Chapter 3
Daily and Tidal Rhythms in Intertidal Marine
Invertebrates

Christopher C. Chabot and Winsor H. Watson 111

Abstract Intertidal animals are faced with strong rhythmic environmental signals
on both daily and tidal frequencies, and their behavioral output is often complex
because these two competing influences affect the endogenous clocks that drive
their behaviors. This chapter reviews the nature of the clocks that govern the behav-
iors in intertidal organisms as well as the inputs and outputs from these clocks. The
relative importance of the environmental factors that synchronize these rhythms is
discussed, as well as the different types of physiological and behavioral outputs that
have been observed. The molecular underpinnings of the circadian clocks are pre-
sented as well as the hypothesis that the clocks that drive circatidal rhythms are
composed of the same molecular “machinery” used by circadian clocks.
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3.1 Overview

There are many reasons one might refer to tidal rhythms as mysterious and enigmatic.
First, although the presence of an endogenous timing system controlling tidal rhythms
has been known for more than 50 years (Bennett et al. 1957), virtually nothing is
known about the underlying physiological/molecular mechanisms that produce this
approximately 12.4-h rhythm. Second, this approximately 12.4-h rhythm can vary
somewhat in different locations because, although the tides in some areas occur twice
daily (semidiurnal), in other areas there are once-daily tides, unequal semidiurnal
tides, or even a lack of tides! It is not at all unusual for different populations of the
same species to occur in areas that are exposed to all these types of tidal cycles.
Finally, perhaps as a result of the underlying timing mechanisms combined with the
variety of environmental cues that synchronize the endogenous tidal clocks, circatidal
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rhythms (with periods of about 12.4 h) tend to be less robust than circadian rhythms
(periods ~24 h) and thus are more difficult to analyze in the laboratory or field.
When all these issues are considered, it is no wonder that Palmer (1995a) warned:
“Until one reaches tenure, it would be best not to enter this branch of the field”!

Nevertheless, during the past few decades, significant strides have been made in
the understanding of the formal properties of these rhythms, similar to the state of the
field of circadian rhythms biology in the early 1970s before the discovery of the
period gene by Konopka and Benzer (1971). Since that time, the endogenous circa-
dian clock “black box™ has been opened and great strides have been made in the
understanding of the molecular underpinnings of the circadian clock. Although only
hints about the molecular basis of the circatidal clock have emerged thus far, the
advent of clear, robust outputs from the clock and the availability of deep sequencing
RNA and DNA technologies, makes these discoveries all but certain in the near future.

The aim of this chapter is to provide a summary of what is known about the tim-
ing systems, and environmental cues, that control the physiology and behavior of
selected marine invertebrates. Because there are several excellent previously pub-
lished reviews of tidal rhythms, we have chosen to focus our attention on a subset of
marine invertebrates that express both daily and tidal rhythms, with an emphasis on
the tidal rhythms, because we find this ability particularly enigmatic and thus appro-
priate for this volume. We have organized the chapter into three sections. First, we
present a discussion of the types of behavioral and physiological outputs we use to
monitor biological rhythms. Next, we outline the inputs or entraining agents that
help to synchronize circatidal clocks to tidal cycles. Last, the formal properties that
govern the clocks that control these circatidal rhythms are presented.

3.2 Outputs

Although coastal indigenous peoples have long been aware of the influence of the
tides on intertidal organisms, endogenously generated circatidal rhythms were first
reported in fiddler crabs by Bennett et al. (1957). As did many circadian biologists of
the time, the early researchers used some type of overt behavior as their “window into
the clock,” because it is relatively easy to measure. Many of these clock pioneers used
tilt-cage “actographs” as a way to monitor the activity of these intertidal species.

3.2.1 Laboratory Studies of Tidal Rhythms

Most of the early work on tidal rhythms focused on the European shore crab (known
elsewhere around the world as the invasive green crab or green shore crab; Williams
and Naylor 1969) and several species of fiddler crabs (Uca spp.; Bennett et al. 1957;
Palmer 1963). Although these studies paved the way for many future experiments,
they also shed light on many of the challenges inherent in studying tidal rhythms.
Most importantly, it was clear that the tidal rhythms expressed by these animals
were not as robust and persistent in constant conditions as circadian rhythms.
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Fig. 3.1 Computer-rendered photos of a Limulus “running wheel” (left panel) and activity
“square” (right panel). Left: Part of the running wheel has been “cut away” to reveal the position
of the animal. Note the circular “tail limiter,” magnetic reed switch (black rectangle attached to the
running-wheel leg), and magnet (black rectangle). Right: The ceiling of the square as well as some
of the brick “roof” (left) has been cut away to reveal the animal. Note the magnet affixed to the
dorsal carapace and the magnetic reed switch (black rectangle at right of diagram). (Reproduced
from Chabot et al. 2007 with permission from Elsevier)

Another challenge with the study of tidal rhythms is developing appropriate
methodology for recording the activity of aquatic species for many days at a time.
Much of the early work was carried out using the aforementioned tilt cages, but
recent technological advances have allowed scientists to use infrared beams, mag-
netic reed switches, and digital video analysis systems to monitor activity. Each of
these techniques has its own set of advantages and disadvantages, and we have used
all of them to obtain long-term recordings from both lobsters (Jury et al. 2005) and
horseshoe crabs (Fig. 3.1; Chabot et al. 2007).

3.2.1.1 Examples of Tidal Rhythms Expressed by Selected Marine
Invertebrates

Circatidal rhythms have been demonstrated in many intertidal invertebrates, includ-
ing the shore crab Carcinus maenas (Naylor 1958), the isopod Excirolana chiltoni
(Klapow 1972; Enright 1976), and the shrimp Crangon crangon (Aladhub and
Naylor 1975). Because these investigations were conducted in the laboratory, in con-
stant conditions with respect to tidal cues, the evidence is clear that there are endog-
enous oscillators that control the circatidal rhythms of locomotion in these species.
The presence of such an oscillator(s) would allow these species in their natural habi-
tat to anticipate changes in water depth and currents and adjust their behavior accord-
ingly. Recently, clear endogenous circatidal rhythms have also been documented in
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Fig. 3.2 Free-running locomotor rhythms expressed by two individual Limulus polyphemus
exposed to a 14:10 light—dark (LD) cycle, clearly illustrating tidal patterns of activity (left panels).
Data are double-plotted to facilitate visual inspection. Chi-square periodogram analyses of sections
of the actograms (separated by horizontal bar) are presented in the right panels. LD, and LD, por-
tions of the bottom actogram were analyzed separately to illustrate the different periods exhibited
by this animals under this LD cycle [free-running (Tau=12.45 h; LD,) or entrained (Tau=12.0 h,
LD,)]. The figure also demonstrates the robust persistence of free-running patterns under constant
tidal conditions. (Reproduced from Chabot et al. 2007 with permission from Elsevier)

Limulus polyphemus, the American horseshoe crab (Fig. 3.2; Chabot et al. 2007).
In this species, circatidal activity is seen in approximately two-thirds of the animals
tested in the laboratory, at virtually all times of the year: summer (Chabot et al.
2004), later summer and fall (Chabot et al. 2007), and winter (Watson et al. 2009),
so long as the water temperature is above 11 °C.

