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A B S T R A C T

All  103 stone crabs reared from eggs o f  one left-handed and  two right-handed female crabs 
were initially right-handed (side bearing crusher claw), bu t 88% o f laboratory-rearedjuveniles 
whose crushers were rem oved reversed handedness on the first regenerative molt. Eight o f  
12 (67%) feral adult or pre-adult crabs reversed handedness on th ird  o r fourth  m olt following 
crusher loss, but only 5% (1 o f 19) and 6% (1 o f 16) reversed on the first and second m olts, 
respectively. Reversal o f  handedness following claw loss by young juveniles is the m ost likely 
cause o f  the  change from  100% initial right-handedness to 80% am ong older juveniles and 
sublegal (carapace w idth <  80 m m ) adults in natural populations. The ratio is not altered in 
fished populations, probably because natural death occurs before m ost legal crabs can com ­
plete the num ber o f m olts (3 or more) required for adu lt claw reversal. N o adult crab regained 
a norm al stridulatory pattern  on a regenerated claw, even after five postregenerative molts.
Therefore, m ost, i f  no t all, claws regenerated following initial claw harvest by the fishery 
should be recognizable as such in subsequent landings. G row th averaged 20% carapace width 
increase per m olt for 94 laboratory m olts o f  adult crabs; this was com parable to field growth 
increm ents in o ther studies.

The F lorida fishery for the stone crab M enippe mercenaria (Say) is unique in 
that only claws are harvested and crabs are returned alive to the water. It is 
presum ed that survivors can regenerate claws and reproduce. Legal claws (pro- 
podus length > 7 0  m m ) are produced by males at about 80 m m  carapace width 
(CW), and by females at about 90 m m  CW (Savage and Sullivan, 1978). Sullivan 
(1979) reported a tagged crab that regenerated two legal claws within one year of 
harvest.

Stone crabs have a crusher claw with an enlarged basal tooth on the pollex and 
a sm aller pincer claw with num erous small teeth used for cutting. Crab “hand­
edness” is determ ined by the side bearing the crusher claw. Reversal o f handedness 
occurs when a crusher is rem oved and the rem aining pincer differentiates into a 
crusher after molting. A lost crusher is always replaced by a regenerated pincerlike 
claw. Barnwell (1982) noted that m ost crabs w ith functionally dim orphic feeding 
claws reverse handedness following crusher loss, since a pincer can develop into 
a crusher in  a single molt. Sim onson and Steele (1981) showed that reversal was 
quite frequent (88%) on the first m olt following crusher loss am ong small juvenile 
stone crabs.

U nder present fishery regulations, both claws may be harvested if  o f  legal size. 
However, recently suggested changes in stone crab regulations have included 
various schemes for taking only one claw from  a crab, both to enhance survival 
o f the declawed crabs and potentially to increase availability o f  larger, more 
valuable claws. As a practical consideration to facilitate enforcement, only one 
claw type (right or left, crusher or pincer) could be legally harvested under such 
regulation. Crushers are heavier than pincers o f the same size and are a m ore 
desirable product for commercial harvest. To m inim ize economic im pact, pro­
ponents have proposed that either right claws (80% crushers) or crusher claws
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would be the initially designated legal claw type, the presum ptions being that 
crabs losing right crushers would subsequently produce left crushers, and rem oval 
o f any crusher would prom pt enlargem ent o f  the opposite pincer. Thus, the in­
cidence o f development o f crushers from  pincers following crusher loss (reversal 
o f handedness) in adult stone crabs has considerable im plication for fishery m an­
agement.

