
MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser 

Published March 31 

Multiple cues for induction of metamorphosis in 
larvae of the common mud crab Panopeus herbstii 
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ABSTRACT Cues associated with biofiln~s from the adult habitat previously have been found to accel- 
erate metamorphosis in the megalopae of the common mud crab Panopeus herbstii (Milne-Edwards). 
In this study, we investigated several properties of this biofilm and further investigated the response of 
megalopae to exudates from adult P. herbstii. Results showed the cue to be water-soluble and suggest 
that it is associated with the bacterial component of the film. Biofilms from a rocky intertidal area pro- 
duced a response, while films from an intertidal sand flat did not. When biofilm was allowed to form on 
clean glass slides in adult habitat, megalopae showed a stronger response to 10-d-old biofilms than to 
2-d-old biofilms. Exudates from adult P. herbstij produced a strong response while exudates from prey 
species Crassostrea viryinica and a closely related mud crab Dyspanopeus sayi produced a weaker, but 
significant response. Exudates from fiddler crabs Uca pugnax did not elicit a response. Results from 
these experiments suggest that there are multiple water-soluble cues that induce metamorphosis of 
mud crab megalopae. 
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INTRODUCTION 

Factors that influence the settlement of marine inver- 
tebrate larvae in juvenile habitat have been the subject 
of intense investigation for more than a quarter of a 
century (for reviews see Meadows & Campbell 1972, 
Morse 1990, Pawlik 1992). Finely tuned control of set- 
tlement is particularly critical for sessile forms wherein 
juveniles have very limited ability to move to new 
localities or may be permanently attached to the sub- 
stratum after metamorphosis. Such species often 
respond to chemical cues that allow competent larvae 
to identify juvenile habitat and to undergo accelerated 
metamorphosis after settlement. While the chemical 
structure of these cues has been identified in only a 
few cases, the cues appear to emanate from a variety of 
sources, including conspecific adults, closely associ- 
ated prey species, and biofilms attached to the substra- 
tum (Rodriguez et al. 1993). 

In contrast to sessile forms, the juveniles of mobile 
species are not restricted to the area in which settle- 
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ment occurs, but have the ability to move to alternative 
habitat as conditions dictate. Accordingly, the pro- 
cesses that govern settlement and metamorphosis of 
these species have received much less attention. 
Recent investigations, however, have demonstrated 
that juvenile forms of mobile species may have very 
specific requirements for nursery habitat and may pos- 
sess highly evolved adaptations for identifying that 
habitat. 

A case in point is the common mud crab Panopeus 
herbstii (family: Xanthidae). This species is the most 
abundant crab in mesohaline regions of many estuar- 
ies along the east coast of temperate North America 
(Williams 1984). Juvenile P. herbstii consume a variety 
of small invertebrates (McDonald 1977, Dame & Patten 
1981), while adults are effective predators of co-occur- 
ring bivalve mollusks (McDermott & Flower 1952, 
McDermott 1960, Meyer 1994). Studies have shown 
that P. herbstii is a major predator of juvenile oysters 
and has a significant effect on the yield of oyster fish- 
eries in Chesapeake and Delaware Bays (Whetstone & 

Eversole 1981, Lin 1990, Abbe & Breitburg 1992). P. 
herbstii is also an important pest in bivalve mariculture 
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systems and has been identified as a major predator of 
juvenile hard clams in field grow-out operations 
(Castagna & Kraeuter 1977, Flimlin & Beal 1993). 

In Delaware: Bay (ca 3g0N, 75" W), adult Panopeus 
herbstii spawn throughout the summer months. Larval 
development includes 4 zoea stages and a megalopa 
stage. Zoeal development lasts a.pproximately 2 wk, 
and the megalopa stage may extend another 2 to 3 wk 
under natural conditions (Epifanio et al. 1994). Oyster 
reefs, cobble bottoms, and rocky intertidal areas pro- 
vide habitat for juvenile and adult P. herbstii (Ryan 
1956, McDonald 1982). These environments allow both 
refuge from predation and easy access to food (Fer- 
nandez et al. 1993, Dittel et al. 1996). Adult P. herbstii 
are unable to swim and undoubtedly have a very lim- 
ited home range. Thus, the habitat of the adult form is 
largely determined at the time of settlement. 

