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Chapter 7 

Reproduction Biology and 
Embryonic Development 

PAUL JIVOFF, ANSON H. HINES, AND L. SCOTT QUACKENBUSH 

INTRODUCTION 

Reproduction in the blue crab Callinectes sapidus 
is a complex process requiring precise coordination 
of physiological, behavioral, and ecological processes 
to ensure reproductive success. Mating is timed to 
the female's maturity molt, which occurs once in 
the female's life (Van Engel 1958). It involves intri- 
cate interactions between males and females, and 
between competing males before, during, and after 
mating (Teytaud 1971; Gleeson 1980; JivofF 1997a; 
Jivoff and Hines 1998b). Environmental conditions, 
such as temperature and salinity, can modify aspects 
of blue crab mating (and other aspects of reproduc- 
tion) because they influence the timing of molting, 
as well as the structure of local populations, includ- 
ing the spatial and temporal distribution of crabs 
(Hines et al. 1987; Steele and Bert 1994). In blue 
crabs, and a variety of other species, the structure of 
local populations, such as the number of males and 
females that are ready to mate (operational sex 
ratio), influences an individual's ability to find and 
compete for receptive mates (Emlen and Oring 
1977; Borgia 1979).The evidence from other com- 
mercially important crab species suggests that fishing 
pressure influences reproduction in complex and 
profound ways (McMullen and Yoshihara 1971; 
Nizyaev and Fedoseev 1989; Sainte-Marie et al. 
1995; Jamieson et al. 1998) although how the blue 
crab fishery influences reproduction is still unclear. 
Effects could occur in a variety of ways such as 

changes in population structure that reduce the 
reproductive success of individuals as well as removal 
of individuals before they have had a chance to 
reproduce. The blue crab reproductive cycle of 
molting, maturation, mating, and brood production 
differs from other fished crabs such that blue crab 
reproduction may respond differently to intense 
fishing pressure. Developing a better understanding 
of blue crab reproduction will not only lead to 
improved management of harvested populations but 
can also provide a good model for the evolution of 
life history strategies and mating systems. 

In this chapter, we review what is known about 
the reproductive biology of the blue crab and discuss 
potentially important aspects that are known in 
other crustaceans but still unknown in this species. 
The chapter is organized around five major topics 
including (1) sexual maturity, (2) reproductive sys- 
tems, including internal structures and external 
anatomy, (3) mating and insemination, (4) fertiliza- 
tion and brood production, and (5) embryonic 
development. 

SEXUAL MATURITY 

Sexual Dimorphism 

Blue crabs are sexually dimorphic. The most 
obvious difference in external anatomy between 
males and females is the shape and color of the 
abdomen (Figs. 1A and B).The abdomen is long and 
slender throughout the life of the male. In contrast, 
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juvenile females have a triangular-shaped abdomen, 
which changes to a semi-circular shape at the termi- 
nal (pubertal) molt to maturity. In some other 
species of portunids, sexually mature males have tri- 
angular-shaped abdomens, similar to that of juvenile 
female blue crabs (Williams 1984). 

The color of the abdomen is white throughout 
the life of the male whereas pre-pubertal and adult 
females exhibit coloration on the abdomen. As pre- 
pubertal females progress towards the terminal molt, 
the abdomen changes from faint shades of blue and 
red to dark blue or purple that eventually cover the 

entire abdomen; the perimeter of the abdomen is 
often red (Fig. 2). In adult females, the semi-circular 
abdomen may be greenish-blue or brown. Unlike 
some other families of crabs, including spider crabs 
(Majidae) and fiddler crabs (Ocypodidae), blue crabs 
do not exhibit marked sexually dimorphic chelae, 
except for differences in color. The inner and outer 
surfaces of the chelae and the dactyls are blue and 
may be tipped with a reddish or purplish color in 
males, whereas the dactyls on the chelae of mature 
females are orange (Williams 1984). Two bisexual 
individuals have been reported from different areas 

Figure 1. (A) External anatomy of male reproductive system, sternal tubercle, primary [1°] pleopod, and secondary 

[2°] pleopod (removed from primary pleopod). White arrow shows approximate insertion point of secondary pleo- 

pod into primary pleopod. (B) External anatomy of female reproductive system. (C) Internal anatomy of male repro- 

ductive system — testis [T], penes [PEN], anterior vasa deferentia [AVD], middle vasa deferentia [MVD], posterior 

vasa deferentia [PVD]. (D) Internal anatomy of female reproductive system — ovary [OV], seminal receptacle [SR] or 

spermatheca. Photos (A) and (B) by PR.Jivoff;  (C) and (D) redrawn from Pyle and Cronin (1950). 
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of Chesapeake Bay (Cargo 1980; Johnson and Otto 
1981). Both individuals exhibited bilateral division 
of external and internal characteristics, with normal 
male characteristics on the right side and normal 
female characteristics on the left side. 

MALES 

Size at Maturity 

Male blue crabs reach sexual maturity at the 18th 

or 19th juvenile ins tar (18 or 19 post-larval molts), 
and do not have a terminal molt at maturity (Van 
Engel 1958). Sexual maturity is associated with size 
(Millikin and Williams 1980); therefore the time 
required to reach sexual maturity is influenced by 

factors affecting growth rates (e.g., water tempera- 
ture; see also Smith and Chang, Chapter 6). In 
Chesapeake Bay, the size range (all measurements 
reported are carapace width between tips of the lat- 
eral spines) of sexually mature males is approximately 
82 to 227 mm (Williams 1984), with 50% of males at 
107 mm showing full sexual maturity (Van Engel 
1990). Unlike some other portunids (Haefner 1985; 
Choy 1988; Haefner 1990; Gonzalez-Gurriaran and 
Freire 1994; Pinheiro and Fransozo 1998), male blue 
crabs do not exhibit appreciable changes in external 
morphology at the pubertal instar (Newcombe et al. 
1949b;Van Engel 1958). In other species from differ- 
ent families, various methods have been used for esti- 
mating the minimum size-at-maturity of males in 

B 

Figure 2. External anatomy of pre-pubertal female progressing through the pubertal molt, including coloration of 

abdomen and epidermal retraction, and coloration of second-to-last segment of the swimming appendage. (A) Inter- 

molt female (molt stage C). (B) Early molt stage female [D0-DJ. (C) Late molt stage female [D,-D4]. Photos by A. 

Young-Williams. 
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the absence of distinct external morphological 
changes at sexual maturity, including the presence of 
"mating scars" on the chelae or carapace that show 
only after mating (Butler 1960; Ahl et al. 1996; 
Knuckey 1996), the initial appearance of spermato- 
phores in the reproductive tract (Pinheiro and Fran- 
sozo 1998), the ability of males to inseminate females 
(Paul and Paul 1989a), and the diameter of the aper- 
ture of the intromittent organ (Kwei 1978). Gray and 
Newcombe (1938) approximated the minimum size 
at which male blue crabs attain sexual maturity as 89 
mm (approximately the 17th juvenile instar), because 
their growth rate increases at that size. Van Engel 
(1990) estimated a minimum size-at-maturity of 82 
mm using the appearance of traits required to 
accomplish copulation, namely that the penes are 
inserted in the secondary pleopods, the secondary 
pleopods are inserted in the primary pleopods (also 
known as gonopods or intromittent organs), and 
there are spermatophores in the gonads. 

In some portunid, cancrid, and majid crabs, 
males exhibit increased development of the gonads, 
positive allometric growth in pleopod length and 
chelae size, and appreciable changes in chelae mor- 
phology at the pre-pubertal or pubertal instars or 
both (Hartnoll 1974; Pinheiro and Fransozo 1998). 
In blue crabs, one measure of chelae size (total 
length) in males exhibits an allometric relationship 
with carapace width (Jivoff 1997b) but it is lower in 
magnitude as compared with similar measures in 
some other species (Hartnoll 1974).The changes in 
chelae size and form enhance the ability of males to 
compete for mates or physically control females dur- 
ing mating in blue crabs (Jivoff 1997b) and in many 
other species, including other portunids (Fielder and 
Bales 1972; Hartnoll 1974; Berrill and Arsenault 
1982; Choy 1988; Gonzalez-Gurriaran and Freire 
1994), cancrids (Edwards 1964), majids (Orensanz 
and Gallucci 1988; Donaldson and Adams 1989; 
Homola et al. 1991; Claxton et al. 1994), ocypodids 
(Henmi et al. 1993), and xanthids (Knuckey 1996). 

Characteristics of the Sexually 

Mature Male Reproductive System 

The internal male reproductive system is bi-lat- 
eral, generally "H" shaped, and consists of paired 

testes (sperm production) and vasa deferentia that 
are composed of three main sections: (1) anterior 
(spermatophore production); (2) middle (seminal 
fluid production); and (3) posterior (transports ejac- 
ulate to the penes) (Cronin 1947; Johnson 1980) 
(Fig. 1C). The ejaculate of blue crabs consists of 
spermatophores (each containing many sperm) and 
seminal fluid. In sexually mature males, the testes are 
white and contain sperm (in all developmental 
stages), the anterior vasa deferentia are white and 
contain spermatophores, the middle vasa deferentia 
contain pink seminal fluid, and the posterior vasa 
deferentia are translucent and contain a greenish, 
viscous secretory fluid that may aid in the transport 
of ejaculate (Fig. 3) (Cronin 1947 Johnson 1980). 

The external portion of the male reproductive 
system is located beneath the abdomen and consists 
of three sets of paired structures for transferring ejac- 
ulate to the female: the penes, the secondary pleo- 
pods, and the primary pleopods (Fig. 1A). In imma- 
ture males, the abdomen is held tightly against the 
sternum by the sternal tubercles, a pair of "snap-fas- 
tener-like" structures (Van Engel 1958). In sexually 
mature males (>115 mm), the abdomen is free of 
the sternal tubercles and can easily be pulled away 
from the sternum (Van Engel 1990).This movement 
is necessary during copulation because the male 
holds his abdomen away from his sternum (thus 
exposing the primary pleopods that are inserted into 
the external reproductive openings of the female) 
and delivers spermatophores and seminal fluid to 
each of her sperm storage organs. 

In many species of crabs, differences may occur 
among the sizes at which males are physiologically 
mature (produce sperm), morphologically (or mor- 
phometrically) mature (fully express secondary sex- 
ual characters), and functionally mature (actually 
mate) (Comeau and Conan 1992; Paul and Paul 
1995; Pinheiro and Fransozo 1998).To pass ejaculate 
to the female, a male blue crab must (1) pull his 
abdomen away from his sternum, (2) insert his penes 
into the secondary pleopods, and (3) insert the sec- 
ondary pleopods into the primary pleopods. The 
ability to perform these actions is achieved approxi- 
mately one molt after spermatophores appear in the 
(anterior) vasa deferentia (Van Engel 1990). In a 
sample of males from the lower Chesapeake Bay, the 
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Figure 3. Internal anatomy of sexually mature male 

reproductive system. (A) Within the body cavity. (B) 

Removed from body cavity — testis [T], anterior vasa 

deferentia [AVD], middle vasa deferentia [MVD], pos- 

terior vasa deferentia [PVD], spermatophores [S]. 

Photo (A) by A.Young-Williams and (B) by RR.Jivoff. 

percentage of males showing all of these characteris- 
tics was about 8% of 80 mm males, 50% of 107 mm 
males, and more than 80% of 117 mm males; these 
data provide an estimate for the minimum size for 
complete sexual maturity (Van Engel 1990). In cap- 
tivity, the smallest males Van Engel (1990) observed 
mating were 82 mm, suggesting that males may 

attempt to mate before they have attained full sexual 
maturity. The smallest males captured in free-rang- 
ing mating pairs during 1991 to 1994 in the Rhode 
River, a sub-estuary in the upper-third of Chesa- 
peake Bay, were 105 to 110 mm (Jivoff 1997b). All 
of these males had abdomens free from the sternum 

and most (92.8%, 1991; 100%, 1992; 100%, 1993; 
99.4%, 1994) had the secondary pleopods inserted 
into the primary pleopods (JivofFunpubl. data), con- 
firming that males must attain the full suite of sexu- 
ally mature features to mate successfully in the field. 