Although harvest has increased steadily for at least the last decade (Zuboy and 
Snell, 1982), sampling o f stone crab populations throughout Florida via trapping 
and dockside surveys has consistently shown approxim ately 80% right handedness 
am ong all legal size claws (Savage et al., 1975; Sullivan, 1979; personal obser­
vations), indicating that reversals are rare in adult crabs. Am ong adult stone crabs 
that are missing crushers when initially captured, Savage and Sullivan (1978) 
observed no transform ation o f pincers in to  crushers following one laboratory molt. 
They hypothesized that adult stone crabs required several m olts to complete 
reversal, unlike the im m ediate reversals observed am ong juvenile stone crabs and 
m ost other crustaceans known to reverse handedness. Occurrence o f claws in ter­
m ediate between crusher and pincer also suggested a gradual reversal requiring 
several m olts (Savage and Sullivan, 1978; Sullivan, 1979). A study encompassing 
several m olts per individual adult crab was needed to determ ine whether such 
gradual reversal of handedness actually occurs.

Claws o f stone crabs have a distinctive pattern o f parallel ridges and bum ps on 
the inner surface of the propodus that function as a stridulatory organ when rubbed 
against the anterior carapace m argin (G uinot-D um ortier and D um ortier, 1960). 
The norm al pattern consists o f unbroken lines, bu t regenerated claws have dotted 
and dashed patterns which m ay be used to identify such claws in landing surveys. 
Sim onson and Steele (1981) found th a t juvenile stone crabs <  15 m m  CW re­
gained a norm al pattern on the second regenerative m olt. However, no adult crabs 
recaptured during a tagging/regeneration study by Sullivan (1979) had a norm al 
pattern on a regenerated claw, even though several had  m olted twice. Sullivan 
(1979) hypothesized that regenerated claws o f adult crabs regain a norm al pattern 
following several molts. I f  adult crabs do regain a norm al pattern on regenerated 
legal claws, those claws would not be identified in landing surveys and thus would 
no t reflect the total contribution o f regenerated claws to fishery landings.

The present study was designed to  test the hypotheses that adult stone crabs 
reverse handedness following crusher loss and can regain a norm al stridulatory 
pattern on a regenerated claw. Results o f additional studies to determ ine initial 
crab handedness, frequency o f reversal o f  handedness in juvenile stone crabs, and 
growth in adult crabs are also reported.

M e t h o d s  a n d  M a t e r ia l s

Stone crabs were collected in  T am pa Bay, R o rid a , during 1980 and  1981 using com m ercial plastic 
crab traps. G ravid females were kept for larval rearing experim ents to  determ ine initial crab hand­
edness. Sm all juvenile crabs reared from  eggs (carapace w idth <  15 m m), and feral pre-adult (25-50 
m m  CW) and  adult (CW > 50 m m ) crabs were retained for laboratory autotom y and regeneration 
experiments.

Crabs were exam ined for sex, handedness, claw type, and  stridulatory pattern. M easurem ents in ­
cluded carapace width (CW), propodus length, pollex length (PL), and  pollex depth  (PD) (Fig. 1). 
M easurem ents o f  laboratory-reared crabs were m ade with a Zeiss dissecting m icroscope equipped with 
an ocular m icrom eter. Larger crabs were m easured w ith dial vernier calipers. M easurem ents o f  CW 
were used in  growth analyses. A ratio o f  pollex depthdength (PD:PL) was calculated as a m easure o f 
claw dentition  to  quantify changes between m olts, since crusher PD :PL  values exceed those o f opposing 
pincers on unregenerated crabs by approxim ately 10%.
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Fig. 1. M orphology o f a stone crab (M enippe mercenaria) claw showing inner aspect o f right crusher 
w ith m easurem ent locations: pollex length (PL); pollex depth  (PD).

