
Vol. 125: 67-76, 1995 MARINE ECOLOGY PROGRESS SERIES 
Mar  Ecol Prog Ser 

Published September 14 

Settlement of brachyuran megalopae in Delaware 
Bay: an analysis of time series data 

M. B. Jones, C. E. Epifanio* 

College of Marine Studies, Hugh R. Sharp  Campus,  University of Delaware, Lewes, Delaware 19958, USA 

ABSTRACT Crab megalopae were collected daily in a secondary estuary near the mouth of Delaware 
Bay dunng  4 annual settlement seasons (1989 to 1992) The sampllng site consisted of a raft from w h ~ c h  
4 rephcate collectors were deployed vert~cally at the water column surface Each replicate collector was 
constructed from a segment of 20 cm diameter PVC plpe The pipe was covered with a removable 
sheath of loosely interwoven strands of polypropylene upon whlch the megalopae settled We assumed 
that settlement on the collectors was proportional to settlement on natural substrata near the sampllng 
site each day The 3 famllles Ocypodldae (Uca spp ) Portunldae (Cal l~nectes  sapidus), and Xanthidae 
comprised the vast majonty of the megalopae collected Dally settlement events occurred In clusters 
Auto-correlation analysls showed decorrelatlon times ranging from 2 to 3 d for C sapldus and from l to 
2 d for xanthids and Uca spp These deflne the duratlons of typical settlement episodes for each taxon 
Xanthlds and Uca spp began to settle In mld summer and con t~nued  into early autumn Malor settle- 
ment of C s a p ~ d u s  nevel occurred until late August and the Intensity of settlement usually decreased 
by late October Results of G-tests showed no effect of lunar phase on settlement events regardless of 
year or taxon Likewise binomial goodness-of-fit tests showed no significant effect of the spring/neap 
cycle on settlement However, the observed frequency of settlement events for C s a p ~ d u s  was slgnlfi- 
cantly greater than expected for southward wlnd events In all 4 yl while there was no consistent asso- 
ciatlon between winds and settlement of Uca spp or xanthlds Of the 3 taxa studied only C s a p ~ d u s  
relles on wind-dnven processes for transport to settlement sltes Transport of C s a p ~ d u s  megalopae 
back into the estuary requlres the coincident occurrence of a southward, alongshore w n d  event and a 
nearby patch of megalopae The stochast~c nature of thls CO-occurrence explains the observed tempo- 
ral vanatlons in settlement of C s a p ~ d u s  In the estuary 
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INTRODUCTION 

Larvae of some species of estuarine crab are retained 
within the estuary until settlement, while others are 
flushed to the continental shelf where they may 
develop through a number of zoea stages before 
returning to the estuary as megalopae. For example, 
most species of mud crab ( f :  Xanthidae) produce zoea 
larvae that are retained in the estuary, while the fid- 
dler crabs (Uca spp.) and blue crabs (Callinectes spp.)  
have zoea larvae that are exported to the continental 
shelf (Epifanio et al. 1988). Callinectes sapidus is the 
most common species of blue crab in the Middle 

Atlantic Bight (MAB). Capable of swimming, C. 
sapidus females migrate to the mouth of the estuary in 
late spring and summer to spawn. Hatching occurs 
near high slack water, and zoea larvae are transported 
seaward on the ensuing ebb tide (Provenzano et al. 
1983). Development through 7 zoea stages takes place 
in the open waters of the continental shelf and requires 
approximately 4 wk. Zoea larvae remain in surface 
waters throughout development, and retention in the 
MAB is controlled by a wind-driven, northward-flow- 
ing current located between 20 and 60 km off the coast 
(Epifanio et al. 1989). This northward current occurs 
seasonally and is located between a strong, southward 
coastal current that hugs the immediate shoreline and 
a more diffuse southward flow along the outer conti- 
nental shelf. Re-invasion of the estuaries of the MAB 
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occurs during the megalopa stage (Epifanio et al. 1984, 
Johnson 1985), and available evidence suggests that 
transport into the estuaries may be effected by south- 
ward wind events that occur in early fall (Goodrich et 
al. 1989, Little & Epifanio 1991). Southward wind 
events in the MAB blow parallel to the coastline, and 
the resulting Ekman flow results in strong, depth-aver- 
aged movement of water toward the shore. This pro- 
duces an accumulation of water along the coast and 
causes an  increase in subtidal sea level at the mouth of 
an estuary. This process is called 'downwelling', and 
the increase in subtidal sea level is called 'coastal set- 
up' or 'positive anomaly'. 

