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Along its North American range, the American horseshoe crab, Limulus polyphemus, 
is ecologically and commercially valuable, supporting both a bait fishery and a biomedical 
fishery. While multiple stakeholders depend on this species, population declines in certain 
regions suggest the need for improved region-specific management strategies for the four L. 
polyphemus subpopulations. Development of such strategies requires knowledge of both the 
behavioral features of animals of these subpopulations and the impacts of harvest processes, 
specifically the relatively unassessed impacts of the growing biomedical fishery, on individual 
animals. The expression of circatidal (-12.4 h) activity patterns in L. polyphemus along much 
of the Atlantic coast provides a metric through which to examine the 1) the influences of 
harvest practices, 2) population-level behavioral differences in biological rhythm 
expression, and 3) the behavioral and physiological outputs of biological oscillators. 

Throughout New England and the Mid-Atlantic region, L. polyphemus is harvested by 
the bait industry and the biomedical industry, the latter of which extracts the hemolymph of 
these animals to produce Limulus Amebocyte Lysate (LAL), a bacterial endotoxin detection 
assay. Population declines in heavily-harvested regions suggest deleterious effects of harvest 
practices on female horseshoe crabs, the primary target of harvesters. While harvest processes 
have an immediate (1-17 day post-harvest) mortality rate of 10-30%, sublethal effects of 
harvest processes have received little attention. Sublethal behavioral and physiological 
alterations elicited by LAL harvest processes were investigated in 28 female horseshoe 
crabs. Linear and angular velocity, total distance moved, percent of time active, and 
expression of circatidal behavioral rhythms were significantly reduced after LAL harvest 
processes. Recovery of pre-harvest behaviors occurred by the third week after the process. 
Hemocyanin levels were significantly reduced in the week after the bleeding process, and 
remained suppressed for the duration of the study (6 weeks). These previously unrecognized 
behavioral and physiological effects of the LAL harvest suggest that harvest processes may 
decrease fitness of females returned to the wild post-harvest and may contribute to population 
declines in regions of heavy biomedical harvest. 

Along its geographic range, L. polyphemus experiences at least three different tidal 
regimes: two subpopulations experience semidiurnal (2 tides/day) tides, one subpopulation 
experiences mixed tides ( one high tide larger than the other), and one subpopulation 
experiences a microtidal environment (very small or nonexistent tides). Behavioral rhythms of 
animals from these three separate environments were compared in three different experimental 
tide conditions: constant water depth, two tides per day (every 12.4 hours), and one tide per 



day (every 24.8 hours).  Across the three tide conditions, L. polyphemus from mixed tide 
environments (n = 21) consistently expressed unimodal rhythms, while those from two 
tide/day environments (n = 28) generally expressed bimodal rhythms. In contrast, animals 
from the microtidal site (n = 7), while they expressed unimodal activity patterns in constant 
depth, expressed both bimodal and unimodal rhythms in response to twice and once daily 
tides, respectively. Activity rhythms in L. polyphemus thus appear to reflect the tides of their 
source environment, but adults from the microtidal environments exhibited plasticity in 
behavioral rhythm expression. While it is unclear whether these behavioral differences are 
driven by genetic differentiation among the subpopulations or by the tidal environments 
experienced by individuals in early development, the ability of all animals to express a 24.8 
hour tidal cycle suggests that circalunidian oscillators may control behavior in L. polyphemus. 

L. polyphemus from two tides/day environments express circatidal behavioral rhythms 
controlled by tidal clock(s). However, whether physiological functions, such as heart rate and 
respiration frequency, are similarly under control of tidal oscillator(s) is unknown. Rhythms of 
activity, heart rate, and respiration were recorded in freely moving (n = 12) and restrained L. 
polyphemus (n = 6) during periods of light/dark cycles, constant light, and tide cycles. Most 
(10/12) animals exhibited coordinated activity, heart rate, and respiration rhythms across the 
different conditions, though individual animals expressed tidal or daily rhythms in the three 
parameters. When restrained, most (4/6) animals continued to exhibit coordinated rhythms of 
heart rate and respiration, with daily rhythms (3/6) and tidal (1/6) rhythms of heart rate and 
respiration in individuals.  In response to alterations in light and tide conditions, rhythms of 
activity, respiration, and heart rate responded in phase with one another. Cumulatively, these 
results suggest that the same tidal oscillators which govern activity rhythms also regulate 
rhythms of heart rate and respiration. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 L. polyphemus: Biology and Ecology 
The American horseshoe crab, Limulus polyphemus, is a benthic marine chelicerate 

arthropod of ecological, commercial, medical, and scientific importance (ASMFC, 1998, 
2012). Considered a “living fossil,” L. polyphemus, one of the four extant species of the 445 
million year old Xiphosura order (Botton and Ropes, 1987), first appeared in the fossil record 
approximately 20 million years ago (Shuster and Anderson, 2003). L. polyphemus is found 
exclusively in North America, where it primarily inhabits shallow (less than 20 meters deep) 
coastal waters, bays, and estuaries (Shuster, 1982; Botton and Ropes, 1987) along the Atlantic 
Coast (Northern Maine through Florida), Gulf Coast, and the Yucatan peninsula (King et al., 
2005). A keystone species in these ecosystems (Botton, 1984b), L. polyphemus also supports a 
bait fishery, a biomedical fishery, and eco-tourism industries (Odell et al., 2005; ASMFC, 
2012). However, population declines in certain regions suggest improved management is 
needed to maintain stocks (James-Pirri, 2012; ASFMC, 2012, 2013). Currently, management 
efforts are hindered by insufficient knowledge of the effects of harvest processes, particularly 
those of the biomedical fishery, on L. polyphemus fitness (Leschen and Correia, 2010; 
ASFMC, 2012, 2013). Moreover, the wide geographic range and discrete subpopulation 
structure (Saunders et al., 1986; King et al., 2005) of this species suggests a localized 
management strategy, with specific provisions tailored to the unique behaviors of each 
population, is required to maintain genetic diversity (King et al., 2005). Such a strategy 
requires knowledge of the behaviors, particularly the timing of behaviors in relation to 
environmental cycles, that distinguish separate L. polyphemus populations. While both 
elucidating the effects of harvest processes on L. polyphemus and identifying behavioral 
variation across the species is integral to management effots, investigation of these issues will 
also clarify aspects of L. polyphemus’ biology, particularly the modes through which 
environmental variation and anthropogenic stressors influence expression of behavioral 
biological rhythms. 
1.1.1 Species’ Overview 

The value of L. polyphemus to the industries and ecosystems it supports varies with 
the L. polyphemus annual behavioral cycle (ASMFC, 1998) and life history stages (ASMFC, 
1998; Rutecki et al., 2004). Along most of the Atlantic coast, L. polyphemus behaviors vary 
seasonally. During the late fall and winter months, as water temperatures decrease, horseshoe 
crabs move into deeper bay waters (Moore and Perrin, 2007; Watson and Chabot, 2010) or to 
the Atlantic continental shelf to overwinter (Botton and Ropes, 1987). Activity and metabolic 
functions decrease during this time as the animals estivate (Botton and Ropes, 1987).  In the 
early spring (March-April), as water temperatures begin to increase, animals migrate inland to 
coastal and estuarine habitats (Barlow et al., 1986) to forage and to spawn. While foraging 
occurs during the late spring through fall months (Moore and Perrin, 2007; Lee, 2010), 
spawning peaks during May-June (Shuster and Botton, 1985; Barlow et al., 1986). 

During this spawning season, females, generally with a male attached (amplexed) to 
her opisthosoma (posterior region of carapace), and single males enter the intertidal zone 
during high tide. The female excavates a shallow pit (10-20 cm deep; Shuster and Botton, 
1985) into which she deposits her eggs and over which the male releases his sperm. Following 
spawning season, horseshoe crabs remain in shallow coastal waters for most of the summer 
and early fall (Moore and Perrin, 2007; Watson and Chabot, 2010), and actively forage on 
tidal flats for food (Lee, 2010). During the late fall, activity and distance ranged begin to 
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decrease (Moore and Perrin, 2007; Watson and Chabot, 2010), as animals prepare for their 
overwintering period. 

While spawning and foraging, L. polyphemus moves to the intertidal zone or tidal flats 
around the time of high tide, and thus exhibits behavioral synchrony to the tidal cycle. These 
tidal cycles along the Atlantic coast are semidiurnal, with two tides every lunar day (24.8 
hours), or one tide every 12.4 hours. In relation to this cycle, horseshoe crabs may be active 
approximately every 12.4 hours (Barlow et al., 1986; Chabot et al., 2004), with activity 
peaking around the time of high tide (Watson and Chabot, 2010). This correlation between the 
timing of behaviors and the time of high tides appears beneficial, as it allows animals to forage 
when intertidal flats are submerged (Lee, 2010), to synchronize spawning behaviors with one 
another, and to lay eggs at optimal (sufficiently inundated, aerated, and protected from 
predators) locations in the mid to upper intertidal zone (Cohen and Brockmann, 1983; 
Vasquez et al., 2015). However, a major cost of this behavior is that the mass congregation of 
L. polyphemus in the intertidal zone during its spawning season increases these animals’ 
visibility and vulnerability to harvesters, and harvest levels generally increase during this time 
(Rutecki et al., 2004; ASMFC, 2012). 

L. polyphemus’ fairly long maturation period from larvae to adult also increases its 
vulnerability to overharvesting (ASMFC, 1998). Female horseshoe crabs spawn multiple 
times in one year, depositing between 960 (Cape Cod; Leschen et al., 2006) and 5786 
(Delaware Bay; Weber and Carter, 2009) eggs per clutch, and may lay up to approximately 
88,000 eggs annually (Delaware Bay; Shuster, 1982). Depending on temperature and salinity 
(Ehlinger and Tankersley, 2003), eggs hatch 14-30 days after fertilization (Sekiguchi et al., 
1982), during inundation by high tides. Upon emergence, larvae are initially planktonic (7-10 
days; Sekiguchi, 1988; Botton et al., 2010), but settle into the benthic sediment near the shore 
prior to their first molt (Botton et al., 2010). Maturation of juveniles initially occurs in fairly 
shallow intertidal and subtidal waters.  As juveniles age, they undergo multiple molts and 
begin migrating away from the subtidal habitats into deeper waters (Schuster, 1982).  Animals 
reach sexual maturity approximately 9-11 years after hatching (Sekiguchi et al., 1988). While 
its harvest is restricted to this adult stage (ASMFC, 1998), L. polyphemus benefits its 
ecosystems throughout all stages of its lifecycle. 

A keystone species, L. polyphemus fulfills several ecological roles in its estuaries and 
bays (Odell, 2005). L. polyphemus eggs, deposited in the intertidal zone, are a critical food 
source for several species of migratory shorebirds, particularly in Delaware Bay (Botton et al., 
2010). For example, declining abundance of L. polyphemus is positively correlated to declines 
in populations of red knots (Calidris canutus; Baker et al., 2004) in the Mid-Atlantic region. 
Further, L. polyphemus larvae and juveniles are a food source of fish and crustaceans (Shuster, 
1982), and adults are prey for loggerhead turtles (Lutcavage and Musick, 1985). L. 
polyphemus juveniles and adults feed on bivalve shellfish, polychaete worms, and decaying 
animal matter, food sources that it obtains by burrowing through marine sediment (Shuster, 
1982; Lee 2010). Notably, through the construction of these foraging pits, L. polyphemus 
serves as a bioturbator, facilitating the cycling and resuspension of nutrients and the 
oxygenation of the benthic substrate, actions which may augment primary productivity in 
these ecosystems (Krauter and Fegley, 1994).  Sustainable L. polyphemus populations are thus 
vital to the health of coastal ecosystems along their geographic distribution (Krauter and 
Fegley, 1994; ASFMC, 1998). 
1.1.2 L. polyphemus Population Structure 

While sustainable horseshoe crab populations are of concern throughout their distribution, 
regional genetic variation, limited larval dispersal, and limited female migration among 
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separate populations necessitates region-specific management strategies (King et al., 2005; 
Botton et al., 2010; James-Pirri, 2012; ASMFC, 2013). Along its range, L. polyphemus is 
divided into four genetically distinct populations based on microsatellite analysis (King et al., 
2005).  All animals north of Cape Cod, including the New Hampshire and Maine coastlines, 
form the Gulf of Maine population, while animals from Cape Cod to Georgia constitute the 
mid-Atlantic population.  The east and west sides of the Florida coast house separate 
populations:  the Atlantic Florida population consists of all animals on the Atlantic coast of 
Florida, including a relatively isolated population inhabiting the microtidal Indian River 
Lagoon, while the Gulf Florida population includes animals along the Gulf coast of Florida. 
mtDNA analyses have identified a major genetic break that separates the Gulf of Maine and 
mid-Atlantic populations from the two Floridian populations (Saunders et al., 1986); however, 
any phenotypic ramifications of genetic differences have not been clearly identified. 
  King et al. (2005) suggested that the species may be best preserved by treating these 
subpopulations as individual regional management units. Regional management strategies 
appear especially important as separate populations currently experience differential harvest 
pressures and differential rates of population decline (ASFMC, 2012, 2013), with ongoing 
population decreases throughout New England and New York (ASFMC, 2013) but 
stabilization throughout most of the mid-Atlantic region (ASFMC, 2013). Further, gene flow 
primarily occurs via migration of juvenile and adult males, and thus female-mediated gene 
flow is minimal (King et al., 2005), a characteristic that suggests the preservation of the 
females in each population is required to prevent localized extinctions (King et al., 2005). 
Moreover, limited larval dispersal suggests separate spawning regions have little connectivity, 
making the smaller, geographically-isolated populations which occur throughout the New 
England and Gulf regions (Moore and Perrin, 2007; Schaller et al., 2010; James-Pirri, 2010; 
Watson and Chabot, 2010; Botton et al., 2010) particularly vulnerable to over-exploitation and 
functional extinction (Botton et al., 2010). Conservation of the four subpopulations depends, 
in part, on knowledge of behavioral features that contribute to each population’s fitness. 
Specifically, an understanding of the timing of daily and seasonal behavioral cycles in relation 
to environmental factors, particularly the time of tides, is essential to 1) accurate population 
assessments and 2) identification of the time points when populations may be most, or least, 
vulnerable to harvest pressures (Naylor, 2005). While genetic differentiation among the 
subpopulations suggests the potential for adaptive behavioral divergence (King et al., 2005), 
the contrasting tide environments inhabited by each subpopulation may drive such divergence. 
1.1.3 Environmental Variation 

Although the spawning activity of most of the subpopulations appears to be correlated 
with the time of high tides, the subpopulations experience different tidal cycles to which they 
may synchronize their behaviors. Animals of the Gulf of Maine and Mid-Atlantic populations 
experience semidiurnal tides: two high tides of approximately equal height occur every lunar 
day (24.8 hours), with a mean period of 12.4 hours between tides.  However, moving from 
southeast to northwest along the Gulf coast of Florida, the tidal regime transitions from strictly 
two tides per day to strictly diurnal (one tide every 24.8 hours).  Two tides of equal amplitude 
per day occur along most of the southwest coast of Florida, while mixed semidiurnal tides 
occur along the northwestern coast through Apalachicola (Lopez-Duarte and Tankersley, 
2007). Under the mixed semidiurnal regime, tides still occur twice every lunar day; however, 
the amplitudes between successive tides varies by up to 65%, resulting in one dominant tide 
and one lesser tide.  West of Apalachicola, this mixed tide regime gives way to a one tide per 
day (diurnal) regime. As horseshoe crabs may migrate up to 200 km away from natal beaches 
(Swann, 2005), Gulf of Florida animals potentially experience both the one tide dominant and 
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strictly one tide regimes over their lifespan. Finally, the Atlantic Florida population of the 
Indian River Lagoon (IRL) inhabits a primarily microtidal environment dominated by erratic, 
small-amplitude, wind driven tides; however, regions of semidiurnal tides and currents occur 
near coastal inlets (Woodward-Clyde, 1994), and so Atlantic Florida populations may 
similarly experience different tidal regimes over their lifespan. 

The Gulf of Florida, mid-Atlantic, and Gulf of Maine populations appear to 
synchronize spawning and foraging behavior to their respective tidal cycles, with activity 
peaking around the time of high tide (Rudloe, 1980, 1985; Barlow et al., 1986; Watson and 
Chabot, 2010; Brockmann and Johnson, 2011). However, activity of the IRL population 
(Atlantic Florida) appears to have no correlation to periods of increased water level (Ehlinger 
et al., 2003). Interestingly, this subpopulation appears to have the highest degree of genetic 
divergence from the remaining three subpopulations, and is suggested to be functionally 
(though not genetically) isolated from populations of the Gulf and Atlantic coasts (King et al., 
2005). The combination of apparent behavioral differentiation and a high degree of genetic 
variation distinguishing the Atlantic Florida population from the Gulf of Florida, mid-Atlantic, 
and Gulf of Maine populations suggests that some phenotypic variance, possibly adaptive, 
may be affiliated with the genotypic divergence among these four subpopulations (King et al., 
2005). 
1.1.4  Behavioral Variation 
  Despite the lack of complete knowledge of phenotypic divergence among L. 
polyphemus subpopulations, certain behavioral differences among the populations have been 
observed. The annual behavioral cycle of L. polyphemus varies with geographic location, 
though most populations exhibit seasonally-dependent behaviors. Both mid-Atlantic and Gulf 
of Maine L. polyphemus are typically active during the late spring through autumn, as animals 
move inshore to spawn and forage (Botton and Ropes, 1987; Swan, 2005); spawning generally 
peaks during the early summer (May-June) months (Barlow et al., 1986). However, while for 
Gulf of Florida L. polyphemus spawning season extends from late February through late 
November (Rudloe, 1980; Brockmann and Johnson, 2011), the apparently isolated population 
of the Indian River Lagoon on the Atlantic coast of Florida spawns year-round, with an 
apparent peak from mid-March through May (Ehlinger et al., 2003). Further, mid-Atlantic and 
Gulf of Maine L. polyphemus generally move to deeper waters during the winter, either 
remaining within resident bays (Gulf of Maine; Watson and Chabot, 2010; James-Pirri, 2010) 
or migrating offshore (Botton and Ropes, 1987; Swan, 2004), where they enter an estivation 
period of reduced activity and metabolism (Moore and Perrin, 2007). In contrast, neither of the 
Florida populations appear to engage in an estivation period, but rather appear to be active 
year-round (Ehlinger et al., 2003; Brockmann and Johnson, 2011). Additionally, while 
Atlantic Florida animals exhibit little migration out of the Indian River Lagoon (Ehlinger et 
al., 2003), Gulf of Florida animals may migrate among spawning beaches and may move into 
offshore waters outside of spawning season (Brockmann and Johnson, 2011). 

Spawning patterns also suggest behavioral differences among the populations. While 
breeding density appears to be approximately equal on both the daytime and nighttime high 
tides for horseshoe crabs of the Gulf of Maine and Mid-Atlantic populations (Barlow et al., 
1986), breeding density is highest on the daytime high tide for Gulf horseshoe crabs from 
Seahorse Key, Florida (diurnal tides; Cohen and Brockmann, 1983), and highest on the 
nighttime high tide for Gulf horseshoe crabs from Apalachee Bay, Florida (one dominant tide; 
Rudloe, 1980). Moreover, spawning activity in Atlantic Florida horseshoe crabs in the Indian 
River Lagoon occurs with no clear relationship to either light levels, tide levels, or wave 
height (Ehlinger et al., 2003). These differences among the relationships of spawning 
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behaviors to the time of the tides across the subpopulations suggest that the separate 
subpopulations may vary in their expression of biological behavioral rhythms. 
1.2 Biological Rhythms and Oscillators 
1.2.1     Biological Rhythms 

Biological rhythms are the expression of cycles of behavior and physiology in phase 
with rhythmic environmental cycles, such as the 24-hour solar day, the 24.8 hour lunar day 
cycle, the 12.4 hour and 24.8 hour tide cycles, and the annual cycle. While the relative import 
of some of these cycles to different organisms varies based on an organism’s habitat (for 
example, marine or terrestrial), the solar day cycle influences virtually all organisms (Sharma, 
2003). Most organisms, including bacteria, plants, and animals, appear to synchronize both 
behavioral and physiological processes to time of day, and thus express circadian rhythms. For 
example, the American lobster, Homarus americanus, expresses a circadian rhythm of both 
activity and heart rate, with increases in both during the night (nocturnal preference; Chabot 
and Webb, 2004). 
1.2.2     Biological Oscillators 

The expression of a biological rhythm is the external manifestation of an endogenous 
biological clock, an internal timing mechanism made up of a self-sustaining molecular 
oscillator that is synchronized by cyclic environmental stimuli (Zeitgebers). For example, 
circadian rhythms are controlled by a circadian oscillator, a molecular timepiece with an 
endogenous period of approximately (“circa”) 24 hours (“dian,” a solar day). This oscillator 
receives time-of-day information primarily via light input, and thus the photoperiod is its main 
synchronizer (entraining agent) of the clock. The ability to synchronize behavior and 
physiology to time of day enables organisms to restrict behaviors and physiological processes 
to the times in which conditions are the most favorable, and allows organisms to anticipate the 
arrival of those conditions, facilitating physiological preparation for behaviors (Sharma, 
2003). 
1.2.3      Circadian Oscillators 

Evidence of the existence of an endogenous oscillator controlling behavior and 
physiological processes comes from the persistence of a biological rhythm when an organism 
is removed from the cyclic environmental stimulus. For example, when H. americanus is 
removed from a 24-hour light-dark (LD) cycle and maintained in constant conditions, the 
daily activity and heart rate cycles persist (Chabot and Webb, 2004). However, the 24-hour 
period of these cycles can either lengthen or shorten as the oscillator drifts, no longer 
continually reset by an environmental input. Removal of that environmental agent (the 
Zeitgeber) allows the actual rhythm of the endogenous oscillator, the free-running rhythm, to 
be expressed.  This persistence of daily cycles of behavior or physiology in the absence of a 
cyclic environmental cue strongly suggests the presence of an endogenous circadian oscillator 
controlling the rhythm (Turek, 1985). 

The endogenous circadian oscillator is a molecular timepiece that receives input 
(environmental stimuli), generates a rhythm, and controls certain outputs.  Briefly, 
environmental input, such as light, is received and transmitted to the oscillator via a sensory 
pathway.  The oscillator itself generates an endogenous and self-sustained rhythm via a 
molecular positive feedback loop (Dunlap and Loros, 2004). While the free-running period of 
this rhythm may deviate for the 24-hour solar day cycle, receipt of photoperiod information 
modulates the endogenous period to synchronize to the 24-hour day. Depending on time of 
day, the oscillator transmits the appropriate neural or hormonal signals to different tissues and 
organs, resulting in a behavioral output, the expression of a circadian behavioral rhythm 
(Harmer et al., 2001) 
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1.2.4     Circatidal Rhythms 

While almost all animals possess a circadian oscillator and express circadian rhythms, 
organisms that inhabit the intertidal zone may also express circatidal behavioral rhythms, 12.4 
hour cycles of behavior and physiological processes (Barnwell, 1966; Palmer, 1995). The 
ability to express such circatidal rhythms appears favorable for animals of the intertidal zone, 
as the environmental conditions that are optimal for certain behaviors may be primarily 
dictated by the tides, and not photoperiod (Palmer, 1995). For example, the green crab, 
Carcinus meanas, emerges in the intertidal zone to forage, defend territories, and mate during 
high tide, a time when food is abundant, and retreats to its burrows during the low tide, a 
behavior that allows it to escape the exposure, and threat of desiccation, caused by receding 
waters (Naylor, 2005). Interestingly, these circatidal behavioral rhythms have been 
documented for a variety of intertidal species maintained in constant conditions (Palmer, 
1995), and thus, similarly to circadian rhythms, appear to be controlled by endogenous tidal 
oscillators (Palmer, 1995; Naylor, 1996; Chabot et al., 2004). 
1.2.5    Biological Rhythms in L. polyphemus 
  L. polyphemus of the mid-Atlantic and Gulf of Maine populations (2 tides/day 
environments) express tidal behavioral rhythms in situ (Watson and Chabot, 2010). Further, 
these circatidal (~12.4 hour) behavioral patterns persist in animals maintained in constant 
conditions in the laboratory, suggesting control of activity by endogenous tidal 
oscillators.  These 12.4 hour behavioral rhythms can be synchronized to artificial tidal cycles 
of water pressure change (40 cm amplitude; Chabot et al., 2007). Moreover, when the cycles 
of water pressure change are removed, animals continue expressing circatidal rhythms in 
phase with those expressed while artificial tide cycles were being applied. The continuation of 
a biological behavioral rhythm with removal of an exogenous stimulus, called entrainment, 
suggests that the stimulus is an input (entraining agent) to the underlying biological oscillator. 
The primary entraining agent for these tidal oscillators in L. polyphemus appears to be water 
pressure, as cycles of water pressure are more effective at entraining circatidal rhythm 
expression than are current cycles and temperature cycles, features that also fluctuate across 
the tide cycle (Chabot et al., 2008). Variations in water pressure thus appear to be the primary 
cue through which information about optimal environmental conditions (high tides) for 
activity is transmitted. 

