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ABSTRACT- Many workers have examined the processes influencing the recruitment of temperate 
marine invertebrates but comparatively little is kno'ivn about their tropical counterparts. Brachyuran 
crustaceans are important constituents of coral reefs, yet remain largely under-studied To examine the 
temporal patterns of tropical brachyuran larval abundances and postlarval settlement, we deployed 3 
replicate light traps nightly for 7 mo (iMay to November 1996) at  Barbados, West Indies. Wind data and 
tidal and large-scale flow due to currents were measured concurrently. Light traps collected a total of 
320 896 zoeae (all Stages and families combined) and 452 741 megalopae dominated by the farnilies: 
Majidae, Xanthidae, Grapsidae, and Portunidae LVhile overall abundances of first-stage zoeae 
remained continuous over the sampling interval, postlarval settlement was more variable. Using time 
series analysis, periodicity in the larval and postlarval abundances was identified as: first-stage zoeae, 
29 d ;  Majidae postlarvde, 31 d ,  Xanthidae postlarvae, 15 d ,  Grapsidae postlarvae, 28 d and Portunidae 
postlarvae, 21 to 22 d We analyzed temporal patterns of zoeal abundance and megalopal settlement 
with respect to cyclical environmental cues as weil as the mean daily wind and ambient current regime. 
Larval abundance was associated with the first quarter moon and minimum amplitude tides, while 
postlarvae were generally more abundant on the third quarter moon. Majidae postlarvae were distrib- 
uted ovei- a relatively broad penod of the lunar cycle, encompassing 3 peaks occurring during the quar- 
ter moons and new moon. This Pattern likely results from a strong correlation between Majidae post- 
larval settlement and ebb tides occurring in complete darkness. Xanthidae and Grapsidae postlarval 
settlement occurred predominately during the third quarter moon and intermediate to minimum ampli- 
tude tides. Postlarval abundances of these families were most tightly correlated to the maximum daily 
tidal range Only Portunidae postlarvae were not influenced by proximate environmental cues such as 
the lunar and tidal amplitude cycles. During the study, wind was nearly consistently from the northeast, 
while data from an  offshore current meter demonstrated that the current flowed predominately toward 
the north In general, patterns of larval abundance and postlarval settlement were not as closely corre- 
lated to the wind and ambient curi-ents as to the proximate environmental cues such as hours of dark- 
ness and the tidal cycle. LVe propose that cyclical environmental parameters are likely important cues 
to coastal species living in highly dynamic physical environments 

KEY ib'ORDS. Tropical crabs . Megalopae . First-stage zoeae . Larval supply - Settlement . Environ 
mental cues . Tides 

INTRODUCTION 

It is widely accepted that the recruitment of marine 
invertebrates is highly variable (reviewed in Booth & 
Brosnan 1995), causing temporal and spatial fluctua- 
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tions in adult populations and community dynamics. 
Determining the biological and physical processes that 
influence recruitment has been the focus of consider- 
able research, particularly for temperate manne inver- 
tebrates associated with rocky intertidal communities 
(e.g. Paine & Levin 1981, Gaines & Bertness 1992, 
reviewed in Booth & Brosnan 1995) and those inhabit- 
ing estuarine embayments (e.g.  Epifanio 1988a,b, 
Eggleston & Armstrong 1995, van Montfrans et al. 
1995, Eggleston et  al. 1998). With the exception of sev- 
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eral highly visible taxa (e.g. echinoderms, Black & 
Moran 1991; corals, Wolanski et al. 1989) and commer- 
cially important species (e.g.  queen conch, Stoner et al. 
1997, Stoner & Smith 1998; spiny lobsters, Yeung 1.996, 
Acosta et al. 1997), the recruitment dynamics of tropi- 
cal marine invertebrates has received substantially 
less attention. Brachyuran crustaceans are diverse and 
irnportant constituents of tropical reef cornrnunities 
(Reed et al. 1982), but remain relatively under-studied 
due to their cryptic nature (Sebens 1984, Lewis & Snel- 
grove 1990). As a result, little is known about patterns 
of larval production and settlement of tropical crabs, or 
the biological and physical processes underlying these 
patterns. 

The importance of cyclical environmental cues to the 
production of brachyuran crabs is evident from studies 
of terrestrial, semiterrestrial, and intertidal crabs living 
in temperate and subtropical regions. For these spe- 
cies, the timing of larval release is cued to such rhyth- 
mic environmental parameters as the lunar, tidal, and 
light-dark cycles (Barnwell 1976, Forward 1987, Mor- 
gan & Christy 1994, Morgan 1995). Entrainment of 
these rhythms is thought to be selectively advanta- 
geous for females who must migrate to the water's 
edge for larval release, and to the larvae that must be 
transported away frorn predator-rich coastal areas 
(Morgan 1995). For subtidal crabs, entrainrnent of the 
tidal amplitude and light-dark cycle is less synchro- 
nous. Maximum amplitude tides and darkness are not 
likely irnportant selective pressures on fernales who 
need not walk to water for larval release (Morgan 
1995). However, larval survival of these subtidal spe- 
cies may be enhanced if they are rapidly transported 
away from coastal areas on nocturnal ebb tides 
(Christy 1986). Thus, for species that are exported from 
inshore habitats, larval release often occurs during the 
new and full moons around the time of high tide, and 
during the first few hours of darkness. 

Cyclical environmental parameters are clearly 
important to the timing of larval release (reviewed in 
Morgan 1995), but may also be used by temperate 
estuarine crabs during other stages of the life cycle. 
This has been well documented for several species 
(e.g. the xanthid Rhithropanopeus harrisii, Cronin & 

Forward 1983, the ocypodid Uca spp., Epifanio et al. 
1988, and the portunid Carcinus maenas, Zeng & Nay- 
lor 1996), with the best known exarnple being the com- 
rnercially important portunid blue crab Callinectes 
sapidus (Epifanio et al. 1984, Tankersley 91 Forward 
1994, van Montfrans et al. 1995). In the Chesapeake 
and Delaware Bays, female bIue crabs, presumably 
using tidal stream transport, migrate to estuary mouths 
where larvae are released near the time of high tide 
(Provenzano et al. 1983, Epifanio et al. 1984). Larvae 
are transported offshore to the continental shelf where 

development occurs in high salinity waters and the risk 
of predation decreases. Megalopae are concentrated 
in surface waters by reverse die1 vertical migrations 
and are transported back to estuary mouths by wind- 
driven surface currents (McConaugha et al. 1983, 
Johnson 1985, Goodrich et al. 1989). Postlarvae use 
selective tidal stream transport to re-invade the estu- 
ary (Epifanio 1988a, DeVries et al. 1994, Olmi 1994, 
Tankersley & Forward 1994) and settle with semi-lunar 
periodicity (van Montfrans et al. 1995). 