Circatidal rhythms of other physiological phenomena have also been observed in
intertidal animals and, in general, these parameters are often related to overall activ-
ity. For example, a circatidal rhythm of oxygen consumption has been demonstrated
in isopods (Marsh and Branch 1979), as well as circatidal rhythms of molting
(Abellé et al. 1997), and heart rate (Styrishave et al. 1999) in the shore crab.
Locomotion, heart rate, and ventilation activity are all closely correlated in horse-
shoe crabs (Fig. 3.3) and in sand crabs, Portunus pelagicus (Gribble and Broom
1996). The long-term synchrony between rhythms of heart rate and respiration is
also supported by electrophysiological studies showing the close coordination of
heart rate and gill ventilation in L. polyphemus (Watson and Wyse 1978) that occurs
during daily activities (e.g., walking, gill cleaning). Interestingly, in the absence of
activity, circatidal rhythms of respiration persist in C. maenas (Arudpragasam and
Naylor 1964; unpublished data), demonstrating that locomotor activity expression
is not necessary for the expression of respiratory rhythms. These results suggest that
respiration and heart rate rhythms are not simply direct outcomes of locomotor
activity rhythms and may indicate control by a common timing mechanism.
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Fig. 3.3 Coordination

of rhythms of activity, heart
rate, and respiration in an
individual L. polyphemus
maintained for 21 days in a
running wheel. The LD
cycle (15:9) is indicated by
light/dark bars at the top.
Actograms are double-
plotted, with size and position
of black marks indicating the
intensity and timing of
activity (top), beats per
minutes (middle), and
respiration frequency
(bottom). Heart rate

and respiration were
recorded after Chabot

and Webb (2008)
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3.2.1.2 Daily and Circadian Rhythms in Selected Marine Invertebrates

Time of day also influences the patterns of activity and associated physiological
processes expressed by some marine invertebrates. In some cases, such as the color
changes in fiddler crabs (Darnell 2012) and transcription and translation in mussels
(Connor and Gracey 2011), there is good evidence that these daily rhythms are
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Fig. 3.4 Locomotor activity rhythms can be synchronized to artificial tides and are independent of
daily rhythms of visual sensitivity. This animal was first exposed to changing cycles of water depth
with a period of 12.4 h, for 8 days; then the imposed tides were turned off and the water level was
kept at a constant intermediate depth for an additional 13 days. Although locomotion became
entrained to the imposed tides (bottom panel), the electroretinogram rhythm remained entrained to
the LD cycle (top panel). Units for the horizontal axes are hours. The LD cycle is indicated by the
light and dark bars. (Reproduced from Watson et al. 2008 with permission from The Marine
Biological Laboratory)

under the control of an endogenous circadian clock. Similarly, in horseshoe crabs,
the sensitivity of their lateral eyes to light is controlled by a circadian clock that is
located in the brain (Barlow et al. 1977; Barlow 1983). This change in sensitivity,
controlled by input from a circadian clock, is the result of well over a dozen modi-
fications of vision-related physiological parameters, such as dark adaptation (Kass
and Berent 1988) and membrane shedding (Chamberlain and Barlow 1979). One
might assume that these increases in visual sensitivity at night might serve to
enhance the vision of a species that is primarily nocturnal and that the same circa-
dian clock controlling vision would modulate locomotor activity. However, because
locomotor activity tends to be expressed in circatidal frequencies (~12.4-h cycles),
while eye sensitivity (as measured by electroretinograms) fluctuates with a circa-
dian frequency (~24-h cycles), it is likely that they are controlled by different timing
systems (Fig. 3.4; Watson et al. 2008). Thus, it appears that some marine inverte-
brates contain two different endogenous clocks.

Other life history stages of L. polyphemus also express both daily and tidal
rhythms. After hatching, the larvae spend approximately 6 days in the water column
where they are positively phototactic and nocturnally active (Rudloe 1979). Larvae
collected in the field and brought into the laboratory will express a tidal rhythm of
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activity in constant conditions, becoming active near the start of the expected ebb
tide, and can be entrained to 12.4-h cycles of agitation (Ehlinger and Tankersley
2006). Juveniles from both North Carolina (Casterlin and Reynolds 1979) and
Massachusetts (Borst and Barlow 2002) are reported to be nocturnal in light—dark
(LD) cycles. However, a close examination of the figure from the Borst and Barlow
(2002) abstract shows two bouts of activity per 24 h, indicating the presence of
circatidal rhythms at this stage as well. In a recent larger study of juvenile horseshoe
crab biological rhythms (Dubosky et al. 2013), 63 % of animals exposed to a LD
cycle expressed daily rhythms of activity whereas 25 % expressed circatidal
rhythms. Of those that displayed a daily rhythm of activity, 47 % preferred to be
most active in the day (diurnal activity) and 20 % preferred to be most active at night
(nocturnal activity). Interestingly, when the LD cycles were terminated so that ani-
mals were in constant darkness (DD), more animals (54 %) began to express a
circatidal rhythm, suggesting that exposure to the LD cycle may have “masked”
expression of an underlying circatidal clock. Thus, in horseshoe crabs there is an
interesting and complex interplay between LD cycles, daily rhythms, and circatidal
rhythms, which is addressed in more depth in Sect. 3.3 below.

3.2.2 Biological Rhythms of Marine Invertebrates
in Their Natural Habitat

Despite dozens of studies that have addressed activity rhythms of intertidal species,
our understanding of the movement patterns displayed by free-living individuals is
rather limited, primarily because of the challenges inherent in studying aquatic spe-
cies. A main limitation is in our ability to obtain continuous data for many days in a
row. Nevertheless, there are several examples in which tidal or daily rhythms of
activity have been demonstrated. For example, New Zealand mud crabs exhibit
circatidal rhythms in situ that are modulated by the solar day (Williams et al. 1985).
In green crabs, C. maenas, it has been demonstrated that the depth at which animals
are held influences the impact of LD cycles on their activity: LD has little or no
influence on subtidal individuals (Lynch and Rochette 2007), although it does influ-
ence the behavior of individuals that inhabit the intertidal zone (Naylor 1963; Reid
and Naylor 1989; Styrishave et al. 2003).