In addition to allowing the synchronization of behaviors to optimal environmental 
conditions, endogenous oscillators enable organisms to anticipate these conditions and 
physiologically prepare for the activities that will occur during those times.  Given the high 
actively levels exhibited by L. polyphemus around the time of high tide, a potential role for a 
tidal oscillator is to prepare the animal for activity at the time of high tide by regulating 
physiological functions, such as heart and respiration functions, that increase with activity. 
During activity, both respiration and heart rate exhibit coordinated increases in frequency 
(Watson and Wyse, 1979).  This coupling may maximize circulation efficiency, as the freshly 
oxygenated hemolymph produced at the gills is then distributed throughout the body cavity 
via the pumping of the heart (Carlson, 1904; Redmond et al., 1982). While heart and 
respiration rate increase with activity, these heart rate and respiration increases may also 
precede activity increases, suggesting control of the timing of these increases by an underlying 
neural mechanism. Interestingly, in several intertidal species that express circatidal activity 
patterns, including C. maenas (Aldrich et al., 1979; Aagaard et al., 1995) and Eurydice 
pulchra (Hastings, 1981), heart rate and respiration frequency exhibit circatidal rhythmicity in 
the absence of activity, suggesting control of both functions by tidal oscillators. However, 
while heart rate and respiration frequency increases appear to be autonomously controlled by a 
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neural mechanism in L. polyphemus, and are not merely a consequence of increased activity 
(Watson and Wyse, 1979), the role, if any, of biological oscillators in regulating both 
functions in L. polyphemus is unknown. 
1.2.6     Circatidal and Circalunidian Oscillators 
      Despite the behavioral evidence for an endogenous oscillator controlling the 
expression of circatidal behavioral rhythms, the mechanisms of tidal clock(s) are unknown, 
with two hypotheses proposed for its composition. The “circatidal clock” model posits a single 
molecular circatidal oscillator with an endogenous, self-sustaining rhythm of 12.4 hours. 
Under this model, behavioral patterns occur due to interaction of this inhibitory circatidal 
oscillator with an activity-promoting circadian oscillator (Naylor, 1995). The interaction of the 
two oscillators results in an increase in activity only at such a point that the circadian promoter 
overcomes circatidal inhibition.  In contrast, the “circalunidian clock” model posits that the 
interaction of two separate circalunidian oscillators controls expression of circatidal activity 
patterns (Palmer, 1985). A circalunidian oscillator is an endogenous oscillator with a self-
sustaining period of 24.8 hours (the length of a lunar day). In the “circalunidian clock” model, 
the two 24.8 hour oscillators are predicted to be locked in antiphase (180 degrees apart) and 
produce peaks in activity every 12.4 hours hours (Palmer, 1995).  Under this model, this 
antiphasic inter-oscillator coupling may be reinforced by tidal zeitgebers (12.4 hour cycles of 
water pressure change). 

Characteristics of L. polyphemus’ behavioral patterns appear to support the 
“circalunidian clock” hypothesis, rather than the “circatidal clock” hypothesis, for the nature 
of the tidal oscillators in this species (Chabot and Watson, 2010). Firstly, during constant 
conditions, separate circalundian bouts can drift at different periods (for example, 24.6 h and 
24.8 h), an example of the independent free-run of each oscillator (Chabot and Watson, 2010). 
Secondly, the two bouts of activity during a lunar day may alternate in dominance, a 
phenomenon called “switching.” Thirdly, one activity bout can transiently disappear while the 
other continues, a phenomenon called “skipping.” This behavioral feature is noted in situ, as 
horseshoe crabs may skip behavior during one of the two daily tidal cycles (Watson and 
Chabot, 2010), as well as in the laboratory (Chabot and Watson, 2010). Finally, one activity 
bout can split into two separate bouts, a phenomenon called “splitting” (Chabot et al., 2004). 
1.2.7        L. polyphemus Circadian Rhythms 
 In addition to the putative tidal oscillators, L. polyphemus also possesses a circadian 
oscillator that controls certain physiological outputs, and possibly participates in expression of 
behavioral rhythms (Chabot and Watson, 2010).  The circadian oscillator governs eye 
sensitivity rhythms: L. polyphemus eye sensitivity increases 1,000,000 fold during the 
nighttime, presumably allowing animals to see as well during the night as during the day 
(Powers and Barlow, 1985), and thus facilitates activity, including mating activity, on both of 
the two daily high tides (Barlow et al., 1986). This eye sensitivity pattern synchronizes to an 
LD cycle and persists during constant conditions, both features that demonstrate regulation by 
a circadian oscillator.  Moreover, rhythms of eye sensitivity persist out of phase with rhythms 
of locomotor activity, suggesting that the two separate biological oscillators- circadian for eye 
sensitivity and tidal for locomotor activity- independently regulate these two functions 
(Watson et al., 2008). Such separate control of each output appears beneficial, as while 
optimal environmental conditions for behaviors occurs with the time of high tide (Lee, 2011), 
these high tides occur during both the day and the night cycle, necessitating normal vision 
capacity in both dark (night) and light (day) conditions. 
1.2.8  Effect of Light on Activity Rhythms 
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     Despite the clear evidence that behavior in L. polyphemus occurs in relation to the 
tides and is controlled by tidal oscillators (Chabot and Watson, 2010), behavioral patterns of 
some animals also appear to be influenced by a daily light-dark cycle. Firstly, some animals 
tracked in situ (Watson and Chabot, 2010) or held in a greenhouse (Chabot et al., 2008), 
exposed to the natural light dark cycle, exhibit tidal behavioral rhythms only during the day, 
suggesting that light may have a permissive effect on the expression of tidal behavioral 
rhythms. Secondly, activity patterns of some animals may exhibit a transient synchronization 
to the LD cycle, possibly suggesting that the tidal oscillator(s) may receive some degree of 
light input, and that light can serve as an entraining agent for the tidal oscillator(s). Finally, in 
situ or in the laboratory, L. polyphemus will occasionally express 24-hour activity patterns that 
appear in phase with the light-dark cycle. However, these 24 hour rhythms disappear with 
removal of the LD cycle (Chabot et al., 2004) and the underlying tidal rhythm emerges, 
suggesting this phenomenon is a result of “masking”, in which the behavioral response to an 
exogenous stimulus overrides expression of an innate biological rhythm. 

Interestingly, L. polyphemus of the separate subpopulations appear differentially 
affected by the light-dark cycle. For example, horseshoe crabs of the Mid-Atlantic and Gulf of 
Maine subpopulations appear to breed approximately equally on both the daytime and 
nighttime high tides (Barlow et al., 1986), while Gulf horseshoe crabs from Seahorse Key, 
Florida appear to express a preference for the daytime high tide (Cohen and Brockmann, 
1983), and those from Apalachee Bay, Florida appear to express a preference for the nighttime 
high tide (Rudloe, 1980). Moreover, while juvenile L. polyphemus from New England express 
circatidal behavioral rhythms (Dubofsky et al., 2013), juvenile L. polyphemus from the Gulf of 
Mexico have been reported to express daily activity rhythms (Rudloe, 1981); activity patterns 
in these juveniles have been suggested to be controlled by a circadian, not tidal, oscillator 
(Rudloe, 1981). These differential breeding behaviors and possibly differences in endogenous 
behavioral rhythms of juveniles suggest regional differences in the tidal and daily behavioral 
rhythms of L. polyphemus populations, differences which may be related to adaptive genetic 
divergence caused by local environmental conditions (King et al., 2005) or the influence of 
ontogenetic environment on the expression of tidal behavioral rhythms (Ehlinger and 
Tankersley, 2006). 
1.2.9 Potential Variation in Rhythm Expression 

While endogenous circatidal behavioral rhythms have been observed in horseshoe 
crabs of the Gulf of Maine and Mid-Atlantic populations (from 2 tide/day environments), little 
is known of the behavioral rhythms of adult horseshoe crabs of the Gulf and Atlantic Florida 
subpopulations. To date, circatidal rhythms in horseshoe crabs from the two Floridian 
populations have not been documented, and thus it remains unknown whether circatidal 
rhythm expression is characteristic of the L. polyphemus species. As circatidal rhythms are 
thought to be controlled by endogenous tidal oscillators, they are subject to genetic control, 
and so the genetic distinction between horseshoe crabs of the Gulf Florida (inhabiting a one 
tide dominant environment) and of the Atlantic Florida (inhabiting a microtide environment) 
populations and those of the Gulf of Maine and Mid-Atlantic populations (Saunders et al., 
1986; King et al., 2005) may influence the capacity for circatidal rhythm expression. 

The expression of tidal behavioral rhythms appears to be adaptive, as correlating 
activity to the time of tides enables effective spawning and foraging.  Expression of circatidal 
behavioral rhythms, then, may be maladaptive in regions whose tidal structure deviates from 
the 2 tide/day structure of the Atlantic Coast. Likewise, intertidal species whose range 
encompasses a variety of tidal regimes display interspecific variation in expression of tidal 
behavioral rhythms, with behavioral rhythms of subpopulations reflecting the local tide 
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structure (Stillman and Barnwell, 2004; Lopez-Duarte and Tankersley, 2007; Darnell et al., 
2010).  For example, female blue crabs, Callinectes sapidus, from two tide/day environments 
express either circatidal rhythms consisting of two bouts of swimming activity per day, while 
those from environments with a single tide per day express unimodal circalunidian rhythms, 
and those from a non-tidal environment express circadian rhythms of activity (Darnell et al., 
2010).   

Further, the influence of early environment on the expression of circatidal behavioral 
rhythms suggests possible behavioral differences across the populations. In L. polyphemus, the 
expression of these circatidal behavioral rhythms appears to be dependent on the ontogenetic 
environment (Ehlinger and Tankersley, 2006). For example, larval horseshoe crabs from two 
tides/day environments express circatidal rhythms in vertical migration which persist when the 
animals are maintained in constant laboratory conditions. Interestingly, exposure of 
laboratory-reared embryos to tidal cycles of mechanic agitation (akin to the agitation of wave 
action developing embryos experience in intertidal nests) entrains circatidal behavioral 
rhythms upon larval emergence.  However, in absence of such tidal cycles, larvae will not 
express circatidal rhythms upon emergence, suggesting tidal cues experienced early in life are 
required to entrain the endogenous tidal oscillators (Ehlinger and Tankersley, 2006). In the 
mixed semidiurnal zones (one dominant tide/day) of the Gulf, nests deposited in the intertidal 
zone may only receive a once-daily tidal immersion, due to the asymmetry of the two tides. 
Likewise, depending on their location within the Indian River Lagoon, nests may receive little 
consistent variation in water depth, as tides are weather-dependent and erratic, or, if deposited 
near coastal inlets, a twice daily tide. As the embryonic environment appears to shape rhythm 
expression, horseshoe crabs from one dominant tide/day and microtide environments may 
express behavioral rhythms that correlate to these specific tide structures: that is, a once/daily 
behavioral pattern in Gulf Florida horseshoe crabs and a non-tide related behavioral pattern in 
Atlantic Florida horseshoe crabs.  
1.2.10 Plasticity of Rhythm Expression 
 While horseshoe crabs may express variation in endogenous behavioral rhythms in 
relation to their local tide regimes, they may be able to adjust behavioral rhythms in response 
to novel tide regimes. The circalunidian model, which appears the most parsimonious 
explanation for the expression of circatidal activity rhythms in L. polyphemus (Chabot and 
Watson, 2010), is suggested to facilitate such behavioral plasticity (Thurman, 2004). Under 
the model, localized variation in behavioral rhythms may be maintained by the interplay of the 
two ocillators. For example, in a one tide dominant environment, both oscillators may 
continue running; however, as there is only one tidal zeitgeber per lunar day, only one 
oscillator may be behaviorally expressed, with the second oscillator inhibited or decoupled 
from activity output (Thurman, 2004). Translocation of an animal into a two tide per day 
environment may provide the second zeitgeber needed to activate the suppressed oscillator, 
resulting in the expression of a circatidal behavioral rhythm (Thurman, 2004). For example, 
fiddler crabs, U. pugilator, from once-daily tide environments (Mississippi Springs) flexibly 
shift behavioral rhythms from once/day to twice/day when transferred to a twice daily tide 
environments (Woods Hole, Massachusetts; Barnwell, 1968). Whether L. polyphemus is 
similarly capable of exhibiting behavioral plasticity in response to novel tide regimes is 
currently unknown. Identifying the degree of plasticity across the subpopulations will be 
helpful in identifying the degree of behavioral divergence across the populations.  Moreover, 
characteristics of responses to animals from contrasting tide environments to novel tide 
regimes can further help distinguish between the circatidal and circalunidian clock hypotheses 
for the nature of the clock controlling tidal behavioral patterns in L. polyphemus. 
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Investigating both localized variation in expression of tidal rhythms and the degree of 
behavioral plasticity in rhythm expression in L. polyphemus subpopulations is important for 
region-specific management strategies. Firstly, identifying the time of day during which 
populations are most likely to use certain regions  of their environment, such as breeding 
grounds, is vital for conducting accurate population assessments and identifying the times 
most suitable for harvest.  Further, current conservation proposals include relocation of 
spawning females to areas of population concern (King et al., 2005), a suggestion which may 
be non-viable if behavioral patterns cannot adapt to changing environments. Finally, 
horseshoe crab harvesters, specifically the biomedical industry, may return horseshoe crabs to 
regions distant from their collection sites and thus to different subpopulations (ASMFC, 
2012), and a lack of behavioral plasticity in response to tidal structure of the new site may 
impact fitness of returned horseshoe crabs. While conservation of horseshoe crabs across their 
entire North American range is of concern, conservation of the Atlantic coast subpopulations 
(Gulf of Maine and Mid-Atlantic) is particularly critical. These two subpopulations are under 
a greater harvest pressure than either the Gulf Florida or Atlantic Florida populations, and are 
commercially important to coastal communities, specifically in the New England region 
(ASMFC, 2012). Further, the ramifications of harvest pressures may be particularly 
pronounced in the New England region, which houses several localized, apparently isolated 
populations (Moore and Perrin, 2007; James-Pirri, 2010; Schaller et al., 2010; Watson and 
Chabot, 2010; Botton et al., 2010), and where populations are currently in decline (ASMFC, 
2013). 
1.3  Effects of Biomedical LAL Harvest  
1.3.1      Commercial Value of L. polyphemus 

Along the Atlantic coast, L. polyphemus supports two independent industries, a bait 
fishery and a biomedical fishery. The bait fishery harvests adult L. polyphemus as the 
preferred bait source for eel (Anguilla anguilla, Anguilla rostra; ASMFC, 1998) and whelk 
(Buscyon carica, Buccinum undatum, and Busycotypus canaliculatus; ASMFC, 2012) 
fisheries. Over the past ten years, controversy over L. polyphemus management efforts has 
renewed as coastal whelk landings have increased 62% from 2005 to 2011 (ASMFC, 2012), 
generating an approximate annual revenue of $21 million (Manion et al., 2000).  However, the 
biomedical fishery, with an estimated annual value exceeding $200 million, (ASMFC, 2012) 
remains the more lucrative and globally-important industry to depend on horseshoe crabs 
(ASFMC, 2012).  

This biomedical fishery harvests horseshoe crab hemolymph to manufacture Limulus 
Amebocyte Lysate (LAL), a bacterial endotoxin detection assay (Novitsky, 1984, 2009) that is 
both extremely sensitive, able to detect  0.1 ng/mL of endotoxin, and efficient, requiring less 
than 30 minutes (Novitsky, 2009). This sensitivity of the LAL assay comes from a unique 
blood cell of horseshoe crab hemolymph, the amebocyte, which initiates a clotting cascade 
upon contact with gram-negative endotoxin (Levin and Bang, 1968). In the horseshoe crab, 
this clotting cascade results in coagulation of hemolymph and phagocytosis of bacterial cells 
(Iwanaga, 2002), and occurs via the release of granules which contain the clotting factors, 
including coagulogen, from amebocytes (Armstrong, 1985). The LAL product is generated by 
isolating these clotting factors from amebocytes, creating an assay that induces clot formation 
when mixed with a sample contaminated by endotoxin. 

The LAL assay is ubiquitously used during the processes of vaccine and 
pharmaceutical manufacture, and is routinely used in hospitals to determine sterility of 
medical implantables (Novitsky, 2009). Moreover, new applications for the blood of L. 
polyphemus are continually being discovered, with latest uses including detection of spinal 
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meningitis and certain cancers (Novitsky, 2009; ASMFC 2012, 2013). Though in vitro 
techniques to maintain viable horseshoe crab amebocytes, and thus to produce the LAL 
product without any harvest, are being developed (Coates et al., 2012), no commercially 
viable replacement is as of yet available (Coates et al., 2012; ASMFC, 2012). As such, 
currently, a continuous supply of horseshoe crabs is required to meet the global demands for 
LAL (ASMFC, 2012). 
1.3.2      Harvest Regulations and Effects on Populations 

As demand for the LAL product has risen since 1998 (ASMFC, 2012), the magnitude 
of the biomedical harvest has commensurately increased, while the magnitude of the bait 
harvest has declined (ASMFC, 2012) The decline of the bait harvest has largely been achieved 
through the imposition of a quota system, and, in some areas, complete closures of coastal 
waters to bait fishing, measures initially enacted in 1998 in response to population declines in 
Mid-Atlantic and New England states (ASMFC, 1998, 2012). Since 1998, the bait harvest has 
decreased from approximately two million crabs per year (2000; ASMFC, 2012) to current 
levels of 600,000-700,000 per year (2004-2012; ASMFC, 2013). Concurrently, the biomedical 
harvest increased from 2004 levels (the year biomedical landings were first recorded) of 
340,000 crabs to 610,000 in 2012 (79% increase; ASMFC, 2013). Interestingly, while Mid-
Atlantic populations have rebounded since 1998, New York and New England populations 
declined between the 2004 and 2009 stock assessments, and New England populations 
declined further between the 2009 and 2013 assessments (ASMFC, 2013).  As the natural 
mortality rate for adult horseshoe crabs is thought to be fairly low (Botton and Loveland, 
1989; Loveland et al., 1996), these declines suggest current harvest levels or practices are 
unsustainable (Hata and Berkson, 2003; Odell et al., 2005; ASFMC, 2012). 

While curtailment, and in some areas, complete closure, of the L. polyphemus bait 
fishery (Leschen and Correia, 2010; ASMFC, 2012), has been the foremost effort in 
mitigating the effect of harvest on population declines (ASMFC, 1998, 2012, 2013), the 
potential ramifications of the growing biomedical fishery on horseshoe crab fitness have been 
largely disregarded in management efforts (ASMFC, 2012). As the biomedical fishery returns 
horseshoe crabs to the ocean within 72 hours after capture (Leschen and Correia, 2010; 
ASMFC, 2012), harvest processes (which include initial capture, time spent exposed to heat 
during transport by boat and by truck to a bleeding facility, an approximately 30% hemolymph 
extraction, and holding time at the facility before return back to the ocean), are considered 
low-impact (ASMFC, 2012). Moreover, the fairly low mortality rates (8%-29%; Rudloe, 
1983; Thompson, 1998; Kurz and James-Pirri, 2002; Hurton and Berkson, 2006; Leschen and 
Correia, 2012) of the LAL harvest process have prompted the classification of the LAL fishery 
as minimally harmful to horseshoe crabs (ASMFC, 1998, 2012).  Interestingly, these mortality 
rates are sex-dependent, with 8-15% mortality in males (Rudloe, 1983; Thompson, 1998; 
Walls and Berkson, 2003; Hurton and Berkson, 2006) and 10- 29% mortality in females 
(Hurton and Berskon, 2006; Leschen and Correia, 2010).  This differential mortality is of 
concern as larger females are preferentially harvested, accounting for up to 74% of the total 
harvest (Rutecki et al., 2004) within one heavily harvested region, Pleasant Bay, MA. 
Moreover, the majority (over 50%) of the harvest process occurs from May-July (Rutecki et 
al., 2004), during the L. polyphemus spawning season. The preferential selection of larger 
females may be particularly harmful to population growth, as female egg production and 
laying is positively correlated to body size (Leschen et al., 2006). 
1.3.3     Population Trends Suggest Effects of LAL Harvest 
  Population indices from the heavily-harvested, and apparently geographically isolated 
(James-Pirri, 2010), Pleasant Bay, MA region suggest possible deleterious effects of the 
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biomedical harvest on horseshoe crab fitness. This bay has been harvested for LAL production 
for over 30 years; however, in response to population decline, this region has also been closed 
to the bait fishery for the past 10 years (Leschen and Correia, 2010).  Further, this site is 
heavily fished for biomedical purposes, with its harvest accounting for approximately 22% of 
the total biomedical harvest along the Atlantic coast (Rutecki et al., 2004). Despite bait 
harvest closures, the population size has declined since 2003 (Malkoski, 2010; James-Pirri, 
2012). Moreover, the sex-ratio at Pleasant Bay spawning beaches has become increasingly 
male-skewed, with the current ratio of 8.5-14 males for every one female (James-Pirri, 2012) 
contrasting both the historic ratio of 3 males for every 1 female in this region (Malkoski, 
2010), and the 3 male to 1 female ratio in neighboring, non-harvested embayments (James-
Pirri, 2012).  Finally, in 2012, Pleasant Bay egg abundances were significantly reduced 
compared to 2010 levels (James-Pirri, 2012).  The apparent reduction in spawning females 
combined with reductions in egg abundances and overall population has led researchers and 
environmental managers to suggest that the historic high levels of biomedical harvest in this 
region may be negatively impacting females, either through increased mortality or through 
sublethal behavioral alterations which may influence normal spawning behaviors (Kurz and 
James-Pirri, 2003; Malkoski, 2010; Leschen and Correia, 2010; James-Pirri, 2012).  
1.3.4   Sublethal Effects of LAL Harvest 

While mortality rates of biomedical harvest processes have been well-established, the 
potential sublethal behavioral and physiological repercussions of the harvest process have 
received little attention.  In one study, Rudloe (1983) determined that bled horseshoe crabs 
exhibited no changes in overall activity, compared to non-bled animals, during the four weeks 
following a biomedical bleeding process. Similarly, Kurz and James-Pirri (2003) found that 
bled females returned to an estuary exhibited no changes in locomotor velocity, as compared 
to non-bled animals. Interestingly, Kurz and Jame-Pirri (2003) did find a trend towards 
“random” movement patterns among bled animals, contrasted to the direct movements of 
control animals towards spawning beaches, suggesting a potential effect of the process on 
orientation abilities.  However, both the Rudloe (1983) and Kurz and James-Pirri (2003) 
studies investigated these behaviors after a hemolymph extraction that lacked the additional 
stressors (e.g., heat exposure, 24-72 hours aerial exposure, and damage due to time spent in 
holding barrels) present in standard biomedical harvest process (Hurton and Berkson, 2006; 
Leschen and Correia, 2010). This distinction is important as a “high-stress” bleeding 
treatment, one that includes 48 hours spent out of water and exposure to increasing 
temperatures has a greater physiological effect (increased mortality; Hurton and Berkson, 
2006) than a process that incorporates only a hemolymph extraction, or one with a hemolymph 
extraction with 24 hours out of water (Hurton and Berkson, 2006). Hurton and Berkson (2006) 
hypothesized that the compound effects of these separate stressors elicit this heightened 
physiological effect. Likewise, the synergistic effects of the multiple stressors of the typical, 
24-72 hour bleeding process (Hurton and Berkson, 2006; Leschen and Correia, 2010), may 
cause behavioral consequences, including effects on overall activity, distance moved, 
locomotor velocity, and expression of circatidal behavioral rhythms, that have, to date, 
remained unassessed. 

In addition to their potential behavioral consequences, biomedical harvest processes 
may also have physiological consequences that negatively impact the fitness of female 
horseshoe crabs returned to the wild. Harvest processes expose animals to desiccation, 
hemolymph loss, and thermal stress, and these stressors elicit sublethal physiological 
alterations in several commercially valuable shellfish (Vermeer, 1987; Ridgway et al., 2006). 
Further, while horseshoe crabs are known to regain standard amebocyte titers by the second 
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month after hemolymph extraction (Novitsky, 1984), little is known about the length of time 
required for the restitution of other hemolymph parameters, such as the respiratory pigment 
hemocyanin. While decreases in hemolymph protein occur in crustaceans exposed to capture 
stress (capture and time spent out of water; Ridgway et al., 2006), in the biomedical fishery, 
these capture stressors are compounded by substantial hemolymph loss. As hemocyanin, 
which constitutes over 90% of total hemolymph protein (Ding et al., 2005), is involved in a 
suite of physiological functions (including cuticle integrity, innate immune response, osmotic 
regulation, and hormonal transport; Coates et al., 2012), suppression of normal levels may 
influence the fitness of horseshoe crabs returned to their environment (Coates et al., 2012). 
Interestingly, Rudloe (1983) found that bled horseshoe crabs returned to the wild have a 10-
11% increased risk of mortality over the estimated natural mortality rate of 10%  (Botton and 
Loveland, 1989) during the first two years after the bleeding process, suggesting a chronic 
effect of harvest procedures on horseshoe crab physiology. Despite the suggestive evidence of 
such a chronic effect of LAL harvest processes on horseshoe crab vitality, to date, the 
sublethal behavioral and physiological alterations that may occur in female L. polyphemus 
after a typical LAL harvest procedure have not been characterized. Elucidating these effects is 
necessary in order to assess the impact of the biomedical fishery on horseshoe crab health, 
and, ultimately, to inform the design of effective regulations necessary to conserve at-risk 
populations (Malkoski, 2010; ASMFC, 2012). 
1.4 Research Objectives 

L. polyphemus is a relatively simple, yet morphologically ancient, organism that 
inhabits disparate tide environments. As such, it offers an excellent system through which to 
examine 1) divergence in behavioral output of tidal clocks across separate subpopulations, 2) 
alterations in behaviors, physiology, and behavioral output of tidal clocks induced by LAL 
harvest processes, 3) features of tidal behavioral rhythms that may elucidate the theoretical 
framework of tidal oscillators, and 4) the expression of physiological rhythms. In addition to 
improving the understanding of L. polyphemus biology and physiology, investigation of these 
issues is of value to conservation of the species. 
1.4.1.  Objective 1: To Assess Sublethal Behavioral and Physiological Effects of LAL Harvest 

The lack of thorough understanding of the behavioral and physiological ramifications 
of the LAL harvest processes hinders the design of effective regulations for this fishery. While 
previous research has suggested possible behavioral effects (potentially altered orientation 
ability; Kurz and James-Pirri, 2003) of the LAL harvest, little research has been done to 
examine the effects of harvest processes on overall activity, locomotor velocity, circatidal 
rhythm expression, and hemocyanin levels in female horseshoe crabs. The objectives of the 
research presented in Chapter 2 were to identify the sublethal behavioral and physiological 
effects elicited by a 52-hour LAL harvest process on female horseshoe crabs. This work 
establishes that harvest processes cause latent, one week-long decreases in overall activity and 
circatidal rhythm expression, immediate decreases in linear and angular velocity, and chronic 
(greater than 6 week) declines in hemocyanin concentration. These effects suggest possible 
behavioral and physiological impairment of bled females returned to the wild, and further 
suggest that improved management strategies, such as decreasing harvest levels during 
spawning season, may be helpful in managing population size in areas of current population 
decline.  
1.4.2     Objective 2: To assess whether L. polyphemus behavioral rhythms vary by tide 
environment, and whether L. polyphemus exhibit plasticity in rhythm expression 
   While horseshoe crabs from the Mid-Atlantic and Gulf of Maine subpopulations, 
which inhabit two tide/day environments, express circatidal rhythms (Chabot and Watson, 
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2004), the behavioral rhythms of animals from one dominant tide/day (Gulf Florida 
population) and microtide (Atlantic Florida population) environments have not previously 
been investigated. Further, whether horseshoe crabs are capable of exhibiting plasticity in the 
expression of behavioral biological rhythms in response to novel tide environments has not 
previously been addressed. The objectives of the work presented in Chapter 3 were to 
determine whether animals of the three tidal environments exhibit behavioral rhythms that 
match the tidal structure of their source site and to investigate whether horseshoe crabs are 
able to alter expression of biological rhythms in response to novel tide cycles. This research 
suggests that the L. polyphemus populations exhibit behavioral variations that correspond to 
local tide conditions: horseshoe crabs from a one dominant tide per day environment and from 
a microtide environment express once daily behavioral rhythms when housed in constant 
water level. Moreover, while horseshoe crabs from once daily and twice daily tide 
environments, respectively, have limited behavioral plasticity (shown by the apparent inability 
to alter behavioral patterns in response to novel tide regimes), animals from the microtide 
environments appear to have a high degree of behavioral plasticity, capable of expressing both 
once daily and twice daily behavioral patterns. Finally, features of the behavioral rhythms 
among animals from both the one dominant tide/day and microtide sites support the 
hypothesis that circalunidian oscillators, rather than a circatidal oscillator, govern expression 
of tidal rhythms in horseshoe crabs. 

