 1990).Corresponding molt-process
growth curves reflect these differences in setdement
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Figure 18. (A) Annual temperature regimes for
Louisiana (triangles; data source: Adkins 1972) and
Chesapeake Bay (squares; data source: U.S. Environ
mental Protection Agency, Chesapeake Bay Program,
Annapolis, Maryland); dashed line denotes minimum
physiological temperature threshold (Tmin). (B-C)
Molt-process length-age models for C. sapidus females
(solid line) and males (dashed line) in (B) Louisiana
and (C) Chesapeake B|y; model parameters are pro
vided in Table 6.

time and temperature between the two regions. An
"average" blue crab female or male in Louisiana is
projected to become subject to capture in the hard
crab fishery (L.=127 mm CW) and attain sexual
maturity (females, L} =135 mm; males, L)( =105
mm) at an age of about 1 year (Fig. 18B). In Chesa
peake Bay these events are projected to occur at
about 2 years ofage (Fig. 18C).

For species with indeterminate growth, iterative
modeling of intermolt period and molt increment
stops when the oldest age a=a^ is attained. Oldest
age a^ is usually unknown, but can be derived from
the molt-process model by incorporating a "stop
pingrule"based on estimates of the length at oldest
age LK (i.e., maximum average length). For species
such as C. sapidus exhibiting determinate growth,
iterative modeling stopsat instar i=Q.Terminal instar
number Q is rarely known; however, a model stop
pingrule based on the number of instars after reach
ing L , length at attainment of sexual maturity, can
be used to estimate i=Q for many species (Smith
1997). We define the variable NMT(i) as the num
ber of molts from instar i to the terminal instar.

Beginning from the maturity instar im, the quantity
NMT(iit) is the number of adult instars minus one,

NMT(i„) = I' -1. (21)

During construction of the molt-process growth
curve, the stopping rule using NMT(im) is activated
at the attainment of sexual maturity, i.e., when La
L .After each subsequent molt event, the equation

NMT(/+l)=NMT(/)-l (22)

is employed until NMT=0, i.e., attainment of the
terminal instar. The analysis of Fig. 12 indicates that
C. sapidus females have one adult instar and that
males have two adult instars, resulting in estimates of
NMT(/J=0 for females and NMT(/))()=1 for males
(Table 6).The duration x(fQ,^) between tQ, the time
at molting to the terminal instar, and t^, the time at
reaching the oldest age, provides the final time seg
ment for the lifespan molt-process growth curve.
Oldest age can then be estimated as a^=a(t^) in
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equation (14). Estimates of terminal instar duration
x(fQ, ty) can be obtained empirically from tagging or
captivity growth studies. Tagging studies for C. sapi
dus males and females suggest terminal instar dura
tions of at least 3 to 4 years for both sexes (Table 6;
Figs. 18B, 18C).

The Chesapeake Bay length-age model projec
tions (Fig. 18C) are recast in terms of length at time t
over a 3-year period in Fig. 19A. Also shown are
growth curves with settlement dates reflecting the
beginning (r=Jul 15) and ending (fr=Nov 15) sea
sonal bounds of posdarval setdement for the recruit
year class of blue crabs in Chesapeake Bay (van
Montfrans et al. 1990). The difference in length
among the early-, mid-, and late-season settlement
cohorts at a given time is pronounced through the
second winter. However, all settlement cohorts are
projected to reach the terminal instar during the
molting season between the second and third winters.

The model-projected wintertime ranges of
carapace width from Fig. 19A are indicated (hori
zontal lines) on a graph of C. sapidus abundance-at-
length in Fig. 19B estimated from a winter dredge
survey in Chesapeake Bay (Rothschild et al. 1992).
The growth model projection can assist in elucidat
ing the wintertime size-age composition of Chesa
peake Bay crabs from the numbers-at-size estimates.
The age-0 recruit class (1st Winter, Fig. 19B) appears
to include crabs <55 or 60 mm CW and exhibits

modal peaks at 20 to 25 mm. The lower extent of
the age-0 size range is uncertain because individuals
become fully vulnerable to the dredge sampling gear
at carapace widths >15 mm. The age-1 year class
(2nd Winter) exhibits peak size modes at 100 to 110
mm CW with a lower bound at about 60 mm. The

upper extent of the age-1 size range is obscured by
overlap with the size range of the terminal instar,
which begins at about 120 mm CW (Fig. 12). The
analysis of Fig. 12 suggests that the majority of crabs
reach the terminal instar at carapace widths ranging
from 135 to 175 mm.The terminal instar size range
includes multiple year classes comprised of mosdy
age 2 and older crabs (3rd+Winter).