The pattern of maturation whereby males must 
be both physiologically and morphologically mature 
before they can become functionally mature occurs 
in many other species, including some cancrids and 
ocypodids, but differs from others such as in some 
majids, including Chionoecetes sp. and Libinia sp. 
(Dawe et al. 1991;Ahl and Laufer 1996). In Chionoe- 

cetes sp., two sperm-producing male morphs exist 
that differ primarily in morphology such that mor- 

phometrically immature males have relatively small 
claws but morphometrically mature males have rela- 
tively large claws (Comeau and Conan 1992; 
Stevens et al. 1993). Morphometrically mature males 
are predominantly found in mating pairs (Sainte- 
Marie and Hazel 1992; Stevens et al. 1993; Comeau 
et al. 1998) but so many large, morphometrically 
mature males are removed by intense fishing pres- 
sure that morphometrically immature males, other- 
wise competitively excluded from mating, have 
opportunities to mate (Sainte-Marie and Hazel 
1992; Sainte-Marie and Lovrich 1994). 

Timing and Control of 
Sexual Maturity 

Environmental Factors 

Sexual maturity is closely tied to body size. 
Therefore, environmental factors that influence 
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growth or molting, such as temperature, salinity 
(Leffler 1972; Cadman andWeinstein 1988), and the 
quantity and quality of food (Newcombe et al. 
1949b; Millikin et al. 1980) also influence the timing 
of sexual maturity for males (see also Smith and 
Chang, Chapter 6). Environmental variables also 
influence the onset of reproductive readiness such 
that the condition of both the internal (Johnson 
1980) and external (Van Engel 1990) reproductive 
system varies seasonally. In the late autumn and win- 
ter, the internal reproductive system is inactive, as 
evidenced by arrested sperm production in the testis 
and lack of seminal fluid in the middle vasa deferen- 
tia (Johnson 1980). In another portunid Callinectes 
ornatus, a tropical species, males exhibit a continuous 
cycle of gonad maturation (Mantelatto and Fransozo 
1999). In addition, otherwise sexually mature male 
blue crabs often do not have the penes inserted in 
the secondary pleopods or the secondary pleopods 
inserted in the primary pleopods in the spring, 
before significant mating activity has begun (Van 
Engel 1990; Jivoff unpubl. data). 

Hormonal Factors 

In decapod crustaceans, only males have an 
androgenic gland, which determines sexual differen- 
tiation and is responsible for primary and secondary 
sexual characters of males (Adiyodi and Adiyodi 
1970; Charniaux-Cotton and Payen 1985). Little 
work has examined the hormonal controls of the 
timing of sexual maturity specifically in male blue 
crabs. In another portunid Carcinus maenas, the 
androgenic gland produces farnesylacetone, a hor- 
mone similar to the juvenile hormone in insects, 
which stimulates protein synthesis but not spermio- 
genesis in the testes (Berreur-Bonnenfant and 
Lawrence 1984). In other crustaceans, the activity of 
the androgenic gland varies seasonally, producing 
seasonal changes in the testes, vasa deferentia, and 
external reproductive morphology (Adiyodi and 
Adiyodi 1970; Dudley and Jegla 1978). In the blue 
crab, evidence suggests that the androgenic gland 
regulates the courtship behavior of males (see 
below) (Gleeson et al. 1987). In other crab species, 
such as the spider crab Libinia emarginata (Laufer et 

al. 1987), male sexual maturity may be regulated by 
methyl farnesoate, a juvenile-hormone-like hor- 
mone produced by the mandibular organ, because 
increased levels of this hormone correlate with large 
male size, well developed vasa deferentia, and the 
appearance of the mature chelae allometry (Homola 
et al. 1991; Sagi et al. 1994; Laufer and Ahl 1995; Ahl 
and Laufer 1996). Methyl farnesoate occurs in the 
mandibular gland of blue crabs (Laufer et al. 1984), 
but its influence on sexual maturity in male blue 
crabs has not been investigated. 

FEMALES 

Size at Maturity 

Unlike males, female blue crabs reach sexual 
maturity after a terminal (pubertal) molt, which typ- 
ically occurs between 90 to 100 mm (after approxi- 

mately 18-20 post-larval instars) (Newcombe et al. 
1949a;Van Engel 1958). In Chesapeake Bay, the size 
range of mature females is 52 to 207 mm (Williams 
1984), with 50% of females at 132 mm being mature 
(Uphoff 1998). The size range of pre-pubertal 
females is about 70 to 140 mm (Jivoff unpubl. data). 
The smallest recorded adult female blue crab (52 
mm) was captured near Cape Hatteras, North Car- 
olina (Fischler 1959). Also in contrast to males, adult 
females are easily distinguished from juveniles (see 
below). 

The terminal nature of the pubertal molt is well 
accepted because few records of molting in adult 
females exist (see also Smith and Chang, Chapter 6) 
(Abbe 1974; Olmi 1984). However, in Chesapeake 
Bay, a small percentage (11%) of adult females have 
regenerating limb buds, suggesting the potential for 
an additional molt (Havens and McConaugha 
1990). One mechanism for the control of terminal 
anecdysis (lack of molt) in other crabs (especially the 
Majidae) is the degeneration of the Morgan, which 
produces the ecdysteroids responsible for initiating 
molting (Carlisle 1957; Skinner et al. 1985). Adult 
female blue crabs have very low concentrations of 
ecdysteroids in the blood after the terminal molt but 
higher concentrations in the ovaries during vitello- 
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genesis, suggesting that there is a physiological link 
between the terminal molt and ovarian develop- 
ment (Adiyodi and Adiyodi 1970; Soumoff and 
Skinner 1983).The other mechanism for the control 
of terminal anecdysis is the production by the X- 
organ of a molt-inhibiting hormone that acts on the 
Y-organ to inhibit the production of ecdysteroids 
(Carlisle 1957; Skinner et al. 1985). The X-organ is 
located in the eyestalks, and adult females have been 
induced to molt by ablation of the eyestalks, leading 
to the hypothesis that some adult females enter a 
diapause stage as opposed to terminal anecdysis 
(Havens and McConaugha 1990). 

Characteristics of the 

Sexually Mature Female 

Reproductive System 

At the maturation (terminal) molt, a conspicu- 
ous change transforms the shape of the female 
abdomen from triangular to semi-circular shape 
(Newcombe et al. 1949b; see also Kennedy and 
Cronin, Chapter 3), providing a larger surface area 
for brooding eggs (Fig. IB). As compared to males of 
the same instar, females at the terminal molt grow 
larger in carapace width relative to carapace length, 
producing relatively longer lateral spines (New- 
combe et al. 1949b). One advantage of this allomet- 
ric change may be a greater internal volume in 
which to store the developing ovary (see below) 
(Newcombe et al. 1949b; Hines 1982). 

The internal reproductive system of females 
consists of two paired structures, the ovaries and the 
sperm storage organs (spermathecae) (Fig. ID). Each 
spermatheca is connected to a genital pore on the 
ventral surface of the female sternum via the vagina 
(Hard 1945; Johnson 1980). During the later stages 
of the pubertal instar, the spermathecae develop to 
full size, with the anterior horns of the early stage 
ovaries attached to their dorsal surface (Hard 1945; 
Johnson 1980). Copulation occurs immediately after 
the terminal molt when the ovaries are thin and 
white, reflecting the lack of yolk (Hard 1945; John- 
son 1980). In contrast, the spermathecae are dis- 
tended with ejaculate, which contains the easily 
visible pink seminal fluid, capped with a dense 

accumulation of white spermatophores (Fig. 4B, D) 
(Hard 1945; Johnson 1980). Over approximately a 
2-month period, the ovaries increase in size (with a 
concomitant shrinking of the spermathecae) and 
develop the typical orange coloration as the eggs 
mature and yolk is formed (Fig. 4A, C) (Hard 1945). 

Timing and Control of 

Sexual Maturity 

Environmental Factors 

In females, sexual maturity is linked to body size 
and is established at the terminal molt. Thus, envi- 
ronmental factors that influence growth or molting, 
such as temperature and salinity (Leffler 1972; Cad- 
man and Weinstein 1988; Fisher 1999) and the 
quantity and quality of food (Newcombe et al. 
1949b; Millikin et al. 1980), influence the timing of 
sexual maturity. In addition, seasonal and spatial 
(among and within estuaries) variation in the sizes of 
mature female blue crabs (Haefner and Shuster 
1964; Olmi and Bishop 1983; Hines et al. 1987; 
Havens and McConaugha 1990; Fisher 1999) and a 
variety of other crab species (Blau 1989; Hines 
1989; Dumbauld et al. 1996) suggests that environ- 
mental factors influence the timing of sexual 
maturity. 

Hormonal Evidence 

Little work has examined the influence of hor- 
mones on the timing of sexual maturity specifically 
in female blue crabs. However, because sexual matu- 
rity is linked to the terminal molt, hormones that 
regulate molting also, in part, regulate sexual matu- 
rity in blue crabs and other crab species (Cheung 
1969; Adiyodi and Adiyodi 1970; Soumoff and Skin- 
ner 1983; Quackenbush 1986). The X-organ pro- 
duces gonad-inhibiting hormone as well as molt- 
inhibiting hormone, so that ablating the eyestalks of 
adult females induces molting in blue crabs (Havens 
and McConaugha 1990), but induces either molting 
or spawning (depending on the season) in other 
species (Cheung 1969; Adiyodi and Adiyodi 1970; 
Fingerman 1987). Ecdysteroids from the Y-organ 
and other tissues that regulate molting may influ- 
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Figure 4. Anatomy of adult female reproductive structures (A and B) within the body cavity and (C and D) removed 

from body cavity. Structures from a recently mated female (B and D) and a female about 2 months after mating (A 

and C) include spermatophores [S], seminal fluid [SF], and ovary [OV]. Photos by P.R.Jivoff. 

ence the timing of sexual maturity because in some 
species they are found in the gonads and stimulate 
vitellogenesis (Adiyodi 1985; Quackenbush 1986). 
As in a variety of species, adult female blue crabs 
have low concentrations of ecdysteroids in the 
hemolymph but begin sequestering these hormones 
in reproductively active ovaries where they also pro- 
mote vitellogenesis and embryonic development 
(Adiyodi and Adiyodi 1970; Soumoff and Skinner 
1983). As ovarian development progresses, levels of 
ecdysteroids increase in the ovary, while a concomi- 
tant decrease occurs in the spermathecae (Soumoff 
and Skinner 1983), but it is not known whether the 
spermathecae act as a source of ecdysteroids. 

REPRODUCTIVE SYSTEMS 

Male Internal Structures 

As noted earlier, the internal portion of the male 
reproductive system is bilateral, generally "H" 
shaped, and consists of paired testes and vasa defer- 
entia that are composed of three main sections: (1) 
anterior, (2) middle, and (3) posterior (Figure 3B) 
(Cronin 1947; Johnson 1980). Cronin (1947) also 
identified the vasa efferentia, a small tissue connect- 
ing the testes to the anterior vasa deferentia, that 
Johnson (1980) considered as a portion of the ante- 
rior vasa deferentia. 
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The anatomy and histology of the male repro- 

ductive system have been described in detail by the 
excellent work of Cronin (1947) and Johnson 

(1980); therefore, only a summary of their observa- 
tions will be presented here. The testes are tubular 
organs consisting of a central seminiferous duct sur- 

rounded by the testicular lobes. Spermiogenesis takes 
place within the lobes, which contain spermatogo- 

nia, spermatocytes, spermatids, and mature sperm. 
Mature sperm are typically found in the center of 
the testicular lobes. An epithelium encloses the sem- 

iniferous duct except where it faces the testicular 
lobes, which open broadly into the ducts allowing 

passage of mature sperm to the ducts. Mature sperm 
begin to appear in the testicular lobes of males as 

small as 65 mm (Johnson 1980). Only mature sperm 

are found in the seminiferous duct, which gradually 
becomes a short, muscular structure (Cronin's vasa 

efferentia) delivering sperm to the anterior vasa def- 

erentia (AVD) (Johnson 1980)- 
The AVD are highly coiled tubules with blood 

vessels, blood sinuses, and connective tissue between 
the tubules. They receive mature sperm from the 

testes, encapsulate groups of sperm (about 2.25 x 104 

sperm per spermatophore; Hines et al. [2003]), into 
ovoid-shaped spermatophores (from 200 x 150 urn 

to 500 x 300 urn in size), and transport the sper- 
matophores to the middle vasa deferentia (MVD). 

