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In mid-Atlantic estuaries, three fiddler crab species, Uca pugilator, Uca pugnax and Uca minax, co-occur, with their
adults occupying different habitat types distinguished by salinity and sediment size. Some evidence exists that
selective settlement is responsible for this separation but the mechanism is largely unknown. We tested the
hypothesis that field-caught megalopae would be stimulated to molt in the presence of adult species-specific
environmental acoustic cues and conspecific chemical cues. We placed megalopae in seawater with and
without adult chemical cues, exposed them to one of three sound treatments for 8 days, and recorded the time
each megalopa took to metamorphose. Time to molt was unaffected by sound treatment either alone or in
combination with chemical cues. In the absence of adult chemical cues, very few megalopae molted regardless of
the sound treatment. Molting in the presence of habitat sound and chemical cues varied by species. Many
U. pugilator molted in all sound and odor combinations, including the no odor and no sound treatment, and
molted sooner in conspecific and congeneric odors. U. pugnax was stimulated to molt by chemical cues from
either U. pugilator or U. pugnax, but molting was similar across sound treatments. Lastly, due to the small number
of U. minax in the experiment, no statistical analyses or conclusions could be made. Our results do not support
the hypothesis that sound stimulates molting of fiddler crab megalopae, but provide additional evidence that
chemical odors from adults act as molting cues.

1. Introduction grasses from nursery habitats and delay settlement when in the presence

of predators (Forward Jr et al., 2003; Welch et al., 1997). Additionally,

Many marine larvae use cues to determine the appropriate time and
location to settle (Crisp, 1974; Pawlik, 1992a; Stanley et al., 2015;
Tankersley et al., 1995). Considerable amounts of research focus on
chemical cues, specifically waterborne or substratum-associated chem-
icals (Hadfield and Paul, 2001; Sweatman, 1988; Turner et al., 1994;
Zimmer-Faust and Tamburri, 1994). The majority of studies have
concluded that favorable chemical cues come from adult conspecifics,
estuarine water, prey, and aquatic vegetation from their preferred
habitat (Forward Jr et al., 2001; Gebauer et al., 2003) and that these
chemical cues indicate proper settling habitats and stimulate larval
settlement and molting in many crustaceans, including multiple species
of crabs (Forward Jr et al., 2001; Gebauer et al., 2003; Kopin et al., 2001;
Weber and Epifanio, 1996; Welch et al., 1997). For example, blue crab
(Callinectes sapidus) megalopae prefer to settle in the presence of sea

the megalopae of Asian shore crabs (Hemigrapsus sanguineus) molt faster
when exposed to adult conspecific chemical cues and cues from the
substrate of their preferred habitat (Kopin et al., 2001).

Other crab species that experience accelerated settlement and
metamorphosis due to favorable chemical cues include fiddler crabs
(genus Uca) (O’Connor and Van, 2006; O’Connor, 2005; Simith et al.,
2010; Welch et al.,, 2016). Both laboratory-reared and field-caught
fiddler crab megalopae (Uca minax, U. pugnax, and U. pugilator) are
stimulated to molt by the presence of adult conspecific chemical cues
(Welch et al., 2016). However, there could be other factors—physical,
visual, and other habitat chemical cues (ex. salinity), or a combination of
some or all—that contribute to fiddler crab megalopal settlement site
selection and molting.

Recently, several studies have determined that sound is also an
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important orientation, settlement, and/or metamorphosis cue for many
marine larvae, including some common coral species (Vermeij et al.,
2010), oysters (Lillis et al., 2014a, 2014b), reef fish larvae (Barth et al.,
2015; Simpson et al., 2010), lobster puerulii (Hinojosa et al., 2016;
Stanley et al., 2015), and megalopae of some coastal crabs (Stanley
et al., 2009, 2011). These animals all settle or metamorphose faster
when exposed to acoustic cues or the soundscape of their preferred
habitat, where adults of their species live. Oyster larvae settle faster in
the presence of oyster bed sounds than in soft-bottom or silent control
treatments (Eggleston et al., 2013; Lillis et al., 2014b). The larvae appear
to recognize the relatively loud soundscape and favor the noise
compared to silence; this behavior of oyster larvae has been observed in
both field and laboratory settings (Eggleston et al., 2013). Crab mega-
lopae also seem to recognize the soundscape and acoustic cues of their
preferred habitat where their adults are found (Radford et al., 2007;
Stanley et al., 2009). Megalopae of the mud-tunneling crab (Austrohelice
crassa) did not respond to a reef soundscape, but megalopae of three
reef-dwelling crabs had a significantly faster molt time when exposed to
a reef soundscape (Stanley et al., 2011). Additionally, the total time to
metamorphose for the megalopae of five different crab spe-
cies—Hemigrapsus sexdentatus, Cyclograpsus lavauxi, Macrophthalmus
hirtipes, and two from the family Grapsidae—was significantly less in the
sound treatment of appropriate settlement habitat than in the silent
treatment, indicating that underwater acoustic cues may play a role in
the settlement of coastal crab species (Stanley et al., 2009).