3.2.2.1 Daily and Tidal Rhythms Expressed by Horseshoe Crabs in Their
Natural Habitat

It is well known that horseshoe crabs approach mating beaches to spawn during the
high tides in the spring and early summer. However, just because groups of animals
consistently appear at these beaches at the high tides, it does not mean they are inac-
tive during other portions of the tidal cycle. Using ultrasonic telemetry we have
shown that horseshoe crabs express a tidal pattern of behavior during the mating
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Fig. 3.5 Movements of a male horseshoe crab during a 5-h period when the tide was either high
(left: peak high at 11:50 a.m.; data shown start at 12:30 p.m. and end at 5:30 p.m.) or low (right:
peak low was at 7:30 a.m.; data shown start at 7:00 a.m. and end at noon). Each point represents
one positional fix obtained from a VEMCO radio-linked acoustic positioning (VRAP) tracking
system. The points have been superimposed on an infrared image of the cove that was colorized to
look more “natural.” The red lines connect each of the three VRAP buoys used to track the horse-
shoe crabs. In the left panel the light green dots and lines represent the position of the reference
transmitter during the same time period (not shown in right panel). Note how it appears as if it
moved, even though it was stationary, because buoy movements caused by the tides and waves
generate small movement artifacts. White scale bar on left panel represents 20 m. (Reproduced
from Watson and Chabot 2010, with permission from the Editorial Office, Current Zoology)
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Fig. 3.6 Activity of a male horseshoe crab in June 2007, illustrating consistent increases of activ-
ity during high tides. Night hours are depicted by the gray bars on the top of the graph and peak
high tides are also noted. (Reproduced from Watson and Chabot 2010, with permission from the
Editorial Office, Current Zoology)

season (Figs. 3.5 and 3.6), and this tendency continued throughout most of the year,
from May to October. Observations of these animals using SCUBA (self-contained
underwater breathing apparatus) indicated that this tidal rhythm was most likely
related to excursions onto intertidal mudflats to feed. Recent studies in the Great
Bay estuary have revealed that there is intensive foraging activity by horseshoe
crabs in these habitats (Lee 2010). Behavior in the field is also affected by LD
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cycles: telemetry studies of animals that expressed a tidal rhythm show a preference
for activity during the daytime high tide (Watson and Chabot 2010). Similar results
have also been seen in animals that are held in recording devices in the same estuary
where the telemetry studies were conducted (Chabot and Watson 2010).

3.3 Inputs: Natural Stimuli That Entrain or Synchronize
Biological Rhythms

Although light is clearly the most important zeitgeber, or cue, for entraining and
synchronizing circadian clocks to natural LD cycles, there are many potential cues
that may serve this purpose for tidal rhythms, including temperature, salinity, turbu-
lence, current, turbidity, and depth. The influence of water-level changes on circa-
tidal rhythms has been most thoroughly investigated, and this cue can entrain the
activity of the amphipod (Corophium volutator; Harris and Morgan 1984), the por-
tunid crab (Liocarcinus holsatus; Abellé et al. 1991), and the fiddler crab, Uca cren-
ulata (Honeggar 1973), as well as many other species. Agitation or turbulence is an
effective entraining agent for the mole crab Emerita talpoida (Forward et al. 2007),
the amphipod Synchelidium spp. (Enright 1963), and the isopod Eurydice pulchra
(Hastings 1981). The effects of tidal cues have been especially well-studied in
C. maenas. This species can be entrained to cycles of temperature, inundation
(Williams and Naylor 1969), or hydrostatic pressure (Reid and Naylor 1990).
C. maenas is also one of the very few species in which the relative importance of
tidal cues has also been assessed in situ (Styrishave et al. 1999, 2003).

3.3.1 Entrainment by Water Depth Changes and Inundation
in Limulus

3.3.1.1 Laboratory Studies

In the laboratory, juvenile and adult horseshoe crabs exhibit endogenous circatidal
rhythms that can be entrained to both water-level changes and inundation (Chabot
et al. 2008; Dubosky et al. 2013), during both breeding and nonbreeding times of
year. Large water-level changes (Fig. 3.7) or inundation cycles are effective entrain-
ing signals in this species; small water pressure changes are much less effective.
For example, we found clear evidence of entrainment to water-level changes of
0.5 m, whereas depth changes of 0.2 m led to synchronization of activity to the
artificial tides, but not clear entrainment (the rhythm did not persist after the artifi-
cial tides were stopped; Chabot et al. 2008). Although the “threshold” between 0.2
and 0.5 m is somewhat greater than those reported for C. maenas (Naylor and
Atkinson 1972) and some planktonic species (0.1 m; Knight-Jones and Morgan
1966), our study appeared to use a more stringent definition of entrainment than the
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Fig. 3.7 Entrainment of tidal rhythms by artificial tides. These two animals were first exposed to
12.4-h artificial tides (dark parallelograms - high tides), and then the water depth was held constant
and the entrained tidal rhythm of locomotion was allowed to free-run (FR). The light—dark cycle
remained the same throughout the experiment (14:10). (Reproduced from Watson et al. 2008 with
permission from The Marine Biological Laboratory)

previous studies. Some in situ results in horseshoe crabs also support the finding
that stronger depth change signals increase the percentage of animals that entrain:
40 % of animals exhibited tidal rhythms in deeper water that experienced a 60 %
change in water levels during each tide cycle, whereas nearly 80 % of those in run-
ning wheels anchored to the bottom in shallower water, and experiencing 300 %
water pressure changes, showed tidal rhythms (Chabot and Watson 2010).

3.3.1.2 Rhythms Expressed by Limulus in Their Natural Habitat

Given the strong influence of artificial tides on the activity rhythms expressed by
horseshoe crabs in the laboratory, one would expect most freely behaving horseshoe
crabs to express tidal rhythms in the field. We tested this hypothesis in two different
experiments. In the first, we found that most of the animals confined to running
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Fig. 3.8 Behavioral activity patterns expressed by two Limulus in running wheels that were either
attached to a floating raft (top) or fixed to the bottom of the estuary (bottom). Approximate photo-
period is indicated by LD bars at top. Note that the animal attached to the floating raft was primar-
ily diurnal (although with some evidence of tidal rhythmicity during the past 2 weeks) whereas the
animal located at the bottom of the estuary was primarily tidal. (Reproduced from Chabot and
Watson 2010, with permission from the Editorial Office, Current Zoology)

wheels in their natural habitat, where they were exposed to natural tide cycles, syn-
chronized their activity to the tides (Watson et al. 2009; Chabot and Watson 2010;
Fig. 3.8). In addition, we found that animals that were unable to sense the changes
in water depth, because they were secured under a floating dock that rose and fell
with the tides, failed to express a tidal rhythm of activity (Watson et al. 2009; Chabot
etal. 2011) and exhibited clear daily rhythms instead. This observation that although

factors such as current changes (0-0.2 m/s), temperature changes (A5 °C), salinity

changes (A5 psu), and other physicochemical parameters may influence the behav-
ior of horseshoe crabs, they are generally not sufficient to synchronize tidal rhythms.