The research presented in Chapter 3 provides possible evidence for phenotypic 
variance across horseshoe crab subpopulations, and supports the suggestion that separate 
subpopulations should be conserved via regional specific strategies. Further, this research 
suggests that either the environment or genetic differentiation among the populations 
(Saunders et al., 1986; King et al., 2005) modifies behavioral rhythm expression, offering 
avenues for future research. 
1.4.3    Objective 3: To determine whether rhythms of heart rate, respiration, and locomotor 
activity are synchronous and of circatidal periodicity in L. polyphemus 
 While horseshoe crabs exhibit nonsynchronous circatidal rhythms of locomotor 
activity and circadian rhythms of eye sensitivity, the respective roles of the tidal and circadian 
oscillators in controlling additional physiological functions has not previously been assessed. 
The primary objective of the research presented in Chapter 4 was to identify whether rhythms 
of respiration and heart rate occur in phase with tidal activity rhythms. The research presented 
in Chapter 4 suggests that respiration frequency, heart rate, and activity are strongly correlated 
in horseshoe crabs, that rhythms of heart rate, activity, and respiration occur in synchrony and 
may be tidal or daily, and that tidal rhythms of heart rate and respiration can occur in the 
absence of locomotor activity.  In sum, these results suggest that the tidal oscillators, not the 
circadian oscillator, which govern activity in L. polyphemus similarly regulate heart rate and 
respiration frequency. 
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Abstract.  The hemolymph of the American horseshoe crab, Limulus polyphemus, is 
harvested from over 500,000 animals annually to produce Limulus Amebocyte Lysate, a 
medically important product used to detect pathogenic bacteria.  Declining abundance of 
spawning Limulus females in heavily harvested regions suggests deleterious effects of this 
activity and, while mortality rates of the harvest process are known to be 10-30%, sub-lethal 
behavioral and physiological effects are not known.  In this study, we determined the impact 
of the harvest process on locomotion and hemocyanin levels of 28 female horseshoe crabs.  
While mortality rates after bleeding (18%) were similar to previous studies, we found 
significant decreases in the linear and angular velocity of freely moving animals, as well as 
changes in their activity levels and expression of circatidal behavioral rhythms. Further, we 
found reductions in hemocyanin levels, which may alter immune function and cuticle 
integrity. These previously unrecognized behavioral and physiological deficits suggest that the 
harvest of Limulus Amebocyte Lysate may decrease female fitness, and thus may contribute 
to the current population decline. 
2.1  Introduction 
 The American horseshoe crab, Limulus polyphemus, is valued for both its ecological 
and economic importance.  Ecologically, L. polyphemus is a keystone species in marine 
ecosystems of the Atlantic and Gulf coasts of North America (Botton, 1984b), serving as a 
bioturbator (Krauter and Fegley, 1994; Lee, 2010), a food source for shorebirds, fish and 
crustaceans (Botton 1984a), and a predator of mollusks and polychaete worms (Botton, 
1984b). Commercially, L. polyphemus is the preferred bait source for the whelk (Buscyon 
carica, Buccinum undatum, and Busycotypus canaliculatus; ASMFC, 2012) and eel (Anguilla 
rostra and Anguilla Anguilla: ASMFC, 1998) fisheries, and its hemolymph provides the raw 
material for Limulus Amebocyte Lysate (LAL), the industry standard for detection of bacterial 
endotoxin in pharmaceuticals, vaccines, and medical devices (Novitsky, 2009). The magnitude 
of the LAL harvest, principally composed of female horseshoe crabs (50-77%; Rutecki et al., 
2004; ASFMC, 2012), has increased 76% since 2006, during which time New England 
populations of L. polyphemus have declined, despite a 45% bait harvest reduction (ASMFC, 
2012). Further, population trends in heavily harvested Pleasant Bay, MA, have evoked 
concern over possible effects of the LAL harvest process (Malkoski, 2010; ASFMC, 2012; 
James-Pirri, 2012). In this region, where horseshoe crabs have been harvested for LAL 
production for over 30 years, but closed to the bait fishery since 2006 (Rutecki et al., 2004; 
Leschen and Correia, 2010), the proportion of females appearing at spawning beaches has 
declined from 30% (Carmichael et al., 2003) to 10% (Malkoski, 2010; James-Pirri, 2012) and 
egg abundances at spawning beaches have significantly decreased (James-Pirri, 2012).  These 
trends have prompted researchers and environmental managers to suggest that the LAL 
harvest process, while causing moderate mortality rates of 8-15% in males (Walls and 
Berkson, 2003; Hurton and Berkson, 2006) and 10- 29% in females (Hurton and Berkson, 
2006; Leschen and Correia, 2010), may also induce behavioral and physiological effects in L. 
polyphemus, which could lead to alterations in spawning activity (Malkoski, 2010; James-
Pirri, 2012). Moreover, these effects could be exacerbated by the high level (50%) of the 
annual LAL harvest that occurs during the spawning season (Leschen and Correia, 2010). 
 The LAL harvest procedure incorporates multiple stressors, several of which have 
been shown to alter both the behavior and physiology of marine species. Briefly, hemolymph 
is obtained in a 24-72 h process that includes trawl or hand-harvest capture, transport to, and 
time spent in, containment at a biomedical facility, a 30% blood extraction, and return to the 
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point of capture (ASMFC, 1998; Leschen and Correia, 2010).  Interestingly, numerous 
crustaceans exhibit both transient and long-term (1–4 week) behavioral (Harris and Andrews, 
2005; Parsons and Eggleston, 2005; Haupt et al., 2006) and physiological (Vermeer, 1987; 
Bergmann et al., 2001; Ridgway et al., 2006; Patterson et al., 2007) alterations in response to 
similar capture stressors, with effects including altered hemolymph biochemistry (Vermeer, 
1987; Ridgway et al., 2006), reduced immune function (Ridgway et al., 2006), decreased 
predator avoidance behaviors (Brown and Caputi, 1983: Vermeer, 1987), altered responses to 
stimuli (Parsons and Eggleston, 2005), reduced locomotion (Davis et al., 1978), and 
diminished or altered spawning behaviors (Smith and Ritar, 2005). The LAL harvest process 
compounds typical capture through an extended (up to 72 h) period of aerial exposure and 
substantial blood loss, and thus has the potential to effect analogous behavioral and 
physiological changes in L. polyphemus. 
 Immediate and long-term behavioral responses of L. polyphemus to the biomedical 
bleeding process have been little studied.  Both activity levels (Rudloe, 1983) and movement 
velocity (Kurz and James-Pirri, 2002) have been reported to be unaffected by a hemolymph 
extraction performed with a minimal (30 min to 3 h) amount of aerial exposure. Interestingly, 
a high-stress hemolymph extraction process, which includes 48 h of aerial exposure combined 
with thermal stress, causes the highest mortality (Hurton and Berkson, 2006), although neither 
activity nor velocity alterations in response to such a process have been investigated.  In 
addition, a salient behavioral feature of L. polyphemus is the expression of tidal activity 
rhythms, driven by a circatidal clock (Chabot et al., 2004), which facilitates successful 
spawning and foraging activities in the wild (Cohen and Brockmann, 1983; Barlow et al., 
1986; Watson and Chabot, 2010).  In other species, disruptions of behavioral and 
physiological circadian rhythms occur in response to a variety of environmental stressors, 
including alterations in light intensities (Procambarus clarkii and Procambarus digueti; 
Fanjul-Moles et al., 1998), decreased water quality (Astacus astacus; Styrishave et al., 1995), 
and trawl capture (Nephrops norvegicus; Aguzzi et al., 2005), and disruptions in circatidal 
rhythms occur in response to osmotic (Ruditapes philippanarum; Kim et al., 2001) or thermal 
stress (Chthamalus bisinuatus; Kasten and Flores, 2013). However, to date, the ramifications 
of the high-stress biomedical bleeding process on behavior and physiology of horseshoe crabs 
have not been well characterized. 
 The effects of the harvest process on hemolymph properties also have not been clearly 
elucidated. While L. polyphemus regains its blood volume within three to 30 days after being 
bled (Rudloe, 1983; Novitsky, 1984), restitution of amebocytes takes up to four months 
(Novitsky, 1984), and the length of time required for recovery of additional hemolymph 
constituents is unclear. Capture stress alone decreases total hemolymph protein concentration 
in some crustaceans (Ridgway et al., 2006), and this decline is correlated with reduced 
immune system functioning and increased susceptibility to infection in lobsters, Homarus 
americanus (Theriault et al., 2008). The biomedical bleeding process combines capture stress 
with substantial hemolymph loss, and L. polyphemus exhibits significantly decreased 
hemolymph protein concentration for at least two weeks after extraction (James-Pirri et al., 
2012). Over 90% of L. polyphemus hemolymph protein is the respiratory pigment hemocyanin 
(Ding et al., 2005). In addition to aiding in the circulation of oxygen, hemocyanin may also 
participate in the primary immune response (Coates et al., 2011), and cuticle hardening and 
wound repair (Adachi et al., 2005). Poor environmental conditions, including thermal and 
captivity stress, accelerate hemocyanin decline in L. polyphemus (Coates et al., 2012), and 
therefore the combination of all these stressors is likely to produce a more dramatic decline 
than either of them alone. 
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 The overall goal of this investigation was to determine whether the biomedical 
bleeding process induces sub-lethal physiological and behavioral effects in female horseshoe 
crabs during their spawning season.  Our specific aims were to evaluate: (1) overall activity, 
linear and angular velocities of their movements, and expression of tidal rhythms for two 
weeks before and four weeks after a 52 h bleeding process, and (2) hemocyanin concentrations 
immediately prior to, and six weeks after, a 52 h bleeding process. We evaluated these 
parameters in L. polyphemus from Great Bay, NH. While this population is genetically distinct 
from the harvested mid-Atlantic populations, the genetic distance is low (King et al., 2005); 
further, this population has not historically been harvested for biomedical bleeding (ASFMC, 
2012), and so animals were presumably naïve to the process.  We performed both laboratory 
studies, which allowed continuous monitoring of animal activities, and an outdoor study, 
which enabled evaluation of bleeding impacts in a quasi-natural environment.  Our results 
suggest that L. polyphemus experiences sub-lethal behavioral (reduced activity, velocity of 
movements, and expression of circatidal rhythms) and physiological (chronic hemocyanin 
loss) alterations in response to the bleeding process, and these should be considered when 
assessing the impact of this procedure on horseshoe crab populations. 
2.2  Materials and Methods 
2.2.1  Animals- Treatment Groups and Conditions 
 Fifty-six female horseshoe crabs were collected during high tide at spawning beaches 
on Adams Point, Durham, New Hampshire, from May 15-23, 2012, and their prosomal width 
was measured. Animals were distributed by size into four experimental groups; this 
distribution by size was necessary because of constraints of experimental equipment.  The 
largest 14 animals (prosomal width: 18-23 cm) were assigned to the outdoor unrestrained 
(OU) group, and they were placed in tanks outside of the University of New Hampshire 
Jackson Estuarine Laboratory (JEL). These outdoor tanks could accommodate larger animals 
than could our indoor laboratory tanks.  The remaining 42 animals were transported by van to 
Plymouth State University (PSU; trip duration was 2 h) in polyurethane coolers.  The smallest 
14 animals (prosomal width: 16-18 cm) were assigned to the laboratory running wheel (LRW) 
group; the smallest animals were selected for this group because pre-constructed running 
wheels could only fit animals of prosomal width less than 18.5 cm. The remaining 28 animals 
were equally divided between the laboratory unrestrained (LU) and laboratory communal tank 
(LCT) groups.  Because smaller animals were selected for the LRW group, prosomal width 
varied significantly (F(3,52) = 6.05, P = 0.002; Table 2.1) across the four groups, with 
prosomal width in the OU and LU groups greater than that of the LRW group (P < 0.05), 
while prosomal width in the LCT group was not significantly different from any of the other 
groups. 
2.2.1.1  Outdoor Unrestrained Group  
 The purpose of the OU group (n = 14; prosomal width: 19.1 ± 0.4 cm, mean ± SEM) 
was to monitor activity in animals exposed to a natural photoperiod and constantly replenished 
estuarine water.  Accelerometers (Onset Computer, Pocasset, MA), set to measure acceleration 
(g) in the three orthogonal axes, were affixed to the prosoma of each animal using cable ties, 
duct tape, and cyanoacrylate (Schaller et al., 2010).  Animals were placed in separate 
cylindrical wire enclosures (70 cm diameter x 48 cm height) within seven 850-L tanks (183 
cm x 92 cm x 50 cm) containing approximately 15 cm of sand so animals had the opportunity 
to bury. Water from the estuary continuously flowed (~4 L/min) through the tanks, keeping 
salinity and temperature consistent with that of Great Bay, NH, and the tanks remained 
uncovered and exposed to the natural light/dark cycle (approximate sunrise: 5:01-5:15 am; 
sunset: 8:00-8:28 pm). The animals were allowed access to 2% of their body weight in diced 
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quahogs three times a week by placing the food in the bottom of the tanks.  Activity was 
logged via the accelerometers for two weeks prior to the biomedical bleeding process. 
2.2.1.2  Indoor Groups at Plymouth State University  
  To simulate the summer photoperiod, all indoor groups were maintained under a 
14:10 light/dark (LD) cycle with instantaneous photic transitions, salinity between 25 and 30 
psu, and temperature between 18-21°C. Temperature and lighting conditions were 
continuously recorded using Vernier Labquest handheld data collection units connected to a 
light sensor and temperature probe (Vernier Software and Technology LCC, Beaverton, OR).  
Activity was measured in two separate laboratory groups via two different monitoring 
systems, enabling comparison between the two techniques for validation of results.  
Laboratory Running Wheel Group: The activity of this group of 14 animals (prosomal width: 
17.5 ± 0.8 cm) was monitored using “running wheels,” constructed as described in Chabot et 
al. (2004, 2007). The animal was secured within the wheel with its telson sticking out through 
a slit. Then a polypropylene plastic golf ball was placed on the telson to prevent it from being 
drawn into the wheel. Cable ties were used to attach the front of the carapace to the frame. 
After all animals were prepared, the running wheels were distributed among four custom-
made acrylic recirculating open top tanks (80 cm L x 65 cm W x 32 cm D). Wheel rotations 
were recorded with ClockLab Data Collection Software (Actimetrics, Wilmette, IL).   
Laboratory Unrestrained Group: The activity of this group of 14 freely moving animals 
(prosomal width: 18.9 ± 0.3 cm) was monitored using video recording. The animals were 
distributed between two large (1.7 m L x .9 m W x .75 m D) tanks, each with a separate filter 
system. The tanks were subdivided by plastic egg grating (1 cm x 1 cm) into a total of eight 
arenas per tank (each 21 cm x 45 cm), and a 4 m length of waterproof red LED Ribbon Flex 
strip lighting (λ = 630-660 nm; LED Liquidators, Inc., Westlake Village, CA) was threaded 
through the egg grating in each tank to provide continuous illumination for video recording. 
One animal was placed into each of seven arenas per tank (one arena in each tank was 
excluded to house the filtration system). An infrared video camera was suspended 1 m above 
the tanks, and digital video recordings were obtained at a rate of one frame per 20 s using 
Gawker software (Piwonka, Seattle, WA). The videos were then analyzed for total distance 
moved, linear velocity, and angular velocity using Ethovision XT software (Noldus 
Information Technology Inc., Wageningen, Netherlands).  
Laboratory Communal Tank Group: The 14 animals in this group were kept in one acrylic 
recirculating open top tank (80 cm L x 65 cm W x 32 cm D). Activity of this group was not 
measured; hemocyanin concentrations in control and bled horseshoe crabs of the LCT group 
(n = 14; prosomal width: 18.4 ± 0.4 cm) were measured from 1-2 mL blood samples taken 
each week, using the “Hemolymph Sampling” process detailed below. 
2.2.2  Biomedical Bleeding Procedure 
 After collecting behavioral data for two weeks, 28 animals were bled using a process 
that approximated the standard biomedical bleeding procedure (high stress: Hurton and 
Berkson, 2006). 
2.2.2.1  Laboratory Groups 
 The bleeding process for these groups was completed from June 1-3, 2012. Half of the 
horseshoe crabs from each of the LRW, LCT, and LU groups (n = 7 each) were randomly 
selected to undergo the bleeding process and distributed among three 50-gallon plastic barrels; 
the remaining 21 remained in their treatment conditions as controls.  The temperature within 
the barrels was monitored using a Vernier Labquest with thermometer attachment during the 
52 h process.   
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Pre-Bleeding Procedure: To replicate the capture and transportation during a typical 
biomedical bleeding process, the barrels were placed on the roof of Boyd Hall at PSU for 8 h. 
For the first 4 h, the barrels were kept in direct sunlight to simulate time spent on the deck of a 
boat; during this time, temperatures reached 37°C (mean ± SD: 32.0 ± 2.9°C).  For the next 4 
h, the barrels were covered with cardboard and moved into shade to simulate time spent in a 
truck en route to a bleeding facility (26.1 ± 1.1°C). Then the covered barrels were moved 
indoors (20.8 ± 0.9°C) for 16 h to simulate time spent overnight at the bleeding facility and 
then hemolymph was withdrawn. 
Bleeding Procedure: Hemolymph was extracted using the procedure of Armstrong and Conrad 
(2008).  One person held the animal in the abdominal flexure position, exposing the arthrodial 
membrane of the medial dorsal surface at the joint between the prosoma and the opisthosoma, 
while a second person withdrew the hemolymph. The arthrodial membrane was sterilized with 
70% ethanol and punctured with a 14 gauge needle. Hemolymph was collected in 50 mL 
conical tubes, pre-chilled on ice, until the flow stopped or the estimated 30% volume had been 
reached.  The equation of Hurton et al. (2005) was used to estimate total hemolymph volume 
for each horseshoe crab: 

H = 21.6 e 
0.1234P

   [H = hemolymph volume (mL); P = prosomal width (cm)].  
Extraction volumes ranged from 30 to 75 mL (mean ± SE: 35.8 ± 4.6 mL) and were generally 
less than the calculated 30% volume (17.3 ± 2.0%; Table 1). The hemolymph was kept on ice 
until processed further.   
Post Bleeding Procedure: Animals were returned to their barrels and held indoors for 24 h 
(19.8 ± 0.9°C) to simulate a second overnight at a bleeding facility.  The barrels were placed 
next to a heater (24.0 ± 1.3°C) and shaken periodically for 4 h to simulate transportation by 
truck back to the ocean. Finally, they were returned to their treatment conditions after a total 
of 52 h out of water. Activity in the LU and LRW groups was recorded for the next six weeks, 
and weekly hemolymph samples were taken from the LCT group. Tanks were checked daily 
for mortalities.   
2.2.2.2  Outdoor group 
 The bleeding process for the OU group took place from June 6-8 and used a treatment 
paradigm similar to that used on the laboratory groups, though with minor modifications to 
adjust for poor weather conditions.  Seven horseshoe crabs (one per tank) were selected to 
undergo the bleeding process; their accelerometers were detached, and they were distributed 
between two 50-gallon plastic barrels.  The barrels were first kept under a heat lamp for 4 h to 
simulate time spent on the deck of a boat; during this time, temperature reached 28°C (26.1 ± 
2.1°C).  Then the barrels were transported by van to PSU (2 h; 21.3 ± 2.7°C) and placed 
indoors (18.2 ± 1.7°C) overnight (16 h). Then hemolymph was extracted as described for the 
indoor groups and the animals were returned to their barrels and kept indoors, uncovered, for 
24 h (18.0 ± 0.5°C).  The barrels were transported by van back to JEL (2 h; 25.6 ± 0.3°C) and 
placed outdoors, covered, for the final 4 h to complete the simulation of transport back to the 
ocean (24.2 ± 1.1°C).  Finally, the accelerometers were reattached and the horseshoe crabs 
were returned to their original tanks, after being out of water for 52 h, and their activity was 
recorded for the next six weeks. 
 The percent of hemolymph extracted varied significantly (F(3,24) = 7.2, P = 0.001; 
Table 2.1) across the four groups. Percent extracted in the OU group significantly exceeded 
that of the LRW and LCT groups (P < 0.05), while percent extracted in the laboratory 
unrestrained group was not significantly different from the other groups.  
2.2.3  Hemolymph Sampling   
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 Weekly 1-2 mL hemolymph samples were taken from all animals in the LCT group.  
Samples were taken from all control animals at the time of the bleeding process for the bled 
groups, and from all animals six weeks after the bleeding process. Hemolymph was extracted 
following the procedure used for the bled group, except it was collected with 25-gauge needles 
in 2.0-mL microcentrifuge tubes.  During this process, each crab was kept out of water for no 
longer than 5 min.  
2.2.4  Determination of Hemocyanin Concentrations 
 Hemocyanin concentrations were determined using the procedure of Coates et al. 
(2012). Samples were centrifuged for 10 min at 3000 g and 4°C, and then the supernatant 
(cell-free hemolymph) was stored at 4°C until analysis (1-2 days).  An aliquot of hemolymph 
was diluted 1:100 in 0.1 M Tris-HCl buffer (pH- 7.5), and absorbance was measured at 280 
nm on a UV-160 spectrophotometer (Shimadzu, Columbia, MD).  Hemocyanin concentration 
was calculated using an absorbance of 1.39 for a 1 mg/mL hemocyanin solution in a quartz 
cuvette (pathlength of 1 cm; Coates et al., 2012).  
2.2.5 Data Analysis 
2.2.5.1 Laboratory Running Wheel Activity 

 The ClockLab collection system recorded the number of wheel revolutions per 
minute, and these data were used to generate actograms and Lomb-Scargle periodograms. The 
number of wheel revolutions was multiplied by the circumference of the wheel to obtain 
distance moved per minute, and these distances were summed to obtain distance moved per 
day. The daily sums were averaged over seven day intervals to obtain average daily distance 
during the two weeks before bleeding and the three weeks after bleeding. 
2.2.5.2  Laboratory Unrestrained Activity 

Video files were analyzed for distance moved (cm), linear velocity (cm/s), and 
angular velocity (degrees/s) at 20-s intervals using Ethovision XT software (Noldus 
Information Technology Inc., Leesburg, VA).  Distance was summed per minute, and these 
values were used to generate actograms and Lomb-Scargle periodograms using ClockLab. 
Distance moved per day was calculated, and these sums were averaged over seven day 
intervals to obtain average daily distance for the two weeks before and the three weeks after 
the bleeding process.  Linear velocity and angular velocity during periods of movement 
(distance moved > 5 cm per 20 seconds) were averaged for the two weeks prior to and the four 
weeks after the bleeding process.  Linear velocity measured locomotive speed in one direction 
(net distance moved divided by 20 s between sampling intervals), while angular velocity 
measured rate of directional change (change in direction of movement between two 
consecutive samples divided by 20 s; Ethovision XT). 
2.2.5.3 Outdoor Unrestrained Activity 

The accelerometers provided acceleration in the three orthogonal axes each minute.  
The difference between successive x, y, and z coordinates was calculated, and these 
differences were used to calculate the net acceleration vector. These values were used to 
generate actograms and Lomb-Scargle periodograms.  The daily percent of time active was 
determined by summing the number of minutes per day with a net vector exceeding 0.02 
(determined by frequency histogram analysis to be the threshold value for background noise). 
The daily percentages were averaged over seven day intervals to obtain weekly values for the 
two weeks before and the three weeks after the bleeding process.   
2.2.5.4 Hemocyanin Concentration 