The field estimates of abundance-at-length (Fig.
19B) can in turn be used to evaluate the perfor
mance ofthe molt-process growth model.The mag-
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Figure 19. (A) Three-year molt-process growth model
projections for Chesapeake Bay C sapidus females (solid
line) and males (dashed line)with early- (r=Jul 15),mid-
(rr=Sep 15), andlate-season (rr=Nov 15) postlarval settle
ment dates (Table 6). (B) C. sapidus abundance-at-size
estimated from a dredge survey conducted in Chesa
peake Bay during winter 1990-1991 (Rothschild et al.
1992); horizontal lines denote wintertime size ranges
from the growth modelprojections of panel (A).

nitude of the range in size predicted by the model
for the age-0 and age-1 year classes at the respective
first and second winters matches well with that

observed in the survey estimates. The upper bound
ofthe model-projected size range for the age-0 year
class, however, is somewhat lower than the upper
bound ofthe age-0 size range inferred from the field
survey. Likewise, the lower bound of the size range
at the secondwinter is 50 mm CW according to the
growth model compared to approximately 60 mm
for the age-1 class observed in the survey. These dis
crepancies suggest that the model is predicting a
somewhat slower rate of growth compared to the
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rate observed in the population. As a performance
check, the model was used to project the growth of
a crab with initial size 20 mm CW, the peak mode at
the first winter, over a 1-year period to the follow
ing winter.The projected ending size was 100 mm
CW, the peak wintertime size mode of the age-1
year class. This projection suggests that the problem
of slow growth in the model is confined to early
instars with carapace [widths <20 mm. Interestingly,
this corresponds to the size range in which C.
sapidus molt-process data are either very sparse
(intermolt period, Fig. 16C) or somewhat suspect
(molt increment, Fig. 13A).

The narrow size range predicted by the growth
model for terminal instar crabs (3^+ Winter, Fig.
19B) is largely a result] ofusing a deterministic molt
increment function in conjunction with a single
constant size (Lm) demarcating sexually immature
and mature individuals', the key variable that invokes
the terminal instar stopping rule (equations 21 and
22). A more realistic representation of the terminal
instar size range could be achieved by extending the
model to incorporate variation in molt increment
(Fig. 14) and length at maturity (Fig. 12).

Growth in Weight

A weight-age growth model can be obtained by
converting predicted length values from a length-
age model to values of weight using a weight-length
relationship. There arje a number of published
accounts examining (C. sapidus weight-carapace
width relationships in different geographical regions,
but most did not obtain observations of weight over
the full range of length (e.g., Pullen and Trent 1970;
Olmi and Bishop 1983; Cadman and Weinstein
1985). Size class means of weight-length from the
study of Newcombe et al. (1949a; see Table 5) are
plotted in Fig. 20A for males (crosses) and females
(diamonds).These data have their own limitations as
well, most notably the paucity of observations at
intermediate carapace widths. However, this limita
tion is less problematic from a model-fitting stand
point than a lack of data at either end of the length
range.

The data of Fig. 20A{ follow the general power
relationship
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Figure 20. (A) Plot of C. sapidus weight (g)-length
(mm carapace width) data and fitted relationships for
males (crosses) and females (diamonds) from the study
of Newcombe et al. (1949a; see Table 5). (B) Molt-
process weight-at-age growth models for blue crab
females (solid line) and males (dashed line) in Chesa
peake Bay (mean settlement date rr=Sep 15).