There is extensive subtidal flow into an estuary dur- 
ing periods of coastal set-up, and this provides an obvi- 
ous mechanism for the transport of Callinectes sapidus 
megalopae from the shelf to the estuary (Wong & 
Garvine 1984). However, some studies show spring- 
tide peaks in settlement of C. sapidus, which indicates 
that megalopae may also take advantage of greater 
tidal flux associated with full or new moons to re- 
invade the estuary (van Montfrans et al. 1990). In 
either case, retention of megalopae once they enter the 
estuary appears to have a behavioral component, i.e. 
the megalopae undergo vertical migration to move up 
the estuary during periods of flooding tides (Epifanio et 
al. 1984, Brookins & Epifanio 1985, Dittel et al. 1991). 

Adult fiddler crabs are semiterrestrial and their 
movements are restricted because of their inability to 
swim. Nevertheless, fiddler crab larvae are flushed to 
the continental shelf from tidal creeks during maxi- 
mum ebb flow (Christy 1982). Early stages of larvae 
remain planktonic, while later larval stages and mega- 
lopae assume deeper positions in the water column to 
take advantage of subtidal landward flow (Epifanio et 
al. 1988). Re-invasion of the estuary is undertaken by 
the megalopae (Little & Epifanio 1991). 

Adult xanthid crabs are also incapable of swimming 
and, therefore, have restricted home and spawning 
ranges. Xanthid larvae may have an endogenous 
rhythm of vertical migration wherein zoeae swim 
upward in the water column during flood tides and 
passively sink to deeper depths durlng slack tide dnd 
ebb tide phases (Cronin & Forward 1979, Cronin 1982). 
However, related work indicates that exogenous cues 
such as hydrostatic pressure and gravity may also be 
important in this type of vertical migration (e.g 
Wheeler & Epifanio 1978, Sulkin et al. 1983). Specifi- 
cally, xanthid larvae are negatively geotactic and show 
high barokinesis. Thus, they may move higher in the 
water column on flood tides, resulting in net upstream 
transport. 

Clearly there is a large amount of information con- 
cerning the dispersal of crab larvae in the MAB. How- 
ever, much of this data has been collected in studies 

wherein the sampling scales were not well matched to 
the relevant physical and biological processes. For ex- 
ample, Epifanio et al. (1989) made weekly measure- 
ment of crab larval abundance off Delaware Bay and 
tried to infer patterns of transport from available 
current-meter records. Subsequent analysis showed 
that weekly sampling was inadequate because larval 
patches were often transported completely out of the 
sampling area in less than 1 wk. Other studies (e.g. Mc- 
Connaugha et al. 1983, McConnaugha 1988) have at- 
tempted to reconstruct larval trajectories from data col- 
lected at even lower frequencies, again resulting in a 
mismatch between physical and biological processes. 
From a physical perspective, the estuary and adjacent 
continental shelf are very dynamic areas, and any real 
understanding of larval transport at the estuary-shelf 
interface requires high-frequency sampling. Recent 
studies have provided hourly time series of larval den- 
sity for as much as 12 consecutive tidal cycles (e.g. Little 
& Epifanio 1991, Dittel et al. 1991, Rowe & Epifanio 
1994). However, this type of study is very expensive in 
both labor and ship time. In this paper, we present the 
results of a recruitment study that employed high- 
frequency (daily) sampling in the mouth of Delaware 
Bay, USA. The study used passive collectors that mini- 
mized both labor and ship costs. The investigation in- 
volved 3 major taxa and was part of a coast-wide inves- 
tigation that was initiated at several sites extending 
from Long Island Sound to Texas. Settlement events 
were analyzed in relation to available data for lunar 
phase, alongshore wind velocity, and subtidal sea level. 