The specific nature of cues for metamorphosis of de- 
capod crustaceans is not well known. Results of some 
investigations suggest a primary role for the structural 
or textural characteristics of the substratum (e.g. Her- 
rnkind & Butler 1986, Day & Lawton 1988). Other stud- 
ies implicate biogenic, water-soluble compounds in 
the settlement process (e.g. Wolcott & DeVries 1994, 
Brumbaugh & McConaugha 1995, Forward et al. 1997, 
Welch et al. 1997, Fitzgerald et al. 1998, Gebauer et 
al. 1998). Additional investigations suggest a response 
to sediment associated with adult habitat (Christy 1989, 
O'Connor 1997). 

However, there has been little study of the role of 
microbial biof~lms in the settlement and metamorpho- 
sis of decapods. The only available data come from 
an earlier investigation conducted in our laboratory 
(Weber & Epifanio 2996) and to some extent from a 
recent study by Gebauer et al. (1998). Results from the 
former study showed a clear response of Panopeus 
herbstii megalopae to cues associated with preferred 
adult habitat. Natural substratum from adult habitat 
consistently induced metamorphosis, whereas clean 
structural mimics of this substratum failed to induce a 
response. However, biofilm-covered mimics induced 
metamorphosis comparable to that in the natural sub- 
stratum. This suggests a cue that is closely tied to the 
existence of a biofilm on the surface of the preferred 
substratum. 

In this paper we present results of further investiga- 
tions into the role of chemical cues as inducers of meta- 
morphosis in the megalopa stage of Panopeus herbstii 
(Milne-Edwards). The present study specifically ad- 
dresses the question of water-solubility of the putative 
cues, compares the effectiveness of biofilms cultured 
under a variety of conditions in the natural environ- 
ment, and examines the response of megalopae to 
exudates from adult P, herbstii and from other species 
that occur in adult habitat. 

MATERIALS AND METHODS 

General aspects of experiments. Megalopae used 
in the experiments were the progeny of wild oviger- 
ous females collected from rocky intertidal habitat. 
Females were held under laboratory conditions until 
hatching (25"C, 30%0, 14 h light/lO h dark), and zoea 
larvae were reared using standard techniques (e.g. 
Welch & Epifanio 1995). Upon molting to the megalopa 
stage, individuals were immediately placed in large 
glass bowls of filtered offshore seawater at 50 mega- 
lopae per bowl (25"C, 30%0, 14 h light/lO h dark). Be- 
cause our earlier work had shown that lawae are not 
competent to metamorphose for the first 9 d after 
molting to the megalopa stage (Weber & Epifanio 
1996), all individuals were in the range of 10 to 11 d 
post-megalopal molt when initially exposed to experi- 
mental conditions. 

Protocol always included 6 replicates of each treat- 
ment. Each replicate consisted of 10 megalopae in a 
glass finger bowl (19 cm diameter) containing 600 m1 
of filtered offshore seawater and the appropriate 
experimental or control treatment. Offshore water was 
obtained approximately 25 km seaward of the mouth 
of Delaware Bay, Delaware, USA, and was filtered to 
remove particles > 5  pm. Results of previous work had 
shown that offshore water, in the absence of other 
cues, does not induce metamorphosis of Panopeus 
herbstii megalopae (Weber & Epifanio 1996). 