The impact of acoustic cues on fiddler crab megalopal settlement and
molting has not yet been studied. However, other coastal crab mega-
lopae utilize acoustic cues and soundscapes to settle, so fiddler crab
megalopae may also rely on habitat-specific sounds, such as sounds from
where their adults live, to settle and molt. Additionally, since sound is
important to fiddler crabs later in life during mating rituals (Burkenroad,
1947; Christy, 1983; Popper et al., 2001; Salmon and Atsaides, 1968;
Salmon et al., 1977), it may also play a role early in their life cycle.
Therefore, the objective of this study was to determine whether field-
caught fiddler crab megalopae use environmental acoustic cues from
their adult habitat to stimulate molting, in addition to using conspecific
adult chemical cues (previously determined by Welch et al., 2016).
Based on previous acoustic larval response research where sound is the
only cue present, we tested the hypothesis that field-caught megalopae
would be stimulated to molt in the presence of adult species-specific
environmental acoustic cues, alone and in conjunction with conspe-
cific chemical cues. For example, we expect U. pugilator, the sand fiddler
crab, to have the highest percentage of molts when exposed to sandflat
sounds. Additionally, when the U. pugilator megalopae are exposed to
both sound and chemical cues, the shortest time to molt and the highest
percentage of megalopae molting should occur in the sandflat sound
treatment and in the water treatment that has chemical cues from their
adult conspecifics.

2. Methods
2.1. Collection of Uca spp. megalopae

Uca spp. megalopae were collected on 21 July 2016, 22 July 2016,
and 31 July 2016 during peak nocturnal flood tides. The number of
megalopae collected each night was 116, 602, and 632, respectively.
The megalopae were collected by hanging a 0.75 m diameter, 333 pm
plankton net from the platform beneath the Pivers Island Bridge in
Beaufort, North Carolina for 1 h during the peak flood current. Uca spp.
megalopae were sorted from the sample by eye and held in seawater
(salinity: ~35) until placed into the experimental containers 12hto 18 h
later. We did not separate Uca spp. megalopae by molt stage due to their
small size.
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2.2. Acoustic cues

A SoundTrap (Ocean Instruments NZ, ST-1074540591) was
deployed on a sandflat on the Rachel Carson Estuarine Research Reserve
(R.C. Reserve, 34.712102° N, 76.674858° W) on 16 July 2016 and in
Bell Creek Salt Marsh (34.789656° N, 76.669228° W) on 14 July 2016 to
record the soundscape of adult settlement sites (Fig. 1). These locations
were chosen because adult U. pugilator are found on the sandflat on the
R.C. Reserve and adult U. minax and U. pugnax are found in Bell Creek
Salt Marsh. The SoundTrap recorded a full tidal cycle, with the
maximum flood current velocity occurring between 0200 and 0400.
Adobe Audition CC © (Version 2015) was used to clip a 60 min sound
segment during the peak of the flood tide from each recording and to
amplify the recording so megalopae in each experimental container
were exposed to an average sound pressure level of 115 dB re: 1 pPa rms
(approximately 20 dB louder than ambient background sound in the
control tanks in Experiment 1 and 2: 96 and 101/102 dB re: 1 pPa rms,
respectively). The 60 min sound recordings were played and repeated
continuously using a Tascam (DR-05, Version 2) and UW30 underwater
speaker (Lubell Labs, Inc) powered by a Servo 120A amplifier.

2.3. Experiment 1: acoustic cues alone

To determine whether sound alone induced settlement and molting
in Uca spp. megalopae, megalopae were exposed to one of three sound
treatments: R.C. Reserve sound treatment, Bell Creek sound treatment,
or no sound (control). Tank set-up was identical for all sound treatments:
a speaker was suspended approximately 2 cm from the bottom of a 10
gal fiberglass tank (50.8 cm L x 25.4 cm W x 30.5 cm H) and four ~550
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Fig. 1. Sample site locations—Bell Creek Marsh and Rachel Carson Reserve
sandflat—and the Duke University Marine Laboratory.
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ml containers (10 cm diameter x 7.5 cm depth) were placed in the tank
and held stationary at the surface by foam boards (Fig. 2). The con-
tainers had 1.27 cm holes drilled in them; holes were covered with 5 pm
nylon mesh to allow water flow in and out of the containers so that the
chemical environment was consistent among the containers. We
consider the megalopae to be independent of one another because 1)
Stanley et al. (2009) found that group rearing of 5 species of crab
megalopae did not affect time to molt, and 2) the individual megalopae
were field-caught, so each experienced their own separate chemical and
acoustical environment during offshore development prior to capture
and use in the experiment. In addition, the containers were opaque and
spaced relatively far apart, so the megalopae were not visually influ-
enced by megalopae in the other three containers. Because the mega-
lopae in a single container were held together, we used the container as
the replicate in statistical analysis.

The R.C. Reserve and Bell Creek sound treatment speakers played
their respective recording continuously on repeat throughout the
duration of the experiment and the control sound treatment speaker was
turned “On” throughout the duration of the experiment but did not play
any recording. Tanks were placed on two adjacent tables and each tank
was filled with the same volume of seawater (salinity: 35). Tanks were
placed on anti-vibration pads to prevent the vibration of one tank from
affecting another and sound-reducing foam was placed around each tank
to acoustically isolate it from ambient noises.

