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ABSTRACT: The timing of larval release by the mole crab 
Emerita talpoida was followed for more than 2 mo at a beach 
near Duck, North Carolina. USA. The time series of the fre- 
quency of females carrying gray-stage eggs (i  e fully devel- 
oped eggs) was compared statistically to the t~rne senes of 
along- and cross-shore wind stress, salinity, water tempera- 
ture, tidal range, and average significant wave height. The 
coastal oceanography was dominated by the wind. Winds 
from the northeast caused downwelling events and large 
waves in the surf zone while winds from the southwest caused 
upwelling and small surf. Drops in the frequency of females 
with gray-stage eggs (an indication of larval release) tended 
to occur a day after large wave events (cross-correlation, 
r = -0.304, lag = -1 d, p < 0.05, n = 53). Large wave events 
cause rapid flushing of the water in the surf zone. Larvae 
released during large wave events would experience a short 
residence time in the surf zone that may decrease mortality 
due to benthic and surf zone predators. 
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Hatching rhythms are common in intertidal decapods 
(Forward 1987). Most hatching rhythms are endoge- 
nous and approximate environmental patterns such as 
lunar, tidal, and die1 cycles (DeCoursey 1979, Chnsty 
1982, Forward 1987, De Vries & Forward 1991, Morgan 
& Christy 1994, 1995). By affecting dispersal, the timing 
of spawning or larval release of marine invertebrates 
may affect the viability of the young (Giese & Pearse 
1974, Giese & Kanatani 1987). The oceanographic con- 
ditions at the time of larval release coupled with the be- 
havior of the larvae will determine the initial pattern of 
dispersal of the larvae. For example, adult female blue 
crabs migrate to the mouth of the estuary, where larval 
release occurs during ebbing tides (Provenzano et al. 
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1983). Newly hatched first stage zoea migrate to the 
surface, where the tidal currents carry them into the 
coastal waters (Provenzano et al. 1983). Because of 
these behaviors the development of the larvae occurs in 
the waters over the continental shelf. 

A large portion of the research on decapod larval 
release has been carried out on intertidal estuarine and 
tropical crabs (Forward 1987, Morgan 1995). In a re- 
view of larval release rhythms, Forward (1987) lists 14 
intertidal species that exhibit hatching rhythms. Only 3 
of these inhabit 'exposed' shores (Christy 1986), i.e. 
areas where the intertidal zone is under the influence of 
a surf zone and the coastal ocean. The oceanography of 
exposed shores is significantly different to that within 
an estuary and, hence, one might expect to find differ- 
ent patterns of larval release on exposed shores than in 
estuaries. For example, larvae might be released dur- 
ing periods of wind driven upwelling or downwelling or 
during periods of large waves. The purpose of this 
study, a part of the Coastal Ocean Processes Pilot study 
(Butman 1994), was to examine the relationship be- 
tween oceanographic conditions and larval release by 
Ernerita talpoida, the mole crab. 

Mole crabs Emerita talpoida live in the swash zone of 
exposed sandy beaches along the East Coast of North 
America. These abundant filter feeders migrate up and 
down the beach face with the tides. Reproduction in E. 
talpoida typically occurs from late winter through early 
fall with a maximum number of ovigerous females in 
the late summer (Diaz 1980). Following fertilization, 
the developing eggs are a bright orange color and are 
attached to the female's pleopods (Snodgrass 1952). As 
development progresses, the eyespots of the develop- 
ing embryos become visible, the eggs take on a dirty 
gray appearance and soon hatch as zoea. There are no 
determinations of gestation time for E. talpoida, but in 
a related species, E. analoga, gestation time in the lab- 
oratory (25°C) is 18 d (Fusaro 1977). 
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Methods. In the late summer and early fall of 1994, sampling extended over 53 consecutive days, from 9 
Emerita talpoida were collected from a beach on the August to 29 September 1994, at which time egg- 
Outer Banks of North Carolina (Fig. 1). The samples bearing crabs were no longer present. Crabs were 
were collected from a 500 m stretch of beach located haphazardly collected by taking 3 to 5 1 sand samples 
south of the research pier at the Army Corps of Engi- from the lower part of the swash zone at about 16:OO h 
neers Field Research Facility (FRF) (Duck, North Eastern Standard Time each day. Crabs were sorted 
Carolina; 36" 10'54.6" N, 75O45'5.2" W) .  Mean annual from the sand, and egg condition was examined by 
beach width, from foredune edge to mean sea level, is lifting the telson and noting the developmental stage. 
40 m and the mean annual foreshore slope is 0.108 The eggs were scored for their stage of development 
(Birkemeier et al. 1981). Tides are semidiurnal, with a following the scale developed by Dugan et al. (1990). 
mean annual range of 1 m. Wave direction is primarily The stages were: non-ovigerous (no eggs present), new 
from the south in the summer and from the north in (reddish orange eggs present), eyespot (reddish orange 
the winter, with a mean annual wave height of 0.9 m eggs with black eyespots), and gray (eggs gray in color, 
(Birkemeier et al. 1981). no eyespots obvious). The frequency of ovigerous fe- 