 The percent of original hemocyanin remaining for each animal was calculated as the 
ratio of final hemocyanin concentration (six weeks post bleeding) to the original hemocyanin 
concentration (day of bleeding). To distinguish hemocyanin loss due to hemolymph extraction 
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from hemocyanin decline due to other factors, the amount of hemocyanin extracted (volume 
of hemolymph extracted multiplied by initial hemocyanin concentration) was subtracted from 
the estimated total hemocyanin (initial hemocyanin concentration multiplied by estimated 
hemolymph volume); this value was compared to final total hemocyanin (hemocyanin 
concentration six weeks post-bleeding multiplied by estimated hemolymph volume). In the 
LCT group, rate of hemocyanin concentration decline (mg*mL-1*week-1) was calculated as the 
ratio of concentration difference between successive hemolymph samples to the number of 
weeks between samples. 
2.2.6 Statistical Analyses 
 Repeated measures ANOVAs, two-way ANOVAs, mixed model ANOVAs, or 
Student’s T-tests  (P < 0.05) were performed using Minitab (Minitab Inc., State College, PA) 
to examine the effects of bleeding on physiological and behavioral parameters. Tukey’s HSD 
post-hoc analyses (P < 0.05) were used to examine differences between means.  Lomb-Scargle 
periodogram analyses were used to determine whether animals expressed significant circatidal 
(~12.4 h) or daily (~24 h) rhythms each week (peaks exceeding P = 0.001; tidal: 10-14 h 
range; daily: 22-26 h range; arrhythmic: no significant peaks). Mixed model ANOVAs with 
repeated measures in one factor were used to compare percentages of animals expressing tidal 
rhythms in the three activity groups and the rates of hemocyanin decline in the LCT group. 
Two-way ANOVAs were used to test for effects of environmental conditions (LRW, LU, and 
OU) and treatment (bled/control) on percent of animals expressing tidal rhythms and percent 
of hemocyanin remaining in the four treatment groups. Repeated measures ANOVAs were 
used to compare pre-bleeding activity, linear velocity, and angular velocity to that post-
bleeding. Correlational and single linear regression analyses were used to determine 
relationships between hemocyanin decline and activity, and immediate activity to second 
week post-bleeding activity.  
2.3  Results 
2.3.1  Alterations in Behavior: Biological Rhythms, Activity, and Velocity 
 The bleeding process affected both activity levels and expression of tidal rhythms 
(Figs. 2.1–2.3; Table 2.2). Bled animals (LRW and OU) decreased their expression of tidal 
rhythms during the second week post- bleeding (Table 2.2, Fig. 2.1). There was a significant 
interaction of the bleeding treatment by time (F(3, 23) = 9.55, P = 0.005) on the percent of 
animals expressing tidal rhythms. Specifically, expression of tidal rhythms in bled animals 
during the second week after bleeding was significantly less (P < 0.05) than it was in bled and 
control animals before bleeding, during the first week after bleeding, and during the third 
week after bleeding. During this second week, the percent of animals expressing tidal rhythms 
decreased by 83% in the OU group and by 60% in the LRW and LU groups. Significant 
differences between treatment conditions on the expression of tidal behavioral rhythms were 
not seen (F(2,23) = 1.38, P = 0.305). 
 In the OU group, three of seven bled animals appeared to shift activity patterns to 
diurnal activity during the second week after the bleeding process (Fig. 2.1), one appeared to 
shift to primarily nocturnal activity, and the remaining three did not appear exhibit a 
preference. In the LU group, four of six animals appeared to express diurnal activity during 
the second week post-bleeding period, while two animals appeared to express no preference 
for day/night.  In the LRW group, one animal became active primarily during the day, while 
five animals appeared to express no preference. 
 Activity of the three bled groups decreased significantly after the bleeding process 
(Fig. 2.2). In the LRW and LU bled groups, there was a significant effect of time on mean 
daily distance moved (F(3,12) = 3.82, P = 0.039 and F(3,15) = 3.51, P = 0.041, respectively): 
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bled animals decreased the distance they traveled during the second week after the bleeding 
process (Fig. 2.2; P < 0.05), while there was no effect of time on daily distance moved in the 
control groups (LRW: F(3,9) = 0.52, P = 0.678; LU: F(3,15) = 0.514, P = 0.679). In the OU 
bled group, time after bleeding also significantly affected mean daily activity (F(3,18) = 4.02, 
P = 0.024; Fig. 2.2, 2.3); percent of time spent active decreased (P < 0.05) during the second 
week after bleeding, while activity in the control group was not affected (F(3,18) = 0.17, P = 
0.92). In the OU group, activity returned to pre-bleeding levels during the third week post-
bleeding, while activity in the LRW and LU did not fully recover (Fig. 2.2). 
 In the OU group, six of seven bled animals appeared to exhibit normal to high activity 
levels for one to two days upon return to the water (percent of time active equaled or exceeded 
mean pre-bleeding levels; Fig. 2.3, top).  This response was also seen in three of seven 
animals in the LU group, and one of seven animals in the LRW group.  However, within the 
LU group, four of six animals exhibited a period of latency to initiate activity immediately 
after the bleeding process, with a “quiescent” period ranging 1.5 to 25.5 h (mean ± SE: 16.7 ± 
5.5 h) prior to movement for four of the animals. Similarly, six of seven animals of the LRW 
group had a latency ranging from 2.8 to 21.6 h (8.6 ± 3.5 h) to initiate activity. In the OU 
group, the initial percent change in activity was significantly negatively correlated to the 
magnitude of the second-week activity decrease (R2 = 0.57, F(1,6) = 6.64, P < 0.05; Fig. 2.3, 
bottom), with animals that exhibited highest initial increases in activity exhibiting larger 
activity decreases during week two post-bleeding.  
 Bled animals in the LRW and LU groups moved similar distances (LRW: 50.5 ± 10.7 
m/day; LU: 62.3 ± 7.0; t(11) = 0.38, P = 0.715) prior to the bleeding process. During the 
second week after the bleeding process, LRW animals decreased activity by 66%, while LU 
animals decreased activity by 33%, with distance moved significantly less in the LRW than in 
the LU group (t(11) = 2.76, P = 0.04; LRW: 10.2 ± 2.9 m; LU: 42.8 ± 11.5 m). Similar to LU 
animals, OU animals decreased overall activity by 33% during the second week post-bleeding. 
Within each group, neither prosomal width nor percent of hemolymph extracted was 
correlated with percent reduction in activity during the second week post-bleeding for the 
three activity groups (prosomal width: OU: r(6) = 0.127, P = 0.811; LRW: r(6) = 0.361, P = 
0.55; LU: r(6) = -0.275, P = 0.60; percent extracted: OU: r(6) = -0.308, P = 0.50; LRW: r(6) = 
0.644, P = 0.24; LU: r(6) = -0.581, P = 0.23). 
 Linear and angular velocities were monitored in the LU group to assess changes in 
locomotor behaviors. While moving within the LU tank system, animals tended to exhibit 
three types of behaviors: traversals of the rectangular arenas, circles around the arena, or back 
and forth movements along one wall of the arena.  Animals making both rapid traversals and 
circling movements exhibited high linear and angular velocity, while animals moving 
primarily along one side of their arenas exhibited lower velocities. During the 14 days before 
the bleeding process, both bled and control animals had similar linear (t(9) = 1.5, P = 0.167) 
and angular (t(12) = 1.02, P = 0.331) velocities. Bled animals decreased both linear (F(4,20) = 
6.4, P = 0.002) and angular (F(4,20) = 2.99, P = 0.044) velocity during the first week after the 
bleeding process (Fig. 2.4). While linear velocity returned to pre-bleeding levels during the 
third week post-bleeding, angular velocity remained suppressed (Fig. 2.4). In the control 
group, there was no effect of time on linear (F(4,24) = 0.93, P = 0.461) or angular (F(4,24) = 
0.34, P = 0.849) velocity. Within the context of the LU system, the reductions in linear 
velocity suggest both slower locomotor rate during tank traversals and increased time spent 
moving along one side of the arena, while decreased angular velocity suggests slower 
rotational rates while circling arenas. 

2.3.2 Alterations in Physiology 
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2.3.2.1 Hemocyanin  
 Hemocyanin loss was significantly affected by both bleeding (F(1,39) = 10.10, P = 
0.003) and treatment condition (F(4,44) = 7.26, P = 0.001). Post-hoc analyses indicated that, 
six weeks post-bleeding, the percent of initial hemocyanin concentrations (pre-bleeding) 
remaining in the LRW, LU, and OU bled groups was significantly less than those of the 
corresponding control groups (P < 0.05).  Further, hemocyanin percent losses in the LRW, 
LU, and LCT groups significantly exceeded those of the outdoor unrestrained group (P < 0.05; 
Fig. 2.5).  The LRW bled and LU bled groups lost approximately 70% of the original 
concentration of hemocyanin, while the OU group lost 40%. On the day of the bleeding 
process, hemocyanin concentration did not differ significantly between bled and control 
animals of the four treatment groups (F(7,37) = 1.5, P = 0.2; data not shown). 
 When amount of hemocyanin lost as a result of the bleeding process was subtracted 
from initial hemocyanin levels, the hemocyanin reductions that occurred during the six weeks 
after the bleeding process did not differ between bled and control animals for the four groups 
combined (F(1,37) = 2.72, P = 0.107; data not shown), nor between bled and control animals 
within each treatment group (F(3,37) = 0.84, P = 0.479). Treatment conditions, however, 
affected total hemocyanin loss (F(3, 37) = 9.98, P < 0.001); specifically, subsequent losses in 
the OU group (bled and control) were significantly less than those laboratory groups.  
 In the LCT group, there was a significant effect of the bleeding process on 
hemocyanin concentration loss (F(1, 32) = 10.95, P = 0.002; data not shown), with a 
significant interaction of the bleeding treatment by time (F(3, 32) = 6.32, P = 0.002). 
Particularly, highest hemocyanin reductions in bled animals occurred immediately after the 
bleeding process (bled: 13.44 ± 2.8 mg*mL-1week-1, control: 2.31 ± 1.4 mg*mL-1 week -1). 
This immediate loss was significantly greater than that in both bled and control animals before 
bleeding (bled: 4.48 ± 1.4 mg*mL-1 week -1, control: 1.89 ± 2.1 mg*mL-1 week -1) and during 
weeks 2-6 post bleeding (bled: 2.87 ± 0.7 mg*mL-1 week -1, control: 2.17 ± 0.7 mg*mL-1 week 
-1).  
2.3.2.2  Mortality 
 There were five total mortalities (18%) among bled animals (Table 2.1), with 42% 
mortality in the LCT, 0% mortality in the OU group, and 14% mortality in the LRW and LU 
groups. Mortalities in the LCT and LU groups occurred on the third day after return to water, 
while the mortality in the LRW group occurred on day two. The mean percent of hemolymph 
extracted in the five animals that died (15.9 ± 1.8%) did not significantly differ from that 
extracted from the remaining animals (19.8 ± 1.2%; t(27) = -1.85; P = 0.09). 
2.4  Discussion 

In this study, we found that the biomedical bleeding process causes several sub-lethal 
behavioral and physiological changes. The most obvious behavioral effects were immediate 
(within one week) decreases in walking speed and latent (one week post) reductions in both 
overall activity and the expression of tidal rhythms. The greatest impact of bleeding on 
Limulus physiology was an immediate and sustained decline in hemocyanin concentrations.  
2.4.1  Behavioral Effects 
2.4.1.1 Activity 
 The bleeding process caused, after a one-week delay, a period of reduced activity: 
during the second week after the bleeding process, animals decreased activity (distance moved 
and percent of time active) between 33% and 66%.  Similarly, the stone crab (Menippe 
mercenaria, Davis et al., 1978) decreases activity for ten days after the fishery practice of 
declawing.  Further, discarded (undersized) Norwegian lobsters (Nephrops norvegicus; Harris 
and Ulmestrand, 2004) exhibit diminished swimming performance for eight to fifteen days 
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following harvest stress (trawl capture plus 1 h of emersion), activity reductions attributed to 
the energy costs of initial activity during capture, effects of aerial exposure, and recovery from 
trawl-related injuries. However, in N. norvegicus, the reduction in swimming ability is 
apparent immediately after harvest processes, a contrast to what we found in L. polyphemus.  

While it is likely that the period of reduced activity in L. polyphemus is the result of 
the combination of blood loss, thermal stress, desiccation, and aerial exposure, the reason for 
the one week delay prior to a decline in activity is not clear.  Animals varied in their initial 
behavioral responses to the bleeding process, with six of seven animals in the OU group, four 
of six animals in the LU group, and one of six animals in the LRW group exhibiting high 
activity levels immediately after re-immersion (Fig.1, LU bled, OU bled; Fig. 2.3) and then, 
after a 1 week delay, exhibiting a reduction in activity.  The significant negative correlation 
between the immediate activity increase and the second week activity decrease in the OU 
group may suggest that the second week activity deficit is possibly a response to the initial 
damage from the bleeding process compounded by the depletion of energetic resources that 
may occur during initial high activity output. This initial activity may be a manifestation of an 
escape response (L. polyphemus, Rudloe and Hernnkind, 1976); alternatively, it may reflect 
disorientation incurred by the bleeding process (L. polyphemus; Kurz and James-Pirri, 2002) 
or foraging efforts to replace lost energy reserves (Cancer pagurus; Patterson et al., 2009).  In 
contrast, the second-week activity decrease is likely to be due to an impact of the bleeding 
process that is more long-term; however, future work is needed to clarify the mechanisms 
responsible. 

These results conflict with those of Rudloe (1983), who found no difference in overall 
activity between bled and control animals during the 28 days following hemolymph 
extraction. Several reasons may account for this discrepancy. Firstly, Rudloe (1983) examined 
activity in animals after a bleeding process that only included 3 h of aerial exposure, while our 
52 h procedure more closely resembles the procedure typically used to extract blood for LAL. 
Secondly, in the Rudloe (1983) study, activity was assessed by the number of deflections of 
two rods suspended above a pool containing several animals, and thus individual activity was 
not examined; in contrast, our three separate activity monitoring systems enabled continuous 
collection of activity data from each individual animal, with the lowest resolution of one 
sample/minute. Finally, Rudloe (1983) compared activity between bled and control animals 
during a 2 h window each day over 28 days, while we used several weeks of continuous 
activity when making comparisons. Overall, our study both more closely replicated an actual 
biomedical bleeding process and allowed a closer monitoring of individual behaviors. 

The degree of activity decline and recovery may have been differentially affected by 
treatment conditions in this study. Specifically, that complete recovery of activity levels only 
occurred in the OU group was most likely due to the fact that they had access to food, while 
the LU and LRW groups were not fed. Starvation both prolongs stress recovery periods 
(oyster, Crassostrea gigas, Li et al., 2009b) and decreases locomotion (Cancer pagurus, 
Ansell, 1973). Additionally, though the smaller animals of the LRW group exhibited the same 
trend in activity decline as did animals of both unrestrained groups, they appeared to have a 
larger activity loss (66%).  However, among controls, LRW animals had the largest decreases 
in hemocyanin concentration, suggesting that conditions of the LRW system may have been 
more stressful than those of the LU and OU systems.  As such, whether the smaller size of 
these animals or the experimental conditions affected the magnitude of the activity decline 
cannot be determined by this study, and it would be useful to compare activity of animals of 
varied sizes that are maintained in the same data collection system. 
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2.4.1.2 Expression of Tidal Rhythms 
Decreased expression of tidal rhythms occurred contemporaneously with the decrease in 
activity levels. In the OU group, the transition from bimodal to unimodal behavioral patterns 
appeared to be due to a temporary disappearance of one of the two daily bouts of activity (four 
of five animals; Fig. 2.1, OU bled), with three animals appearing to be primarily active during 
the daytime high tide and one animal appearing to be active during the nighttime high tides. 
These transitions may serve as means of energy conservation, and may be directly related to 
the decreased overall activity during the second week after the bleeding process. Similarly, 
concomitant decreases in expression of tidal rhythms and overall activity occurs when L. 
polyphemus is exposed to decreased water temperature (4-11˚C; Chabot and Watson, 2010).  
Additionally, in our laboratory animals that initially expressed primarily daily patterns of 
activity, the duration of the activity bout shortened during the second week after the bleeding 
process (Fig. 2.1, LU bled), and the loss of rhythmicity that occurred in three of the bled 
laboratory animals appeared to be a correlate of reduced overall activity.   
2.4.1.3 Velocity 
 In the LU group, both the linear and angular velocity of the animals’ movements 
significantly decreased during the first week after the bleeding process. Similarly, the great 
scallop, Pecten maximus, has significant reductions in swimming velocity during the first 24 h 
after dredge capture and aerial exposure (20 min; Jenkins and Brand, 2001).  This transient 
effect is attributed to physical exhaustion after capture (Jenkins and Brand, 2001), while, in 
other species, immediate behavioral alterations appear to be caused by the physical trauma of 
harvest practices (Stoner, 2012a, b). However, the factors responsible for these immediate 
behavioral changes in L. polyphemus deserve further investigation. 
 Our linear velocity findings contrast with those of Kurz and James-Pirri (2002), who 
found no significant difference between movement rates of bled and non-bled female L. 
polyphemus returned to Nauset Estuary (Cape Cod, MA) after hemolymph extraction. This 
discrepancy could have been caused by the more intensive bleeding procedure we used:  Kurz 
and James-Pirri (2002) performed a hemolymph extraction with a maximum of 30 min aerial 
exposure, while we used a high-stress bleeding treatment more closely analogous to the 
biomedical bleeding procedure (Hurton and Berkson, 2006).  The heightened physiological 
impact of the high-stress treatment (higher mortality; Hurton and Berkson, 2006) is attributed 
to the synergistic effect of multiple stressors (hemolymph extraction, thermal stress, and aerial 
exposure); similarly, the presence of these compound stressors may evoke a heightened 
behavioral effect. However, Kurz and James-Pirri (2002) also observed that the bled females 
lacked a directional preference towards spawning beaches, contrasted to the directed 
movement patterns of controls towards these spawning beaches. Kurz and James-Pirri (2002) 
suggested this behavioral discrepancy may be caused by disorientation incurred by the 
bleeding process. Whether the velocity and activity changes we documented were laboratory 
manifestations of the movement patterns Kurz and James-Pirri observed in the wild remains to 
be determined and further work is also necessary in order to ascertain the connection between 
bleeding stress and relatively long-term alterations in behavior. 
2.4.2  Physiological Effects 
2.4.2.1 Hemocyanin Concentration Decrease 
 The bleeding process caused a prolonged period of hemocyanin loss: six weeks after 
the bleeding process, three of the bled groups exhibited significantly greater losses in 
hemocyanin concentration than the control animals in those groups (Fig. 2.5). Despite 
feedings, bled animals in the OU had only 60% of their original hemocyanin concentration six 
weeks after being bled. In contrast, OU controls lost just 10% of their original hemocyanin 
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concentration. As the outdoor group experienced the most naturalistic conditions (freshly 
flowing bay water, sediment, and access to food), these results suggest that hemocyanin 
recovery in the wild may require a prolonged (>6 week) period.  Similarly, James-Pirri et al. 
(2012) found significantly reduced total hemolymph protein in bled animals, compared to both 
wild caught and captive controls, 17 days after bleeding (James-Pirri et al., 2012), with 
hemolymph protein of bled animals approximately 20% less than that of controls. As 
hemocyanin constitutes over 90% of total hemolymph protein (Ding et al., 2005), our results 
support the suggestion that the bleeding process has a lingering impact on L. polyphemus 
hemolymph quality (James-Pirri et al., 2012), with no indication of recovery over six weeks 
even in animals that were fed. 
 The fact that the highest hemocyanin reductions occurred in the laboratory groups 
may be due to the both captivity stress and the lack of feeding. Not surprisingly, in the LCT 
group, hemolymph extraction caused significant hemocyanin loss during the first week after 
the process, indicating an immediate effect of the process of hemolymph quality.  However, 
rates of decline between bled and control animals were similar during the following weeks, 
suggesting subsequent losses were most likely due to captivity stress (Coates et al., 2012); 
similarly, once hemocyanin loss due to hemolymph extraction was subtracted, net hemocyanin 
losses in all groups during the weeks following the extraction were equal, further suggesting 
that captivity stressors perpetuated these additional losses. Within the laboratory groups, the 
lack of feeding most likely exacerbated hemocyanin loss, as starvation can decrease total 
hemolymph protein through hemocyanin catabolism (Cancer maenas, Uglow, 1969) and slow 
protein synthesis (Li et al., 2009; Sokolova et al., 2012), an energetically demanding process 
(Hand and Hardewig, 1996).   
2.4.2.2 Mortality Rates 
 The 18% total mortality across our four bled groups is lower than that reported by 
Leschen and Correia (30%; 2010) and by Hurton and Berkson (29%; 2006) for females that 
underwent either a 40% blood extraction (Hurton and Berkson, 2006) or a hemolymph 
extraction at a biomedical company (Associates of Cape Cod; Leschen and Correia, 2010) 
combined with 24-48 h aerial exposure.  The low mortality in the LU and LRW groups, and 
the lack of mortality in the OU group, may be related to the percent of hemolymph we 
extracted (15-28%). Similarly, Hurton and Berkson (2006) found 0-6% mortality after a 48 h 
high stress process with 20-30% hemolymph extraction. However, the five deaths in our 
experiment appeared to be unrelated to percent of hemolymph extracted, with mean percent 
extracted for these five animals within the range of the overall mean extraction of 19.8 ± 
1.2%.  Additionally, the magnitude of the second week activity change did not appear to be 
related to the amount of hemolymph extracted, suggesting that, possibly, additional factors of 
the process (for example, air exposure or thermal stress) may be responsible for the observed 
behavioral and physiological effects. 
 The apparent variation in mortality among our four groups may be related to treatment 
conditions, notably the presence of feeding in the OU group and the weekly blood samples in 
the LCT groups. However, the disparate degrees of thermal stress in the bleeding processes 
may have also affected mortality: the laboratory groups experienced a maximum of 37˚C 
while the outdoor unrestrained group experienced a maximum of 28˚C. Thermal stress alone 
influences mortality and vigor in Liocarcinus depurator (Giomo et al., 2008) and Nephrops 
norvegicus (Lund et al., 2009), and, possibly, the higher temperature in our laboratory groups 
partially accounts for the increased mortality. The latency to initiate activity that occurred in 
11 of the 14 animals of our laboratory groups may similarly be related to the degree of thermal 
stress these animals experienced, with both increased desiccation and accumulation of 
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metabolic waste products potentially responsible for limiting activity until animals regained 
sufficient water volume. Both length of emersion (Pandalus platyceros, Stoner, 2012) and 
degree of thermal stress are positively correlated to degree of immediate behavioral and 
physiological impairments post-exposure in Panulirus cygnus (Paterson et al., 2005), 
Nephrops norvegicus (Ridgway et al., 2006), and Homarus americanus (Basti et al., 2010), 
and it would be useful to further investigate the importance of these variables on post-harvest 
behavior of L. polyphemus. Importantly, both the percent of hemolymph we extracted and the 
degree of stress to which we exposed the animals may be less than that of standard biomedical 
practices (ASMFC, 1998; Leschen and Correia, 2010), and the behavioral effects that we 
observed may underestimate the effects of a complete biomedical bleeding process with a full 
30-40% blood extraction.  
2.4.3  Ecological Implications 
 The changes we observed in activity levels, movement velocity, and expression of 
tidal rhythms may interfere with daily L. polyphemus activities, which would be particularly 
pronounced during the spawning season. Spawning necessitates several energetically costly 
trips to the intertidal zone (Leschen et al., 2006); larger females tend to make more excursions 
to the intertidal zone, often making multiple trips within the same week (Leschen et al., 2006). 
An activity deficit, such as that caused by biomedical bleeding, may either influence the 
number of those trips, or it may influence the timing of those trips. In the case of the latter, 
females may delay spawning activity while they are recuperating, and this could reduce their 
spawning output. In addition, modifications in the expression of tidal rhythms may alter the 
timing of excursions to mating beaches and cause a reduction in the probability they would 
find males with which to mate.  As females are preferentially harvested (76%; Rutecki et al., 
2003), these behavioral alterations during the spawning season may partially account for 
declining populations in heavily harvested regions (James-Pirri, 2012), specifically the 
declining proportions of females at spawning beaches (1 female: 8.5-14 males in Pleasant 
Bay), reduced egg abundances (James-Pirri, 2012), and the occurrence of single females 
attempting to spawn (James-Pirri, 2012).  
 The extended periods of low hemocyanin levels that we found may impact L. 
polyphemus fitness in the natural habitat. Hemocyanins have multiple physiological functions 
in invertebrates, including sclerotization and maintenance of cuticle integrity (Adachi et al., 
2005; Terwilliger, 2007), wound repair, osmoregulation (Paul and Pirow, 1998), and 
involvement in the immune response (Coates et al., 2011). Reductions of this protein, 
combined with a reported four month deficit in amebocytes caused by the bleeding process 
(Novitsky, 1984), may result in a weakened organism, one that is both less able to contend 
with additional stresses and that exhibits increased susceptibility to infection. Further, the 
sustained declines in hemocyanin concentration that we found may partially account for the 
increased (10-11%) probability of mortality during the first two years post-bleeding in animals 
returned to the wild (Rudloe, 1983). 
 In summary, L. polyphemus females have decreased overall activity and expression of 
tidal rhythms during the second week after bleeding, decreased linear and angular movement 
velocities in the first week after the bleeding process, and long-term (>6 week) declines in 
hemocyanin concentrations. These results suggest that L. polyphemus experiences sub-lethal 
effects of the bleeding process, which, along with high mortality rates in females (Hurton and 
Berkson, 2006; Leschen and Correia, 2010), may partially account for the changing population 
characteristics in areas of heavy biomedical harvest.  Whether these behavioral and 
physiological changes occur, or are possibly heightened, in the wild deserves further 
investigation in order to fully assess the implications of the harvest process for L. polyphemus 
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spawning behaviors.  Maintenance of populations of L. polyphemus is essential not only for 
the ecosystem as a whole, including subsistence of shorebird populations (Baker et al., 2004), 
but also for several commercial sectors. The use of horseshoe crabs in the production of LAL 
is of global importance, and a continued harvest is important in meeting the demands for LAL.  
However, to maintain the integrity of the stock needed to supply the industry, adaptive or 
flexible management strategies may need to be considered.  In areas of population decline, 
harvest limits during the spawning season may help to minimize any potential population-
level consequences incurred by individual behavioral and physiological changes.  
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Table 2.1. Size, amount of hemolymph extracted, and mortality in the four female bled 
groups. Values are mean ± SEM; n = 7 per group. Estimated percent extraction determined by 
comparing actual amount extracted to  expected  hemolymph volume, calculated using 
prosomal width.  

 

Treatment Prosomal 
Width (cm) 

Extracted 
Hemolymph 

Volume (mL) 

Estimated 
Percent 

Extraction 

Total 
Mortality 

Percent 
Mortality 

Lab Running 
Wheel 

17.5 ± 0.8 28.9 ± 4.7 15.5 ± 2.5 1 14 

Lab 
Unrestrained 

18.9 ± 0.3 47.6 ± 7.0 21.0 ± 3.0 1 14 

Outdoor 
Unrestrained 

19.1 ± 0.4 64.4 ± 2.8 28.1 ± 1.1 0 0 

Lab Communal 
Tank 

18.4 ± 0.4 29.0 ± 4.9 14.2 ± 2.4 3 42 
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Table 2.2.  Percent of L. polyphemus expressing tidal and daily rhythms (τ ± SEM) before 
and after the bleeding process.  

