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Are there separate circatidal and circadian clocks 
in the shore crab Carcinus maenas? 

D. G .  Reid, E. Naylor 
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ABSTRACT: Shore crabs Carcinus rnaenas collected in winter normally exhibit circadan but not 
circatidal rhythmicity. When introduced into 20 % seawater (7 ppt), a circatidal rhythmic activity pattern 
is induced phased to the time of introduction. There is no apparent change in the phase of the extant 
circadian rhythm which, after treatment, acts to modulate the expression of the circatidal rhythm, the 
peaks of which are greatest during 'expected' night. These findings suggest that there are separate 
mechanisms for the control of circadian and circatidal rhythmicity in C. rnaenas. They permit a new 
appraisal of a key question in rhythm biology as to whether circatidal and circadian rhythmicity can be 
considered as expressions of the same physioloqcal mechanism. 

INTRODUCTION 

Circatidal rhythms of behavioural activity and other 
physiological processes, and the environmental context 
of such biological cycles, are well documented for 
marine animals (DeCoursey 1983, Naylor 1976, 1985). 
Typical of many of these animals, the shore crab Car- 
cinus rnaenas (Leach) also displays a circadian modula- 
tion of the circatidal pattern of activity (Naylor 1958), 
with greater amplitude of tidal activity at  the times of 
expected night time high tides than at day time high 
tides. The nature of this type of modulation has for 
some time been the subject of debate in the literature 
and several hypotheses have been advanced to explain 
the phenomenon. 

One hypothesis is that circatidal or combined circa- 
tidal and circadian rhythmicity is driven by a single 
bimodal circadian oscillator with 2 peaks per cycle 
(Enright 1976a, b) as occurs in dawn/dusk (crepuscu- 
lar) activity patterns (Daan & Berde 1978, Pittendrigh 
1981). Enright's (1976a, b) conclusion is based on the 
derivation of a phase response curve (PRC) for the 
isopod Excirolana chiltoni which was bimodal on a 
circadian time base. 

A different hypothesis proposes that tidal rhythms 
may be  controlled by circalunadian (lunar day) clocks 
(Webb 1983). It has been suggested that circatidal 
rhythmicity in the crab Helice crassa may be controlled 
by 2 such circalunadian oscillators loosely coupled in 
antiphase (Palmer & Williams 1986). 

Neumann (1981) and Naylor (1982) argued the case 
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for a third hypothesis, that true endogenous circatidal 
rhythmicity exists in some coastal species. Experimental 
evidence to support this hypothesis was presented by 
Naylor & Williams (1984a, b). These authors demon- 
strated a PRC on a tidal (12.4 h) time-base in the crab 
Herniyrapsus edwardsii and suggested that the 
hypothesis of a 'bimodal-circadian' PRC for Excirolana 
(Ennght 1976a, b) might be more economically re- 
garded as  circatidal. Other authors have also demon- 
strated PRCs on a tidal time-base in number of other 
coastal invertebrates (Petpiroon & Morgan 1983, Holm- 
strom & Morgan 1984, Reid 1986), which provide further 
support for the autonomous nature of the oscillators 
driving circatidal rhythms in some animals. However, as 
pointed out by Naylor (1985), stronger support for the 
occurrence of truly circatidal rhythmicity would be  
provided if it were possible to demonstrate rephasing of 
the circatidal rhythm without any concomitant phase 
changes in the circadian rhythm in the same individual. 

The experimental protocol devised here to test the 
possibility of separate phase-shifting of circatidal and 
circadian rhythms derives from the observation that the 
shore crab Carcinus maenas, which normally does not 
display overt circatidal rhythmicity in winter (Atkinson 
& Parsons 1973), will do  so if exposed to continuous low 
salinity (Bolt & Naylor 1985). Preliminary observations 
in the present study suggested that the phasing of this 
induced rhythmic activity was in fact determined by 
the time of day of transfer to the low salinity seawater, 
here defined as  'hypo-osmotic shock', analogous to a n  
earlier reported cold shock effect, some physiological 
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implications of which are discussed by Naylor (1963). 
However, whereas cold shock rephases both circatidal 
and circadian rhythmicity, hypo-osmotic shock 
appeared to affect only the circatidal rhythm. We there- 
fore set out to investigate, with C. maenas, whether 
hypo-osmotic shock applied at different times of the 
diel cycle could reset circatidal rhythmicity without 
also affecting the phase of a crab's circadian oscillator. 

