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Abstract

While many intertidal animals exhibit circatidal rhythms, the nature of the underlying endogenous
clocks that control these rhythms has been controversial. In this study American horseshoe crabs,
Limulus polyphemus, were used to test the circalunidian hypothesis by exposing them to four
different tidal regimes. Overall, the results obtained support the circalunidian hypothesis: each of
the twice-daily rhythms of activity appears to be controlled by a separate clock, each with an
endogenous period of approximately 24.8h. First, spontaneous “skipping” of one of the daily bouts
was observed under several different conditions. Second, the presence of two bouts of activity/day,
with different periods, was observed. Lastly, we were able to separately synchronize bouts of
activity to two artificial tidal regimes with different periods. These results, taken together, argue in
favor of two separate circalunidian clocks in Limulus, each of which controls one of the two bouts
of their daily tidal activity rhythms.
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2. Introduction

Many marine organisms that visit or live in the intertidal zone exhibit tidally- organized
behavioral rhythms that are, in most cases, endogenous and capable of being entrained by a
number of different natural cues (DeCoursey 1983; Palmer 1995a; Chabot et al. 2010). For
example, the shore crab (Carcinus maenas; Naylor 1958), fiddler crabs (Uca pugnax,
Bennett et al., 1957; Uca minax; Palmer 1989), and the American horseshoe crab (Limulus
polyphemus, Chabot and Watson 2010) generally express two bouts of activity per day that
are associated with high or low tides and can be entrained by water pressure changes
(Naylor and Atkinson 1972; Chabot et al. 2008). Because of their association with the tides,
these periodic bouts of activity are known as tidal rhythms and occur approximately every
12.4 h. However, while rhythms have been shown to be under the control of an endogenous
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timing system in many species, the underlying clock systems that drive these circatidal
rhythms are poorly understood and remain controversial (Palmer 1995a; 1995b; 1997a;
1997b; 2000; Naylor 1996; 1997; Aldrich 1997).

The two primary competing theories that have been put forth to explain the underlying clock
systems that give rise to these 12.4 h rhythms are: 1) The circatidal oscillator theory, which
states that two bouts of activity per day are controlled by one, ~ 12.4 h, circatidal clock and;
2) the circalunidian theory, which states that the two bouts of activity are controlled by two
separate, ~24.8 hr, circalunidian (the time between successive moonrises) oscillators (Palmer
and Williams 1986). Throughout the years, Palmer, Naylor, and their associates and others
gathered evidence that appear to support their respective hypotheses (Palmer and Williams
1986; Palmer 1995; Naylor 1996). However, the results to date are sufficiently unclear that
each has reached opposite conclusions even when using the same data sets (Palmer,
1997a;b). In general, these earlier studies made use of data that were often heavily extracted
because, it seemed at the time, that circatidal rhythms did not persist for long in constant
tidal conditions and were notoriously “noisy”. Further, because of the issue of a lack of
persistence in green crabs, Naylor’s results were generally derived from pooled, rather than
individual, animals (Naylor 1996). Fortunately, the more recent discovery of clear, persistent
circatidal rhythms in individuals from four intertidal species (Limulus polyphemus - Chabot
et al. 2007; Eurydice pulchra - Zhang et al. 2013; Apteronemobius ashania - Satoh and
Numata 2014; Dimorphostylis asiatica, Akiyama 2014) may allow for more definitive
evidence.

Recent studies have demonstrated that horseshoe crabs express robust circatidal rhythms that
both persist in constant conditions in the laboratory and can be entrained by artificial tides
(Chabot et al., 2008; 2010). While some preliminary observations have indicated that their
tidal rhythms might be under the control of circalunidian clocks (Chabot and Watson, 2014),
the results were primarily descriptive. Because of the promising preliminary results, they
might serve as a good model system in which to test the circalunidian theory in a more
quantified way. To accomplish this goal, we measured the locomotor activity rhythms of
horseshoe crabs exposed to several types of environmental “perturbations”. Overall, we
observed a number of characteristics that support the circalunidian oscillator hypothesis in
this species: 1) the presence of two peaks of activity per day, each with a different period
(Palmer 2000); 2) “skipping”, or the sudden switch from unimodal to bimodal patterns; 3)
“splitting”, or the separation of one component or bout of activity into two components
(Pittendrigh and Daan 1976; Palmer 1997a; Johnson 2004) and; 4) the ability of animals to
entrain to two bouts of activity to two different artificial tides, each with a different period,
and further, to anticipate these tidal cues.

