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Endogenous tidal and semilunar moulting rhythms 
in early juvenile shore crabs Carcinus maenas: 
implications for adaptation to a high intertidal 

habitat

Chaoshu Zeng*, Pere Abello**, Ernest Naylor

School of O cean Sciences, U niversity of W ales-Bangor, M enai Bridge, A n g lesey  LL59 5EY, U nited Kingdom

ABSTRACT: Newly  recru i ted  early juveniles  of the  shore  crab C arcinus m a en a s  in N or th  Wales are 
most a b u n d an t  on the  h igh intertidal of gravelly  shores and, unlike  adults,  they  do not u n d e r ta k e  up- 
and-d o w n  shore  migration with tides. Freshly collected first and  second instar  juven ile  crabs show ed 
persis tent  circatidal rhy thm s of m oulting w h en  m ain ta ined  in constant laboratory  conditions. Peaks  of 
moulting occurred  a round  expec ted  times of high tides, with few crabs m oulting at o ther times. T he  cir­
catidal  moulting pa t te rn s  w ere  similar in crabs collected at different  s tages  of the n eap -sp r in g  cycle. 
Daily monitoring of moulting  in the laboratory of 23 ba tch es  of early crabs,  collected from the  high 
intertidal at 1 to 3 d intervals over 2 sp r ing -neap  cycles, fu r ther  show ed  a m ark e d  c ircasem ilunar 
moulting pa tte rn  superim posed  on the tidal moulting rhythms. Significantly m ore  crabs m oulted  within 
24 h after collection w h en  collected during  spring tides than  w h e n  collected at neaps .  Moreover,  the 
daily p e rce n ta g e  m oulting of the crabs on consecutive  days after collection clearly followed the trend 
of p red ic ted  tidal he igh t  changes.  C rabs collected on days of increas ing  tidal am pli tude  show ed 
increas ing  m oulting ra tes on the  days after collection, whilst  a d e c reas in g  t rend  of daily m oult ing  rate 
was found if they  w e re  collected on days  of decreas ing  tidal ampli tude .  For crabs collected a t  m in im um  
neaps,  w h en  w a ter  did not reach  the h igh intertidal even  at high  tides, virtually no m oulting took p lace 
on the following days. M oulting at high  tide, particularly  d u n n g  spring  h igh  tides, a p p ea rs  to be an 
adap ta t ion  to a  high  intertidal habita t  which  is only in u n d a te d  at cer ta in  t imes du r ing  sem iluna r  and  
tidal cycles. For C. m a en a s  early juveniles, which  rem a in  in the  h igh  in tert idal  even  w h e n  tides recede ,  
antic ipation of the ns ing  and  falling of tides th rough  e n d o g en o u s  physiological p rog ram m ing  to avoid 
ecdysis at the time exposed  to air has c lear adap t ive  value. The  coupling  of circatidal a n d  c ircasem ilu­
nar  m oulting rhythms, and  their e n d o g en o u s  control, rep o rted  in the p re sen t  s tudy a p p ea rs  to be  the 
first demonstra t ion  of such a p h en o m en o n  in a c rustacean.

KEY WORDS: Tidal and sem ilunar  m oulting rhy thm s - E nd o g en o u s  ■ C arcinus m a en a s  early juvenile  - 
High intertidal habita t  Adaptat ion

INTRODUCTION

Ecdysis, during which the entire  old cuticle of an 
anim al is shed  at one time, is a critical event in the 
life history of a crus tacean  and  know n to be under
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endocrine  regulation  and  involve extensive b io c h em ­
ical and physiological ch an g es  (e.g. S k inner  1985, 
C h a n g  1989, 1993, 1995, W heatly  1997). It therefore  
would not be surprising if, u n d e r  in tensive selective 
pressure,  end o g en o u s  m echan ism s have evolved  to 
p rog ram m e the even t to occur at approp r ia te  times. 
Studies on the tem poral p a t te rn s  of moulting  in c ru s ­
taceans  have certainly e luc ida ted  rhy thm s of s e a ­
sonal, lunar, semilunar, and  diel periodicity (see 
review  by C onan  1985). However, desp ite  the  fact 
that m any  intertidal c rus taceans  exhibit physiological
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processes  corre la ted  with  tidal rise and  fall (see 
D eC oursey  1983, Naylor 1985, Palm er 1995a for 
reviews), it is only recently  tha t  ev idence  of e n d o g e ­
nous circatidal moult ing  rhythm s in a m arine  crus­
ta ce an  w as first found  (Abello et al. 1997, Z eng  et al. 
1997).

