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Abstract

The larvae of most benthic marine invertebrate species must develop for a minimum of time in
the plankton before they become competent for settlement and metamorphosis in response to
stimulating external cues. In an experimental laboratory study, we identified the temporal window of
cue receptivity within the moulting cycle of the megalopa stage of an estuarine crab, Chasmagnathus
granulata Dana. This species shows an export strategy including an early larval transport to coastal
marine waters where zoeal development takes place, followed by the return of the megalopa stage to
brackish habitats where the adults live. In two series of experiments (A, B), megalopae were exposed
for differential periods to a combination of metamorphosis-stimulating cues which had previously
been found effective (seawater conditioned with adult odor and presence of mud). In experimental
series A, these cues were added on successively later days of the moulting cycle, while series B
comprised treatments in which the cues were provided from the first day (postmoult) and removed on
successively later days of the moulting cycle. Each series of experiments was repeated with larvae
originating from two different females (F1, F2). The average development time of megalopae kept
continuously in the presence of cues (control experiments, C1) ranged in the two hatches from 9.3 to
9.6 days. In the inverse controls where no cue was added at any time (C2), megalopal development
to metamorphosis took on average 11.2—12.0 days. In series A, development duration in treatments
with exposure to the cues commencing within 3—4 days after moulting was not significantly
different from that in the permanently exposed C1 controls. Later beginning of the exposure, by
contrast, had no stimulating effect (significant delay compared to C1, no significant difference from
unexposed control, C2). In series B, no significant differences in development time were observed
between the C1 controls and treatments with an initial exposure for a minimum of 4 or 6 days of the
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moulting cycle (F1, F2, respectively). Shorter initial periods of exposure had no metamorphosis-
stimulating effects (no significant difference from C2). In conclusion, our results from both
experiments suggest that the megalopa stage of C. granulata is most receptive of stimulating cues
during a period lasting from ca. one third to one half of the moulting cycle, which coincides with the
transition between stages C (intermoult) and D, (early premoult) of Drach’s classification system.
This suggests an interaction of extrinsic stimulating cues with intrinsic (hormonal) factors involved
in the control of the moulting cycle.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Planktonic larvae are the principal agents of dispersal in the life cycles of most benthic
marine invertebrates (Thorson, 1950). During the larval period, there is initially a
precompetent phase in which the larvae are morphologically and/or physiologically
incapable of settling and passing through metamorphosis. This is followed by a phase
of metamorphic competence during which, in some species, the larvae respond to
stimulating physical and/or chemical cues by initiating the developmental and behavioural
changes that comprise the process of metamorphosis (Doyle, 1975; Burke, 1983, 1986;
Pawlik, 1992). Effective cues are generally associated with characteristics of the benthic
adult habitat, including humic acids from rivers and estuaries, reduced salinities, microbial
films, odors from conspecific adults, sediments, algae, or specific ions or organic chemical
compounds (for recent review, see Anger, 2001; Forward et al., 2001; Gebauer et al.,
2003). When effective external cues are absent, competent and receptive larvae may
prolong their planktonic phase for several days or months. If such cues remain absent for
longer periods, the larval phase may end with a spontaneous metamorphosis or larval
death (Pechenik, 1990; Zimmerman and Pechenik, 1991; Zaslow and Benayahu, 1996;
Gebauer et al., 1998).

In the present study, the period of maximum receptivity of metamorphosis-stimulating
cues was experimentally investigated in the final larval stage, the megalopa, of an
estuarine grapsoid crab species, Chasmagnathus granulata Dana, exposed for differential
periods during the moulting cycle. This species occurs in coastal salt marshes, brackish
lagoons, and other estuarine habitats in Argentina, Uruguay and southern Brazil (Boschi,
1964; Boschi et al., 1992). Its life history is characterised by an export strategy, i.e. the first
larval stage leaves the brackish parental environment soon after hatching, zoeal develop-
ment takes place in lower estuarine or coastal marine regions, and the megalopa returns
later to recruit to the adult populations (Anger et al., 1994; Luppi et al., 2002; Giménez,
2003). The megalopa of C. granulata responds to cues associated with the parental habitat,
in particular to muddy sediments, the presence of conspecific adults, and combinations
thereof (Gebauer et al., 1998). If such cues are absent, the megalopa can postpone
metamorphosis by about 2—3 days (ca. 26—30%), although this developmental delay also
implies energetic costs that may reduce juvenile growth (Gebauer et al., 1999).