3. Materials and Methods

3.1 General Experimental Conditions

Adult horseshoe crabs, Limulus polyphemus, were collected from the Great Bay estuary,
near the Jackson Estuarine Laboratory (JEL) in Durham, New Hampshire, either when they
approached the beaches during breeding season or by SCUBA divers. The crabs were then
either transported to a laboratory at Plymouth State University, Plymouth, New Hampshire
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(Experiments 1 and 2) or housed in outdoor tanks at Jackson Estuarine Laboratory, Durham,
NH (Experiment 3). In total, 48 crabs were used (all males; 172 g-511 g). Crabs in
Experiments 1 and 2 were not fed during experimentation to prevent feeding disturbances of
activity patterns and to maintain water quality in the recirculating tanks. Animals used for
Experiment 3 were fed approximately 5 g of frozen clam every 7-10 days.

3.2 Experiment 1: Two artificial tides per day with different periods

Horseshoe crabs were placed in “Running Wheels” (Chabot and Watson 2007) in 110 liter
recirculating tanks (three crabs/tank; each tank was 50 cm x 95 cm, and 45 cm deep) located
in a temperature and light controlled room. Water temperature was 17 + 2°C, pH was 8.0

+ 0.2, nitrates were always < 100 mg/L and salinity was 27 * 2 psu. Lighting was provided
by a single 40-W fluorescent bulb (Coralife 10,000K) suspended above the tanks. During the
simulated daytime (or during constant light, LL), the light intensity at water level was 3.3—
5.0 photons/m2/s, while at night, and during DD, it was 0 photons/m2/s. When exposed to a
photoperiod, it was 14 hrs light and 10 hrs dark (LD 14:10) and the Lto Dand D to L
transitions were instantaneous.

Tidal cycles were established using water pumps controlled by timers. Water flow rates and
timing were adjusted so that, if exposed to 24.8 h/24.8 hr tidal cycles, every 12.4 hr each
crab was exposed to a “high tide” that alternated with “low tides”. The depth of water above
the carapace of the crab during high tide was 40 cm while the depth during low tide was
approximately 3 cm. The timing of the pumps was adjusted, depending on the tidal cycles, to
produce ~ 4 h of rising (or falling) water levels followed by ~2.2 hr of constant water levels.

In this experiment, crabs were exposed to either 14:10 LD cycles (n=13) or constant light
(LL; n=14). While LD cycles can affect circatidal rhythms (Saigusa 1992; Chabot et al.
2007), constant conditions (such as LL) disrupt circadian rhythms and seem to disrupt
circatidal rhythms (Palmer 1995a). Thus, animals were exposed to either of these conditions
to increase the opportunities to observe possible un-disrupted effects of either of the two
cycles. Since the behavior observed in this experiment under either condition was similar in
both cases, LD was used only in subsequent experiments. Crabs were first subjected, for 10—
14 days, to two high tides per day, separated by 12.4 hr. Then the artificial tides were
adjusted so that one of the high tides occurred every 24.8 hr and the other every 24.2 hr. This
mimicked a circalunidian model with clocks with different periods controlling each high
tide. These tides were terminated either 13 (LL) or 36 (LD) days later and the crabs were
then exposed to constant water levels that were half way between high and low tides for two
weeks.

3.3 Experiment 2: One 24.8 hr tide per day

Horseshoe crabs (n=12) were placed in running wheels and subjected to a 15:9 LD cycle.
Other lighting and water quality parameters were the same as described for Experiment 1.
Running wheels were placed in the bottom of recirculating “tidal tanks” where the water
level could be raised or lowered by 0.6 m at a rate of approximately 0.2 m/h using Rio 50
pumps controlled by timers. The timing of the pumps was adjusted to produce ~ 4 h of rising
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(or falling) water levels followed by ~8.4 hr of constant water levels (depending on the
period).

Crabs were first subjected to a single, 12.4 hr long, high tide per day with a period of 24.8
hr. Two weeks later, in an attempt to cause instability in the underlying oscillator system, the
single tide was delayed so that the crabs experienced the tide 12 hr later on that day; this
shifted cycle persisted for the next four weeks until the artificial tide was terminated. The
crabs were then held in water of a constant depth for at least ten days in order to determine if
underlying oscillators were entrained.