The egg condition of Ementa talpoida was determined males with gray-stage eggs was determined. 
by collecting sexually mature females (carapace length The time series of egg condition was compared to 
>13.2 mm) and scoring the status of their eggs. Daily alongshore and cross-shore wind stress, significant 

wave height (average height of the 
largest third of the waves), tidal range, 

76'W 75'30'W salinity, and water temperature. Phys- 
37'N ical variables were acquired from the 

FRF (Birkemeier et al. 1985) and inves- 
tigators in the CoOP project (Alessi et 
al. 1996). Using wind direction and 
wind speed data provided by the FRF 
facility, wind stress was calculated 
with standard techniques (Pedlosky 
1987). Wave height was measured 
with a pressure gauge located at 8 m 
depth (referenced to National Geo- 
detic Vertical Datum, NGVD) approxi- 
mately 400 m east-northeast of the 
pier (36" 11'14.06" N, f5°44'37.11" W). 
Tidal range was measured with a 
Baylor tide gauge mounted on the 
FRF pier. CoOP investigators provided 
salinity and water temperature data 
measured with a SeaBird SBE-15 Sea- 
Cat CTD mounted on the FRF pier at 
4 m depth with respect to NGVD 
(Alessi et al. 1996). All physical vari- 
ables were converted to 24 h daily 
averages to allow temporal compar- 
isons with the time series of egg con- 
dition. 

Prior to the time series analyses, the 
frequency of ovigerous females with 

Palm~co Sound 
gray-stage eggs was arcsine-trans- 

36"N formed (Sokal & Rohlf 1995). To aid in 
the identification of transformations to 

Fig. 1. Study site at Duck. North Carolina. USA. The Army Corps of Engineers be used in modeling, autocorrelations 
Field Research Facility (FRF) was used as the center of operations. A CTD and partial autocorrelations of each 
mounted on the end of the FRF pier measured salinity and water temperature. A 
pressure gauge 1.ocated at 8 m depth 400 m northeast of the pier measured wave variable were used to test for trends 

height. A 500 m section of the beach on the south side of the FRF p e r  was and periodicity in the time series 
sampled daily for ovigerous Ernedta talpoida & Jenkins 1976, Chatfield 1989, Dun- 
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Fig. 2. Frequency of female Ernerita talpoida carrying gray- 
stage eggs (a) plotted with physical oceanographic data. (b) 
Significant wave height and tidal range. (c) Alongshore and 
cross-shore wind stress. Wind stress is positive when the 
winds were from the south and west and negative when from 
the north and east. (d) Salinity and water temperature. In 
(b-d), solid and dotted lines represent data from the left- and 

right-hand axes, respectively 

stan 1993). Where appropriate, time series were trans- 
formed using Statistica prior to running cross-correla- 
tions. The time series of salinity, temperature, and 
arcsine-transformed frequency of females with gray- 
stage eggs were detrended and the autocorrelation 
was removed from the significant wave height data. 
Significance of all correlations (p < 0.05) was deter- 
mined using white noise standard errors (Box & Jenk- 
ins 1976). Cross-correlations were limited to 10% of 
the length of the entire time series (Otnes & Enochson 
1978). Negative lags correspond to days prior to the 
occurrence of the dependent series (e.g. -1 d equals 
1 day before hatching occurred). Positive lags were 
disregarded due to the unlikely possibility that the 
dependent series could occur prior to the independent 
series (e.g. animals are not likely to 'predict' the cross- 
shore wind stress). 

Results. Physical data: During the study, the winds 
tended to blow from either the northeast or the south- 
west. The strongest winds were from the northeast, the 
so-called 'northeasters' (Fig. 2) .  Maximum alongshore 
and cross-shore wind stresses were -2.717 and -2.158 
dynes cm-2, respectively, and occurred during a north- 
easter. Changes in the wind direction were coincident 
with changes in the other physical variables. 

