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Plasticity in reproductive timing by crabs in 
adjacent tidal regimes 

Steven G .  Morgan* 
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ABSTRACT: Tidal variation may cause reproductive timing by fiddler crabs Uca pugilator (Bosc) to 
vary geographically and seasonally. Fiddler crabs in a semidlurnal tidal regime along the Atlantic coast 
of the USA were previously shown to release larvae synchronously during maximum ampl~ tude  
evening high tides near new and full moons throughout the reproductive season. In the present study, 
fiddler crabs in a diurnal tldal regime on the Gulf coast of the USA released larvae during internledlate 
amplitude flood tldes near dawn regardless of lunar phase throughout most of the reproductive season. 
Late in the summer, peak larval release occurred near maximum amplitude high tides as on the 
Atlantic coast. In a mixed semidlurnal tidal regime on the Gulf coast, peak larval release by flddler 
crabs occurred during Intermediate amplitude high tldes near dawn, but biweekly period~city was 
weak late in the reproductive season. Intraspecific variation in reproductive timing arose because noc- 
turnal maximum high tides dld not occur along the Gulf coast during most of the summer, but these 
tides returned during late summer In the diurnal tidal regime. Reproductive timing changed concomi- 
tantly with changing phase relationships of tides with light-dark and lunar cycles. Variation in repro- 
ductive timiny is phenotypic because crabs thdt were translocated reciprocally between diurnal and 
mixed semidiurnal tidal regimes entrained to the timing patterns of local crabs. A hierarchy of rhythms 
regulating reproductive timing was revealed by the degree to which larval release kept phase with 
lunar, tidal amplitude, tidal and light-dark cycles. These hierarchies enabled crabs to trnck phase shifts 
of cycles in variable tidal environments and may enhance mcdn reproductive succrss throughout the 
range of the specles 
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INTRODUCTION 

Activities and physiologies of many coastal marine 
animals are synchronized with the rise and fall of 
tides, including locomotion, foraging, courtship, mat- 
ing, spawning, hatching, larval swimming, settlement, 
respiration and pigment migration (Palmer 1974, 
1990, Cibson 1978, DeCoursey 1983, Morgan 1995 for 
reviews) Oscillations in tides often are tracked en-  
dogenously, thereby enabling organisms to anticipate 
and reliably time these activities (Palmer 1974, 1990, 
DeCoursey 1983, Forward 1987, Giese & Kanatani 
1987). Tidal and tidal amplitude rhythms are  en- 
trained by cues that are associated with tides, such as 
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salinity, temperature, hydrostatic pressure, vibrations 
and  moonlight (Palmer 1974, DeCoursey 1983, For- 
ward 1987, Giese & Kanatani 1987). The tidal cycle 
refers to the semidaily or daily cycle of high and  low 
tides, and the tidal amplitude cycle is the biweekly 
cycle of daily differences in the height of high and 
low tides that is usually synonymous with the spring- 
neap cycle. Coasta.1 animals also commonly track 
changes in the light-dark cycle (Palmer 1974, 1990, 
DeCoursey 1983, Giese & Kanatani 1987, Morgan 
1995). Thus, circatidal (usually about 12.4 h but some- 
times about 24.8 h) ,  circadian (about 24 h) and  circa- 
semilunar (about 14.8 d )  rhythms in reproduction and  
behavior often are  entrained by tidal, light-dark, tidal 
amplitude and lunar cycles. 

The timing of activities may vary along coastlines, 
because species may range through several tidal en- 
vironments. The periodicity, phasing and range of 
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tides differ geographically (Table l ) ,  which neces- 
sarily causes the timing of tidally timed activities to 
change relative to light-dark and lunar cycles (Barn- 
well 1976, Neumann 1986, Morgan & Christy 1994). 
Along the Atlantic coast of the USA, semidiurnal 
(2 tidal cycles per day) tides prevail, and the phase 
relationship between the tides and the light-dark 
cycle varies with a predictable semilunar period 
throughout the year Large amplitude tides peak near 
dusk on new and full moons year round. All along this 
coast fiddler crabs Uca pug~lator (Bosc) release larvae 
during early evening maximum amplitude high tides 
near new and full moons throughout the summer 
(Christy 1982, Salmon et al. 1986, Hovel 1995). There- 
fore, reproduction by fiddler crabs along this coast 
may be timed endogenously by as many as 4 environ- 
mental cycles (light-dark, tldal, tidal amplitude, lunar) 
(DeCoursey 1979, 1983, Bergln 1981, Salmon et al. 
1986). 

Along the northern Gulf of Mexico, mixed semidiur- 
nal (usually 2, but sometimes 1 tidal cycle per day), 
diurnal (1 tidal cycle per day) mixed diurnal (usually 1, 
but sometimes 2 tidal cycles per day) tides occur. This 
tidal variation arises due to the geometry of the Gulf of 
Mexico and the dominance of the declination of the 
moon over planetary alignment (synodic 'lunar' cycle) 
in tidal forcing (Table 1). The dominance of the lunar 
declination cycle is apparent because maximum ampli- 
tude high tides coincide with new and full moons dur- 
ing some months and quarter moons during other 
months (Fig. 1). During most of the summer in the diur- 
nal tidal regime, maximum amplitude high tides 
always occur during the afternoon when the moon is 
over the Tropics of Cancer and Capricorn. When the 
moon crosses the equator, a second high tide arises 
early in the morning and tidal amplitudes are minimal. 
After the moon crosses the equator 1 to 2 d later, the 
early morning peak becomes dominant. This means 
that low tide rather than hlgh tide now occurs dunng 
late afternoon. Therefore a 12 h phase shift in the time 
of high tide occurs and peak high tides always occur in 
daylight. Late in the summer the situation is reversed 
and high tides peak during darkness until the follow- 
ing spring 
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Fig. 1. Daily nocturnal (-) and d~urna l  ( -  - - - )  predicted high 
tide relative to lunar phase (@ and 0 represent new and full 
moons, respectively) in the diurnal and mixed semidiurnal 
tidal regimes a t  St. Joseph Bay and Florida State Marine Lab- 
oratory at Turkey Point in northwestern Florida during 1989. 
Maximum amplitude high tides occurred during the day in 
both tidal regimes. Nocturnal high tides pnmarily occurred 
near nlininlum amplitude tides through0u.t most of the study 
period In the diurnal tidal regime, and they occurred during 
larger amplitude tides in the mixed semidiurnal tidal reglme. 