C arcinus m a en a s  (L.) is a crab species widely 
d is t ribu ted  on coasts an d  es tuaries  of nor thw es te rn  
E urope  and  no r th ea s te rn  Am erica (Crothers 1968, 
Berrii 1982) and  it has  b ee n  recen tly  rep o r ted  sp re a d ­
ing a long US coasts (Cohen et al. 1995, Grosholz & 
Ruiz 1995). Larval dispersal no doub t contributes to 
recen t  rep o r ted  m arg ina l  diffusion of the  species and  
rec en t  rese a rch  has  show n tha t  com bined  larval 
re lease  rhy thm s at nocturna l h igh  tide an d  inheri ted  
tidal vertical m igration  rhy thm s p h a s e d  to ebb  tide 
en h a n ce  rap id  offshore d ispersal of new ly  re leased  
zoea la rvae  (Zeng & Naylor 1996a,c,d, 1997, Q ueiroga  
et al. 1997). R ecru itm ent back  to crab  populations 
on coasts takes  p lace  at the  m e g a lo p a  stage, facili­
ta ted  by reversed,  flood-phased, u p w a rd  sw im m ing 
rhythms. Such tidal sw im m ing rhythms, coupled  with 
en d o g e n o u s  m e tam orph ic  m oult ing  t im ed  a round  
h igh  tides, enab le  se t t lem ent of first s tage crabs to 
occur on the ir  p re fe r re d  zone in the u p p e r  shore 
(Zeng & Naylor 1996b, Z eng  et al. 1997). The newly 
settled  juvenile  crabs rem ain  on the  h igh  in tertidal 
and, un like  adults, do not u n d e r ta k e  up -an d -d o w n  
shore  m igration  with  tides (Reid et al. 1993, W arm an  
et al. 1993, pers. obs.). W hen  tides rec ed e  and  their  
h ab i ta t  is exposed  to the  air, juveniles she lte r  u n d e r  
gravei, s e a w e e d  an d  m ussel clumps, or bury  in the 
subs tra te  (Klein-Breteler 1976, Reid et al. 1993, W ar­
m an  et al. 1993, pers. obs.).

For C arcinus m a en a s  m egalopae ,  it has  b ee n  su g ­
ges ted  tha t  tidal m oulting  rhy thm s t im ed a round  high 
tides are  adap tive  in en h a n c in g  the  rate  of successful 
m etam orphosis  and  se tt lem ent in the  h igh  intertidal 
(Zeng et al. 1997). Similarly, since early juveniles of the 
crab  rem a in  on the  u p p e r  shore th roughou t  each  tidal 
cycle and, du r ing  ecdysis, n e e d  to absorb  w ate r  for 
body expansion  a n d  calcium from se aw ate r  to calcify 
the ir  n ew  cuticle (G reenw ay  1983, 1985, C h a n g  1995, 
W heatly  1997), they also m ight reasonab ly  be  e x ­
p ec te d  to possess circatidal ecdysis rhythms. F u r the r ­
more, it can  be  hypo thes ized  tha t during  minimal 
neaps,  w h e n  the  h igh  in ter tidal is not covered  by s e a ­
w ate r  even  at h igh  tide, juvenile  crabs m ay be inh ib ­
ited from m oult ing  for several days, thus result ing in 
selection for a c ircasem ilunar moulting  rhy thm  su p e r ­
im posed  on the  circatidal m oult ing  pat tern .  The p r e ­
sen t  study  set out to investiga te  moult ing  in early  ju v e ­
niles of the  crab  C. m aenas, and  to assess w h e th e r  it 
was p a t te rn e d  in rela tion  to tidal and  sem ilunar  spring- 
n ea p  cycles.

MATERIALS AND METHODS

During July to S ep tem ber  1995, the p ea k  rec ru it­
m en t season of Carcinus m aenas, early juveniles of the 
crab w ere  collected at low tide from gravel and  shingle 
h igh  intertidal zone of the M enai Straits, North Wales, 
UK (53°13'42" N, 0 4 ;09 '31"W ). Using f ine-tipped for­
ceps, first and  second instar crabs w ere  collected c a re ­
fully and  p laced  im m edia te ly  into containers filled with 
seawater.  The crabs w ere  then  quickly transported  
back  to the nea rby  laboratory and  sorted, all d a m a g e d  
specim ens being discarded.

For tidal rhy thm  experiments, young  crabs w ere  
evenly d istributed into aquar ia  (40 x 30 x 30 cm) at a 
density  of no more than  100 crabs aqua r ium “1. The 
aqua r ia  w ere  filled with 8 cm of seaw ate r  from the col­
lecting site (salinity: 34.5 ± 0 .5%0) and  kept in con t inu­
ous white  light at a te m p era tu re  of 21 ± 1°C, approx i­
m ating  tha t in the field in the  hot sum m er of 1995. 
They w ere  fed with A rtem ia  nauplii and  fine-chopped  
cooked m ussel or shrimp, p rovided  in excess at r a n ­
domly de te rm ined  times of the day. No substra tum  was 
p rovided  during the  experim ents  and  w ate r  exchange  
took p lace  every 1 to 2 d at varied  times of the day. The 
occurrence of exuviae, as well as of newly moulted  
individuals, was checked  every  1.5 h for at least 3 d, 
with all exuviae and  m oulted  crabs being  rem oved 
from the  aquar ia  after each checking. A total of 190 
crabs was used  in the first run  of the experiment, which 
sta r ted  on 30 July, during a period of spring tides. The 
second run used  183 crabs, collected on 3 August,  
w h en  tide am plitude was decreas ing  from springs to 
neap .  The third run  was carried  out with a total of 260 
crabs collected on 11 August, a t a time of increasing  
tidal am plitude tow ard  the  m ax im um  spring.