Because few megalopae were collected on 21 July 2016 (n = 116),
megalopae were only added to one of the four 500 ml containers per
sound treatment (i.e. tank) to ensure each container had a relatively
large number of megalopae (>25). Ninety megalopae were haphazardly
selected from the 116 caught and divided into three groups (i.e. con-
tainers) of 30; one group was randomly assigned to each sound treat-
ment. Then, when 602 megalopae were collected on 22 July 2016, 30
megalopae were haphazardly distributed into each of the remaining
nine containers and three random containers were added to each sound
treatment. Groups of megalopae were added to each container in each
tank, following the model of Stanley et al. (2009) who concluded that
there are no interactive effects on time to molt for five other species of
brachyuran crabs when they are group-housed. The seawater in each
tank was changed every other day and freshly hatched Artemia spp.
nauplii were added after each water change. The water was changed by
pipetting out the megalopae, adding fresh seawater, and then pipetting
the megalopae back into the containers. The tanks were kept in a lab-
oratory at an approximate temperature of 25.5 °C and exposed to a
natural light cycle of approximately 14 h light:10 h dark. Daily obser-
vations were made at 0600, 1200, 1800, and 2400 and any megalopae
that had died or molted were preserved in 95% ethanol for later species
identification. Sound recordings and measurements were collected in
each container at the 0600 and 1800 check times to ensure the

Container Container

——

Speaker

Fig. 2. Individual tank setup: four ~550 ml containers filled with seawater
(control) or adult species specific odor water held in place and floating at the
surface and a speaker suspended about 2 cm above the bottom of the tank. Anti-
vibration pads are underneath each tank.
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megalopae in each container were exposed to a continuous sound
pressure level of 115 dB re: 1 pPa rms. The experiment ran for 8 d and at
the end of the experiment, the remaining megalopae were preserved in
95% ethanol. Both sets of megalopae were used in the experiment for 8
d, so the first group of megalopae ran for 8 d and then the second group
of megalopae (in the other nine containers) were in the experiment for
one more day to account for the staggered start times, so that they were
also in the experiment for 8 d.

2.4. Experiment 2: acoustic and chemical cues

When examining the combined effects of acoustic and chemical cues,
fiddler crab megalopae were placed into one of three water treatments:
filtered seawater (control), U. pugilator adult conditioned seawater, or
U. pugnax adult conditioned seawater. U. minax adult conditioned
seawater was not used, because in previous studies by Welch et al.
(2016), it did not appear to stimulate a response in any Uca spp. meg-
alopae. Aged seawater was collected from the filtered seawater system at
the Duke University Marine Laboratory, Beaufort, North Carolina and
was used as the control water treatment, as well as to make the two
species-specific odor water treatments. To make the species-specific
odor water treatments, approximately 50 g of live adult U. pugilator
and U. pugnax were placed in separate 2800 ml flasks. The seawater was
filtered through a 5 pm mesh filter and 1000 ml was added to each flask.
The crabs soaked for 1 h in seawater and then the odor water was filtered
through a 500 pm sieve to remove any particulates left behind by the
crabs during the soak time. This amount of crabs and soak time was
sufficient to induce an effect in fiddler crab megalopae in an earlier
experiment (Welch et al., 2016). Then, 400 ml of either seawater or
species-specific odor water was added to each ~550 ml experimental
container. A total of 4000 ml of each water treatment was made each
day using different adult crabs for each batch of 1000 ml.

To observe the combined effects of adult Uca spp. chemical cues and
habitat environmental acoustic cues on fiddler crab megalopae molting,
a protocol similar to the one used in Experiment 1 was used. However,
two tanks were used for each sound treatment in this experimental
setup, so a total of six tanks were used (Fig. 3A). Individual tank setup
was identical to Experiment 1; but, in Experiment 2, the containers did
not have holes and instead were filled with 400 ml of either seawater
(control) or one of the adult Uca species-specific water treatments.
Therefore, for each sound treatment, there were three chemical cue
conditions distributed in both of the tanks (U. pugilator odor, U. pugnax
odor, and control seawater), and when considering both tanks per sound
treatment, there were three replicates for U. pugilator odor and U. pugnax
odor and only two replicates for the control seawater. This resulted in
both tanks for each sound treatment having two containers of one odor
treatment and one of the other (Fig. 3B).

To be sure that the two containers in a single tank were not different
from the one container of the same odor in the other tank, we tested for a
container/tank effect using one-way ANOVA or Kruskal-Wallis tests,
depending on whether ANOVA assumptions were met. In all but two
cases, there were no significant differences in time to molt among any of
the containers within a sound-odor treatment (ANOVA or Kruskal-
Wallis, all p > 0.05). There were two cases where a significant differ-
ence among containers was found. For U. pugnax megalopae with Bell
Creek sound and U. pugilator odor water, the ANOVA indicated a sig-
nificant difference in time to molt among the containers (Fa 19 = 4.249,
p = 0.048), but the difference was so small that none of the Holm-Sidak
multiple comparisons tests showed significant differences (all t < 2.818,
all p > 0.054). For U. pugilator megalopae in the control sound and
U. pugnax odor treatment, there was one container in the tank with two
containers that was different from both of the other containers within
the treatment (Kruskal-Wallis; Hy = 11.273; Dunn’s method multiple
comparisons both Q > 2.595; both p < 0.028). However, the two other
containers in the treatment were not different from one another (Q =
0.349; p = 1.00), indicating that the tanks were not different from one
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A B Tank 1
RCR 1 RCR 2 Control U. pugnax
U. pugilator U. pugilator
Tank 2
BC 2 Control U. pugilator
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Fig. 3. (A) The arrangement of tanks based on sound treatment—Rachel Carson Reserve (RCR), Bell Creek (BC), and Control (C)—on two tables in Lab #2 at the
Duke University Marine Laboratory for Experiment 2. (B) The water treatment layout within each tank for each sound treatment.

another. Therefore, for all experiments we considered each container to
be independent of the others in its treatment and treated the containers
as replicates.