Much less is known about the environmental cues 
influencing the reproductive and recruitment patterns 
of tropical species. The life cycle of a tropical estuanne 
portunid Callinectes arcuatus is believed to be sirnilar 
to that of Callinectes sapidus (DeVries et al. 1983). 
Gravid fernales migrate to estuary mouths to insure 
that zoeae develop in high salinity waters offshore 
(DeVries et al. 1983, Dittel et al. 1985). Although post- 
larval abundances were not examined in either of 
these studies, it was suggested that megalopae would 
likely reinvade the estuary using similar mechanisms 
as C. sapidus (DeVries et al. 1983, Dittel et al. 1985). 

In addition to the cyclical environmental cues often 
used by estuanne species, the supply and settlement of 
some brachyuran crab larvae have been linked to var- 
ious oceanographic features. For example, settlement 
patterns of temperate, coastal brachyurans have been 
correlated with upwelling (Botsford & Wickharn 1975), 
the relaxation of upwelling favorable winds (Wing et 
al. 1995). and tidally forced internal waves (Shanks 
1985, 1995a). More recently, Leichter et al. (1998) doc- 
umented the transport of crab zoeae, copepods, ser- 
pulid worms and fish larvae onto a Florida reef tract by 
internal tidal bores. Larval behavior may be coupled 
with such oceanographic processes to influence the 
patterns of brachyuran recruitment. For instance, 
based on the relative position of megalopae in the 
water column, Shanks (1998) suggested shoreward 
transport of postlarvae was due to tidally driven pro- 
cesses for Callinectes sapidus, regional upwelling for a 
majid, Libinia spp., and wind-driven surface currents 
for the ocypodid Uca spp. 

While proxirnate environrnental cues and oceano- 
graphic processes combined with larval behavior 
likely influence patterns of recruitment, the relation- 
ship between these biological and physical factors 
rernains unclear for tropical brachyuran crabs. Thus, 
we sought to identify the temporal patterns of tropical 
brachyuran larval abundance and settlement and to 
ascertain which proximate environmental cues influ- 
ence the nearshore supply of brachyuran larvae. We 
designed the study to idcntify whether cyclical envi- 
ronmental parameters or oceanographic processes 
play a greater role in determining patterns of tropical 
brachyuran crab larval abundance and settlement. 
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MATERIALS AND METHODS 

Site description. Barbados is a small (15 by 25 km), 
coral-limestone island located 140 km to the east of the 
Lesser Antilles (13" 10' N 59" 30' W; Fig. 1). Ac the east- 
ernmost island in the Caribbean, Barbados lies within 
the path of the northeast trade winds (attaining speeds 
of 5 m s", Stansfield 1995). Barbados is geographically 
isolated and upstream from other sources of coral reef 
larvae. Therefore, it is generally believed that larvae 
collected in the surrounding waters are spawned from 
local populations (Cowen & Castro 1994, Sponaugle & 
Cowen 1996a). 

Large-scale circulation around Barbados appears to 
be topographically steered, with nearshore current 
speeds reduced relative to offshore flow due to fric- 
tional forces (Cowen & Castro 1994). Along the west- 
ern (leeward) coast, ciirrents predominately flow in the 
north-south direction, with relatively less east-west 
flow. However, in this area, variations of the east-west 
tidal flow may create striking spatial differences in the 
patterns of larval supply (Sponaugle & Cowen 1996a). 
The local semi-diurnal tidal regime is characterized by 
2 low and 2 high tides, each of varying tidal amplitude 
(Barnwell 1976). Nightly maximum amplitude tides are 
associated with or just after new and full moons and 
minimum amplitude tides are associated with or just 
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after quarter moons (Reyns 1998). The tidal amplitude 
cycle and the lunar cycle remain closely coupled dur- 
ing the spring, summer, and fall months (Sponaugle & 
Cowen 1996a,b, Reyns 1998). 

The west coast of Barbados is fnnged by a shallow (1 
to 15 m depth), nearshore coral Spur and groove reef 
System. Reef spurs composed predominately of dead 
coral matrix (Sponaugle & Cowen 1997) are concen- 
trated at small headlands and are separated by narrow 
sand or sand-rubble channels which extend offshore to 
the deeper, sandy benthos. Approximately 1 km off- 
shore, a bank reef parallels the coast, rising from a 
depth of 40 to 50 m to approximately 15 to 20 m. 

Biological sampling. Sampling was conducted at a 
central site along the west coast of Barbados (off of the 
Bellairs Research Institute, Holetown; Fig. 1). To exam- 
ine the temporal patterns of larval abundance and set- 
tlement of brachyuran crabs, we deployed 3 replicate 
larval light traps nightly for 7 continuous months in 
1996. Light traps were approximately 1 m in length 
and were equipped with a G W fluorescent bulb which 
remained lit for a period of 10 to 12 h (See Sponaugle & 
Cowen 1996a for detailed description). We used light 
traps to sample for crabs because previous work 
demonstrated that they were effective at providing 
both a measure of larval supply (by collecting first- 
stage zoeae, the first larval stage), tind a measure of 

settlement (by collecting megalopae, the 

I 
postlarval stage presumably nearing set- 
tlement; S. S. unpubl. data). In addition, 

„, light traps collected a representative 
assemblage of brachyurans present in the 
surrounding waters (based on concur- 
rently collected plankton samples; N. R. & 
Cowen unpubl. data). A concurrently 
deployed array of standard 'hogs-hair' set- 
tlement substrates (as used extensively 
along the Atlantic and Gulf Coasts, e.g.  
Rabalais et al. 1995, van Montfrans et al. 
1990, 1995) failed to collect megalopae (N. 