3.4 Experiment 3: Natural photoperiod and limited tidal cues

Horseshoe crabs (n=7) were exposed to a natural photoperiod and constant water levels in
outdoor tanks with constantly replenished estuarine water at the Jackson Estuarine
Laboratory (JEL, Durham, NH). Accelerometers (Onset Computer, Pocasset, MA),
configured to measure acceleration (g) in the three orthogonal axes, were affixed to the
prosoma of each crab using cable ties, duct tape, and cyanoacrylate glue (Schaller et al.,
2010). Each crab was placed in a cylindrical wire enclosure (70 cm diameter x 48 cm
height) that was inside a larger tank (183 cm x 92 cm x 50 cm, 1-2 crabs per tank, four
tanks total). The bottom of each tank contained approximately 15cm of sand so that crabs
could bury themselves. Sea water continuously flowed (~4 liters/min) through the 850 liter
tanks, keeping salinity and temperature consistent with that of the Great Bay estuary and the
tanks remained uncovered, so they were exposed to the natural light/dark cycle (approximate
sunrise: 5:01-5:15; sunset: 20:00-20:28). The horseshoe crabs were allowed access to 2% of
their body weight in diced quahogs three times a week by placing the food in the bottom of
the tanks. These crabs were handled approximately once/14 days in order to download the
accelerometers.

3.5 Data Analysis

RW activity data were collected in 5-min intervals on a computer-based data collection
system (ClockLab, Actimetrics, Evanston, IL). The accelerometers provided acceleration in
the three orthogonal axes per minute for each horseshoe crab. The difference between
successive X, Y, and z coordinates was calculated to obtain the net acceleration change in the
three coordinate planes, and these differences were used to calculate the net magnitude of
acceleration each minute. These values were then used to generate actograms and Lomb-
Scargle periodograms (Ruf 1999).

Both RW and accelerometer data were analyzed via the ClockLab suite of time series data
analysis programs (Actimetrics, Evanston, IL). Significance of rhythmicity was determined
both visually (Chabot and Menaker 1992; Chabot et a/. 2004) and by Lomb-Scargle
periodogram analysis (£<.05). Since circular statistics are not sufficiently robust to pick up
multiple rhythmic components or complex periods, visual analyses were used solely when
different T cycles were administered (i.e. - the second component of Experiment 1) or when
different free-running periods were observed (Experiment 3). The Lomb-Scargle method
(Ruf 1999) was used because it reduces the occurrence of artificial harmonics created by the
major periodicities of the data compared to the Chi-Square method, while calculating
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periods that are virtually that same (Chabot et a/. 2007) as those calculated using the more
traditional Chi-square method (Sokolove and Bushell 1975). This analysis was used to
determine the maximal value of any primary component of rhythmicity in the circadian
(between 22 and 26 hr) or circatidal range (between 10.4 and 14.4 hr) for each crab during
each experimental condition. In general, at least 10 days of data were used to calculate
Lomb-Scargle periodograms. To determine the phase angle of activity to environmental cues
(LD or water depth changes), best eye-fit lines were drawn through the onsets of activity
when possible using a single-blind protocol. We also examined all of our data using the
“onset” and “offset” plots in ClockLab (Actimetrics) and compared them to our best-fit
lines. They were virtually the same as long as we extrapolated between missing onsets and
offsets.

4.1 Experiment 1: Two Artificial Tides per Day

When horseshoe crabs in LD were exposed to two high tides per day, most (11/13)
synchronized their activity to the tides (Fig. 1 — top, bottom panels). When, in an attempt to
destabilize the phase relationship between the two bouts of activity, they were subsequently
exposed to one tide cycle with a period of 24.8 hr and one with a period of 24.2 hr, all of the
crabs continued to exhibit two bouts of activity/day for variable durations of time, generally
one-two weeks. Interestingly, when the two tidal cycles became coincident with one another
(approximately Day 38), only one bout of activity was expressed by six of the crabs (Fig. 1,
middle, bottom panels). Five crabs showed an additional weaker bout of reduced activity
(Figure 1 — top panel — sparse activity near gray line) that appeared to “free-run” with a
period of approximately 24.8 hr. When later held in water that remained at a constant depth,
over half of the crabs (7/13) exhibited two bouts of activity (Figure 1 — top and bottom
panels) and in six of these crabs their activity bouts appeared to be entrained to the previous
tidal cycles (Figure 1 — top and bottom panel). The remaining crabs only expressed one bout
of activity that appeared to be entrained to one of the previous cycles.