H/.M=60[L.M]f

200

(23)

where b{) and b^ are model parameters. A common
model for parameter estimation is obtainedby trans
forming both sides of equation (23) using the nat
ural logarithm function

log^^log^+^logL+f., (24)

where log bQ and bx are the respective intercept and
slope of a linear function and e. is the residual error
of thejth observation. The choice of an appropriate
estimation model (e.g.,nonlinear or linear) and cor
responding parameter estimation method (e.g., non
linear regression or least-squares regression) hinges
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on the error assumptions, however. An examination
of these estimation issues pertaining to weight-
length relationships is provided in Diaz et al. (2001).
For the data from Newcombe et al. (1949a), which
are in the form ofsize class means rather than obser
vations, the error assumptions are not of much con
cern. We estimated the parameters of the linearized
function (equation 24) for females and males sepa
rately using least-squares regression (Fig. 20A; Table
6). Size class means were weighted with the corre
sponding sample size. The divergence between the
female and male fitted relationships is most apparent
for adults (males, L;=105 mm; females, L; =135
mm). As discussed in Newcombe et al. (1949a), at
larger sizes male blue crabs are heavier on average
than females at a given carapace width. This finding
has been observed in other blue crab weight-length
studies as well (Pullen and Trent 1970; Olmi and
Bishop 1983).

Molt-process weight-age curves for female and
male blue crabs in Chesapeake Bay (mean settle
ment date f=Sep 15) are shown in Fig. 20B. These
growth projections were obtained by converting the
length-age curves of Fig. 18C into values ofweight-
at-age using the respective female and male weight-
length relationships of Fig. 20A. The weight-age
models for both sexes indicate that a 5- to 6-fold
increase in weight is expected to occur during the
last three molt events, and that weight nearly dou
bles during the terminal molt alone.

Biological Insights

A sound biological understanding of the molt
ing process, particularly the interplay between hor
monal and environmental control, was central to the
development of a mathematical model of blue crab
growth. In this section we highlight a few of the
interesting biological insights gained from viewing
the growth processes of blue crabs from a quantita
tive perspective.

There are clear differences between male and

female blue crabs for many aspects of growth,
including molt increment (Fig. 13), weight-length
(Fig. 20A), and the number of adult instars (Fig. 12).
The divergence between the sexes in the molt
increment and weight-length functions is most

apparent at sizes corresponding to the onset of
gonadal development and maturation. A notable
exception is intermolt period.The average relation
ship between intermolt period andlength appears to
be essentially the same for males and females, and
there does not seem to be a noticeable change in the
intermolt period function for male blue crabsat sex
ualmaturity (Fig. 15A). Although the datafor exam
ining this issue are limited, the lack of change in the
intermolt period-length relationship in response to
sexual maturation has been observed in other

decapods as well (Hartnoll 1982; Smith 1997).
Some aspects of the intermolt period-length

function are worth noting. After degree-day adjust
ment, the mean relationship between intermolt
period and premolt length is strongly linear, and the
variance conforms quite well to the shifted expo
nential probability density function. The intermolt
period-length data of Fig. 16C, which were princi
pally obtained from crabs subjected to natural pho-
toperiod and lunar cycles (Table 5), do not exhibit
even the slightest hint of periodicity with respect to
the mean or variance relationships as would be
expected if some form of lunar control of molting
were at work. The linearity ofthe average intermolt
period-length relationship indicates that molt cycle
duration increases at a constant rate of increasing
premolt length.This is perhaps reflective ofthe gen
eral observation by investigators that although the
overall molt cycle duration is progressively longer
with increasing animal size, the proportion of the
average time spent at each different molt stage
remains constant irrespective of size (Adelung 1971;
Aiken 1980; Freeman et al. 1987). The variance of
intermolt period, in contrast, increases exponentially
with increasing premolt length, a basic property of
exponential-gamma probability density functions
(Law and Kelton 1991). The intermolt period can
be thought of as a stochastic time-to-event process
(Kalbfleisch and Prentice 1980).The duration ofthe
variable molt cycle phase (Fig. 10) appears some
what analogous to the service-to-failure time of a
device: the X-organ can be envisioned as an MIH-
producing machine that is placed in service at the
attainment of molting competence and then fails at
the initiation of premolt.This would suggest that
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high variability may be an inherent property of crus
tacean intermolt period. Empirical investigations
support this view. As documented above, tempera
ture and nutrition can greatly influence the mean
intermolt period, biit neither these nor any other
discernable exogenous factors seem to have any
effect on the underlying pattern of intermolt period
variation (Aiken 1973; Hopkins 1982;Smith 1997).