MATERIALS AND METHODS 

Megalopae collection and analysis. Megalopae were 
collected daily in the mouth of the Broadkill River dur- 
ing 4 annual settlement seasons. The Broadkill River is 
a secondary estuary located 6 km from Cape Henlopen 
at the mouth of Delaware Bay, USA (Fig. l ) ,  and the 
sampling site consisted of a raft from which collectors 
were deployed vertically at the water column surface. 
Each replicate collector was constructed from a 35 cm 
segment of 20 cm diameter PVC pipe. The pipe was 
covered with a removable sheath of air-conditioning fil- 
ter material; this material consisted of a mat of loosely 
interwoven strands of polypropylene. Previous studies 
(e.g.  Goodnch et al. 1989) have shown that crab mega- 
lopae readily settle on this type of collector. 

The collectors were deployed so that the tops of each 
unit floated 1 to 2 cm above the water column surface 
in calm water (preliminary studies showed no differ- 
ence in settlement on collectors at the surface or 
deeper in the water column; low-tide depth at sam- 
pling site = 3 m). After a collector had been in the water 
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Fig. 1 .  Sampling site and surrounding area, USA 

for 24 h, it was replaced with a clean collector, and 
megalopae were removed with serial rinses from a 
fresh-water hose. Megalopae were concentrated on a 
0.5 mm sieve and stained with Rose Bengal to facilitate 
removal from the sample. Megalopae were identified 
from various keys and original descriptions (Dittel & 
Epifanio 1982). Callinectes megalopae were identified 
to species, but it was impossible to identify Uca beyond 
genus because the megalopae of this genus have iden- 
tical morphological features. Abundant spawning pop- 
ulation~ of both U. minax and U. pugnax occur near the 
sampling site. While there is sufficient morphological 
difference among xanthid megalopae to allow classifi- 
cation to species, the identification process is tedious. 
Because of the large number of xanthid megalopae 
collected in the investigation, we did not attempt to 
identify xanthid larvae beyond family. Abundant spe- 
cies near the sampling site include Panopeus herbstii, 
Rhithropanopeus harrisi, Neopanope sayi, and Eury- 
panopeus depressus. 

We deployed 4 replicate collectors daily, and data 
were analyzed as the mean number of individuals of 
each species per collector per day. We assumed that 
this value was proportional to the number of megalopae 
settling on natural substrata near the sampling site 
each day (Metcalf & Lipcius 1992). To allow easy graph- 
ical comparison among years, daily settlement was pre- 
sented as a proportion of the maximum daily settle- 
ment, i.e. data from each year were normalized as 
percentages of the maximum settlement in all 4 years. 

The duration of the collection period differed in each 
year. This reflected changing priorities over the course 
of the study. In 1989 and 1990, we were primarily inter- 
ested in the settlement of Callinectes sapidus. Because 
this species is a late-season spawner (Dittel & Epifanio 
1982), we initiated sampling in mid August and contin- 
ued until approximately November 1. The time series 
in 1989 and 1990 were 90 and 93 d,  respectively, and 
data were analyzed only for C. sapidus. In 1991 and 
1992, we included the entire settling seasons for both 
xanthids and Uca spp. The 1991 season began in July 
and continued through October (150 d);  the 1992 sea- 
son began in mid May and again continued through 
October (170 d) .  Data from 1991 and 1992 were ana- 
lyzed for all 3 taxa. 

Physical analyses. Lunar periodicity: Lunar data 
were obtained from the U.S. Naval Observatory's 
Interactive Computer Ephemeris (ICE) program. Lunar 
quarters were specified as new moon (Lunar Days 1 to 
?), waxing half moon (Lunar Days 8 to 14), full moon 
(Lunar Days 15 to 22), and waning half moon (Lunar 
Days 23 to 30). The data were treated as a chi-squared 
distribution using the G-test to determine any signifi- 
cant differences between observed and expected set- 
tlement in each lunar phase (Zar 1984). The G-test was 
run on synodic months, which are defined by the aver- 
age number of days between recurring phases of the 
moon (i.e. new moon to new moon 29.5 d). Therefore, 
the proportions used to calculate the expected fre- 
quencies were 0.24 for the new and waxing moon 
periods and 0.26 for the full and waning moons. 