In the only other comparable field study of which we are aware, water pressure was
also the primary tidal cue used by amphipods to synchronize their activity (Enright
1963): animals exposed to water pressure rhythms in situ entrained to the tidal
cycles whereas those tethered to a buoy, like our animals tethered to a floating dock,
did not. Overall, our data support the hypothesis that water-level changes are the
dominant timing cue used by horseshoe crabs to synchronize their activity to the
tides (Watson et al. 2009). However, in their natural habitat, when exposed to both
tides and natural LD cycles, their rhythms are more complex than we anticipated.
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We fitted animals with accelerometers that transmitted activity data to receivers
located throughout the estuary so that we could gather activity data from animals
that were freely moving in their natural habitat and exposed to all the normal cues.
Interestingly, although many of these animals consistently expressed a tidal rhythm
of activity, several were more active in the day or the night. Therefore, in their natu-
ral habitat, many other factors must be influencing the likelihood that they will
express a tidal pattern of locomotion, or a pattern of activity that is the result of a
variety of different cues.

The influence of water levels and depth changes on horseshoe crab activity can
also be seen in Limulus breeding rhythms in the field. Populations that are exposed to
tides of at least 0.5 m or so synchronize to the tides (Rudloe 1979, 1980, 1985; Cohen
and Brockmann 1983; Barlow et al. 1986), whereas those that experience only micro-
tides (of a few centimeters) do not (Ehlinger et al. 2003). Further, wind action leading
to increased or decreased tidal heights significantly affects the number of animals
breeding (Brockmann 2003). In addition, several studies have also shown a correla-
tion between the height of the tides and the number of animals breeding, so that, for
example, more animals are found on breeding beaches around the new and full moons
in Massachusetts (Barlow et al. 1986) and Florida (Rudloe 1980). However, this rela-
tionship does not appear to be true at all breeding locations, most likely because dif-
ferent breeding beaches have different slopes, sizes, and sediment types.

3.3.2 The Influence of Temperature, Turbulence,
and Salinity on Tidal Rhythms

Other tidal cues can also be effective in entraining or synchronizing tidal rhythms,
depending on the species. Salinity changes appear to be effective synchronizing
agents for the crabs Rhithropanopeus harrissii (Forward et al. 1986) and C. maenas
(Reid and Naylor 1990), although periodic agitation is sufficient to entrain tidal
rhythms in two species of isopods (Klapow 1972; Hastings 1981) and juvenile
horseshoe crabs (Ehlinger and Tankersley 2006). Finally, in animals such as mole
crabs (Forward et al. 2007), amphipods (Enright 1963), and isopods (Hastings
1981) that inhabit the swash zone, mechanical stimulation appears to be a very
important stimulus for entraining rhythms.

In horseshoe crabs, temperature cycles do not appear to be as effective as water-
level changes and turbulence cues appear to be less effective than temperature
(Chabot et al. 2008). Interestingly, the magnitude of the cue seems to matter, sug-
gesting a threshold effect for temperature as well as for water depth changes. Similar
results were found in Carcinus: 11 °C cycles are effective entraining agents whereas
4 °C temperature cycles are not (Williams and Naylor 1969).

Artificial currents appear to be even weaker synchronizing agents. Whether in
the lab or in running wheels attached to a floating raft in the estuary, horseshoe crabs
do not entrain even if exposed to relatively strong currents of 0.2 m/s (Chabot et al.
2008). Interestingly, there is good evidence that larval Limulus entrain to cycles of
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mechanical agitation simulating the turbulence created by the incoming tide
(Ehlinger and Tankersley 2006). However, other than during the mating season,
juvenile and adult horseshoe crabs rarely inhabit areas where they would encounter
significant wave- or wind-induced turbulence, or other types of agitation. Therefore,
not surprisingly, the types of cues that are most effective in synchronizing and
entraining the tidal rhythms of many marine invertebrates are closely related to their
normal habitats and life history strategies. Even within a single species, such as the
horseshoe crab, the best entrainment cues depend on both the life history stage and
the location where they live.

3.3.3 The Influence of Light on the Expression of Rhythms

Although “The majority of tide-associated rhythms that have been described in dif-
ferent laboratories and different species, have not identified a solar-day influence”
(Palmer 1995a), some intertidal animals do appear to be affected by LD cycles.
Although many physical factors that fluctuate with the changing tides are likely to
entrain or influence endogenous tidal rhythms, LD cycles have an entirely different
period. Thus, one would predict that the tidal rhythms of most tidal species would
not be affected by the LD cycle (DeCoursey 1983; Palmer 1995a). However, tidal-
associated activity in Sesarma pictum (Saigusa 1992) and U. crenulata (Honeggar
1973) can be phase shifted by LD cycles. In addition, LD cycles appear to cause
some transient synchronization of circatidal rhythms in other crustacean species
(Sesarma, Saigusa 1988; Hemigrapsus, Saigusa and Kawagoye 1997).

In horseshoe crabs, we have shown in several studies that LD cycles influence the
types of rhythms that horseshoe crabs express and that tidal rhythms can be influ-
enced by LD cycles. Approximately one-third of animals studied in the laboratory
exhibit daily rhythms, preferring to be most active during either the night or the day
(Fig. 3.9). In several cases the circatidal rhythms expressed by some animals have
been entrained by LD cycles and, when released into DD, these rhythms appeared to
free run from the point of entrainment (Chabot et al. 2007). We have also observed a
transient synchronization in many animals (Fig. 3.10), otherwise known as relative
coordination (Johnson et al. 2004), which is indicative of a relatively weak entraining
agent influencing an oscillator. Interestingly, beach isopod behavior is also affected
by LD cycles, but only if well fed, when they avoid swimming during the day (Reid
1988). It is worth noting that our animals were not fed during the experiments cited
here, so hunger could have influenced their propensity to express tidal rhythms.

There appear to be additional effects of LD cycles on circatidal rhythms. In two
previous studies, LD cycles seem to allow for more robust circatidal rhythms in the
semiterrestrial crab (Saigusa 1992) and the Pacific fiddler crab Uca princeps (Stillman
and Barnwell 2004). Similarly, we have seen clearer tidal rhythms in LD than DD in
horseshoe crabs (Chabot and Watson 2010). Although one would not expect photope-
riod to have any effect on circatidal rhythms, because photoperiod is obviously not a
strong predictor of tidal phase, light may indirectly act on the underlying oscillators
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Fig. 3.9 Running-wheel
activity of two horseshoe
crabs exposed to a 14:10 LD
cycle that exhibited a
preference (P <0.05) for
daytime activity (top) or
nighttime activity (bottom).
(Reproduced from Chabot et
al. 2007 with permission

from Elsevier) %
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Fig. 3.10 Effects of LD
cycles on locomotor activity
in two Limulus. Top: Note the
apparent transient synchroni-
zation to the LD cycles for the
first 20-30 days and the
subsequent free-run at
approximately day 26.
Bottom: Note the bouts of
tidal activity that free-run
through the first few weeks
during L but not D. Note also
the instant increase in activity
upon lights on and the instant
cessation of activity at lights
off. (Reproduced from Chabot
and Watson 2010, with
permission from the Editorial
Office, Current Zoology)

Time of Day (h)

controlling locomotor activity. In particular, the lights-on and lights-off transitions
appear to cause a large percentage of animals to begin to move (Fig. 3.10). In mam-
mals, an initiation of activity can induce phase shifts in some species (Wickland and
Turek 1991; Gannon and Rea 1995; Buxton et al. 2003). A similar feedback into the
clocks that mediate circatidal rhythms may help to explain how light may affect circa-
tidal rhythms. Another working hypothesis is that in bays and estuaries, characterized
by turbid water that limits the penetration of light, horseshoe crabs are exposed to
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tidally fluctuating light levels during the day. In Great Bay, for example, light levels
drop by about 1 order of magnitude for each 1 m of depth. Therefore, when horseshoe
crabs are in shallow water they are exposed to changes in light levels with each tide
cycle, and when they move into very shallow water to mate, the change is even greater.
Thus, the clock controlling circatidal rhythms might be sensitive to changes in illumi-
nation to provide a redundant tidal zeitgeber.