MATERIALS AND METHODS 

Fresh Carcinus maenas were collected in baited 
traps subtidally in the Menai Strait, North Wales, 
between January and April 1987. Only adult male 
crabs of between 45 and 65 mm carapace width, and in 
intermoult, were used for the experiments. Also, since 
in recent unpublished work we have shown physiologi- 
cal and behavioural differences between individual C. 
maenas in relation to carapace colour, which may be 
green or red, only green C. maenas (the more common) 
were used here. Crabs were acclimated to laboratory 
conditions (34 ppt, 1O0C, nLD) for 2 d before experi- 
ments were carried out. 

After acclimation, groups of 10 to 12 crabs were 
placed into individual wheel actographs (Bolt & Naylor 
1985) filled with 20 O/O seawater (7 ppt), in which they 
were submerged. Transfer to the actographs from the 
holding facilities deliberately involved minimal tem- 
perature change (f 2 C") as substantial temperature 
changes are known to rephase activity in Carcinus 
maenas (Naylor 1963). Activity, the turning of the 
wheels, was recorded with a BBC 'B' Microcomputer 
using magnets attached to the wheels and reed 
switches connected to the computer. Recordings were 
continued for a maximum of 4 d,  in constant darkness 
(D:D), after which most crabs (>g5 %) survived well on 
return to full seawater. In separate experiments crabs 
were placed in the actographs at 4 different times of 
day; 06:00, 12:00, 18:OO and 24:OO h. In addition, each 
type of experiment was repeated on several different 
days with different diel timings of the tidal cycle. This 
protocol was arranged to distinguish clearly whether 
hypo-osmotic shock induced phase-shifts in the circa- 
tidal rhythm without affecting the phase of the circa- 
dian rhythm. Results are presented as percentages of 
the greatest number of events recorded in any 1 h 
period, or as mean events per hour 

RESULTS 

The activity records presented in Figs. 1 and 2 show 
the pattern of hourly locomotor actlvity recorded for 
individual Carcinus maenas after transfer from 100 O/O 
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Fig. 1. Carcinus maenas. (a) Hourly locomotor activity records 
for a single, freshly caught crab in constant conditions after 
introduction into 20% seawater (7 ppt) at 18:OO h (dusk). 
Triangles are at 12.4 h (tidal) intervals after the start of the 
experiment, all of which occurred during 'expected' darkness, 
ind~cated by the shaded areas in the bar at the top of the 
figure. Arrows indicate the time of 'expected' high tide on the 
shore. (b) Periodogram analysis of the data presented in Fig. 
l a  above, derived as m Bolt & Naylor (1985). The oblique lines 
represent the regression Line (f 95 O/O CI) derived from ran- 

domization of the original data 

(=34 ppt) to 20 % seawater at various times throughout 
the diel cycle. The record in Fig, l a  is for a crab 
transferred at 18:OO h and then maintained in 20 % 
seawater for a further 78 h. The activity pattern is 
apparently circatidal with peaks of locomotor activity 
recurring at approximately tidal frequency after the 
start of the experiment. Circatidal rhythmicity is con- 
firmed by the periodogram analysis shown in Fig l b ,  in 
which the most significant period, extending above the 
upper confidence limit, is around 12 h. Similar experi- 
ments were started on 5 separate days, each with 
different times of expected high tides, with up to 12 
individuals on each day. As is usually the case with 
recordings of activity from individual animals, some 
(25 %) showed no activity at all, while others (25 %) 
displayed random activity, defined as any trace in 
which no significant peaks were evident in the 
periodograms. All such individuals were eliminated 
from the study. In all cases where activity was rhythmic 
it was apparently circatidal with the peaks of locomotor 