See Fig. 2 for location of study sites 

Reproductive timing by fiddler crabs in the diurnal 
tidal regime is unknown, but changes in the phasing of 
the several entraining environmental cycles ensure 
that larval release will not occur at the same time as in 
the semidiurnal tidal regime. Because maximum 
amplitude high tides do not occur at night in this tidal 
regime throughout most of the reproductive season, 
reproductive timing by fiddler crabs must change rela- 
tive to at least one of the entraining environmental 
cycles. Peak larval release may occur either during 
(1) maximum amplitude high slack tides in the daytime 
(light-dark phase shift), (2) minimum amplitude high 
slack tides before dawn (biweekly phase shift) or 
(3) intermediate amplitude flood tides near dawn (bi- 
weekly and tidal phase shifts). Furthermore if the tidal 
amplitude cycle entrains biweekly periodicities, then 

Table 1. Periodicities of 4 environmental c y c l ~ s ,  tidal ranges and dominant forces controlling tides in 3 tidal regimes along the 
Atlantic and Gulf coasts of the USA (see Barnwell 1976 for review) 

Tidal regime Period of environmental cycles Tidal range Dominant tldal force 
Light-dark (h) Tidal cycle (d)  Tidal amplitude (d) Lunar (d] (m]  

Semidiurnal 24 12.4 14.8 29 5 0.9-3.7 Synodic cycle 
Mixed semldiurnal 24 Mostly 12.4 13.7 27.3 0.5-1.0 Lunar declination 
Diurnal 24 24.8 13.7 27.3 0.7-1.0 Lunar declination 
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crabs should keep phase with the tidal amplitude 
rather than the lunar cycle when the 2 cycles are out of 
phase (Chi-isty 1978, Morgan & Christy 1994). Seasonal 
variation in reproductive timing also may arise when 
nocturnal maximum amplitude high tides return late in 
the summer. At this time, the phasing of environmental 
cycles is the same as on the Atlantic coast, and repro- 
ductive timing by fiddler crabs on the 2 coasts should 
be similar. 

The mixed semldiurnal tidal environment is similar 
to that of the adjacent diurnal tidal regime, except that 
the diurnal inequality in the height and interval be- 
tween the 2 daily high tides is not sufficiently large to 
obscure one of the peaks As in the diurnal tidal envi- 
ronment, maximum amplitude high tides occur in day- 
light and the largest amplitude nocturnal high tides oc- 
cur several days away during summer. Fiddler crabs in 
this tidal regime released larvae near minimum an~pl i -  
tude tides and quarter moons (Christy 1978). 

The timing of reproduction by other species of crabs 
and marine insects has also been associated with 
changing relationships of tides to light-dark and lunar 
cycles along coastlines (Neumann 1986, Morgan & 
Christy 1994). Marine midges appear to have adapted 
genetically to local tidal conditions (Neumann 1966), 
whereas reproductive timing by crabs may be pheno- 
typically plastic (Morgan & Christy 1994). Reproduc- 
tive timing withln populations of crabs changed tem- 
porally in a mixed semidlurnal tidal regime on the 
Caribbean coast of Panama, where the phasing of 
entraining environmental cycles changed during the 
year. A hierarchical arrangement of endogenous 
rhythms was proposed that show how crabs are able to 
track complex changes in phase relationships among 
environmental cycles. Hierarchies of rhythms were 
revealed by the degree to which larval release re- 
mained in phase with each environmental cycle. Spe- 
cies that tracked tides throughout the year, necessarily 
released larvae at different times of the light-dark and 
lunar cycles. Conversely, specles that kept phase with 
the light-dark cycle released larvae at different phases 
of the tldal and t~da l  amplltude cycles This flexible 
timing system may increase mean repioductlve suc- 
cess across tidal environments although survival of 
newly hatched larvae may vai y 

The first 2 objectives of this study were to determine 
whether reproductive timing by fiddler crabs differed 
in diurnal mixed semidiu~nal and semidiurnal tidal 
reqlmes alonq the Gulf and Atlantic coasts of the USA 
and whether it also changed seasonally along the Gulf 
coast The third objective was to determine whether 

ing environmental cycles may indicate the relative 
dominance of rhythms controlling it. In either case, 
geographic and seasonal variation In reproductive tim- 
ing may result In variable survival of newly hatched 
larvae across the range of fiddler crabs. 

METHODS AND MATERIALS 

Field sites. The timing of larval release by Uca puyi- 
lator was determined in adjacent diurnal and mixed 
semidiurnal tldal regimes along the northwestern 
coast of Florida duiing the summers of 1989 and 1990 
Studies in a diurnal tidal environment were conducted 
at Presnell's Fish Camp, which is located on St Joseph 
Bay (SJB), and studies In a mixed semidiurnal tidal 
environment were conducted 95 km away at Florida 
State University Manne Laboratory (FSU) at Turkey 
Point (Fig 2) 

Determining the timing of larval release in adjacent 
tidal regimes. The tlming of larval release was deter- 
mined from 15 to 28 Apnl and from 19 May to 26 Sep- 
tember at SJB and from 19 June to 24 September at 
FSU in 1989 Ovigeious (egg-bearing) females were 
dug f~ om buri ows near the high tide line, Uca panacea 
(Salmon) and other species of fiddler crabs carefully 
were excluded from collections Ovlgerous females 
were held individually In compartments (4 5 X 4 X 4 cm) 
of plastic trays at amblent seawater and light condl- 
tlons All ovigerous females were held in flowthrough 
seawater tables in an  outdoor pavilion at FSU Crabs 
were checked daily for larval release when seawater 
was changed, and ovigers were not fed 

This method yields a c c u ~ a t e  estimates of hatching 
patterns relative to lunar and tidal amplltude cycles as 
long as crabs are maintained at ambient conditions, 

because the date of larval release 1s deteimlned once 
eggs are spawned The date that ovlgerous crabs are 
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the expected changes in reproductive timing were 
Fig 2 Study sites in diurnal and mixed semidiurnal tidal 

phenotypic' If timing 'labs is regimes a]ong the coast of northwestern Florida: St Joseph 
phenotypically plastic, then the degree of variation in Bay (SJB) and Florida State Marine Laboratory lFSUl at  ' .  . 
the timing of larval release relative to several entrain- Turkey Point 
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collected does not affect the timing of larval release as 
long as incubation periods are approximately 2 wk 
long or larvae are  released quite synchronously. This 
was confirmed here and in previous studies (De- 
Coursey 1983, Morgan & Christy 1994, 1995) by com- 
paring hatching patterns in trays to those determined 
in situ. Numbers of ovigerous females collected and 
collection dates are  presented in Table 2. 

To determine whether crabs released larvae in dark- 
ness or light, trays were checked for larvae shortly 
after sunrise and before sunset until eggs of all females 
hatched. The timing of larval release relative t.o the 
tidal cycle was not determined by this method because 
this is best done in situ where tides reinforce rhythms 
(Morgan & Christy 1994. 1995). 

Translocation and field experiments. By July it had 
been established that reproductive timing by fiddler 
crabs differed at  SJB and FSU, and crabs were translo- 
cated reciprocally between sites on 5 August to deter- 
mine whether or not local rhythms would be entrained. 
Translocated crabs were held in pens that were 1.3 m 
high, 3 m wide and 6 or 11 m long. Pens extended from 
1 m above the high tide line to 1 m below the low tide 
line. Pens were shorter at  SJB because the shore was 
steeper than at  FSU. Long pens were necessary, 
because most reproductively active fiddler crabs reside 
and release larvae near high water lines and forage 

throughout intertidal zones during low tides. Pens 
were constructed of 1.3 m rebar posts and 2.5 cm wire 
mesh. The wire mesh was covered with thick trans- 
lucent sheets of plastic that extended from 0.5 m below 
ground to 1 m above ground to prevent crabs from 
entering or leaving pens by burrowing or climbing. A 
15 cm strip of aluminum flashing surrounded the tops 
of pens to further ensure that crabs did not climb over 
the fence. 