A number of crabs also exhibited some “masking” in response to the LD cycles. Eleven of
13 crabs altered their activity during the “sunrise” and “sunset” transitions: ten often started
activity at the D to L transition (Figure 1 — middle, bottom panels), while four stopped
activity at these times (data not shown). While many of the clearest LD “masking” events
took place when tidal cues were absent (Fig 1 — middle, bottom panels), there were also
several instances of LD masking during the tidal cycles (Fig. 1 — middle, bottom panels).

When crabs in LL were exposed to two high tides per day, 12 of 14 crabs clearly
synchronized their activity to these cycles (Figure 2; top and middle panel), while the
synchronization was less apparent in two of the crabs (Figure 2 — bottom panel). When they
were subsequently exposed to artificial tides with different periods (24.8/24.2 hr), eight of
thirteen crabs appeared to be synchronized to both cycles (Fig. 2; top, middle panels).
Interestingly, some animals appeared to both synchronize to the faster (24.2h) tide, and
maintain a remnant of the original 24.8 hour cycle (Fig. 2, top, note gray line). The
remaining five crabs exhibited two bouts of activity/day but synchronized either poorly (Fig.
2 —bottom panel) or only to the 24.8 hr or the 24.2 hr cycle (data not shown). Later, when no
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artificial tides were present, just over half of the crabs (7/13) exhibited free-running
circatidal rhythms of activity and one of them expressed a generally unimodal free-running
rhythm in the circalunidian (24.8 hr) range (Fig. 2 — bottom panel). When these exact
conditions were repeated on the same crabs 45 days later in the summer, similar results were
seen: 12 crabs synchronized to 24.8/24.8 hr cycles, four crabs synchronized to 24.8/24.2 hr
cycles, an additional four crabs exhibited unimodal rhythms that appeared to be
synchronized to the 24.8 hr cycle only and, in constant water level conditions, six crabs
exhibited circatidal (bimodal) rhythms while six exhibited free-running rhythms in the
circalunidian (unimodal) range.

4.2 Experiment 2: One tidal cycle/day

When one tide/day was delivered to crabs in order to assess the ability of the clock system to
respond to this novel perturbation, six of twelve crabs clearly synchronized their activity to
the imposed tide (Fig. 3; top and middle panels) for much of the first 18 days. Three of these
crabs exhibited two bouts of activity/day (Fig. 3; top and middle panels), even though there
was only one artificial high tide/day, while the remaining three crabs exhibited one activity
bout/day (data not shown). Additional crabs exhibited single bouts for shorter time periods
(Fig. 3 —top — single days are occasionally “skipped” during the L portion; middle panel —
see the single bout during days 29-35). Two weeks later, in another attempt to perturb the
underlying clock system, the single high tide event/day was delayed by 12.4 hr (yielding a
phase change of the tidal cycle of 180°). Under these conditions eight crabs expressed a tidal
rhythm and seven of them exhibited bouts of locomotion that were synchronized to the
beginning of the imposed tides (Fig. 3; top and bottom panels). When the artificial tides
were stopped, six crabs exhibited one bout/day (“skipping”; Fig 3; bottom panel). Of the
remaining six crabs, five crabs exhibited clear circatidal rhythms (Fig. 3, top, middle panels),
four of which were clearly entrained to the previous tidal cycle (Fig 3; top panel). In
addition, some occasional LD masking was clear in all 12 crabs during all three phases of
this experiment (Figure 3 — all panels).