Five experiments were conducted in all, and results 
of each experiment were analyzed separately. Each 
experiment employed a positive control (pebbles and 
shell fragments from natural adult habitat) and a nega- 
tive control (offshore water alone). These controls were 
identical to those used in earlier studies of metamor- 
phosis in Panopeus herbstii (Weber & Epifanio 1996). 
The duration of each experiment was 10 d,  and the 
dependent variable was mean time to metamorphosis. 
Individuals that survived the entire duration of the 
experiment, but did not metamorphose, were arbitrar- 
ily assigned a time-to-metamorphosis value of 10 d. 
The great majority of these individuals were in the 
negative control treatments. Thus, the mean time to 
metamorphosis in the negative control was always 
conservative. 

Statistical analysis consisted of a nested, l-way 
ANOVA followed by Tukey's HSD multiple compari- 
son test. The nested ANOVA allowed inference con- 
cerning: (1) significant differences among bowls within 
each treatment (n = 6 bowls per treatment) and (2) sig- 
nificant differences among treatments (n = 60 mega- 
lopae per treatment). The HSD multiple comparison 
test was used to assess discrete treatment effects in the 
case of significant ANOVA results. Inference was al- 
ways made at a = 0.05. 
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At initiation of each experiment, 10 megalopae were 
assigned haphazardly to each replicate bowl within 
the respective treatments. Megalopae were fed a daily 
ration consisting of freshly hatched nauplii of the brine 
shrimp Artemia sp. Bowls were monitored for survival 
and metamorphosis each day, and megalopae were 
transferred to clean bowls containing the appropriate 
treatment every other day. All experiments were con- 
ducted under the same controlled environmental con- 
ditions (25°C 30%o, 14 h light/lO h dark). 

Biofilms were grown on clean glass microscope 
slides (75 X 25 mm) that were moored to the substratum 
in the natural environment; this process was termed 
'conditioning the slides'. Slides in the first biofilm 
experiment were placed loosely in a mesh bag which 
was then anchored to the bottom. In the remainder of 
the biofilm experiments, slides were held individually 
in slots of a plastic slide rack that had been perforated 
to allow free flow of water. Slides that were condi- 
tioned in the racks developed more extensive biofilms 
than those grown in the mesh bags. This had an appar- 
ent effect on the outcome of the experiments (see 
'Results'). Slides were conditioned for 7 d before use in 
an  experiment. 

The slides were usually conditioned in the rocky 
intertidal zone in the University of Delaware Harbor, 
where adult Panopeus herbstii are very common. But 
in 1 experiment we compared the activity of slides con- 
ditioned in adult habitat to that of slides conditioned at 
a nearby sand flat where adult P. herbstii do not occur. 
Regardless of habitat, slides were always conditioned 
midway between the mean high-water and mean low- 
water marks. All slides were gently rinsed in filtered 
offshore water to remove excess debris before use in 
expenments. Biofilm treatments were prepared by 
placing 3 slides in the center of each bowl in 600 m1 of 
filtered offshore water. Megalopae were introduced to 
the bowls 24 h later, which allowed the leaching of any 
water-soluble cues into the water. 

Biofilm experiments. Our investigation of the role of 
biofilms in producing cues for metamorphosis involved 
4 expenments. In the first experiment (Biofilm 1) we 
tested the hypothesis that the cue associated with 
biofilm from adult habitat is water-soluble. We did this 
by exposing the first group of megalopae to biofilm- 
covered slides that were held in cages, while a second 
group was exposed to conditioned slides that were 
freely accessible on the bottom of the bowls. In both 
cases the slides had been conditioned for 7 d in adult 
habitat. The cages were constructed from perforated 
PVC cylinders (2.5 cm height X 7.6 cm diameter) cov- 
ered with 253 pm Nitex mesh. Preliminary observa- 
tions indicated that the cages were effective in pre- 
venting megalopae from direct contact with the slides, 
while still allowing any water-soluble cue to exit the 

cage and permeate the remaining water in the bowl. 
Each replicate consisted of 3 conditioned slides inside 
a cage that was placed centrally in the bowl. Presuin- 
ably, the megalopae in this treatment would respond 
by metamorphosing only if the cue was water-soluble. 
The non-caged treatment also utilized 3 slides per 
replicate. Because earlier work in our laboratory had 
shown that clean (i.e. no biofilm) 3-dimensional sub- 
stratum does not induce metamorphosis (Weber & Epi- 
fanio 1996), we were confident that observed effects 
would be caused by the biofilm on the slides and not by 
the presence or absence of slides or cages. 