Pens were dug on 3 consecutive days beginning 
on 2 August to clear them of crabs. A total of 3425 

(190.3 m-') and 1210 (36.7 m-2) crabs werc dug from 
pens at SJB and FSU, respectively, at a sex ratio of 
approximately 1 : l  These crabs were held in drained 
outdoor seawater tanks at  FSU. Sediment from each 
site was added to the bottom of tanks to allow these 
deposit-feeding crabs to feed and burrow. The flow of 
seawater through the tanks was adjusted to a trickle to 
keep the sediment moist. On the fourth day crabs were 
added to pens at  a 1:l  sex ratio. All crabs that were dug 
from the pen at FSU were placed in the pen at  SJB, and 
only about one-third of the crabs dug from SJB were 
added to the pen a t  FSU. 

Two weeks after crabs were placed in pens, 100 
ovigerous females were removed from each pen and 
100 ovigers were dug from outside of the pens at each 
site (400 crabs total). Half of the crabs were held sepa- 

Table 2 Uca pug~lator  Tlrnlng of larval release (d + l SD) relat~ve to new and full moons (0) and tldal arnpl~tudes ~n diurnal and 
mixed sernidlurnal tidal reglrnes along the coast of NW Florida dunng 1989 Tlmlng relative to maxlrnum ampl~tude tides (MAT) 
and the largest amplitude high tldes at night (NLAT) are repolted for the d~urnal  and rnlxed sern~d~urnal  tidal regimes respec- 
tively The tlme (h) of predicted hlgh tlde on the date of peak hatchlng also IS reported Dawn occurred at approximately 06.00 h 
from May through July and at 06:30 h in August and September. Dates of biweekly sampling periods are given for determining 
timing of larval release relative to tidal amplitude, which cycles every 14 d, and dates differ slightly for the lunar cycle, which has 
a 15 d periodicity. A11 values of Rayleigh's r-statistic were highly significant (p  < 0.001), except where "p < 0.01 or "'p > 0.05 

Tidal regime Lunar 
Date 

Diurnal 
15 Apr-28 Apr 
19 May- l Jun 
5 Jun-18 Jun 

19 Jun-2 Jul 
3 Jul-16 Jul 

19 Jul-l Aug 
2 Aug-15 A u ~  

16 Aug-29 A u ~  
30 Aug-12 Sep 
13 Sep-26 Sep 

Mixed semidiurnal 
19 Jun-2 Jul 
3 Jul-16 Jul 

17 Jul-30 JuI 
31 Jul-13 A u ~  
14 Aug-27 Aug 
28 Aug-l0 Sep 
11 Sep-24 Sep 

T~da l  amplitude Hlgh tide 

4 < MAT 
5 <MAT 
I <MAT 
6 <  MAT 

MAT 
2 c MAT 
2 < MAT 
4 < MAT 
2 < MAT 
2 < MAT 

NLAT 
NLAT < 1 
NLAT 

2 < NLAT 
1 < NLAT 

NLAT < l 
NLAT < 2 
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rately in trays in the laboratory as described above. 
Following the methods of Morgan & Christy (1994, 
1995), the remaining crabs were placed inside 4 bot- 
tomless rectangular wooden boxes (100 x 50 X 40 cm) 
that were buried 24 cm deep and anchored in the mid- 
intertidal zone, where they were inundated daily by 
high tides. Local and translocated crabs were isolated 
in 2 boxes at each site. The walls and clear Plexiglas 
lids of boxes were perforated and screened with 
153 pm mesh Nitex cloth. An 18 m pump hose (3.8 cm 
inner diameter) was connected to one end of each box. 
The opposite end of these hoses were attached to 
manual diaphragm pumps (approximately 4 1 stroke-') 
that were positioned above the high tide line at both 
sites. Each pump discharged through a hose into a 
10 cm diameter plankton net (153 pm mesh) that was 
mounted in a holding tank. Newly hatched larvae 
were collected by pumping enough seawater through 
the screened openings to replace the seawater inside 
the tank and suction hose several times over (100 
strokes). Immediately thereafter, hoses were discon- 
nected from pumps, and those hoses attached to the 
second boxes were connected to pumps, and the 
pumping process resumed at each site. Collections 
were taken from both sets of boxes every 30 min, 
beginning when seawater covered the suction hoses 
and ending when the suction hoses were exposed 
again. A tidal gauge located by the boxes was used to 
measure tidal height every 30 min during a pumping 
cycle. 

The timing of larval release by local and translocated 
crabs at each site was determined concurrently for 2 wk 
until all females released larvae. Then 80 to 100 more 
ovigerous females, depending on availability, were dug 
biweekly from each pen and surrounding natural popu- 
l a t ion~  to replace crabs in boxes twice more during the 
next 4 wk. Crabs were replaced biweekly because the 
incubation perlod of Uca pugilator 1s about 13 to 14 d ,  
and all crabs release larvae by this time. 

The amount of larvae released by crabs during each 
30 min period at SJB was measured volumetrically in 
graduated test tubes. This technique could not be used 
for samples obtained from FSU because samples were 
contaminated with detritus. Instead the number of lar- 
vae was determined by counting larvae in aliquots 
beneath a dissecting microscope. 

In late September, the pen at SJB was reinforced with 
0.6 cm Vexar mesh and new plastic sheeting so that the 
integrity of the translocated population would be main- 
tained until the following spring. The timing of larval 
release by translocated crabs and the surrounding pop- 
ulation was determined for 2 wk beginning on 3 June 
1990 by holding crabs in trays as described above. The 
pen was disturbed after 2 wk, which allowed crabs to 
enter the pen,  and the experiment was discontinued. 

Data analysis. Data were divided into 14 and 15 d 
periods, because tidal amplitude cycles with the decli- 
nation of the moon twice each tropical month (27.32 d )  
and new and full moons occur each lunar month 
(29.53 d) .  Rayleigh's r-statistic was used to detect 
peaks in timing of larval release relative to lunar and 
tidal amplitude cycles (Batschelet 1981). This test is 
appropriate for analysis of biological rhythms when 
periods of cycles are predetermined. The test com- 
pared the magnitude of the r-statistic, which is a mea- 
sure of the temporal concentration of release times 
ranging from 0 to 1, to that expected if crabs released 
larvae uniformly during a given physical cycle. If the r- 
statistic was significantly large, then the mean angle 
and angular deviation of the distribution identified the 
peak time and dispersion of larval release (reported as 
*l  SD in Tables 2 to 5).  Biweekly tests were conducted 
to determine whether reproductive timing changed 
during the reproductive season. The timing of larval 
release changed geographically and seasonally rela- 
tive to the lunar cycle, suggesting that the moon did 
not entrain biweekly rhythms of reproduction. There- 
fore, the timing of larval release was reported relative 
to the tidal amplitude rather than the lunar cycle dur- 
ing translocation experiments. The G-test determined 
whether more females released larvae during the day 
or at nlght (Sokal & Rohlf 1981). 