H andedness Experim ents

Eggs o f  stone crabs were hatched and larvae reared  following procedures described by Sim onson 
an d  Steele (1981). One left-handed and two right-handed gravid crabs were placed in  separate com ­
partm ents w ithin laboratory holding tanks (see Schlieder, 1980, fig. 1). Eggs hatched in 7 -9  days, and 
average duration  o f the larval period (five zoea stages and  one megalopa stage) was 19 days. Megalopae 
and first stage crabs were placed in separate num bered com partm ents o f  three floating habitats con­
structed from  65 m m  diam eter by 80 m m  long polyvinyl chloride (PVC) pipe sections, with 450-Mm 
m esh nylon screen base and styrofoam  floats. Shell fragm ents were placed in each com partm ent, since 
Lang et al. (1978) found th a t juven ile  A m erican lobsters, H om arus americanus, need a coarse substrate 
to  develop handedness. Crabs were fed once and  checked twice daily for m olt or accidental claw loss; 
m olts were recorded and  preserved. W hen crabs exceeded 8 m m  CW , the  m ost recent m olt was 
exam ined and m easured. Handedness was determ ined by differences in propodus length, pollex depth, 
and  basal too th  developm ent.

Claw Regeneration: Juvenile Crabs

One hundred and  th ree  reared stone crabs th a t never lost a claw were random ly apportioned into 
fou r groups: ( 1 ) control, no autotom y; (2) crusher autotom ized; (3) pincer autotom ized; and (4) both 
claws autotom ized. Crabs were m aintained in floating habitats on a diet o f shrim p, fish, and squid. 
A utotom y was induced by inserting a probe through the arthrodial m em brane between m erus and 
carpus o f the claw, causing the crab to drop its claw a t the natural fracture plane between coxa and 
basi-ischium , which m inim ized damage to  the crab (see Sim onson and  Steele, 1981, fig. 3).

Claws were categorized as “ control” (neither claw autotom ized), “ regenerating” (new claw), or 
“ stressed” (claw rem aining after single autotom y). T he term  “ stressed” was used because the rem aining 
claw m ust assum e the entire tasks o f  defense, feeding, and  grooming. Claw reversal was visually 
recognized by an  enlargem ent o f basal teeth on the rem aining pincer claw in  subsequent m olts. An 
increase in pincer PD :PL ratio  values was used to docum ent developm ent o f  crusher dentition from  
pincer dentition.

Claw Regeneration: A dult Crabs

Crushers and pincers o f feral adult or pre-adult crabs were autotom ized for claw regeneration 
experim ents; stridulatory patterns on all claws were initially norm al. In order to m inim ize interm olt 
periods, m ost crabs were 30-50 m m  CW  when experim ents began. Savage and  Sullivan (1978) reported 
th a t a few stone crabs were sexually m ature at 40 m m  CW , and alm ost all were adults by 60 m m  CW. 
A lm ost all (92%) crabs in the present study exceeded 40 m m  CW by first laboratory m olt and would 
expectedly com plete two or three additional regenerative m olts as pre-adults o r adults w ithin a year. 
How ever, large adult crabs bearing legal claws (CW  >  80 m m ; see Savage and Sullivan, 1978) may 
require a year or m ore between molts.

Crabs were m aintained separately in com partm ents (30 x 30 x 45 cm) w ith clamshell substrate. 
Salt w ater (32-34%o) was kept a t a depth of 20 cm  by standpipe drains; w ater flow was m aintained at
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approxim ately 10 1 per min. T o enhance m olting, overhead full-spectrum  lighting provided sum m er 
photoperiod schedules (14L:10D), and  w ater tem peratures were m aintained at sum m er levels (27 - 
32°C). Crabs were fed whole fresh shrim p, small whole fish, chopped squid, and oysters.

A utotom y was induced as in juvenile  crabs. Crabs caught w ith regenerated claws (dotted or dashed 
stridulatory pattern) were also m aintained, since use o f  such crabs decreased laboratory tim e necessary 
to  observe stridulatory pattern  sequences through several successive m olts and  increased the probability 
o f  observing a return  to  a norm al pattern. PD  and  PL  were m easured to 0.1 m m , w ith a m axim um  
ratio error o f 4%. Laboratory m olts were m easured and preserved for com parisons. Reversal was 
indicated when a stressed pincer developed crusher dentition  and  the PD :PL  value increased by at 
least 10%, the am ount th at norm al crusher PD :PL  values exceeded those o f opposing pincers on crabs 
w ith unregenerated claws.

