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ABSTRACT: The larvae of many invertebrate taxa can delay metamorphosis for considerable periods of 
time in the absence of specific stimuli for settlement. This study tested the hypothesis that the duration 
of the megalopal stage of fiddler crabs can be adjusted by several days depending on the availability of 
some habitat components. The hypothesis that megalopae can delay the metamorphic molt was tested 
by comparing the proportion of individuals molting to the first crab instar in aquaria containing only 
filtered seawater to that in aquaria with mud, sand, and/or an adult crab, near the predicted time of 
molting. The hypothesis that molting can be advanced was tested by comparing the proportion of 
sibling larvae molting at intervals throughout the megalopal stage in aquaria containing only filtered 
seawater or seawater plus an adult crab, mud, and sand. Megalopae delayed molting unless 2 stimuli 
were present: an adult crab and sediment, either mud or sand. The metamorphic molt was advanced in 
the presence of both these cues, although contact with the sediment by the adult crab appears necessary 
for maximal effect. Flexibility in timing of molting and the requirement for more than one cue can 
increase the chance that megalopae settle and molt to the first crab instar in appropriate adult habitats. 

INTRODUCTION 

Many marine invertebrates exhibit a planktonic life 
history stage in which dispersal away from the parental 
habitat occurs. After this period of dispersal, larvae of 
many invertebrate taxa settle and metamorphose in 
response to specific chemical and/or physical stimuli 
characteristic of the adult habitat (reviewed in 
Scheltema 1974, Crisp 1984), and can delay metamor- 
phosis in the absence of those stimuli. For example, 
delay of metamorphosis has been documented in a 
coral (Richmond 1987), polychaetes (e.g. Wilson, 1968, 
1977), gastropods (e.g. Scheltema 1961, Bayne 1965, 
Switzer-Dunlap 1978, Pechenik 1980, 1986, Paige 
1988), a barnacle (Knight-Jones 1953), a bryozoan 
(Young & Chia 1981), echinoderms (Strathmann 1978), 
and a coral reef fish (Victor 1986). In the laboratory, 
invertebrate larvae remain competent to metamor- 
phose for periods up to several months after spawning 
(e.g. Birkeland et al. 1971, Kempf 1981, Richmond 
1987). For larvae that have not contacted the adult 
habitat, delay of metamorphosis increases time spent in 
the plankton, which extends the opportunity for advec- 
tion to and selection of the appropriate adult habitat 
(Crisp 1984, Butman 1987). 

Most research on larval metamorphosis has been 
performed on animals with a sessile or sedentary adult 
stage, for which delay of metamorphosis would be 
expected because no change in location is possible 
after settlement occurs. One might anticipate that lar- 
vae of motile invertebrates would be less flexibile in 
timing of metamorphosis if movement to suitable adult 
habitat after metamorphosis is possible. Until recently, 
little was known about settlement and metamorphosis 
of larvae of motile decapod crustaceans in response to 
habitat cues (Knowlton 1974, but see Cobb 1968,1970). 
Adults of 2 species of western Atlantic fiddler crabs 
inhabiting salt marshes tend to be spatially segregated 
on the basis of sediment particle size: Uca pugilator is 
associated with sandy sediment whereas U. pugnax 
inhabits muddier areas (Crane 1975). Fiddler crab 
megalopae settle in areas occupied by older con- 
specifics (O'Connor 1990b), so adult crabs and sedi- 
ments could function as cues stimulating the metamor- 
phic molt from the megalopal stage to the benthic first 
crab instar. Christy (1989) found that U. pugilator 
megalopae molt to the first crab instar sooner in con- 
tainers with sediment collected near adult burrows 
than in containers with seawater alone. In this study I 
examined the nature of the cue(s) stimulating molting 
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of U. pugila tor megalopae by examining the frequency 
and timing of molting in response to certain charac- 
teristics of the adult habitat, both alone and in combi- 
nation. The ability to delay the metamorphic molt was 
tested by comparing the proportion of megalopae molt- 
ing to the first crab instar in aquaria in which various 
habitat cues were withheld or presented near the pre- 
dicted time of molting. The ability to advance molting 
was tested by examining whether megalopae molted 
sooner in aquaria containing habitat cues than in 
aquaria with seawater alone. 