Experimental 
Group 

Rhythm 
Type 

Pre 

 

Week 1 Post Week 2 Post Week 3 Post 

 

Lab RW 
Control 

Tidal  86%      
 (12.6 ± 0.3) 

71%      
  (12.1 ± 0.2) 

57%      
 (12.4 ± 0.2) 

57% 
(12.3 ± 0.3) 

Daily 14% 
(23.8) 

29%    
 (23.0 ± 0.2) 

43%     
  (23.9 ± 0.7) 

43% 
(24.6 ± 0.1) 

 

Lab RW Bled 

Tidal 83%    
(12.5 ± 0.1) 

83%            
 (12.5 ± 0.3) 

33% 
(12.3 ± 0.2) 

83% 
(12.5 ± 0.2) 

Daily 17%    
(24.3) 

17%    
 (23.5) 

51%    
 (24.3 ± 0.1) 

17% 
(24.6) 

 

Lab 
Unrestrained 
Control 

Tidal 71%       
(12.6 ± 0.3) 

57%     
  (12.0 ± 0.2) 

57%    
(12.3 ± 0.2) 

71% 
(12.6 ± 0.3) 

Daily 28%      
 (24.1 ± 0.4) 

42%    
  (23.3 ± 0.4) 

43%  
 (24.3 ± 0.3) 

28% 
(25.0 ± 0.8) 

 

Lab 
Unrestrained 
Bled 

Tidal 83%   
 (12.3 ± 0.1) 

67%     
  (12.7 ± 0.2) 

33%      
 (12.4 ± 1.0) 

83% 
(12.5 ± 0.2) 

Daily 17%  
  (23.2) 

33%       
  (24.5 ± 0.8) 

51%     
  (24.0 ± 0.2) 

17% 
(23.8) 

 

Outdoor 
Control 

Tidal 86%     
  (12.5 ± 0.1) 

100%        
  (12.2 ± 0.2) 

86%     
  (12.6 ± 0.2) 

71% 
(12.2 ± 0.1) 

Daily 14%      
 (26) 

0%          
 

14%    
  (23.9) 

29% 
(24.0 ± 0.5) 

 

Outdoor Bled 

Tidal 86%      
 (12.7 ± 0.2) 

86%            
 (12.5 ± 0.1) 

14%          (11.2) 
 

86% 
(12.3 ± 0.1) 

Daily 14%      
 (23.7) 

 

14%  
(23.1) 

 

71%      
 (24.4 ± 0.2) 

 

14% 
(24.9) 
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Figure 2.1.  The effects of bleeding on locomotor activity and rhythms in representative 
L. polyphemus. Larger panels: Actograms are double-plotted, with size and position of black 
marks indicating the intensity and timing of activity.  Asterisks indicate the start of the 
bleeding process; in the control actograms, the start is marked to facilitate comparison. The 
LD cycle (14:10) is indicated by light/dark bars at the top. Smaller panels: Lomb-Scargle 
periodograms to the right of each actogram indicate significant rhythms of activity during 
successive intervals; horizontal line above x-axis indicates P = 0.001.  Number next to peak 
indicates most significant period of activity within circatidal (12-14 h) or circadian (22-16 h) 
range. 
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Figure 2.2.  Effects of bleeding on activity (mean ± SEM) in the Laboratory Running 
Wheel, Laboratory Unrestrained, and Outdoor Unrestrained  groups.  White-Control; 
Grey-Bled. * - P < 0.05. Pre= 2 weeks before bleeding; Weeks 1-3= post-bleeding.  
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Figure 2.3.  Effects of bleeding on activity (mean ± SEM) in the Outdoor Unrestrained  
group.  Top: Mean activity; White-Control; Grey-Bled. Pre= 2 days before bleeding; Days 
1-14 = post-bleeding. Bottom: Relationship between activity percent change during the first 
two days post-bleeding to activity percent change during the second week post bleeding. 
  

45 
Q) 

>-·p 
(.) 

<r:'. 30 Q) 

E 
~ ..... 
~ 15 (I) 
(.) 
;.... 
Q) 

p.. 

0 
Pre 

-40 

Days 
l-2 

Days 
3-4 

0 

-60 

Days 
5-6 

R2 - 0.571 

Doys 
7-8 

y; -0 .3 83 x - 0.28 l 

40 

JJuys 
<J.l() 

Days 
11-1 2 

lmmcdjatc (First 2 Days) Percent Activity Change 

D<.1ys 
13-14 

80 



36 
 

 

Figure 2.4.  Effects of bleeding on linear and angular velocity in the Laboratory 
Unrestrained group. White bars: controls; grey bars: bled; *- P < 0.05. Pre= 2 weeks before 
bleeding; Weeks 1-4= post-bleeding.  
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Figure 2.5.  Percent of original hemocyanin concentration remaining six weeks post-
bleeding. White bars: controls; grey bars: bled. *- P < 0.05.    
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CHAPTER 3 
RHYTHMS OF LOCOMOTOR ACTIVITY IN THE AMERICAN HORSESHOE CRAB, 
LIMULUS POLYPHEMUS: PLASTICITY AND VARIATION WITH TIDAL REGIME 

 
Abstract.  While horseshoe crabs, Limulus polyphemus, from regions with two tides per day 
express endogenous circatidal (~ 12.4 h) rhythms, distinct horseshoe crab populations inhabit 
environments with only one dominant high tide per day or microtides (small or nonexistent 
tides), and neither the behavioral rhythms nor the degree of behavioral plasticity in rhythm 
expression of animals from these habitats has previously been characterized. This study 
examined behavioral rhythms expressed by animals of these three tide environments (two 
tides per day, mixed, and microtide) to determine 1) if animals express activity rhythms 
consistent with their natural tide environment, and 2) if animals exhibit plasticity in rhythm 
expression. We compared the activity rhythms expressed by animals from the three 
environments during three artificial tide conditions: constant water depth, two tides/day (every 
12.4 hours), and one tide/day (every 24.8 hours). Interestingly, L. polyphemus from the 
microtidal site (n = 7) appeared “plastic” in their responses: they were able to express both 
bimodal and unimodal rhythms in response to different tide cycles.  In contrast, the other two 
populations exhibited more fixed responses: regardless of tidal condition, animals from mixed 
tides (n = 18) consistently expressed unimodal rhythms, while those from areas with two 
tides/day (n = 28) generally expressed bimodal rhythms.  Activity rhythms in L. polyphemus 
thus vary by tide environment, while the different populations vary in degree of behavioral 
plasticity.  However, characteristics of rhythm expression in all populations provide support 
for the circalunidian model of rhythm expression in L. polyphemus. 
3.1  Introduction 
         The American horseshoe crab, Limulus polyphemus, inhabits a wide range of coastal 
and estuarine habitats along the East and Gulf coasts of North America. As transient visitors to 
the intertidal zone, horseshoe crabs experience rhythmic tidal variations in water depth to 
which they may synchronize their behaviors (Watson and Chabot, 2010; Brockmann and 
Johnson, 2011).  For example, horseshoe crabs from semidiurnal environments (two ~ equal 
tides per day) express circatidal rhythms of locomotion that persist in constant laboratory 
conditions (Chabot et al. 2007) and can be entrained by artificial tidal cycles (Chabot et al., 
2008), indicating they are controlled by endogenous tidal oscillators (Chabot et al. 2007, 
2008; Chabot and Watson, 2010). These circatidal rhythms manifest themselves in the field 
both during the early summer spawning season, when animals appear in the intertidal zone 
during high tide (Barlow et al., 1986; Moore and Perrin, 2007; Watson and Chabot, 2010), as 
well as throughout the remainder of the summer and fall when animals in a northern 
population forage on tidal flats during high tides (Watson and Chabot, 2010; Lee, 2010). 

While tidal rhythms have been well described for L. polyphemus that inhabit 
environments with two tides/day, much less is known about the locomotor rhythms of 
individuals from areas with mixed tides (~ one dominant tide/day) and microtides (erratic, 
small-amplitude tides). These tidal regimes vary through L. polyphemus’ North American 
range, along which L. polyphemus forms four genetically distinct populations (King et al., 
2005), each of which may experience very different tidal periodicities. Whereas Gulf of Maine 
and Mid-Atlantic populations experience two tides/day, the Gulf of Florida population 
experiences either one dominant tide/day (Rudloe, 1980; Lopez-Duarte and Tankersley, 2007) 
or strictly diurnal tides (one tide every 24.8 hours). Furthermore, Atlantic Florida L. 
polyphemus of the Indian River Lagoon, FL, inhabit a variable microtidal environment 
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(Ehlinger and Tankersley, 2009): northward of Melbourne, Florida, tides (1-2 cm) are erratic 
and primarily weather driven, while two small tides/day may occur in the immediate vicinity 
of coastal inlets (10-20 cm; Woodward-Clyde, 1994).  Spawning patterns suggest that L. 
polyphemus from the one dominant tide region of the Gulf coast may express circatidal 
behavioral rhythms, as breeding occurs on both daily tides with spawning density correlated to 
tide height (Cohen and Brockmann, 1983; Rudloe, 1985). In contrast, L. polyphemus of the 
microtidal Indian River Lagoon appear arrhythmic: breeding occurs throughout the year, with 
no clear relationship to environmental cues (i.e., water depth, tide amplitude; Ehlinger et al., 
2003).  

Among some intertidal species that share a geographic distribution similar to that of L. 
polyphemus, individual populations express behavioral rhythms that match the periodicity of 
local tides (Stillman and Barnwell, 2004; Lopez-Duarte and Tankersley, 2007; Darnell et al., 
2010).  For example, female blue crabs, Callinectes sapidus, from environments with two 
tides/day express circatidal rhythms consisting of two bouts of swimming activity per day, 
while those from environments with a single tide per day express unimodal circalunidian 
rhythms, and those from a non-tidal environment express circadian rhythms of activity 
(Darnell et al., 2010).  Further, while adult fiddler crabs, Uca princeps, from one tide 
dominant regimes express both tidal and daily activity patterns, the magnitudes of the activity 
bouts are asymmetrical, in concordance with the asymmetry in the amplitudes of the of mixed 
tides (Stillman and Barnwell, 2004). Interestingly, while fiddler crab (U. pugilator) larvae 
from the microtidal Indian River Lagoon express circatidal activity patterns (Lopez-Duarte 
and Tankersly, 2007) in constant conditions after hatching in the laboratory, green crab 
(Cancer maenas) larvae from this same area are arrhythmic (Queiroga et al., 2002).  Across 
these species, it has been hypothesized that differences in the rhythms expressed are due to 
both intraspecific genetic variation and influence of the environment during development 
(Queiroga et al., 2002; Stillman and Barnwell, 2004; Lopez-Duarte and Tankersly, 2007). In 
larval horseshoe crabs, the early environment can influence the type of rhythm they exhibit, as 
larvae from two tides/day environments only express circatidal rhythms if exposed to periodic 
tidal (12.4 h) cues as embryos (Ehlinger and Tankersley, 2006).  This influence of the 
environment on circatidal rhythm expression in L. polyphemus suggests that, in adults of this 
species, populations from different tidal regimes will tend to express rhythms that correspond 
to structure of the local tides. 
  However, even though the tidal history of a species might influence the behavioral 
rhythms it expresses when in constant water depth (no tides), the species might also have the 
ability to adapt to local tidal regimes. For example, when fiddler crabs (Uca longisignalis) are 
transplanted from a once daily high tide environment to a twice daily high tide environment, 
their behavioral rhythm expression changes from a once-daily to a twice daily activity pattern; 
moreover, this circatidal activity pattern persists upon introduction to atidal conditions, 
suggesting entrainment to the twice daily tides (Barnwell, 1968). The ability of L. polyphemus 
to successfully inhabit separate tide environments suggests horseshoe crabs may express 
similar plasticity in behavioral rhythm expression. 

 To investigate potential localized adaptations to tidal regimes, we evaluated the 
activity rhythms expressed by L. polyphemus obtained from three different tidal environments 
(“source tides”): 1) two populations of animals residing in areas with two tides/day (Gulf 
Maine and Mid-Atlantic), 2) a population where there are microtides (Indian River Lagoon- 
Atlantic Florida population), and 3) a population where there is one dominant tide/day (Gulf 
Florida).  By exposing animals of each population to twice daily and once daily cycles of 
water depth change, we assessed whether animals from these populations could: 1) 
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synchronize to artificial tide cycles and; 2) adjust their rhythms to be in synchrony with a tidal 
regime that was different from their natural regime. We found that, while all populations 
appear capable of synchronizing behaviors to an artificial tide cycle, when in atidal conditions 
horseshoe crabs tend to express activity rhythms that are consistent with the natural tidal 
environment from where they were collected. Further, while animals from the microtidal 
population appear to have a high degree of plasticity, those obtained from the other areas 
appear limited in their ability to adjust to novel tidal regimes. 
3.2  Methods 
3.2.1  Animal Collection and Maintenance 
    Four experiments were conducted from December, 2011, through August, 2013, to assess 
activity rhythms of male L. polyphemus from the three tide environments (“source tides”): two 
tides/day, one dominant tide/day, and microtide) in constant water depth, two tides per day, 
and one tide per day.  Two tide/day animals of the Gulf of Maine (GM) population were 
collected from breeding beaches in the vicinity of Adam’s Point, Durham, NH (tide amplitude: 
2.1 ± 0.3m, mean ± SD; CO-OPS, 2013), and transported by van in polyurethane coolers to 
Plymouth State University (PSU, Plymouth, NH; 2 hours). Two tide/day animals of the Mid-
Atlantic (MA) population were obtained from Woods Hole Marine Biological Laboratory 
Animal Supply (Woods Hole, MA) and shipped overnight to PSU.  Microtidal animals of the 
Atlantic Florida (AF) population were collected from the Banana River in the Indian River 
Lagoon, in the vicinity of Melbourne, Florida and shipped overnight to PSU. One dominant 
tide/day animals from the Gulf Florida (GF) population were purchased from Gulf Specimen 
Marine Laboratories, Inc. (Panacea, FL), and shipped overnight to PSU. These animals had 
been collected from Mashes Sands Beach in Apalachee Bay (Wakulla County, FL), a mixed 
tide site where the mean ratio between two successive tides is 1.65 ± 0.3 (CO-OPS, 2013). 
Prior to their arrival at PSU, the animals had been maintained in an outdoor open tank, with 
ambient light, at 28-30 psu and 20-21˚C, for an unknown length of time after their collection 
from the beach. 
  Upon arrival at PSU, any epibionts were first removed from the carapace of each 
animal. To enable video tracking of activity patterns, white duct tape was then adhered to the 
prosoma (between the two lateral eyes from the hinge to the medial eye) with cyanoacrylate. 
Animals were then placed in the experimental chamber (described below) and maintained 
under a 12:12 light/dark (LD; lights-on: 8:00 am, lights-off: 8:00 pm) cycle with instantaneous 
photic transitions, salinity between 25 and 30 psu, and temperature between 18-21°C. 
Temperature and lighting conditions were continuously recorded using Vernier Labquest data 
collection units (Vernier Software and Technology LCC, Beaverton, OR).  Animals were not 
fed for the duration of the experiments. 
3.2.2  Experimental Chamber and General Procedures 

Two 1136 L tanks (1.7 m L x .9 m W x .75 m D), each with a separate filter system, 
were subdivided by plastic eggshell grating (1 cm x 1 cm) into a total of 16 arenas (each 21 
cm x 45 cm). A 4 m length of waterproof red LED Ribbon Flex strip lighting (LED 
Liquidators, Inc., Westlake Village, CA) was threaded through the eggshell grating in each 
arena to provide continuous illumination necessary for video tracking. A Rio+ Aqua 50 
powerhead pump (262 L/h; Technological Aquatic Associated Manufacturing, Camarillo, 
CA), connected to an automated timer, was mounted to the grating in an unoccupied arena in 
each tank.  A 2 m length of aquarium tubing was attached to the outflow of each pump and 
secured to the outflow of the filter of the opposite tank, allowing water from each tank to be 
emptied into the opposite tank. To generate two tides per day, one tank was filled to a depth of 
0.70 m by emptying the opposite tank to a depth of 0.10 m. Every 6.2 hours, water was 
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pumped out of the “high tide” tank into the opposite “low tide” tank; complete exchange of 
water took 2 hours, 45 minutes, creating a “high tide” of 0.70 m every 12.4 hours in each tank. 
To generate one tide per day, the same mechanism was employed except that the pumps 
turned on every 12.4 hours to create a high tide every 24.8 hours in each tank. 

The experiments described in 3.2.3-3.2.6 were conducted to assess rhythms in animals 
of the four populations. The experiments were conducted at different times (winter, spring, 
summer, and fall) of the year; as L. polyphemus is capable of expressing circatidal behavioral 
rhythms year-round as long as the water temperature exceeds 11°C (Chabot et al., 2004; 
2007), we considered this methodological approach justified.  For each experiment, one 
animal was placed in an individual arena in each tank (seven animals per tank). An infrared 
video camera was suspended 1.2 meters above the tanks, and digital video recordings were 
taken at one frame per 20 seconds using Gawker software (Piwonka, Seattle, WA). Animals 
were exposed to the above described tidal regimes for at least 14 days; this duration was 
extended when necessary to clarify behavioral responses (two tides per day- [mean ± SEM] 
17.0 ± 1.8 d; one tide per day- 17.0 ± 1.6 d). 
3.2.3  One dominant tide/day (GF) and two tide/day animals (GM) 

This experiment was designed to assess activity rhythms animals from two tide/day 
environments (GM) and one dominant tide/day environments (GF) under no tides (constant 
water depth), one tide per day, and two tides per day. This experiment was conducted in two 
trials.  In the both trials, seven male one dominant tide/day (GF) L. polyphemus and seven 
male two tide/day (GM) L. polyphemus were obtained and treated as described in 3.2.1 and 
3.2.2.  In the first trial (conducted December – February), animals were maintained from days 
1-17 days in constant water depth to assess endogenous behavioral rhythms, exposed to two 
tides per day from days 17-36 to investigate whether animals from a one dominant tide/day 
environment could synchronize behaviors to a twice daily tide cycle, exposed to one tide per 
day from days 37-62 to investigate whether animals from both environments could 
synchronize behaviors to a once daily tide cycle, and returned to constant water depth from 
days 63-70 to investigate whether behavioral rhythms had been entrained by the one tide/day 
cycle. In the second trial (conducted over September – December), animals were maintained 
from days 1-16 under constant water depth, exposed to two tides per day from days 16-37, 
exposed to one tide per day from days 37-58, and returned to constant water depth from days 
58-65.  
3.2.4  Two tide/day animals (GM) 

  Though water temperature, and not time of year, appears to be the permissive factor 
facilitating the expression of circatidal rhythms in L. polyphemus (Watson et al., 2009; Chabot 
and Watson, 2010), animals display behavioral changes, such as increased excursions to the 
intertidal zone, during their spawning season (May-August). This experiment was primarily 
designed to investigate whether spawning season two tide/day animals would respond 
similarly to the once daily and twice daily tides as had two tide/day animals outside of 
spawning season (sections 3.2.3 and 3.2.4). A second goal of this experiment was to 
investigate how the two tides/day animals would respond to the once daily tide (their “novel” 
tide) when presented first in the tide sequence (as in experiments 3.2.3 and 3.2.4, we had 
applied the once daily tide as the second stage in the tide sequence). 14 male two tide/day 
(GM) L. polyphemus were obtained and treated as described in 3.2.1 and 3.2.2. Animals were 
maintained from days 1-14 in constant water depth, and then exposed to one tide per day from 
days 14 through 28. To assess entrainment to the one tide/day, animals were returned to 
constant water depth from days 29-37. Animals were then exposed to two tides per day from 
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days 38 through 52, and returned to constant water depth for days 53 through 65.  Three 
animals died after the second stage in constant water depth. 
3.2.5  One dominant tide/day (GF) and microtide (AF) animals 

This experiment was designed to assess activity rhythms of microtidal (AF) and one 
dominant tide/day (GF) L. polyphemus in constant water depth, one tide per day, and two tides 
per day. Seven male microtidal (AF) animals and seven male one dominant tide/day (GF) 
horseshoe crabs were obtained and treated described in 3.2.1 and 3.2.2. Animals were kept in 
constant water level from days 1-14, and then exposed to two tides per day from days 14 
through days 28 (novel for both populations). To assess entrainment to the twice daily tides, 
animals were then maintained in constant water depth from days 28 through 36 after 
termination of the tides. One tide per day was applied on days 37 through day 55, and animals 
were returned to constant water depth for days 56 through 70. One dominant tide/day animal 
died after the first stage in constant water level, one died after the one tide per day stage, and 
an additional animal died after the second stage in constant water depth. This experiment was 
conducted in spring (March-May). 
3.2.6  Data Analysis 

Video footage was analyzed for distance moved (cm) at 20 second intervals using 
Ethovision XT software (Noldus Information Technology Inc., Leesburg VA).  Distance was 
summed per minute, and these values were used to generate actograms and Lomb-Scargle 
periodograms using ClockLab Data Analysis software (Actimetrics, Wilmette, IL). Lomb-
Scargle periodogram analyses were used to determine whether animals expressed significant 
bimodal (~12.4 h) or unimodal (~24 h) rhythms for each tide condition (constant water depth, 
two tides/day, and one tide/day). Peaks exceeding P = 0.001 in the 10.4-14.4 h range were 
classified as bimodal/tidal, peaks in the 22.8 - 26.8 h range were classified unimodal/daily; 
animals with no significant peaks in either range were classified as arrhythmic. To clarify the 
relationship between activity and time of tide, lines representing the time of initiation of high 
tide (time at which pump first turned on) were drawn onto the actograms. Visual inspection of 
these actograms was used to assess the relationship of animals’ behavioral patterns to tidal 
cycles. 

All subsequent analyses were performed using SAS OnDemand for Academics (SAS 
Institute Inc., Cary, NC).  For each experiment, the number of animals that expressed bimodal 
and unimodal rhythms during the first stage in constant water level, application of two 
tides/day, and application of one tide/day was tallied for each population. Fisher’s exact tests 
were used to determine whether the proportion of animals from the one dominant tide/day 
population that expressed bimodal and unimodal rhythms during the three different tide 
conditions was affected by time of year (fall, winter, spring) that the experiments had been 
conducted, and whether the proportions of animals from the two tides/day populations (GM 
and MA) that expressed bimodal and unimodal rhythms was affected by either population type 
or time of year (fall, winter, summer). Single factor ANOVAs were performed to assess 
effects of time of year on mean unimodal period length for the one dominant tide/day 
population, and to assess effects of time of year and population type (GM, MA) on mean 
bimodal and unimodal period length during the three different tide conditions for animals of 
the two tides/day populations. Significance of mean  differences were determined through 
Tukey’s HSD multiple comparisons procedure (P = 0.05). 

 Since there was no significant effect of time of year on proportion of animals among 
the three experiments with animals from the one dominant tide/day environment (n = 18), that 
expressed unimodal rhythms during each experimental tide condition (constant water level: P 
= 0.222; one tide/day: P = 0.980; two tides/day: P = 0.222) or on mean unimodal period length 
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(F(2,45) = 3.06, P = 0.06)  the data from the three experiments were combined for analysis.  
Similarly, for the three experiments that used animals from the two tides/day environments 
(GM and MA), period length and proportion of animals expressing bimodal rhythms were not 
affected by population type (period: F(1,56) = 0.57, P = 0.454; proportion: constant water 
level - P = 0.647, one tide/day- P = 0.318, two tides/day - P = 0.180) or time of year  (period: 
F(1,43)= 0.71, P = 0.405; number - constant water level: P = 0.670; one tide/day: P = 0.382; 
two tides/day: P = 0.431), and data from these experiments were  combined for analysis. 

 Fisher’s exact tests were used on the combined data to determine significant 
relationships between source tide environment (two tide/day, one dominant tide/day, and 
microtidal) and proportions of animals that expressed  unimodal and bimodal rhythms during 
the three tide conditions (constant water level, one tide/day, and two tides/day). Significant 
differences were determined by pairwise Fisher’s exact tests, with the level of significance (P 
= 0.017) determined through the Bonferroni correction. Two-way ANOVAs were used to 
determine the effects of source environment (two tides/day, one dominant tide/day, and 
microtidal) and tide condition (constant water level, one tide/day, and two tides/day) on 1) 
unimodal period length, and 2) bimodal period length. Significant differences among groups 
were determined through Tukey’s HSD multiple comparisons procedure (P = 0.05). 
3.3  Results 
3.3.1  Animals from Areas with One Dominant Tide/Day (GF) 

During the first stage in constant water depth, 95% (20/21) of the animals collected 
from areas with one dominant high tide expressed unimodal activity patterns (Fig. 3.1- “No 
Tides (1)”, Table 3.1). While 71% (16/21) appeared to express unimodal activity patterns that 
drifted relative to the LD cycle (Fig. 3.1-top, “No Tides (1)”; bottom, “No Tides (1)”), 14% 
(4/21) appeared to be primarily active during the lights-on period (Fig. 3.1-middle, “No Tides 
(1)”). One animal expressed a weak bimodal activity pattern (data not shown). 

 All but one of the animals (20/21; 95%) expressed unimodal activity when they were 
exposed to twice daily tidal cycles (Fig. 3.1- “2 Tides/Day,” Table 3.1). Fifteen of the animals 
were initially active when they encountered the first artificial high tide, which occurred during 
the day (light; Fig. 3.1-top, “2 Tides/Day”), and 10 of them appeared to synchronize to it and 
continued to be active with this tide as it ran into the night (dark period; Fig. 3.1-top, “2 
Tides/Day”; bottom- “2 Tides/Day”). However, five animals appeared to switch the time of 
activity to the second high tide (Fig. 3.1-middle, “2 Tides/Day”) a few days after the first tide 
began extending into the dark period. 

 100% of animals expressed unimodal activity patterns during the once daily artificial 
tide, and 78% (14/18) appeared to synchronize to it (Fig. 3.1- “1 Tide/Day”). Upon 
termination of the tide, 78% (14/18) of all animals continued to display unimodal activity 
patterns, while four animals were arrhythmic. 44% (8/18) animals appeared to be active during 
the expected time of the tide (Fig. 3.1- middle, bottom,“No Tides (2)), suggesting entrainment 
to the one tide/day, while the remaining animals had no clear relationship between activity 
patterns and the previous tidal cycle or LD cycle (Figure 3.1 – top). 
3.3.2  Animals from Areas with Two Tides/Day (GM and MA) 

When in constant conditions 68% (19/28) of the animals collected from areas that 
experience two tides per day exhibited bimodal activity patterns (Table 3.1; Fig. 3.2, “No 
Tides (1)”), while 29% (8/28) expressed unimodal activity patterns with no clear relation to 
the LD cycle (data not shown). When exposed to two tides/day, 88% (22/25) of them 
expressed bimodal activity patterns (Table 3.1; Fig. 3.2- “2 Tides/Day”), and most of them 
appeared to synchronize to the twice daily tides (19/25; Fig. 3.2- “2 Tides/Day”). 12% (3/25) 
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of semidiurnal animals expressed a unimodal rhythm (data not shown), with no clear 
relationship between either the tides or LD cycle and activity. 