The MVD are the largest portions of the male 
reproductive system and are composed of many 
large coils, with blood vessels, blood sinuses, and 

connective tissue between them; there are numerous 
lateral out-pockets from the coils. Each coil contains 
a large lumen that is typically filled with a granular, 

pink secretion (seminal fluid). The posterior vasa 
deferentia (PVD) are long, complex tubes also con- 
taining many lateral out-pockets. The posterior por- 

tion of the PVD ("ductus ejaculatoris"; Cronin 
[1947]) is more muscular and appears secretory 
because the epithelium bears a "brush" border com- 

posed of what Cronin (1947) called cilia but that are 
more likely microvilfi (Johnson 1980). The PVD 

transport ejaculate to the external penes. 

Ejaculate Contents 

The ejaculate of blue crabs consists of seminal 
fluid and spermatophores (which contain sperm). In 
another portunid Portunus sanguinolentus, the con- 
tents of the ejaculate are passed to the female in suc- 
cession such that the translucent secretion from the 
posterior vasa deferentia comes first, then the semi- 
nal fluid with some spermatophores, and finally the 
majority of spermatophores (Ryan 1967a). In the 
spermathecae, the ejaculate contents occur in the 
reverse order in which they are passed, with most of 
the spermatophores in the dorsal section of the sper- 
mathecae (some are found within the seminal fluid 
matrix) and the seminal fluid in the ventral section 
(Ryan 1967b), as occurs in blue crabs (Johnson 
1980; Jivoff 1997b). This reversal of ejaculate con- 
tents in the spermathecae suggests that males insert 
their pleopods deeply into the spermathecae so that 
individual ejaculate components are flushed ven- 
trally by successive components. In other crab 
species, the layering of ejaculate contents in the 
spermathecae dictates how (Diesel 1988) or when 
(Sainte-Marie and Sainte-Marie 1999b) the sperm 
are used by the female. In blue crabs (Johnson 1980) 
and many other crab species including other portu- 
nids (Ryan 1967b; Bawab and El-Sherief 1989; 
Norman and Jones 1993), cancrids (Bigford 1979; 
Elner et al. 1980; Orensanz et al. 1995; Jensen et al. 
1996), and some majids (Diesel 1990), the seminal 
fluid is viscous during copulation but eventually 
(about a week for C. sapidus) hardens in the sper- 
mathecae into a tough, wax-like matrix. In contrast, 
the ejaculate of other species of crabs, such as some 
xanthids (Jeyalectumie and Subramoniam 1987), 
contains relatively little seminal fluid and does not 
harden once passed to the female. 

In a variety of taxonomic groups, male seminal 
fluid plays an important role in male, and sometimes 
female, mating success (Boggs and Gilbert 1979; 
Markow and Ankney 1984; Eberhard and Cordero 
1995). In blue crabs and other crab species, little is 
known about the function of the seminal fluid even 
though males may pass a considerable volume to 
females. However, researchers have observed that 
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the hardened seminal fluid "disappears" over a 
period of time (see below) after copulation (see Fig. 
4C, D) (Hard 1945; Ryan 1967b; Sainte-Marie 
1993). The loss of seminal fluid may be accom- 
plished by materials secreted from the walls of the 
spermathecae (Ryan 1967b; Diesel 1989; Beninger 
et at. 1993) or by metabolic activity during sperm 
storage (Jeyalectumie and Subramoniam 1987; 
Anilkumar et al. 1996). Although not analyzed in 
blue crabs, the seminal fluid in other crab species 
contains proteins, carbohydrates, and lipids (Jeyalec- 
tumie and Subramoniam 1987, 1991; Anilkumar et 
al. 1996), and thus it has been suggested that the 
seminal fluid acts as a nutritive source for the stored 
sperm (Subramoniam 1991). It has also been sug- 
gested that the seminal fluid allows for the matura- 
tion of sperm in the spermathecae (Sainte-Marie 
and Sainte-Marie 1999a), prevents the loss of sperm 
from the spermathecae (Ryan 1967b; Johnson 
1980), stops the entrance of bacteria (Beninger and 
Larocque 1998;Jayasankar and Subramoniam 1999), 

or blocks additional males from mating with the 
female (Jensen et al. 1996; Jivoff 1997a; Beninger and 
Larocque 1998). In blue crabs, this latter function of 
blocking other males seems most likely to be the 
major adaptive advantage (Jivoff, 1997a) because the 
seminal fluid rapidly "disappears" during storage, so 
that it is essentially gone within 4 to 6 weeks after 
copulation, even though sperm are stored within the 

spermathecae before fertilization for 6 to 12 months 
in Chesapeake Bay and 2 to 12 months in Florida 
(Hines et al. 2003; Hopkins 2002). 

In most species of crabs, many individual sperm 
are packaged in spermatophores that are then passed 
to females (Subramoniam 1991, 1993). As in other 
decapod crustaceans (Felgenhauer and Abele 1991; 
Medina 1994; Guinot et al. 1998), the mature sperm 
of blue crabs lack flagella and consist of a spherical 
acrosome covered by an apical cap and embedded in 
a nuclear cup with eight radial arms (Brown 1966) 
(Fig. 5). In two other portunids and one raninid 
crab, the spermatophore wall or pellicle consists of 
two layers (Uma and Subramoniam 1979; Babu et 
al. 1988; Minagawa et al. 1994): an inner, pliable pro- 
teinaceous layer (Uma and Subramoniam 1979; 

Babu et al. 1988) and an outer, rigid layer made of 
either protein, e.g., keratin (Babu et al. 1988) or 
chitin (Uma and Subramoniam 1979).The pellicle is 
resistant to acidic, alkaline, and salt solutions (Uma 
and Subramoniam 1979) and thus may protect the 
sperm during insemination (Subramoniam 1991), 

SZ      LM 

Figure 5. Diagram of blue crab sperm. (A) Mature, 

unreacted sperm. (B) Reacted sperm (acrosomal reac- 

tion). Radial arms of nucleus [A], apical cap [AC], 

acrosomal membrane [AM], acrosomal rays [ARY], 

acrosomal tubule [AT], acrosomal tubule membrane 

[ATM], granular material [GM] of acrosomal tubule, 

lamella [L] or central region, limiting membrane [LM], 

large "microtubular" layer [LML] of the acrosomal vesi- 

cle, nucleus [N] or nuclear cup, nuclear envelope [NE], 

subcap zone [SZ], thickened ring [TR]. From Brown 

(1966). 
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although it is permeable to low molecular weight 
substances, which could allow sperm release via 
spermatophore dehiscence (Uma and Subramoniam 
1979; Beninger et al. 1993). In a variety of species, 
spermatophores contain carbohydrates, proteins, and 
lipids in a composition that is distinct from seminal 
fluid (Jeyalectumie and Subramoniam 1987, 1991; 
Subramoniam 1991) and that could be metabolized 
by sperm during long periods of storage within the 
female (Subramoniam 1991). By the time of fertil- 
ization and extrusion through the spermathecae, the 
spermatophores break down and sperm are free 
individually (Johnson 1980; Hopkins 2002). 

Accessory Structures 

In males of a variety of crab species, including 
other portunids, majids, and cancrids, the primary 
pleopods contain gonopod tegumental glands that 
communicate directly with the ejaculatory duct 
(Charniaux-Cotton and Payen 1985; Diesel 1989; 
Beninger and Larocque 1998). Cronin (1947) first 
observed these glands in blue crabs, calling them 
"rosette glands," but did not speculate on their func- 
tion. In other portunids (Carcinus maenas, Portunus 
sebae, and Ovalipes ocellatus), the glands secrete mate- 
rials that are passed to the female in the ejaculate, 
which may harden the ejaculate once inside the 
spermathecae, and materials that are not passed to 
the female, which may act as a lubricant (Beninger 
and Larocque 1998). 

Male External Structures 

The external portion of the male reproductive 
system is located beneath the abdomen and consists 
of three paired structures: the penes, the secondary 
pleopods, and the primary pleopods (Fig. 1A). As 
outlined in a previous section, seminal fluid and 
spermatophores are transported from the penes to 
the secondary pleopods, and then to the primary 
pleopods, which are inserted into the external open- 
ings of the female reproductive tract during copula- 
tion and which pass ejaculate to the female's sper- 
mathecae (Cronin 1947; Hartnoll 1968).The penes 
are short, muscular ducts with an internal epithelium 
lined with cilia and an external covering of cuticle 

(Cronin 1947). At the point that the penes enter the 
secondary pleopods, they lose their musculature and 
the internal epithelium is replaced by invaginated 
cuticle (Cronin 1947). The secondary and primary 
pleopods consist of an internal cavity, or ejaculatory 
duct, surrounded by a hard, external cuticulum 
(Cronin 1947). Muscles are present at the base of 
each pleopod, but are absent in the distal sections 
(Cronin 1947). 

Female Internal Structures 

The internal reproductive system of female blue 
crabs consists of two paired structures: the ovaries 
and the spermathecae (Fig. ID) (Hard 1945; John- 
son 1980). The anatomy and histology of the female 
reproductive system has been described in detail by 
the excellent work of Hard (1945) and Johnson 
(1980); therefore, only a summary of their observa- 
tions will be presented here. Before the pubertal 
molt and at copulation, the ovaries are undeveloped, 
contain only small immature eggs, and appear as thin 
white strands of tissue connected to the dorsal sur- 
face of the spermathecae (Hard 1945). This pattern 
of ovary development differs from that of other crab 
species, for example, some majids (Sainte-Marie and 
Hazel 1992; Bryant and Hartnoll 1995) in which the 
ovaries are fully developed at copulation and ovula- 
tion occurs soon after mating. In blue crabs, the 
ovary is enclosed by a thin layer of connective tissue, 
separating it from the hemocoel. During the two or 
three months after copulation (e.g., October to 
December in Chesapeake Bay), vitellogenesis occurs 
and yolk is formed; thus, the ovary increases in size 
and develops an orange color. The developing ovary 
contains two types of cells: oocytes (in various stages 
of development) and accessory cells (also known as 
"nurse cells" or "follicle cells") (Johnson 1980). In 
the portunid Portunus sanguinolentus, some accessory 
cells form a single layer around each oocyte and 
eventually comprise the chorionic membrane of the 
mature eggs, whereas others are arranged, several 
layers thick, as septa that divide the ovary into com- 
partments, each containing several oocytes (Ryan 
1967b). 

In Chesapeake Bay, some female blue crabs are 
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able to copulate and spawn within the same season; 
however, most females overwinter after copulation 
and spawn the following spring and summer (Hard 
1945; Van Engel 1958). During the winter and early 
spring, the ovary continues to thicken and elongate 
while the spermathecae continues to shrink. Before 
spawning, in late spring or early summer, the ovary 

is very large and orange because many of the eggs 
are mature and full of yolk. After the first spawning, 
the ovary contains numerous eggs with smaller 
amounts of yolk that will develop into a subsequent 
brood, and the area from which eggs were dis- 
charged is full of a globular material (Hard 1945). In 
Chesapeake Bay, although never quantified, estimates 
indicate that during a 4 to 6 month spawning sea- 
son, female blue crabs may produce two to three 
broods of eggs (McConaugha et at. 1983). Measures 
of brood production in Florida indicate that females 
can produce as many as eight successive broods in a 
4 to 6 month period, with as little as 10 to 14 d 
between the release of larvae in one brood and the 
production of a subsequent brood (Hines et al. 
2003). 