In laboratory experiments with the megalopa stage of C. granulata, we studied the
temporal window of receptivity for previously identified external cues, addressing the
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question during which parts of the moulting cycle the larvaec must be exposed to those cues
to induce a measurable response in development time. This should indicate the optimal
period for returning from coastal waters to estuaries, where settlement and metamorphosis
are known to occur (Luppi et al., 2002).

2. Materials and methods
2.1. Origin of materials, larval rearing

Larvae of C. granulata were obtained from crabs originating from Mar Chiquita lagoon
(Province of Buenos Aires, Argentina; see Spivak et al., 1994) and cultured since 1991 in
the laboratory of the Helgoland Marine Biological Station (Germany). Our standard
cultivation conditions for this species are 18 °C, 32%o salinity and a 12:12h light/dark
cycle. Crabs are fed with frozen isopods (Idotea spp.), mussels (Mytilus edulis), and
shrimp (Crangon crangon) from the North Sea. From hatching to the megalopa stage, the
larvae were mass-reared in 10 L bottles with filtered (ca. 1 um) seawater and gentle
aeration, at the same constant conditions of temperature, salinity and light as the adult
crabs. Water and food (freshly hatched Artemia sp., San Francisco Bay Brand) were
changed daily.

2.2. Experimental design

In two series of experiments (A, B), each carried out with larvae from two different
females (F1, F2), recently moulted megalopae (maximally 14 h old) were randomly
assigned to various experiments with 25 individuals per treatment. In series A, the
experimental exposure to metamorphosis-stimulating cues (a combination of adult-
conditioned seawater and fine mud; for details, see Gebauer et al., 1998, 1999) began
in the various treatments on successive days after moulting to the megalopa stage (Al—
All; see Fig. 1a). In series B, the megalopae were from the beginning of the experiments
in contact with the stimulating cues, but the exposure was in different treatments
terminated on successive days (B1-Bl11; Fig. 1b). In addition, each series comprised
also one control group which was continually exposed (C1) and a second control (C2)
which was never in contact with these cues (Fig. 1). During the change of water and food
(same as for the zoeae), the megalopae were checked daily for mortality and metamor-
phosis. The time of development and the rate of mortality in the megalopa stage were used
as quantitative criteria for possible treatment effects, i.e. of adding or withdrawing
metamorphosis-stimulating cues at different times of the moulting cycle.

2.3. Moult staging

Megalopae sampled from parallel experiments with or without an addition of chemical
cues were microscopically checked for the moulting stage using the last pair of pleopods
as a reference site (classification after Drach, 1939; for details of its application to larval
decapods, see Anger, 2001).
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Fig. 1. Experimental design. Experiment A: A1—-Al1, treatments with initial absence (111 days) and subsequent
addition of metamorphosis-stimulating cues (adult-conditioned seawater and presence of mud). Experiment B:
B1-Bl11, treatments with initial presence (1-11 days) and subsequent withdrawal of cues. Cl: controls with
permanent exposure to cues; C2: controls with permanent absence of cues.

2.4. Statistical methods

Effects of the experimental treatments were tested using non parametric one-way
ANOVA (Kruskal Wallis H-tests), as some data did not comply with the prerequisites of
normality and homogeneity of variance (Kolmogorov-Smirnov and Levene test, respec-
tively). Multiple comparisons with the control groups (C1, C2) were done using Dunn’s
test for data sets with different size and non-normal distribution. An R X C test of
independence was used to analyze effects of treatments on mortality (Sokal and Rohlf,
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1995). Average values are given as arithmetic mean * one standard deviation (SD). A
sigmoidal and exponential decay curve was fitted to data of developmental delay using the
least-squares method.