The majority (21/28) of animals expressed bimodal rhythms during the once daily tide 
(Fig. 3.2, “1 Tide/Day”) with the appearance of synchronization of one of the two activity 
bouts to one of the tides in 43% (12/28; Fig. 3.2). While 25% (7/28) of animals expressed 
unimodal rhythms during the one tide/day, synchronization to the tide was only apparent in 
11% (3/28; data not shown).  After cessation of the once daily tide and upon return to constant 
water depth, 48% (12/25) of animals expressed bimodal activity rhythms (Fig. 3.2- “No Tides 
(2)”), while 28% (7/25) expressed unimodal rhythms (data not shown), and the remainder did 
not express significant rhythms; 36% (9/25) appeared to express activity at the expected time 
of high tide (Fig. 3.2- top- “No Tides (2), bottom-“No Tides (2)), while the remaining animals 
showed no apparent evidence of entrainment to the once daily tide. 
3.3.3  Microtidal Population 
  During the initial stage of constant water level, all (7/7) animals exhibited significant 
unimodal activity: five animals appeared to express activity rhythms that drifted relative to the 
LD cycle (Fig. 3.3-top, “No Tides (1)”), while two animals appeared to express activity 
patterns in synchrony with the LD cycle (Fig. 3.3 - bottom, “No tides (1)).  When exposed to 
two tides/day, most (5/7) animals displayed bimodal activity patterns (Fig. 3.3-top, “2 
Tides/Day”; middle- “2 Tides/Day”), one animal expressed a unimodal rhythm (Fig. 3.3-
bottom, “2 Tides/Day”), and one animal did not express a significant rhythm.  Most (5/7) 
animals appeared to synchronize to at least one of the two tides, while two animals showed no 
clear relationship between the timing of activity and the time of the tides. Upon suspension of 
the tides and return to constant water depth, all 7 animals expressed unimodal rhythms; two 
animals appeared to be active during the expected time of one of the tides (Fig. 3.3 – top, 
middle, “No Tides (2)), three animals appeared to become primarily active during the lights-
on period (Fig. 3.3-bottom, “No Tides (2)), and the remaining two animals had no clear 
relationship between activity patterns and environmental variables (data not shown).  During 
one tide/day, 7/7 animals expressed unimodal rhythms (Fig. 3.3, “1 Tide/Day”); three animals 
appeared to synchronize activity to the tide (Fig. 3.3-middle, “1 Tide/Day”), three animals 
appeared to synchronize activity to the LD cycle, and one animal had no clear relationship 
between activity and environmental cues.  During the following weeks in constant water 
depth, 7/7 animals continued to express unimodal rhythms. Two animals appeared to display 
activity at the expected time of the tides (Fig. 3.3-middle, “No Tides (3)”), while three animals 
exhibited activity primarily during the light period (Fig. 3.3-top, “No Tides (3)”; bottom, “No 
Tides (3)”  ), and two animals showed no clear relationship between the time of activity and 
environmental cues. 
3.3.4  Population Comparison 

Source tide environment (two tides/day, one dominant tide/day, and microtide) 
significantly affected the proportions of animals that expressed unimodal and bimodal rhythms 
during the three tide conditions (constant water level: P = 0.0001; one dominant tide/day: P = 
0.0001; two tides/day: P = 0.0021; Table 3.1). In constant water level and during application 
of one tide/day, proportions of animals that expressed unimodal rhythms were significantly 
higher in the one dominant tide/day and microtide populations than in the two tides/day 
populations (constant water level: one dominant tide/day and two tides/day - P = 0.0001, 
microtide and two tides/day - P = 0.0001, one dominant tide/day and microtide - P = 0.980; 
one tide/day: one dominant tide/day and two tides/day- P = 0.0001, microtide and two 
tides/day - P = 0.0005, one dominant tide/day and microtide- P = 0.980; Table 3.1). However, 
with application of two tides/day, the proportion of animals that expressed unimodal rhythms 
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was significantly higher in the one dominant tide/day population than in both the two tides/day 
(P = 0.0001) and microtide (P = 0.0021) populations, while the proportions of animals that 
expressed unimodal and bimodal rhythms were similar in the two tides/day and microtide (P = 
0.5762) populations. 

 For animals of the three source environments that expressed unimodal rhythms, there 
was no effect of source tide environment on mean period length (F(2, 77) = 0.42, P = 0.6573), 
nor an interaction of source tide environment type by tide condition on mean period length ( 
F(4, 77) = 1.29, P = 0.2801); Table 3.1). However, across the populations, there was an 
overall effect of experimental tide condition on period length (F(2, 77) = 4.77, P = 0.0119), 
with significantly shorter mean period during application of one tide/day than during the initial 
phase in constant water depth; the period during the two tides/day was significantly different 
from neither. 

Among animals that expressed bimodal rhythms, period length was not affected by 
source tide environment (F(2, 63) = 0.69, P = 0.5058), tide condition (F(2, 63) = 0.30, P = 
0.7433), or the interaction of source tide environment by tide condition ( F(1, 63) = 0.01, P = 
0.9688). 
3.4.  Discussion  

Our findings show, for the first time, that L. polyphemus populations from the three 
tide environments differ significantly in expression of behavioral rhythms and in degree of 
behavioral plasticity.  Specifically, animals from the one dominant tide/day and microtide 
environments typically expressed unimodal activity patterns in constant water depth (Figs. 3.1, 
3.3), a novel finding and a characteristic that appears to distinguish these populations from the 
more thoroughly studied populations of two tides/day environments (Chabot et al., 2004, 
2007).  The apparent inability of L. polyphemus from the one dominant tide/day environment 
to express bimodal rhythms during twice daily tidal cycles further contrasts the published 
responses of animals from two tides/day environments to tidal cycles (Chabot et al., 2007), 
and suggests that bimodal circatidal rhythm expression is not characteristic of the entire L. 
polyphemus species. This persistence of unimodal activity in animals from the one dominant 
tide/day site is consistent with the unimodal behavioral patterns expressed by populations of L. 
polyphemus larvae from the same site (Apalachee Bay, Florida; Rudloe, 1979) held in constant 
conditions in the laboratory; however, these populations of animals exhibited activity peaks 
during the dark period only (see Figs. 3.4 and 3.5, Rudloe 1979), hindering interpretation of 
these activity patterns as tidal or circadian (Rudloe, 1979). In contrast, our study demonstrates 
that individual adults from the one dominant tide/day environment express unimodal rhythms 
that both run through the LD cycle (Fig. 3.1) and synchronize to tides (Fig. 3.1), and thus 
appear to be unimodal tidal rhythms (i.e., circalunidian rhythms).  We also demonstrate that at 
least one L. polyphemus population exhibits a remarkable degree of plasticity and flexibility in 
its behavioral response to tides (Fig. 3.3). 

Unlike animals from the two tides/day and one dominant tide/day sites, animals from 
the microtidal environment expressed plastic behavioral rhythms: these animals displayed 
both bimodal activity patterns to synchronize to twice daily tides (Fig. 3.3- top, middle), and 
unimodal activity patterns to synchronize to either once daily tides (Fig. 3.3- middle) or the 
LD cycle (Fig. 3.3- top, bottom).  However, while adults from the microtidal environment 
were capable of expressing bimodal circatidal behavioral rhythms when exposed to twice 
daily tide cues (Fig. 3.3 - top, middle), these bimodal rhythms failed to persist upon removal 
of the tides, suggesting these patterns were solely in response to the exogenous tide cues. 
Additionally, some microtidal L. polyphemus exhibited activity patterns that appeared to 
flexibly transition from LD to tidal synchronization (Fig. 3.3-bottom) and vice versa (Fig. 3.3-
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top). This behavioral plasticity in response to exogenous cues may be promoted by and 
beneficial in the dynamic tide environment of the 156 mile long Indian River Lagoon, which 
ranges from erratic, wind-driven microtides in the northern portion of the lagoon to two 0.1 – 
0.2 m tides per day (Woodward-Clyde, 1993) in the southern portion (south of Melbourne, FL, 
our source site). These factors result in mixed diurnal tides and currents (0.2 – 0.9 m/s; 
Woodward-Clyde, 1993) of increasingly smaller magnitude from south to north, and thus a 
variance in the relative strength of tide and light cues throughout the lagoon, which may 
contribute to the varied behavioral phenotypes we observed (Fig. 3.3). Similar behavioral 
plasticity (ability to express once daily or twice-daily activity patterns) in response to light or 
tide cues was reported for the microtidal isopod (Excirolana braziliensis; Yannicelli et al., 
2001), while similar variation in rhythm expression (daily or circatidal) among individuals 
was observed in the estuarine mud crab, Rhithropanopeus harrissi (Cronin and Forward, 
1983). For both species, the plasticity or variation in rhythm expression is hypothesized to 
increase fitness in unpredictable microtidal environments (Cronin and Forward, 1983; 
Yannicelli et al., 2010).  Likewise, the ability of microtidal L. polyphemus to synchronize 
behaviors to disparate cues and patterns may facilitate the expression of activities (such as 
foraging) appropriately-timed to the environmental variables of separate locales (two 
tides/day, one tide/day, and LD cues) within the lagoon.  

In contrast to the plastic behavioral patterns exhibited by the microtidal population, L. 
polyphemus from the one dominant tide/day site exhibited a comparative lack of plasticity in 
rhythm expression.  Specifically, these animals failed to express bimodal behavioral patterns 
during application of twice daily tides (Fig. 3.1, Table 3.1), a surprising finding as these 
animals do experience two daily tides, albeit of unequal amplitude, in their source 
environment. Possibly, the amplitude differential between successive tides in the Gulf may 
contribute to these apparently fixed unimodal patterns, which may be reflective of an activity 
preference for the tide which offers optimal environmental conditions. Separate L. polyphemus 
subpopulations of the Gulf do express specific tide preferences: spawning density is highest 
during the smaller-amplitude high tide in the Apalachee Bay region yet during the larger-
amplitude high tide at Seahorse Key (150 kms away; Cohen and Brockmann, 1983), and these 
preferences are hypothesized to be related to site-specific factors (e.g., intertidal nest 
predation; Cohen and Brockmann, 1983).  The apparent lack of behavioral plasticity we 
observed in L. polyphemus differs from behavioral responses of fiddler crabs, Uca minax, to 
alterations in tidal regimes (Barnwell, 1968).  In this species, exposure to two tides/day 
entrains bimodal activity rhythms in previously unimodal animals obtained from a one 
tide/day environment (Ocean Springs, MS; Barnwell, 1968).  However, these U. minax 
animals, when held in constant water depth immediately after collection from the one tide/day 
region, did not express behavioral rhythms that reflected the diurnal tide schedule of their 
environment, but rather expressed daily, LD-synchronized rhythms. Further, both adult and 
larval fiddler crabs (Uca princeps; Stillman and Barnwell, 2004; Uca pugilator; Lopez-Duarte 
and Tankersley, 2007) from one dominant tide/day sites, when held in constant water depth, 
express asymmetric circatidal activity patterns (activity levels of one bout greater than those of 
the successive bout) that appear to correspond to the asymmetry of mixed tides, a contrast to 
the strictly unimodal activity patterns we observed in L. polyphemus (Fig. 3.1).  The 
discrepancies between these two species may suggest differences in the composition, inputs, 
or outputs of the underlying oscillator(s) controlling behavioral rhythm expression in Uca 
species and L. polyphemus. 

We documented further phenotypic differences among the three L. polyphemus 
populations in the responses of animals to the once daily tide cycles. The persistence of 
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bimodal activity patterns in most (21/28) animals from the two tide/day environment during 
the once daily tide (Fig. 3.2) contrasts the clear synchronization of unimodal rhythms to the 
once daily tide expressed by animals from the one dominant tide/day site (Fig. 3.1), and the 
unimodal rhythms expressed by animals from the microtidal site (Fig. 3.3).  The bimodal 
rhythms expressed by animals of the two tides/day environment did appear to synchronize to 
the once daily tide: animals either exhibited apparent synchronization of one of the two daily 
activity bouts to the time of high tide (Fig. 3.2 - top), or both bouts of activity to the times of 
the tank emptying and filling (Fig. 3.2-bottom). Possibly, both of these periodic (12.4 hour) 
pressure changes (decreasing and increasing, respectively) function as synchronization agents 
for circatidal rhythms, as, in the field, horseshoe crabs may initiate activity during the flood or 
ebb tide (Watson and Chabot, 2010). However, while we did observe expression of unimodal 
activity during the once daily tide in 25% (7/28) of animals from the two tides/day sites, we 
only saw evidence of synchronization of a unimodal rhythm to this tide in three animals only 
(data not shown). As previously reported,  L. polyphemus from two tides/day environments 
may express unimodal rhythms in the laboratory (Chabot et al., 2007) and in the field (Chabot 
and Watson, 2010; Watson and Chabot, 2010), including transient “skipping” of one of two 
activity bouts during successive tides in situ (Chabot and Watson, 2010; Watson and Chabot, 
2010).  This expression of unimodal rhythms during twice daily tides in situ suggests that both 
extrinsic and intrinsic variables (e.g., degree of satiety; Watson and Chabot, 2010) may 
regulate this transition between bimodal and unimodal behavioral patterns: the once daily tide 
alone appears insufficient to modify behavioral rhythm expression in L. polyphemus from two 
tides/day populations.   

A primary phenotypic similarity among the three populations observed in this study 
was the apparent synchronization of activity of animals from each population to cycles of 
water depth change (Figs. 3.1-3.3).  Water depth cycles have previously been shown to entrain 
bimodal rhythms in L. polyphemus from two tides/day environments (Chabot et al., 2007): 
water pressure change appears to be the strongest tidal cue, compared to temperature and 
current, for synchronization and entrainment of circatidal rhythms. Water pressure also 
appears to be the most important entrainment agent for several other marine organisms (C. 
maenas, Naylor et al., 1971; Uca pugilator, Fraser, 2006). Our findings indicate that water 
pressure change is also a sufficient tidal zeitgeber for both Gulf and IRL L. polyphemus, 
suggesting a conserved sensory mechanism among the populations. However, although the 
pressure-sensing mechanism has been suggested to be a statocyst in green crabs (Fraser and 
Macdonald, 1994), the pressure sensing system has not yet been identified in L. polyphemus. 

A second phenotypic similarity documented in this study is the expression of 
circalunidan (~24.8 hr) behavioral rhythms in all three populations, a finding which suggests 
circalunidan oscillators may modulate activity rhythms in the three populations. 
Characteristics of the unimodal rhythms expressed by animals from the one dominant tide/day 
and microtide sites strongly suggest such circalunidian, rather than circadian, control of 
behavioral rhythms. This circalunidian control of tidal rhythms was first proposed by 
Williams and Palmer (1986) to explain the endogenous timing system that controlled the 
patterns of activity expressed by intertidal animals, and posits that circatidal rhythms are 
generated by dual circalundian oscillators locked in antiphase (Williams and Palmer, 1986). 
We observed three characteristics of circalunidian control: 1) the activity patterns of most one-
tide-dominant (15/21) and microtidal (5/7) animals “drifted” (exhibited free-running rhythms) 
relative to the LD cycle (Figs. 3.1-top, 3.3-top), a finding that would not at all be expected if 
this behavior was controlled by a circadian clock; 2) the periods of these free-running rhythms 
more closely and consistently approximated the lunar day period (24.8 h) than the circadian 
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(24 h) period; and 3) the activity usually synchronized to at least one of the twice daily tides 
(Figs. 3.1, 3.3). Previous field and laboratory studies of L. polyphemus from two tides/day 
environments have suggested that dual circalunidian oscillators control behavioral rhythm 
expression in horseshoe crabs (Chabot and Watson, 2010). The expression of apparent 
circalunidian rhythms in L. polyphemus from the one dominant tide and microtide 
environments in constant water level (Figs. 3.1, 3.3) further suggests the presence of 
circalunidian oscillators in this species.   

While the three populations all exhibit circalunidian rhythms, the phenotypic 
differences in expression of these rhythms in L. polyphemus from the separate tide 
environments appear to reflect the tide structure of each environment. Interestingly, while L. 
polyphemus from the one dominant tide/day site expressed solely unimodal rhythms, these 
animals were capable of switching activity bouts between the two tides both in apparent 
response to the LD cycle (Fig. 3.1- middle) and with no apparent relation to the LD cycle (Fig. 
3.1 - bottom).  While this ability to synchronize to either tide suggests the presence of two 
functioning circalunidian oscillators (one of which may be inhibited at a time either via a 
circadian oscillator or via the second circalunidian oscillator; Lopez-Duarte and Tankersley, 
2007; Dugaw et al., 2009), this independent tracking of each tide displayed by the Gulf 
animals may be exceptionally beneficial in the mixed (one dominant) tide system (Thurman, 
2004): as the dominant (larger amplitude) tide switches over the lunar months, animals may 
maintain activity with the tide that offers optimal environmental conditions (Thurman, 
2004).  Possibly, the “switching” behavior we observed in the Gulf animals may reflect the 
dual functioning circalunidian oscillators that facilitate maintenance of site-specific tide 
preferences observed in different regions of the Gulf (Cohen and Brockmann, 1983).  In 
contrast to the unimodal behavioral rhythms of the Gulf animals, the bimodal circatidal 
rhythms expressed in constant water level by animals of the two tides/day environments may 
reflect the relatively reliable structure of the semidiurnal tides that dominate the Atlantic 
Coast, with successive tides of approximately equal height.  Finally, while the environmental 
factor(s) that promote the presence of unimodal, non-LD-synchronized rhythms in animals 
from the microtidal environments in constant water level (Fig. 3.3, top, middle) are not readily 
apparent, the phenotypic plasticity in rhythm expression (response to light and tides) exhibited 
by these animals may be beneficial in the IRL, which contains regions of twice-daily tides as 
well as regions of erratic microtides where light may be the most reliable cyclic environmental 
cue. Similarly to our results for L. polyphemus, the blue crab, Callinectes sapidus, from non-
tidal region exhibits LD-synchronized rhythms, but bimodal and unimodal tidal rhythms in 
two tide/day and one tide/day regimes, respectively (Darnell et al., 2010).  Darnell et al. 
(2010) hypothesized that these plastic rhythms were underlain by a circalunidian oscillator 
capable of entraining to either diurnal tidal (24.8 hr) or 24 hour light-dark cycle. Likewise, 
activity of microtidal L. polyphemus may be controlled by circalunidian oscillators responsive 
to an LD cycle, as has previously been suggested for L. polyphemus from two tides/day 
environments that exhibit transient synchronization to an LD cycle (Chabot and Watson, 
2010). 

Whether environmental influences, genetic factors, or a combination of both are 
responsible for the phenotypic differences among L. polyphemus populations remains to be 
determined.  Genetic factors may possibly undergird these behavioral difference: both the Gulf 
(one dominant tide/day) and IRL (microtide) populations exhibit a major genetic break from 
the Mid-Atlantic and Gulf of Maine (two tide/day) populations (Saunders et al., 1986), and the 
Gulf population has further diverged from the IRL population (King et al., 2005).  The lack of 
entrainable bimodal circatidal rhythms in both Floridian populations may suggest a degree of 
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genetic differentiation in tidal clock input, the mechanism itself, or its output that separates the 
two Floridian populations from the northern populations. The presence of a one tide/day 
regime throughout much of the Gulf (west of Apalachicola) may serve as an additional 
evolutionary pressure on the mechanisms underlying rhythm expression in the Gulf Florida 
population.  Alternatively, environmental influences during development may be partially 
responsible for the persistence of unimodal behavioral patterns in Gulf animals. The 
ontogenetic environment appears to exert a critical influence on behavioral rhythm expression, 
as exposure to twice daily tides during embryonic development is necessary for expression of 
circatidal behavioral rhythms in L. polyphemus larvae (Ehlinger and Tankersley, 2006).  The 
mixed tide regime of the Gulf of Florida, with unequal amplitudes between successive tides, 
may be insufficient to facilitate the expression of twice daily circatidal activity patterns 
throughout ontogeny; this possibility is heightened by the preference of Gulf of Florida adults 
to deposit their eggs in the extreme high and high tidal zones, regions which may only receive 
a once daily inundation due to the tidal asymmetry (Vasquez et al., 2015). In these extreme 
high tide zones, exposure to a single daily inundation (i.e., every other tide cycle) may foster 
expression of the once-daily, apparently circalunidian, behavioral patterns that we observed in 
animals of the Gulf.  Similarly, depending on nest location in the Indian River Lagoon, 
embryos may receive once-daily tidal cues, twice-daily tidal cues, or constant immersion 
during development.  However, given the degree of variability in tidal structure throughout the 
lagoon, the environmental influences that promote the persistence of a circalunidian pattern in 
microtidal animals cannot be readily identified. 

In summary, while L. polyphemus from three disparate tidal environments expressed 
behavioral rhythms that correlate to the local tidal structure, only microtidal individuals 
expressed behavioral plasticity in response to novel tides.  Rather than being a feature of the L. 
polyphemus species, the capacity to express circatidal rhythms in absence of tidal cues appears 
restricted to semidiurnal populations. However, animals of the three environments appear 
capable of expressing circalunidian rhythms, suggesting that at least one circalunidian 
oscillator is present in all populations of this species. The factors- environmental or genetic – 
that perpetuate these behavioral differences remain to be determined, an intriguing question 
given both the degree of genetic separation between the mixed tide/microtidal and the 
semidiurnal populations and the disparate environments inhabited by each. 
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Figure 3.1.  Locomotor activity of three representative L. polyphemus from a one 
dominant tide/day environment during artificial tide cycles. Larger panels: Actograms are 
double-plotted, with size and position of black marks indicating the intensity and timing of 
activity.  “No Tides” = constant water depth, “two tides/day” = 12.4 hour tide cycles, and “1 
tide/day” = 24.8 hour tide cycles; grey parallelograms demarcate times of high tide (time of 
tank filling and emptying).  LD cycle (12:12) indicated by light/dark bars at the top. “S” 
(“switching;” middle, bottom panels) indicate switching of activity to alternate time when the 
light period tide runs into the dark period; “NS” (non-switching; top panel) indicates 
continuation of activity when the light period tide to coincide with the dark period. Smaller 
panels: Lomb-Scargle periodograms to the right of each actogram indicate significance of the 
rhythms of activity during successive intervals; horizontal line above x-axis indicates P = 
0.001.  Number next to peak indicates most significant period of activity within circatidal 
(10.4-14.4 h) or circadian/circalunidian (22-26.8 h) range. 
  

20 

40 

60 

rrJ. 20 

~ Q 40 

60 

20 

40 

24 

Time of Day (hr) 

24.5 1~,. 

2 Tides/Uay 24.7/1 
• , 1fl,, 

I Ti<lc/Oay 

No Tides l2) 25 ·8 ,~; /\ ... J_,\t __ j\J \. 

NuTides(l) 26.8 i• 
,uM ·/,. , ,,Nl,1\ 

2 Tidcs/OA y L 25.<> ii 
~ 

25. t/\ 
I '-' 

48 12 24 
Period 



56 
 
 

 
 
Figure 3.2.  Locomotor activity of three representative L. polyphemus from a two 
tides/day environment (Gulf of Maine) during artificial tide cycles. Refer to Figure 3.1 for 
detailed legend. “E” (“Entrainment;” top panel) indicate persistence of activity pattern after 
cessation of once daily tide. 
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Figure 3.3.  Locomotor activity of three representative L. polyphemus from a microtidal 
environment during artificial tide cycles.  Refer to Figure 3.1 for detailed legend. “E” 
(“Entrainment;” middle panel) indicates persistence of timing of activity after cessation of 
tide. 
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Table 3.1. Percent of L. polyphemus collected from one dominant tide per day, two tides 
per day, and microtidal environments that expressed bimodal and unimodal rhythms 
during artificial tide cycles.  
 

Source 
Environment 

 
Artificial Tide 

 First Constant Two Tides/Day One Tide/Day Final Constant 

Rhythm Type: Unimodal Bimodal Unimodal Bimodal Unimodal Bimodal Unimodal Bimodal 

1 Dominant 
Tide/Day  

n = 18 
τ±SEM 

95% 
 
25.1 ± 

0.2 

5% 
 

12.5 

95% 
 

25.0 ± 
0.2 

5% 
 

12.3 

100% 
 

24.6 ± 
0.2 

0% 
 

NA 

78% 
 

25.1 ± 
0.3 

0% 
 

NA 

Two Tides/Day  
n = 28 
τ ±SEM 

29% 
 

25.0 ± 
0.4 

68% 
 

12.3 ± 
0.1 

12% 
 

24.2 ± 
0.6 

88% 
 

12.2 ± 
0.1 

25% 
 

24.6 ± 
0.2 

75% 
 

12.3 ± 
0.1 

28% 
 

24.6 ± 
0.3 

48% 
 

12.4 ± 
0.2 

Microtidal  
n = 7 
τ±SEM 

100% 
 

25.7 ± 
0.5 

0% 
 

NA 

29% 
 

24.5 ± 
0.6 

71% 
 

12.6 ± 
0.2 

100% 
 

24.3 ± 
0.1 

0% 
 

NA 

100% 
 

24.6 ± 
0.4 

0% 
 

NA 

I I I I 
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CHAPTER 4 
LONG-TERM COORDINATION OF RHYTHMS OF RESPIRATION, HEART RATE, 

AND ACTIVITY IN THE AMERICAN HORSESHOE CRAB, LIMULUS POLYPHEMUS 

Abstract. While the American horseshoe crab, Limulus polyphemus, expresses circatidal 
activity rhythms and daily eye sensitivity rhythms, the relationships among rhythms of heart 
rate, respiration, and activity are unknown.  To investigate these relationships, activity, heart 
rate, and respiration were recorded in freely moving (n = 12) and restrained (n = 6) animals 
during two experiments conducted in the fall and the winter. While most (10/12) animals 
exhibited coordinated activity, heart rate, and respiration rhythms, most (5/6) animals in the 
fall experiment expressed circatidal rhythms and all (6/6) animals of the winter experiment 
expressed daily rhythms in the three parameters. When restrained, most (4/6) of animals 
continued to express coordinated heart and respiratory rhythms (tidal: 3/6; unimodal: 1/6). 
Cumulatively, these results suggest that heart rate and respiration rhythms are coordinated 
with one another and with activity, and thus are modulated on a tidal basis in L. polyphemus. 
4.1  Introduction 

Biological oscillators enable organisms to synchronize physiological and behavioral 
functions to cyclic environmental stimuli, thus facilitating coordination of activity to 
environmental conditions.  While most organisms have a circadian (~24 hour) oscillator that 
synchronizes to daily light cycles, marine organisms, especially those that frequent the 
intertidal zone, may also possess tidal clocks that are manifested through expression of 
circatidal (12.4 hour) behavioral rhythms (Palmer, 1995). As the tidal cycle may be a 
paramount environmental factor for intertidal organisms, possessing this ability to synchronize 
to the tides confers an adaptive benefit (Barnwell, 1968; Palmer, 1995; Thurman, 2004) as it 
allows organisms to physiologically prepare for activity during the relevant portion of the tide 
cycle. As an intertidal visitor, the American horseshoe crab, Limulus polyphemus, expresses 
such circatidal behavioral rhythms while also expressing circadian rhythms of eye sensitivity 
(Watson et al., 2008).  These non-coordinated outputs indicate that circadian and tidal clocks 
control separate functions in L. polyphemus (Watson et al., 2008).  These tidal clocks, which 
entrain to cycles of water pressure change (Chabot et al., 2008), allow L. polyphemus to 
synchronize activity to the time of the high tides, conditions optimal for spawning (Barlow et 
al., 1986; Cohen and Brockmann, 1983) and foraging (Watson and Chabot, 2010; Lee, 2010). 
At the same time, the circadian clock increases eye sensitivity during the nighttime, allowing 
animals to see apparently as well during the night as during the day (Barlow et al., 1982), 
which facilitates mating behaviors that occur during both daily high tides. 