- 14- 
R. unpubl. data). 

We anchored light traps approximately 
150 m off of the nearshore reefs in 10 m of 
water such that the tops of the traps were 
suspended 2 m beloiv the surface to avoid 
boat traffic. Traps were separated by 40 m 
and arranged in a north-south orientation, 
parallel to the nearshore reef. We deployed 
light traps nightly at sunset and retrieved 

„. them at sunrise from May 1 until Novem- 
ber 30, 1996. Upon retrieval, we rinsed the 
light traps, split the collections to fit into 

Fig. 1. Map of Barbados showing the sampling site ( a ) .  The current meter 25 ml jars using a Folsom plankton splitter, 

was deployed just offshore of the samplinq location. The dashed line and preserved the sample in 95% EtOH 
repreien-ts the deep fringing bank reei approximately 1 km offshore for further processing and identification. 
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Zoeae and megalopae were identified to the lowest 
possible taxonomic level. 

Physical sampling. To examine the physical pro- 
cesses influencing the nearshore larval and postlarval 
supply, we collected environmental and oceano- 
graphic data concurrently with light trap deployment. 
Currents, tidal height, and wind data were compiled 
for as large a portion of the biological time series as 
possible. 

Wind direction and speed were measured and made 
available by the Caribbean Meteorological Institute. 
Wind data were measured on top of Holder's Hill (Hus- 
bands, s t .  James) located along the West coast of Bar- 
bados, approximately 5 km from the site of biological 
sampling. We computed the east-west (U-) and north- 
south (V-) components of the wind velocity, and then 
calculated the mean wind velocity each day. 

Currents were measui-ed by an offshore moonng 
equipped with dn upward-looking Acoustic Doppler 
Current Profiler (ADCP; Kelly et al. in press). The 
mooring was deployed from May 12 to August 1, 1996 
and again from August 23 to November 12 in approxi- 
mately 290 m of water, 1 km off of Holetown. The 
ADCP was configured to continuously measure cur- 
rent velocities at 7 depth bins (16, 24, 32, 40, 48, 56, 
64 m) in 10 min intervals. We chose to analyze the flow 
from the 32 m depth bin because nearshore vertical 
distribution data from a separate study demonstrated 
that megalopae of most families are concentrated 
between 20 to 40 m depth (N.  R. & Cowen unpubl. 
data). We separated current velocities into U- and v- 
components, and then band-passed the data to sepa- 
rate out flow due to tides. We applied a high-pass filter 
with an  8 h cut off period to remove low frequency sig- 
nals, followed by a low-pass filter with a 34 h cut off 
penod to remove frequencies greater than 34 h (just 
over the length of the daily tidal penod). We also 
examined the flow due to episodic or large-scale 
events and inertial currents by low-pass filtenng the 
raw components with a standard 72 h cut off period (K. 
Lwiza, SUNY Stony Brook pers. comm.). All filtenng 
was performed using the 'filtfilt' function in the com- 
puter program, MATLAB (The Math Works, Bothell, 
WA). Subsequent to filtering, we calculated the inte- 
grated 24 h transport (i.e. from 06:OO to 06:OO h, encom- 
passing the sampling period). 

Statistical analyses. Due to difficulties identifying 
zoeae to the family level, individuals were grouped 
only by Stage (all farnilies combined) for analysis. We 
present the first-stage zoeae record as a measure of 
relative larval abundance. Due to the large diversity 
and high numbers of postlarvae collected, we confined 
our analysis of temporal settlement patterns to the fam- 
ily level, and only report patterns for the m.ost abun- 
dant families. However, cursory exarnination of the 

raw settlement records of all collected species revealed 
that most minor taxa exhibited settlement patterns 
similar to those of the families presented here (Reyns 
1998). 

A large peak occurring at the Start of the time senes 
charactenzed the raw settlement records for the post- 
larval Majidae, Xanthidae, and Grapsidae. However, a 
fundamental problem with collecting time series data 
is that little is usuaiiy known regarding the events 
occurring immediately pnor to and following the sarn- 
pling penod (H. Deferrari, RSMAS pers. comm.). Thus, 
the sampling interval should be tapered to reduce the 
influence of large peaks found on either end of the 
time senes as well as to decrease the leakage from 
strong components when conducting times series 
analyses (Bloomfield 1976; H. Deferran, RSMAS pers. 
comm.). To accomplish this, a split-cosine bell function 
was applied to 10% (5% at either end) of each settle- 
ment time series to taper the data window (Bloomfield 
1976). 

Cyclical patterns of abundance: To determine 
whether the larval and postlarval abundances varied 
in a cyclical nature, the autocorrelation function (ACF) 
was computed for each abundance record. The ACF is 
a time senes analysis tool that identifies cyclic behav- 
ior in the time domain (Jassby & Powell 1990). For the 
abundance records that varied with a penod near 15 or 
29 d (see 'Results'), we examined the biological data 
relative to 2 cyclical environmental parameters which 
have similar penods: the lunar and tidal amplitude 
cycles. We assigned the mean number of larvae and 
postlarvae collected nightly per trap, to a lunar day 
('Lunar Day 1' representing the night of the neiv moon) 
and a tidal day ('Tidal Day 1' equivalent to the night 
closest to the new moon with maximum nocturnal 
amplitude tides). The lunar and tidal days were 
summed over the duration of the study, and then col- 
lapsed into a single 29.7 d lunar cycle and a single 
29.4 d tidal amplitude cycle. We used Rayleigh circular 
statistics to determine whether larval abundance and 
settlement were uniformly distributed over these 
cycles (Batschelet 1981, Zar 1984). Where the Rayleigh 
test indicated non-random settlement, tve calculated 
the mean lunar day or mean tidal day (the day of the 
lunar or tidal amplitude cycle about which the data 
were distnbuted). 