The 632 megalopae collected on 31 July 2016 were used in this
experiment and distributed randomly among the water and sound
treatments. Twenty-six megalopae were placed in each container in each
tank to ensure each container had an equal number of megalopae
(Fig. 3B). This experiment ran for 7.5d.

2.5. Identification of megalopae and juveniles

As Uca spp. megalopae and juveniles cannot be identified to species
visually, each individual megalopa and juvenile used in the experiment
was identified to species using the method of Welch et al. (2015). DNA
was extracted from each individual (Estoup et al., 1996) followed by
multiplex PCR. The size of the amplicon determined by gel electropho-
resis identifies the species of the individual (Welch et al., 2015).

2.6. Statistical analysis

In the acoustic cue only experiment (Experiment 1), the effects of the
sound treatments on the time to molt were compared using one-way
ANOVA for U. pugilator. Because data for U. pugnax were not normally
distributed, differences in time to molt were compared using a Kruskal-
Wallis test. For the combined sound-odor experiment (Experiment 2),
times to molt were compared using separate two-way ANOVA for each
species with sound and odor as factors. To avoid pseudoreplication, in
all cases the container was used as the replicate, and the mean time to
molt for the individuals in a container was used as the input for the
ANOVA. All time to molt statistics were computed using SigmaPlot
version 14.0; normality of residuals used the Shapiro-Wilk test and ho-
mogeneity of variance used the Browne-Forsythe test. In both experi-
ments, the numbers of U. minax that molted were too low for statistical
analysis of time to molt data.

In order to calculate the percent of megalopae that molted in each
sound treatment in Experiment 1 and each sound and odor treatment
combination in Experiment 2, the number of molted megalopae was
divided by the total number of megalopae in the treatment. Megalopae
that died during the experiment were not used in the calculations.
Proportions molting in the different treatments were then compared
using the z-test for proportions. In the acoustic cue only experiment, the
proportion of molts for each species in each sound treatment were
compared. In the combined sound and chemical cues experiment, three
types of comparisons were made for each crab species: 1) the proportion
of megalopae that molted in the control water treatment was compared
to the proportion that molted in the adult U. pugilator and U. pugnax odor

water treatments for each sound treatment; 2) the proportion of mega-
lopae that molted in the control sound treatment was compared to the
proportion that molted in the Bell Creek and R.C. Reserve sound treat-
ment for each odor water treatment; and 3) within each sound treat-
ment, the proportion of megalopae that molted in each odor treatment
were compared to each other.

3. Results
3.1. Field measurements of acoustic cues

Before the R.C. Reserve and Bell Creek recordings were amplified to
approximately 115 dB re: 1 pPa rms, the recordings’ average sound
pressure levels were 90 dB re: 1 pPa rms over the 60 min duration of the
recording and 84 dB re: 1 pPa rms over the 60 min duration of the
recording, respectively. The R.C. Reserve sandflat recording had a
greater intensity than the Bell Creek saltmarsh recording due to the
presence of snapping shrimp (Fig. 4). The Bell Creek saltmarsh recording
was less intense with few snapping shrimp present.

During the acoustic cue only experiment, the containers in the con-
trol tank were exposed to approximately 96 dB re: 1 pPa rms. However,
in the two control tanks in the combined acoustic and chemical cue
experiment, the average sound pressure levels that the megalopae were
exposed to were 101 dB re: 1 yPa rms (Tank 1) and 102 dB re: 1 pPa rms
(Tank 2).

3.2. Time to molt

Very few (< 20) megalopae of any species molted in Experiment 1
with acoustic cues alone (Fig. 5). Average times to molt ranged from 90
to 110 h for U. pugilator to 110-130 h for U. pugnax and 110-167 h for
U. minax. Time to molt in both Bell Creek and R.C. Reserve sound
treatments were slightly lower than in the control sound treatment for
U. pugilator. However, neither sound treatment significantly accelerated
molting compared to the control for either U. pugilator (ANOVA; Fp7 =
2.651; p = 0.139) or U. pugnax (Kruskal-Wallis; Hy = 0.857; p = 0.80).
Too few U. minax molted for statistical analysis; however, there was no
indication of acceleration among the few that did molt.

Many more U. pugilator megalopae molted when exposed to the
combination of acoustic and chemical cues in Experiment 2 (Fig. 6A).
There was no significant overall effect of sound treatment or the inter-
action of sound and adult odors on the time to molt for U. pugilator
(ANOVA; Sound: F 15 = 0.0501; p = 0.951; Interaction: F4 15 = 0.0768;
p = 0.988). However, there was a significant acceleration of molting
with odor cues, with an average time to molt of about 60 h in conspecific
odor water, about 80 h in congeneric (U. pugnax) odor water, and over
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Fig. 5. Average (+S.E.) time to molt for U. pugilator, U. pugnax and U. minax
megalopae exposed to each sound treatment in Experiment 1—control (no
sound), Bell Creek sound treatment, and the Rachel Carson Reserve sound
treatment. Number within each bar indicates total number of megalopae that
molted in that treatment during the experiment; statistical analyses were per-
formed using container means as replicates.