As in most brachyurans, the spermatheca of blue 
crabs is a hybrid structure. The dorsal portion, con- 
nected to the ovary, is derived from the oviduct but 
the ventral portion, connected to the external open- 
ing of the reproductive tract by the vagina (Hartnoll 
1974; Johnson 1980), is derived from the vagina 
(Bauer 1986). The spermathecae store sperm and 
seminal fluid and are considered the site of fertiliza- 
tion in blue crabs as eggs move from the ovary to 
the ventral surface of the female (Hard 1945). In 
blue crabs and other portunids, the ovary is con- 
nected to the dorsal surface of the spermathecae via 
the oviduct (Ryan 1967b; Johnson 1980), a broad 
opening that in Portunus sanguinokntus allows the 
passage of four oocytes at one time (Ryan 1967b). 
In contrast, the ovary is connected to the ventral 
surface of the spermathecae in other species, includ- 
ing some majids (Hartnoll 1968; Diesel 1989). The 
topographical arrangement of the connection 
between the oviduct and spermathecae has impor- 
tant implications for how the sperm, which in some 
species may come from different males, are used for 

fertilization (see below) (Diesel 1991; Urbani et al. 

1997). 
In a variety of crabs, including other portunids, 

majids, and cancrids, the spermathecae are complex 
organs and their structure and activity can vary with 
the age or sexual maturity of the female, her repro- 
ductive state, and the quantity of stored ejaculate 
(Ryan 1967b; Hartnoll 1968; Diesel 1991;Beninger 
et al. 1993; Jensen et al. 1996; Sainte-Marie and 
Sainte-Marie 1998). The spermathecae are essen- 
tially large sacs surrounded by connective tissue, 
with an inner epithelium that is lined with cuticle 
only in the ventral portion of the spermathecae. As 
indicated by Hard (1945), the overall appearance of 
the spermathecae of blue crabs changes dramatically 
between copulation and fertilization. At the time of 
the pubertal molt and copulation, the wall of the 
spermathecae is thick and well developed but by the 
time the seminal fluid disappears (4-6 weeks after 
copulation), the spermathecal wall becomes thin, 
translucent, and delicate (Fig. 4 C, D) (Hines et al. 
2003).This transformation in the spermathecae may 
be the result of changes in the cellular structure of 
the epithelium, which differs between pre-pubertal 
and mature females and between the dorsal and ven- 
tral portions of the spermathecae (Johnson 1980). In 
mature females, the epithelium of the dorsal section 
of the spermathecae becomes highly modified and 
localized, occurring only immediately above the 
ventral cuticle-lined portion of the spermathecae 
(Johnson 1980). The modified epithelium with a 
border of many long microvilli appears to be secre- 
tory because the cells contain material that streams 
off the surface of the tissue into the lumen of the 
spermathecae (Johnson 1980). The secretion may 
dissolve the hard, seminal fluid matrix of the ejacu- 
late or prevent bacteria from entering the spermath- 
ecae (Johnson 1980). 

Female External Structures 

At the terminal molt, the shape of the female 
abdomen changes from triangular (Fig. 2) to semi- 
circular (Fig. IB) (Newcombe et al. 1949b). In addi- 
tion, the four pairs of pleopods, or swimmerets, on 
the abdomen of the adult female contain many fine 
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setae in contrast to those of the immature female 
(Van Engel 1958). The change in the shape of the 
abdomen provides a larger surface area for brooding 
eggs and the addition of numerous setae provides 
structures to which the extruded fertilized eggs are 
attached (Van Engel 1958). 

MATING AND 

INSEMINATION 

Mating in the blue crab is timed to the female's 
pubertal molt which occurs once in the female's life 
(Van Engel 1958). As a result, mating involves intri- 
cate interactions between males and females, and 
among competing males before, during, and after 

mating (Teytaud 1971; Gleeson 1980; JivofT 1997a; 
Jivoff and Hines 1998b).These interactions influence 
blue crab mating behavior and the structure of the 
mating system. 

Pre-mating Interactions 

and Pair Formation 

Both male and female blue crabs play an active 
role in pre-mating interactions and pair formation 

(Teytaud 1971; Gleeson 1980; TivofT 1997b; JivofT 
and Hines 1998b). As in a variety of crustaceans 
(Hartnoll 1969; Ridley and Thompson 1985; 
Christy 1987), female blue crabs mate immediately 
after molting, and males search for and defend pre- 
pubertal females approaching their pubertal molt. 
Male blue crabs ensure access to receptive females by 
using pre-copulatory mate guarding, or precopula 
(Parker 1974; Ridley 1983), by physically carrying 
females beneath them for as long as 5 to 7 d before 
copulation (Fig. 6B) (Jivoff and Hines 1998b). In 
blue crabs, pre-pubertal females release a urinary- 
borne pheromone several days before the pubertal 
molt, which attracts and elicits courtship behavior in 
males (Teytaud 1971; Gleeson 1980). Recent evi- 
dence suggests that non-urine based chemical signals 
from females and males may also be important in 
courtship (Bushmann 1999).The female pheromone 
is not crustecdysone (Gleeson et al. 1984), which is 
the molting hormone that may also act as a sex 
pheromone in some crustaceans (Dunham 1978). 

Males detect the female pheromone using chemo- 
sensory structures on the antennules (first antennae) 
(Gleeson 1982) and respond with courtship behav- 
ior (Fig. 6A) (leytaud 1971; Gleeson 1980). 

Courtship in blue crabs has been described from 
laboratory observations (Teytaud 1971; Gleeson 
1980). More recently, courtship was described (Table 
1) and the importance of courtship in pair forma- 
tion, the factors that regulate differences in courtship 
behavior among males, and the relative control of 
each sex in determining pair formation were 
assessed in large field enclosures (Jivoff and Hines 
1998a, b). Courtship behavior, including the out- 
come of courtship, is influenced by the molt stage of 
females (Fig. 7), but in general, males respond to the 
female pheromone by searching for the female, often 
while in the courtship stance (Fig. 6A). This stance 
consists of the male raised on the tips of his walking 
legs, the chelae laterally extended (not shown in Fig. 
6A), and the swimming legs (or paddles) raised 
above the carapace and waved in a circular motion 
(Jivoff and Hines 1998b).When the male locates the 
female he attempts to pair with her, but her 
response, which is influenced by her molt stage, 
determines if pair formation is achieved. Pre-puber- 
tal females early in the molt cycle (D0-Da) resist 
males by threatening and moving away, whereas pre- 
pubertal females late in the molt cycle (D3-D4) (Fig. 
2) initiate mate guarding by positioning themselves 
underneath males (Jivoff and Hines 1998a, b). As in 
other crustaceans, female blue crabs may avoid pro- 
longed pre-copulatory mate guarding due to the 
potential costs of being guarded such as reduced 
opportunities to feed (Robinson and Doyle 1985; 
Donaldson and Adams 1989; Perez and Bellwood 
1989; Jormalainen 1998). As a result, the ability to 
establish and maintain physical control of females, 
including actively subduing resistant females, is criti- 
cal to male pairing success. 

In some ways, courtship behavior in blue crabs 
is similar to that of other crustaceans, particularly 
other portunids (Ryan 1966; Fielder and Eales 1972; 
Berrill and Arsenault 1982; Campbell 1982). For 
example, male blue crabs use their chelae to control 
or to manipulate the female before copulation, as 
seen in other crabs (Edwards 1964; Bigford 1979; 
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Figure 6. (A) Male mating display. (B) Pre-copulatory mate guarding. (C) Female undergoing terminal maturation 

molt. (D) Copulation. (E) Post-copulatory mate guarding. Photos by A.Young-Williams. 
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Elner et al. 1987; Donaldson and Adams 1989; Perez 
and Bellwood 1989; Claxton et al. 1994), shrimps 
(Seibt and Wickler 1979; Nakashima 1995), lobsters 
(Lipcius et al. 1983; Atema 1986;Waddy and Aiken 
1991), and crayfish (Mason 1970; Ingle and Thomas 
1974; Stein 1976; Snedden 1990). As part of the 
courtship stance, males spread their chelae laterally 
thus exposing the bright blue inner-surfaces of the 
chelae to the female. Blue crabs can distinguish blue 
from other colors (Bursey 1984), suggesting that the 
lateral chelae spread may be a visual display. How- 
ever, the importance of the courtship stance as a 
visual display has recendy been questioned because 
when either males or females are experimentally 
blinded, courtship behavior and subsequent pair for- 
mation are unaffected (Bushmann 1999). In con- 
trast, when males are unable to perceive chemical 
signals from the female, then both male courtship 
behavior and the initiation of pair formation are 
reduced. These observations suggest that chemical 
signals are more important than visual signals in the 
pre-mating interactions between males and females, 
and that chemical signals influence the outcome of 
these interactions (Bushmann 1999). 

A unique aspect of blue crab courtship behav- 
ior, compared with that of other non-swimming 
crabs (Hartnoll 1969) and some other portunids 
(Fielder and Bales 1972; Bales 1974; Campbell 
1982), is the rotation of the swimming legs or pad- 
dles ("paddling") during courtship. Paddling has 
been considered a visual display (Teytaud 1971) but 
it also produces a strong current that is directed 
towards the female due to the position of the male's 
body and his lateral chelae display (pers. obs.; Bush- 
mann unpubl. data). Males may also produce urine- 
(Gleeson 1991) or non-urine- (Bushmann 1999) 
based chemicals that attract females. Thus paddling 
may also contain tactile or chemical information 
carried in the strong directional currents produced, 
as seen in other species (Atema 1986; Cowan 1991). 
The types of signals involved in blue crab courtship 
are still not entirely clear, but evidence suggests that 
chemical (both urine- and non-urine-based) signals 
may be of primary importance whereas visual infor- 
mation from both sexes may be of secondary impor- 

tance (Teytaud 1971; Gleeson 1991; Bushmann 
1999). 

FACTORS INFLUENCING 

PAIR FORMATION 

Population Characteristics 

As in a variety of crustaceans (Seibt and Wickler 
1979; Ridley and Thompson 1985; Forbes et al. 
1992; Jormalainen 1998), pre-copulatory mate 
guarding in the blue crab is a male response to high 
levels of competition for access to receptive females 
that are limited numerically, temporally, or spatially 
(Jivoff and Hines 1998b). In a variety of taxonomic 
groups, pre-mating interactions and pair formation 
are influenced by local population characteristics, 
such as the number of males and females that are 
ready to mate (operational sex ratio), that dictate the 
abundance and the temporal and spatial availability 
of receptive females (Trivers 1972;Emlen and Oring 
1977; Borgia 1979). In blue crabs, as the operational 
sex ratio becomes male-biased, males initiate 
courtship more readily and try harder to capture 
resistant females (Jivoff and Hines 1998a, b). Alterna- 
tively, pre-pubertal females that are late in the molt 
cycle reduce their rate of courtship towards males, 
presumably because they have access to a greater 
number of potential mates (Jivoff and Hines 1998b). 
These behavioral responses by both males and 
females to variation in local population structure 
influence the timing of pair formation and the indi- 
viduals that successfully form pairs (Carver 2001). 

Male Characteristics 

In numerous taxonomic groups, there are a vari- 
ety of male characteristics that enhance male pairing 
or mating success, including body size, health and 
physical condition, and the quality of secondary sex- 
ual characteristics (Andersson 1994). Large male 
blue crabs have advantages in competing for access 
to receptive females, as in a variety of other crabs 
(Salmon 1983; Adams et al. 1985; Reid et al. 1994; 
Koga and Murai 1997; Sainte-Marie et al. 1999). For 
example, large male blue crabs have proportionately 



Table 1. Description of blue crab courtship behaviors by each sex-based on observations in field enclosures. 

Behavior Performer Description 

Approach 

Chelae Spread 

*Paddle/Paddle-up 

Jump-back Male 

Corral Male 

Pre-copulatory Male 
embrace (Guard: 
mate guarding) 

"Bat Male 

Let Go/Drop Male 

Both sexes Crab elevated on walking legs, moves towards another crab. Often com- 
bined with chelae spread and paddle (Fig. 6A). 