Reid & Naylor. Behavioural rhythms in Carcinus maenas 3 

" 
0 0 
J 

24 4 8 72 
Hours  a f t e r  t r ans fe r  

g o  2 4 4 8 
J Hours af ter  transfer 

Fig. 2. Carcinus maenas. Hourly locomotor activity for single 
freshly caught crabs in constant conditions after introduction 
into 20% seawater at (a) 12:OO h and (b) 24:OO h. Triangles are 
at 12.4 h intervals after the start of the experiment; unshaded 
occurred in 'expected' daytime, shaded in 'expected' night- 

time. Arrows as in Fig. 1 

activity in the pooled data occurring at approximately 
tidal intervals after the start of the experiment (see Fig. 
3a). It is clear that the activity rhythm shown is phased 

Fig. 3. Carcinus maenas. Mean 25 h 
form-estimates for n groups of up to 
12 crabs introduced into 20°/0 sea- 
water at (a) 18:OO h (dusk) (n=5), (b) 
06:OO h (dawn) (n=6), (c) 12:OO h 
(n=10) and (d) 24:OO h (n=6) and 
maintained in constant conditions for 

to the timing of introduction into 20 O/O seawater and not 
to the timlng of experienced high tides on the shore. In 
6 similar experiments crabs were transferred into 20 O/O 
seawater at 06:OO h, again on days with different 
expected times of high tide on the shore where the 
crabs were collected. All individuals showed similar 
circatidal locomotor activity patterns in response to 
hypo-osmotic shock to that in Fig. l a  and the activity 
was again clearly phased to the time of introduction 
into the 20 % seawater. The circatidal pattern in these 
results is confirmed by the form estimate in Fig. 3b. 

In crabs transferred into 20 % seawater a t  12:00 h or 
at  24:OO h, the activity patterns recorded are apparently 
circadian in periodicity (Fig. 2a, b),  unlike the results in 
Fig. 1. However the patterns, each of which was con- 
firmed in several repeat experiments (Fig. 3c, d for 
pooled data), are also different from each other. When 
crabs were transferred at  12:OO h (Fig. 2a) the first peak 
of locomotor activity occurred approximately one tidal 
wavelength after the start of the experiment, as in Fig. 
l a .  Subsequent peaks occurred at  about twice tidal 
intervals thereafter, all during 'expected' night (Figs. 
2a and 3c). Such a pattern could be  explained if the 
rhythm induced by the hypo-osmotic shock was circa- 
tidal (as in Fig. 1) and each alternate, daytime, peak 
was suppressed by an  underlying circadian oscillator 
which remains undisturbed. 

This interpretation is confirmed by the results when 
hypo-osmotic shock was applied at midnight (Figs. 2b 
and 3d).  The induced rhythm is again apparently circa- 
dian or twice-tidal in periodicity. However, it is phased 
differently, in relation to the start of the experiment, 

up to 78 h in each case. The figures Q 

presented show the mean form-esti- ; 
mate derived from the individual G > 

form-estimates for each group of E U 

crabs in each trial. Each hourly mean 
(f SE) is thus based on up to 10 group 
values. Data are meaned around the 
12.4 h (tidal) anniversaries of the time 
of transfer into 20 % seawater at the 
start of the experiments, the shaded 
triangles occurring in 'expected' 
night-time and the unshaded during 

'expected' daytime T ~ m e  ( h o u r s )  
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from that shown in Fig. 2a. The first actlvity peak 
occurs repeatedly ca 24 h after transfer (Fig. 3d). The 
activity peaks observed in both Figs. 2a and 2b thus 
occur during expected night, as if the expected day- 
time circatidal peaks have been largely suppressed by 
the underlying circadian rhythm. It is important to note 
that despite the timing in the day of the hypo-osmotic 
shock which re-sets the circatidal rhythm, the circadian 
modulation remains in the correct phase with the 
natural variation on the shore where they were col- 
lected. This confirms that while hypo-osmotic shock 
appears to restart or reset the circatidal activity rhythm 
in the new phase, an  underlying, circadian oscillator 
appears to be unaffected and continues to modulate the 
expression of the circatidal rhythm without any phase 
change. 