To test w he the r  the timing of moulting in the young 
crab is tidally related, p en o d o g ra m  analysis of the data 
w as carried  out following the  m ethodology  of Enright 
(1965a), as modified by Williams & Naylor (1978), 
using a Turbo-Pascal (7.0) p rogram  (PERIO), cited in 
A argard  et al. (1995). The principle of periodogram  
analysis is based  on rep e a te d  'buys-ballot '  form-esti- 
mates. Calculations are  m ade  of the  variance of raw 
da ta  points g rouped  in s tandard  units over each  period 
leng th  being tested  for. A function of this variance 
(usually s tandard  deviation) is then  plotted against 
period length  to p roduce  a graphical periodogram. 
H igh values of the  per iodogram  statistic occur w hen  
the  period u n d e r  investigation approxim ates  to the 
periodicity inheren t  in the raw  data. Significant per i­
odicity is assum ed  w h en  the per iodogram  statistic of 
raw  da ta  for a g iven period is g rea te r  than  the upper  
95%  confidence limit of a 'periodogram ' (a regression 
line for which hyperbolic confidence intervals can be 
plotted) derived after random izing the  original data.
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In order  to test w he the r  differences in moulting 
frequency  occurred  as a function of tidal amplitude 
changes  during sem ilunar sp r ing-neap  cycles, batches 
of 95 to 260 first and  second instar juvenile  crabs were 
collected daily or every other day from the h igh  in te r­
tidal over 2 sp n n g /n e a p  cycles (from 27 July to 2 S ep­
tember). A total of 3098 crabs was collected for these 
observations and  the juvenile  crabs collected on differ­
en t days w ere  m ain ta ined  separate ly  in 10 1 plastic 
buckets  (about 100 crabs b u c k e r 1) filled with 5 1 s e a ­
water. The crabs were  kep t u nder  continuous bench 
lamp illumination and  w ere  checked  several times a 
day for exuviae during the days after collection. During 
the m onth-long  period of observations, the w a te r  te m ­
pera tu re  was be tw e en  19 and  22°C, and  salinity 
b e tw e en  32.0 and  35.0%o. The daily moulting rate  was 
calculated  as a pe rc en ta g e  of the total n u m b e r  of 
unm oulted  crabs at the beg inn ing  of each  day. Unlike 
some o ther  crab species, the juvenile  Carcinus m aenas  
was not aggressive  and  hardly  any cannibalism  oc­
curred  during  the experiments. Indeed, juvenile  m or­
tality rates w ere  zero in most trials, and  in the cases 
w h ere  mortality did occur it was generally  lower than
3 % and  w as taken  into account by subtracting  the 
num ber  of d ea d  crabs from the initial num ber.  O ther 
experim ental p rocedures  w ere  the sam e as in the tidal 
rhy thm  experim ents  m entioned  above.

To test w he the r  the observed  pa t te rn  of moulting fre ­
quency  variations am ong crabs collected at different 
s tages of sp r ing-neap  cycle was statistically significant, 
single-factor analysis of variance (ANOVA) was applied 
after dividing all of the moulting data  shown in Fig. 3 into
4 categories according to the sem ilunar  stages w hen  
those data  w ere  collected: (1) spring moulting — m oult­
ing occurred  during  the  3 h ighest spring tide days of 
each semilunar cycle; (2) neap  moulting — moulting took 
place during the 3 minimal n eap  tide days of each  sem i­
lunar cycle,- (3) spring-to-neap  moult ing  — all moulting 
fell be tw een  first 2 categones and was during days of d e ­
creasing tidal amplitude; (4) neap-to-spring moulting — 
all moult ing  fell be tw e en  first 2 categories and  was d u r­
ing days of increasing tidal amplitude. All p e rcen tage  
moulting da ta  w ere  subjected  to arcsine transformation 
before analysis.

The tide in the M enai Strait is typically semidiurnal 
with a period of approxim ately  12.4 h and  m axim um  
am plitude at spring tides of abou t 7.5 m  during the 
study period (Menai Strait Tidal Tables, 1995 — School 
of O cean  Sciences, University of Wales-Bangor)