The Watson-Williams test determined whether re- 
productive timing by crabs taken from natural popu- 
l a t ion~  differed in diurnal and mixed semidiurnal tidal 
regimes (Batschelet 1981). The number of days sepa- 
rating the time of peak larval release from maximum 
amplitude tides and new and full moons in these tidal 
regimes indicated whether larval release was better 
synchronized with the tidal amplitude or lunar cycle. 
The G-test determined whether the number of females 
releasing larvae during daylight and darkness differed 
between tidal regimes (Sokal & Rohlf 1981). These 2 
tests were also used to detect differences in reproduc- 
tive timing by translocated and local crabs. 

RESULTS 

Timing of larval release in two tidal regimes 

The tinling of larval release by Uca pugilator dif- 
fered in diurnal and mixed semidiurnal tidal regimes. 
Biweekly peaks of larval release in the diurnal tidal 
regime corresponded with minimal release in the 
mixed semidiurnal tidal regime (Fig. 3).  In the diurnal 
tidal regime, larval release relative to lunar and tidal 
amplitude cycles was asynchronous in April, early in 
the reproductive season as has been described previ- 
ously in other tidal regimes (Wheeler 1978, Christy 
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did not change as much during the re- 
productive season as it did in the diurnal 
tidal regime, in which the study period 
was longer and hatching was more syn- 
chronous (see also 'Reciprocal transloca- 
tion experiments'). Larval release rela- - 

5 tive to lunar and tidal amplitude cycles 

a 0 Z F became less synchronous in August. The 
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timing of peak larval release relative to 
the light-dark cycle also would have dif- 
fered between the 2 tidal regimes dnr- 
ing July and August when peak larval 
release would have occurred on high 
tides shortly before dawn at  the mixed 
semidiurnal site. A seasonal shift likely 
occurred in September when peak lar- 
val release would have occurred earlier 
at n ~ g h t ,  as was observed in the diurnal 
tidal regime. 

Despite differences in the timing of 
Fig. 3. Uca pugilator. Number of crabs releasing larvae relative to predicted 
lunar and tidal amplitude cycles in diurnal and mixed semidiurnal tidal larva' in the the 
regimes along the coast of northwestern Florida in 1989. Sampling was percentage of larvae released during 
conducted from 15 to 28 April and from 19 May to 26 September in  the dlur- daytime and nighttime was similar (G = 
nal tidal regime and from 19 June to 24 September in the mixed sem~diurnal 0.78; df = 1 , 2 ;  p , 0.05); most females 
tldal regime. See Table 2 for sample sizes and collection dates. Symbols as in 

Fig. 1. Shaded areas indicate no data released larvae at  night in both tidal 
regimes. In the diurnal tidal regime, 
93 % of females released larvae at  night, 

1982). Thereafter, biweekly peaks in larval release and 88% of females released larvae at night in the 
generally occurred several days before maximum m ~ x e d  semidiurnal tidal regime. This is consistent with 
amplitude tides during tides of intermediate amplitude the predicted timing of larval release relative to high 
(Table 2) Peak larval release relative to lunar phase tide in the mixed semidiurnal tidal regime, in which 
changed during the reproductive season. Early in the most females would have released larvae on high tides 
reproductive season, most females released larvae sev- before dawn (Table 2).  It also is consistent with the pre- 
era1 days before new and full moons, and by the end of dicted timing of larval release relative to high tide in 
the season peak larval release occurred several days the diurnal tidal regime from mid-August through 
after new and full moons. The timing of larval release September, when high tides also occurred before 
relative to the light-dark cycle also would have dawn. However, it is not consistent with larval release 
changed during the reproductive season, assuming earlier in the reproductive season when peak larval 
that females released larvae near high tide as they do release would have occurred on high tides after dawn 
on the Atlantic coast. To release larvae on hlgh tide, at the di.urna1 site. This suggests that larval release 
females would have released larvae about 2 h after occurred during late flood tides in darkness rather than 
dawn from May through July, and thereafter they near high slack tide in daylight. 
would have released larvae progressively earlier in the 
day. In August, peak larval release would have 
occurred within 30 min of dawn, and in September it 
would have occurred 1 to 2 h after midnight. Reciprocal translocation experiments 

In contrast to the timing of larval release in the d ~ u r -  
nal tidal regime, females in the mixed semidiurnal Intraspecific differences in the timing of larval release 
tidal regime released larvae several days after maxi- by crabs in the 2 tidal regimes may be induced environ- 
mum amplitude tides (Fig 3, Table 2). The largest am- mentally. In the laboratory, the timing of peak larval re- 
plitude nocturnal high tides occurred at this time. Peak lease by crabs that were translocated from the mixed 
larval release relative to the lunar cycle also differed in sernidiurnal to the durnal  tidal regime differed from that 
the mixed semidiurnal tidal regime, where it generally of local crabs for a s  long as 6 wk after translocation 
occurred 3 to 5 d after new and full moons. The timing (Fig. 4 ,  Table 3).  However, the timing of larval release 
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was very similar between local and translocated crabs by 
the following year, clearly showing that crabs eventually 
entrained local hatching rhythms. Furthermore, the 
timing of peak larval release by crabs that were trans- 
located from the diurnal to the mixed semidiurnal tidal 
regime was similar within 2 mo of translocation. 

In the field, the timing of peak larval release by 
local and translocated crabs at the diurnal site was 
more alike than it was for crabs held in the laboratory, 
suggesting that tidal rhythms were still being en- 
trained after crabs were collected (Fig 5, Table 4). 
Biweekly peaks in larval release occurred only 1 d 
apart throughout the study period. Furthermore, the 
distributions were not significantly different during 2 
of the 3 biweekly periods. The timing of larval release 
relative to high tide initially differed by less than 
30 min during the 24.8 h tidal cycle (Fig. 6, Table 4 ) .  
By the end of the experiment, translocated crabs re- 
leased larvae 1 h after high tide as did local crabs, 
while local crabs in the mixed semidiurnal tidal 
regime released larvae at  high tide throughout the 
study period (Table 5). However, the distribution of 
larval release over the lengthy tidal cycle differed 
throughout the study period. The timing of larval 
release relative to the light-dark cycle was similar by 
translocated and local crabs, although the time of day 
that translocated and local crabs released larvae dif- 
fered by 1 h throughout the study period (Fig 7, 
Table 4 ) .  Both translocated and local crabs released 
larvae in darkness shortly before dawn, but peak lar- 
val release by translocated crabs occurred 1 h earlier 
in the day than by local crabs. Local females released 
69 % of larvae before dawn (06:30 h),  80.3 O/o of larvae 
were released by 07:OO h and 98.1 % were released by 
08:30 h.  Translocated females released 85.7 % of lar- 
vae before dawn, 91.2% were released by 07:OO h and 
96% were released by 08:30 h.  