DISCUSSION 

It is clear from the present investigation that a consist- 
ent  pattern of rhythmic locomotor activity is apparent 
when overwintering Carcinus maenas are  transferred 
from full to 20 O/O seawate1- at various times of the die1 
cycle. The effect of this hypo-osmotic shock is to initiate 
overt circatidal locomotor rhythmicity in the crabs. It 
has previously been shown that during winter (January 
to April inclusive) C. maenas normally exhibit only 
circadian rhythmicity, if any, which persists in unal- 
tered phase (Atkinson & Parsons 1973), but that they 
also display circatidal rhythmicity if introduced into 
dilute seawater (Bolt & Naylor 1985). Present results 
confirm that the circatidal locomotor rhythmicity is in 
fact induced by transfer from full to dilute seawater 
(hypo-osmotic shock) and show that, in every case, 
such rhythmicity is phased to the time of that shock. 
Previous studies (Naylor 1963, Gibson 1967, Fincham 
1970) have shown that exposure to low temperature 
shock rephases both circatidal and circadian rhythmic- 
ity, in a number of coastal animals. Present results 
using C. maenas suggest that hypo-osmotic shock 
affects only circatidal rhythmicity, without affecting 
circadian rhythmicity in the crabs. 

This effect in Carcinus maenas appears, so far, to be 
unique and cannot be readily explained by the type of 
bimodal circadian rhythmicity which has been 
described in the isopod Excirolana chiltoni (Enright 
1976a, b). If such rhythmicity were restarted by hypo- 
osmotic shock in a completely new phase, one would 
expect both the circatidal and circadian components to 
be  equally phase shifted. It is also unlikely that expo- 
sure to a single stimulus of hypo-osmotic shock could 
completely rephase a n  already free-running (bimodal) 
circadian oscillator, let alone generate the variety of 
locomotor rhythmic patterns described. Similarly one 

can question whether free-running locomotor rhyth- 
micity in C. maenas could, on present evidence, be 
controlled by two circalunadian oscillators operating in 
antiphase, as proposed for the crab Helice crassa 
(Palmer & Williams 1986). Once again such a rhythm 
would be expected to restart with the same wave-form 
regardless of the time of day hypo-osmotic shock was 
applied, since each oscillator would be expected to be  
equally responsive to the environmental perturbation. 

The most economical hypothesis to explain the pres- 
ent  results is that free-running locomotor rhythmicity in 
Carcinus maenas is controlled by 2 separate oscillators, 
one circadian (Atkinson & Parsons 1973, Bolt & Naylor 
1986) and one of circatidal periodicity which can be  
started up by exposure to hypo-osmotic shock. The 
second oscillator would generate activity peaks every 
12.4 h ,  and these peaks would be partially suppressed 
or exaggerated by the circadian oscillator depending 
upon whether they occurred during the hours of 
expected day or night respectively. 

This hypothesis does not exclude the possibility that 
circatidal rhythmicity, in this and other species, may 
have evolved from a bimodal circadian rhythm (Gibson 
1970, Rodriguez & Naylor 1972, Naylor 1976) or from 2 
mutually coupled circalunadian oscillators (Palmer & 
Williams 1986). However it does propose that loco- 
motor rhythmicity in Carcinus maenas is not controlled 
by a single oscillator, whether circadian, circalunadian 
or circatidal, but must be under the control of at least 2 
independent oscillators, one circadian, the other, func- 
tionally, circatidal. This view is supported by consider- 
ation of the entrainment process of circatidal rhyth- 
micity. 

Salinity variation is well known to affect the circa- 
tidal locomotor activity of Carcinus maenas. Immersion 
in dilute seawater was shown to induce increased 
locomotor activity (Thomas et al. 1981). Also, tidally 
varying salinity cycles are able to entrain free-running 
circatidal activity rhythms in this species (Taylor & 
Naylor 1977, Bolt & Naylor 1985, 1986). It is clear 
therefore that salinity variation is closely involved in 
the control of circatidal activity patterns. There is, how- 
ever, no evidence that salinity changes are in any way 
involved in the control of circadian rhythmicity in this 
species. Salinity changes experienced on the shore by 
C. maenas vary only on a tidal time base and it would 
seem highly unlikely that salinity would be a n  entrain- 
ing factor for circadian rhythmicity On these grounds 
alone it might be expected that coastal animals in some 
localities would possess separate circatidal and circa- 
dian oscillators, the former with the necessary physi- 
ological tranduction mechanisms to use salinity, and 
other tidal variables, as synchronising factors (Naylor & 
Williams 1984a). 