R e s u l t s  

Handedness Experiments

Each o f 103 laboratory-reared crabs exam ined for initial handedness deter­
m inations had a right claw whose PD  and propodus length values equaled or 
exceeded those to the left. Thirty-five crabs were offspring from a left-handed 
female, and 35 and 33 were from  two right-handed females. Crabs were 8-11 m m  
CW when m easurem ents were taken. Wilcoxon values for propodus length and 
PD  differences between claws in  all three brood groups showed that the right 
claws were significantly larger than opposing left claws (T  = 0.00**, P < 0.01, for 
each o f six tests). This indicates that M enippe mercenaria is initially right-handed, 
regardless o f parentage, and supports the results o f Simonson and Steele (1981) 
obtained from a sample o f 25 crabs.

Claw Regeneration: Juvenile Crabs

O f the original 103 crabs, 23 w ith autotom ized claws died before a regenerative 
m olt, 9 lost a claw or died during molting, 11 had damaged molts, and 3 gave 
erroneous data. Fifty-seven crabs were used in analyses: 18 as controls, 15 with 
crusher removed, 10 w ith pincer rem oved, 14 with both  claws removed.

Juvenile crabs were 10-15 m m  CW when claws were autotom ized. PD :PL ratios 
for crushers and pincers o f  juvenile stone crabs were tested separately w ith a 
modified Kolm ogorov-Sm irnov norm ality test (Helwig and Council, 1979), and 
found to be normal at P < 0.05 (crusher: D  =  0.1211 n.s., pincer: D =  0.1267 
n.s.). A paired-sample Student’s ¿-test was used to com pare ratios between claws 
prior to experimentation. Crusher PD :PL values were significantly greater than 
corresponding pincer values {t =  12.12**, 103 =  d.fi), so this ratio was used to 
examine changes in basal tooth  developm ent. Changes in  PD:PL were calculated 
as the difference between initial PD :PL value and ratio  o f first experim ental molt. 
M ean differences between PD :PL values o f successive m olts o f control and ex­
perim ental crabs are presented in Table 1. N o control pincers developed crusher 
dentition. O f 15 crabs w ith autotom ized crushers, 13 stressed pincers had in­
creased PD:PL values and developed a m ore pronounced, crusherlike basal tooth. 
This 87% incidence o f reversal is alm ost identical to the 88% incidence o f reversal 
found by Simonson and Steele (1981) am ong 16 laboratory-reared juveniles. 
Regenerated claws (particularly crushers) were proportionately narrower than  the 
claws they replaced (PD:PL decreased), whereas ratios o f stressed pincers increased 
considerably m ore than any other category. Simonson and Steele (1981, fig. 5) 
illustrated a reversal o f handedness sequence for the paired claws o f one juvenile 
stone crab.

D ata were tested for norm ality  w ith the Shapiro-W ilk W -statistic at P < 0.05. 
Control crusher and pincer, stressed pincer, and regenerated crusher data sets were
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Table 1. M ean differences between pollex depth  : pollex length (PD:PL) o f  successive m olts o f  control 
(nonautotom ized) and experim ental (autotom ized) juven ile  stone crabs M enippe mercenaria. The 
nonparam etric  W ilcoxon’s two sam ple test was used to com pare stressed pincers with rem aining 
categories. * =  m eans significantly different at P  < 0.05.