4.3 Experiment 3: Natural photoperiod and limited tidal cues

Horseshoe crabs that were kept in outdoor flow-through tanks with a constant water level for
45 days exhibited bouts of tidal rhythmicity for time periods that ranged from 10-45 days.
Interestingly, three of seven crabs exhibited two bouts of activity, each with different free-
running periods (Fig. 4), which appeared to commence after they were handled. Four crabs
also exhibited unimodal circalunidian rhythms that, again, appeared to commence (in two of
them) after they were handled (data not shown). These rhythms were often interrupted by
periods of relatively constant activity (Fig. 4 — top panel, first four days) or inactivity (data
not shown). Interestingly, there was far less indication of LD masking in these crabs
compared to the laboratory groups, perhaps because the transitions from L to D,and D to L,
were gradual.
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The results presented here provide support for the presence of two oscillators, each
controlling one of the two (circatidal) bouts of locomotion often expressed by American
horseshoe crabs each day. The activity patterns presented both in this, and other studies
involving American horseshoe crabs (Chabot et al. 2007; Chabot and Watson 2010), fulfill
all of the criteria necessary for a multi-oscillator system (Pittendrigh and Daan 1976; Palmer
1997a): 1) Evidence of two rhythmic bouts that scan the day with different periodicities in
both entraining (Figs. 1, 2) and constant (Figs. 3, 4) conditions; 2) “Splitting”, or the
separation of one bout into two bouts (Chabot et al. 2007); and 3) “skipping”, where the
expression of one of the two daily bouts of activity ceases for one to several days (Figs. 1, 2,
3). Additionally, some horseshoe crabs appear to be able to synchronize two bouts of activity
to two different artificial tidal cues with two different periods (Fig. 1). Furthermore, the
bouts of some of these crabs also anticipated each of these two tidal cues (Fig. 2). All of
these data, taken together, argues in favor of two separate clocks in Limulus, each of which
controls one of the two daily bouts of their tidal activity rhythm (Fig. 5). Moreover, these
data are consistent with the circalunidian hypothesis that was first proposed by Williams and
Palmer (1986) and later refined by Palmer (1995b). It states that the two oscillators that
control locomotor activity in intertidal species are coupled oscillators, and each has a period
of approximately 24.8 hr (thus, a circalunidian period). Furthermore, the output from these
clocks is manifested by two daily bouts of activity coupled at 12.4 hr antiphase (Fig. 5). This
model has been used to explain the variety of activity patterns seen in intertidal species, such
as several species of fiddler crabs (Palmer 1995a), green crabs (Palmer 1997a), a cumacean
crustacean (Akiyama 2014), and an intertidal fish (tidepool cottids - Green 1971).

5.2 Strong Coupling between the Circaluidian Clocks

In horseshoe crabs, the two circalunidian oscillators appear to be strongly coupled. In the
first experiment, while the animals often synchronized to both tides/day when the periods of
each was 24.8 hr, when one of the tidal periods was changed to 24.2 hr, synchronization was
often less clear (Fig. 1). In addition, although some anticipation of the tidal cycle was
observed (Fig. 2), activity was not clearly entrained to this signal and the results appeared to
be primarily caused in many instances by “masking”. While, on their own, these results may
suggest the control of activity by a single 12.4 hr clock, when the other results of this (Figs.
3, 4) and previous studies (Chabot et al., 2008; Chabot and Watson, 2010) instead suggest
that the two 24.8 hr clocks are very difficult to de-couple. While we have observed circatidal
rhythms of locomotion in many dozens of individuals, we have relatively few examples of
the kind of de-coupling that we observed elsewhere in this study (Figs 3, 4; Chabot et al.
2010). Some de-coupling is also seen in the cumacean crustacean Dimorphostylis asiatica
(Akiyama 2014). In contrast, the circatidal clock model for the control of circatidal rhythms
is based on a single oscillator with a period of 12.4 hr that controls tidal rhythms (Naylor
1996). However, most of the support for this particular model comes from C. maenas that
were frequently only tested for 24 (Naylor, 1996) to 72 hr (Naylor 1958) immediately
following capture and removal from the estuary. In addition, raw data were not subjected to
analysis, but instead the data were first heavily processed. Also noteworthy is that reen crabs
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do occasionally exhibit skipping. While this phenomenon has been attributed to gating by a
circadian clock or by the LD cycle of one of the daily bouts by other investigators (Williams
1991; Palmer 1995b), it might be better explained by the circalunidian hypothesis, as
described below.