Significant cross-correlations were found between 
salinity, water temperature, significant wave height, 
and along- and cross-shore wind stress (Table 1). 
Alongshore wind stress was significantly positively 
correlated with both cross-shore wind stress and salin- 
ity at 0 and -1 d lag and was significantly negatively 
correlated with both water temperature (0 d lag) and 
significant wave height (0 and -1 d lag). Cross-shore 
wind stress was significantly positively correlated with 
salinity at 0 and -1 d lag and significantly negatively 
correlated with temperature (0 and -1 d lag) and sig- 
nificant wave height (0 d lag). In summary, the correla- 
tions indicate that during winds from the northeast 
lower salinity, warmer water was found against the 
coast and there was an increase in wave height. Winds 
from the southwest were associated with higher sal- 
inity, colder water and a decrease in wave height. 

Biological data: The number of crabs sampled 
(ovigerous and non-ovigerous) per day ranged from 6 
to 179 (Mean = 94, SE = 5.89, Fig. 3).  Smaller sample 
sizes early in the study were a result of unforeseen 
logistical difficulties. Due to dangerous conditions in 
the swash zone (2, 3, 18, 21 September) and logistical 
problems (9 September) samples were missed on 5 days 
(Fig. 3). In the subsequent time series analysis, missing 
data were not replaced with estimates from previous 
days' data. The extremely low numbers of ovigerous 
crabs late in the study period indicate that the repro- 
ductive season ended about 29 September. The per- 
centage of ovigerous crabs with gray-stage eggs ranged 

Table 1. Results of cross-correlations between wind stress and 
the physical variables. Prior to running the cross-correlations 
the salinity and water temperature data were detrended and 
the autocorrelation was removed from the significant wave 
height data. Variables are listed with their corresponding 
cross-correlatibn coefficients (standard error in parentheses) 
and lags in days. Only significant correlations are shown 

(p < 0.05, n = 53) 

r Days lag 

Alongshore wind stress 
Cross-shore wind stress 0.884 (0.139) 0 

0.490 (0.140) -1 

Salinity 0.659 (0.139) 0 
0.665 (0.140) -1 
0.284 (0.141) -2 

Temperature -0.302 (0.139) 0 
-0.335 (0.140) -1 

Significant wave height -0.617 (0.140) 0 

Cross-shore wind stress 
Salinity 0.755 (0.139) 0 

0.674 (0.140) -1 

Temperature -0.435 (0.139) 0 

Significant wave height -0.665 (0.140) 0 
-0.424 (0.141) -1 
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Fig. 3. Daily sample sizes of female Emerita talpolda (---m---) 
and percent ovigerous females (d). Asterisks indcate 

missing samples (2,3,  9, 18 and 21 September) 

from 0 to 50 % (Fig. 2).  Sharp drops in this percentage 
were attributed to larval release, the hatching of zoea 
from gray-stage eggs. 

The absence of significant autocorrelations around 7 
and 14 d in the frequency of females with gray-stage 
eggs indicates that there was not an inherent fort- 
nightly hatching rhythm in this Emerita talpoida popu- 
lation. The only significant cross-correlation was found 
between significant wave height and the percentage of 
females with gray-stage eggs (Table 2). The percent- 
age of gray-stage females was significantly lower 1 d 
after large wave events (Table 2), suggesting that E. 
talpoida released larvae during periods of large waves. 

Discussion. Over the duration of the study, the 
coastal oceanography was dominated by the winds. 
During northeasters, strong winds pushed warmer, 
lower salinity surface waters onshore, causing down- 
welling events and large waves in the surf zone. Dur- 

Table 2. Results of cross-correlations between the frequency 
of females with gray-stage eggs and physical variables. Prior 
to running the cross-correlations, the frequency of females 
with gray-stage eggs trne series was arcsine-transformed and 
detrended, the salinity and water temperature data were 
detrended, and the autocorrelation was removed from the 
significant wave height data. Variables are listed with their 
corresponding cross-correlation coefficients (standard error 
in parentheses) and lags in days. Only significant correlations 

are shown (p < 0 05, n = 53) 

r Days lag 

Alongshore wind stress - - 
Cross-shore wind stress - - 
Salinity - - 
Temperature - - 
Significant wave height -0.304 -1 

(0.141) 

ing southwesters, steady light winds blew offshore, 
causing the surface waters to be pushed offshore. 
Colder, higher salinity bottom waters upwelled at the 
coast, replacing the exported surface waters. Durlng 
southwester winds, waves in the surf zone were small. 