Overall, it appears that for many species multiple, possibly redundant, cues
enable intertidal organisms to synchronize to tidal cycles. Water-level changes seem
to be the strongest entraining agent for horseshoe crab activity, but turbulence and
temperature appear to contribute to entrainment as well. In a number of marine ani-
mals one cue is not sufficient to entrain their behavior, but when presented with a key
zeitgeber the entrainment is further enhanced. One species, the amphipod Corophium
volunator, entrains to cycles of 10 °C but shows greater entrainment when subjected
to temperature cycles in conjunction with cycles of immersion (Holmstrom and
Morgan 1983). Water pressure and immersion cycles appear to also be important
synchronizers in C. maenas, and temperature may also serve to enhance entrainment
to these cues (Naylor et al. 1971). Similar findings have been observed in other crus-
tacean species as well (Williams and Naylor 1969; Naylor and Williams 1984).

3.3.4 Seasonal Changes in Activity: The Effects
of Temperature and Photoperiod

There are few documented seasonal changes in circatidal activity patterns in inter-
tidal invertebrates, and nearly all of these appear to be rhythms of larval release, not
locomotion (Thurman 2004). However, the phasing of circatidal rhythms appears to
be seasonally adjusted in the amphipod Corophium volutator (Harris and Morgan
1984), which the authors attributed to interactions between environmental tempera-
ture and endogenous rhythms.

Horseshoe crabs have very clear seasonal changes in behavior that appear to be
modulated by temperature. In the spring, in New Hampshire, they become active
when the water temperature reaches 8-10 °C or higher (Schaller et al. 2010) and
breed at the water’s edge during high tides for about a 1-month period in the late
spring (Watson et al. 2008). The timing of the breeding season varies somewhat
along the East Coast of the United States, with animals mating a little earlier in the
year in more southern regions (Barlow et al. 1986; Rudloe 1980; Brockmann and
Smith 2009). They remain very active during the remainder of the summer and into
the fall (Schaller et al. 2010) and then become more and more sedentary and quies-
cent when the water temperature drops below about 8 °C (Watson et al. 2009;
Watson and Chabot 2010).

Virtually the same pattern of activity occurs in horseshoe crabs exposed to differ-
ent temperatures in the laboratory, regardless of the LD cycles to which they are
exposed. When horseshoe crabs in running wheels were exposed to 17 °C, the
majority of them expressed tidal rhythms of activity (Fig. 3.11) (Watson et al. 2009;
Chabot and Watson 2010). In contrast, if the water temperature was reduced to
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Fig. 3.11 Effects of water temperature on the expression of endogenous circatidal rhythms in two
Limulus exposed to LD. Periods of increasing or decreasing temperatures are indicated by black
boxes to the immediate right of the actograms. Right panels: Lomb-Scargle periodograms of por-
tions of the activity records as delineated by temperature. Horizontal line: level of significance
(P<0.01). Values above line: highest peak period within the circatidal (10.4-14.4 h) or circadian
range (22-26 h). (Reproduced from Chabot and Watson 2010, with permission from the Editorial
Office, Current Zoology)

11 °C or below, they did not express a tidal rhythm of locomotion, even if they were
exposed to an LD cycle of 14:10, typical of the spring and summer. At 4 °C, activity
rhythms were completely suppressed and activity levels were greatly attenuated.

3.4 Endogenous Clocks Controlling Circatidal Activity

Although circatidal activity patterns have been documented in many intertidal spe-
cies, the nature of the clock system that controls these rhythms is somewhat contro-
versial (Palmer 1995b, 1997; Naylor 1996, 1997). An outstanding question in the
field of biological rhythms is whether the locomotor activity of intertidal species is
driven by two circalunidian clocks (clocks with a free-running periodicity similar to
the periodicity of the lunar day, i.e., 24.8 h) or by one circatidal clock. Naylor and
colleagues (Reid and Naylor 1989) have hypothesized that intertidal animals have
one circatidal clock, with a period of about 12.4 h, that drives behavioral rhythms and
one circadian clock which modifies those rhythms (Naylor 1958). Alternatively, the
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Fig. 3.12 Running-wheel
activity of two horseshoe
crabs exposed t014:10 LD
and exhibiting “masking”
(direct effects of lights-on or
lights-off) as well as
spontaneous changes in tau
(bottom panel). Top panel:
lights on, increased activity;
bottom panel: lights off,
increased activity.
(Reproduced from Chabot
et al. 2007 with permission
from Elsevier)
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circalunidian hypothesis, first proposed by Palmer and Williams (1986), proposes
that circatidal rhythms can be best explained by the presence of two circalunidian
clocks, each with a period of about 24.8 h (lunidian) and 180° out of phase with one
another. Behaviorally, this can lead to major activity bouts every 12.4 h, just like a
circatidal clock would. Currently, our data (Figs. 3.12, 3.13) seem to fit the three
criteria put forth by Palmer (1997) as part of the circalunidian hypothesis: (1) evi-
dence of two components of rhythms that scan the day at different periodicities
(Fig. 3.12, bottom panel); (2) evidence of “skipping,” sudden alternations of uni-
modal and bimodal patterns (Fig. 3.13, top panel, circled; and (3) “splitting,” the
separation of one component into two components (Fig. 3.12, bottom panel).
All three of these criteria were most clearly met by the activity patterns illustrated in
these figures (Figs. 3.12 and 3.13). Similar splitting of two “circalunidian compo-
nents” has also been seen in the locomotor activity of the crab Helice crassa (Palmer
and Williams 1986). However, the relative rarity of these phenomena in our data sug-
gests that if there are two oscillators governing the timing of locomotion in Limulus
they are strongly coupled. Thus, although we have some evidence to support the
circalunidian hypothesis, convincing evidence supporting a coupled, two-oscillator
system (such as is found in trout; Erikson 1973, cited in Pittendrigh 1981; hamsters
Pittendrigh and Daan 1976; and Drosophila Stoleru et al. 2004) has yet to be obtained.
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Fig. 3.13 Evidence for the presence of two circalunidian oscillators in Limulus polyphemus exposed
to LD. Top panels: Free-running circatidal activity rhythm shows “skipping” of one of two compo-
nents (circled). Bottom two panels: Effects of 12.4 and 12.1 cycles of water pressure on locomotor
activity patterns in Limulus. Rising water levels indicated by shaded boxes: first 8 days, 2 cycles/day
delivered each at 12.4 h; next 30 days, 2 cycles/day (one at 12.4 h; other at 12.1 h); remaining
15 days, constant water levels. Note the different periods of each component in the middle panel
(two arrows, values=associated tau). Note also the apparent drift of at least one of the components
(arrow, tau=11.6 h) in the bottom panel when the 12.1-h tides were initiated. (Reproduced from
Chabot and Watson2010, with permission from the Editorial Office, Current Zoology)