While there are some aspects of the behavioral patterns exhibited by intertidal animals that
could be explained by the circatidal clock model, the observed behavioral patterns appear to
better fit the circalunidian hypothesis. As stated above, skipping can possibly be explained
by the circatidal model if, for instance, a circadian clock suppresses (or allows) the
expression of behavioral activity at certain circadian phases. However, the results in Limulus
do not fit this model well because we observe skipping during both light and dark portions
of LD cycles (diurnal examples: Fig. 1 — bottom panel; Fig. 3 — bottom panel; nocturnal
examples: Chabot et al., 2010). Similar results are seen in talitrids (Rossano et al. 2009) and
the grapsid crab, Helice crassa (Williams and Palmer 1988). In addition, the splitting of one
component into two (or the consolidation of two components into one; Chabot and Watson
2010) would be predicted by the circalunidian, but not the circatidal, hypothesis. While
splitting appears to be uncommon in Limulus, it appears to be less uncommon in the fiddler
crab, Uca pugnax (Palmer 1988) and an intertidal brachyuran, Macropthalmus hiritipes
(Williams and Palmer 1988). Exposure to constant light induces splitting in some nocturnal
rodents and is taken as evidence of control of circadian rhythms by two (~24) clocks
(Pittendrigh and Daan 1976). Once split, the rodent rhythms generally remain phase locked
at 180 degrees and separated by approximately 12 hr, creating behavioral patterns nearly
identical to circatidal patterns observed in intertidal organisms. These two circadian clocks
have been termed “evening” and “morning” oscillators because of their tendency to track
dusk and dawn respectively and evidence for this type of a circadian oscillatory system has
also been found in cockroaches (Page, 1978), fish (Erikson 1973), birds (Gwinner 1974),
crickets (Weidenmann 1983), and Drosophila. \In Drosophila, these separate clocks have
been identified as separate and distinct clusters of neurons that control the dawn and dusk
bouts of activity (Stoleru et al. 2004; Picot et al., 2007). The primary differences between
these two clock systems then would be a slight difference in the fundamental periods of each
of these clocks (24 vs. 24.8 hr) and the different input pathways that entrain them (light vs.
tidal cues).

5.3 Advantages of circalunidian clocks

The characteristics of L. polyphemus behavioral rhythms suggest that dual circalunidian
oscillators, and not a single circatidal oscillator, may control their locomotor activity
(Chabot and Watson 2010). Why might this control system have evolved in intertidal
organisms? While the control by one circatidal clock may seem simplest, the control by two
circalunidian clocks actually seems more parsimonius because of the complexity of tidal
cycles throughout the world. An excellent illustration of this complexity comes from
Palmer’s (1990) analysis of the tide-to-tide deviation from the average tidal period of 12.4
hr. He argues that, because the variance between successive tides is nearly ten times as great
as the variance between every other tide (174 vs. 10 min), the possession of two separate
circalunidian clocks is more adaptive. Two clocks, each tracking one of the daily tides
(which vary between successive tides by at most 10 min) would have much more predictive
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value than one circatidal clock attempting to track each and every tide (which vary by up to
174 min). Another compelling reason for the presence of two circalunidian clocks comes
from the fact that many intertidal species, such as Limulus, fiddler crabs and green crabs,
often live across a wide geographical range and may be exposed to several different tidal
regimes ranging from microtides (essentially atidal environments), to unitidal or bitidal, and
even a combination of these (mixed/unequal). Possession of two clocks instead of one would
allow flexibility, so individuals can modify the expression of each bout of activity to the
local conditions. Interestingly, the behavioral activity of several species of fiddler crabs that
can be found in each of these varied habitats has been shown to match the local tidal
regimen (Barnwell 1968; Dugaw et al. 2009; Weaver, 2002; Stillman and Barnwell 2004).
For example, in Uca larvae, the number of activity bouts expressed per day matches the
number of tides per day, not the (sub-species) genotype (Lopez-duarte et al. 2011). Further,
Barnwell (1968) found that Uca transplanted from areas with one tide to areas with two tides
(or vice versa) had the behavioral flexibility to adjust to the new tidal regimen. Similar
results were found in two other Uca species (Palmer 1989; Dugaw et al. 2009; Weaver 2002)
as well as blue crabs (Darnell et al. 2010). This type of flexibility may be particularly
important for L/mulus, since adults can migrate up to 200 km (Swan 2005), and thus may,
through their lifetime, be exposed to environments with either one or two tides/day. This
behavioral plasticity may be achieved, for example, through independent modulation or
silencing of one of the two circalunidian oscillators or their outputs (Green 1971; Palmer
1995a; Thurman 2004). Mathematical modelling of fiddler crab behavior indicates that a
circalunidian system can explain many of the observed spontaneous changes in behavior
such as phase shifting, splitting, peak disappearance and variations in amplitude (Dugaw et
al. 2009).