In a second biofilm experiment (Biofilm 2) we inves- 
tigated the respective roles of the algal and bacterial 
components of the biofilm in producing cues for meta- 
morphosis. We compared the activity of slides that had 
been conditioned in adult habitat in constant darkness 
under an opaque plastic cover to that of slides condi- 
tioned at the same site but with full exposure to the 
natural die1 cycle of light and darkness. It was assumed 
that if algae were the source of the cue, the biofilm 
treatment conditioned in the presence of light would 
elicit a stronger response, while if the bacteria were 
the source, there would be no difference in response to 
the 2 treatments. 

In order to determine the densities of bacteria and 
algae in the 2 types of biofilm, we conditioned a num- 
ber of additional slides under the same respective 
light/dark conditions. Slides were removed from racks, 
rinsed gently in filtered offshore water, fixed for 10 min 
in 2 %  formaldehyde, rinsed with de-ionized water, 
dried, and frozen. Immediately before analysis, slides 
were stained with a 1 pg ml-' DAPI solution for 5 min. 
Bacteria and algae were then enumerated at lOOOx 
magnification under UV light. Bacteria were viewed 
using blue excitation, and algal cells were viewed 
using red excitation. Respective bacterial and algal 
counts were performed in 10 random fields (area = 

0.01 mm2) on each slide. 
In Biofilm 3 we addressed the hypothesis that slides 

conditioned in different habitats vary in their ability to 
accelerate metamorphosis. In this investigation we 
compared the ability of biofilms produced in adult 
habitat (rocky intertidal) to accelerate metamorphosis 
with that of biofilms produced at a site where adult 
Panopeus herbstii does not occur (intertidal sand flat). 
Bacterial densities were determined for biofilms used 
in each of the treatments. 

In Biofilm 4 we tested the hypothesis that films of dif- 
ferent age vary in their ability to accelerate metamor- 
phosis. Slides used in the different treatments were 
conditioned in the rocky intertidal habitat under a nat- 
ural light/dark cycle in adult habitat for 2, 4, 6, 8, and 
10 d,  respectively. We determined bacterial densities 
on representative slides from each treatment. 
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Table 1. Effect of biofilms and exudates on metamorphosis of habitat in the harbor. A single oyster was used for pro- 
P a n o ~ e u s  herbstii. Summary of nested l-way ANOVA for all duction of each batch of exudate. In the first treatment, 

experiments the oyster was scrubbed with a stiff-bristled brush to 
remove biofilm from the valves. In the second treat- 
ment, the biofilm on the oyster valves was left intact. 
The wet weights of the scrubbed and natural oysters 
were 29 and 24 g, respectively. 

Expt Treatment p-value 

Biofilm 1 Cagehncaged <0.001 
Bowls 0.304 

Biofilrn 2 Light/dark <0.001 
Bowls 0.365 

Biofilrn 3 Location <0.001 
Bowls 0.937 

Biofilrn 4 Age of biofilm <0.001 
Bowls 0.905 

Exudate Sources of exudates <0.001 
Bowls 0.808 

Exudate experiment. This experiment tested the hy- 
pothesis that megalopa larvae respond only to exudate 
from adult Panopeus herbstii and that exudate from co- 
occurring species does not induce metamorphosis. Ex- 
udate was prepared by placing the source organisms 
in a 10 1 plastic vat with 4 1 of filtered offshore water for 
4 8  h. We obtained exudate from adult P. herbstii, from 
the closely related mud crab Dyspanopeus sayi, and 
from the fiddler crab Uca pugnax. We used 2 to 3 P. 
herbstii (5.0 to 5.2 g),  2 to 3 D. sayi (4.5 to 5.5 g ) ,  and 2 
to 3 U. pugnax (3.8 to 4.8 g). Exudate was also obtained 
from oysters Crassostrea virginica collected from adult 