Temporal patterns of larval supply and postlarval 
settlement may, in fact, be linked to a combination of 
the lunar and tidal amplitude cycles which also vary 
with penods of approximately 30 d (or 15 d,  i.e. the 
semi-lunar penod or fortnightly tidal cycle). Thus, 
using tidal height data we calculated the number of 
nightly flood (increasing change in tidal height over 
time) and ebb (decreasing change in tidal height over 
time) hours, as weil as the maximum amplitude tidal 
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range (the maximum ~ h a n g e  in tidal height between 
high and low tide). In addition, we calculated the num- 
ber of dark (pnor to moonrise or after moonset) and 
moonlit flood and ebb hours using moonrise and moon- 
set data from the Astronomical Application Depart- 
ment of the U.S. Naval Observatory. Because the moon 
phase changes nightly, we used a Lunar-Illumination 
Fraction (L.I.F., where 1 = full moon and 0 = new moon; 
computed from charts provided by the Astronomical 
Application Department of the U.S. Naval Observa- 
tory) to determine relative darkness during moonlit 
penods. 

Using the tidal height data, the hours of moonrise 
and moonset, and the L.I.F., we estimated the follow- 
ing proximate environmental Parameters: 

(1) 'hours of darkness' = the number of hours 
between sunset and sunrise without moonlight; 

(2) 'moonless' flood/ebb hours = the number of 
flood/ebb hours occurring in complete darkness; 

(3) 'moon-illuminated' flood/ebb hours = (flood/ebb 
hours occurring in moonlight) (1 - L.I.F.). 

We calculated these paraineters, as well as the max- 
imum tidal range for the entire night (from 18100 to 
06:OO h). 

Cross-correlations: We used cross-correlation 
analysis to examine the relationship between the 
abundance data and the proximate environmental 
paraineters. To account for significant autocorrelation 
present in the abundance and environmental time 
series, we calculated confidence intervals that 
accounted for this intraseries correlation (Wing et al. 
1995). We used this value corrected for autocorrelation 
to specify significance when it was more conservative 
than the confidence intervals calculated by Standard 
cross-correlation analysis. 

To examine how ambient currents and wind were 
related to patterns of larval supply and postlarval set- 
tlement, autoregressive moving average (ARMA) mod- 
els were fitted to the abundance and physical time 
series. ARMA modeling removes peiiodicity and auto- 
correlation, reducing the data to 'white noise' (Chat- 
field 1989, Dunstan 1993). The residuals (or 'white 
noise') of each modeled series can then be cross-corre- 
lated and examined for relationships (Dunstan 1993). 
Model orders were selected according to the Schwarz 
criterion, and residuals were checked with a x2 test for 

RESULTS 

Temporal patterns of larval abundance 
and postlarval supply 

Although the response of crabs to particular envi- 
ronmental and physical cues is likely species-specific, 
we report the patterns at the family level. Not only 
did cursory examination of species-specific patterns 
demonstrate that the majority of species exhibited 
similar family-wide patterns, but since very little is 
known about the ecology of tropical brachyuran 
crabs, results of this study represent a first step 
towards understanding the life history dynamics of 
tropical crabs and their interactions with the physical 
environment. 

Light traps proved to be effective devices for sam- 
pling megalopae of a diversity of brachyuran crabs, 
while also providing a measure of larval abundance. A 
total 320 896 zoeae (all stages combined) and 452 741 
megalopae were collected. Fifty-six postlarval species 
and morpho-types were identified compnsing at least 
7 families, although only the records of the 4 most 
abundant families are presented: Majidae, Xanthidae, 
Grapsidae, and Portunidae, respectively (Table 1). 

First-stage zoeae were produced nearly continually 
and often in distinct pulses throughout the 7-mo sam- 
pling season (Fig. 2 ) .  Patterns of postlarval supply gen- 
erally exhibited nlonthly vanability, with family-wide 
trends in settlement. Postlarval crabs in the Majidae, 
Xanthidae, and Grapsidae families were characterized 
by a distinct pulse during the first month of sampling 
(Days 120 to 130), a subsequent decrease in the magni- 
tude of pulses during the summer months (Days 140 to 
240), followed by an increase of pulses dunng the last 
several months (Days 240 to 330; Fig. 2). Although the 
Portunidae megalopae exhibited a similar overall set- 
tlement Pattern, pulses were more episodic in nature 
(Fig. 2 ) .  

Table 1. Abundances of brachyuran larvae and postlarvae 
collected from May 1 to November 30, 1996 in light traps off 
of Barbados, W.1. Families are listed in order of abundance. 
The number of identified species and/or morpho-types com- 

pnsing each family are listed in parentheses 

white noise and visually inspected to make Sure no 
autocorrelations were present (Dunstan 1993). 

All ARMA models and cross-correlations were per- 
formed using the statistical software Minitab (Minitab, 

Abundance Family 

First-stage zoeae 
(all farnilies combined) 

Inc.). Only correlation coefficients significant at 
p < 0.05 are reported. We computed cross-correlations 
for lags of up to 6 d. where lags reflect the number of 
days larvae and postlarvae peaked after environmen- 
tal events. I 

Majidae postlarvae (9) 
Xanthidae Postlarvae (2) 

~ ~ ~ ~ ~ ~ a ~ " , " , " ~ ~ ~ a ~ a e e ( f ~ ~  
Unidentified postlarvae 
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m I Xanthidae Postlarvae 
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I Grapsidae Postlarvae 
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Fig. 2. Mean abundance 
record of the split-cosine 

-- 
bell tapered abundance 

T .  

Portunidae Postlarvae data collected in 3 repli- 
I , cate light traps. The 

I shaded bar at the top of 
the upper panel repre- 
sents the days sampled, 
while the Open and 

1 closed circles represent 
the full and  new moons, 

920 140 160 180 200 220 240 260 2w) 300 320 340 respectively 
Day of Year 

Monthly periodicity in larval abundance 
and postlarval supply 

Analysis of the autocorrelation functions identified 
significant penodicity in the first-stage zoeae and set- 
tlement records. First-stage zoeae as well as postlarval 
majids and grapsids were characterized by a -29 d 
period, (Fig. 3).  Xanthid abundances exhibited. a 15 d 
cycle, while portunids exhibited an unusual 21 to 22 d 
settlement penod (Fig. 3).  