RESULTS

Moulting in first and  second instar crabs of Carcinus 
m aenas  show ed  a clear pat tern  of circatidal periodicity

with m oult ing  concen tra ted  around  the times of 
expec ted  h igh  tides (Fig. 1). The p a t te rn s  w ere  similar 
in popula tions of crabs collected at different s tages of 
sem ilunar  cycles. Fig. l a  shows the  circatidal m oult ing 
p a t te rn  of a g roup  of 190 early  juvenile  crabs collected 
during  m ax im um  spring tides. A total of 129 (67.9%) of 
them  had  m oulted  72 h after m onitoring s tarted. The 
p eak s  of moult ing  clearly took place at approxim ate ly  
the times of expec ted  h igh  tide, few crabs m oulted  
a round  the expec ted  times of low tide. Fig. l b  shows 
m oult ing  of a g roup  of 183 early  crabs collected dur ing  
spr ing- to-neap  d ec reas ing  tidal am plitudes. Only 16 of 
them  (8.7%) h ad  m oulted  after 72 h an d  the moult ing  
pa t te rn  is less clear-cut than  in Fig. la .  However, w h en  
moult ing  took place, most of them  did p h ase  with  the 
expected  times of h igh  tide. Fig. le  shows m oult ing  of 
a g roup  of 260 early  crabs collected dur ing  a time of 
tidal am plitude  inc reas ing  tow ard  m ax im um  springs. 
A total of 123 of them  (47.9 %) h ad  m oulted  w ith in  72 h, 
aga in  in a less clear-cut p a t te rn  than  in Fig. la .  H o w ­
ever, moult ing  w as aga in  p h a s e d  with the expec ted  
times of h igh  tide. Periodogram  analysis confirmed 
tha t the m oult ing p a t te rn  in Fig. l a - c  was circatidal 
(Fig. 2). The involvem ent of en d o g e n o u s  timing m e c h ­
anisms, which synchronized  the moulting, is ev ident 
since the rhy thm s persis ted  u n d e r  constan t laboratory  
conditions.

D espite the overall similarity in displaying circatidal 
moulting  rhy thm s am ong  different trials in Fig. 1, the re  
ap p e a re d  to be  noticeable  d ifferences in the  ratio of 
crabs m oulted  to the  nex t s tage  in a unit time after col­
lection w h en  they w ere  collected at different times of 
the sp r ing -neap  cycle (Fig. 1). This p ro m p ted  further  
exper im en ts  to exam ine  w h e th e r  m oult ing  w as  further  
reg u la ted  by the  sp r ing -neap  cycles. For this purpose, 
23 ba tches  of early  juvenile  crabs (a total of 3098 ind i­
viduals) w ere  collected from the  h igh  intertidal du r ing  
2 sem ilunar  cycles and  the ir  daily m oulting  f requency  
m onitored  in the  laboratory. Fig. 3a shows the  p e rc e n t ­
age  moulting 24 h after collection of the 23 batches  
plotted aga inst  the da te  of collection,- the p red ic ted  tidal 
heigh ts  (Menai Strait Tidal Table, 1995) over the  s a m ­
pling p e n o d  are also p resen ted .  It dem ons tra ted  that 
moult frequency  of the juvenile  crab popula tions has 
a m a rk e d  c i rcasem ilunar  rhythmicity, with moult ing  
concen tra ted  during  the  periods of p red ic ted  in c re as ­
ing and  m ax im um  spring tides. T he  circasem ilunar  
m oulting  p a t te rn  is fu rthe r  ev iden t in Fig. 3b, in which 
all daily m oult ing  da ta  of Fig. 3a are  pooled  b ased  on 
da te  of m oulting  in relation to the  days of m ax im um  
spring tides. Applying single-factor analysis after 
g roup ing  all m oult ing  da ta  in Fig. 3 into 4 ca tegories  
( 1 — spring moulting; 2 — n ea p  moulting; 3 — spring-to- 
n e a p  moulting and  4 — neap -to -sp ring  moulting) a c ­
cording to the sem ilunar  s tages  w h e n  those da ta  w ere
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Fig. 1. C arcinus m aenas. N u m b e r  (histograms) and c u m u la ­
tive p e rc e n ta g e  moulting  (lines) of freshly collected  first and  
second  instar  crabs from the h igh  in tert idal  at different  sem i­
lu n ar  s tages  tha t  m oulted  to the next instar  every  1.5 h u n d e r  
constan t  labora tory  conditions.  Diamonds: times of ex p ec ted  
h igh  t ides at the  collection site: solid horizanta l  bars: ex p ec te d  
hours  of da rkness ,  (a) Collection m a d e  du r ing  m ax im um  
spring  tide. Exper im en t  s ta r ted  with a  total of 190 crabs at 
03:00 h, 30 July  1995, 8 h after collection (high w a te r  of the 
day: 7.33 m). (b) Collection m ad e  during  spr ing - to -neap  
d ec re as in g  tidal ampli tudes.  Experim en t  s ta r ted  with  a total 
of 183 crabs at 19:30 h, 3 August,  soon after collection (high 
w a te r  of the  day: 6.83 m). (c) Collection m ad e  dur ing  a t ime of 
increas ing  tidal am pli tude  tow ard  m ax im u m  spring  tide. 
E x per im en t  started, with a total of 260 crabs at 19:30 h, 10 
August,  soon after collection (high w a te r  of the  day: 7.04 m)

collected, confirmed that the observed pa t te rn  of m oult­
ing f requency  variations am ong  crabs collected at 
d ifferent stages of sp r ing-neap  cycle is very  significant 
(1-way ANOVA: F3A!I = 9.23, p = 0. 0006).