3. Results

The survival of megalopae through metamorphosis varied in the two experimental
series from 44% to 100%. In larvae obtained from F1 but not in those from F2, an R X C
test of independence indicated in experiment A a statistically significant variation of
mortality rates (G=234.1; P<0.05). This was caused by an exceptionally high mortality
occurring exclusively in treatment A10 (56% vs. 4—20% in all other treatments and
controls). However, no relationship of the mortality pattern with the timing or duration of
exposure to metamorphosis-stimulating cues could be recognized. In the treatments and
controls of experiment B, no significant variation was detected in the mortality rates of
megalopae originating from either F1 or F2.

The duration of development to metamorphosis showed highly significant effects of the
timing or duration of exposure to stimulating cues. The development duration of
megalopae exposed continuously (control C1) did not vary significantly between the
two hatches tested (larvae from females F1, F2), with 9.3 £ 0.6 and 9.6 + 1.0 days,
respectively (U-test, P>0.6). In the control without any exposure to those cues (C2), by
contrast, the average time of megalopa development was significantly shorter in F1
individuals than in those originating from F2 (U-test, P<0.02), with 11.2 £ 1.2 and
12.4 + 1.3 days, respectively, and both differed significantly from the corresponding C1
controls (U-test, P<0.0001). Because of significant differences in the time of development
of F1 and F2 megalopae, the data obtained from the two different females were analyzed
separately.

3.1. Experiment A

In experiment A, the timing of the addition of the stimulating chemical cue had a
significant effect on the duration of development through the megalopa stage in larvae
from both females (Fig. 2; H-test, P<0.0001). Through multiple comparison analysis
(Dunn’s tests), two groups could be identified. The first one comprised the control C1 as
well as treatments A1—-A2 (in F1 larvae) or A1—-A3 (in F2; unshaded columns in Fig. 2),
with average stage durations ranging between 9.3 & 0.6 and 10.2 £ 1.0. This indicates that
development duration in treatments with an early exposure to adult-conditioned water and
mud (beginning 2—3 days after moulting to the mealopa stage) did not significantly differ
from that observed in the continuously exposed control (C1).

The second group comprised all treatments with later beginning of the exposure to the
cues (A3—Al1l or A4—All in F1 and F2, respectively; shaded columns in Fig. 2). In this
group, the average time of development to metamorphosis (11.0 £ 1.0 and 12.4 £ 1.3
days) was significantly delayed compared to the C1 control, while no significant differ-
ences were found to the continuously unexposed control (C2). These results indicate that
the signal from the cues had to appear within about 2—3 days of the moulting cycle to
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Fig. 2. Experiment A. Development time of megalopae to metamorphosis (days, mean + SD); materials
originating from two different females, exposed for differential periods to metamorphosis-stimulating cues (for
treatments, see Fig. 1); n.s.: treatments where development time was not significantly different from that in the
permanently exposed control group, C1 (Kruskal-Wallis H tests; white columns); shaded columns: treatments
with significant developmental delay compared to C1 (P <0.05).

become effective. Later beginning of the exposure had no more significant stimulating
effect, even if it lasted throughout the remaining period of the moulting cycle (comprising
up to more than 70% of total time).

3.2. Experiment B

In series B experiments conducted with larvae from female F2, all megalopae in
treatment B11 metamorphosed before the cue was removed. As a consequence, this
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treatment became a continuously exposed control experiment (C1), and the total number of
treatments was, in this exceptional case, reduced to ten (see Figs. 2b and 3b).