The statistical analysis suggests that the percentage 
of female mole crabs carrying gray-stage eggs varied 
with the physical oceanography. Large waves, driven 
by northeasters and lasting several days, were corre- 
lated with a decrease 1 d later in the number of females 
with gray-stage eggs. Thus, larval release in Emerita 
talpoida appears to occur during storm events when 
waves in the surf zone are large. 

With increasing wave height, rip currents intensify 
and the residence time of water in the surf zone 
decreases (Inman et al. 1971, Talbot & Bate 1987). 
Talbot & Bate (1987) found that the half-residence time 
(i.e. the time needed for half the surf-zone water to be 
exchanged with the nearshore) varied from days dur- 
ing periods of small waves to tens of minutes during 
large wave events. During periods of large waves, the 
residence time of water in the surf zone is short. As a 
consequence of this short residence time, larvae 
released into the surf zone during periods of large 
waves should be rapidly exported out of the surf zone. 

Talbot & Bate (1987) also found that even during 
periods of large waves positively buoyant particles are 
retained in the surf zone but neutrally buoyant par- 
ticles are transported out of the surf zone. The larval 
behavior of Emerita talpoida has not been investi- 
gated, Burton (1979), however, investigated the be- 
havior of newly released larvae of the closely related 
West Coast mole crab E. analoga. He found that imme- 
diately after hatching first stage zoea were photo- 
positive, but in < l  h most were photonegative. At 
atmospheric pressure, the larvae remained on the 
bottom of a vertical tube, but a pressure increase of 
10 cm Hg (equivalent to a 1.3 m increase in depth in 
seawater) caused the larvae to swim up off the bottom 
of the tube. The behavior of newly released E. analoga 
zoea should direct them away from the ocean's surface 
and maintain them at depths of around 1 m. E. analoga 
zoea apparently act like neutrally buoyant particles 
and, hence, should be transported out of the surf zone. 
If recently hatched E. talpoida zoea behave similarly, 
then they should be flushed rapidly from the surf zone 
as well. 

Predation on larvae is often cited as a possible selec- 
tive pressure leading to hatching rhythms in intertidal 
decapods (Morgan & Christy 1995, 1997). The survival 
of recently hatched larvae may be h~gher  if they are 
transported away from the adult habitat, where pre- 
dation is intense, and into the waters of the inner- 
continental shelf, where planktonic predators are less 
abundant (Christy 1982). Larval release during rough 



Amend & Shanks. Mole crab larval release 299 

seas should minimize the time early larval stages 
spend in the surf zone and may thereby decrease the 
probability of their contact with predators in the surf 
zone. 

Previously described hatching rhythms, whether 
lunar or tidal, are thought to act at the embryonic and 
maternal level (DeVries & Forward 1991, Morgan & 
Christy 1995). Embryonic hatching cues are believed 
to be endogenous and controlled entirely by the 
embryo, while maternal cues are thought to be exoge- 
nously controlled by physiological changes in the 
female caused by environmental cues (Morgan 1995). 
Therefore, a wave-driven hatching cue probably acts 
on the maternal level. 

This is the first reported example of hatching in 
decapods during high wave activity. Storm-induced 
spawning, however, has been observed in a number of 
other taxa. In particular, spawning during large waves 
has been observed in a variety of archaeogastropods 
(e.g. limpets, abalone, and turban snails) (Orton & 
Southward 1961, Grange 1976, Ohgaki 1981, Creese & 
Ballantine 1983, Sasaki & Sheperd 1995, Shanks 1997). 
Grange (1976) was able to induce spawning in the 
laboratory in a variety of gastropods by vigorous agita- 
tion of the water. This technique has also been used 
to induce spawning in bivalves as well (Strathmann 
1987). In the field, larvae from these same gastropod 
species were found in the plankton only when the 
onshore wind speed was greater than 10 knots and the 
seas were rough. Frank & Leggett (1981) found that 
emergence of larvae of the capelin Mallotus villosus 
was a result of beach disturbance by onshore wind- 
induced wave action. Along exposed coastlines a di- 
versity of intertidal organisms spawn or hatch during 
large wave events. 
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