While tidal control of L. polyphemus activity and circadian control of eye sensitivity 
have been well-established, the roles of these separate oscillators in controlling other 
physiological processes, including heart and respiratory functions, are unknown. In L. 
polyphemus, heart and respiration rates are coordinated with one another and to activity during 
bouts of walking and gill cleaning (Watson and Wyse, 1978; Freadman and Watson, 1989); 
moreover, respiration and heart rate increase in advance of activity (Watson and Wyse, 1978), 
suggesting that these functions may be under a neural control mechanism that facilitates 
preparation for activity.  In both the American lobster (Homarus americanus, Chabot and 
Webb, 2008) and crayfish (Procambarus clarkii, Pollard and Larimer, 1977; Astacus astacus, 
Bojsen et al., 1998) circadian rhythms of heart rate and activity are synchronized in constant 
conditions, suggesting circadian control of both functions; moreover, rhythms of heart rate 
persist in immobilized H. americanus, suggesting that, rather than just being a correlate of 
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activity, heart rate may be directly controlled by the circadian clock (Chabot and Webb, 2008).  
Interestingly, in several intertidal crustaceans, both heart and respiration rates are modulated 
on a tidal basis, and thus are thought to be under control of tidal clocks. For example, 
immobilized Eurydice pulchra expresses circatidal rhythms of respiration (Hastings, 1981), 
while immobilized Carcinus maenas expresses both circatidal heart rate (Aagaard et al., 1995) 
and respiration rhythms (Aldrich et al., 1979), and limbless Cancer pagurus can exhibit both 
circatidal and circadian respiration rhythms (Aldrich et al., 1979). The persistence of these 
rhythms in the absence of activity suggests that respiration and heart rate are independently 
controlled by tidal oscillators, a mechanism that appears beneficial as tidal control of these 
functions may enable preparation for tidally related behaviors.  However, for L. polyphemus, 
the relationships among rhythms of activity, heart rate, and respiration are unknown. 

The overall purpose of this investigation was to determine whether, in L. polyphemus, 
locomotor activity, heart rate, and respiration rhythms are coordinated with one another and 
whether rhythms of heart rate and respiration are modulated on a tidal or daily basis.  
Specifically, this study was designed to assess whether 1) rhythms of heart and respiration rate 
are correlated with one another and to locomotor activity rhythms, 2) rhythms of heart and 
respiration rate are coordinated in the absence of locomotor activity, and 3) rhythms of heart 
rate, respiration, and locomotor activity respond similarly to light and tide conditions. To 
assess the strength of potential coupling among these three measures, animals were alternately 
exposed to a light-dark cycle (LD; 15:9), constant low light (LL), and twice daily tide cycles. 
To assess whether coordinated rhythms of heart rate and respiration persist in the absence of 
activity, restrained animals were exposed to twice daily tide cycles, LL only, and LD. We 
hypothesized that, given the close coordination among heart rate, respiration, and activity 
during short-term bouts of activity (Watson and Wyse, 1978; Freadman and Watson, 1989), 
heart rate and respiration frequencies would be correlated to locomotor activity, heart rate and 
respiration rhythms would occur in phase with activity rhythms, and rhythms of heart rate and 
respiration would remain coordinated in the absence of activity. We further hypothesized that 
heart rate and respiration rhythms may be modulated on a tidal basis, suggestive of control by 
the same tidal oscillators which govern locomotor activity in L. polyphemus. 
4.2  Methods 
4.2.1  Animal maintenance and general procedures 
         Two experiments were conducted to assess long term coordination of rhythms of 
activity, heart rate, and respiration, and to determine whether these three outputs are similarly 
affected by light and tide cycles. Experiment 1 was completed in the fall (September-October), 
and Experiment 2 was completed over the winter (January-April).  For both experiments, 
animals were obtained from Woods Hole Marine Biological Laboratory Animal Supply 
(Woods Hole, MA) and shipped overnight to Plymouth State University.  Upon receipt, 
animals were prepared for heart rate, respiration, and activity recording. 
         To record heart rate, the prosoma of each animal was first cleaned with 90% ethanol.  
Two small holes, located approximately 2 cm and 3 cm anterior from the hinge, respectively, 
were drilled anterior to posterior through the median ridge of the prosoma over the heart with 
a 20 gauge needle.  Two 1 m lengths of insulated 30 gauge wrapping wire were inserted into a 
1 m length of aquarium tubing. 1-2 mm of insulation was stripped from one end of the wire 
using sterilized scissors and inserted into each of the carapace punctures. For strain relief, the 
aquarium tubing was split in two for approximately 2 cm and both the wires and aquarium 
tubing were secured via cyanoacrylate and duct tape.  The same method was used to prepare 
animals for respiration monitoring, with the exception that the holes were drilled on either side 
of the ridge of the opisthosoma, approximately 1 cm medial to each of the muscle insertion 
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fossa of the muscles controlling gill bailer activity, and approximately 2 cm posterior to the 
hinge. 
         To monitor locomotor activity, each animal, prepared as above, was placed into a 
“running wheel” as described in Chabot et al. (2004, 2007).  Briefly, "running wheels" were 
made from the bottom 12 cm of two 5-gallon buckets connected to each other by a 2" diameter 
length PVC, leaving a 2 cm slot that allowed the animal's telson to extend outside the wheel; 
an axle inserted through the center of the PVC pipe suspended the wheel on a triangular PVC 
frame, allowing wheel rotations.  After each animal was placed within the wheel, a 
polypropylene plastic golf ball was secured to the telson using cable ties, cyanoacrylate, and 
duct tape to prevent the telson from being withdrawn into the wheel. The front of the carapace 
was tethered to the running wheel frame using cable ties. The running wheels were placed in 
two 115 L recirculating open top tanks (80 cm L x 65 cm W x 32 cm D; salinity 28-30 psu; 
17˚C).  Two bar magnets mounted on the outside wall of the running wheels and a magnetic 
reed switch mounted on the running wheel frame allowed for wheel rotations to be detected 
and recorded with a data collection system (ClockLab Data Collection Software, Actimetrics, 
Wilmette, IL). The heart rate and respiration wires were connected to separate impedance 
converters (UFI, Morro Bay, CA), which were attached to PowerLab data acquisition 
hardware (ADInstruments Inc., Colorado Springs, CO) connected to a computer operating 
LabChart data collection software (v. 3, ADInstruments Inc., Colorado Springs, CO). Activity, 
heart rate, and respiration were recorded using these systems for the duration of experiments 1 
and 2. 
4.2.2  Experiment 1: Effect of light on activity, heart rate, and respiration rhythms 
         This experiment, completed September-October, 2012, was designed to assess 
whether heart rate, respiration, and locomotor activity are coordinated in freely moving 
animals, and similarly affected by an LD cycle. Six male L. polyphemus were obtained and 
treated as described above.  Animals were first exposed to a 15:9 LD cycle (illumination: 60 
lux), with instantaneous photic transition, for 20 days. Animals were then exposed to constant 
low light (LL; 5-10 lux) for 14 days. 
4.2.3  Experiment 2: Effect of light, tides, and restraint on activity, heart rate, and 
respiration rhythms 
         This experiment, completed over January – April, 2013, was designed to investigate 
whether 1) rhythms of heart rate, respiration, and locomotor activity respond in phase to LD 
and tide cycles in freely moving animals, 2) rhythms of heart rate and respiration are 
coordinated and respond to tide and light cycles in the absence of activity.  Six male L. 
polyphemus were obtained and treated as described in 2.1.  Activity, heart rate, and respiration 
were first recorded in freely moving animals for 9 days under a 15:9 LD cycle. To assess 
whether rhythms of heart rate, respiration, and locomotor activity respond in phase with one 
another to a tidal cycle, twice daily tidal cycles were then initiated. Tides were generated as 
described in Chabot et al. (2011), with a water depth change of 20 cm (high tide depth: 30 cm; 
low tide depth: 10 cm) occurring over one hour.  Animals were exposed to 12 days of these 
twice daily tidal cycles under a 15:9 LD cycle. To assess the response of heart rate, 
respiration, and locomotor activity rhythms to tidal cycles in the absence of an LD cycle, the 
LD cycle was then terminated and constant low light (LL; 5-10 lux) initiated; all data were 
recorded for 10 days in LL with the twice daily tidal cycle. To next determine whether 
coordinated rhythms of heart rate and respiration persist in the absence of locomotor activity, 
animals were restrained by cable-tying the running wheel to the PVC frame.  Heart rate and 
respiration were then recorded for 14 days in restrained animals in LL with twice daily tidal 
cycles.  Tidal cycles were then terminated, and heart rate and respiration were recorded for the 
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following 22 days in constant conditions (LL and constant water level).  Next, the 15:9 LD 
cycle was reinstated, and heart rate and respiration were recorded for 10 days.  To determine 
whether patterns of activity would initiate in phase with patterns of heart rate and respiration, 
animals were unrestrained via removal of the cable ties affixing the running wheel to the PVC 
frame, and activity, heart rate, and respiration were recorded for an additional 20 days. 
4.2.4  Data Analysis 
         Average heart rate (beats/ minute) and respiration frequency (cycles/minute) over five 
minute intervals were calculated using a macro program previously developed for Powerlab 
(Version 3.6.1; Chabot and Webb, 2008).  Frequency histogram analyses were used to 
establish upper and lower threshold values for noise, and values above and below these points 
were discarded. The remaining values were used to generate actograms and Lomb-Scargle 
periodograms through ClockLab analysis software (Actimetrics, Willmette, IL).  The 
ClockLab data collection system provided activity output of average number of running wheel 
revolutions per minute over five minute intervals; these values were used to determine 
velocity (cm/min) by multiplying number of revolutions per min by the circumference of the 
wheel, and to generate actograms and Lomb-Scargle periodograms through ClockLab.  Lomb-
Scargle periodograms were used to determine the presence of significant rhythmicity in 
activity, heart rate, and respiration for each experimental interval per animal.  Peaks above the 
level of significance (P = 0.001) in the 10.4 – 14.4 hour range were classified as “circatidal,” 
those within the 22.0-  26.8 hour range were classified as “daily”/ “circalunidian,” and animals 
lacking significant peaks were classified “arrhythmic.” To further examine correlations among 
heart rate, respiration frequency, and activity level, time series scatterplots of heart rate 
(beat/minute), respiration frequency (cycles/minute), and velocity (cm/min) per 5 minute 
intervals were generated for each animal, and single and multivariate regression analyses were 
conducted using Minitab (Minitab Inc., State College, PA) to identify significant correlations 
(P < 0.001) among heart rate, respiration, and activity in individual animals.  Two-factor 
ANOVAs were performed using Minitab to determine whether periods of heart rate, 
respiration, and activity rhythms differed among one another and across treatment conditions; 
significantly different means were determined through Tukey’s HSD post-hoc comparisons (P 
= 0.05). To compare between the fall and winter experiments, Fisher’s exact tests (P = 0.05) 
were used to determine effect of time of year (fall/winter) on proportion of animals expressing 
tidal and daily rhythms of activity, heart rate, and respiration during the first stage of each 
experiment (15:9 LD cycle).  
4.3  Results 
4.3.1  Exp. 1: Effect of light on heart rate, respiration, and activity rhythms 
         During the 15:9 LD cycle, 67% (4/6) of animals expressed significant circatidal 
rhythms of activity, heart rate, and respiration (Fig. 4.1; Table 4.1), while one animal 
expressed daily rhythms of the three measures. In 83% of animals, heart rate was significantly 
correlated with respiration frequency and activity, as revealed by multivariate regression 
analyses performed individually for each animal. Mean coefficients of determination were 
0.391 ± 0.092 (R2 ± SEM; n = 5; P < 0.0001) for the 83% (5/6) of animals for which 
correlations were significant (P < 0.05). Upon subsequent exposure to LL, 100% of animals 
exhibited significant free-running rhythms of heart rate and respiration (Figs. 4.1, 4.2), while 
67% exhibited significant free-running rhythms of activity; of these, 67% (4/6) of animals 
continued to express circatidal rhythms of heart rate and respiration (Figs. 4.1, 4.2; Table 4.1), 
while 50% (3/6) continued to express circatidal activity rhythms. 33% (2/6) of animals 
expressed unimodal heart rate and respiration rhythms, while one of these animals expressed a 
significant unimodal activity rhythm. For 4 of the 6 animals, heart rate was significantly 
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correlated to activity and respiration frequency; among these 4 animals, the mean coefficient 
of determination was 0.448 ± 0.070 (R2 ± SEM; n = 4; P < 0.0001). However, as shown in 
Figure 4.2, animals appeared to lack consistent phase relationships among rhythms of heart 
rate, respiration, and activity.  During both conditions (LD and LL), there were no significant 
differences among circatidal or daily taus for activity, heart rate, or respiration (circatidal: 
F(2,19) = 0.16; P = 0.851; daily: F(2,4) = 3.55, P = 0.130). Additionally, there were no 
significant effects of light conditions (LD or LL) on period length (circatidal: F(1,19) = 0.01, 
P = 0.958; daily: F(1,4) = 0.84, P = 0.410), nor any significant interactive effects (circatidal: 
F(2,19) = 0.04, P = 0.959; daily: F(2,4) = 1.41, P = 0.345). 
4.3.2  Exp. 2. Effect of light, tides, and restraint on activity, heart rate, and respiration 
rhythms 
         During the first stage in 15:9 LD, 100% (6/6) of animals expressed significant daily 
rhythms of heart rate and respiration, while 67% (4/6) expressed significant daily activity 
rhythms (Fig. 4.3; Table 4.2), and the remaining two animals lacked expression of significant 
activity rhythms.  For each animal, independent multivariate regression analysis revealed that 
heart rate was significantly correlated to respiration frequency and activity (R2  ± SEM: 0.316 
± 0.065; n = 6; P < 0.0001). With application of the twice daily tidal cycles, 83% (5/6) of 
animals continued to express significant daily rhythms of heart rate, respiration, and activity 
(Fig. 4.3; Table 2).  For these animals, activity appeared synchronized to the LD cycle, with 
the appearance of increased activity at the time the lights turned on (2/5) or at the times the 
lights turned on and off (3/5; Figs. 4.3). Though one animal lacked expression of significant 
rhythms for the three measures, heart rate was correlated to respiration and activity (R2 = 
0.505 ± 0.102; n = 6; P < 0.0001) in all animals. Upon subsequent exposure to LL with 
continuation of twice daily tidal cycles, most (4/6) of animals continued to express unimodal 
rhythms of heart rate, respiration, and activity (Figs. 4.3, 4.4- left; Table 4.2), while one 
animal expressed tidal rhythms in the three measures (Fig. 4.4, right). For 83% (5/6) animals, 
heart rate was significantly correlated to activity and respiration frequency (R2 = 0.531 ± 
0.105; n = 5; P < 0.0001). 
         When activity was subsequently restrained, 50% (3/6) of animals continued to express 
unimodal rhythms of heart rate and respiration (Figs. 4.4- left, 4.5-top; Table 4.2), one animal 
continued to express circatidal rhythms of heart rate and respiration (Fig. 4.4, right), and two 
animals lacked expression of significant rhythms. For 83% (5/6) of animals, heart rate was 
significantly positively correlated to respiration frequency (R2 = 0.310 ± 0.075; n = 5; P < 
0.0001; Fig. 4.5). When tidal cycles were terminated, 50% (3/6) of animals expressed 
unimodal rhythms of heart rate and respiration (Figs. 4.4- right, 4.5-bottom), while one animal 
expressed circatidal rhythms of both (Fig. 4.4, left), and two animals lacked expression of 
significant rhythms. Heart rate was positively correlated to respiration frequency in most (5/6) 
animals (R2 = 0.357 ± 0.090; n = 5; P < 0.0001; Fig. 4.5). 
         When the 15:9 LD cycle was reinstated on restrained animals, 83% (5/6) of animals 
expressed daily rhythms of heart rate and respiration (Figs. 4.6; Table 4.2), while one animal 
expressed tidal rhythms of both measures. While heart rate and respiration appeared to 
synchronize to the light cycle in two animals (Fig. 4.6), three animals exhibited an apparent 
increase in activity during lights-on combined with continuation of rhythms expressed during 
LL, and one animal exhibited no overt response to the LD cycle (data not shown). For 83% of 
animals, heart rate was significantly positively correlated to respiration frequency (R2 = 0.391 
± 0.092; n = 5; P < 0.0001). With subsequent release from restraint, all animals expressed 
daily rhythms of heart rate and respiration (Table 4.2; Fig. 4.6), while 83% (5/6) also 
expressed daily rhythms of activity.  For four of these animals, activity appeared to begin in 
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phase with the previous cycles of heart rate and respiration (Fig. 4.6). For 5/6 animals, heart 
rate was significantly correlated to respiration frequency and activity (R2 = 0.275 ± 0.072; n = 
5; P < 0.0001). 
         Over the seven phases of this experiment, there was a significant effect of condition 
on mean period length of animals expressing daily heart rate and respiration rhythms (F(6,43) 
= 7.14, P < 0.001):  mean daily heart rate and respiration taus were significantly longer during 
the LL/two tides and LL/restraint phases than during the initial LD, LD/two tides, and the final 
LD stages. Period length during the LL/two tides/restraint phase was also significantly longer 
than that during the LD/two tides phase, though it was not significantly different from that 
during the initial and final stages of LD.  Over the six conditions, there were no significant 
differences between period lengths of heart rate and respiration rhythms (F(1,43) = 2.55, P = 
0.118), nor any significant interactive effects (F(6,43) = 0.45, P = 0.842).  In addition, for the 
four stages in which activity were measured, mean daily period length was significantly 
affected by condition (F(3,43) = 22.29, P < 0.0001), though there were no significant 
differences among period lengths of activity, heart rate, and respiration (F(2,43) = 0.94, P = 
0.397), and no significant interactive effects (F(6,43) = 1.43, P = 0.224).  Mean period length 
of the three measures was significantly longer during the LL/two tides phase than it was 
during the initial LD, LD/two tides, and the final LD stages. For animals expressing circatidal 
rhythms, there were no significant differences between period lengths of heart rate and 
respiration rhythms (F(1,2) = 0.40, P = 0.592), nor an effect of condition on mean period 
length (F(2,2) = 5.33, P = 0.158); additionally, there were no significant interactive effect of 
condition on period length of the physiological outputs (F(2,2) = 0.09, P = 0.917). 
4.3.3 Comparison of Fall (Experiment 1) and Winter (Experiment 2) Experiments 

The proportion of animals that expressed circatidal rhythms of heart rate, respiration, and 
activity during the first phase in 15:9 LD was significantly greater during the fall experiment 
(Experiment 1) than during the winter experiment (Experiment 2; Activity: P = 0.048; Heart 
Rate: P = 0.015; Respiration: P = 0.015). 
4.4  Discussion 

 The results presented here are the first documentation of tidal rhythms of heart rate 
and respiration in L. polyphemus, and suggest that heart rate, respiration, and activity are 
simultaneously controlled by tidal oscillators in L. polyphemus.  In our Experiment 1, between 
67-83% of animals expressed circatidal rhythms of heart rate, respiration, and activity during 
LD and LL (Table 4.1), proportions similar to those reported in Chabot et al. (67%; 2007) for 
horseshoe crabs that expressed circatidal activity rhythms when maintained in the laboratory. 
This synchrony among heart rate, respiration, and activity (Figs. 4.1 – 4.3; Tables 4.1, 4.2) 
contrasts the non-coordinated expression of rhythms of activity and eye sensitivity in L. 
polyphemus; eye sensitivity exhibits robust circadian rhythms that occur out of phase with 
activity rhythms, and are entrained by an LD cycle (Watson et al., 2008). In this study, heart 
rate and respiration rhythms seldom (2 out of 12) appeared out of phase with those of activity. 
Additionally, in several (3 of 12) animals maintained in LL, activity appeared arrhythmic 
while circatidal heart rate and respiration rhythms continued (Table 4.1), and several animals 
exhibited days in which activity was “skipped” while rhythms of heart rate and respiration 
persisted (Fig. 4.2). These two characteristics suggest that the same tidal oscillators thought to 
govern activity may similarly control heart and respiration functions in L. polyphemus.   
 The results of our Experiment 2 further suggest that activity (locomotion) is not 
necessary for the continuation of heart rate and respiration rhythms, a finding which supports 
the hypothesis that heart rate and respiration rhythm are independently controlled by 
oscillators. In Experiment 2, we documented persistence of rhythms of heart rate in the 
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absence of locomotor activity, as, when restrained, most (4/6) animals continued to exhibit 
coordinated heart rate and respiration rhythms (Figs. 4.4, 4.5, 4.6). Similarly, the American 
lobster, Homarus americanus, and the shore crab, Cancer maeanas, exhibit persistent daily 
(H. americanus; Chabot and Webb, 2008) or tidal (C. maeanas; Aagaard et al., 1998) rhythms 
when restrained, and immobilized shore crabs (C. maenas; Aldrich et al., 1979), brown crabs 
(Cancer pagurus; Aldrich et al., 1979), and marine isopods (Eurydice pulchra; Hastings, 
1978) exhibit daily (C. maenas, C. pagurus) or circatidal (C. maenas, C. pagurus, and E. 
pulchra) respiration rhythms in the absence of activity. Several characteristics of heart and 
respiratory functions in our restrained animals suggest that the same oscillators that govern 
activity controls heart rate and respiration in absence of activity. Firstly, initially upon 
restraint, most (4/6) animals exhibited rhythms of heart rate and respiration that appeared to 
continue in phase with those expressed prior to restraint (under the same conditions of LL and 
2 tides/day; Fig. 4.4). Secondly, while restrained L. polyphemus exhibited varied responses to 
tidal cycles of water pressure change, one animal exhibited clear appearance of 
synchronization (Fig. 4.4- right) and two appeared to exhibit an intermittent synchrony to the 
high tides (Fig. 4.5), suggesting that, in absence of locomotion, patterns of heart rate and 
respiration may be influenced by water pressure changes. Alternatively, it is possible that our 
mode of restraint did not completely preclude activity, and animals may have continued to 
exhibit walking leg movements in a way that went undetected by our collection system. 
 We also documented significant positive correlations between respiration rate, heart 
rate, and activity levels in L. polyphemus. In unrestrained animals, heart rate was significantly 
correlated to respiration frequency and activity levels during LD, LL, constant conditions, and 
tidal cycles.  Similar correlation of heart rate and activity levels occurs in the American lobster 
(Homarus americanus, Chabot and Webb, 2008), the shore crab (Carcinus maenas, Aagaard 
et al., 1996), and the crayfish (Procambarus clarkii, Page and Larimer, 1992; Astacus astacus, 
Bojsen et al., 1996), while correlation between respiratory rate and activity levels occurs in the 
marine isopod, Eurydice pulchra (Hastings, 1978).  In L. polyphemus prevented from activity, 
respiration frequency and heart rate remained significantly positively correlated during tidal 
cycles (Figs. 4.4, 4.5), constant conditions (Figs. 4.4, 4.5), and a 15:9 LD cycle (Fig. 4.6). 
Similarly, heart and scaphognathite beat frequencies are coordinated in restrained Cancer 
productus, an association which suggests autonomous neural control of these functions in 
absence of activity (McMahon and Wilkens, 1977). Likewise, in L. polyphemus, while heart 
and ventilation rates concomitantly increase during swimming and gill cleaning behaviors 
(Watson and Wyse, 1978), these increases may precede activity level increases, suggesting 
advanced activation of the heart and gills may facilitate preparation for activity. Such 
coordinated control of respiration and heart beat may maximize circulation efficiency, as it 
allows freshly-oxygenated hemolymph produced by gill plate movements to be pumped 
throughout the hemocoel (Watson and Wyse, 1978). Moreover, the L. polyphemus heart 
exhibits phase coupling with the activity of the gill plates, suggesting that cardioregulatory 
nerves may receive neural input from ventilatory central pattern generators (Freadman and 
Watson, 1989). These physiological relationships between the activity of gills and the heart 
most likely account for the long-term coordination between heart rate and respiration in L. 
polyphemus. 
 We did observe variation in the types of rhythms expressed by individual animals; 
while heart rate, respiration, and activity rhythms occurred in phase for most animals, 
individual animals expressed either tidal or daily rhythms in the three measures. Cumulatively 
(across both experiments) during the 15:9 LD cycle, 41% of animals expressed tidal rhythms 
of heart rate and activity and 33% expressed tidal respiration rhythms, while most animals 
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expressed daily activity, heart rate, and respiration rhythms. Similarly, Watson et al. (2008) 
reported individual variation in expression of locomotor activity rhythms in L. polyphemus, 
with 44% of animals expressing tidal activity rhythms and the remainder either expressing 
daily rhythms or lacking expression of significant rhythms.  Further, additional laboratory and 
field studies indicate variability in L. polyphemus rhythms, with expression of circatidal, 
circalunidian (~24.8 h), or LD-associated rhythms among individuals (Chabot and Watson, 
2010; Watson and Chabot, 2010).  Likewise, individual Carcinus maenas (Styrishave et al., 
2003) recorded in situ express either tidal or daily heart rate rhythms, and the Manila clam, 
Ruditapes philippanarum (Kim et al., 1999) expresses either tidal or daily respiration rhythms 
in constant conditions. In L. polyphemus, this previously documented (Chabot and Watson, 
2010; Watson and Chabot, 2010) individual variability in expression of locomotor activity 
rhythms appears to be reflected by variability in heart rate and respiration rhythm expression, 
as most animals exhibited rhythms of these physiological outputs that matched those of their 
behavioral outputs. Interestingly, significantly higher proportions of animals expressed tidal 
rhythms in the three parameters during the first stage (15:9 LD cycle) of the fall experiment 
(Experiment 1) than during the winter experiment (Experiment 2). Horseshoe crabs do reduce 
activity in the winter months (Watson and Chabot, 2010), which may account for the apparent 
reduction in circatidal rhythm expression that we observed during the winter experiment 
(Table 4.2).  However, circatidal rhythms in horseshoe crabs in the laboratory have been 
recorded for animals during the winter (Chabot et al., 2004), and water temperature, not time 
of year, appears the permissive factor for circatidal rhythm expression (Chabot et al., 2004). It 
may be more likely that the discrepancy between the two experiments was due to the condition 
of the animals, as animals used in Experiment 1 (during the fall) may have been more recently 
collected than those in Experiment 2.  