Cagcd Uncagcd pos l r l~c  

Treatment 

Fig. 1. Biofilm 1. Effect of biofilms on metamorphosis of 
Panopeus herbstii. Response of megalopa larvae. Bars repre- 
sent mean days to metamorphosis (*SE). Treatments with dif- 
ferent letters are significantly different (a = 0.05, Tukey's HSD 
multiple comparison test). Caged and uncaged treatments: 
biofilm-covered microscope slides from adult habitat, positive 
control: natural substratum from adult habitat, nega- 

tive control: offshore sea water 

RESULTS 

Results of nested ANOVA showed a significant effect 
of treatment on the mean time to metamorphosis 
(MTM) in each of the 5 experiments (Table 1). How- 
ever, there were no significant differences among 
bowls within any of the treatments, i.e. effects of the 
respective treatments were consistent across repli- 
cates. In the detailed description below, we present the 
results of Tukey's HSD multiple comparison test for 
each of the experiments. This a postenon test allowed 
determination of discrete differences among MTM val- 
ues resulting from the various treatments. 

Biofilm experiments 

The positive control elicited the shortest time to 
metamorphosis in Biofilm 1 (Fig. 1). However, this dif- 
ference between the activity of the positive control and 
the respective biofilm treatments was not observed in 
subsequent experiments. This may have been due to 
differences in the technique used to condition the 
slides. In Biofilm 1, slides were held loosely in mesh 
bags moored to the substratum in adult habitat, allow- 
ing the slides to form loose stacks and perhaps inhibit- 
ing biofilm growth on parts of the slides. In subsequent 
experiments, slides were placed individually in slots 
within racks, allowing more free flow of water around 
them and therefore allowing more space for biofilm 
growth on both sides of each slide. 

Even so, there was a significant difference between 
MTM in the biofilm treatments and in the negative 
control in Biofilm 1, indicating that the biofilms were 
active accelerators of metamorphosis. Moreover, there 
was no significant difference in MTM between the 
caged and uncaged biofilm treatments, indicating that 
induction of metamorphosis did not depend on physi- 
cal contact between the megalopae and the biofilm. 

Results from Biofilm 2 showed no significant differ- 
ence in time to metamorphosis among the dark biofilm, 
light biofilm, and positive control treatments (Fig. 2). 
Bacterial density was similar in the 2 biofilms while 
algal densities were approximately 4 times greater 
in the light treatment than in the dark treatment 
(Table 2). Because photosynthetic activity was presum- 
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RIT SIT P U S ~ I ~ V C  N c g a ~ i i e  

Treatment 

Fig. 2. Biofilm 2. See Fig. 1 for explanation. DB: slides condi- Fig. 3. Biofilm 3. See Fig. 1 for explanation. RIT: slides condi- 
tioned in darkness, LB: slides conditioned in sunlight, posi- tioned in rocky intertidal, SIT. slides conditioned in sandy 
tive control: natural substratum from adult habitat, negative intertidal, positive control: natural substratum from adult 

control: offshore sea water habitat, negative control: offshore sea water 

ably zero in darkness, the algal populations on the 
dark-conditioned slides were not growing, and the 
cells that we observed on these slides were probably 
recent settlers from the surrounding water column. 

In Biofilm 3 there was a significant difference in the 
activity of slides conditioned at the different sites, as 
the MTM was shorter in the rocky intertidal than in the 
sandy intertidal treatment (Fig. 3). Moreover, there 
was no significant difference between MTM in the 
sandy intertidal treatment and in the negative control. 
However, the bacterial densities were similar on slides 
conditioned at the rocky intertidal and sandy intertidal 
sites, which suggests that the taxonomic composition 
of the bacterial assemblages at the 2 sites must have 
differed considerably (Table 3). 