The endogenous  physiological p rogram m ing  of 
the  sem ilunar moulting rhythm s is further evident in 
Fig. 4. Daily moulting frequency of 9 represen ta t ive
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Fig. 2. Carcinus maenas. Periodogram analysis of data sets 
shown in Fig. 1. (a), (b), and (c) represent the periodogram 
statistics of Fig. la.b.c, respectively, with a peak above the 
upper confidence limits between 13 and 15 h in all cases. 95 % 
confidence limits of the periodogram are derived after ran­
domization of each of the original data sets fsee Williams & 

Naylor 1978 for further details»
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Fig. 3. C arcinus m aenas, (a) Pe rcen tag e  m oulting (histograms) 24 h  after collection in 23 ba tches  of 95 to 260 first a n d  second  
instar crabs, freshly collected from the h igh  intertidal at different sem ilunar  s tages  b e tw e e n  27 July  an d  2 S ep tem b er  1995. Line 
rep re sen ts  p red ic ted  tidal m axim a over the period. Triangles on x-axis: days on w hich  no m oult ing  took place  within 24 h of 
collection, (b) Daily m oulting  da ta  of (a) pooled  togethe r  according to the tidal s ta tus of the  observ ing  da te  in re la tion to the days 
of m axim um  spring  tide of each  sem ilunar  cycle. MS: days of m ax im um  spring  tide; M S -1 ,  MS+1, etc.: days before  an d  after

the days of m axim um  spring tide, respectively

batches of crabs, collected at d ifferent s tages  of the 
sp r ing-neap  cycles at a few day intervals, is show n for 
5 to 8 consecutive days in Fig. 4A. Moulting of those 
different batches of crabs, though  kep t in identical la b ­
oratory conditions, clearly followed the pa t te rns  of 
tidal am plitude changes  associated with the sem ilunar  
cycle. W hen crabs w ere  collected during neap-to-  
spring increasing tidal amplitudes, their daily moulting 
frequency  show ed  an increasing t rend  (Fig. 4Aa,e), 
w h e rea s  a r eversed  t rend  was found for those collected 
d u n n g  spring-to-neap  decreas ing  tidal am plitudes 
(Fig. 4Ac,g,h). W hen collection was m a d e  just before a 
minimal neap  tide, virtually no ecdysis took place d u r ­
ing the following days (Fig. 4Ad,i); however, w hen  col­
lection was m a d e  just before a m axim um  spring tide, 
p ea k  moulting occurred  for 2 or 3 d after collection and  
then d ec reased  (Fig. 4Ab,f). The trend  of moult ing  rate 
fluctuating with the tidal am plitude is em phasized  in 
Fig. 4B, in which daily moulting f requency  be tw e en  27 
July and  4 S ep tem ber  1995 was calculated  for each  day 
by pooling toge ther  all moulting num bers  available 
from the  d ifferent crab batches  for the day and  then  
dividing by the total crab n u m b e r  on that day. The 
moulting of the  crab clearly followed pred ic ted  tidal 
heigh t changes, confirming p e a k  moulting during ris­
ing and  m ax im um  spring tides.

DISCUSSION

Early juveniles of Carcinus m a en a s  a re  know n  to 
occur most abu n d a n tly  in the  h igh  inter tidal and  r e ­
main the re  after the  tide recedes  (Klein-Breteler 1976, 
F lunter & Naylor 1993, Reid et al. 1993, W arm an  et al.
1993). At low tides, they are  normally found taking 
refuge am ong  seaw eed ,  gravel,  m ussel clumps or 
bur ied  in the substra te  (Klein-Breteler 1976, Reid et al. 
1993, W arm an et al. 1993, A lbrecht & Reise 1994, Thiel 
& D ern ed d e  1994). In the p resen t  study a re a  in North 
Wales, newly settled early juvenile  crabs w ere  found 
distributed most abundantly ,  sometim es in densities of 
tens to close to a h u n d re d  crabs p e r  m y in a narrow  
gravelly a rea  of the u p p e r  shore (pers. obs.), w h e re  
m ega lopae  close to m etam orphosis  w ere  also found 
ag g rega t ing  in h u g e  nu m b e rs  in the surf du r ing  n oc­
turnal spring h igh  tides in the p e a k  rec ru itm en t season 
of the crab (Zeng et al. 1997).