P D :P L  difference

Claw  category E xperim ental category (x ±  SD) N T

Control crusher N o autotom y 0.017 ±  0.054 18 192*
Control pincer -0 .0 0 6  ±  0.049 18 170*

Regenerating claw 
(previously crusher)

D ouble claw 
autotom y -0 .1 3 0  ±  0.047 14 105*

Regenerating claw 
(previously pincer) -0 .0 5 0  ±  0.28 14 109*

Stressed crusher Pincer
autotom y 0.008 ±  0.052 10 92*

Regenerating claw 
(previously pincer) -0 .0 1 3  ±  0.044 9 62*

Regenerating claw Crusher -0 .1 2 1  ±  0.041 14 105*
(previously crusher) 

Stressed pincer
autotom y

0.056 ±  0.045 15

norm ally distributed. However, rem aining data  sets were not norm al, and could 
not be norm alized by transform ations. Therefore, the nonparam etric Wilcoxon 
two sample test (Steel and Torrie, 1960) was used to com pare stressed pincers 
w ith each o f the other categories at P  < 0.05. The m ean change in PD:PL values 
o f stressed pincers (x  =  0.056 ±  0.045) was significantly greater than correspond­
ing values for controls, stressed crushers, and each o f the other five categories 
(Table 1). The significantly greater increase in PD:PL values o f stressed pincers 
in com parison with other experim ental and control claws provides quantitative 
support for observed developm ent o f crusher dentition and general morphology, 
indicating reversal o f handedness in small juvenile crabs.

Adult Crabs: Growth

G row th data were recorded from sequential laboratory m olts o f 35 experimental 
and 15 control pre-adult and adult crabs used in regeneration studies. All bu t four 
crabs exceeded 40 m m  CW on or before the first laboratory m olt, nearing adult 
size. Interm olt days and percentage o f CW growth were sum m arized by 20 mm 
prem olt CW groups (Tables 2, 3). D ata were tested for norm ality and equality o f 
variance, and all means were com pared w ith a one-tailed Student’s ¿-test at P < 
0.05 for unpaired data sets with equal variance (Steel and Torrie, 1980).

Twenty-three crabs m olted two or m ore times, averaging 53 days for 94 inter­
m olt periods. Mean interm olt days increased significantly (P  <  0.05) with in ­
creasing prem olt CW from  36.5 days (25-44.5 m m  prem olt CW) to 64.6 days 
(65-84.5 m m  prem olt CW) (Table 3). Forty-nine crabs averaged 31.8 ±  15.8 days 
to the first laboratory m olt (range: 4-78 days). Twenty-four o f these crabs averaged 
31.9 ±  15.1 days to the first laboratory m olt following single claw autotom y; 25 
with no claw rem oval averaged 31.7 ±  16.8 days. However, since m ean size 
differed between groups and dates o f last m olt prior to  capture or claw rem oval 
were not known, it was not possible to test for effects o f claw autotom y on interm olt 
length.
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Table 2. Average percentage carapace w idth (CW) increase in experim ental laboratory-m aintained 
stone crabs M enippe mercenaria  by 20 m m  prem olt CW  groups. M eans are com pared w ith a one­
tailed Student’s M est for unpaired  da ta  sets w ith equal variance, a t P  < 0.05. * =  m eans significantly 
different.

G roup P rem olt CW  (mm)
Percentage growth 

(.x  ±  SD) N

Student’s /-test

Test d.f. /

1 25.0-44.5 26.1 ±  4.79 22 1 versus 2 58 2.423*
2 45.0-64.5 22.8 ±  5.24 38 2 versus 3 65 1.817*
3 65.0-84.5 20.5 ±  4.71 29 1 versus 3 49 3.085*

Growth ranged from 10% to  36% CW increase, with a m ean increase o f 20% 
for 94 molts. M ean growth decreased significantly {P < 0.05) w ith increasing size 
from 26.1% (25-44.5 m m  prem olt CW) to 20.5% (65-84.5 m m  prem olt CW) 
(Table 2).