Tides: Daily tide data for the 4 yr were obtained from 
NOAA tide tables. For each day in the series, 'an aver- 
age daily tidal range' was calculated by using the dif- 
ference between the 2 averaged high tides and the 2 
averaged lows for that day. For each year we calcu- 
lated the mean value for the average daily tidal ranges 
and then calculated the difference between this mean 
value and each daily tidal range. Any values greater 
than the mean tidal range were considered spring 
tides. 

Wind: Hourly wind data were obtained from the U.S. 
Weather Service Station in Atlantic City, NJ, for each 
year. Because we hypothesized that alongshore winds 
were a likely mechanism for the transport of megalopae 
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into the estuary (see 'Introduction'), we calculated the 
alongshore component of each hourly wind velocity: 

A = (S) ~ 0 ~ ( 0 - 1 9 0 ~ )  

where A was the alongshore component, S was the 
wind speed, and 0 was the direction in degrees from 
which the wind blew. The coastline adjacent to 
Delaware Bay runs approximately 190°/10" true north. 
Thus, the alongshore component wind was set at that 
direct~on. The algorithm transformed the entire wind 
field into northward and southward blowing wind 
components. We used a 36 h, Lanczos, low-pass filter 
with 6 h decimation to eliminate high frequency data 
(i.e. wind gusts), leaving only the low frequency wind 
field (i.e, prolonged winds). The Lanczos filter uses 
weighted, running averages with any preset hourly 
interval, e.g. 36 h in the present study. This filter gen- 
erated a series of alongshore winds that were plotted 
as velocities every 6 h. For binomial goodness-of-fit 
tests (see below), we used the daily means of the fil- 
tered wind velocities. 

Sea level: For each year, we obtained hourly sea 
level data from a NOAA tide gauge located near the 
mouth of Delaware Bay, approximately 6 km from the 
study site. We passed the data through a Lanczos filter 
to eliminate oscillations at tidal frequencies. This pro- 
vided a t ~ m e  series of subtidal sea level (SSL). For each 
annual time series, we calculated the mean value for 
SSL by dividing the sum of all SSL in the series by the 
total number of hours in the series. We then subtracted 
the mean SSL from each hourly SSL to generate a 
series of 'SSL anomalies' The time series of SSL anom- 
alies was plotted every 6 h, and daily means were used 
in binomial goodness-of-fit tests. Anomalies greater 
than 0.05 m were termed 'positive anomalies' and 
were assumed to be the consequence of coastal set-up. 

We analyzed the association between the magnitude 
of megalopal settlement and concurrent physical 
events (i.e. alongshore wlnds or posltive anomalies) 
using 2 different methods. The first consisted of cross 
correlation analysis (Rowe & Epifanio 1994), and the 
second consisted of a goodness-of-fit test using the 
binonlid1 distribution (Little & Epifanio 1991). In the 
cross correlations, data were lagged in both directions 
with time-steps of 1 d. In the goodness-of-fit tests, we 
restricted the wind analysis to southward events 
because winds blowing to other quadrants do not 
generate coastal set-up. Likewise, we restricted the 
analysis of SSL to positive anomalies. In both cases, 
expected frequencies were based on the actual fre- 
quencies of southward wind events or positive anom- 
alies In our data sets. Separate analyses were con- 
ducted for each year. In the goodness-of-fit tests, we 
used a 2 d window in analyzing settlement events with 
respect to winds and SSL. For example, settlement that 

occurred on the day of a southward wind or 1 d after a 
southward wind was considered coincident with that 
wind event. This was based on the tlme (ca 12 h) 
required for the occurrence of coastal set-up after the 
initiation of a southward wind event (Noble & Butman 
1979). Inference level for all statistical analyses was set 
at 0.05. 