MATERIALS AND METHODS 

Ovigerous female Uca pugilator were collected from 
salt marshes near Beaufort, North Carolina, USA (34" 
43'N, 76" 40'W). Crabs and larvae were maintained in 
an incubator (25 "C + 1 "C, 14 h light: l0  h dark) in 
glass culture dishes containing 1 pm filtered artificial 
seawater (Instant Ocean brand, 25 ppt salinity + 1 ppt) 
and the antibiotic chloramphenicol (5 mg I-'). Zoeae 
from each brood were reared in groups of 100 to 200 in 
20 cm diameter dishes. Sibling larvae molting to the 
megalopal stage on the same day after hatching were 
isolated in dishes for experimentation. Zoeal stages I 
and I1 were fed the rotifer Brachionusplicatilis; stage I11 
zoeae were fed a mixture of rotifers and newly-hatched 
brine shrimp nauplii (Artemia sp.); and zoeal stages IV 
and V and megalopae were fed only Artemia nauplii. 
Each day larvae were transferred to bowls with fresh 
seawater and fed ad libitum. 

Delay of molting. Six days after molting to the 
megalopal stage, sibling larvae were placed in groups 
of 8 to 10 in clear polycarbonate aquaria (28 cm 
long X 20 cm wide X 16 cm high) containing 1.5 1 of 
1.2 vm filtered aged (> 1 wk) natural seawater (25 ppt 
+ l ppt) collected from Bogue Sound, Carteret 
County, North Carolina. Groups of megalopae were 
randomly assigned to 1 of 7 treatments: (1) 'control' = 

filtered natural seawater (FNS) only; (2) 'adult' = FNS 
+ 1 adult Uca pugilator isolated in a 1 1 plastic con- 
tainer with windows cut near the bottom and covered 
with fine-mesh netting (0.08 mm2 apertures), through 
which seawater could pass; (3) 'mud' = FNS + 4 to 
5 m1 surface mud collected from a marsh containing 
mostly U. pugnax, sieved through l mm mesh and 
divided into 5 lumps on the bottom of the aquarium; 
(4) 'sand' = FNS + 3 m1 sieved (1 mm mesh) dredge- 
spoil sand sprinkled over the bottom of the aquarium; 
(5) 'adult + mud'; (6) 'adult + sand'; and (7) 'adult Uca 
pugnax' = FNS + one adult U, pugnax isolated as 
described above. Megalopae from a total of 7 broods 
were used in the experiments. Within a brood, the 
number of megalopae at the same developmental 

stage was insufficient to subject siblings to all treat- 
ments. However, for 5 out of the ? broods sibling 
larvae were divided among at least 4 treatments 
including the control. 

Aquaria were covered with sheets of plexiglas, pro- 
vided with aeration, and placed on a table in a labora- 
tory (25 "C + 2 "C) that received diffuse window light, 
plus additional fluorescent light during (daylight) 
working hours. The aquaria were arranged haphazard- 
ly on the table to minimize possible effects of local 
microclimate on treatment position. Each day 200 to 
300 Artemia nauplii were added to each aquarium to 
provide food for the megalopae. 

Experiments were terminated after 72 h because 
prior work (O'Connor 1990a) indicated that ca 50 % of 
megalopae should have molted to the first crab instar 
by this time, even in cultures maintained in artificial 
seawater. Timing of molting was no different in filtered 
natural seawater than in artificial seawater (O'Connor 
unpubl.). Megalopae and metamorphosed crabs were 
removed from aquaria by pipetting. Crabs hidden in 
sediments, where present, were retrieved by sieving 
sediments through a 0.5 mm mesh screen. Using a 
dissecting microscope, I counted numbers of living 
megalopae, living crabs, and dead specimens. The 
proportion of megalopae molting within an aquarium 
was calculated on the basis of the number of individu- 
als alive at the end of the experiment because not all 
dead individuals could be recovered, and some carcas- 
ses had decomposed so that it was difficult to tell 
whether metamorphosis had occurred. A l-way analy- 
sis of variance of arcsin-transformed proportions was 
used to determine whether there were significant (p 5 
0.05) differences among treatments in the proportion of 
megalopae molting to the first crab instar. 