100 h in control water (ANOVA; Fy 15 = 16.191; p < 0.001; Holm-Sidak
multiple comparisons: pugilator odor vs. control p < 0.001; pugilator
odor vs. pugnax odor p = 0.004; pugnax odor vs. control p = 0.048). The
average time to molt for U. pugnax megalopae was >100 h in all sound
and odor treatment combinations (Fig. 6B). There was no significant
effect of either sound treatment or odor treatment on time to molt for
U. pugnax (ANOVA; Sound: Fp14 = 3.551; p = 0.057; Odor: Fp14 =
0.663; p = 0.531). Too few U. pugnax megalopae molted in the control
water treatments to test the interaction between sound and odor. Very
few (3) U. minax megalopae molted during Experiment 2 (Fig. 6C), each
taking >100 h to molt. Since so few molted, statistical analysis of time to

molt could not be conducted.

3.3. Proportion that molted: acoustic cues alone

Relatively few (25) U. pugilator megalopae were present in the first
experiment. Of those larvae, over 60% molted in each of the sound
treatments (Fig. 7). Neither of the sound treatments, however, stimu-
lated significantly more larvae to molt than the control (no sound)
treatment (z < 0.4; p > 0.7 for both tests). Although there were many
more U. pugnax (200) and U. minax (93) megalopae tested in Experiment
1, fewer than 7% molted in any of the treatments (Table 1). As in
U. pugilator, neither sound treatment stimulated more U. pugnax or
U. minax megalopae to molt than the control (no sound) treatment (z <
0.5; p > 0.6 for all tests).

3.4. Proportion that molted: acoustic and chemical cues combined

3.4.1. U. pugilator

As in Experiment 1, more than 60% of the U. pugilator megalopae
present molted in Experiment 2, regardless of the sound-chemical cue
treatment combination (Fig. 8A). In each sound treatment, the fewest
megalopae molted in the control water. In the control sound treatment,
significantly more U. pugilator megalopae molted in both conspecific
odor water (91%) and U. pugnax odor water (95%) than in control water
(68%) (z > 2.0; p < 0.05 for both tests). A similar pattern occurred when
U. pugilator megalopae were exposed to either the Bell Creek or R.C.
Reserve sound treatments; significantly more megalopae molted in each
of the congeneric odor water treatments (U. pugilator water: 100% BC,
88% RCR; U. pugnax water: 91% BC, 97% RCR) than in the control water
(68% BC, 62% RCR) (z > 2.3; p < 0.02 for all tests). There was no dif-
ference between the proportion that molted in U. pugilator odor water
and the proportion that molted in U. pugnax odor water for the control
and R.C. Reserve sound treatments, but in the Bell Creek sound treat-
ment, more molted in conspecific water than U. pugnax odor water (z =
2.09; p = 0.04). Finally, a greater proportion of U. pugilator megalopae
molted in the Bell Creek sound treatment (100%) than in the R.C.
Reserve sound treatment (88%) when the megalopae were exposed to
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megalopae that molted in each water treatment in Experiment 2—control (no
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Creek sound treatment, and the Rachel Carson Reserve sound treatment.
Number within or above each bar indicates individual megalopae observed.

Journal of Experimental Marine Biology and Ecology 537 (2021) 151516

Table 1

Counts for the acoustic cue only experiment: the total number of megalopae per
species exposed to each sound treatment—control (C), Bell Creek (BC), and
Rachel Carson Reserve (RCR),—their status at the end of the exper-
iment—molted (Crab), died (Dead), or did not molt (Megalopa),—the number of
unidentified megalopae after DNA extraction and amplification, and the total
number of megalopae used in the experiment.

Species Sound treatment Crab Dead Megalopa Total
U. pugilator C 7 0 3 10
BC 4 0 2 6
RCR 7 0 2 9
Total U. pugilator megalopae in Exp 1 25
U. pugnax C 2 2 67 71
BC 2 5 62 69
RCR 2 1 65 68
Total U. pugnax megalopae in Exp 1 208
U. minax C 2 0 31 33
BC 1 2 29 32
RCR 2 1 28 31
Total U. minax megalopae in Exp 1 96
Total identified 329
Total unidentified 31
Total megalopae used in Exp 1 360
100 A
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Fig. 8. The proportion of U. pugilator, U. pugnax, and U. minax megalopae that
molted in each water treatment in Experiment 2—control (no odor), U. pugilator
odor water, and U. pugnax odor water—while being exposed to one of three
sound treatments—control (no sound), Bell Creek sound treatment, and Rachel
Carson Reserve sound treatment. Number within or above each bar indicates
individual megalopae observed.
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conspecific odor water (z = 2.44; p = 0.015).