25 Diurnal 
4 I I 80 

20 Translocaled from mixed semidiurnal to diurnal 80 

,0 Translocared from d~urnal to mixed sem~drurnal 150 
l0  0 

Flg. 4. Uca pugilator Number of local and translocated crabs 
releasing larvae relative to predicted lunar and tidal ampli- 
tude cycles in the laboratory. Ovigerous females were col- 
lected from a diurnal tidal regime at  St. Joseph Bay and a 
mixed semidiurnal tidal regime a t  the Florida State Marine 
Laboratory the coast of northwestern Florlda and were 
translocated reciprocally between sites on 5 August 1989. See 
Table 3 for sample sizes. Shaded areas indicate no data. See 

F ~ g s .  1 & 3 for other symbols 

Table 3. Uca puglldtor. Timing of larval release (d t 1 SD) by local and translocated crabs relative to tidal amplitude cycles in the 
laboratol-y. Crabs were collected from a dlurnal tidal regime near St. Joseph Bay and a mixed semidiurnal tidal regime at the 
Florida State Marine Laboratory and were translocated reciprocally between sites on 5 August 1989. Larval release relative to 
maximum amplitude high tide (MAT) is reported from 17 August to 12 September 1989 and from 3 to 16 June  1990 for crabs a t  
the diurnal site, and relative to amplitude high tides at night (NLAT) from 16 August to 26 September 1989 for crabs from the 
m ~ x e d  semidiurnal site. All values of Rayleigh's r-statistic are significantly different (p  < 0.05), except where  indicated by "' Wat- 
son-Williams' F-statistic tested for significant differences ( ' p  < 0.05; "p < 0 01; " ' p  < 0.001) in the timing of larval release in the 

2 tidal regimes 

Tidal regime Date Diurnal crabs Mixed semidiurnal crabs 
Timing SD n r T i m ~ n g  SD n r F 

Diurnal 17 Aug 1989 MAT 2.2 54 0.53 5 < M A T  2.5 52 0.35 52.75"' 
28 Aug 1989 3 <MAT 2.1 88 0.57 7 < M A T  2.5 91 0.37 131.60"' 

3 Jun 1990 2 <MAT 2.2 105 0.62 2 < MAT 2.7 59 0.48 0.60 

M ~ x e d  17 Aug 1989 1 < NLAT 2.5 56 0.37 1 < NLAT 2.9 137 0.18"' 2.67 
semidiurnal 28 Aug 1989 NLAT < 2 2.9 38 0.16"' 1 < NLAT 2.6 100 0.31 5.46' 

11 Sep 1989 2 < NLAT 2.4 23 0.42 1 < NLAT 2.2 53 0.53 2.76 
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25 Diurnal 
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Fig. 5. Uca pugilator. Volume or number of larvae released by 
local and translocated crabs relative to lunar and tidal ampli- 
tude cycles in the field from 6 August to 16 September 1989. 
Ovigerous females were collected from a diurnal tidal regime 
at St. Joseph Bay and a mixed semidiurnal tidal regime at the 
Florida State M a r ~ n e  Laboratory along the coast of north- 
western Florida and were translocated reciprocally between 
sites on 5 August 1989. 140 crabs were sampled during the 

6 wk period. See Figs. 1 & 3 for symbols 

Diurnal Site 
8 Diurnal Crabs Mtxed Sam~diurnsl Crabs 

6 .19Aug v l 

Time 

Fig. 6. Uca pugilator. Volume of larvae released every 30 min 
by local and translocated crabs relative to high tide (inverted 
triangle) in a diurnal tidal reglme on the coast of northwestern 
Florida from 6 August to 16 September 1989. Ovigerous 
females were collected from a mixed semidiurnal tidal regime 
at the Florida State Marine Laboratory and were translocated 
to the diurnal tidal regime at St. Joseph Bay on 5 August 1989. 
140 crabs were sampled during the 6 wk period. See Figs. 1 & 

3 for symbols 

Table 4. Uca pugilator. Timing of larval release by local and translocated crabs relatlve to tidal amplitude, tidal and light-dark 
cycles for 6 wk (6 August to 16 September 1989) in a diurnal tidal regime near St. Joseph Bay. Translocated crabs werc collected 
from a mixed semidiurnal tidal regime at Florida State Marine Laboratory. Fifty local and translocated crabs each were sampled 
dunng the first 2 biweek1.y periods, and 40 were sampled during the third period. Larval release relative to maximum amplitude 
h ~ g h  tldes (d from MAT + 1 SD), high slack tlde ( h  from HT + 1 SDI and time of day (h  r 1 SD) 1s reported. Dawn occurred about 
06 30 All values of Rayleigh's r-statistic are hlghly slgn~flcantly different (p < 0.001). Watson-Will~ams' F-statistic tested for sly- 

nificant differences ( ' ' p  < 0.01. "p < 0 001) in the timing of larval release in the 2 tidal reglmes 

Diurnal site Diurnal crabs (local] Mixed semidiurnal crabs (translocated] 
Cycle Date Timing SD r Timing SD r F 

Tidal 6 Aug 3 < MAT 1.9 0.64 4 < MAT 2.3 0.48 3.65 
amplitude 20 Aug MAT 2.0 0.59 1 <MAT 2.5 0.37 30.01 "' 

3 Sep 1 < MAT 2.8 0.53 2 < MAT 1.9 0.61 2.85 

Tidal 6 Aug 0.5 < HT 1.9 0.51 HT 2.2 0.35 10.71 " 
20 Aug HT < 0.5 2.8 0.57 HT 1.9 0.54 43.05 "' 
3 Sep H T <  1 2.0 0.44 H T <  1 1.9 0.50 9.61" 

Light-dark 6 Aug 05:30 2.1 0.85 04:30 2.7 0.75 143.60"' 
20 Aug 05:OO 3.1 0.67 04:30 2.9 0.71 53.33"' 

3 Sep 04:30 3.1 0 6 7  03:30 2.6 0.78 107.78"' 
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At the mixed semidiurnal site, the Diurnal Site 
timing of larval release by local 

10 Diurnal Crabs 10 Mixed Semidiurnal Crabs 
crabs in the field was asynchronous 
throughout the study pel-iod (Fig. 5, 8 8 
Table 5). Translocated crabs released 
larvae quite synchronously during 6 6 

the first biweekly pe r~od ,  but they 
also released larvae asynchronously 4 4 

by the end of the experiment. Fur- 
2 

thermore, peak larval release by 
translocated crabs changed from o o 
occurring 7 d after large amplitude 8 

nocturnal high tides to occurring near r 
E these tides, when most local females -6 6 
U 

released larvae (Table 5) .  As with the 
tidal amplitude cycle, the timing of 4 4 

larval release by translocated and 
local crabs relative to the tidal cycle g 2  2 

became increasingly similar (Fig. 8, 
Table 5). Local females released most 0 
larvae during high tide throughout 10 10 