Both sexes Crab lifts and fully extends chelae laterally with dactyls closed. Often 
combined with approach and paddle. 

Both sexes Crab's paddles (swimming legs) held above dorsal carapace and waved in 
circular motion (not so in paddle-up).Waving rate increases as the pad- 
dler approaches other crab. Often combined with approach and chelae 
spread (Fig. 6A). 

While raised on the walking legs and paddling, male may vigorously 
thrust his posterior down and back. 

Male physically encloses female between chelae and positions her 
beneath him so both crabs face in the same direction. 

Once male is on top of female, he wraps first pair of walking legs under 
her and carries her with his sternum against her dorsal carapace until just 
before copulation (Fig. 6B). 

Once male is on top of female, she may raise and wave her chelae. The 
male deflects her chelae with his own. 

Once male is on top of female, he may release her temporarily (let go), 

often in response to female resistance; then he either reassumes mate 
guarding or abandons the female (drop). 

Male Once female has molted, male flips her onto her dorsal carapace with his 
chelae so that his abdomen rests on hers, his walking legs cradle her, and 
they face in the same direction (Fig. 6D). 

Female Female turns away from the male and moves beneath him into the pre- 
copulatory position. 

Both sexes Crab pursues another crab while both are walking. A chase ensues when 
both crabs are rapidly swimming. 

Male After chasing a female, the male may capture her with his chelae (grab) 
and restrain her (hold). 

Both sexes Crab lifts and laterally spreads chelae towards another crab, usually with 
dactyls open. 

Both sexes Crab walks in the opposite direction of other crab, often combined with 
threat. 

Both sexes Crab rapidly swims (at least 1 m) in the opposite direction of another 
crab, often combined with threat, follow, or chase. 

Both sexes Crab lifts and extends chela to obstruct other crab (block). If other crab 
touches first crab, it may thrust chela to move other crab (push). 

Both sexes Crab thrusts chela to contact other crab (poke). Crab may thrust both 
chelae and forcefully lunge at other crab (stab). 

Courtship 
embrace 

Backing 

Follow/chase 

Grab/Hold 

Threat 

Move away 

Flee 

Block/Push 

Poke/Stab 

Indicates behaviors previously described by Teytaud (1971). 
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A Successful male, early pre-molt female B Unsuccessful male, early pre-molt female 
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Figure 7. The effect of female molt stage on the sequence of male courtship behaviors that occurred in field enclosures 

by (A) successful males and (B) unsuccessful males towards pre-pubertal females early in the pre-molt cycle and by (C) 

successful males and (D) unsuccessful males towards pre-pubertal females late in the pre-molt cycle. Successful males 

paired with a female whereas unsuccessful males did not. Width of each continuous line and the size of its arrow are 

proportional to the mean rate of the behavioral sequence represented; dashed lines are sequences performed at low rates 

by not more than two different males. See Table 1 for description of each behavior. From Jivoff and Hines (1998b). 
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longer chelae than small males (JivofF 1997b). This 
attribute in other species provides a distinct advan- 
tage during aggressive interactions for females (Stein 
1976; Berrill and Arsenault 1984; Lee and Seed 
1992; Claxton et al. 1994), as well as in physically 
controlling females (Arnqvist 1989; Snedden 1990; 
Lee 1995). Large male blue crabs more often dis- 
place smaller guarding males and can prevent dis- 
placement in competitive interactions for females 
(Fig. 8) (JivofF 1997b). In the field, large males have a 
pairing advantage over smaller males in that they are 
more oFten paired (Fig. 9) and mate with larger, 
more Fecund Females (JivoFF 1997b). As in many 
other crustaceans, male blue crabs mate almost 
exclusively in the intermolt stage (C), suggesting 
that molting and mating are incompatible (Lipcius 
and Herrnkind 1982; Lipcius 1985; Sainte-Marie 
and Hazel 1992; Paul et al. 1995). Molting frequency 
decreases with crab size (Tagatz 1968b; Millikin and 
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Figure 8. Distribution of successful (s) and unsuccessful 

(u) takeover attempts according to the sizes of the 

guarding male and the unpaired aggressor occurring in 

field enclosures. Successful takeovers resulted in the 

displacement of the guarding male; unsuccessful 

attempts did not. The diagonal line shows where the 

two types of males are the same size. From JivofF and 

Hines (1998a). 

Williams 1980); therefore, large males spend more 
time in the intermolt stage and can dedicate more 
time to sexual competition and mating than small 
males can (Fig. 9) (JivofF 1995). 

Male health and physical condition may also be 
important factors influencing male mating success 
(Zahavi 1977; Kodric-Brown and Brown 1984; 
Brown 1997). In blue crabs, males spend consider- 
able time and energy in mating activities; thus a 
male's physical condition may influence his degree 
of sexual receptivity and his ability to compete for 
access to females and to maintain mate guarding 
relationships. There are a variety of factors that may 
influence the physical condition or overall health of 
male blue crabs, including limb loss (autotomy), dis- 
ease and parasite infection (see also Shields and 
Overstreet, Chapter 8), and male mating history 
(frequency of previous mating, especially time since 
last ejaculation). Males use their chelae during 
courtship to physically capture and control females 
and in aggressive interactions for females with other 
males. Thus, the loss of one chela is a significant 
handicap to male mating success in blue crabs 
(Smith 1992) and in other crab species (Sekkelsten 
1988;Abello et al. 1994; Paul and Paul 1996). 

In a variety of species, males with elevated para- 
site loads have reduced mating success resulting from 
decreased resistance to disease (Hauton et al. 1997), 
reduced competitive ability (Ward 1986; Nakashima 
1995; Zohar and Holmes 1998), or poor quality of 
secondary sexual characteristics (Johnson et al. 1993; 
Kavaliers and Colwell 1995; Thompson et al. 1997). 
Blue crabs can be infected by a variety of parasites, 
viruses, and diseases that lead to poor physical condi- 
tion (Millikin and Williams 1980; Couch and Mar- 
tin 1982; Overstreet 1982) and diminished repro- 
ductive potential (Millikin and Williams 1980; 
O'Brien andVanWyk 1985; Shields and Wood 
1993) (see also Shields and Overstreet, Chapter 8) 
but in most cases, little is known about their effect 
on male mating success. However, the parasitic rhi- 
zocephalan barnacle Loxothylacus texanus has a 
marked efiect on the mating success of male C. 
sapidus because the parasite castrates or Feminizes its 
host and replaces the host's reproductive output with 
its own (O'Brien andVanWyk 1985) and it is host- 
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specific even in the presence of closely related 
species (e.g., C. similis, C. danae, C. rathbunae) (Hsueh 
et al. 1993; Lazaro-Chavez et al. 1996). 

In some species, sperm stores or the ability to 
pass large ejaculates to females influence male mat- 
ing success (Markow et al. 1978; Eady 1995; Gage 
and Barnard 1996). Male blue crabs pass, on average, 
about 47% of their stored ejaculate contents to 
females (Jivoff 1997b) and they require between 9 to 
12 d to fully recover their ejaculate stores (Jivoff 
1997b; Kendall and Wolcott 1999). Recently mated 
males are as equally competitive for access to females 
as are virgin males (Kendall and Wolcott 1999), but 
they may forgo additional mating opportunities by 
ignoring pre-pubertal females or may delay mating 
by exchanging pre-pubertal females late in the molt 
cycle for females early in the molt cycle (Jivoff 
unpubl. data). 

Female Characteristics 

There are a variety of female characteristics that 
may influence pair formation and mating success in 
blue crabs, including body size and proximity to the 
pre-pubertal molt. As in many other species of crabs, 
the fecundity of female blue crabs increases with 
their size (Hines 1982,1988,1991). Thus, the larger 
females may be more attractive to males due to their 
higher reproductive value. However, as compared 
with other species (Hines 1982), the relationship 
between fecundity and female size is highly variable 
in the blue crab: (Hines 1982, log10 egg number = 
[1.022] log10 body weight + 4.57, n = 12, r2 = 
0.511; Prager et al. 1990, egg number x 10& = [0.38] 
carapace width - 2.25, n = 134, r2 = 0.39), so that 
factors in addition to body size may influence pair 
formation in this species (Jivoff 1997b; Jivoff and 
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Hines 1998b). In other mate-guarding species, male 
mating success is influenced by the amount of time a 
male spends with each female (Parker 1974, 1978). 
Male blue crabs may increase their reproductive suc- 
cess by balancing the trade-offs related to female size 
and molt stage, such that males may pair with (1) 
larger females, which have higher fecundity but may 
require longer mate guarding, (2) smaller females, 
which may require shorter mate guarding but have 
lower fecundity, or (3) pre-pubertal females late in 
the molt cycle, which require shorter pre-copulatory 
mate guarding and less effort during pair formation 
because they are less resistant to mate guarding than 
are pre-pubertal females early in the molt cycle 

OivofTand Hines 1998a, b). 

Environmental Factors 

Environmental factors, particularly temperature 
and salinity, can influence blue crab mating because 
they affect molting behavior (Shirley et al. 1990; 
Wolcott and Hines 1990; Fisher 1999), which dic- 
tates sexual maturity and the timing of mating. In 
temperate areas, mating typically occurs during the 
warm summer months (Van Engel 1958) but can 
begin much earlier in sub-tropical areas (Steele and 
Bert 1994; Fisher 1999). Molting does not occur 
below about 9°C (see Smith and Chang, Chapter 6), 
creating temporal variation in the abundance (both 

absolute and relative to the number of males) and 
distribution of pre-pubertal females. For example, in 
late spring there is an abundance of pre-pubertal 
females ready for the pubertal molt in the warmer 
waters of lower Chesapeake Bay, whereas further up 
the bay there are very few receptive females due to 
colder water temperatures (Hines et al. 1987; Gibbs 
1996). As a result, there are two periods of mating 
activity in the lower bay (in the spring and late sum- 
mer to early fall) versus a single peak in mating in 
the mid and upper bay (mid to late summer). Differ- 
ences in local population structure, particularly sex 
ratio, during the two periods of mating in the lower 
bay may lead to significant variation in the mating 
success of males and females that mate during those 
periods. For example, during the spring, more 
females may go umnated or receive less sperm and 

seminal fluid at mating because males, especially of 
large size or that have not mated recently, are less 
abundant as compared with during the late summer 
(Hines et al. 2003). 

Salinity also influences the temporal and spatial 
distribution of sexually receptive crabs (Hines et al. 
1987; Steele and Bert 1994), dictating the temporal 
and spatial distribution of mating opportunities. In 
the Rhode River, a sub-estuary of Chesapeake Bay 
low salinity areas are used during the summer for 
molting, predominantly by pre-pubertal males, 
whereas brackish areas are used for mating and thus 
are dominated by intermolt males and pre-pubertal 
females (Hines et al. 1987). 

Hormonal Control 

Different hormones, including ecdysteroids, 
chromatophorotropins, and terpenoids, may con- 
tribute to sexual receptivity in some species of crabs 
(Quackenbush 1986) and thus influence pair forma- 
tion and mating success. Ecdysteroids are involved in 
gonad maturation, which may be an important fac- 
tor determining the sexual receptivity of individuals. 
Chromatophorotropins, released from the eyestalk 
neuroendocrine system, regulate color patterns 
(Quackenbush 1986) that in some species, such as 
Uca musica (Ocypodidae), may indicate reproductive 
readiness or competence (Zucker 1984).Terpenoid 
hormones, such as juvenile hormones in insects, also 
stimulate gonad maturation in some species (Quack- 
enbush 1986). For example, in the portunid Carcinus 

maenas, the androgenic gland releases farnesylace- 
tone, which stimulates protein synthesis in the testes 
(Berreur-Bonnenfant and Lawrence 1984) but not 
spermiogenesis (Ferezou et al. 1977). In the blue 
crab, and other species such as the spider crab Libinia 
emarginata, the mandibular organ may also produce 
terpenoid hormones (Laufer et al. 1984). In L. emar- 
ginata, male sexual receptivity may be regulated by 
the terpenoid hormone methyl farnesoate because 
increased levels of this hormone occur in adult 
males in the intermolt stage that have well devel- 
oped vasa deferentia and mature chelae allometry 
(Homola et al. 1991; Sagi et al. 1994; Laufer and Ahl 
1995; Ahl and Laufer 1996). In blue crabs, the role 
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of hormones in regulating male sexual receptivity is 
still unclear despite evidence that there is consider- 
able variation in the response of males to pre-puber- 
tal females (Teytaud 1971; Gleeson et al. 1987; Jivoff 
and Hines 1998b; Bushmann 1999). 