Lunar and tidal arnplitude cycles 

First-stage zoeae and the postlarval records for the 
Majidae, Xanthidae, and Grapsidae exhibited period- 
icity charactenstic of the lunar and tidal amplitude 
cycles. Thus, these distnbutions were analyzed over 
both environmental cycles using Rayleigh circular sta- 
tistics. First-stage zoeae and all postlarvae exhibited 
non-randorn distnbutions with respect to the lunar and 
tidal amplitude cycles (Table 2). Supply of first-stage 
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, . . 1 1 1 . . 1 1 . . 1 . . 1 ! ,  around the quarter moons, with the largest mode 
Flnt-Zoeae 

centered on the third quarter moon and during peri- 
ods of minimum amplitude tides (Table 2, Fig. 4) .  

---"---Iiii----i~iii-i,----=m==-II 
Overall, larval abundance and postlarval settlement 

4.5 1 occurred primarily during quarter moons and inter- 

~ ~ " ~ ' ' ' ' ' ' L ~ " ' '  
mediate to minimum amplitude tides. 

3 s 7 9 11 13 15 17 19 21 23 25 n 2~ 31 33 3s 

, , , , . . , , , , , , , , , , ,  
Portunldae P o s U m e  

I- -,--„-i,---ii---,-rni------II---- 

Proximate environmental cues 

To further distinguish the proximate environ- 
mental cues associated with the lunar and tidal 
amplitude cycles, we exarnined the correlations 
between larval and postlarval abundances and the 
flood/ebb tide and light-dark cycle Parameters. 
Abundances of first-stage zoeae and other postlar- 
vae were significantly related to several variables. 
The strongest correlations between each abun- 
dance record and the proximate environmental 
cues were determined by the correlation coeffi- 
cient, but also by examining the lag. For instance, 
the first-stage zoeae were more strongly corre- 
lated with moon-illuminated flood hours but at a 
longer lag than the correlation between larval 
abundance and moon-iliuminated ebb hours whose 
coefficient is only slightly smaller (Table 3) .  Thus, 
the abundance of first-stage zoeae was considered 
to be more closely correlated to the hours of 
moon-illurninated ebb tide (Table 3, Fig. 5). The 
measure of hours of moon-illuminated ebb tide 
includes an index of relative darkness, and the 
importance of darkness is apparent in the correla- 
tion with hours of darkness (Table 3). For the 
Majidae postlarvae, darkness was also important 
where the strongest correlations were with the 
hours of moonless ebb tide and the hours of dark- 
ness, respectively (Table 3, Fig. 5). In contrast, 

Fig. 3. Autocorrelation functions showing the penodicity of the Xanthidae arid Grapsidae postlarvae were most 
split-cosine bell tapered abundance data. Lines represent the t igh t l~  correlated with the maximum daily tidal 

95% confidence intervals range (Table 3, Fig. 5). 

zoeae peaked during the first quarter Table 2. Rayleigh test statistics for lunar and tidal amplitude cycles. All Z-values 
moon arid intermediate amplitude (Rayleigh test statistic, Batschelet 1981) presented are significant at p C 0.001. 

tides ( F ~ ~ ,  4). contrast, most postlar- Mean lunarltidal day refers to the mean day about which the data are distrib- 
uted, where Lunar Day 1 = new moon, and Tidal Day 1 = maximum amplitude 

vae settled during the third quarter tides. In the case of bimodal distfibutions. 2 mean davs are r e ~ o r t e d ,  with the 
moon and intermediate to minimum 
amplitude tides (Fig. 4) .  Majidae 
megalopae settled over a broad period 
of the lunar cycle, encompassing 3 
peaks occurring during the quarter 
moons and new moon (Fig. 4) .  Majidae 
settlement occurred during intermedi- 
ate to minimum amplitude tides 
(Fig. 4) .  For the Xanthidae and Grapsi- 
dae postlarvae, settlement was bimodal 

mean day of the pnmary mode denoted in bold 

Family n Lunar cycle Tidal amplitude cycle 
(mean) Z Mean Z Mean 

lunar day tidal day 

First-stage zoeae 85518 8515 6 865 1 4 
Majidae postlarvae 107 963 5868 27 5834 5 , 2 3  
Xanthidae postlarvae 23877 5645 6, 22 5301 6 ,22  
Grapsidae postlarvae 6284 1856 7, 22 1608 6 ,20  
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Majidae Postlawae 

Xanthidae Postlawae 
1000, , I 1 

Fig. 5. Relationships 
between the abun- 
dance data (shaded 
series) and proximate 
environmental cues 
(thick lines) according 
to the strongest corre- 
lations (from Table 3 ) .  
Open and closed 
circles represent the 
full and new moons. 

respectively 

Gra~sidae Postlawae 

Physical processes 

Correlations with wind 

Not surprisingly, the winds were predominately 
from the northeast, with the exception of 1 directional 
reversal on Day 240, during which a small peak 
toward the east and relatively large peak toward the 
north are evident in the wind record (Fig. 6). Overall, 
abundances of first-stage zoeae and postlarvae were 
only weakly correlated with the wind components 
(Table 4).  

Day of Year 

Correlations with currents 

Alongshore (north-south) flow due to tidal and large- 
scale currents was generally larger in magnitude than 
the cross-shelf (east-west) flow, with currents directed 
more frequently to the north and to the West (Fig. 6). 
During the first current meter deployment, northeast 
tidal transport was generally associated with the new 
and fuil moons, whereas this association is not as clear 
during the second deployment (Fig. 6). 

Only correlations that were significant between 
both current meter deployments were considered to 
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Wind 

Tidal Transport 

""""I, 0  . 2400 

1 . 0 . 0 . 0  0 0 .  

Large-Scale Transport 
12000 [-- I 9000 

I 

8000 - -1 6000 

Day of Year 

be real as larvae and postlarvae should consistently 
track the Same oceanographic features over time. 
First-stage zoeae were not correlated with any com- 
ponent of transport measured by the current meter 
(Table 4 ) .  Correlations between settlement and trans- 
Port due  to tidal and large-scale currents were gen- 
erally weak (Table 4 ) .  Only the Grapsidae were neg- 
atively correlated with north-south tidal transport 
over both mooring deployments, however the lag 
switches bettveen the 2 deployments (from -5 d to 
6 d ;  Table 4 ) .  