'Settlement events' for each taxon were defined as 
any daily settlement greater than 10% of the largest 
daily settlement for that taxon throughout the 4 yr 
study. For Callinectes sapidus the largest daily settle- 
ment (97.2 megalopae per collector) occurred in 1989; 
thus, events for C. sapidus were defined as any mean 
daily settlement greater than 9.7 megalopae per col- 
lector. Settlement events for Uca spp. and xanthids 
were defined in a similar manner (>12.4 megalopae 
per collector for Uca spp. and >12.8 megalopae per col- 
lector for xanthids). 'Settlement episodes' were defined 
as a group of settlement events that were clustered in 
time. Settlement episodes usually began with a day of 
low settlement (i.e. numbers between 0 and 10% of the 
maximum) followed by a few days of high numbers of 
megalopae (i.e. numbers greater than 10% of the max- 
imum). Defining an event as less than 10 % of the max- 
imum would have resulted in numerous peaks, many 
of which were single days that were uncharacterist~c of 
the hlgh settlement episodes. As a further check on the 
nature of settlement episodes, we conducted auto- 
correlation analysis of the respective settlement time 
series for each taxon. This allowed an estimate of the 
temporal scale of decorrelation, thus defining the tem- 
poral scale of a settlement episode. 

RESULTS 

Temporal aspects of settlement 

Daily settlement events occurred m clusters. Auto- 
correlation analysis of annual settlement records 
showed decorrelation times ranging from 2 to 3 d for 
Callinectes sapidus. Decorrelation ranged from 1 to 2 d 
for xanthids and Uca spp These define the durations of 
typical settlement episodes for each taxon. 

Temperature at the collection site showed an 
expected seasonality with levels rising to 28OC in mid 
summer and falling to 8°C by late October. Sallnity 
vaned with tidal stage; it occasionally exceeded 30 psu 
on flood tides and sometimes fell below 10 psu on ebb 
tides after heavy rains. 

There were clear differences in the seasonality of 
settlement (Flg. 2 ) .  Dunng each year, xanthids and Uca 
spp. began to settle in mid summer and continued into 
early autumn. In some years Callinectes sapidus mega- 
lopae appeared in small numbers In July, but major 
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Fig. 2. Callinectes sapidus, Uca spp. and Xanthidae. Daily settlement of megalopae, 1989 to 1992. Values are percentages of max- 
imum daily settlement for each taxon. Physical and chemical data were collected for the entire time series. Dotted vertical lines 

indicate the date on which biological sampling began in each year 

0 

settlement never occurred before mid August, and the 
intensity of settlement usually decreased by late Octo- 
ber. This agrees with the results of earlier work in 
Delaware Bay (Dittel & Epifanio 1982, Epifanio et al. 
1984). In spite of the different lengths of the annual 
time series, we were able to sample the important parts 
of the settlement season for C. sapidus for each of the 4 
years. The total number collected was maximum in 
1992 (n = 1580) and minimum in 1991 (n = 904) (Fig. 3). 
In 1989 and again in 1992, the vast majority of C. 
sapidus were collected in settlement episodes in early 
and mid September, respectively. In 1991 settlement 

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 

DAYS DAYS 

began in mid July and continued at a low level through 
August. However, the bulk of annual settlement 
occurred in a large event in late August followed by 
another in mid September. In 1990 settlement had 
already begun when sampling was initiated in mid 
August; however the first episode did not occur until 
late September, and this was followed by several 
episodes in mid to late October. 

Maximum abundance of Uca spp, occurred in 1991 
(n = 2488). In 1991 there were low abundances of Uca 
spp. from the outset of the sampling period (mid July) 
with the bulk being collected in 1 settlement episode in 
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Fig. 3. Callinectes sapidus, Uca spp. and Xanthidae. Total 
number of megalopae collected during each year of the study 

early August (Fig. 2). Settlement proceeded at low 
abundances until late October. In 1992, the majority of 
Uca spp. settled during 3 separate episodes, 1 in early 
August, 1 in late August, and 1 in late September. Set- 
tlement ceased by mid October. 

Greatest settlement in xanthids occurred in 1991 (n = 

3674). For that year, 3 episodes made up the majority of 
xanthid collection, 2 in August and 1 in late September 
(Fig. 2 ) .  In 1992, there were low abundances of xan- 
thids beginning in late June, and there was 1 major 
settlement event in late September. 