According to the molt-process growth curves of
Figs. 18B and 18C, blue crabs in Louisiana are
expected to reach sexual maturity and enter the
hard crab fishery around 1 year after settlement,
whereas these events are expected to occur around 2
years post-settlement for blue crabs in Chesapeake
Bay.These differences in growth schedules are likely
to be substantial with respect to developing sustain
able harvest policies for the two regions. Recall that
the only differences in the growth model parameters
for the two regions are the estimated mean settle
ment date (tr) and the annual temperature regime
(Fig. 18A).When viewed from a degree-day per
spective, crabs in Louisiana and Chesapeake Bay
would be expected to attain adulthood and har-
vestable size at roughly similar physiological times,
i.e., cumulative degree-days post-settlement. For
example, male blue crabs in Louisiana are expected
to become subject to capture (L = 127 mm CW) in
4,792 degree-days compared to 4,724 degree-days
for males in Chesapeake Bay. Females are expected
to reach this size in 4|206 degree-days in Louisiana
and 4,385 degree-day^ in Chesapeake Bay.

A probabilistic perspective of physiological time
gives further credence' to determinate growth of C.
sapidus. Forhigher-latitude regions where moltingis
inhibited during winter, the cumulative degree-days
within the molting season is in effect an environ
mentally-imposed maximum intermolt period for
all individuals in the population. A question arises
concerning the issue iof determinate growth: Do
larger crabs have enough time to complete a full
molt cycle during the! molting season? In Chesa
peake Bay there are 2,554 degree-days constituting
the molting season according to the temperature
regime of Fig. 18A.The average intermolt period of
a 150 mm CW blue crab is estimated to be 781

degree-days (Fig. 16C, equation 7, Table 6). Using

the cumulative distribution function for the shifted

exponential probability density function, we esti
mate that 99.1% of 150 mm CW blue crabs would

be expected to complete a full molt cycle in less
than 2,554 degree-days. For crabs 200 mm CW, we
would expect 97.0% to complete a molt cycle dur
ing the molting season. Bear in mind that these per
centages would increase if we invoke the season-to-
molt scenario (Fig. 17,equation 18).Thus, if growth
were indeterminate, blue crabs of all sizes in Chesa
peake Bay would be expected to molt at least once
during the molting season, and the expected length
of crabs at the final instar would be well in excess of

the largest length ever observed for C. sapidus (254
mm CW, Archambault et al.1990). Tagging studies
conducted in lower-latitude regions where molting
occurs year-round have documented intermolt
periods of at least 3 years for both male and female
blue crabs (Tagatz 1968a;More 1969; Perry 1975).
Using the Louisiana temperature regime (Fig. 18A),
14,132 degree-days are estimated to accumulate
overa 3-yearperiod.Under the assumption ofinde
terminate growth, the probability that an intermolt
period for a 150 mm CW crab would be equal to
or longer than this quantity is estimated to be p =
0.24 x 10"12, i.e., highly unlikely. A striking feature
of the molt-process growth curves shown in Figs.
18B and 18C, which presume determinate growth,
is that C. sapidus females and males appear to spend
two-thirds or more of their potential lifespan at the
terminal instar after growth in length has been
completed. In this aspect of population biology, blue
crabs are more similar to humans than they are to
fishes.

The difficulties in modeling crustacean growth
have traditionally been attributed to the problem of
age determination (Hancock 1977).The perception
has been that obtaining explicit length-at-age data
for crustaceans as is commonly done for fishes
would facilitate estimation of continuous length-age
functions (e.g., von Bertalanffy 1938 or Richards
1959) that are used to model the growth of fishes.
The existence of a functional relationship between
size and age forms the underlying basis of these
standard continuous length-age models. Our analy
sis of blue crab molting and growth suggests that a
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general predictive relationship ofthe form L=f(a) is
tenuous at best. At the terminal instar, the relation
ship between size and age is fully disassociated, e.g.,
blue crabs have the same length at 2 and 5 years
post-setdement (Figs. 18B and 18C). For crabs sub
ject to winter non-molting seasons, this disassocia-
tion between size and age also seems to occur dur
ing the main phase of growth before reaching the
terminal instar. This phenomenon is inferred from
Figs. IOC and 17, which illustrate the effects of
below-threshold temperatures on molt cycle pro
gression. Post-inhibition season-to-molt durations
[*(ts>ti+\)] are not dependent on pre-inhibition
iT('/>'/)] or inhibition [x(^,f5)] period durations (Fig.
17). Seasons of low-temperature molt inhibition
thus effectively sever the functional relationship
between intermolt period and length that exists
under non-inhibiting temperature conditions (Fig.
16C) which, in turn, physiologically severs the rela
tionship betweensize and age, regardless of whether
age is measured in days or degree-days.