3.5 Molecular Mechanisms

Much is known about the molecular basis of circadian clocks, but virtually nothing
is known about the molecular basis of circatidal clocks. The animal circadian clock
has a core molecular mechanism based on the products of four or five genes that
undergo a transcriptional and translational rhythm of approximately 24 h (Bell-
Pedersen et al. 2005; Hardin 2009). Importantly, these core proteins appear to be
conserved in marine invertebrates such as Aplysia and Bulla (Siwicki et al. 1989),
and the lobster (Grabek and Chabot 2012). As it is thought that “evolution is a
tinkerer” (Jacob 1977), it is tempting to speculate that the molecular underpinnings
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of the circadian clock may have been co-opted and modified to create clocks that
help intertidal animals to synchronize to tidal cycles. As detailed earlier, one model
for how circatidal rhythms might be controlled calls for two circalunidian clocks
that keep time in the circadian range (periods of 24.8 h are still well within the cir-
cadian range) (Palmer 1995a), but are 180° out of phase, so that each clock could
influence the probability that an animal would be active during one of the two high
(or low) tides in a day. The presence of two clocks (that beat in this range) has been
established in many organisms, including hamsters (Pittendrigh and Daan 1976)
and fruit flies (Stoleru et al. 2004). In Drosophila, these two clocks couple the ani-
mal’s activity cycle to dusk and dawn independently, and they are composed of two
separate populations of cells in the fly’s brain (Stoleru et al. 2004). Therefore, it is
not too much of a stretch to imagine that circatidal rhythms might be controlled in
the same way, by two circalunidian clocks of about 24.8 h. Efforts are currently
underway in several laboratories to investigate this possibility.

3.6 Summary

The rhythms of marine intertidal invertebrates are truly enigmatic. Although many
of the animals that inhabit the tidal zone exhibit tidal rhythms, these rhythms often
disappear and reappear spontaneously. Although the disappearance of these rhythms
in the field can be explained by strong winds, foraging, satiety, large salinity events,
etc., the spontaneous disappearance of the rhythms in the lab is certainly enigmatic.
The fact that tidal rhythms are not as robust as circadian rhythms may also be
explained by comparing the high fidelity of LD cycles to the much lower fidelity of
environmental tidal cycles. However, perhaps the observation that “muddies the
water the most” (pun intended) is that behavioral tidal rhythms are often modulated,
and even synchronized, by LD cycles. Although there are plausible explanations for
this synchronization, none of them is completely compelling and a clear explanation
of this phenomenon must await genetic and molecular analyses. What is clear is that
a number of animal models have emerged to enable researchers to begin to open the
“black box” and to identify the molecular gears that keep time in accordance with
tidal and solar cycles.

Acknowledgments Much of the work reported in this chapter was supported by NSF-10S
0920342 to C.C.C. and W.H.W. 1) and the New Hampshire IDeA Network of Biological Research
Excellence (NH-INBRE; National Institute of General Medical Sciences (1P20GM030360)).

References

Abellé P, Reid DG, Naylor E (1991) Circatidal moulting rhythm in the shore crab Carcinus mae-
nas. J Exp Mar Biol Ecol 77:277-279

Abelld P, Warman CG, Naylor E (1997) Chela loss in the shore crab Carcinus maenas (Crustacea:
Brachyura) and its effect on mating success. Mar Biol 121:247-252



60 C.C. Chabot and W.H. Watson |11

Aladhub AHY, Naylor E (1975) Emergence rhythms and tidal migrations in brown shrimp Crangon
crangon (L.). J Mar Biol Assoc UK 55:801-810

Arudpragasam K, Naylor E (1964) Gill ventilation volumes, oxygen consumption, and respiratory
rhythms in Carcinus maenas. J Exp Biol 41:309-321

Barlow RB (1983) Circadian rhythms in the Limulus visual system. J Neurosci 3:856-870

Barlow RB, Bobarski SJ, Brachman ML (1977) Efferent optic nerve fibers mediate circadian
rhythms in the Limulus eye. Science 197:86-89

Barlow RB, Powers MK, Howard H, Kass L (1986) Migration of Limulus for mating: relation to
lunar phase, tide height, and sunlight. Biol Bull 171:310-329

Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, Thomas TL, Zoran MJ (2005)
Circadian rhythms from multiple oscillators: lessons from diverse organisms. Nat Rev Genet
6:544-556

Bennett MF, Shriner J, Brown RA (1957) Persistent tidal cycles of spontaneous motor activity in
the fiddler crab, Uca pugnax. Biol Bull 112:267-275

Borst D, Barlow RB (2002) Circadian rhythms in locomotor activity of juvenile horseshoe crabs.
Biol Bull 203:227-228

Brockmann HJ (2003) Nesting behavior: a shoreline phenomenon. In: Shuster CN, Barlow RB,
Brockmann HJ (eds) The American horseshoe crab. Harvard University Press, Cambridge,
pp 33-49

Brockmann HJ, Smith MD (2009) Reproductive competition and sexual selection in horseshoe
crabs. In: Tanecredi JT, Botton ML, Smith DR (eds) Biology and conservation of horseshoe
crabs. Springer, New York, pp 129-222

Buxton OM, Lee CW, L'Hermite-Balériaux M, Turek FW, Van Cauter E (2003) Exercise elicits
phase shifts and acute alterations of melatonin levels that vary with circadian phase. Am J
Physiol 284:R714-R724

Casterlin ME, Reynolds WW (1979) Diel locomotor-activity pattern of juvenile Limulus polyphe-
mus (Linnaeus). Rev Can Biol Exp 38:43-44

Chabot CC, Watson WH (2010) Circatidal rhythms of locomotion in the American horseshoe crab
Limulus polyphemus: underlying mechanisms and cues that influence them. Curr Zool
56:499-517

Chabot CC, Webb LW (2008) Daily and circadian rhythms of heart rate and locomotion in the
American lobster, Homarus americanus. Mar Freshw Behav Physiol 41:29-41

Chabot CC, Kent J, Watson WH (2004) Daily, circadian and tidal rhythms of locomotor activity in
the horseshoe crab Limulus polyphemus. Biol Bull 207:72-75

Chabot CC, Betournay SH, Braley N, Watson WH (2007) Circadian and circatidal rhythms of
locomotion in the horseshoe crab, Limulus polyphemus. J Exp Mar Biol Ecol 345:79-89

Chabot CC, Skinner SJ, Watson WH (2008) Locomotion rhythms expressed by the horseshoe crab,
Limulus polyphemus: I. Synchronization by artificial tides. Biol Bull 215:34-45