INSEMINATION AND 

POST-MATING INTERACTIONS 

In blue crabs, copulation occurs shortly after the 
female completes her terminal molt (Van Engel 
1958).When the female begins the molting process, 
the male loosens the pre-copulatory embrace, and 
may even assist the female out of her old carapace. 
Within minutes of her completing ecdysis, the male 
turns the female upside-down beneath him, such 
that their ventral surfaces meet and both face in the 
same direction (Fig. 6D). Copulation commences 
when both sexes lower their abdomens, allowing the 

male to insert the primary pleopods into the exter- 
nal openings of the female reproductive tract, and 
may last for 5 to 12 h. After copulation, the male 
turns the female right-side up beneath him in the 
post-copulatory mate guarding embrace, which may 

last for 4 to 5 d (Van Engel 1958; JivofF 1997a). 
Males may mate several times (the number is unde- 
termined) within a mating season, and may survive 
through at least two mating seasons (Van Engel 
1958; Fischler 1965). However, recent evidence 
based on the condition of male vasa deferentia sug- 
gests that males indeed mate more than once during 
the mating season (Kendall and Wolcott 1999; 

Kendall etal. 2001). 
In contrast, female blue crabs have a single 

opportunity to mate, immediately after the pubertal 
molt, and it has been assumed that they mate with 
only one male at that time (Van Engel 1958; Mil- 
likin and Williams 1980). However, recent experi- 
mental and field evidence indicates that about 12% 
of females mate with more than one male during 
the pubertal molt, storing both ejaculates such that 
both males' sperm have access to the unfertilized 
eggs (Fig. 10) (Jivoff 1997a). In many species from a 
variety of taxonomic groups, females mate with 
more than one male, which results in competition 

among the different males' sperm for egg fertiliza- 
tions (sperm competition) and influences the way in 
which post-copulatory mate guarding occurs (Smith 

1984). 
In crabs, post-copulatory mate guarding occurs 

when females mate immediately after molting, when 
their carapace is soft and they are extremely vulnera- 
ble to predation (Hartnoll 1969; Salmon 1983). In 
blue crabs, unpaired pre-pubertal females suffer 
higher mortality rates during the pubertal molt than 
do paired females (Shirley et al. 1990; Jivoff 1997a), 
indicating that mate guarding protects females dur- 
ing the pubertal molt. In addition, male blue crabs 
guard longer in the presence of predators than in 
their absence (Jivoff 1997a), which is also true for 
the stone crab Menippe mercenaria (Xanthidae), 
another species that mates when the female is soft 
and vulnerable (Wilber 1989). Moreover, in the 
presence of other males, and thus an increased risk 
of sperm competition, male blue crabs guard longer 
and pass larger ejaculates to females, which may pre- 
vent additional males from mating with the female 
(Jivoff 1997a). Furthermore, the longest post-copu- 
latory mate-guarding durations in the field corre- 
spond to those produced by an increased risk of 
sperm competition (Jivoff 1997a).Thus, varying lev- 
els of sexual competition (for example, because of 
local population sex ratios) influence male blue crab 
reproductive investment in terms of mate guarding 
time and the volume of ejaculate passed to females. 

Female blue crabs have a single opportunity to 
mate, so it is critical that they copulate at that time 
and that they obtain enough ejaculate to ensure 
their full reproductive potential. Although insemina- 
ton of most adult female blue crabs has been docu- 
mented in a variety of estuaries (e.g., Maryland 
[Jivoff 1997b; Hines et al. 2003], South Carolina 
[Wenner 1989], North Carolina [T. Wolcott et al., 
North Carolina State University, unpubl. data], 
Florida [Hines et al. unpubl. data]), the amount of 
ejaculate they store varies temporally (e.g., among 
months) and spatially (e.g., within and among estu- 
aries) (JivofF 1997b, Hines et al. 2003) (Fig. ll).That 
amount is influenced by the size and mating history 
of their mate (Jivoff 1997b; Kendall and Wolcott 
1999; Kendall et al. 2001,2002), copulation duration 
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Figure 10. Condition of adult female spermatheca (A) mated with one male and (B) mated with two males including 

spermatophores of ejaculate one [S.], spermatophores of ejaculate two [SJ, seminal fluid of ejaculate one [SFd, sem- 

inal fluid of ejaculate two [SFJ. Photo by P.R.Jivoff. 

CJivorY 1997b), and local sex ratio rjivofT 1997a). Evi- 
dence from other crab species indicates that the 
amount of sperm females have available for egg fer- 
tilization influences their reproductive output (Pow- 
ell et at. 1974; Nizyaev and Fedoseev 1989; Paul and 
Paul 1989a; Norman 1996). Preliminary evidence 
indicates that the amount of ejaculate female blue 
crabs have stored in the spermathecae also influences 
the number and the fertility of broods produced 
(Hines et al. 2003) (Fig. 12). Sperm are lost from the 
spermathecae during storage, but factors that affect 
the rate of loss are poorly understood (Hopkins 
2002). The only direct study of the loss of sperm was 
done in warm months (Hopkins 2002), so that 

effects of storage during cold winter months in 
Chesapeake Bay are unknown. 

Potential Fisheries Implications 

Concern has increased in recent years that 
intense fishing pressure is disrupting mating and 
reproduction in blue crabs (e.g., Cole 1998; Uphoff 
1998; Carver 2001; Kendall et al. 2001, 2002; Hop- 
kins 2002; Hines et al. 2003) and other commer- 
cially important crab species (Caddy 1989; Jamieson 
1993; Sainte-Marie and Lovrich 1994). Crustacean 
fisheries differ from those of other groups because 
they typically concentrate on large, sexually mature 
males that often are removed at the highest rates 
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during the reproductive season (Cobb and Caddy 
1989). Analyses of blue crab populations along the 
U.S. east coast indicate that fishing effort is increas- 
ing; catch per unit effort is decreasing; and the aver- 
age size of legal-sized males is decreasing in Mary- 
land (Abbe and Stagg 1996; Uphoff 1998), Louisiana 
(Guillory and Ferret 1998), and Texas (Hammer- 
schmidt et al. 1998). In blue crabs (Abbe and Stagg 
1996) and other crustaceans (Ennis et al. 1990; 
Smith and Jamieson 1991; Donaldson and Donald- 
son 1992), evidence suggests that intense removal of 

0 12 3 

Male mating sequence (no. prior females) 

Figure 12. Relationship between brood hatching suc- 

cess and male mating history for female blue crabs in 

laboratory mating experiments in Indian River Lagoon, 

Florida. Histogram bars indicate percent of first broods 

hatching as a function of the number (no.) of prior 

females mated in sequence to males. Sample sizes (n) 

indicate number of females in each group. Bars sharing 

the same letter are not significantly different. From 

Hines et al. (2003). 

large males alters local population structure by 
reducing both the ratio of sexually active 
males:females, and the size-structure of a population. 
In other commercially important crabs, small, less 
competitive, males may have increased opportunities 
to mate as a result of fishing presssure (see Jamieson 
et al. 1998) and females may have difficulty finding a 
male or may mate with a male that provides a lim- 
ited amount of ejaculate (Paul and Paul 1989a; 
Smith and Jamieson 1991; Sainte-Marie et al. 1995; 
Hankin et al. 1997). In blue crabs, such changes in 
population structure have important consequences 
on the way mating takes place, including providing 
small males with increased access to females and 
more frequent matings (Jivoff and Hines 1998a, b) 
and reducing the investments males make (mate 
guarding time, quantity of ejaculate) in mating and 
reproduction (Jivoff 1997a, b; Kendall and Wolcott 
1999).These changes in blue crab mating may con- 
tribute to reduced female reproductive output (see 
below). 
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FERTILIZATION AND 

BROOD PRODUCTION 

Fertilization 

As in many other crab species, fertilization in 
the blue crab is thought to occur in the spermathe- 
cae (Hard 1945; Johnson 1980). In a variety of 
species (Villavaso 1975;Eberhard and Cordero 1995; 
Arthur et al. 1998; Ward 1998), including other 
species of crabs (Jensen et al. 1996; Sainte-Marie and 
Sainte-Marie 1998, 1999a), the processes that occur 
within the female spermathecae to accomplish egg 
fertilization are just as complex as those seen to 
accomplish insemination. Despite large changes that 
occur in the spermathecae between insemination 
and opposition in blue crabs (Hard 1945; Johnson 
1980), relatively little is known about how those 
changes occur or how they are regulated. 

In temperate areas, insemination occurs during 
the summer months although most females do not 
produce their first brood of eggs until the following 
spring or summer, using sperm stored for "at least" 1 
year or more, depending on the longevity of the 
female (Hard 1945; Van Engel 1958; Hines et al. 
2003). During the 2 months after insemination, the 

hardened seminal fluid softens and "dissolves," which 
eventually allows the unfertilized eggs to move 
through the spermathecae for fertilization (see Fig. 

4) (Hard 1945). It is not clear how the dissolution of 
the seminal fluid takes place, although secretions 
from the epithelium of the spermathecae have been 
implicated in blue crabs (Johnson 1980) and other 
crab species (Ryan 1967b; Diesel 1989; Beninger et 
al. 1993; Sainte-Marie and Sainte-Marie 1998). 
Concomitant with seminal fluid dissolution is the 
process of spermatophore dehiscence, whereby 
sperm from at least some of the spermatophores are 
released into the spermathecae (Johnson 1980; Hop- 
kins 2002). In other crab species, secretions from the 
epithelium of the spermathecae may weaken the 
resistant pellicle of the spermatophores (Ryan 
1967b; Diesel 1989; Beninger et al. 1993), then a 
combination of water absorption or physical distur- 

bance may break the spermatophore and allow 

sperm to be released (Uma and Subramoniam 1979; 
Beninger et al. 1993). The unfertilized eggs move 
from the ovary into the spermathecae for fertiliza- 
tion, but in blue crabs it is not clear what triggers or 
controls this egg movement. In other species, it was 
suggested that muscular contractions assist in the 
evacuation of eggs from the ovary (Ryan 1967b; 

Bawab and El-Sherief 1989; Beninger et al. 1993) 
because as many as 2 to 6 million eggs may travel 
through the spermathecae in approximately 1 h 
(Ryan 1967b) to 2 h (Van Engel 1958). It is thought 
that eggs are fertilized in the spermathecae before 
being extruded onto the four pairs of pleopods on 
the female abdomen. 

As noted on page 264, the mature sperm of blue 
crabs lack flagella. Each consists of an acrosome, api- 
cal cap, and eight radial arms (Brown 1966) (see Fig. 
5).The radial arms attach to the unfertilized egg and 
the apical cap unites with the outer egg membrane 
or chorion (Brown 1966). The acrosome elongates 
through the apical cap and penetrates the egg. A 
complex series of changes in the shape of the sperm 
occurs during attachment to the egg, culminating in 
an acrosomal reaction that "injects" the sperm 
through the chorion (Brown 1966). In addition, the 
radial arms of the sperm consistently attach to the 
egg in the same orientation and subsequently release 
from the egg before the acrosomal reaction, suggest- 
ing that a chemically driven "attach-and-release 
mechanism" may modulate the injection of the 
sperm into the egg (Brown 1966). The acrosome 
reaction can be induced by the addition of seawater, 
or by osmotic or physical pressure, and occurs in the 
presence of unfertilized eggs (Brown 1966). Several 
hundred reacted sperm were observed with the 
acrosomal region everted through the chorion of a 
single egg (Brown 1966), suggesting that sperm-to- 
egg ratios required for successful fertilization may far 
exceed 1:1, as seen in other species (e.g., 70:1, see 
Sainte-Marie and Carriere 1995). In the snow crab 
Chionoecet.es opilio, females will not extrude eggs if 
the sperm-to-egg ratio in the spermathecae is less 
than 7:1 (Sainte-Marie and Carriere 1995). 