Table 2. Effect of biofilms on metamorphosis of Panopeus 
herbstii. Bacterial and algal densities of biofilms grown in 
darkness and in sunlight. Densities are bacteria cells cm-2 

(-) Damaged slides 

In Biofilm 4 the groups that were exposed to slides 
conditioned in adult habitat for 8 or 10 d showed the 
shortest MTM (Fig. 4) .  But even the group exposed to 
slides conditioned for as little as 2 d showed acceler- 
ated metamorphosis compared to the negative control. 
Differences among the other treatments were less 
clear, and results of the statistical analysis showed con- 
siderable overlap in the magnitude of the effects. How- 
ever, there was a significant difference in bacterial 
density on slides conditioned for 2 d compared to those 
conditioned for a longer period (Table 4). 

Exudate experiment 

Exudates from adult mud crabs and from other spe- 
cles associated with adult habitat also induced meta- 
morphosis. Strongest responses were elicited by Pano- 
peus herbstii exudate and by the positive control, 
wherein MTM was approximately 6 d (Fig. 5). Res- 

Replicate Dark-grown biofilms Light-grown biofilms 

Bacteria 
1 2.5 X 10h 
2 1 7  X 10'' 
3 2.6 X 106 
Mean 2.3 X 10" 

Algae 
I 1.7 X 103 
2 2.0 X 103 
3 0.0 
Mean 1.2 X l o 3  

Table 3. Effect of biofllms on metamorphosis of Panopeus 
herbstii. Bacterial densities of biofilms grown in different 
habitats. Densities are bacteria cells cm-2 (-) Damaged slides 

Replicate Rocky intertidal Sand flat 

1 3.29 X 106 3.28 X 106 
2 2.70 X 106 5.48 X 10' 
3 - 2.37 X 106 

4 - 2.55 X 106 

Mean 3.00 X 106 3.41 X 10' 
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2L) 4D 6D 8D I O D  Posi t iveNegat ive  

Treatnient 

Fig. 4 .  Biofilm 4.  See Fig. 1 for explanation. 2D, 4D, etc.: slides 
conditioned for different lengths of time (2  to 10 d) in adult 
habitat, positive control: natural substratum from adult habi 

tat, negative control: offshore sea water 

ponses to the scrubbed and natural oyster exudates 
did not differ, but were intermediate between the pos- 
itive and negative controls. Exudate from a closely 
related species of mud crab Dyspanopeus sayi induced 
a response similar to the oyster exudates, but greater 
than the response elicited by exudate from the dis- 
tantly related fiddler crab Uca pugnax, which was 
essentially inactive. 

DISCUSSION 

Results of these experiments provide strong evi- 
dence that multiple cues exist for induction of meta- 
morphosis in the mud crab Panopeus herbstii. Further- 
more, there seems little doubt that the cues are 
water-soluble and that contact with the actual source 

SO NO Uca Dys Pan Positive Negative 

Treatment 

Fig. 5. Exudate expenment. See Fig. 1 for explanation. SO: 
exudates from scrubbed oyster, NO: natural oyster, Uca: fid- 
dler crab Uca pugnax, Dys: mud crab Dyspanopeus sap,  Pan: 
Panopeus herbstii, positive control: natural substratum from 

adult habitat, negative control: offshore sea water 

of the cue is not necessary for induction of the 
response. Similar water-soluble cues have been sug- 
gested for a number of invertebrate species represent- 
ing a variety of phyla (Hadfield & Pennington 1990, 
Pearce & Scheibling 1990, Lambert & Todd 1994, Zim- 
mer-Faust & Tamburri 1994), and indeed were sug- 
gested in earlier work with the megalopae of P. herbstii 
(Weber & Epifanio 1996). 