Lunar and tidal periodicity 

Table 1. Callinectes sapidus, Uca spp and Xanthidae 
Number of settlement events during each lunar phase (see 
'Materials and methods'). Results of G-tests showed no 

difference between observed and expected frequencies 

New Waxing Full Waning 

Callinectes sapidus 
1989 3 2 0 0 
1990 4 3 0 2 
1991 0 2 2 0 
1992 3 2 3 0 

Uca spp. 
1991 2 3 5 4 
1992 3 l 0 0 

Xanthidae 
1991 1 9 5 7 
1992 1 0 0 0 

Table 2. Callinectes sapidus, Uca spp. and Xanthidae. Total 
number of settlement events and number of events associated 
with southward winds, positive sea level anomalies, or spring 
tides. 'Significant difference between observed and expected 

frequencies 

No. of Southward 
peaks winds 

Sea level Spring 
>0.05 m tides 

Callrnectes sapidus 
1989 5 
1990 9 
1991 4 
1992 8 

Uca spp. 
1991 14 
1992 4 

Xanthldae 
1991 22 
1992 1 

Results of G-tests showed no significant difference 
between observed and expected frequencies of settle- 
ment events in the 4 lunar phases, regardless of year or 
taxon (Table 1). This indicates that there was no effect 
of lunar phase on settlement. 

Binomial goodness-of-fit tests showed no signifi- 
cant difference between observed and expected 
frequencies of settlement events during spring tides 
for Callinectes sapidus or xanthids (Table 2). How- 
ever, there was a significant difference for Uca spp. 
in 1992. 

Winds  and sea level 

The complete time series of filtered and decimated 
alongshore winds for each year shows the predictable 
oscillation of northward and southward blowing 

winds associated with the passage of cold fronts over 
the study site (Fig. 4).  The data show relatively light 
winds during the summer months and relatively 
strong southward winds associated with the propaga- 
tion of low pressure systems during autumn. The 
onset of a southward wind event usually resulted in 
an increase in coastal sea level; there was usually a 
decrease in sea level associated with northward 
events (Fig. 5). 

Cross-correlations between alongshore wind veloc- 
ity and the magnitude of megalopa settlement yielded 
equivocal results. For Callinectes sapidus, the correla- 
tion between southward velocity and megalopa settle- 
ment was always greatest at zero-lag or when wind 
was lagged backward in time by 1 d. However, the cor- 
relation was significant only in 1989. Correlations done 
for the other 2 taxa were even less straightforward. 
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The utility of cross-correlation analysis 
may have been limited by the large num- 
ber of days when there was zero settle- 
ment, i.e. each day in the time series was 
used in the cross correlations, regardless 
of whether there was any settlement. 
This added greatly to the scatter of the 
data and accordingly reduced the calcu- 
lated r-values. 

Goodness-of-fit tests were not affected 
by zeros in the data set and yielded more 
clear-cut results. The observed fre- 
quency of settlement events for Call- 
inectes sapidus was significantly greater 
than expected for southward wind 
events in all 4 years. The number of set- 
tlement events occurring at  times of pos- 
itive anomalies in SSL was greater than 
expected during 1989, 1990, and 1992 
(Table 2) .  There was no significant dif- 
ference between observed and expected 
frequencies of settlement events for pos- 
itive anomalies in 1991. This may have 
been due to the low number of settle- 
ment events in 1991. 

There was no significant ddference 
between observed and expected fre- 
quencies of Uca spp. settlement during 
southward winds or during positive 
anomalies in 1991 and 1992 (Table 2). 
Settlement of xanthid megalopae was 
significantly greater than expected dur- 
ing southward wind events in 1991, but 
there was no difference between ob- 
served and expected frequencies during 
positive anomalies in either year. 

DAYS 

MAY I JUN J L I I .  I Al l ( ;  I SEI' 01.1. 1 NOV 

Fig. 4 .  Filtered time series (see 'Materials and methods') of alongshore winds 
(m S- ' )  for each year Values > O  are  northward blowing; values < O  are south- 
ward blowing. Dotted ver t~cal  lines indicate initiation of biological sampling 

each year 

DISCUSSION 

Seasonal and annual variation in settlement 

Results from the present study show different sea- 
sonal patterns in the respective settlement of fiddler 
crabs, mud crabs, and blue crabs in Delaware Bay. This 
is probably due to the different life-history patterns of 
the taxa. Both species of Uca and all local species of 
xanthids begin spawning in early summer and spawn 
into August. In contrast, maximum spawning of Call- 
inectes sapidus occurs in late July and continues into 
September (Dittel & Epifanio 1982). Therefore, settle- 
ment in C. sapidus was expected to begin later and 
extend farther into autumn. The somewhat broader 
settlement season for xanthids and for Uca spp. may 
have reflected the multi-species composition of these 2 

taxa, e.g. the 4 species included in the xanthid 
category may have had different peaks in spawning 
activity (Dittel & Epifanio 1982). 