In larvae from F1, two groups were statistically separated, as in experiment A. One
group (white columns in Fig. 3) comprised the permanently exposed control C1 as well as
treatments with an initial exposure for at least 4 or 6 days (megalopae originating from F1
or F2, respectively) followed by rearing in seawater without the cue (treatments B4—-B11
or B6-B10 in FI and F2, respectively). The average time of development ranged, in this
group, from 9.3 +£0.5 to 10.1 + 1.0 days (F1 and F2, respectively). The second group
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Fig. 3. Experiment B. Development time of megalopae to metamorphosis (days, mean + SD); materials
originating from two different females, exposed for differential periods to metamorphosis-stimulating cues (for
treatments, see Fig. 1); n.s.: treatments where development time was not significantly different from that in the
permanently exposed control group, C1 (Kruskal-Wallis / tests; white columns); shaded columns: treatments
with significant developmental delay compared to C1 (P<0.05).
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(shaded columns in Fig. 3) consists of treatments where the time of the initial contact with
the cue was shorter (B1-B3 or B1-B5 in F1 and F2 megalopae, respectively). These
treatments, with mean moult-cycle durations ranging between 10.5 £ 1.1 and 11.2 £ 1.2
days (F1) or between 10.6 1.2 and 12.0 £ 1.3 days (F2), showed a significant
developmental delay compared to the control CI. In the development time of larvae
obtained from F1, none of these treatments differed significantly from the completely
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Fig. 4. Comparison of developmental delay (days) in experiments A and B (cf. Fig. 1); materials originating from

two different females.
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unexposed control, C2. In experiments with F2 megalopae, however, a third group was
statistically identified: Treatments B4 and B5 showed an intermediate response level with
a significant developmental delay compared to C1 but also a significantly shorter
development time compared to C2.

The maximum delay was thus 2.5-2.8 days (F1, F2, respectively), corresponding to
26—30% of the average duration of megalopa development in the C1 control. When the
average duration of the delay, y, in a treatment was related to the initial time without cues,
x, in Experiment A, a significant sigmoidal relationship was observed (Fig. 4; P<0.05),
which can be described with the following fitted equations for F1 (with »?=0.83) and F2
(r*=0.95), respectively:

y=1.79/ {1 I e(2~847x)/0.27}
y=2.68/ {1 + e(5.477x)/2401}

When the time of metamorphic delay, y, was related to the initial period of exposure to the
cue, x, in Experiment B, an exponential decay model showed consistently a non-linear
decrease with increasing time of initial exposure (Fig 4; P<0.05; »>=0.85 and »>=0.95
in F1 and F2, respectively):

y=1.70-¢7021" 1 0.08

y=2.92-¢70179 _0.46.

4. Discussion

Metamorphosis from the megalopa to the first benthic juvenile stage of a highly
gregarious salt marsh crab, C. granulata, is triggered by chemical cues that are associated
with the adult habitat, in particular by presence of mud and/or odors from conspecific adults
(Gebauer et al., 1998). Adult odors may also stimulate metamorphosis in related species,
although the effectiveness appears to decrease with increasing phylogenetic distance
(Gebauer et al., 2002). Lack of exogenous cues causes a developmental delay which is
generally short (maximally about 30%), but probably sufficient to enhance the chance of
finding a more suitable benthic habitat for settlement. While this response should reduce
postsettlement mortality and may thus be considered as adaptive, delayed metamorphosis
implies also tradeoffs (see Pechenik, 1990; Pechenik et al., 1998). In C. granulata, this is
associated with a reduction of early juvenile body size and, as a presumable consequence,
reduced competetive fitness of juvenile crabs (Gebauer et al., 1999).