There is no question that techniques for direct
ageing would be of great benefit for understanding
certain aspects of blue crab stock dynamics, e.g.,
elucidating the age composition and estimating
mortality rates for the terminal instar phase of a
population. A promising methodology in this regard
involves quantifying the accumulation of fluores
cent pigments (lipofuscins) in neural tissues (brain
and eyestalk) as a direct measure of physiological
age (Ju et al. 1999). This approach circumvents the
historical problem of attempting to age various cal
cified structures that are not retained through suc
cessive molts. With respect to constructing crus
tacean length-age models, however, explicit age data
are of questionable utility. Knowing the age of an
individual crab to even the exact day or degree-day
does not necessarily enable reliable prediction of its
size, and thus may provide little useful information
for realistically modeling itsgrowth.

FUTURE RESEARCH

We hope this chapter has illuminated some of
the gains in our biological and mathematical under
standing of blue crab molting and growth that have

occurred in recent years. Research has largely
focused on development of techniques — e.g.,
endocrinological, mathematical, statistical — for
collecting information and constructing models.
However, actual data on processes related to molting
and growth are still limited. One example is low-
temperature inhibition of molting. The ability to
model both within-season and between-season

intermolt period (equations 7 and 15) appears to be
central to the biological realism ofthe molt-process
growth model for blue crabs inhabiting higher-lati
tude regions such as Chesapeake Bay (Figs. 18C and
19A).Yet direct physiological evidence supporting
the underlying conceptual model of a low-tempera
ture block of Y-organ production of ecdysteroids
(Fig. 10) is very sparse for decapod crustaceans (Pas
sano 1960b;Aiken 1980) and does not exist for C.
sapidus or any other portunid species. In addition,
the estimate of the key threshold parameter T .

J r mm

(Fig. 11) was based on intermolt period data from a
single study (Tagatz 1968b) conducted in a single
geographical location (St. Johns River, Florida)
under experimental conditions in which variation
of environmental temperature was not tightly con
trolled (Table 5).

A second example of limited data involves the
functions of the molt-process growth model. Molt
increment data have been obtained for blue crabs in

two regions (Chesapeake Bay, northeastern Florida),
within-season intermolt period data are from a sin
gle region (northeastern Florida), and data for the
season-to-molt function (equation 18) are nonexis
tent (Tables 5 and 6). Large-scale studies of molt
increment and intermolt period have generally
focused on crabs larger than 20 mm CW,with much
less emphasis placed on smaller individuals. Although
crabs less than 20 mm CW account for a small pro
portion of the range of premolt size, approximately
50% of postlarval instars occur between 2 and 20
mm CW (Figs. 18B and 18C). A further limitation is
that molt-process growth data at presentare available
in the form of size class means rather than actual

observations. Consequently, while we are able to
estimate parameters of the various functions, we are
unable to perform any statistical inference on the
parameters, e.g., comparing molt increment func-
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tions among regions, or to incorporate parameter
uncertainty into the molt-process growth model.

It is clear that a multitude of research topics
could be pursued in furthering our understanding of
blue crab molting and growth.We focus our recom
mendations for the direction of growth research
over the next few years by outlining three research
programs likely to lead to substantial improvements
in the scientific basis for blue crab resource manage
ment,as well as an improved ecological understand
ingofthe role of blue crabs in aquatic ecosystems.