T here  is as yet no direct exper im en ta l  ev idence  to 
explain why newly settled juvenile  crabs of C arcinus  
m aenas  p refer  the u p p e r  shore, but such behav iour  
could serve as a m echan ism  of avoiding intra- and  
interspecific p reda t ion  since the  smallest crabs of less 
than  5 mm  ca rapace  w idth  are  particularly  vu lnerab le  
to preda to rs  (M oksnes et al. 1998). A lthough some
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Fig. 4. C arcinus m aenas .  (A) Daily p e rce n ta g e  m oult ing  (histograms) for 5 to 8 consecutive  days after collection in 9 ba tches  of first 
an d  second  instar  crabs, freshly collected from the  h igh  intertidal at intervals of a few days in August  a n d  S ep tem b er  1995. Lines 
r e p re sen t  the p red ic ted  tidal he igh ts  of h igh tides over the observation  periods. Triangles on x-axis: no m oult ing  took place  on 
these  days,  (a) Crabs collected on 7 August  dur ing  neap-to -spr ing  increas ing  tidal amplitudes.  E xperim ent s ta r ted  at 15:30 h with 
ecdysis of 98 crabs be ing  m onito red  for 5 consecutive  days, (b) C rabs collected on 10 A ugus t  at the  beg inn ing  of a period  of spring  
tides. E xperim ent sta rted  at 18:30 h with ecdysis of 260 crabs be ing  m onito red  for 5 consecutive  days, (c) C rabs collected on 14 
A ugust  during  spring-to-neap decreas ing  tide amplitudes.  Experim ent sta rted  at 18:30 h with ecdysis of 114 crabs be ing  monitored  
for 6 consecutive  days, (d) C rabs collected on 17 August,  just  before  a period  of m inimal n e a p  tides. E xperim ent sta rted  at 09:00 h 
w ith ecdysis  of 122 crabs be ing  m onitored  for 5 consecutive  days, (e) C rabs collected on 20 A ugus t  du r ing  tidal am pli tudes  in ­
c reas ing  from a minimal n e ap  tide. E xperim ent sta rted  at 11:00 h  with ecdysis  of 110 crabs b e in g  m onito red  for 7 consecutive  days, 
(f) C rabs collected on 27 A ugus t  at the beg in n in g  of a period of spring  tides. E xperim ent s ta r ted  at 18:00 h with ecdysis of 95 crabs 
be ing m onito red  for 8 consecutive  days, (g) C rabs collected on 29 August  during  sp r ing-to-neap  d ecreas ing  tidal amplitudes.  
E xperim ent sta rted  at 19:30 h with ec-dysis of 98 crabs be ing  m onito red  for 6 consecutive  days, (h) C rabs collected on 31 August  
du r ing  sp r ing-to -neap  decreas ing  tidal amplitudes.  Experim ent s ta r ted  at 10:30 h with ecdysis of 97 crabs be ing m onitored  for 
5 consecutive  days, (i) Crabs collected on 2 S ep tem b er  at the beg in n in g  of a period of m inim al n e a p  tides. E xperim ent sta rted  at 
11:00 h with ecdysis of 95 crabs b e in g  m onitored  for 4 consecutive  days. (B) Pooled daily p e rce n ta g e  m oulting (histograms) b e ­
tw een  27 July a n d  4 S ep tem ber  1995 from all 23 crab batches.  The  pooled  p e rcen tag es  w e re  calcula ted  by add ing  toge the r  all daily 
m oulting num bers  from the  different ba tches  available on each  day a n d  then  dividing by the total crab n u m b er  from those batches.  
Only those  m oulting within 5 days of collection w ere  used  since moulting  of a single crab ba tch  w as  mostly o bse rved  for 5 con­
secu tive  days. Line r e p re se n ts  p re d ic te d  t idal m axim a  over the  period . T riang les  on x-axis: no m oult ing  o ccu rred  on th ese  days

foraging fish and  crustaceans, including older con- 
specific C. m aenas  (Klein-Breteler 1976, Reid et al. 
1993, W arm an  et al. 1993, Thiel & D ern ed d e  1994), 
traverse the intertidal zone with the  incoming tides, 
large p reda to ry  fishes, a t  least, do not normally a d ­
vance into very shallow w ate r  at the tidal edge  (pers. 
obs.). H ence  p reda to r  encounters  with small C. m a e ­
nas  a re  likely to be  less f requen t than  if the young  
crabs occurred  downshore. It has  also b e e n  reported  
tha t in non -vege ta ted  estuaries, inter- and  in traspe­
cific size segregation  occurred  by dep th  in various 
ep ibenth ic  crustaceans, and  mortality of the  small 
b lue crab C allenectes sap idus  inc reased  significan­
tly with dep th  (Ruiz et al. 1993). In addition, debris 
carried by incoming tides p robably  provides a rich 
source of food high up  on the shore, and  by she lte r­
ing un d er  gravel or bury ing  in the substrate, young 
crabs would  reduce  the risks of desiccation. However, 
despite  all the possible advantages ,  inhabiting  the 
h igh intertidal also presen ts  cha llenges to the  young 
crabs with respect to the  process of ecdysis.  If ex ter­
nal physical factors are not optimal, the individual 
m ay be unab le  to com plete its moult and  will die 
before leaving its old ca rapace  (Conan 1985). During 
ecdysis, a m arine  decapod  c rus tacean  such as C. 
m aenas  n eeds  to take up w ate r  to expand  its n ew  soft 
exoskele ton (Bliss 1990, C hang  1995). Also since 
m arine decapods lose most (ca 90%) of their  body 
calcium during  ecdysis, they m ust obta in  the  bu lk  of 
their calcium requ irem en t  (ca 95%) from the s e a ­
w ate r  to accomplish n ew  exoskele ton calcification 
(Robertson 1960, G reenw ay  1983, 1985). Since the 
h igh in tertidal hab i ta t  of early juvenile  C. m a en a s  is 
character ized by being  im m ersed  only during  certain 
periods of tidal and  neap -spring  cycles, it would  not 
be surprising if selection pressu res  for such crabs

favoured rhythmic pa t te rns  of moulting at high tide, 
particularly  at spring tides.