Fig 6 Wind and current 
meter rerords frorn B ~ I -  
bados, W1 Thin lines 
north-south, Thick lines 
east-west Open and 
closed circles represent 
the full and new moons, 
respectiv~ly Wind ve- 
locities from the north 
and east a re  positive 
while transport by cur- 
rents to the north and 
east a re  positive All 
current meter records 
have been smoothed 
with a 3 d moving aver- 
age  for presentation 

purposes only 

DISCUSSION 

Variability in the recruitment of benthic marine 
organisms is generally accepted, but the processes 
creating this variability are poorly understood. Exam- 
ining how biological and physical factors contnbute to 
fluctuations in recruitment is important to understand- 
ing how populations are maintained over time. 
Results of this study point to the role of several proxi- 
mate environmental cues in determining the monthly 
Patterns of tropical brachyuran larval abundance and 
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Table 4. Cross-correlations between zoeal/megalopal abundances and wind and currents. Autoregressive moving average 
(ARMA) rnodels were fitted to the physical Parameters and abundance data. The residuals from these models were  used in cross- 
correlation analysis All correlation coefficients presented are significant at p < 0.05, unless otherwise noted (ns: not significant). 
Values in parentheses represent the lag in days. Values are in bold where correlations were consistent between deployrnents. 

Current meter deployment 1: Days 133 to 214, and current meter deployment 2: Days 236 to 317 

First-stage Majidae Xanthidae Grapsidae Portunidae 
zoeae postlarvae postlarvae postlarvae postlarvae 

Wind 
EAV (m/s) 0.16 (0) 0.17 (0) 0.14 (0) ns ns 
N I S  (m/s) -0.19 (-5) -0.21 (-5) -0.16 (-5) ns ns 
Currents: Deployment 1 
EtW Tidal 
transport ns ns ns ns ns 
N/S Tidal 
transport ns ns n s -0.29 (-5) -0.27 (-5) 
E/W Large- 
scale transport ns ns ns -0.22 (4) 
N/S Large- 
scale transport -0.24 (3)  ns 0 . 2 4  (-3) -0.23 (1) 

Currents: Deployment 2 
EAV Tidal 
transport ns 
N/S Tidal 
transport ns 
E/W ta rge -  
scale transport ns 0.27 (-4) ns 0.31 (2) - 

N/S Large- 
scale transport ns ns ns ns 

postlarval settlement. Cyclical environmental cues 
such as the lunar, tidal, light-dark, and tidal ampli- 
tude cycles appear to exert more influence on the 
production and settlement of these brachyuran 
species than do episodic or large-scale oceanographic 
processes. 

Temporal periodicity in larval abundance 
and postlarval settlement 

Zoeal abundance of brachyuran crustaceans at Bar- 
bados was continuous throughout the sampling inter- 
val. In tropical regions, minimal annual temperature 
fluctuations favor continuous reproduction. Growth 
rates remain relatively high throughout the year and 
elevated temperatures shorten the incubation period of 
brachyuran eggs (e.g. Jamaican majids had a 12 d 
incubation period compared to the 15 wk period of a 
similar British species, Hartnoll 1965). Although pro- 
duction of the intertidal ocypodid Uca rapax in Panama 
ceased during the dry season, it was postulated that 
this seasonal pattern resulted from the drying of the 
Sediment in which U. rapax lives (Morgan & Christy 
1994). Continuous production has been documented 
for a number of other tropical crustaceans (e.g. 
Jamaican mysids, Goodbody 1965; the Jamaican 
majids, Macrocoeloma tripinosum, Microphrys bicor- 

nutus, Mithrax sculptus, and Stenorhynchus seticornis, 
Hartnoll 1965; crustacean zooplankton at Barbados, 
Moore & Sander 1977, the portunid Callinectes arcua- 
tus in Central Amenca, DeVnes et al. 1983; and the 
Panamanian grapsid Pachygrapsus transversus, Mor- 
gan & Christy 1994). Likewise, Epifanio & Dittel (1984) 
reported that brachyuran larvae in a Costa Rican estu- 
ary were present year-round. 

Temporal settlement of postlarval brachyurans to 
Barbados varied by family, but for the majonty of fam- 
ilies collected, was characterized by a large spring 
pulse, followed by a drop in abundance during the 
summer months, and a subsequent increase in the fall 
months. It is possible that settlement patterns reflect 
variable fan~ily-specific production patterns that are 
not discernable from our measure of first-stage zoeae. 
Seasonal variation in settlement, however, is unlikely a 
result of seasonally shifting environmental cues. 
Although proximate environmental cues are important 
factors influencing monthly patterns of larval abun- 
dances and settlement (See below), and evidence for 
other species suggests that seasonality is related to 
seasonal shifts in the timing of such cues (Morgan & 

Christy 1994), it is unlikely the case at Barbados. For 
instance, moonless ebb tides are the most important 
proximate environmental settlement cue to postlarval 
majids (See below), yet total nightly ebb hours during 
quarter moons increase during the summer months to 
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a fall plateau (opposite of what would be expected for 
a summer low in settlement; Reyns 1998). 

Among-farnily differences in settlement rnay also be 
due to family-specific behavior. The Majidae and Por- 
tunidae postlarvae exhibited different settlement pat- 
terns (e.g.  while majids were characterized by regular 
settlement pulses during the fall, portunid settlement 
dunng  those months was more sporadic). These differ- 
ences rnay be the result of differences in swimming 
behavior by postlarvae as well as the specific vertical 
position of postlarvae in the water column. Portunid 
postlarvae have well-developed 'paddles' and are pre- 
sumably more capable swimmers than other brachyu- 
ran postlarvae. Such swimming behavior during settle- 
ment rnay enable these crabs to utilize alternative 
mechanisms to re-enter the reef environment. In addi- 
tion, temperate portunid postlarvae such as Callinectes 
sapidus are known to inhabit the neuston and are thus 
influenced by surface transport processes, while ~naj id  
megalopae occur below the pycnocline and are influ- 
enced more by upwelling events (Shanks 1998). 

Monthly patterns of larval abundances 
and postlarval settlement 

Most brachyuran crabs in this study exhibited strong 
cyclical monthly patterns of zoeal abundance and post- 
larval settlement. The observed monthly variability in 
larval abundance and settlement is closely timed to 
several environmental parameters, including the lunar 
and tidal amplitude cycles. When these proximate 
environmental cues are further refined into nightly 
light-dark (e.g. moon-illuminated and moonless) and 
tidal phase parameters, clear associations are evident 
between these cues and the timing of larval abun- 
dance and settlement. 