the study period, but translocated 
females initially released larvae 1 h 8 

before high tide. By the end of the 
6 6 

experiment, larval release by translo- 
cated females peaked during high 4 4 

slack tides and was not significantly 
different from that of local females. 2 2 

As in the diurnal tidal regime, larval 
release by local and translocated O 0 

crabs relative to the light-dark cycle 2400 0600 1200 1800 2400 MOO 1200 1800 
Time 

did not differ, but the exact hour of 
the day that most females released Fig. 7 Uca pugilator. Volume of larvae reledsed every 30 min by local and 

larvae remained dif. translocated crabs relative to the light-dark cycle (hour of the day) in a diurnal 
tidal regime on the coast of northwestern Florida from 6 August to 16 September 

ferent throughout the experiment 1989. Ovigerous females were collected from a mixed semidiurnal tidal regime at 
(Fig. 5). Peak larval lelease the Florida Slate Marine Laboratory and were translocated to the diurnal tidal 
by crabs from both tidal regimes ini- regime at St. Joseph Bay on 5 August 1989 140 crabs were sampled during the 
tially occurred soon after dawn in 6 wk period. Dawn occurred at about 0630 h. See Figs. 1 & 3 for symbols 

daylight and later occurred several 
hours before dawn in darkness. Local females released 
61.7 O/o of larvae before dawn (06:30 h). 75.2% of larvae 
were released by 08:OO h and 83.3 % were released by 
10:OO h.  Translocated females released 66.6 % of larvae 
before dawn, 72.9% were released by 08:OO h and 
92.7 % were released by 10:OO h. 

DISCUSSION 

Spatial and temporal variation in reproductive 
timing 

Reproductive timing by fiddler crabs on the Gulf and 
Atlantic coasts differed, and it differed for populations 
that were only 95 km apart on the Gulf coast (Table 6). 

The timing of larval release changed relative to all 4 
entraining environmental cycles between the Atlantic 
and Gulf coasts, and  it changed relative to 3 of the 4 
cycles in the 2 Gulf coast populations. Intraspecific 
variation in reproductive timing most likely arose 
because the phase relationships of entraining environ- 
mental cycles differed over the range of the species. 
Although lunar and light-dark cycles occurred at simi- 
lar times in all 3 tidal regimes, the timing of tides 
changed relative to these cycles. Because larval 
release was synchronized with the tides, the timing of 
larval release necessarily changed relative to lunar 
and light-dark cycles across tidal regimes. 

Larvae were released only at night on the Atlantic 
coast, but about 10% of females from both Gulf coast 
sites released larvae during the daytime in the labora- 
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Table 5 Uca pugllator T ~ m l n g  of larval release re la t~ve  to t ~ d a l  amplitude, tidal and hght-dark cycles by local and translocated 
crabs for 6 wk (6 August to 16 September 1989) In a mixed semld~urnal  t ~ d a l  regime at Flonda State Manne Laboratory Translo- 
cated crabs were collected from a d ~ u r n a l  tldal regime near St Joseph Bay, Flonda, In 1989 Fifty local and translocated crabs 
each were sampled dunng  the flrst 2 blweekly penods,  and 40 were sampled dunng the thlrd penod Larval release re la t~ve  to 
the largest ampl~ tude  h ~ g h  t ~ d e s  at mght (d from NLAT ? 1 SD), high slack tlde (h  from HT ? 1 SD) and time of day ( h  t 1 SD) 1s 
reported Dalun occurred about 06 30 h All values of Rayle~gh's r-stat~stlc are h ~ g h l y  s~gn~f icant ly  d~fferent (p < 0 001),  except 
where indicated by Watson-W~lliams' F-statistic tested for s ~ g n l f ~ c a n t  d~fferences ( ' p  < 0 05, "p  < 0 01, " ' p  < 0 001) In the 

tlmlng of larval release In the 2 t ~ d a l  reglmes 

M ~ x e d  site M ~ x e d  s e m ~ d ~ u r n a l  crabs (local) D~urna l  crab (translocated) 
Cycle Date T ~ m l n g  SD r Tlm~ng  SD r F 

T ~ d a l  6 Aug NLAT 3 0 0 0 7  NLAT 7 2 3 0 4 9  14 50"' 
ampl~ tude  20 Aug l < h L A T  2 9  0 18" NLAT < 2 2 3 0 45 9 95" 

3 Sep 3 < \LAT 2 9  0 17"' 2 < NLAT 2 9 0 17"' 6 0 3 '  

Tldal 6 Aug HT 1 5  0 6 2  1 < HT 0 9 0 4 3  2032"'  
20 Aug HT 1 5  0 6 3  O 5 < H T  0 9 0 45 29 88"' 

3 Sep HT 1 2  0 7 5  HT 0 8 0 62 1 1 1  

Llght-dark 6 Aug 07 00 3 2  0 6 5  07 30 2 6 0 78 8 4 1 "  
20 Aug 02 00 4 0  0 4 7  04 00 2 2 0 8 4  18 81"' 

3 Sep 03 00 3 9  0 4 8  03 00 2 7 0 7 5  2241" '  

M~xed Semidiurnal Site 
403 

Mlxed Semtdlurnal Crabs 413 D ~ u r n a l  Crabs 
6 -19 Aug v v 

30C . 

l CO 1 ,,,l ,,,, _ ; ll,llllllm" 
2GSl 

0 
2: :  - 

0 

- 
l - 

20.,2,, , , , , ,  , , , , , , , , , , -~ 

m .-. . ", I"'- 
i - 1W: 

2 :.j 
5 1 

- L  
i r n  - l 

l l 

l 

Fig 8 Uca pugllator Number of larvae released every 30 mln 
by local and translocated crabs relative to h ~ g h  tide (inverted 
tnangle) In a m ~ x e d  s e m ~ d ~ u r n a l  t ~ d a l  reglme on the coast of 
northwestern Flonda from 6 August to 16 September 1989 
Ovlgerous females were  collected from a diurnal tidal regime 
at St Joseph Bay and were  translocated to the mlxed semidl- 
urnal t ~ d a l  regime at  the Flonda State Manne  Laboratory on 5 
August 1989 140 crabs were  sampled dunng the 6 wk penod 

See F ~ g s  1 & 3 for symbols 

tory and in natural populatlons (S Morgan & S 
McAfee unpubl ) The greater proportion of larvae 
released during the daytlme in field experiments prob- 
ably was an art~fact  of experimental design Breed~ng 
population5 along the Gulf coast largely live above the 
tide line, and most females must walk to the tvaterl~ne 
to release larvae before returning to bulrows by dawn 
By holdlng crabs lower on the shore, ovlgerous females 
were Inundated by tides and the h ~ g h  tulbldity at both 
sites would have reduced light intensltles at the bot- 
tom This llkely extended larval release by these crabs 
beyond dawn In both tidal reglmes W a t e ~  was more 
turbid at the m ~ x e d  semldiurnal than the d~urna l  site, 
causlng more larvae to be released dunng daylight 