The first and most pressing research program is
designed to improve the empirical and physiological
underpinnings of the molt-process growth model
described above.The major elements of this pro
gram should ideally be carried out on blue crab
populations in two or more higher-latitude regions
where moltingis inhibitedduring winter and in two
or more lower-latitude regions where molting
occurs year-round. The program entails three main
phases. The objective of phase 1 is to elucidate the
low-temperature molting inhibition threshold Tmin.
An initial estimate of Tmin can be obtained by the
procedure illustrated in Fig. 11D. Requisite data are
intermolt period observations from a laboratory-
based factorial experiment using crabs from at least
four discrete carapace width classes that encompass
the full range of premolt L, with the crabs main
tained at four discrete^ temperatures well within the
range of T • and T \ .Validation ofthe estimated

t> nun max

T . involves a series of follow-on experiments
nun i r

tracking molt stage progression (e.g., Aiken and
Waddy 1976; Aiken 1980) and ecdysteroid concen
trations of crabs held at temperatures below and
above the estimated threshold. A second more elab

orate set of follow-on experiments (e.g., Passano
1960b) would examine whether low-tempera
ture and MIH inhibition of molting are truly
independent.

Once T has been robusdy estimated and vali-
min '

dated, phase 2 entails conducting laboratory growth
studies to obtain data for the three principal func
tions ofthe molt-process growth model:molt incre
ment (equation 3, Fig.l 13), within-season intermolt
period (equation 7, Fig. 16C), and season-to-molt
duration (equation 18). The objective of these

experiments is to obtain laboratory observations of
molt increment and intermolt period that are repre
sentative of blue crabs in the wild. Recreating nat
ural conditions as closely as possible in the labora
tory environment with respect to food and other
influential animal maintenance variables, such as
habitat space and substrate, is a prudent and perhaps
necessary strategy. In contrast, experiments carried
out with aquaculture-oriented objectives — main
taining animals at unnaturally high temperatures and
food quantities to enhance the rate of molting, but
stocking aquaria at high density to reduce costs —
may not yield data that are applicable for modeling
molt-process growth of natural populations. Obser
vations for each growth function will necessarily be
obtained from post-settlement male and female blue
crabs encompassing the entire range of premolt
carapace width. It should be pointed out that the
degree-day approach for modeling within-season
intermolt period, once Tniin is known, greatly relaxes
the temperature requirements ofthe captivity envi
ronment for these experiments. Temperature need
only be restricted within the Tmin and Ttmx thresh
olds and recorded on a daily (or more frequent) basis
by the investigator, i.e., temperature does not need
to be tightly controlled at some fixed level. Season-
to-molt experiments involve an additional first step
that does require precise temperature control: crabs
are held at a fixed temperature below Tmin for 1 to 2
months to ensure that each animal has reached the

low-temperature "synchrony point" in the molt
cycle (Fig. IOC). Temperature is then gradually
increased to above T , after which the temperature
requirements are the same as for within-season
intermolt period experiments.

Phase 3 is comprised of longer-term captivity
experiments pertaining to determinate growth of
blue crabs. Experimental individuals of both sexes
are brought into captivity at some instar before
undergoing sexual maturation, and then maintained
until death.This procedure will enable direct obser
vations of the number of adult instars and the dura

tion of the terminal instar (measured in both days
and degree-days).To gain a clearer understanding of
the hormonal control ofdeterminate growth, studies
along the lines of Cheung (1973) using a subset of
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these experimental crabs would examine the func
tion of the Y-organ and X-organ during progression
ofthe terminal instar.