The results of our present study show that the timing and duration of exposure to
chemical cues within the megalopal moulting cycle represent further critical factors.
Similar observations suggesting a particular temporal window of receptiveness were also
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reported for megalopae of a gregarious fiddler crab, Uca pugnax (O’Connor and Gregg,
1998). In C. granulata, an initial exposure during the postmoult phase (moult cycle
classification system: Drach, 1939; Skinner, 1962; Drach and Tchernigovtzeff, 1967) had a
stimulating effect only if it lasted at least for about one third to one half of total moult-
cycle duration (experiment B, see Fig. 3). In treatments where cues were initially absent
during the postmoult phase (experiment A, Fig. 2), the signal had to appear no later than
after about 20—-30% of the average development time through the megalopa stage to
trigger metamorphosis. Later appearance of those cues, by contrast, had no more
stimulating effect, even if the subsequent exposure was extended throughout the remaining
time of the moulting cycle, i.e. through the entire premoult period, Dy—D, (see treatments
A3 or A4 to All; Fig. 2).

As an overall conclusion from both series of experiments (see Fig. 4), stimulating
effects were consistently observed during a period ranging from about 20—50% of the
moulting cycle, while earlier or later exposure had little or no effect. This period may thus
represent the temporal window of maximum responsiveness or receptivity for metamor-
phosis-stimulating cues.

As ascertained by microscopical inspection of megalopae, and in agreement with the
literature (see Anger, 2001), this receptive period coincides approximately with the duration
of the intermoult stage (C) of Drach’s system. Treatments with complete absence of cues
during this period within the moulting cycle, with too short duration of exposure, or with
too early withdrawal or too late appearance of the cue (restricted to postmoult, stages A—B,
or premoult, Dy—D,) caused a significant lengthening of the moulting cycle. This suggests
that the typical events of early premoult (stage Dy), which comprise an increase in the titer
of moulting hormones, the detachment of the epidermis from the old cuticle (apolysis), and
other hormonal and morphogenetic changes, may be accelerated by previous exposure to a
stimulating chemical cue. Since Dy, is critical also in relation to larval starvation resistance
and, possibly, other stress factors (Anger, 2001), this point in megalopa development may
be critical also for the effectiveness of metamorphosis-stimulating cues. This suggests that
the mode of action of extrinsic cues interact with intrinsic (hormonal) factors controlling the
course of the moulting cycle, including the antagonistic system of ecdysteroids released
from the Y-organs and neuropeptides from the X-organ-sinus gland complex (see Chang,
1995; Charmantier and Charmantier-Daures, 1998).

When development duration is compared between megalopae produced by different
females, no significant difference was observed in controls or treatments with effective
stimulation by chemical cues. However, the developmental delay in experiments with
absent or insufficient stimulation varied significantly between the two hatches used in the
present study, as well as between the present data and previously observed development
times (cf. Gebauer et al., 1998). This indicates that genetical and/or maternal factors are also
involved in the control of metamorphosis. Among those potentially confounding factors,
individual variability in the initial egg size of C. granulata has been shown to affect larval
biomass at hatching, this has consequences for the course and average duration of larval
development to metamorphosis (including the number of zoeal stages), and all this may
eventually influence the postmetamorphic size and growth of early benthic juveniles
(Giménez et al., 2004). Such complex relationships between traits in different life-history
phases show that intraspecific variability should receive more attention in future research.
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If intraspecific genetic variability is significant, the responsiveness to chemical cues
should be subject to variable selection pressure under different habitat conditions. When,
for instance, suitable substrates (e.g. soft sediments allowing for tube building) are very
patchy or rare, this should select for morphs with a strong delaying response to the absence
of cues. On the other hand, strong benthic predation pressure or competition in densely
populated habitats (see Luppi et al., 2002) may favour the success of less responsive
morphs producing larger juveniles, which should then be stronger in biotic interactions
(Gebauer et al., 2003).

Future investigations will chemically identify and further elucidate the effects of
metamorphosis-stimulating cues in decapod crustaceans and other marine invertebrates.
Furthermore, the adaptive value of delayed metamorphosis under various scenarios of
selection pressures, the genetical basis of variable responsiveness among hatches or
populations, as well as implications for life-history evolution should be addressed.
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