By releas~ng larvae mostly at nlght Gulf coast 
females could not also release larvae during maxlmum 
amplitude hlgh slack tldes as they do on the Atlantlc 
coast Reproductlve timlng relatlve to either the tldal 
amplitude or tidal ( ) cles had to change Reproductlve 
t im~ng  relatlve to the tidal amplitude cycle changed in 
both diurnal and mixed semldiurnal tidal regimes 
along the Gulf coast where peak larval release 
occurred durlng intermedlate amplitude tides The 
timlng of larval release did not change relative to the 
tldal cycle at the mixed semidiurnal site where inter- 
mediate amplitude high slack t ~ d e s  occurred at n ~ g h t  
However, at the dlurnal site high slack tides occurred 
soon after dawn dunng intermed~ate amplitude t ~ d e s ,  
requiring larval release in darkness to occur 1 to 2 h 
before h ~ g h  slack ttde (Table 2 )  In the fleld experi- 
ment, most females did release larvae on nocturnal 
flood tldes in early August, when maximum amplitude 
high tldes still occurred In daylight and naturally 
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Table 6.  Uca pug~lator Summary of reproductlve timing relative to 4 environmental cycles in 3 tldal regimes along the Atlantic 
and Gulf coasts of the USA. The timing of larval release in the semidlurnal tidal regime was determined previously (DeCoursey 

1979, Bergin 1981, Christy 1982, Salmon et  al. 1986, Morgan 1990, Hovel 1995). High: high slack and early ebb  tide 

occurring females also commonly Mixed Semidiurnal Site 
released larvae during flood tides 250 Mixed Semidiurnal Crabs 2so Diurnal Crabs 

before dawn (Morgan & McAfee 
unpubl.). For larval release to peak 200 200 

during nocturnal high slack tides 
from April to July, females would 150 150 

have had to release larvae on 1 d dur- 
100 100 

ing minimum amplitude tides (Fig 1). 
Peak release on intermediate flood so 50 

tides may be favored over highly syn- - 
chronous release durmg minimum 25i- 0 

Tidal regime Environmental cycle 
Lunar Tidal amplitude Tidal Light-dark 

Semidiurnal New and full Maximum High Evening 
(dark only) 

Mixed semidiurnal Asynchronous Intermediate High 
(before maximum) 

250 

200 

150 

amplitude high slack tides, because - 
X .  

high tides persist for 12 h and are low 200- 

In amplitude. Consequently, tidal 5 
height would diminish only slightly if l5O: 

Dawn 
(dark mostly) 

larvae were released during late flood loo : 100 
tides, and it would be even greater 1 

0 .  
during intermediate amplitude tides. 2 50: 50 

Thus, peak larval release was syn- 2 
chronized throughout most of the 0 0 

100 100 
season with nocturnal intermediate 
amplitude flood tides in the diurnal 80 80 

tidal regime and nocturnal intermedi- 
ate amplitude high slack tides in the 60 60 

mixed semidiurnal tidal regime. 
40 40 

Biweekly periodicity in reproduc- 
tion by fiddler crabs clearly was not 20 20 

entrained by the lunar cycle. Geogra- 
phic differences in reproductive tim- o o 
ing occurred relative to the lunar cy- 2400 0600 1200 l800 2400 0600 1200 1800 

cle even though the same phase of the Time 

moon occurred concurrently in all 3 Fig. 9. Uca pugilator. Number of larvae released every 30 rnin by local and  trans- 
tidal regimes (Table 6).  Females typi- located crabs relative to the light-dark cycle (hour of the day) in a mixed semi- 

cally released larvae during new and diurnal tidal regime on the coast of northwestern Florida from 6 August to 16 Sep- 
tember 1989. Ovigerous females were  collected from a diurnal tidal regime a t  

On the coast' before St Joseph Bay and were translocated to the mixed semidiul-nal tidal regime at the 
new and a t  the Flonda State Marine Laboratory on 5 August 1989 140 crabs were sampled dunng 
and after new and full moons at the the 6 wk period. Dawn occurred at about 6:30 h .  See  Figs. 1 & 3 for symbols 
mixed semidiurnal site from mid-June 
through September. In a previous month-long study, ing quarter moons (Christy 1978). In the diurnal tidal 
fiddler crabs in a mixed semidiurnal tidal regime along regime, the timing of peak larval release also gradually 
the coast of northwestern Florida released larvae dur- shifted from occurring before to occurring after new 

20Aug '  Sep 

Diurnal Asynchronous Intermediate Flood or high Dawn 
(after maximum) (dark mostly) 
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and full moons from April through September, while it 
usually occurred before maximum amplitude tides 
throughout the reproductive season. The tidal ampli- 
tude rather than the lunar cycle has entrained repro- 
ductive rhythms by all but one species of crab tested 
(Saigusa 1988, Morgan & Christy 1994, Morgan 1995, 
1996) and by Gulf coast killifish, Fundulus grandis 
(Hsiao & Meier 1989). 

Reproductive timing by fiddlers crabs is similar 
throughout the summer on the Atlantic coast, where 
the phasing of entraining environmental cycles 
changes little. However, the timing of larval release 
appeared to change during the reproductive season in 
the diurnal tidal regime. In mid-August, nocturnal 
maximum amplitude high tides returned, thereby 
enabling females to release larvae on these tides as 
they do on the Atlantic coast (Table 6). Evidence of a 
temporal shift in reproductive timing relative to the 
tidal amplitude cycle was not clearly indicated by 
crabs that were held in the laboratory, but it was sug- 
gested by crabs that were studied in the field. In early 
August, females in the field released larvae several 
days before maximum amplitude tides, as they did 
earlier in the season in the laboratory, but from late 
August through early September, peak larval release 
occurred 0 to 1 d before maximum ampli.tude tides as 
expected. At the same time, larval release shifted from 
late flood to early ebb tides. Furthermore, fewer larvae 
were released in daylight late in the summer because 
large amplitude high tides occurred near midnight 
rather than near dawn. 

Temporal changes were not expected in the mixed 
semidiurnal tidal regime because nocturnal maximum 
amplitude high tides did not return before crabs 
ceased reproduction; intermediate amplitude high 
tides occurred at night throughout the reproductive 
season. Although larval release peaked on nocturnal 
high slack tides throughout the 6 wk field study as 
expected, reproduction became poorly synchronized. 
relative to the tidal amplitude cycle late in the season 
for reasons that are not clear 

Hierarchies of rhythms regulating reproductive 
timing 

Reproductive timing by fiddler crabs is phenotypi- 
cally plastic. The timing of larval release not only var- 
ied temporally within a single population, but translo- 
cated crabs entrained to the hatching patterns of local 
crabs. In both tidal regimes, reproductive timing by 
translocated crabs relative to tidal amplitude, tidal and 
light-dark cycles either did not differ significantly or 
closely matched that of local crabs when the 6 wk 
experiment concluded. 