A dult Crab Regeneration: Claw Patterns

One or m ore regenerative m olts was produced by each o f 35 pre-adult and adult 
crabs which had a regenerated claw at capture or had a norm al claw autotom ized. 
Table 4 presents the varied pattern sequences o f regenerated claws. Twenty-six 
crabs autotom ized a norm al-pattem  claw; following the first regenerative m olt o f 
these crabs, 19 claws had a dotted pattern and seven were dashed. Six crabs 
captured had a dotted claw, eight had a dashed claw. Seventeen dotted claws 
became dashed on the next m olt and three rem ained dotted. Once a regenerated 
claw developed a dashed pattern it retained this pattern through every subsequent 
laboratory molt. Twelve regenerated claws retained abnorm al patterns through 
three molts, six through four molts, and one through five m olts (Table 4). No 
crab regained a norm al pattern on a regenerated claw. An illustration o f a typical 
adult m olt series (Fig. 2) shows a dotted-dashed-dashed sequence on the regen­
erated claw. In contrast, Sim onson and Steele (1981, fig. 4) illustrated a typical 
dotted-norm al sequence on the regenerated claw o f a juvenile stone crab.

Adult Crab Regeneration: Reversal o f  Handedness

PD :PL ratios were calculated for the stressed pincers o f 19 adult crabs with 
autotom ized crushers (Table 5). Three crabs attained PD:PL increases m ore than 
10% greater than pre-autotom y values w ithout developing crusher dentition. P er­
centage o f reversal was calculated as the num ber o f  crabs completing reversal o f 
handedness on a given m olt, divided by the total num ber o f crabs completing

Table 3. Average in term olt days in  experim ental stone crabs M enippe mercenaria m ain tained  in  the 
laboratory a t sum m er tem peratures, by 20 m m  prem olt carapace w idth (CW) groups. M eans are 
com pared with a one-tailed Student’s M est for unpaired data sets with equal variance a t P  <  0.05. 
* =  m eans significantly different, n.s. =  no t significant.

G roup P rem olt CW  (mm)
In te rm o lt days 

( x  ± SD) N

Student’s /-test

T est d.f. /

1 25.0-44.5 36.5 ±  22.8 23 1 versus 2 59 2.610*
2 45.0-64.5 54.1 ±  26.9 38 2 versus 3 66 1.514 n.s.
3 65.0-84.5 64.6 ±  30.5 30 1 versus 3 51 3.697*
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Fig. 2. Inner aspects o f paired  claws o f  M enippe mercenaria from  successive m olts o f  one adult 
experim ental crab showing reversal o f  handedness sequence and stridulatory patterns: A, left pincer, 
norm al pattern; B, autotom ized right crusher*, norm al pattern; C, stressed pincer after first m olt; D, 
regenerated claw after first m olt, dotted; E, stressed in term ediate claw after second molt; F , regenerated 
claw after second molt, dashed; G , left crusher after th ird  m olt (reversal); H , regenerated claw after 
th ird  m olt (pincer), dashed. Claws are actual size. *Autotom ized crusher (B) is very sim ilar to claw 
lost from  this sequence, bu t from  a different crab; claw included for com parison only.

that m olt which had not previously reversed. M ost o f 10 crabs th a t reversed 
handedness did so on their th ird  o r fourth m olt following crusher loss (Table 5; 
Fig. 3). This trend suggests that, w ith sufficient num ber o f molts, adult crabs can 
reverse handedness. Figure 2 illustrates a typical reversal sequence.

M ean PD:PL ratio differences between initial and first m olt o f  control (non- 
autotom ized) and experim ental (crusher autotom ized) crabs were calculated. The 
nonparam etric Wilcoxon two sample test was used to com pare interm olt changes
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point o f  initial divergence coincides with approxim ate size o f female sexual m a­
turity. These analyses indicate that the increasing PL:CW  variance observed by 
Sullivan (1979) was principally due to increasing differences related to sexual 
dim orphism , no t to  the presence o f norm al-pattem  regenerated claws.

N one o f 17 crabs com pleting three to five regenerative m olts during the present 
study regained a norm al stridulatory pattern on any regenerated claws. Therefore, 
it appears that regenerated claws o f adult stone crabs do not regain a norm al 
pattern over tim e, and all claws regenerated following harvest m ay be discernible 
in fishery landings.
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