First-stage zoeal abundances 

First-stage zoeae peaked during the first quarter 
moon and minimum amplitude tides. Larval abun- 
dances were also most strongly correlated with moon- 
illuminated ebb hours, a measure of relative darkness 
combined with ebb tides. Larval release during noctur- 
nal ebb tides has been well documented for a number 
of temperate estuanne and intertidal brachyurans 
(Forward 1987, Morgan 1995). Ho~vever,  most of these 
species must be exported from nearshore habitats and 
larval release is associated with new and full moons 
when maximum amplitude tides occur (reviewed in 
Morgan 1995). In subtropical regions (e.g.  Gulf coast of 
the USA) where the maximum amplitude tidal cycle 
shifts with respect to the light-dark cycle, the timing of 

larval release rnay shift as tvell, becoming synchro- 
nized with minimum or intermediate amplitude tides 
(Morgan 1996). At Barbados, maximum amplitude 
tides do not appear to be as important in determining 
larval abundances. The abundance of first-stage zoeae 
was higher during intermediate to minimum amplitude 
tides, and unlike temperate estuanne brachyuran lar- 
vae, was negatively correlated with the maximum 
amplitude tidal range. Nocturnal maxirnum amplitude 
tides are thought to be the mechanism by which early 
zoeal stages are exported away from coastal habitats 
(Chnsty 1982, Forward 1987, Morgan & Chnsty 1994, 
Morgan 1996). For estuarine species that live in an  
environment where planktivorous fishes are abundant, 
moving quickly away from this habitat is likely selec- 
tively advantageous (Chnsty 1982), and rnay be most 
efficient on ebbing maximum amplitude tides. For 
intertidal species, crabs must walk to the water's edge 
in order 10 release larvae. Higher tides enable females, 
often leaving the Cover of burrows, to travel shorter 
distances to reach the water (Morgan 1995). 

Although coral reefs house an abundance of plank- 
tivorous fishes (reviewed in Jones et al. 1991) and 
rapid offshore transport of zoeae is likely important to 
overall survival, the ambient flow regime at Barbados 
is more complex than the bi-directional flow in estuar- 
ine systems. So, while first-stage zoeae presumably 
utilize ebb tides to move offshore, maximum transport 
rnay not be restncted to spnng tides in such an  Open 
coastal environment. Alternatively, first-stage zoeae 
rnay cue into intermediate to minimum amplitude tides 
to reduce the chances of being exported too far off the 
narrow continental shelf. Furthermore, a majority of 
the crabs collected in the light traps at Barbados are 
subtidal, reef-associated species, thus constraints on 
adult movements are likely less restrictive. 

The use of ebb tides combined with relative moon- 
light (moon-illuminated ebb tides) by first-stage zoeae 
is not surprising given that many brachyurans release 
larvae at dusk or during the first few hours after dusk 
(reviewed in Morgan 1995). Zoeae rnay use phototaxis 
to ambient moonlight to enter the surface waters to 
avoid reef-based predators and to be ultimately trans- 
ported offshore in ebbing waters. Indeed, positive pho- 
totaxis is common in many newly released benthic 
invertebrate larvae, including brachyuran crabs 
(reviewed in Young 1995). Thus, it rnay be important 
for some moonlight to be present at the time of larval 
release (1.e. lower correlation with hours of moonless 
ebb) .  

Zoeal abundance was weakly correlated to both 
components of the mean wind velocity, however this is 
difficult to interpret since abundance was not signifi- 
cantly correlated with transport due  to tidal currents or 
large-scale f l o ~  Tighter correlations rnay have been 
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evident had we used data from a shallower depth bin 
in the cross-correlations. Unfortunately, these records 
were not available due to interference of the ocean's 
surface with the ADCP. It is expected that the wind 
influences currents to a depth of approximately 45 m at 
Barbados (as calculated by the Ekman depth equation; 
Pond & Pickard 1983), however the influence at this 
depth is likely weak. 

Settlement 

Settlement of postlarval brachyurans to Barbados 
occurred during both quarter moons, but predomi- 
nately during the third quarter moon and intermediate 
to minimum amplitude tides. For majids, settlement 
occurred on quarter and new moons because they are 
cueing to the hours of n~oonless ebb tide that peak on 
the quarter and new moons. This relationship is even 
tighter during periods when relative abundance is 
high (i.e. fall months: Days 230 to 330) as the correla- 
tion with moonless ebb tide increases to 0.47 (-1 d lag; 
N. R. unpubl. data). Another environmental Parameter 
with a third quarter moon pattern is hours of darkness, 
which was similarly (only slightly weaker) correlated 
with majid settlement. Although the use of ebb tides by 
postlarvae is Counter to the accepted re-invasion 
strategies used by estuarine crabs (e.g. blue crabs: Epi- 
fanio 1988b, Tankersley et al. 1995, Forward et al. 
1997), negative correlations between megalopal influx 
and dark flood tides have been observed elsewhere 
(along the coast of North Carolina; D.  Eggleston, 
NCSU pers. comm.). The use of ebb tides during settle- 
ment rnay be more common for species from Open 
coastal areas where tidal ranges are small. Indeed, 
decapod megalopae were collected in abundance dur- 
ing ebbing tides along a British coast (Colman & 

Segrove 1955). Ebb tides rnay be important to the 
return of postlarvae by transporting chemical cues 
from the reef to the megalopae offshore. Megalopae, 
which are influenced by a vanety of chemical cues 
during settlement (Wolcott & DeVnes 1994, Welch et 
al. 1997, Gebauer et al. 1998), rnay track these cues to 
find nearshore settlement sites. Chemical cues rnay be 
particularly important for tropical reef species to 
ensure settlement to appropriate habitats. In fact, the 
importance of habitat-related chemical cues rnay be 
why standard settlement collectors were unsuccessful 
at collecting megalopae at Barbados. Shanks (199513) 
postulated that megalopae returning to Pacific coast- 
lines orient themselves shoreward by cueing into the 
sun's illumination. Other factors that have been ob- 
served to influence postlarval behavior-induced trans- 
port include temperature (e.g. thermoclines, McCon- 
naughey & Sulkin 1984), and estuanne cues such as 

turbulence (Tankersley & Forward 1994), pressure and 
salinity (Tankersley et al. 1995). In this case, reef- 
based cues rnay be delivered to offshore postlarvae via 
ebb tides. 