This plasticity suggests that hierarchies of endoge- 
nous rhythms determined the timing of larval release 
as originally proposed by Morgan & Chnsty (1994). 
Reproductive timing by fiddler crabs was regulated 
by tidal amplitude, tidal and light-dark cycles, but the 
relative influence of the 3 cycles differed. These hier- 
archies were revealed by the degree to which larval 
release kept phase with each of the 3 environmental 
cycles. The light-dark cycle may be the dominant 
rhythm determining reproductive timing by fiddler 
crabs because females usually released larvae at 
night in all 3 tidal regimes. Larval release always 
occurred during high tide, but it sometimes occurred 
during late flood tide, enabling larvae to hatch in 
darkness at the diurnal site. Hence, the tidal cycle 
may be of secondary importance to the light-dark 
cycle. The tidal amplitude cycle may exert even less 
influence because larval release occurred on interme- 
diate rather than maximum amplitude tides during 
most of the reproductive season in both tidal regimes. 
Thus, reproductive timing by fiddler crabs may be 
regulated by the phasing of 3 environmental cycles in 
order of decreasing influence: light-dark, tidal and 
tidal amplitude cycles. 

Similar hierarchies of rhythms have been proposed 
for 3 other Gulf coast crabs (Sesarma cinereum, Pan- 
opeus simpsoni, Panopeus obesus) that share this 
reproductive timing pattern (Morgan 1996). Four other 
Gulf coast crabs (Eurypanopeus depressus, Sesarma 
reticulatum, Dyspanopeus texana, Dissodactylus melli- 
tae) released larvae near maximum amplitude high 
tides in broad daylight, even though larvae hatched in 
darkness on the Atlantic coast, suggesting that a dif- 
ferent hierarchy of rhythms regulates reproductive 
timing by these crabs (Morgan 1996). Thus, the first 
group of Gulf coast species, including fiddler crabs, 
primarily release larvae at night, sometimes forsake 
releasing larvae on high slack tide and usually forsake 
releasing larvae on maximum amplitude tides. The 
second group of crabs release larvae on maximum 
amplitude high slack tides and forsake releasing lar- 
vae primarily at night. 

Optimality 

This flexible timing system apparently enables fid- 
dler crabs to synchronize reproduction appropriately 
in several different tidal regimes (see Morgan 1995, 
Morgan & Christy 1995 for reviews of the adaptive sig- 
nificance of reproductive timing). Larvae primarily are 
released at night in all 3 tidal environments and ini- 
tially escape diurnally foraging planktivorous fishes 
(Hobson & Chess 1978, Zaret 1980, Christy 1982, 
Lazarro 1987, Morgan 1990). Fiddler crab larvae in the 
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3 tidal environments also are  released near high slack 
tide and are swept by ebb tides from shorelines (Mor- 
gan 1990, Hovel 1995, Morgan & McAfee unpubl.) 
where planktivorous fishes are  particularly abundant 
(e.g. Weinstein 1979, Boesch & Turner 1984, Sogard & 
Able 1991, Ayvazian et  al. 1992). The risk of predation 
would be reduced even further in all 3 tidal regimes, 
because larvae are released on intermediate to large 
amplitude tides that would transport them from shore- 
lines even more effectively than if they were released 
during lower amplitude tides (Christy 1982, Christy & 
Stancyk 1982, Salmon et  al. 1986). 

If this adaptive scenario is correct, then newly 
hatched larvae should survive well across the range of 
the species. Nevertheless, differences in reproductive 
timing in the 3 tidal environments did occur, and pre- 
dation by dense assemblages of planktlvorous fishes 
along shorelines was greater on the Gulf than the 
Atlantic coast (Morgan & McAfee unpubl.). On the 
Atlantic coast, peak larval release occurred early in the 
evening, thereby maximizing the time for dispersal 
from shorelines and diffusion from offspring before 
dawn. However, on the Gulf coast, peak larval release 
usually occurred near dawn, minimizing the time for 
larval dispersal and diffusion, and about 10% of 
females even released larvae after dawn while plank- 
tivorous fishes were foraging. Furthermore, releasing 
larvae near maximum amplitude high slack tides 
would maximize transport of vulnerable larvae from 
shorehnes on the Atlantic coast, and larval transport 
would be less effective on the Gulf coast where larvae 
are released during submaximal tides and tidal ranges 
generally are  low (Table 1). Furthermore, larvae 
released during flood tide in the diurnal tidal regime 
initially would be carried shoreward into shallow 
marshes and tidal creeks, where they would encounter 
predatory benthic invertebrates and may be stranded 
during most of the reproductive season (Salmon et al. 
1986, Morgan 1987. Morgan & Christy 1994). 

Temporal variation in initial reproductive success 
also may occur along the Gulf coast. Late in the repro- 
ductive season, fiddler crabs appeared to release 
larvae during maximum amplitude high tides at night 
as they did on the Atlantic coast, w h ~ c h  may reduce 
larval predation rates. In the mixed semidiurnal tidal 
regime, predation rates may be increased late in the 
reproductive season when larval release is poorly syn- 
chronized with the tidal amplitude cycle. Because 
reproductive timing changes little in the semidiur- 
nal tidal regime (see DeCoursey 1979, Bergin 1981, 
Christy 1982, Salmon et  al. 1986, Morgan 1990, Hovel 
1995), predation on newly hatched larvae should not 
vary, as long as other variables are held constant. 

Regardless of whether predation or another selective 
factor ultimately determines the reproductive periodic- 

ities of fiddler crabs, intraspecific variation in repro- 
ductive timing wlll result in variable mortality of newly 
hatched larvae even though mean reproductive suc- 
cess may be enhanced by endogenous hierarchies of 
rhythms. This timing system may have arisen because 
fiddler crab larvae commonly disperse 30 km from 
shore on both the Atlantic and Gulf coasts, before they 
reinvade estuaries as postlarvae (Truesdale & Andrys- 
zak 1983, Epifanio et al. 1988, Matthews 1995, Schell 
1996). Consequently, offspring may settle and repro- 
duce in tidal environments that differ from that of the 
parents. The parental reproductive timing pattern 
would increase mortality of newly hatched larvae in 
the new tidal environment, where it would not be syn- 
chronized with local environmental cycles. Thus, a 
flexible timing system wo.uld be favored over a geneti- 
cally predetermined timing pattern, and gene flow in 
these widely dispersing organisms may prevent local 
adaptation to different tidal regimes. 

Thus, reproductive timing by fiddler crabs differed 
relative to lunar, tidal amplitude, tidal and light-dark 
cycles in 3 tidal regimes along the Atlantic and Gulf 
coasts, and temporal variation also was observed in the 
2 Gulf coast tidal regimes. This variation is phenotypic 
and may be caused by tidal variation. The changing 
phase relationships of the tides with light-dark and 
lunar cycles necessarily produced variation in tidally 
timed activities. Peak larval release by females kept 
phase with light-dark, tidal, tidal amplitude cycles in 
order of decreasing flexibility, suggesting that a hierar- 
chy of rhythms regulated reproductive timing. Repro- 
duction by fiddler crabs did not track the lunar cycle. 
This ranking of rhythms ensured that most larvae were 
released during nocturnal high slack tides of at  least 
intermediate amplitude, which may reduce predation 
on newly hatched larvae across the range of the spe- 
cies. However, differences in tidally timed reproduc- 
tion by fiddler crabs in the 3 tidal environments neces- 
sarily arose, and survival of newly hatched larvae may 
vary among tidal regimes. 
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