The p resen t  results suggest  tha t ecdysis of early 
juvenile  C arcinus m a en a s  in the field does take  place 
a t the time w h en  their  hab i ta t  is inunda ted .  This is 
ach ieved  not simply in response  to inunda tion  bu t also 
by the crabs possessing  an  endogenous  circatidal e c ­
dysis rhythm  of high  tide moulting  with a circasem ilu­
nar  moulting rhy thm  superim posed  on it. U nder con­
s tant conditions in the  laboratory, the moulting  of the 
early juvenile  crabs was show n to concentra te  at 
expec ted  m axim al spring tides w h e n  their  h igh  in te r­
tidal h ab i ta t  would  be  im m ersed  for a substantia l 
period. W hen tidal am plitude declines tow ard  e x ­
pec ted  neap  tides, m oult ing f requency  of the crabs d e ­
creased  sharply; any moult ing  w hich did occur aga in  
took p lace  at expec ted  h igh  tides. At the expected  
times of n ea p  h igh  tides very little moult ing  took place 
(Figs. 3a & 4). The p re se n t  results sugges t  tha t for the 
study area  a h igh  tide he igh t of abou t 6.0 m  is critical; 
am ong crabs collected on days of high tide heigh t lower 
than  6.0 m, m oult ing rarely  took place (Figs. 3a & 4).

It is well know n tha t u nder  constant conditions, lack ­
ing continuous en t ra inm en t by environm enta l  cues, an 
endogenous  rhy thm  of an  individual anim al free-runs 
with a periodicity shorter  or longer than  the  rhythm  
expressed  in nature .  As a result , biological rhythm s 
derived  from a popula tion  of animals in the  laboratory 
are  likely to gradually  lose their  synchrony an d  finally 
becom e random  b ecau se  the periodicities exhibited  by 
various individuals progressively drift out of phase.  It is 
also often the case that in a popula tion  of animals a 
certain  proportion  are  a rrhy thm ic u n d e r  constan t con ­
ditions (Gibson 1976, Reid & Naylor 1989). For these 
reasons, the m oult ing rhythm s studied, as here , by 
popula tion  analysis would  be expected  to show some
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desynchroniza tion  after several days of observation  in 
the  laboratory  constant conditions (Fig. 1). Clearly, if 
en d o g e n o u s  circatidal and  c ircasem ilunar  rhythm s of 
moulting  have  b ee n  se lec ted  for m  juvenile  C arcinus 
m aenas, as the p resen t  results suggest,  th e n  further 
studies on the physiological basis of such rhythms 
should  be  ea rn e d  out in the context of the cu rren t  state 
of k n o w ledge  of endocrine  regula tion  of the  physiolog­
ical and  biochemical changes  tha t occur during the 
m oult ing  cycle of such crabs (Skinner 1985, C hang  
1989, 1993, 1995). -

Previous research  on tem poral pa t te rns  of moulting 
have  pu t most em phasis  on long-term  seasonal m oult­
ing, ecdysis pa t te rns  of shorter  period receiv ing less 
a t ten t ion  (see rev iew  by C onan  1985). Yet most such 
studies h ave  b ee n  carried  out in the field or under  
l igh t /dark  cycles in the laboratory, with only a few of 
them  hav ing  b ee n  u n d e r ta k e n  with animals in con­
s tant conditions in w hich  endogenous  control of m oult­
ing rhy thm s could be  confirmed (Fowler et al. 1971, 
Bishop & H errnk ind  1976, Nicol 1989, F ern an d e z  et al.
1994). A lthough  crus tacean  moult ing  rhy thm s of lunar 
(29.7 d), sem ilunar  (14.7 d) and  diel (24 h) periodicity 
have  b e e n  descr ibed  previously, it w as not until r e ­
cently tha t  true  circatidal moulting rhythm s (12.4 h) 
w ere  first dem ons tra ted  (Abello et al. 1997, Zeng et al. 
1997). The circatidal m oult ing rhythm s of Carcinus 
m a en a s  early juveniles  found in the p re se n t  study, 
toge ther  with those repo r ted  earlier  for m egalopae  
(Zeng et al. 1997) and  adult  females (Abello et al. 1997) 
of the  sam e crab species, now  provide substan tia l ev i­
d en ce  for true circatidal timing m echan ism s control­
ling m oulting  in this species. O n the o ther  hand , cir­
casem ilunar  m oult ing rhy thm s have b een  docum ented  
previously in several taxonomic groups, including 
ca r idean  shrimps and  mysids (Nouvel 1945), stom- 
atopods (Reaka 1976), isopods (Klapow 1972) and  
am phipods  (Williams 1979), though  the  phas ing  of 
such rhy thm s often differs from that of the  juvenile  C. 
m a en a s  in the p resen t study. For example, Williams 
(1979) repo r ted  synchronous moulting of 5 to 7 d prior 
to fu ll/new  moon in the am ph ipod  Talitrus saltator. 
N evertheless ,  the  coupling of circatidal moulting 
rhy thm s with c ircasem ilunar rhythm s and  the e n d o g e ­
nous control of the rhythm s as repo r ted  in the p resen t 
study  ap p e a rs  to have  b ee n  dem onstra ted  for the  first 
time in a crustacean.