Callinectes sapidus showed the smallest interannual 
variation in both the number of settlement events and 
the total number of megalopae settling. This is surprising 
because C. sapidus has the least conservative life history 
(i.e. long duration of larval development and open-sea 
dispersal) among the 3 taxa in the study, and present the- 
ory predicts that this should exacerbate interannual vari- 
ation in larval settlement (e.g. Roughgarden et al. 1988, 
Epifanio 1994). We were only able to compare 2 years of 
settlement for Uca spp, and for xanthids. Nevertheless, 
interannual variation in both number of megalopae and 
number of events was substantial. More than 3 times as 
many Uca spp. settled in 1991 as in 1992. Both the num- 
ber of settlement events and the number of megalopae 
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0 8 in contrast to the results of van Mont- 
0 6 frans et al. (1990), who reported maxi- 
0  4  mum settlement of Callinectes sapidus 
0 2 
0 0 

in Chesapeake Bay at the time of and 

0 2 just after full moon. Related work by 

- 0 4  Boylan & Wenner (1992) found the 
-0 6 greatest abundances of C. sapidus 
o 6 megalopae in Charleston Harbor, South 
o 4 Carolina occurred at  times of the fouth 
0 2 lunar quarter (i.e. waning moon). A 

E 
0 0 lunar rhythm in settlement could be - -0  2 

1 
W - 0 4  

related to lunar rhythms in behavior; for 

0 6  example, megalopae could migrate up 
1 
q - 0 8  in the water column during flood 
W 
(1) 1 0  tides associated with a particular lunar 
1 
a 0 8  phase. However, it seems unlikely that 

0 6  the behavior would differ among estu- 
0 4  

3 0 2  aries, e.g.  no behavior in Delaware Bay, 
0 0  full-moon behavior in Chesapeake Bay, 
-0 2 and waning-moon behavior in Chai-les- 
0 4 
-0 6  ton Harbor. Alternatively, the reported 

0 6  association with lunar phase could be 
an  auto-correlation related to the 

0 4 
spr ingheap cycle. For example, flood 

0 2 tides at full and new moon periods (i.e. 
0 0  spring tldes) have a greater volume 

~ 0 2  than flood tides on the lunar quarters 

0 4  (i.e. neap tides). A patch of megalopae 
25 5 o 7 5 100 125 150 175 occurring near the estuarine mouth 

during spnng tides would have a 
DAYS greater chance of being transported 

M A Y  J U N  J U L  I AUC j S E P  , OCT / N O \  into the estuary. However, there seems 
to be little consistency among estuaries. 

Fig 5. Filtered time series (see 'Materials and methods') of subtidal sea level ~~~i~~~ settlement in charieston 
(m) for each year Mean subtldal sea level for each study period was assigned Harbor occurred during neap tides, 
a value of zero Dotted vertical Lines indlcate lnitlatlon of biological sampling 

each year while maximum settlement In one study 
in the Chesapeake Bay (van Montfrans 
et al. 1990) occurred during spnng 

tides. In a more recent investigation in Chesapeake 
Bay, Olmi (1995) reported a significant correlation 
between tidal range and abundance of blue crab 
megalopae In the water colum in 1987 and 1988, but 
not in 1989. In Delaware Bay, we foiind nc relationship 
between settlement of C. sapidus and the s p n n g h e a p  
cycle. 