3.4.2. U. pugnax

Few U. pugnax megalopae molted in the control water treatments
(<10%) in each of the sound treatments, but when they were exposed to
either U. pugilator or U. pugnax odor water, more than 50% of the
megalopae molted (Fig. 8B). In the control sound treatment, signifi-
cantly fewer megalopae molted in the control water treatment (8%) than
in conspecific odor water (73%) or U. pugilator odor water (54%) (z >
3.5; p < 0.001 for both tests). Similar results occurred in both the Bell
Creek and R.C. Reserve sound treatments; significantly more U. pugnax
megalopae molted in conspecific odor water (59% BC, 76% RCR) and
U. pugilator odor water (62% BC, 57% RCR) than in the control water
treatment (4% BC, 0% RCR) (z > 4.0; p < 0.001 for all tests). Addi-
tionally, there was no difference between the proportions that molted in
conspecific water and in U. pugilator odor water in any of the sound
treatments (z < 1.6; p > 0.1 for all tests).

3.4.3. U. minax

Very few of the U. minax megalopae exposed to any sound-chemical
cue treatment combination molted during the experiment (Fig. 8C). Of
the 27 megalopae tested in all sound and odor treatment combinations,
only 3 molted: one in each of the adult odor treatments in the control
sound treatment and one in U. pugilator odor water in the Bell Creek
sound treatment. These numbers were too low to conduct any statistical

Table 2

Counts for the acoustic and chemical cue experiment: the total number of
megalopae per species exposed to each sound treatment—control (C), Bell Creek
(BC), and Rachel Carson Reserve (RCR)—and water treatment—control (C),
U. pugilator odor (U. pugilator), and U. pugnax odor (U. pugnax odor) combina-
tion, their status at the end of the experiment—molted (Crab), died (Dead), or
did not molt (Megalopa),—the number of unidentified megalopae after DNA
extraction and amplification, and the total number of megalopae used in the
experiment.

Species Sound Water Crab Dead Megalopa  Total
treatment treatment
U. pugilator ~ C Control 15 1 7 23
U. pugilator 31 1 3 35
U. pugnax 37 0 2 39
BC Control 15 1 7 23
U. pugilator 46 1 0 47
U. pugnax 40 1 4 45
RCR Control 16 2 10 28
U. pugilator 36 4 5 45
U. pugnax 37 0 1 38
Total U. pugilator megalopae in Exp 2 323
U. pugnax C Control 2 1 22 25
U. pugilator 19 1 16 36
U. pugnax 22 2 8 32
BC Control 1 1 24 26
U. pugilator 13 2 8 23
U. pugnax 13 0 9 22
RCR Control 0 0 20 20
U. pugilator 16 0 12 28
U. pugnax 25 0 8 33
Total U. pugnax megalopae in Exp 2 245
U. minax C Control 0 0 3 3
U. pugilator 1 0 2 3
U. pugnax 1 0 4 5
BC Control 0 0 2 2
U. pugilator 1 0 0 1
U. pugnax 0 2 3 5
RCR Control 0 0 3 3
U. pugilator 0 0 3 3
U. pugnax 0 1 4 5
Total U. minax megalopae in Exp 2 30
Total identified 598
Total unidentified 26
Total megalopae used in Exp 2 624
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analyses (Table 2).
4. Discussion

Many planktonic larvae use a habitat cue or cues to select a favorable
settlement site. There are examples of larvae using chemical cues (Morse
and Morse, 1984; Pawlik, 1992b), flow regimes (Mullineaux and But-
man, 1991; Mullineaux and Garland, 1993), and light (Marsden, 1988;
Svane and Dolmer, 1995), among other cues. In the past decade, it has
become clear that for some reef and estuarine animals, sound can be an
important cue for settlement site detection and selection (Barth et al.,
2015; Lillis et al., 2013, 2014a; Montgomery et al., 2006; Stanley et al.,
2009). This study examined the role of sound in settlement site selection
by three fiddler crab species that live in different habitats (sandflats vs.
saltmarshes) that have different soundscapes, by examining whether
sound stimulated metamorphosis of megalopae into crabs. We found no
evidence that sound stimulates metamorphosis in these three species of
fiddler crabs.

If the specific sounds of adult fiddler crab habitat had stimulated
molting, more megalopae would have molted (and/or they would have
molted faster) in the sound treatment from their adult habitat than in
either control sound or the other habitat; however, this pattern was not
observed in Experiment 1 (acoustic cues alone). The R.C. Reserve sound
treatment did not stimulate metamorphosis in U. pugilator megalopae,
and the Bell Creek sound treatment did not stimulate metamorphosis in
U. pugnax or U. minax megalopae. In our experiment, over 60% of
U. pugilator megalopae molted, with no differences in either time to molt
or proportion molting between the sound treatments. This is consistent
with Welch et al. (2016), who observed that U. pugilator would molt in
most conditions. Very few U. pugnax or U. minax megalopae molted in
any sound treatment (<7%) and there was no significant difference
between any combinations of proportions of molts. Therefore, the sound
cue alone from their adult habitat did not significantly stimulate molting
in any of the three Uca species.