Advance of molting. One day after molting to the 
megalopal stage, larvae were placed in groups of ca 10 
individuals in aquaria described above. Sibling larvae 
were paired in 'control' aquaria containing 1.5 1 of 
1.2 pm filtered aged natural seawater (25 ppt + 1 ppt) 
collected near Pivers Island, Carteret County, and in 
'experimental' aquaria containing 1.5 1 of FNS + mud 
+ sand + one adult Uca pugilator as described above. 
Aquaria were covered with plexiglas, provided with 
aeration, and placed in an incubator (25 "C f l "C, 
14 h L :  10 h D). Approximately 400 Artemia nauplii 
were added to each aquarium every second day. 

Experiments in paired aquaria were terminated 3, 6, 
or 9 d after the day of molt to megalopa, in the manner 
described above. During prior larval rearing studies in 
the absence of potential cues I observed that no mega- 
lopae molted to the first crab instar within 3 d after 
molting to the megalopal stage, and many megalopae 
molted within 9 d. Therefore, I hypothesized that in the 
presence of cues advance of molting would be detect- 
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able by 6 d after larvae molted to megalopa, and that 
the proportion of molted individuals would be greater 
in the '6 d experimental' than in the '6 d control' 
aquaria. This hypothesis was tested with a l-tailed, 
paired t-test and a l-sided sign test on the difference in 
the proportion of metamorphosed crabs in the control 
and experimental aquaria. 

RESULTS 

Delay of molting 

In each treatment, including the control, an average 
of at least 50 % of the individuals successfully molted 
(Fig. 1). Although there was no significant difference 
among treatments in the proportion of megalopae molt- 
ing to the first crab instar (overall ANOVA p = 0.16), 

C A M AIM S A/S X 

TREATMENT 

Fig. 1. Uca pugilator. Mean percent megalopae that molted to 
the first crab instar in aquaria containing (C) filtered natural 
seawater (control), (A) adult U. pugilator, (M) mud, (A/M) 
adult + mud, (S) sand, (AB) adult + sand, (X) adult U. 
pugnax. See text for description of treatments. Error bars = + 1 
standard error; numbers above the error bars indicate the 

number of replicates per treatment 

there was a trend toward a higher incidence of molting 
in the treatments containing both an adult conspecific 
and sediment, either mud or sand. Based on the nature 
of the design of the experiment, where 2 treatments 
('adult + mud' and 'adult + sand') combined cues 
present in other treatments, a post-hoc contrast was 
performed. The contrast consisted of comparing the 
proportion of megalopae molting in the 'adult + mud' 
and 'adult + sand' treatments versus that in the 'con- 
trol', 'adult', 'mud', and 'sand' treatments. Significantly 
more individuals molted in the treatments containing 
an adult crab plus sediment (mud or sand) than in the 
other treatments (p = 0.0089). The average mortality/ 
aquarium was 13.5 % (range = 0 to 60 %), and was 
approximately the same in each treatment (average 
mortalitykreatment = 13.9 %, range = 6.4 to 23.5 %). 

Advance of molting 

No molting occurred in either the 3 d control or the 
3 d experimental treatments, and a large proportion of 
individuals underwent the metamorphic molt in both 
the 9 d control and experimental treatments (Table 1). 
There was a trend of a greater proportion of megalopae 

Table 1. Uca pugilator. Proportion of megalopae that molted to 
the first crab instar in control aquaria (C) containing filtered 
seawater and in experimental aquaria (E) containing seawater 
plus an adult U. pugilator, sand, and mud. Experiments were 
terminated either 3, 6, or 9 d after the larvae had molted to the 
megalopal stage. Dashes indicate that those particular experi- 

ments were not done 

Brood Day experiment terminated 
No. Day 3 Day 6 Day 9 

C E C E C E 

37 0 0 0.12 1.00 0.75 1.00 
40 0 0 0.50 0.62 - - 
41 0 0 0 0.17 - 
42 0 0 0.25 0.33 1.00 1.00 
43 - - 0.25 0.25 - - 

molting to the first crab instar in the 6 d experimental 
aquaria than in the 6 d control aquaria (0.10 > p > 0.05 
for both the paired t-test and the sign test) (Table 1). 
Mortality, ranging from 0 to 80 %, was higher in these 
experiments than in those testing for delay of molting. 
There was no apparent relationship between mortality 
and brood or treatment, except that mortality was low- 
est in the 3 d aquaria. The average mortality in the 6 d 
control aquaria was 61 O/O, and in the 6 d experimental 
aquaria it was 41 %. 