In Chesapeake Bay and other estuaries, there is 
temporal and spatial variation in the amount of 
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sperm female blue crabs have stored (Hines et al. 
2003) (Fig. 13). On average, the number of sperm 
stored by recently mated females in the Rhode 
River is 6 x 108 (Hines et al. 2003). Given that the 
average number of eggs per brood is approximately 
3 x 106 and that females may produce three broods 
per spawning season, the sperm-to-egg ratio is 66:1. 
If females are capable of producing more broods 
over their lifetime (see below) (Hines et al. 2003), 
then sperm-to-egg ratios may become limiting. 
Although it is not known whether the presence or 
quantity of sperm in the spermathecae dictates egg 
extrusion, preliminary evidence indicates that the 
quantity of material in the spermathecae influences 
the number and/or fertility of broods produced (see 
below and Fig. 12) (Hines et al. 2003). 

Brood Production 

In the blue crab, relatively little is known about 
the factors governing brood production, a compli- 
cated process involving the temporal and spatial 
coordination of female physiology with particular 
environmental conditions. Previous work suggests 
that female blue crabs in temperate areas produce 
one to three broods of eggs (Hard 1945; Van Engel 
1958; Prager et al. 1990; Hines et al. 2003). In sub- 
tropical waters of Florida, blue crabs produced as 
many as 8 broods per season, which extrapolates to 
16 broods per lifetime if females live for two years 
after mating (Hines et al. 2003). However, the num- 
ber of broods and size of each brood spawned by 
females is influenced by a variety of factors, includ- 
ing environmental conditions (e.g., temperature and 
salinity) and female characteristics, (e.g., size). As in 
other species of crabs (Hartnoll 1985), broods are 
produced using sperm stored for long periods (e.g., 
8 to 12 months in blue crabs), which can affect 
sperm viability at the time of fertilization (Morgan 
et al. 1983; Paul 1984; Sainte-Marie 1993). In blue 
crabs, nothing is known about the factors that influ- 
ence sperm viability during storage in the female 
but preliminary evidence suggests there may be con- 
siderable variation among females in the viability of 
their stored sperm (Hopkins 2002). As in other crabs 
(Powell et al. 1974; Paul and Paul 1992,1997), recent 

evidence in blue crabs suggests that the characteris- 
tics of the female's sexual partner (e.g., size, mating 
history) may also influence her reproductive output 
(Hines et al. 2003). 
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TIMING OF BROOD 

PRODUCTION 

In the blue crab, there is temporal and spatial 
variation in the timing and duration of the spawning 
season. The timing of brood production is influ- 
enced by environmental conditions, and spawning is 
initiated earlier in the spring at lower latitudes (Mil- 
likin and Williams 1980). Spawning occurs from 
June to August in New Jersey (Jivoff unpubl. data), 
May to September in Chesapeake Bay (Van Engel 
1958; McConaugha et al. 1983), March to Septem- 
ber in North and South Carolina (Williams 1971), 
and February to October in Florida (Tagatz 1968a). 
In Chesapeake Bay and other estuaries, mating 
occurs throughout much of the estuary whereas 
spawning occurs in high salinity regions in the lower 
estuary (Van Engel 1958; Schaffher and Diaz 1988). 
Thus, sometime after mating, adult females migrate 
from their mating area to particular regions in the 
lower estuary for brood production and spawning. 

Migration from the mating area to spawning 
regions occurs in two phases (Tankersley et al. 
1998). In phase I, inseminated females move to the 
lower estuary, where they subsequently produce and 
incubate broods; in phase II, ovigerous females 
migrate near or out of the mouth of the estuary to 
hatch their eggs, releasing larvae into the water col- 
umn. In upper Chesapeake Bay, post-copulatory 
females remain in the mating areas to feed, recover 
from molting, and begin to accumulate nutritional 
stores during summer and early fall. They undergo 
phase I migration in late September to November, 
when environmental conditions (probably colder 
water temperature or changing photoperiod) trigger 
movement to the lower bay (Turner 2000; Turner et 
al. 2003; Aguilar et al. 2005). During phase I migra- 
tion in Chesapeake Bay, females move as much as 
200 km (although many move much shorter dis- 
tances) along the deep channel of the mainstem of 
the bay rather than along routes in the shallow 
shoulders or nearshore areas (Aguilar et al. 2005). 
Upon reaching the mid- to lower estuary when 
temperatures drop below about 10°C, the females 
cease movement and bury into the sediment over 

winter and do not begin brood production until the 
following late spring and summer (Hines et al. 2003; 
Aguilar et al. 2005). In phase II migration, females 
with broods in advanced developmental stage move 
further towards and/or into the ocean to hatch their 
eggs, and use particular behaviors cued to photope- 
riod and tidal and lunar rhythms (see Larval Release 
below). 

BROOD CARE 

While not traditionally considered providers of 
parental care, female blue crabs do perform a variety 
of behaviors that enhance the survival of their off- 
spring. For example, egg development and hatching 
success are promoted by salinities of at least 201 

(Davis 1965). In addition, larval development occurs 
in offshore waters above the continental shelf 
(Provenzano et al. 1983;Epifanio et al. 1984).There- 
fore, the down-estuary migration of females to high 

salinity water enhances the development and hatch- 
ing success of eggs and the dispersal of larvae. Blue 
crabs are excellent swimmers, capable of moving 
considerable distances relatively quickly (Wolcott 
and Hines 1989; Hines et al. 1995), but the down- 
estuary migration of adult females (as long as 200 
km in Chesapeake Bay) may be facilitated by verti- 
cal movements into ebb-tide currents (selective 
tidal-stream transport; see Tankersley and Forward, 
Chapter 10). The selective use of these currents may 
minimize energy expenditures during migration, 
thus saving energy for further egg development or 
for maintaining the female during over-wintering. 
However, initial evidence from Chesapeake females 
equipped with data logging tags for depth, salinity, 
and temperature indicates that most crabs move 
along the bottom during Phase I migration (T Wol- 

cott, unpubl. data). At the spawning grounds, 
females prefer areas dominated by sediments of sand 

1 Salinity is presented as a pure ratio with no dimensions or 

units, according to the Practical Salinity Scale (UNESCO 

1985). 
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or a mixture of sand and silt in which to bury for the 
winter (Schaffher and Diaz 1988). In spring when 
the eggs are extruded, these sediment types allow the 
adherence of fertilized eggs to the pleopods by pro- 
moting the formation of the egg membranes and 
attachment strands to the pleopods, which is critical 
for successful egg development (see Ryan 1967b; 
Kuris 1991). It is not known how sediments pro- 
mote this process, but in laboratory studies in the 
absence of sediment, newly extruded eggs do not 
attach to the pleopods (Sulkin et al. 1976; Jivoff 
unpubl. data). Females carry the developing eggs on 
their abdomen for 14 to 17 d and during that time 
they may flex their abdomens or stroke the eggs with 
their walking legs in order to aerate or remove invi- 
able eggs or parasites, as seen in other species (Kuris 
1991; Levi et al. 1999; Oh and Hartnoll 1999). 

FECUNDITY 

There are three main factors that can contribute 
to the total number of eggs produced by female blue 
crabs: (1) the number of eggs per brood, (2) the via- 
bility of eggs in each brood, and (3) the number of 
broods produced per season and per lifetime. Much 
of the previous work on blue crab fecundity has 
examined the number of eggs produced in the first 
brood. However, females are capable of producing 
two or more broods per spawning season (Van Engel 
1958) and we have a poor understanding of the fac- 
tors that dictate the reproductive potential of female 
blue crabs beyond the first brood. 

Female blue crabs are highly fecund, producing 
between 0.7 and 6 x 106 eggs in their first brood 
(mean, 3.2 x 10& ± 1.6 x 10& SD;Van Engel 1958; 
Prager et al. 1990) weighing an average of about 30 
g (range, 24-98 g wet weight; Tagatz 1965; Roberts 
and Leggett 1980). One factor contributing to the 
very high fecundity is that blue crabs have relatively 
small eggs (251 urn diameter; see also Davis 1965) 
compared with other crab species (range among 20 
species, 251-731 um), including other portunids, 
majids, cancrids, and xanthids (Hines 1982). As in 
other species (Hines 1982, 1988, 1991; Reid and 
Corey 1991; Siddiqui and Ahmed 1992), the num- 

ber of eggs produced increases linearly with female 
size (Hines 1982; Prager et al. 1990). The volume of 
the body cavity available for the developing ovary 
constrains brood size (Hines 1982), suggesting that 
the relatively large increase in carapace width of 
females (due to growth of the lateral spines) at the 
pubertal molt (Newcombe et al. 1949b) may 
increase the available space for the developing ovary. 
Blue crabs are more fecund than other crab species, 
but the female size-fecundity relationship is also 
more variable, suggesting that factors in addition to 
female size are also important (Hines 1982). In other 
species, fecundity can vary temporally and spatially 
(Davidson et al. 1985; Shields 1991; Kennelly and 
Watkins 1994), and with the availability of energy 
stores for ovary development (Kennish 1997). In 
addition, trade-offs between egg number and egg 
size (Sainte-Marie 1993) or between energy for 
somatic growth (e.g., limb regeneration) and repro- 
duction (Norman and Jones 1993) also influence 
female fecundity. Little is known of the factors that 
contribute to the variation in fecundity of the first 
brood, and the few observations available indicate 
that subsequent broods are smaller and contain a 
greater percentage of inviable eggs (Darsono 1992; 
Hines et al. 2003). 

Van Engel (1958) noted that "many" eggs in a 
brood do not hatch, indicating that egg infertility 
reduces fecundity between oviposition and larval 
release and contributes to the variation in the female 
size-fecundity relationship. In a variety of species, 
numerous factors result in egg losses between ovipo- 
sition and larval release (see below). The loss of eggs 
may occur more often in the later stages of egg 
development (Oh and Hartnoll 1999) and may be 
size-related (Kuris 1991; Norman and Jones 1993), 
suggesting that fecundity within one brood can vary 
over time. In other crab species, characteristics of a 
female's sexual partner, including his size and fre- 
quency of mating in the recent past (mating his- 
tory), influence egg fertility (Powell et al. 1974; Paul 
and Paul 1989b, 1997), which suggests that the quan- 
tity or quality of sperm available for fertilization 
affects egg fertility rates. For example, long periods 
of sperm storage in the female (Paul 1984; Hopkins 
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2002) or the male (Leung-Trujillo and Lawrence 
1987) of other species may limit the number of 
viable sperm available for fertilization. Preliminary 
evidence (Hines et al. 2003) suggests that egg fertil- 
ity, especially in broods subsequent to the first, 
decreases perhaps as a result of reduced sperm stores 
in the female spermathecae. 

POTENTIAL FISHERIES 

EFFECTS 

A major concern for the management of blue 
crabs (see Cole 1998; Uphoff 1998), as well as other 
commercially important species, is the maintenance 
of an abundant spawning stock to ensure reproduc- 
tion and sustained levels of recruitment (Caddy 
1989; Lipcius and Van Engel 1990). Although male 
blue crabs are the primary target of the fishery (large 
males being of greater economic value), adult 
females are also taken and represent an increasing 
percentage of the catch as a result of a decreasing 
supply of males in Maryland (Rugolo et al. 1998; 
UphofT 1998) and Delaware (Cole 1998).Therefbre, 
fishing pressure results in direct losses in female egg 
production because females are removed before 
spawning, either during their down-estuary migra- 
tion to the spawning grounds or during overwinter- 
ing (Jordan 1998). However, there is increasing con- 
cern that changes in population structure due to 
intense fishing pressure on blue crabs and other 
commercially important species (Jamieson et al. 
1998) can indirectly reduce female reproductive 
output in complex ways. For example, compared 
with non-fished crab species, commercially impor- 
tant species show greater losses of eggs to nemertean 
brood parasites as a result of changes in host-popula- 
tion structure from intense fishing pressure (Wick- 
ham 1986). 