5.4 Possible interactions between light inputs, circadian, and circatidal rhythms

While the evidence for the control of locomotor rhythms in Limulus appears to favor the
circalunidian model, it is also clear that Limulus possesses a circadian clock, and it is
possible that this clock might influence the expression of tidal rhythms (Fig. 5). Circadian
rhythms are ubiquitous among eukaryotes and L/mulus has a robust rhythm of eye
sensitivity that is driven by a circadian oscillatory system (Barlow 1983; Barlow et al. 2001).
However, Watson et al. (2008) showed that circadian eye sensitivity rhythms and circatidal
activity rhythms in this species are controlled by separate oscillators. Nevertheless, there is
also evidence that LD cycles, which entrain circadian rhythms (Watson et al. 2008), can
influence their locomotor activity as well as heart and respiration rate (Chabot and Watson
2014). Nearly 50% of Limulusin the lab express a diurnal pattern of activity, while 10%
exhibit a nocturnal pattern (Chabot et al. 2007). However, while these effects are likely due
to the direct masking of activity (Figs. 1 and 3), we cannot rule out the possibility that the
circadian clock may have some influence on activity as well (Fig. 5; Dubofsky et al. 2013).
Similar masking effects are seen in a cumacean crustacean, D. as/atica (Akiyama 2014)
where one of the two daily bouts of circatidal activity is suppressed in ina 12:12 LD cycle
but not in a 6:18 LD cycle. Interestingly, LD cycles can also affect the phasing of circatidal
activity, such that the rhythms appear to be entrained for several days followed by
subsequent drift from the LD cycle in both adults (Chabot et al. 2008, 2010) and juveniles
(Dubosky et al. 2013). This type of “weak entrainment” by LD is also seen in the intertidal
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“true” crabs, Sesarma pictum. (Saigusa 1992) and Hemigrapsis sanguineus (Saigusa and
Kawagoye 1997). The circatidal rhythms of an intertidal cricket (A. ashania - Satoh and
Numata 2014) and a cumacean crustacean (D. asiatica - Akiyama 2014) are also affected by
LD and, likely, by their circadian systems;. Interestingly, ovigerous blue crabs (Callinectes
sapidus) from a non-tidal region appear to exhibit circadian, LD-synchronized rhythms, a
contrast to the circatidal and circalunidian rhythms expressed by C. sapidus from
semidiurnal and diurnal tidal regimes (Darnell et al. 2010). Darnell et al. (2010)
hypothesized that a phenotypically plastic circalunidian clock, capable of entraining to a
diurnal tidal (24.8 hr) or 24 hour light-dark cycle, may control activity in this species.
Whether the clock system that controls circatidal rhythms in Limulus is light sensitive, or is
modulated by the circadian system (Fig. 5), will require additional investigations.

5.5 Molecular basis of rhythms

Interestingly, while the basic molecular mechanisms underlying circadian rhythms have been
known for a few decades (Konopka et al. 1971; Dunlop 2004), little is known about the
molecular mechanisms of circatidal clocks. Interestingly, as mentioned previously, in
Drosophila there appear to be two separate circadian clocks, each of which is composed of
two groups of neurons in the brain and are known to be responsible for controlling the two
daily bouts of circadian rhythms of activity that occur at dawn and dusk (Stoleru et al. 2004).
Thus, the behavior in Drosophila can appear bimodal like circatidal rhythms and, like our
proposed mechanism for the control of circatidal rhythms, also seem to be composed of two
separate clocks with periods of ~24h and phase locked 12h apart. Importantly, this overall
clock structure may not be limited to Drosophila since similar behavioral patterns are seen in
other insects (Tomioka et al, 2012), mammals (Robinson et al. 2014) and fish (Idda et al.
2012). Therefore, it is plausible that a circalunidian clock system could be similarly
composed, with ~24.8 hr molecular clocks instead of ~ 24 hr clocks, and each set of neurons
controlling the activity during a given tide. While the interaction of circadian transcription
factors can theoretically give rise to ~12h rhythms (Westermark and Herzel 2013), a recent
study on the isopod Eurydice pulchraby Zhang et al. (2013) suggests that, like circadian
rhythms (Bae and Edery 2006; Lowrey and Takahashi 2011), phosphorylation may be a key
mechanism. However, disruption of the output of some of the "core” circadian genes did not
clearly affect circatidal rhythms in this species, while it did alter the expression of circadian
rhythms (Zhang et al. 2013). A gene expression analysis of the intertidal mussel, Mytulus
eaulis, indicated robust circatidal rhythms of numerous physiological mechanisms involved
in metabolism, respiration, cell-divisions, and stress responses (Gracey et al. 2008).
Interestingly, the only canonical clock gene that was on their expression array, timeless, was
not clearly correlated with the time of tide or day. Two other clock genes (CRY1 and RORB)
also did not cycle by tide (but did cycle by time of day) in a congener, Mytilus californianus
(Connor and Gracey 2011). With the advent of modern molecular techniques such as deep
sequencing of mRNA, this clock system, like the circadian clock system, may also be soon
unwound.
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Figure 1.
The effects of circalunidian tidal cues on the activity of three representative horseshoe crabs