In the present study, settlement of xanthid mega- 
lopae showed no tidal pattern in either year. This result 
agrees with van Montfrans et al. (1990), who showed 
no correlation between tidal range and xanthid settle- 
ment in the Chesapeake. Spawning in Uca minax and 
U. pugnax is clearly associated with nocturnal spring 
tides (Wheeler 1978), however there is no consistent 
indication of spr ingheap rhythm in settlement 
(Christy 1982, Epifanio et al. 1988). Our own results are 
unclear, as we found a signlflcant difference in 

reached a nadir in 1992 for xanthids: more than 20 times 
as many individuals were collected in 1991. The xanthid 
result is particularly surprising because of the conserva- 
tive-life-history species in this taxon, i .e ,  short larval du- 
ration and  estuarine retention. Any grand conclusion is 
risky because of the small number of years in the study 
and because the record for fiddler crabs and xanthid 
crabs contains data for more than 1 species. Neverthe- 
less, the results show the potential for large interannual 
variations in settlement, even for species with conserva- 
tive life histories. 

Lunar phase and springlneap cycle 

In the present study, no relationship was found 
between megalopal settlement and lunar phase. This is 
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observed and expected settlement during spring tides 
in only 1 year. 

Winds and sea level 

Results of our investigation show a strong association 
between the settlement of Callinectes sapidus and 
both southward wind events and the consequent 
increase in coastal sea level. Observed settlement was 
significantly greater than expected settlement during 
southward wind events in all 4 years and was signifi- 
cantly greater than expected settlement during posi- 
tive SSL anomalies in 3 of the 4 years of the study. The 
association of C. sapidus settlement with both south- 
ward winds and positive SSL anomalies concurs with 
our present understanding of near-shore physical 
processes in the MAB. For example, Wong & Garvine 
(1984) showed how southward wind forcing results in 
subtidal transport of water from the continental shelf 
into Delaware bay. This transport of water begins 
about 12 h after the onset of a wind event, and the 
wind events usually last 2 to 3 d. If this process is 
important in transporting megalopae from the adjacent 
continental shelf into the estuary, it makes sense that 
settlement should be associated with both the wind 
event and the consequent increase in SSL. 

Earlier investigations with Callinectes sapidus have 
shown similar results. Little & Epifanio (1991) and 
Goodrich et al. (1989) analyzed their results as bino- 
mial distributions and found that the observed fre- 
quencies of settlement during positive SSL anomalies 
were significantly greater than expected in Delaware 
Bay and Chesapeake Bay respectively. Hudon & 
Fradette (1993) reported that alongshore winds were 
important in the onshore transport of American lobster 
Homarus americanus, the rock crab Cancer irroratus, 
and the toad crab Hyas spp. in the Gulf of St. 
Lawrence. In more recent work in the Chesapeake 
Bay, Olmi (1995) used correlative techniques to ana- 
lyze data from passive collectors (similar to those used 
in the present study) and found that settlement of blue 
crab megalopae was associated with westward wind 
stress. This is difficult to explain because the predomi- 
nant winds in the Chesapeake region blow north/south 
with a relatively weak westward component. Addition- 
ally, Ekman flow associated with westward blowing 
winds would be to the north, which is alongshore 
rather than onshore. 

In Delaware Bay, we found a possible association 
between southward alongshore winds (i.e. southward 
winds) and the settlement of xanthid megalopae in 
only 1 year, but we found no relationship between set- 
tlement of Uca spp. or xanthids and positive anomalies 
in SSL. An inspection of the relevant data sets showed 

that xanthid larvae tended to be associated with very 
weak southward winds (< l  m S-') that did not result in 
positive anomalies. It is not clear whether data from a 
greater number of years would support the apparent 
association with weak southward winds, but it is clear 
that xanthids are not transported to settlement sites by 
southward winds because it is the rise in coastal sea 
level, not the southward wind event, that actually 
causes the subtidal flow from the continental shelf into 
the estuary. 

In summary, our findings provide additional support 
for the present conceptual model concerning advective 
transport of crab larvae in the Middle Atlantic Bight 
(Epifanio et al. 1988, Epifanio 1994). Of the 3 taxa stud- 
ied, only Callinectes sapidus relies on wind-driven 
processes for transport to settlement sites. Transport of 
C. sapidus megalopae back into the estuary requires 
the coincident occurrence of a southward, alongshore 
wind event and a nearby patch of megalopae. The 
stochastic nature of this CO-occurrence explains the 
observed temporal variations in settlement of C. 
sapidus in the estuary. 
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