Sound also does not seem to affect megalopal molting in the presence
of chemical cues from adult fiddler crabs (Experiment 2). Instead, the
megalopae appear to rely more on chemical cues released by their adult
conspecifics or congenerics as a molting cue. There was no difference in
either proportion that molted or time to molt among sound treatments
for U. pugilator megalopae. However, more U. pugilator molted in either
U. pugilator or U. pugnax water than control water in each sound treat-
ment. Additionally, molting was accelerated in U. pugilator megalopae,
with larvae taking the shortest amount of time to molt in conspecific
water, an intermediate amount of time in congeneric water, and the
longest time to molt in control water. This contrasts somewhat with
Welch et al. (2016), who found the increase in proportion molting but
not the acceleration of molting. Perhaps molting was accelerated
because the U. pugilator megalopae had already experienced the chem-
ical cues prior to collection, so they were triggered to metamorphose
(Forward Jr et al., 1994). It is possible for some megalopae to have
already experienced conspecific chemical cues since the collection site is
approximately 800 m north of the R.C. Reserve, where a dense popu-
lation of adult U. pugilator reside. This could also explain why average
molt proportions were higher for U. pugilator megalopae in most sound
and odor water combinations (including control odor water) in Experi-
ment 1 and 2 than average molt proportions for the two other species
whose adult populations are farther up the estuary. However, both the
present study and Welch et al. (2016) indicate that U. pugilator will molt
both with and without chemical cues from adult fiddler crabs, just more
frequently with them.

Molting in U. pugnax was also unaffected by either of the sound
treatments; again odors were more important cues. In each case, rela-
tively few megalopae molted in the control water, but many more
molted when exposed to adult odors of either U. pugilator or U. pugnax.
There were no significant differences in time to molt among any of the
treatments for either sound or odor. Thus, there is no evidence that
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sound stimulates molting for U. pugnax.

Finally, the overall proportion of U. minax molts (3 out of 27, 11.1%)
in the combined acoustic and chemical cue experiment was very similar
to the proportion observed when the megalopae were exposed to adult
chemical cues without the presence of environmental acoustic cues
(Welch et al., 2016). The very low overall proportion molting may be a
result of the salinity of the experiment. Since U. minax live primarily in
low-salinity areas (Teal, 1958), molting may have been inhibited by the
salinity alone. Both U. pugilator and U. pugnax can be found in high-
salinity environments, so the salinity (~35) used here was appro-
priate. However, future experiments focusing on U. minax could be
conducted at lower salinity to determine whether U. minax megalopae
would be stimulated to molt more frequently in salinities that more
closely represented their adult habitat.

The response of these three species of fiddler crab megalopae to
environmental acoustic cues is important to examine because it appears
to be different from other crabs and invertebrates examined, which are
affected by sound. Recent studies have concluded that sound is an
important orientation, settlement, and/or molting cue for multiple
species of marine invertebrates, including common coral species and
coastal crabs (Lillis et al., 2013, 2014b; Pine et al., 2012; Radford et al.,
2007; Stanley et al., 2009). All studies concluded that when the larvae or
megalopae were exposed to sounds from their preferred habitat, or the
environment their adults inhabit, they were stimulated to orient them-
selves toward the sound, settle, and/or molt more quickly than in silent
control tanks. Only one other study has tested the combined interaction
of acoustic and chemical cues; it recorded orientation of French grunt
(Haemulon flavolineatum) larvae (Huijbers et al., 2012). These larvae
used acoustic, chemical, and visual cues to find suitable habitat; they
responded to the coral reef soundscape and chemical cues from man-
groves and sea grass beds and favored visual cues of conspecifics over
the habitat chemical cues (Huijbers et al., 2012).

Unlike the French grunt larvae, the fiddler crab megalopae in the
present study did not appear to use environmental acoustic cues from
their adult habitat in conjunction with adult conspecific chemical cues;
rather, they appeared to depend heavily on chemical cues released by
adult conspecifics or congenerics. These results are consistent with
previous findings regarding molting, which is a physiological response
(Christy, 1989; O’Connor, 1991; O’Connor and Van, 2006; O’Connor,
2005; Welch et al., 2016).

While we did not observe an effect of sound on molting, it is still
possible that fiddler crab larvae could use sound as an orientation cue to
guide them to proper habitats. As the megalopae move upstream in the
estuary using selective tidal stream transport (Epifanio et al., 1988;
Tankersley and Forward Jr., 1994), they would have the opportunity to
acoustically sample habitats while they waited on the bottom between
swimming bouts. If they perceived the proper sound, they could swim
toward it; if they reached the habitat, they could then be affected by
chemical cues and could discontinue transport and begin the process of
metamorphosis. Swimming speeds of Uca megalopae have been
measured at 15-20 cm s~ (Feest, 1969) so they could swim some dis-
tance toward a favorable sound environment. Consequently, sound may
guide the megalopae to a general area of the estuary and then molting is
stimulated by chemical cues, explaining why adult-specific chemical
cues increase molt proportions and not sound cues as seen in our data.
Future experiments should examine the behavioral responses of fiddler
crab megalopae to different sounds in addition to physiological
responses.

Because field-caught megalopae were used in both experiments, the
exact age of each megalopa was not known; consequently, we did not
know which molt stage the megalopa was in: post-, inter-, or premolt
(Anger, 2001). As a megalopa goes through each stage, its sensitivity to
physical and chemical cues changes, demonstrating that molt stage af-
fects the physiological responses of megalopae to stimuli (Gebauer et al.,
2004; Gebauer et al., 2005; O’Connor and Gregg, 1998; Welch et al.,
1997). For example, blue crab premolt megalopae settled significantly
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more on collectors that contained favorable chemical cues than empty
controls than intermolt megalopae, indicating that premolt megalopae
react more strongly to chemical cues and have higher selective ability
than intermolt (Welch et al., 1997). Similarly, both O’Connor and Gregg
(1998) and Gebauer et al. (2004) observed that if the stimulus is not
introduced early enough in the molting cycle of megalopae, the mega-
lopae will not be triggered by the stimulus and accelerated molting will
not occur. However, the increased proportion of molting of U. pugilator
and U. pugnax in conspecific and congeneric odors (Fig. 8) demonstrates
that these megalopae were still receptive to the chemical stimulus, so
their physiological fate had not yet been determined. If they were
physiologically capable of being stimulated by chemical odors then they
would presumably be receptive to sound cues if they were also
important.