Hitherto, som ew hat speculative generalizations have 
b e e n  p u t  forw ard concern ing  the adaptive  significance 
of m oult ing  rhythm s p h ased  to geophysical variables. 
For exam ple ,  diel moulting rhy thm s in a n u m b e r  of 
c rus taceans  are  variously repo r ted  to be adaptive  for 
p reda to r  avoidance (Tamm & C obb 1976, F ernandez  et 
al. 1994), red u ced  cannibalism  (Lipcius & H errnk ind  
1982, Volpato & Hoshino 1987) and  reduced  com peti­

tion for shelter (Tamm & Cobb 1976). Similar su g g e s ­
tions w ere  inferred  for sem ilunar  moulting rhythms in 
stom atopods (Reaka 1976). More specifically, it has 
b ee n  sugges ted  tha t sem ilunar moulting rhythm s in ­
c reased  mating opportunity  and  led to minimal e x p o ­
sure of recently  m oulted  individuals to w ave action 
in am phipods tha t inhabit  the s trandhne  of sandy 
beaches  (Williams 1979). For the p resen t  study, based 
upon  observations of crabs collected at various times 
of the  tidal and  neap-sp ring  cycles and  kep t  su b ­
sequently  in constant conditions, we suggest that 
the  observed  circatidal and  circasemilunar moulting 
rhythms in early crabs of Carcinus m aenas  are a d a p ­
tive to the high in tertidal habitat, allowing ecdysis to 
take  place only w h e n  the hab i ta t  is inundated .

Since there  is ev idence for the heritability of circati­
dal clock control of larval tidal vertical migration 
rhythm s in Carcinus m a en a s  (Zeng & Naylor 1996d), it 
is not surprising to observe such rhythms expressed  in 
the ecdysis process of juveniles of this species. Syn­
chronization of the circatidal locomotor rhythm  of adult 
C. m aenas  and  other c rustaceans has b ee n  well docu ­
m ented; it occurs in response to cyclic changes  of tu r ­
bulence, hydrostatic pressure, salinity, tem pera tu re  
and  im m ersion/em ersion (Enright 1965b, 1974, Naylor 
& Atkinson 1972, Taylor & Naylor 1977, D eCoursey 
1983, Naylor & Williams 1984, Bolt & Naylor 1985, Reid 
et al. 1993). For c ircasem ilunar rhythms, the synchro­
nization process is m uch  less studied. Benson (1977) 
suggests  tha t periodic, small-scale changes  in daily 
m e an  w ater  te m pera tu re  caused  by an interaction of 
tidal cycles and  daily vanations of solar radiation may 
entra in  the sem ilunar rhy thm  of Talitrus quoyana. Also 
Enright (1972) p roposed  tha t an  endogenous,  circalu- 
nar  rhythm  in Excirolana chiltoni was synchronized by 
w av e -g e n e ra te d  substra te  agitation and  vibration cor­
re la ted  with tidal height. Synchronizers of the cir­
casem ilunar moult ing  rhythms in C. m aenas  juvenile 
crabs have yet to be  elucidated, but the  environm enta l 
variables m en tioned  above could be candidates. H o w ­
ever, as the duration  of first instar crabs normally lasts 
for only about 1 wk, it is unclear  how a circasem ilunar 
timing is set in phase  with local tides, since the newly 
settled crabs are unlikely to have  exper ienced  a full 
sp r ing-neap  cycle in the high intertidal before their 
first moult. O ne possibility is tha t the rhythms are 
en tra ined  at the m egalopa  stage, since in our earlier 
work we have suggested  that sem ilunar recru itm ent 
and  se ttlem ent rhythms occur in C. m aenas  m egalopae  
(Zeng et al. 1997), bu t  further investigation of this p h e ­
nom enon  is required .

Finally, the cellular and  molecular bases  of timing 
m echanism s govern ing  circatidal and  circasemilunar 
rhythm s have  been  less extensively s tud ied  then  those 
of circadian systems. Indeed, recen t intensive deba te
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has focussed on w he the r  circatidal rhythms are driven 
by 2 lunar-day oscillators coupled in an tiphase  (Palmer 
1995b, 1997) or by true circatidal physiological oscilla­
tors (Naylor 1996, 1997). Since the n a tu re  of crustacean  
moulting horm ones and  their regula ting  pathways 
have b ee n  well s tudied  (Skinner 1985, C h a n g  1989, 
1993, 1995), further investigation of moulting en d o ­
crinology in the context of p resen t findings could lead 
to useful contributions to tha t debate .
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