The second research program is designed to
address the impacts of salinity and food on blue crab
growth. These aspects of growth are perhaps best
examined within a bioenergetics modeling frame
work. This approach describes growth in terms of
biological processes that account for metabolic
energy gain (food consumption) and loss (respira
tion, egestion, and excretion) (Jobling 1994). Sepa
rate mathematical models describing each process
(e.g., food consumption) as functions of animal size,
temperature, salinity, etc., are combined to predict
the overall change inweight ofan organism through
time (Kitchell et al. 1977; Luo and Brandt 1993).
The benefits of this modeling approach go well
beyond predicting weight-at-age. Explicit incorpo
ration of key abiotic and biotic environmental fac
tors as explanatory variables provides a window for
understanding and modeling spatial and trophody-
namic aspects of blue crab growth. Spatially-explicit
bioenergetics models can be used to identify areas
within an ecosystem where the expected "growth
potential" of an individual crab is maximized,mini
mized, etc., and can thus provide very useful infor
mation to habitat managers (Brandt et al. 1992).
Bioenergetics growth functions are fundamental
components of models analyzing trophodynamic
impacts, e.g., estimating the prey biomass on an
annual basis required to support current population
levels of blue crabs in Chesapeake Bay. Bioenergetics
growth functions also form the basic building blocks
of cohort-structured spatially dynamic predator-prey
models (Ault et al. 1999) that can be used to quanti
tatively evaluate sustainable fishery harvest policies
from a holistic, ecosystem-based perspective. For
example, a demographic model of this type could
potentially analyze not only direct fishing impacts
on a given blue crab population but also indirect
population effects due to habitat degradation and
concurrent harvesting of important predator (e.g.,
striped bass Morone saxatilis) and prey (e.g., soft-
shelled clam Mya arenaria) species.

Bioenergetics growth research entails two main
phases. The first and most challenging phase is to

extend the current modeling framework for contin
uously-growing fishes to discontinuously-growing
crustaceans. For example, crab food consumption
varies not only with variations in animal size and
temperature as for fishes, but also according to molt
stage (Table 1). Likewise, movement activity and
thus respiration also varies with molt stage. Energy
loss at molting when the old exoskeleton is dis
carded needs to be accounted for, as well as the sus
pension of molting and growth duringcold winters.
The eventual bioenergetics growth modeling frame
work for blue crabs will likely be some hybrid of
fish bioenergetics models and crustacean molt-
process models. The second phase involves conduct
ing laboratory studies to obtain empirical data for
estimating the various mathematical functions and
parameters required for constructing bioenergetics
growth models. These studies will necessarily
include factorial experiments observing food con
sumption and standard respiration of individual blue
crabs with respect to animal size, temperature, salin
ity, and molt stage.

Principal sources of data for the above two
research programs are obtained from blue crabs held
in captivity. However, the overall intent of both pro
grams is to understand and model molting and
growth of blue crabs in their natural environment.
The third research program entails developing
methodologies for obtaining at least some of the
requisite growth data from individual blue crabs in
the wild. Some promising headway has been made
by studies employing creative uses of ultrasonic
telemetry tags (see Wolcott and Hines 1990). These
tags are currently undergoing rapid technological
development (Arendt et al. 2001; Block et al. 2001),
resulting in telemetry devices that are progressively
smaller, lighter, and more sophisticated both in the
types of information that can be obtained (e.g., con
tinuous-time observations of animal spatial position,
depth,water temperature, salinity, etc.) and in modes
of data transmission (e.g., fixed-position buoy arrays,
satellites, etc.). Research could be directed towards
engineering telemetry devices that can relay infor
mation specific to crustacean molting and growth,
such as the timing of ecdysis events together with
hourly measurements of temperature and salinity
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during the intermolt period. This type of study
would necessarily be conducted in two phases, a lab
oratory research and developmentphase followed by
a field implementation phase.

These research programs are likely to be chal
lenging endeavors, and are intentionally designed to
draw upon many diverse fields of expertise, includ
ing blue crab physiology and ecology, crustacean
endocrinology and biochemistry, mathematical
demography, statistics, applied marine physics and
engineering, marine aquaria systems, etc. Each pro
gram also involves a mix of what might be charac
terized as "basic" and "applied" research elements.
This chapter attests to the benefits of forming col
laborative research partnerships to concurrently
address basic and applied aspects of scientific prob
lems. The recent gains in our understanding of blue
crab molting and growth are a direct result of inte
grating basic and applied research results from many
fields of study. It is our hope that scientists and fund
ing agencies alike will recognize the utility of this
research strategy. We are well aware of the practical
difficulties involved in coordinating research efforts
among a group of multidisciplinary investigators and
of securing funding for programs with applied
research components from agencies with a bent
towards basic research and vice-versa. We are also

highly confident that the potential gains in scientific
understanding and benefits to the blue crab resource
resulting from research [programs such as those out
lined above far outweigh these associated logistical
nuisances.
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