Reduced female egg production may also stem 
from intense fishing pressure on males (McMullen 
andYoshihara 1971; Nizyaev and Fedoseev 1989; 
Norman and Jones 1993). In a wide array of species, 
female reproductive output is enhanced by the 
quantity or quality of ejaculate received from males 
(Nakatsuru and Kramer 1982; Gwynne 1984; 
Rutowski et al. 1987). Thus, intense removal of 

males, especially large males with greater sperm 
stores, may prevent females from finding a male alto- 
gether or a male that can provide enough ejaculate 
for females to achieve their full reproductive poten- 
tial (McMullen andYoshihara 1971; Nizyaev and 
Fedoseev 1989; Smith and Jamieson 1991; Sainte- 
Marie et al. 1995). An analysis of red king crab Par- 
alithodes camtschaticus fisheries suggests that reduced 
fishing pressure on breeding males may provide 
more stable and sustainable yields and maintain 
reproductive potential (Schmidt and Pengilly 1989). 
Paralithodes species are particularly vulnerable to 
reduced female reproductive potential via fishery 
depletion of males because females are unable to 
store sperm. In blue crabs, intense removal of large 
males may lead to small males mating more fre- 
quently than otherwise expected, resulting in 
females receiving reduced quantities of ejaculate 
(fivofF 1997b; Kendall and^Wblcott 1999). Receiving 
adequate sperm supplies may be especially impor- 
tant for female blue crabs because most females use 
stored sperm from a single male to fertilize their life- 
time supply of eggs (Van Engel 1958; Jivoff 1997a). 
Preliminary results indicate that adult females with 
reduced ejaculate stores produce infertile eggs more 
quickly, suggesting that female reproductive poten- 
tial may be limited by the quantity of material avail- 
able for fertilization (see Fig. 12) (Hines et al. 2003). 

EMBRYONIC DEVELOPMENT 

Embryonic development (Fig. 14) occurs exter- 
nally on the underside of the female abdomen and is 
influenced by environmental conditions. Newly 
extruded embryos are relatively small (273 x 263 
urn) but increase in volume by about 18% by the 
time of hatching (320 x 278 urn; Davis 1965). 
Development takes 12 to 15 d at 28°C and salinity 
30; (Darsono 1992) but takes longer at colder tem- 
peratures (14 to 17 d at 26°C; Costlow and 
Bookhout 1959). The major steps in embryonic 
development include a granular appearance of suc- 
cessive cleavage stages (day 1), development of a 
transparent area that marks the development of 
endodermal cells and the beginning of gastrulation 
(day 2), separation of embryos from the lipid-rich 



Figure 14. Embryonic development of blue crab eggs during incubation. (A) Female with newly extruded brood of 

eggs, or sponge. (B) 5-day-old embryos with egg attachment stalks evident. (C) 9-day-old embryos with eye pig- 

ments forming. (D) 11-day-old embryos with eyes clearly visible. (E) 12-day-old embryos ready to hatch as zoeas. 

Photos by A.Young-Williams. 
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yolk (days 4-5), the appearance of eye pigments (day 
8), and appearance of zoeal appendages as the yolk is 
reduced to small patches (day 11) (Darsono 1992). 
During development, the color of the entire brood 
changes, appearing yellow to orange 1 to 7 d after 
extrusion and brown to black 8 to 15 d after extru- 
sion (Bland and Amerson 1974; Millikin and 
Williams 1980). 

Embryo Loss during Development 

Embryo loss during development is common 
among crustaceans, with one study finding about 
30% of species exhibiting decreases in brood size 
during development (Kuris 1991). The extent of 
embryo loss per brood varies among species but can 
be significant, ranging from 0 to 69% among cray- 
fish (Corey 1991) and from 0 to 100% in other 
crustaceans (Wickham 1986). Numerous factors 
result in the loss of embryos during development 
including lack of embryo adhesion to the pleopods, 
mechanical losses, embryo predation, disease, and 
parasites (see also Shields and Overstreet, Chapter 8) 
(Perkins 1971; Otto et al. 1989; Corey 1991; Kuris 
1991). Relatively little is known about the inci- 
dence and extent of embryo loss that occurs during 
development in blue crabs. Blue crab embryos are 
susceptible to fungal infection, especially by the 
marine phycomycete Lagenidium callinectes, which 
eventually destroys the infected embryos (Bland 
and Amerson 1974). Temporal and spatial variation 
occurs in both the incidence of infection (as high as 
95%) and the degree of infestation (33-50% of the 
brood), especially in late stage embryos (Bland and 
Amerson 1974). In addition, the nemertean egg 
predator Carcinonemert.es carcinophila may infest the 
embryo masses of blue crabs, with the incidence of 
infection among females ranging from 0 to 100% 
(Overstreet 1982). Infestation rates correlate with 
high salinities and the peak of spawning (Millikin 
and Williams 1980; Overstreet 1982), but little work 
has examined the relative effect of this predator on 
female reproductive output. Nemertean egg preda- 
tors are an important source of egg loss in other 
crabs, particularly in commercially important 
species because intense fishing pressure leads to 

changes in host-population structures that result in 
a higher prevalence or intensity of infestation 
(Wickham 1986). 

Larval Release 

Blue crab larvae develop in the offshore waters 
above the continental shelf (see Epifanio, Chapter 
12; McConaugha et al. 1983; Epiianio et al. 1984). 
Evidence indicates that just before larval release, 
females carrying embryos in the later stages of 
development migrate from the spawning grounds to 
the ocean (Tagatz 1968a) by vertically swimming 
into nocturnal, ebb-tide currents (selective tidal- 
stream transport; Tankersley et al. 1998;Tankersley et 
al. in review). In a variety of crab species, larval 
release is synchronized to light: dark, tidal phase, and 
tidal amplitude cycles such that larval release occurs 
during nocturnal high tides of the largest amplitudes 
(Forward 1986; Morgan and Christy 1994; Morgan 
1996). In blue crabs, larval release is apparently syn- 
chronized by two coupled endogenous oscillators, 
one with circatidal periodicity and one with Orca- 
dian periodicity (Ziegler et al. in review). Salinity 
and light (photoperiod) serve as cues for the two 
oscillators, and expression of the circatidal rhythm in 
hatching is influenced by the circadian clock such 
that larvae are released and transported seaward dur- 
ing morning ebb tides (Tankersley et al. 1998; 
Tankersley et al. in review; Ziegler et al. in review). 
This synchrony reduces predation on the newly 
released larvae by rapidly transporting them in 
strong ebb-tides to deeper waters, away from plank- 
tivorous predators in the near-shore zone (Morgan 
and Christy 1995,1997). 

Hatching begins with the uptake of water into 
the embryo, which is promoted by salinities of at 
least 18 (Costlow and Bookhout 1959; Davis 1965). 
Osmotic swelling of the inner embryonic mem- 
brane initiates hatching by rupturing the outer 
embryonic membrane (chorion), then larval move- 
ments rupture the inner embryonic membrane, 
releasing the prezoeae (about 14-20 min after 
chorion rupture; Davis 1965).The prezoeae molt to 
the first zoeal stage within 3 min of release (Davis 
1965), which may explain why they were not 
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observed in earlier studies (Costlow and Bookhout 
1959) (see Kennedy, Chapter 2). Both the inner and 
outer embryonic membranes remain attached to the 
pleopod setae of the female for a few days after larval 
release, and thus are an excellent indicator that the 
female has recently spawned, although they do not 
indicate the frequency of spawning (Hard 1945). In 
an ocypodid Uca pugilator, a xanthid Neopanope sayi, 
and several grapsid crabs (Sesarma haematocheir, S. pic- 
tum, S. dehaani, S. cinereum, and Hemigrapsus san- 
guineus), the embryos contain a proteinase ("oviger- 
ous-hair stripping substance") that removes the 
embryonic remnants from the pleopod setae after 
larval release and thus prepares the setae for the sub- 
sequent brood (DeVries and Forward 1991; Saigusa 
1996; Saigusa and Iwasaki 1999). 

Summary and Areas of 

Future Research 

Blue crab reproduction is complex and inter- 
esting from a variety of perspectives. Many factors 
influence the way mating and reproduction take 
place, including environmental conditions (e.g., 
temperature, salinity), local population characteris- 
tics (e.g., sex ratio, size structure), physiology (e.g., 
hormones, pheromones), and the characteristics of 
males (e.g., size, physical condition) and females 
(e.g., size, molt stage). Together, these factors pro- 
duce a complicated mating system with physiolog- 
ical changes and behaviors that are often highly 
variable and that differ from those of many other 
crabs, including other portunids. As a result, study- 
ing blue crab reproduction is challenging and a 
number of questions about mating and reproduc- 
tion remain. 

• What processes regulate sexual maturity and 
receptivity, particularly of males? In other 
species, hormones (e.g., methyl farnesoate) 
play an important role but relatively little is 
known about these in blue crabs. In a vari- 
ety of species, a male's parasite load, mating 
history, and future mating prospects also 
influence sexual receptivity but little infor- 
mation exists for blue crabs. 

• How do sexually receptive males and 
females come together for mating and what 
role does each sex play in finding a mate? 
Visual and chemical signals (from different 
sources) from both sexes seem to be impor- 
tant in pair formation, but the source and 
identity of these chemicals and how, in 
females, they are linked to the pubertal molt 
are still unknown. 

• What role do males play in determining the 
reproductive potential of females? In blue 
crabs and other species, males make consid- 
erable investments (e.g., mate guarding time, 
ejaculate volume) in their mates. In other 
species, the quantity or quality of the ejacu- 
late passed to females enhances their repro- 
ductive success, and we are beginning to 
understand that the same may also occur in 
blue crabs. This avenue of research is inter- 
esting from an evolutionary perspective 
because it addresses the selective forces 
behind these investments, and, from a more 
practical perspective, because it examines 
factors that influence the quality of the 
spawning stock. 

The blue crab supports one of the most impor- 
tant commercial and recreational fisheries along the 
east and Gulf coasts of the United States, including 
Chesapeake Bay (Rugolo et al. 1998), North Car- 
olina (Henry and McKenna 1998), Georgia (Evans 
1998), Florida (Steele and Bert 1998), Louisiana 
(Guillory and Ferret 1998), and Texas (Hammer- 
schmidt et al. 1998) A major concern for fisheries 
managers of this and other species is how to con- 
serve the spawning stock to insure sustainable 
recruitment levels. To do so effectively requires 
information on the factors that influence spawning 
and reproductive output; however, we know rela- 
tively litde about these in blue crabs. This paradox 
was eloquently stated by the late Eugene Cronin 
during a blue crab symposium at the 88th Annual 
National Shellfisheries Association Meeting: "A 
most crucial problem is that of determining the 
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effect of spawning stock on recruitment. Most of 
our management is directed toward the vague hope 
of protecting an 'adequate' or 'prudent' spawning 
stock — and we don't know what they would be." 
(Cronin 1998). Discouragingly, based on our current 
understanding of reproduction in the blue crab and 
information from other commercially important 
crab species, we can expect that increasing fishing 
pressure will negatively influence reproduction in 
complex ways (Lipcius and Stockhausen 2002). 
Therefore, an important area for future research is 
determining the reproductive potential (seasonal and 
lifetime) of females, and the factors that allow 
females to reach their full reproductive potential, 
including environmental conditions, physiological 
constraints, and the characteristics of the female and 
her sexual partner. Specifically, little is known about 
the processes that occur within the female between 
insemination and larval release, including the viabil- 
ity of sperm during storage, the dissolution of the 
seminal fluid, egg fertilization, and the viability or 
loss of embryos during development. This kind of 
information will provide a better understanding of 
reproduction and how the reproductive biology of 
this species is influenced by fishing pressure, an 
understanding that is critical for maintaining a viable 
fishery. 
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