To move onshore, or 'upstream' on ebbing tides, 
postlarvae rnay actively swim honzontally. Active 
swimming by temperate megalopae has been recently 
observed in a Washington state estuary (Eggleston et  
al. 1998). The small tidal range and relatively low 
velocity of the tidal currents at Barbados rnay make 
swimming a feasible mechanism by which megalopae 
return to nearshore habitats. Alternatively, several 
physical processes rnay facilitate passive onshore 
transport. For instance, internal waves and tidal bores 
(generated by breaking internal waves) have been 
implicated in larval transport along the West coast of 
the United States (see Shanks 1985, 1995a for review). 
Interna1 tidal bores are associated with tidal currents 
and rnay exhibit lunar periodicity (Pineda 1995), thus, 
regularly transfernng neustonic larvae, nutrients, and 
suspended particles from offshore waters to the near- 
shore environment (Leichter et al. 1996). Although 
internal tides are generally poorly phase-locked with 
the baratropic tide (H. Peters, RSMAS pers. comm.). 
periodic cross-shelf transport of crab larvae by such 
physical processes has been demonstrated recently in 
the Florida Keys (Leichter et  al. 1998). and evidence 
from the raw current meter records at Barbados sug- 
gest that internal tides rnay be fairly common in this 
region as well (K. Lwiza, SUNY at Stony Brook pers. 
comm.). Therefore, in response to nearshore settle- 
ment (chemical) cues flowing offshore on ebb tides, 
megalopae rnay actively swim or be transported 
onshore by internal tides. 

The maximum daily tidal range does not appear 
to influence majid settlement as determined by the 
negative relationship between these 2 parameters. 
Although majids generally settle on intermediate to 
minimum amplitude tides, a combination of ebb tides 
and darkness appear to cue this settlement pattern 
rather than solely tides. Indeed, Shanks (1998) found 
no significant tidal influence on settlement of a tem- 
perate coastal, subtidal majid species. 

Settlement of other postlarvae to Barbados, however, 
was most correlated with the maximum daily tidal 
range. Both the Xanthidae and Grapsidae postlarvae 
were negatively correlated with the maximum tidal 
range with a several day lag, consistent with settle- 
ment during intermediate to minimum amplitude tides. 
Relative darkness does not play a role in the timing of 
settlement. At this time, it is unknown why relative 
darkness is less important for these taxa, although cer- 
tainly the singular importance of tides is evident in 
other behaviors of these species. For instance, the tim- 
ing of larval release for grapsids (which are generally 



168 Mar Ecol Prog Ser 

i.ntertida1) and some xanthids is cued to the tidal cycle, 
with production occurring on maximum amplitude 
tides (Forward 1987, Morgan & Christy 1994). 

The settlement of all postlarvae was weakly corre- 
lated tvith the influence of wind. This relationship is 
not unusual given that postlarvae at Barbados are gen- 
erally found at depth (N. R.  & Cowen unpubl. data). In 
addition, patterns of wind over the duration of the 
study did not vary significantly, even when tropical 
storms and hurricanes passed nearby (although always 
north of Barbados; N. R. pers. obs.). 

Settlement also was not strongly related to any com- 
ponent of the tidal or large-scale flow measured by the 
current meter. Although Grapsidae postlarvae were 
negatively correlated with the north-south tidal trans- 
Port during each current meter deployment, the lags 
were opposing between deployments. However, the 
oceanography surroiinding Barbados is complex, with 
evidence of periodic low-salinity intrusions and eddies 
influencing the area during the study penod (Kelly et 
al. in press). This complexity rnay contnbute to the 
noise exhibited in the current meter record and the 
lack of significant correlations between patterns of 
settlement and vanous components of the flow regime. 
Because of this variability, however, brachyuran crabs 
at oceanic islands such as Barbados rnay have become 
adapted to more predictable environmental cues in- 
volving the tidal and light-dark cycles. In fact, at Bar- 
bados, brachyuran crabs appear to be using similar 
proximate environmental cues as reef fishes at settle- 
ment (Sponaugle & Cowen 1996a, 1997). A diversity of 
fishes collected in light traps also settle to nearshore 
reefs dunng the third quarter moon and minimum 
amplitude tides (Sponaugle & Cowen 1996a, 1997). 

In Summary, the overall abundance of larval 
brachyuran crabs at Barbados cycles with the penodic- 
ity of moon-illuminated ebb tides. As a result, first- 
Stage zoeae peak during the first quarter moon and 
minimum amplitude tides. Because larval abundances 
are associated with minimum amplitude tides, and 
because east-west tidal flow is minimal with respect to 
the north-south flow, transport offshore rnay be limited 
to just off of the nearshore reefs or within the fnnging 
bank reef offshore. The strongly flowing north-south 
component of the currents rnay then entrain larvae 
causing them to 'swash' up and down the coast dunng 
development. Once competence is attained, subtidal 
megalopae (i.e. majids) rnay detect reef-based cues 
from ebb tides and either swim onshore actively dunng 
intermediate to minimum amplitude tides or rnay be 
transported across the narrow shelf distance by cycli- 
cal ocean.ographic processes. Settlement occurs on rel- 
atively da.rk ebb tides during the third quarter moon 
and minimum amplitude tides. For intertidal or subti- 
da1 species found just below the low tide water line (i.e. 

grapsids, and some xanthids), relative darkness 
appears to be less important and entrainment of the 
tidal amplitude cycle likely determines the Pattern of 
settlement. 

Further work is needed to couple offshore larval dis- 
tributions with nearshore patterns of production and 
settlernent to understand the timing of reproduction 
and the pelagic life cycle of tropical brachyuran crabs. 
Additional data on the vertical positioning of larvae in 
the water column, coupled with concurrent physical 
measurements will enhance our understanding of the 
biological and physical mechanisms governing the 
recruitment dynamics of tropical brachyurans. 
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