Chabot CC, Yelle JF, O’Donnell CB, Watson WH (2011) The effects of water pressure, tempera-
ture and current cycles on circatidal rhythms expressed by the American horseshoe crab,
Limulus polyphemus. Mar Freshw Behav Physiol 44:43-60

Chamberlain SC, Barlow RB (1979) Light and efferent activity control rhabdom turnover in
Limulus photoreceptors. Science 206:361-363

Cohen JA, Brockmann HJ (1983) Breeding activity and mate selection in the horseshoe crab,
Limulus polyphemus. Bull Mar Sci 33:274-281

Connor KM, Gracey AY (2011) Circadian cycles are the dominant transcriptional rhythm in the
intertidal mussel Mytilus californianus. Proc Natl Acad Sci USA 108:16110-16115

Darnell MZ (2012) Ecological physiology of the circadian pigmentation rhythm in the fiddler crab
Uca panacea. J Exp Mar Biol Ecol 426:39-47

DeCoursey PJ (1983) Biological timing. In: Vernberg FJ, Vernberg WB (eds) The biology of
Crustacea. Academic, San Diego, pp 107-151

Dubosky EA, Simpson SD, Chabot CC, Watson WH (2013) Locomotor patterns expressed by
juvenile horseshoe crabs, Limulus polyphemus. Biol Bull 225:42-49



3 Daily and Tidal Rhythms in Intertidal Marine Invertebrates 61

Ehlinger GS, Tankersley RA (2006) Endogenous rhythms and entrainment cues of larval activity
in the horseshoe crab Limulus polyphemus. J Exp Mar Biol Ecol 337:205-214

Ehlinger GS, Tankersley RA, Bush MB (2003) Spatial and temporal patterns of spawning and
larval hatching by the horseshoe crab, Limulus polyphemus, in a microtidal coastal lagoon.
Estuaries 26:631-640

Enright JT (1963) The tidal rhythm of activity of a sand-beach amphipod. Z Vgl Physiol
46:276-313

Enright JT (1976) Plasticity in an isopod’s clockworks: shaking shapes form and affects phase and
frequency. J Comp Physiol 107:13-37

Erikson LO (1973) Spring inversion of the diel rhythm of locomotor activity in young sea-going
trout and Atlantic salmon. Aquilo Ser Zool 14:69-79

Forward RB, Demendiola BR, Barber RT (1986) Entrainment of the larval release rhythm of the
crab Rhitrhopanopeus harrisii (Brachyura, Xanithidae) by cycles in salinity change. Mar Biol
90:537-544

Forward RB, Thaler AD, Singer R (2007) Entrainment of the activity of the mole crab Emerita
talpoida. J Exp Mar Biol Ecol 341:10-15

Gannon RL, Rea MA (1995) Twelve hour phase shifts of hamster circadian rhythms elicited by
voluntary wheel running. J Biol Rhythms 10:196-210

Grabek KR, Chabot CC (2012) Periodicity of the PERIOD gene in the American lobster, Homarus
americanus. Mar Freshw Behav Physiol 45:269-279

Gribble N, Broom D (1996) Time series analysis and model of heart-beat rate, oxygen consumption,
and locomotor activity from the sand-crab Portunus pelagicus. Biol Rhythm Res 27:113-129

Hardin PE (2009) Molecular mechanisms of circadian timekeeping in Drosophila. Sleep Biol
Rhythms 7:235-242

Harris GJ, Morgan E (1984) Entrainment of the circatidal rhythm of the estuarine amphipod
Corophium volutator (Pallas) to non-tidal cycles of inundation and exposure in the laboratory.
J Exp Mar Biol Ecol 80:235-245

Hastings MH (1981) The entraining effect of turbulence on the circa-tidal activity rhythm and its
semi-lunar modulation in Eurydice pulchra. J Mar Biol Assoc UK 61:151-160

Holmstrom WF, Morgan E (1983) Laboratory entrainment of the rhythmic swimming activity of
Corophium volutator (Pallas) to cycles of temperature and periodic inundation. J Mar Biol
Assoc UK 63:861-870

Honeggar HW (1973) Rhythmic activity responses of the fiddler crab Uca crenulata to artificial
tides and artificial light. Mar Biol 21:169-202

Jacob F (1977) Evolution and tinkering. Science 196:1161-1166

Johnson CH, Gwinner E, Karsch FJ, Saunders D, Zucker |, Ball GF (2004) Fundamental properties
of circadian rhythms. In: Dunlap JC, Loros JJ, DeCoursey PJ (eds) Chronobiology: biological
timekeeping. Sinauer Associates, Sunderland, pp 67-105

Jury SH, Chabot CC, Watson WH (2005) Daily and circadian rhythms of locomotor activity in the
American lobster, Homarus americanus. J Exp Mar Biol Ecol 318:61-70

Kass L, Berent MD (1988) Circadian rhythms in adaptation to light of Limulus photoreception.
Comp Biochem Physiol C 91:229-239

Klapow LA (1972) Natural and artificial rephrasing of a tidal rhythm. J Comp Physiol
79:233-258

Knight-Jones EW, Morgan E (1966) Responses of marine animals to changes in hydrostatic pres-
sure. Oceanogr Mar Biol Ann Rev 4:267-299

Konopka RJ, Benzer S (1971) Clock mutants of Drosophila melanogaster. Proc Natl Acad Sci
USA 68:2112-2116

Lee W (2010) Intensive use of an intertidal mudflat by foraging adult American horseshoe crab,
Limulus polyphemus in the Great Bay estuary, New Hampshire. Curr Zool 56:611-617

Lynch BR, Rochette R (2007) Circatidal rhythm of free-roaming sub-tidal green crabs, Carcinus
maenas, revealed by radio-acoustic positional telemetry. Crustaceana 80:345-355



62 C.C. Chabot and W.H. Watson |11

Marsh BA, Branch GM (1979) Circadian and circatidal rhythms of oxygen consumption in the
sandy beach isopod Tylos granulatous Krauss. J Exp Mar Biol Ecol 37:77-89

Naylor E (1958) Tidal and diurnal rhythms of locomotory activity in Carcinus maenas (L.). J Exp
Biol 35:602-610

Naylor E (1963) Temperature relationships of locomotor rhythm of Carcinus. J Exp Biol
40:669-675

Naylor E (1996) Crab clockwork: the case for interactive circatidal and circadian oscillators con-
trolling rhythmic locomotor activity of Carcinus maenas. Chronobiol Int 13:153-161

Naylor E (1997) Crab clocks rewound. Chronobiol Int 14:427-430

Naylor E, Atkinson RJ (1972) Pressure and the rhythmic behavior of inshore marine animals.
Symp Soc Exp Biol 26:395-415

Naylor E, Williams BG (1984) Environmental entrainment of tidally rhythmic behaviour in marine
animals. Zool J Linnean Soc 80:201-208