in LD. During the first 18 days crabs were exposed to two identical 24.8 hr periods of water
level changes that were 12.4 hr apart (sloping black lines indicate beginning of water level
rise; sloping gray lines — predicted period of locomotor activity if 24.2 hr tide had no effect).
During the next ~40 days they were exposed to two artificial tides with two different
periods (24.8 and 24.4 hr). Then, during the last 15 days, they were not exposed to any
changes in water depth. Note that two of three crabs (top, bottom panels) appear to
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synchronize to the tides during both phases. Note also that two of three crabs exhibit
relatively robust bimodal free-running rhythms (top, bottom panels) while one (middle
panel) exhibits primarily unimodal rhythms, or “skipping”.
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Figure2.
The effects of circalunidian tidal cues on the activity of three representative horseshoe crabs

in LL. Large panels (actograms): During the first 10 days crabs were exposed to two
identical artificial tides with periods of 24.8 hr. During the second 10 days they were
exposed to artificial tides with two different periods (24.8 and 24.4 hr). Then, during the last
13 days, they were in water of a constant depth. Small panels: Lomb-Scargle periodogram
analyses of the first and last 10 days of each actogram. Highest significant (P<.001;
horizontal lines) peaks in the circatidal (10.4-14.4 hr) or circalunidian (22.8-26.8 hr) range
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are noted. Note that two crabs (top, middle panels) appear to synchronize to the tides during
both phases Bottom panel — an individual that does not synchronize as clearly and displays a
primarily unimodal free-running rhythm (~25.7 hr) with some indication of a second,
weaker bout.
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Figure 3.
The effects of one 24.8 hr tide per day on the activity patterns expressed by three

representative L/mulus. Large panels: double-potted actograms. LD cycles are indicated at
the top of each actogram. Sloping white or black lines indicate the beginning of water level
increases. Small panels: Lomb-Scargle periodogram analyses of the sections of actograms
separated by horizontal bars. Highest significant (P<.001) peaks in the circatidal (10.4-14.4
hr) or circalunidian (22.8-26.8 hr) range are noted. Note both bimodal and unimodal
expression of activity (“skipping”). Note also the expression of two concurrent bouts of
activity with two different periods (highlighted by gray circle).
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Figure 4.
Quadruple-plotted actograms illustrating spontaneous changes in period in crabs exposed to

flow-through estuarine water, natural photoperiods, and constant water levels. Approximate
photoperiods are indicated at the top of each panel. * - crab were handled (accelerometers
downloaded); ** crabs were handled and small blood samples were taken for another study.
Dark lines - hand drawn lines indicating the apparent onset or end of activity and indicating
two separate bouts of activity that “free-run” at different periods, one shorter than 24h and
one longer than 24h).
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Proposed model of the circalunidian system of the American horseshoe crab. Solid lines —
demonstrated influences; dashed lines — hypothesized influences. While the day/night light
cycles entrains the circadian clock (Solid white arrow: Barlow, 1983; Watson et al., 2008),
each circalunidian clock is entrained by the two different daily tides (Solid gray arrow:
Chabot et al., 2011; Figure 1). In turn, the circadian clock drives a single cycle of eye
sensitivity each day (Solid black arrow: Watson et al., 2008) while each circalunidian clock
drives a separate daily bout of (circatidal) activity ((Solid black arrows: Chabot and Watson,
2010; Figs. 1-4). In this model, LD cycles (or circadian clocks) are hypothesized to
influence circatidal rhythms by influencing the circalunidian clocks. Circatidal rhythms are
affected by LD cycles in a number of intertidal species (Sesarma pictum, Saigusa, 1992; Uca
sp., Stillman and Barnwell, 2004; Limulus, Chabot and Watson, 2004; Chabot et al., 2007),
but it is currently unclear if these are direct effects of LD or are mediated through inputs
from circadian clocks. The LD (or circadian)-driven silencing of one, but not the other, bout
of activity (Chabot and Watson, 2010) may be responsible for the appearance of “skipping”
(Fig. 1 — middle panel; Figs. 2 and 3, bottom panels, last several days; Fig. 4 — all panels —
last several days).
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