Because we were unsuccessful in conditioning 
slides that were totally devoid of algal cells, we are 
unable to absolutely exclude a role for algae in pro- 
duction of cues. Nevertheless, there was no differ- 
ence in the activity of slides conditioned in darkness 
or under a normal die1 light cycle, in spite of a 4-fold 
difference in the density of algal cells in the respec- 
tive treatments. Presumably, there was no photosyn- 
thetic activity in algal cells on the dark-conditioned 

Table 4 .  Effect of bi.ofilms on metamorphosis of Panopeus h e r b s ~ .  Bacterial densities of biofilms grown for different periods of 
time in adult habitat. Densities are bactena cells cm-* 

Replicate Biofilrn age 
2 d 4 d 6 d 

1 
2 
3 
4 
5 
6 
Mean 



Rodriguez & Epifanio: Induction of metamorphosis in Panopeus herbstii larvae 227 

slides, which would result in an accompanying 
decrease in the overall metabolic activity of the algae. 
Thus, the cue in this case seems more likely to be a 
metabolic product of the bacteria. Because settlement 
of mud crabs is of no apparent benefit to the bacteria, 
it is most probable that Panopeus herbstii has simply 
evolved the capacity to utilize these compounds with 
no attendant co-evolutionary adaptation on the part 
of the bacteria, i.e. the bacteria are passive players in 
the process, 

Bacteria also have been found to play a role in the 
settlement and metamorphosis of other invertebrate 
species. Larvae of the crown-of-thorns star fish Acan- 
thasterplanci metamorphose more rapidly when in the 
presence of the bacterium Lithothamnium pseudoso- 
rum (Johnson & Sutton 1994). Similarly, Kirchman et 
al. (1982) found that the polychaete worm Janua 
brasiliensis settled on multi-species bacterial films 
grown from bacteria associated with the seaweed Ulva 
lobata, but did not settle on films comprised almost 
entirely of the diatom Nitzschia. Again, this is similar to 
the results found in the present experiment. The poly- 
chaete study also demonstrated that bacteria do not 
need to be viable in order to produce a response, since 
the larvae responded to bacteria that had been treated 
with antibiotics or formaldehyde. Apparently, the lar- 
vae were responding to polysaccharides on the surface 
of the bacteria. 

In our experiments, biofilms grown in non-adult habi- 
tat (intertidal sand flat) did not induce metamorphosis in 
Panopeus herbstii megalopae, even though the densities 
of bacteria on sand-flat conditioned slides were similar 
to densities obtained at the rocky intertidal site. Other 
examples exist regarding selective settlement in favor- 
able habitat by decapod crustaceans. Jensen (1989) 
found gregarious settlement by the anomuran crabs 
Petrolisthes cinctipes and Petrolisthes eriomerus, and 
megalopa larvae of the blue crab Callinectes sapidus 
have been shown to settle and metamorphose in re- 
sponse to water-soluble cues associated with juvenile 
habitat (Forward et al. 1994,1996, Welch et al. 1997). 

In the case of Panopeus herbstii, the duration of con- 
ditioning appears to play a role in the activity of 
biofilms. In our experiments, there was a significant 
difference in time to metan~orphosis in megalopae 
exposed to slides conditioned in adult habitat for 8 to 
10 d compared to slides conditioned for a shorter 
period of time. However, there was no significant 
increase in bacterial density after the first 4 d of condi- 
tioning, which suggests that some factor other than 
simple bacterial numbers may be involved in the pro- 
cess. Pearce & Scheibling (1991) came to a similar con- 
clusion in their study of the effect of conditioning time 
on the ability of biofilm to induce metamorphosis in the 
sea urchin Strongylocentrotus droebachiensis. 