Naylor E, Atkinson RJA, Williams BG (1971) External factors influencing the tidal rhythm of
shore crabs. J Interdiscipl Cycle Res 2:173-180

Palmer JD (1963) “Circa-tidal” activity rhythms in fiddler crabs. Biol Bull 125:387

Palmer JD (1995a) The biological rhythms and clocks of intertidal animals. Oxford University
Press, New York

Palmer JD (1995b) Review of the dual-clock control of tidal rhythms and the hypothesis that the
same clock governs both circatidal and circadian rhythms. Chronobiol Int 12:299-310

Palmer JD (1997) Dueling hypotheses: circatidal versus circalunidian battle basics. Chronobiol Int
14:337-346

Palmer JD, Williams BG (1986) Comparative studies of tidal rhythms. 11. The dual clock control
of the locomotor rhythms of two decapod crustaceans. Mar Behav Physiol 12:269-278

Pittendrigh CS (1981) Circadian systems: entrainment. In: Aschoff J (ed) Handbook of behavioral
neurobiology. Biological rhythms. Plenum Press, New York, pp 95-124

Pittendrigh CS, Daan S (1976) A functional analysis of circadian pacemakers in nocturnal rodents.
IV. Entrainment: pacemaker as clock. J Comp Physiol A 106:291-331

Reid DG (1988) The diurnal modulation of the circatidal activity rhythm by feeding in the isopod
Eurydice pulchra. Mar Behav Physiol 6:273-285

Reid DG, Naylor E (1989) Are there separate circatidal and circadian clocks in the shore crab
Carcinus maenas? Mar Ecol Prog Ser 52:1-6

Reid DG, Naylor E (1990) Entrainment of bimodal circatidal rhythms in the shore crab Carcinus
maenas. J Biol Rhythms 5:333-347

Rudloe A (1979) Locomotor and light responses of larvae of the horseshoe crab, Limulus polyphe-
mus (L.). Biol Bull 157:494-505

Rudloe A (1980) The breeding behavior and patterns of movement of horseshoe crabs, Limulus
polyphemus, in the vicinity of breeding beaches in Apalachee Bay, Florida. Estuaries
3:177-183

Rudloe A (1985) Variation in the expression of lunar and tidal behavioral rhythms in the horseshoe
crab Limulus polyphemus. Bull Mar Sci 36:388-395

Saigusa M (1988) Entrainment of tidal and semilunar rhythms by cycles of artificial moonlight.
Biol Bull 174:126-138

Saigusa M (1992) Phase shift of a tidal rhythm by light-dark cycles in the semi-terrestrial crab,
Sesarma pictum. Biol Bull 182:257-264

Saigusa M, Kawagoye O (1997) Circatidal rhythm of an intertidal crab, Hemigrapsus sanguineus:
synchrony with unequal tide height and involvement of a light-response mechanism. Mar Biol
129:87-96

Schaller SY, Chabot CC, Watson WH (2010) Seasonal movements of American horseshoe crabs
Limulus polyphemus in the Great Bay estuary, New Hampshire (USA). Curr Zool 56:587-598

Siwicki KK, Strack S, Rosbash M, Hall JC, Jacklet JW (1989) An antibody to the Drosophila
period protein recognizes circadian pacemaker neurons in Aplysia and Bulla. Neuron 3:51-58



3 Daily and Tidal Rhythms in Intertidal Marine Invertebrates 63

Stillman JH, Barnwell FH (2004) Relationship of daily and circatidal activity rhythms of the fid-
dler crab, Uca princeps, the harmonic structure of semidiurnal and mixed tides. Mar Biol
144:473-482

Stoleru D, Peng Y, Agosto J, Roshash M (2004) Coupled oscillators control morning and evening
locomotor behaviour of Drosophila. Nature (Lond) 431:862—-868

Styrishave B, Aagaard A, Andersen O (1999) In situ studies on physiology and behavior in two
colour forms of the shore crab Carcinus maenas in relation to season. Mar Ecol Prog Ser
189:221-231

Styrishave B, Andersen O, Depledge MH (2003) In situ monitoring of heart rates in shore crabs
Carcinus maenas in two tidal estuaries: effects of physico-chemical parameters on tidal and
diel rhythms. Mar Freshw Behav Phys 36:161-175

Thurman CL (2004) Unravelling the ecological significance of endogenous rhythms in intertidal
crabs. Biol Rhythm Res 35:43-67

Watson WH, Chabot CC (2010) High resolution tracking of adult horseshoe crabs Limulus polyphe-

mus in a New Hampshire estuary using fixed array ultrasonic telemetry. Curr Zool 56:599-610

Watson WH, Wyse G (1978) Coordination of the heart and gill rhythms in Limulus. J Comp Physiol
124:267-275

Watson WH, Bedford L, Chabot CC (2008) Dissociation between circadian rhythms of visual
sensitivity and circatidal rhythms of locomotion in the American horseshoe crab, Limulus poly-
phemus. Biol Bull 215:6-56

Watson WH, Schaller SY, Chabot CC (2009) The relationship between small- and large-scale
movements of horseshoe crabs in the Great Bay estuary and Limulus behavior in the laboratory.
In: Tanacredi JT, Botton ML, Smith DR (eds) Biology and conservation of horseshoe crabs.
Springer, New York, pp 131-148

Wickland CR, Turek FW (1991) Phase-shifting effects of acute increases in activity on circadian

locomotor rhythms in hamsters. Am J Physiol Regul Integr Comp Physiol 261:R1109-R1117

Williams BG, Naylor E (1969) Synchronization of the locomotor tidal rhythm of Carcinus. J Exp
Biol 51:715-725

Williams BG, Naylor E, Chatterton TD (1985) The activity patterns of New Zealand mud crabs
under field and laboratory conditions. J Exp Mar Biol Ecol 89:269-282.



	Christopher C. Chabot and Winsor H. Watson III
	3.2 Outputs
	3.2.1 Laboratory Studies of Tidal Rhythms
	3.2.1.1 Examples of Tidal Rhythms Expressed by Selected Marine Invertebrates
	3.2.1.2 Daily and Circadian Rhythms in Selected Marine Invertebrates

	3.2.2 Biological Rhythms of Marine Invertebrates in Their Natural Habitat
	3.2.2.1 Daily and Tidal Rhythms Expressed by Horseshoe Crabs in Their Natural Habitat


	3.3 Inputs: Natural Stimuli That Entrain or Synchronize Biological Rhythms
	3.3.1 Entrainment by Water Depth Changes and Inundation in Limulus
	3.3.1.1    Laboratory Studies
	3.3.1.2    Rhythms Expressed by Limulus in Their Natural Habitat

	3.3.2 The Influence of Temperature, Turbulence, and Salinity on Tidal Rhythms
	3.3.3 The Influence of Light on the Expression of Rhythms
	3.3.4 Seasonal Changes in Activity: The Effects of Temperature and Photoperiod

	3.4 Endogenous Clocks Controlling Circatidal Activity
	3.5 Molecular Mechanisms
	3.6 Summary
	References