DISCUSSION 

This study documents flexibility in the timing of 
molting by Uca pugilator megalopae, under certain 
conditions and within a defined time scale. By parti- 
tioning treatments, this study also suggests that more 
than one cue must be present to stimulate the 
metamorphic molt: more megalopae molted to the first 
crab instar in the presence of both an adult crab and 
sediment than with either cue alone (Fig. 1). The 
requirement that both an adult conspecific and sedi- 
ment particles be present to stimulate metamorphosis 
has been reported for other soft-sediment dwelling 
animals (Suer & Phillips 1983, Rice 1986). 

Christy (1989) examined the length of the megalopal 
stage in the presence of fresh sediment scraped from 
around adult burrows. In the 'adult + sand' and 'adult 
+ mud' treatments in the present experiments the adult 
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crabs a n d  sediment  w e r e  physically separated,  a n d  I 
assumed tha t  a n y  water-borne cue  released b y  t h e  
adul t  crab would diffuse through t h e  wate r  a n d  b e  
adsorbed to t h e  sediment  surface. M a n y  chemical 

stimuli of set t lement  a n d  metamorphosis a r e  k n o w n  to 

function w h e n  adsorbed to a surface (Crisp 1984, 
Rittschof & Bonaventura 1986). Because mega lopae  

molted to  t h e  first crab instar sooner  in Christy's (1989) 

experiments  than  in those reported here ,  it appears  tha t  

sediment  that  h a s  b e e n  i n  direct contact with a crab,  

perhaps  through feeding,  burrowing or deposition of 
fecal pellets, provides a s tronger  stimulus for molting 

t h a n  does sediment  containing a c u e  adsorbed from t h e  

surrounding water .  
Within a brood, variability i n  t h e  length of t h e  

megalopal  s tage  (or t h e  planktonic s tage  i n  general)  

enhances  t h e  geographical  spread  of sibling larvae a n d  

increases t h e  chance  that  a t  least  s o m e  siblings will b e  
transported to adul t  habi tats  (Strathmann 1974, San-  
difer & Smith 1979, Sulkin & V a n  Heuke lem 1986). In 

Uca pugilator variability exists i n  t h e  duration of t h e  

megalopal  s tage,  bo th  a m o n g  broods (Table 1; 'Day 6' 
data) ,  a n d  within broods. Although ca 50  % of U. 
pugilator megalopae  molt to  t h e  first crab instar b y  9 d 
after molting to mega lopa  (Fig. l), some siblings 

remain i n  t h e  megalopal  s tage  in laboratory cultures u p  
to several w e e k s  before molting (O'Connor 1990a). 
Christy (1989) reported apparent ly 'pathological' 

behavior i n  larvae molting la te  i n  t h e  megalopal  s tage,  

bu t  I have  found  that  these late-molting individuals 
pass  through early crab instars a t  t h e  s a m e  rate a s  

siblings that  molted early in t h e  megalopal  s tage  

(O'Connor 1990a), indicating tha t  la te  metamorphosis 

h a s  n o  negat ive effect o n  t h e  subsequent  development  

of benthic  instars. 
Recent work  h a s  shown tha t  mega lopae  of some 

decapod crustaceans settle gregariously i n  adul t  
habitats ( Jensen  1989, O'Connor 1990b), e v e n  though  

they a r e  motile after metamorphosing a n d  could m a k e  

additional habi tat  choices. Thus,  a l though megalopae  

incur t h e  risk of predat ion b y  remaining in t h e  plank-  

ton,  b y  delaying t h e  metamorphic molt they  increase 
their chance  of encounter ing habi tat  suitable for settle- 
ment ,  a benefit  that  appears  to  outweigh a n y  inherent  

risks. O n c e  this habi tat  is  contacted, molting to  t h e  

benthic  form can b e  advanced.  
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