Other studies dealing with correlations between 
biofilm age and activity have been performed on ses- 
sile organisms such as bryozoans (Maki et al. 1989, 
Keough & Raimondi 1995) and polychaetes (Keough & 
Raimondi 1995). These studies generally agree that 
older films (4 to 6 d) tend to initiate a stronger response 
than younger films. 

Results of our investigation also showed a strong 
response to exudate from adult Panopeus herbstii. 
Exudate from a closely related species Dyspanopeus 
sayi was significantly more active than exudate from 
the taxonon~ically distant fiddler crab Uca pugnax but 
not nearly as potent as exudate from P. herbstu. This is 
in agreement with the findings of Weber & Epifanio 
(1996), which indicated that exudate from the blue 
crab Callinectes sapidus did not affect time to meta- 
morphosis in mud crab megalopae. The muted, but sta- 
tistically significant, cross-species activity of exudates 
from D. sayi and P. herbstii may be related to a differ- 
ence in the quantity of the cue produced. Another pos- 
sibility is that the molecular structure of the cue from 
D. sayi is similar but not identical to the cue produced 
by P. herbstii, thus resulting in a reduced response. 
However, in a related study Jensen (1989) found that 
megalopae from the crab Petrolisthes cinctipes did not 
show gregarious settlement in response to adults from 
the congeneric species Petrolisthes eriomerus. Thus, 
the cross-species activity of exudate from closely re- 
lated crabs is not universal. 

The cue found in the exudate from Panopeus herbstii 
has been partially characterized in recent work by An- 
drews (1999). The active fraction of the exudate ap- 
pears to be a small, water-soluble peptide (<I000 Da) 
that maintains its activity after exposure to both high 
(10O0C) and low temperature (-20Â°C) The cue also ap- 
pears to be effective at low concentrations, as Andrews 
found significant activity when the cue was diluted by 
a factor of compared to the concentration used in 
our experiment. 

Results of our investigation also showed a response 
of Panopeus herbstii megalopae to exudate from a po- 
tential prey species, the oyster Crassostrea virginica. 
While the response was muted compared to exudate 
from P. herbstii, it was significantly greater than re- 
sponse to the negative control and was not diminished 
by removal of biofilm from the valves of the oyster. 
This appears to be the first time that a prey-associated 
cue has been implicated in the metamorphosis of crab 
megalopae, but a similar response has been reported 
for a variety of species of molluscan and echinoderm 
larvae (Barnes & Gonor 1973, Hadfield & Scheuer 
1985, Rowley 1989, Bahamondes-Rojas & Dherbomez 
1990, Pearce & Scheibling 1991, Lambert & Todd 
1994). Furthermore, a number of prey-associated cues 
that have been shown to induce metamorphosis in 
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dorid nudibranchs have proven to be water-soluble, 
which is in agreement with the results from the present 
study (Hadfield & Scheuer 1985, Bahamondes-Rojas & 
Dherbomez 1990, Lambert & Todd 1994). 

All things considered, the results of our experiments 
indicate that competent megalopa larvae of Panopeus 
herbstii respond to a water-soluble cue, or set of cues, 
emanating from several sources associated with adult 
habitat. At this point, we cannot exclude the possibility 
of a single cue produced independently by the differ- 
ent sources. Nevertheless, this seems improbable 
given the wide taxonomic diversity of the source or- 
ganisms. A more plausible explanation is that multiple 
sources produce several different chemical compounds 
that induce metamorphosis in mud crab megalopae. 
The compounds may be structurally similar and 
chemoreceptors may be unable to distinguish between 
them. This seems quite likely in the case of the cross- 
species activity of exudates from closely related forms 
like Dyspanopeus sayi and P herbstii. However, P. 
herbstii may well have evolved different sets of chemo- 
receptors that can each detect cues emanating from a 
wide variety of taxonomically unrelated sources that 
occur in adult habitat. Resolution of this question 
awaits results of ongoing studies concerning isolation 
and characterization of the various cues used in the 
present investigation. 
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