Additionally, not knowing the molt stage of each megalopa could
offer another explanation as to why so many U. pugilator molted.
U. pugilator megalopae may be able to molt in a wide range of conditions
or have been previously exposed to favorable cues (e.g. adult conspecific
cues); however, their megalopae may also be more developed and
farther into the molt cycle of the megalopal stage than the two other Uca
spp., making them unable to delay metamorphosis to the first crab stage
(Gebauer et al., 2003). The megalopae may be older since U. pugilator
prefer higher salinity environments, meaning they do not have to travel
as far into the estuary as the other two Uca species (Teal, 1958).

It is important to mention that recording and interpreting behavioral
responses to sound playback experiments can be difficult. When no
response to the stimulus of interest, in this case sound, is observed, there
are four possible reasons: 1) the response is not detectable by humans,
but it occurred, 2) the stimulus elicits the same response as the control,
3) the subject cannot distinguish a difference between the stimuli, or 4)
the stimulus did not actually stimulate a response (McGregor, 2000).
Therefore, it’s possible that the three Uca species in this study were not
able to distinguish a difference between the environmental soundscapes
(marsh/ mud vs sand) or perhaps the soundscapes aren’t that different
from each other (Fig. 4) so fiddler crabs have not evolved to use sound as
a cue. Additionally, the majority of other studies investigated reef-
dwelling species (coral and oyster) and their response to reef sound-
scapes, which have higher sound pressure levels and higher acoustic
complexity and diversity than soft-bottom habitats, such as mud and
sandflats (Bertucci et al., 2016; Lillis et al., 2014a).

Studying the effect of ambient underwater sound is vital because
sound travels farther in water than chemical cues, so the spatial detec-
tion ranges of acoustic settlement cues are larger than chemical cues
(Radford et al., 2007; Stanley et al., 2009). Habitat-related soundscapes
also reveal biological and physical features of an environment, such as
feeding activity, sediment type, and depth. Therefore, it is crucial to
observe the impact of acoustic cues and soundscapes on the life cycle of
marine species because soundscapes can be impacted by anthropogenic
noise inputs (e.g. boat traffic, drilling, naval sonar, turbine use, etc.),
weather, ocean acidification, and increasing sea surface temperatures
(Kunc et al., 2016; Lillis et al., 2014b; Pine et al., 2012). If acoustic cues
are involved in settlement site location, then anthropogenic sounds
could interrupt that process. Additional studies that investigate larval
behavior in the presence of anthropogenic sound are necessary to fully
understand the role that the acoustic environment plays in fiddler crab
settlement site selection. Lastly, because marine ecosystems will be
impacted by global climate change (Hoegh-Guldberg and Bruno, 2010),
it is likely soundscapes will also change due to changes in species’ dis-
tributions and behavior (Rossi et al., 2016a; Sueur et al., 2019) and
weather and natural processes (Haver et al., 2018; Klinck et al., 2012;
Raffenberg, 2018). Additionally, increased ocean acidification and
temperature may affect hearing capabilities and the behavior of marine
species (Rossi et al., 2016b; Simpson et al., 2011; Wysocki et al., 2009).
Therefore, studies like this one are very relevant and necessary to
determine which marine organisms that rely on environmental acoustic
cues to orient, settle, and/or molt will be affected by global climate
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change and rising anthropogenic noise levels.

5. Conclusion

Although habitat-associated acoustic cues play a role in molting and
settlement of other estuarine crabs, fiddler crab megalopae appear to be
unaffected by such cues. If sound had played a role in Uca spp. mega-
lopal molting, the largest percentage of megalopae would have molted
in the sound treatment that was from the location where their adult
conspecifics are found and in a significantly shorter amount of time than
in the other sound treatments. However, this tendency was not observed
in our data. Our results indicate that habitat-related sound alone or in
combination with chemical cues does not stimulate molting in Uca
pugilator, U. pugnax, or U. minax megalopae. When sound was the only
cue present, the total time to molt and the percent of megalopae that
molted was not significantly different in either sound treatment than the
control sound treatment for any of the fiddler crab species. Additionally,
when sound and chemical cues were present, time to molt was only
affected for U. pugilator in conspecific odor water, but the percentage of
megalopae that molted was affected and species-specific. Many
U. pugilator molted in each sound-chemical treatment combination,
indicating that they do not require specific conditions to molt. U. pugnax
megalopae were stimulated to molt in the presence of conspecific or
congeneric chemical cues; however, molt proportions in conspecific and
congeneric odor treatment were not different among sound treatments.
Lastly, too few U. minax megalopae were present in our study, so sta-
tistical analyses could not be performed. Therefore, we can conclude
that habitat-associated acoustic cues do not stimulate molting in fiddler
crab megalopae; the megalopae instead appear to rely more on chemical
cues as a molting stimulant.
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