Whatever the exact nature of their underlying oscil- 
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lator mechanisms, circatidal behavioural rhythms are 
substantially different from behavioural rhythms con- 
trolled by circadian oscillators. The principal zeitgeber 
in circadian systems is the 1ight:dark cycle (Pittendrigh 
1981) but light has been shown to be ineffective in 
entraining circatidal rhythms (Palmer & Round 1967, 
Webb 1971, Palmer 1974). The range of effective 
zeitgebers found in circatidal locomotor activity is con- 
siderable and includes cycles of turbulence (Jones & 
Naylor 1970, Neumann 1978), hydrostatic pressure 
(Naylor & Atkinson 1972), salinity (Taylor & Naylor 
1977, Bolt & Naylor 1985) and immersion (Petpiroon & 
Morgan 1983, Harris & Morgan 1984). Temperature 
cycles act as synchronisers of both circatidal (Williams 
& Naylor 1969, Bolt & Naylor 1986) and circadian 
behavioural rhythms (Zimmerman et  al. 1968, Lindberg 
& Hayden 1974), but entrainment of circadian rhythms 
to temperature cycles is usually secondary and sup- 
plementary to L:D cycles (Pittendrigh 1981). 

Further evidence against the 'bimodal circadian' 
hypothesis is also found in the form of the phase 
response curves (PRCs) of circatidal rhythms in some 
marine species (Enright 1976a, b, Petpiroon & Morgan 
1983, Harris & Morgan 1984, Naylor & Williams 1984a, 
b,  Reid 1986). With the exception of the PRC derived 
for the sand-beach isopod Excirolana chiltoni (Enright 
1976a, b) all the above are on a clearly circatidal time 
base. The PRC of E. chiltoni was plotted on a circadian 
time base (Enright 1976a), but as it is symmetrically 
bimodal, it could also be interpreted as varying on a 
circatidal time base (Naylor & Williams 1984a, b ) .  In 
addition all the PRC's derived so far for coastal animals 
show very small phase changes, usually of less than 2 
h, wheras circadian PRCs commonly have phase shifts 
of up to 8 h or more dependent upon species and 
stimulus strength (Pittendrigh 1981). This difference 
may be  of adaptive value by providing a greater 'stabil- 
ity' to circatidal rhythms, preventing excessive respon- 
ses to the normal, weather-driven fluctuations in timing 
of the tldal rise and fall (Naylor & Williams 1984a, b).  

It is important to note that the selection pressure for 
'circatidal' rhythmicity, whatever its exact nature, will 
probably vary geographically according to whether 
local tides are semidiurnally equal, unequal, or even 
die1 in form. Animals such as Carcinus maenas on UK 
shores, which commonly experience more or less equal 
semidiurnal tides, might be expected to have been 
exposed to a greater selection pressure for 'true' circa- 
tidal rhythmicity than organisms such as Excirolana 
chiltoni in California, where tides show marked diurnal 
inequalities (Klapow 1972). 

In conclusion, therefore, there is strong evidence in 
the shore crab Carcinus maenas for separate evolution 
of true circatidal rhythmicity distinct from circadian 
rhythmicity, and for which there are clearly separate 

zeitgeber and transduction mechanisms. In this species 
and possibly also in some other coastal animals from 
localities with similar tidal regimes, it seems reason- 
able to hypothesise that circatidal and circadian oscil- 
lators nlay have evolved in response to different selec- 
tive pressures and,  though possibly of common origin, 
are now functionally quite distinct. 'Not all tidal 
rhythms appear to be under the control of bimodal 
circadian, or of alternating circalunadian oscillators; 
some appear to be  truly circatidal. 
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