 Rhythms of heart rate, respiration, and activity appeared to similarly respond to 
alterations in environmental variables, a finding which further supports the hypothesis that 
tidal oscillators may regulate heart and respiratory rhythms. When exposed to an LD cycle in 
conjunction with twice daily tidal cycles, most (5/6) animals appeared to exhibit light-
synchronized activity, heart rate, and respiration increases, with little response to the times of 
tide (Fig. 4.3).  This initial lack of response to the tide cycle may have been due to the degree 
of tidal amplitude change (20 cm); previously, Chabot et al. (2011) have shown that tides of 
20 cm are weak synchronization agents when applied in the presence of an LD cycle, while 
tides of 40 cm are capable of both synchronizing and entraining activity rhythms. Possibly, the 
tidal amplitude change we used was not sufficient for robust synchronization of circatidal 
rhythms, and may explain the apparent high level of animals expressing light-synchronized 
activity during LD. However, when animals were subsequently exposed to LL, activity, heart 
rate, and respiration patterns did not appear to persist at expected times of light transitions, but 
instead appeared to synchronize with one of the two daily tides (Figs. 4.3, 4.4-left). This lack 
of entrainment to the LD cycle suggests that the apparent LD-related activity, heart rate, and 
respiration rate increases may have been a direct response to the exogenous stimulus, and not 
indicative of an underlying circadian oscillator controlling activity. Similarly, the crayfish, 
Procambarus clarkii, exhibits increased activity and heart rate at times of lights on, though 
this activity does not persist in constant conditions (Pollard and Larimer, 1977).   This 
“masking,” in which environmental stimuli directly induce activity that hides the expression of 
an endogenous rhythm, has frequently been observed in L. polyphemus (Chabot and Watson, 
2010).  When the LD cycle was reinstated on restrained animals, most (5/6) exhibited an 
apparent increase in heart rate and respiration upon lights-on. Similarly, Procambarus clarkii 
(Page and Larimer, 1972) and H. americanus (Chabot and Webb, 2008) exhibit increased 
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heart rate in response to light,  while the amphipods Orchestia gammarellus and Orchestia 
mediterranea exhibit increased respiration during a lights-on transition (Williams, 1988).  
These increases are attributed to the startle response (Page and Larimer, 1972; Williams, 1988; 
Chabot and Webb, 2008), which may similarly explain the simultaneous heart rate and 
respiration increases in L. polyphemus during LD transitions. 
 The simultaneous control of heart rate and respiration by tidal oscillators appears 
beneficial for an organism whose activity is dictated by the tides.  L. polyphemus is generally 
active during high tides, when it may emerge in the intertidal zone to spawn (Cohen and 
Brockmann, 1983; Barlow et al., 1986) or in the tidal flats to forage (Lee, 2010). 
Synchronization of activity to local tide conditions is aided by endogenous tidal oscillators 
(Chabot et al., 2004); moreover, tidal oscillators enable anticipation of the daily high tides, 
allowing preparation for activity during optimum environmental conditions.  The coordinated 
control of heart rate and respiration via tidal oscillators may facilitate this physiological 
preparation for activity, during which circulatory and respiratory demand increases (Watson 
and Wyse, 1978). 
 
   



71 
 
 

 

Table 4.1.  Percent of L. polyphemus of Experiment 1 expressing tidal and daily rhythms 
(τ ± SEM) of activity, heart rate, and respiration during LD and LL. n = 6. LL = constant 
low (5-10 lux) light.  

Condition Measurement Circatidal Daily 

  Percent Period Percent Period 

15:9 LD Activity 83% 12.3 ± 0.1 17% 24.0 
Heart Rate 83% 12.3 ± 0.1 17% 23.3 

Respiration 67% 12.3 ± 0.2 17% 23.6 

LL Activity 50% 12.3 ± 0.1 33% 24.4 ± 0.2 

Heart Rate 67% 12.3 ± 0.1 33% 22.8 ± 0.4 

Respiration 67% 12.4 ± 0.1 33% 24.9 ± 0.7 
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Table 4.2.  Percent of L. polyphemus of Experiment 2 expressing tidal and daily rhythms 
(τ ± SEM) during application of tide cycles, constant light, and periods of restraint. n = 6. 

Condition Measurement Circatidal Daily 

  Percent Period Percent Period 

15:9 LD Activity 0% NA 67% 24.9 ± 0.8 
Heart Rate 0% NA 100% 24.4 ± 0.4 
Respiration 0% NA 100% 24.4 ± 0.3 

15:9 LD + 2 
Tides 

Activity 0% NA 83% 24.6 ± 0.5 
Heart Rate 0% NA 100% 24.6 ± 0.6 
Respiration 0% NA 100% 24.0 ± 0.8 

LL + 2 Tides Activity 33% 13.7 ± 0.3 67% 26.1 ± 0.1 
Heart Rate 17% 12.9 83% 25.2 ± 0.4 
Respiration 33% 13.8 ± 0.1 67% 25.9 ± 0.4 

LL + 2 Tides + 
Restraint 

Heart Rate 17% 12.3 50% 24.6 ± 0.8 
Respiration 17% 12.3 50% 24.7 ± 0.9 

LL + Restraint Heart Rate 17% 11.3 67% 25.3 ± 0.5 
Respiration 33% 11.7 ± 0.4 50% 25.2 ± 0.8 

15:9 LD + 
Restraint 

Heart Rate 17% 11.6 83% 24.4 ± 0.4 
Respiration 17% 12.7 83% 23.8 ± 0.4 

15:9 LD Activity 0% NA 83% 23.9 ± 0.1 
Heart Rate 0% NA 100% 24.2 ± 0.3 
Respiration 0% NA 100% 23.9 ± 0.1 
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Figure 4.1. Coordination among circatidal rhythms of activity, heart rate, and 
respiration during LD and LL in representative L. polyphemus. Larger panels: Actograms 
are double-plotted, with size and position of black marks indicating the intensity and timing of 
activity (cm), heart rate frequency (bpm), and respiration frequency (cycles per minute).  The 
LD cycle (15:9) is indicated by light/dark bars at the top. Smaller panels: Lomb-Scargle 
periodograms to the right of each actogram indicate significant rhythms of activity during 
successive intervals; horizontal line above x-axis indicates P = 0.001.  Number next to peak 
indicates most significant period of activity within circatidal (12.4 -14.4 h) or daily (22.0- 26.8 
h) range. 
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Figure 4.2. Coordination among activity, heart rate, and respiration in a second 
representative L. polyphemus during 3 days of LL. Grey line: heart rate; black line: 
respiration; dashed line: velocity.  
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Figure 4.3. Coordination among rhythms of activity, heart rate, and respiration during 
light and tide cycles.  Days 1-12: 15:9 LD; days 13-23: 15:9 LD/twice daily (12.4 hr) tidal 
cycles; days 24-34: LL/twice daily tidal cycles. Application of artificial tidal cycles indicated 
by black parallelograms, which demarcate times of tank filling and emptying. Refer to Figure 
4.1 legend for details. 
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Figure 4.4. Persistence of coordination of rhythms of heart rate and respiration in two L. 
Polyphemus during periods of restraint. Left and right panels show responses from two 
separate animals; restraint from movement began on day 35. Days 24-34: LL/twice daily (12.4 
hr) tide cycles; Days 35-47: LL/ twice daily tidal cycles/restraint; Days 48-62: LL/restraint. 
Black parallelograms demarcate times of tank filling and emptying. Refer to Figure 4.1 legend 
for details. 
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Figure 4.5. Coordination between heart rate and respiration in restrained L. polyphemus.  
Left panels: Heart rate (grey) and respiration frequency (dashed) during 10 days of LL with 
tidal cycles (top; black line indicates tidal cycle) and 10 days of LL (bottom).  Right panels: 
scatterplots of respiration frequency (X axis) versus heart rate (Y axis) for same individual 
animal during LL with tidal cycles (top) and LL (bottom). Equation describes the slope and 
intercept of the regression line of these data. LL + Tidal Cycles: R²= 0.512; LL: R² =0.461. 
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Figure 4.6. Coordination of heart rate and respiration rhythms during a 15:9 LD cycle in 
L. polphemus during periods of restraint and activity. Days 60-68: LL; Days 69-79: 15:9 
LD/restraint; Days 20-33: 15:9 LD/release from restraint.  Refer to Figure 4.1 legend for 
details.  
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CHAPTER 5: GENERAL DISCUSSION  
 

5.1       Significant Sublethal Effects of LAL Harvest Processes 
While the fairly low mortality rates (10%-29%; Hurton and Berkson, 2006; Leschen 

and Correia, 2010) of the LAL harvest have caused this industry to be classified minimally 
harmful to horseshoe crab populations (ASMFC, 2012), the sublethal physiological and 
behavioral effects of harvest procedures have remained largely unassessed (ASMFC, 1998, 
2012, 2013). However, both population declines (Leschen and Correia, 2010; Malkoski, 2010; 
James-Pirri, 2012; ASMFC, 2012) and reduced numbers of females appearing at spawning 
beaches in heavily harvested regions (Malkoski, 2010; James-Pirri, 2012) have suggested 
potential behavioral and physiological effects of LAL harvest processes on L. polyphemus 
fitness. As presented in Chapter 2, we found that LAL harvest procedures do cause both 
significant behavioral alterations (reductions in overall activity, locomotor velocity, and 
expression of tidal behavioral rhythms) and physiological alterations (reductions in 
hemocyanin concentrations) in female horseshoe crabs. These effects may interfere with the 
fitness of harvested females, potentially via effects on spawning behaviors, though further 
research is necessary to clarify the repercussions of these physiological and behavioral 
changes. 
5.1.1 LAL Harvest Processes Elicit Behavioral Effects 

One of the primary findings presented in Chapter 2 was the one-week activity 
suppression that occurred during the second week after the bleeding process. Across the three 
treatment groups, female L. polyphemus decreased overall activity (distance moved and 
percent of time active) between 33% and 66%, compared to activity level prior to the bleeding 
process (Figure 2.2). In contrast, Rudloe (1983) found no differences between activity levels 
of bled and control L. polyphemus during the four weeks after hemolymph extraction. 
However, in the Rudloe (1983) study, animals were kept out of water for a maximum of three 
hours after hemolymph extraction, and so were not exposed to the complete suite of stressors 
(24-72 hours out of water and thermal stress) experienced by animals undergoing a typical 
biomedical bleeding process (Hurton and Berkson, 2006; Leschen and Correia, 2010; 
ASMFC, 2012). Our study was thus the first to examine the effects of a commonly used, high-
stress bleeding process, with 52 hours out of water and exposure to increasing temperatures 
(Hurton and Berkson, 2006). The presence of these additional stressors may possibly account 
for this discrepancy. 

While this one-week activity deficit is somewhat similar to the 10-day activity 
decrease  exhibited by stone crabs, Menippe mercenaria, post-harvest (declawing; Davis et al., 
1978)  and the 8-15 day activity decrease of Norwegian lobsters  (Nephrops norvegicus; 
Harris and Ulmestrand, 2004) in response to capture stress, the latency (1-week delay; Figs. 
2.1, 2.2) of this activity reduction was unexpected. The post-harvest activity reduction in L. 
polyphemus may facilitate the conservation and recovery of depleted metabolic stores, 
possibly incurred by the energy costs of activity during capture, effects of aerial and thermal 
exposure, and recovery from injury, including hemolymph loss and cuticle wounds. However, 
the mechanisms which prompted the one-week delay in this activity reduction are unclear, 
though the significant negative correlation between the immediate (first two days post-harvest) 
activity increase and the second week activity decrease in the outdoor (OU; Fig. 2.3) group 
suggests that the second week activity deficit is informed by both the injuries from the 
bleeding process and expenditure of energetic resources during this initial activity output.    

The reduction in the percent of bled animals expressing circatidal behavioral rhythms 
that occurred during the second week after the bleeding process (Fig. 2.1; Table 2.2) appeared 
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to be related to the overall reduction in activity levels for these animals. For example, for most 
animals of the outdoor group, the transition from bimodal to unimodal behavioral patterns 
appeared to be due to a temporary disappearance of one of the two daily bouts of activity (Fig. 
2.1). This temporary loss of one of two daily activity bouts may function to conserve energy 
as the animals recover hemolymph constituents (a process that may take up to four months; 
Novitsky, 1994). This hypothesized role of energy conservation in facilitating recovery is 
supported by the negative correlation we found between the magnitudes of the initial (first two 
days post-bleeding) activity levels and the second week activity deficits (Fig 2.3). 

This research presented in Chapter 2 is the first documentation of an immediate effect 
of harvest processes on linear and angular velocity of female L. polyphemus (Fig. 2.4). 
Similarly, the great scallop, Pecten maximus, significantly reduces swimming velocity during 
the first day after capture and aerial exposure (20 min; Jenkins and Brand, 2001), an effect 
hypothesized to be caused by physical exhaustion (Jenkins and Brand, 2001). However, our 
finding of decreased linear velocity immediately (during the first two days) after the bleeding 
process (Fig. 2.4) contrasts work done by Kurz and James-Pirri (2002), who found no 
difference between activity levels (dispersion and movement velocity) of bled and control 
animals returned to their estuary after hemolymph extraction. Possibly, this discrepancy is due 
to the additional stressors present in our bleeding process: while Kurz and James-Pirri (2002) 
kept animals out of water for a maximum of 30 minutes with a 30% hemolymph extraction, 
our bleeding process incorporated 52 hours of aerial exposure and eight hours of exposure to 
heat and sunlight, stressors that are most likely present during LAL harvest processes (Hurton 
and Berkson, 2006). The presence of these additional stressors results in higher mortality rates 
than a process that incorporates only a hemolymph extraction (Hurton and Berkson, 2006). 
Similarly, the heightened physiological effects (including possible alterations in hemolymph 
ion concentrations due to dehydration; Vermeer, 1987) caused by the interaction of multiple 
stressors may result in a heightened behavioral effect as animals go through the recovery 
process.  Interestingly, our finding of reduced angular velocity (Fig. 2.4) may reflect a 
transient loss of orientation ability in bled females. Similarly, Kurz and James-Pirri (2002) 
suggested that bled females returned to an estuary lacked a directional preference for 
spawning beaches, as their random dispersal pattern appeared to oppose the directed 
movement patterns of control animals towards these spawning beaches. While suggestive of 
altered orientation ability, the trend in  Kurz and James-Pirri’s (2002) study was not 
significant, possibly due to both the low sample size (n = 6) and high probability of a Type I 
error. However, both our findings of decreased angular velocity and the findings of Kurz and 
James-Pirri (2002) suggest more research is needed to identify any orientation deficits, and the 
in situ ramifications of those deficits, in horseshoe crabs after harvest processes.  
5.1.2  LAL Harvest Processes Elicit Physiological Effects 

The primary physiological effect recorded in Chapter 2 was a long-term (greater than 
6 week) suppression of hemocyanin concentration (Fig. 2.5). While it was expected that 
hemocyanin would decrease immediately after the bleeding process (due to the volume of 
hemolymph extracted), this chronic suppression was surprising.  L. polyphemus are known to 
regain their blood volume in as little as one week, and regain standard blood cell (amebocytes) 
titers in approximately 2-4 months (Novitsky, 1994).  However, in our study, the bled animals 
maintained in naturalistic conditions (freshly flowing bay water, sediment, and tri-weekly 
feeding) had lost 40% of their original hemocyanin concentration six weeks after being bled, 
contrasting the 10% loss of control animals, suggesting that hemocyanin recovery in the wild 
requires a prolonged (>6 week) period (Fig. 2.5).  Similarly, 17 days post-harvest, total 
hemolymph protein of bled animals is significantly reduced (20% less) compared to that of 
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wild-caught and captive controls (James-Pirri et al, 2012). As hemocyanin makes up 
approximately 90% of total hemolymph protein (Ding et al., 2005), our findings further 
suggest that blood extraction may cause a prolonged (over 42 days) suppression of 
hemolymph parameters. Further, hemocyanin has several physiological functions in horseshoe 
crabs, including participation in wound repair and immune response (Coates et al., 2011), this 
reduction in hemocyanin may result in physiologically-weakened animals potentially less able 
to contend with environmental stressors, including disease. Moreover, this long term reduction 
in hemocyanin may partially account for the increased risk of mortality (10-11% greater than 
non-bled animals) observed in animals tracked after their return to the wild following a 
biomedical harvest process (Rudloe, 1983). 
        Our low (18%; Table 2.1) total mortality for the four bled groups contrasts the 
published mortality rates of females that undergo a “high-stress” (24-48 hours and 30-40% 
blood extraction) LAL harvest process (30%; Leschen and Correia, 2010; 29%, Hurton and 
Berkson, 2006). This discrepancy may be due to the lower comparative percent of hemolymph 
we extracted (15-28%); similarly, 0-6% mortality rates have been reported for a 48 h process 
with 20-30% hemolymph extraction (Hurton and Berkson, 2006). Interestingly, in our study, 
neither mortality nor magnitude of the activity decline among individuals appeared to be 
related to the volume of hemolymph extracted. This lack of a clear association suggests that 
the additional stressors of the process, such as amount of air exposure, degree of thermal 
stress, or condition of the animal at time of bleeding may influence the degree of behavioral 
and physiological deficits. 

The differential degree of thermal stress in the bleeding processes of the laboratory 
groups and the outdoor group may have influenced both mortality and behavioral changes. 
Interestingly, animals of the laboratory groups appeared to have higher mortality rates, a 
greater immediate reduction in activity, and a greater second-week activity deficit than the 
outdoor group (Figs. 2.1, 2.2; Table 2.1). Further, the latency to initiate activity that occurred 
in 11 of the 14 animals of our laboratory groups was not observed in any animals of the 
outdoor group. The apparently heightened behavioral and physiological effects in the 
laboratory groups may be related to the amount disparate degree of thermal stress that the 
animals were exposed to during the bleeding process, as the laboratory groups experienced a 
maximum of 37˚C, while the outdoor unrestrained group experienced a maximum of only 
28˚C. In support of this hypothesis, amount of thermal stress is positively correlated to the 
degree of post-harvest (capture and time spent on the deck of a boat) behavioral (swimming 
velocity) and physiological (hemolymph parameters) effects in Panulirus cygnus (Paterson et 
al., 2005), Nephrops norvegicus (Ridgway et al., 2006), and Homarus americanus (Basti et 
al., 2010). Alternatively, the apparent differential impact of the bleeding process on the 
laboratory groups and the outdoor groups may be related to the experimental conditions of 
each group, particularly as, in L. polyphemus, time spent in recirculating tanks supplied with 
artificial seawater, as our laboratory groups were housed, negatively affects immune function 
and hemocyanin concentration (Coates et al., 2012).  To clarify the causes of the apparent 
heightened response to the bleeding process that we observed in the laboratory groups, it 
would be useful to investigate the effect of the LAL harvest processes that contained varying 
levels of thermal stress/air exposure on animals maintained in the same experimental 
conditions (either all maintained in artificial seawater in the laboratory or all maintained in 
outdoor tanks). 
5.1.3 Future Directions  

While the research presented in Chapter 2 identifies some of the behavioral and 
physiological deficits experienced by harvested females, further research is needed 1) to assess 
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whether these deficits occur in animals released to the wild, 2) to investigate the consequences 
of these behavioral and physiological alterations for spawning behaviors and population 
integrity, and 3) to identify the primary stressors of harvest procedures. We investigated the 
ramifications of a particular high-stress bleeding process that incorporated several potential 
stressors (hemolymph loss, thermal stress, and aerial exposure).  Future research is necessary 
in order to delineate the most stressful components of such a process, and to develop 
techniques to minimize these components, so that more sustainable management practices 
may be enacted.  Additionally, we investigated the effects of the bleeding process on captive 
animals, and whether similar, or possibly additional, behavioral alterations occur in animals 
released to the wild remains an open question.  Specifically, determining whether females 
released to the wild continue to spawn post-harvest, whether they display similar movement 
patterns to non-harvested females, and whether they spawn during the following year would 
be of interest in evaluating the actual impact of the biomedical harvest on wild populations.  
5.1.4  Implications for L. polyphemus Management 

While more research is necessary to clarify the mechanisms and consequences of the 
behavioral and physiological impairments caused by LAL harvest processes, the results 
presented in Chapter 2 identify possible considerations for the design of regulations for the 
LAL harvest. Improved regulations appear to be of import in certain regions, notably in the 
heavily-harvested Pleasant Bay, Cape Cod, region, where significantly decreased numbers of 
spawning females and significantly decreased egg clutches have been observed on spawning 
beaches in 2008-2009 compared to 2002- 2003 (James-Pirri, 2012). As females decrease 
overall activity after harvest processes, the high proportion of harvest that occurs during the 
spawning season (approximately 50% of total harvest; Leschen and Correia, 2010) may result 
in a relatively high proportion of females that fail to appear at spawning beaches. This 
influence on females may have heightened repercussions in apparently isolated populations in 
certain regions, including Pleasant Bay (James-Pirri, 2010), as the limited migration into the 
population means that losses, or lack of reproductive output, by females can not be 
recovered. As such, it may be of benefit to areas of L. polyphemus population concern to either 
curtail or temporarily close the biomedical bleeding fishery during the peak spawning season 
(from May to June), so any potential effect of harvest processes on spawning behaviors and 
population growth may be lessened. 
5.2  Variation in Behavioral Rhythms and Plasticity of Rhythm Expression 

The research presented in Chapter 3 demonstrates that separate L. polyphemus populations 
exhibit behavioral rhythms that appear to correspond to their tidal environments; moreover, 
this work indicates differential levels of behavioral plasticity among the L. polyphemus 
subpopulations, and provides support for the circalundian model of tidal oscillators in L. 
polyphemus. 
5.2.1  L. polyphemus Behavioral Rhythms Vary By Source Tide Environment 

As we had hypothesized, horseshoe crabs from the three separate tide environments (2 
tides/day, 1 dominant tide/day, and microtidal) appeared to express behavioral rhythms that 
matched the structure of their local tide environments (Figs. 3.1-3.3; Table 3.1). This 
intraspecific variation in rhythm expression in concordance with local tide structure is similar 
to that of fiddler crabs, Uca pugilator (Stillman and Barnwell, 2004), and blue crabs, 
Callinectus sapidus (Darnell et al., 2010), both of which may express once daily 
(circalunidian) or twice daily (circatidal) activity patterns depending on whether they are 
sourced from diurnal or semidiurnal tide environments, respectively.  As previously 
documented (Chabot and Watson, 2004, 2007; Watson and Chabot, 2010),  both mid-Atlantic 
and Gulf of Maine horseshoe crabs from two tides/day environments express circatidal 
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behavioral rhythms that appear to match the twice daily structure of these source tides (Fig. 
3.2). In contrast, the once daily, apparently circalunidian, activity patterns of L. polyphemus 
from the one tide dominant tide Gulf site (Fig. 3.1) may reflect an activity preference for one 
of the two daily asymmetric tides, or may reflect the primarily once-daily tidal regime of the 
western portion of the Gulf of Mexico. Similarly to those of the Gulf animals, the once-daily 
activity patterns of animals from the microtidal Indian River Lagoon in constant water level 
(Fig. 3.3) may reflect an underlying circalunidian rhythm; however, the tidal factor(s) of the 
lagoon that facilitate the persistence of these rhythms are not readily identifiable in all parts of 
the lagoon.  
5.2.2  Lack of Twice-Daily Circatidal Rhythm Expression in a Population of L. polyphemus 

Twice-daily circatidal behavioral patterns do not appear to be characteristic of adults 
of the entire L. polyphemus species. The lack of the ability of L. polyphemus from the one tide 
dominant (Gulf of Florida) environment to express twice daily behavioral patterns (Fig. 3.1), 
even when exposed to twice daily artificial tides, may be related to either a genetic difference 
in this population (Saunders et al., 1986; King et al., 2005), or the influence of the rearing 
environment on the development of behaviors (Ehlinger and Tankersley, 2006). The 
ontogenetic environment appears to exert a critical influence on behavioral rhythm expression, 
as exposure to twice daily tides during embryonic development is necessary for expression of 
circatidal behavioral rhythms in L. polyphemus larvae (Ehlinger and Tankersley, 2006). The 
mixed tide regime of the Gulf of Florida, with unequal amplitudes between successive tides, 
may be insufficient to facilitate the expression of twice daily circatidal activity patterns 
throughout ontogeny; this possibility is heightened by the preference of Gulf of Florida adults 
to deposit their eggs in the extreme high and high tidal zones, regions which may only receive 
a once daily inundation due to the tidal asymmetry (Vasquez et al., 2015). In these extreme 
high tide zones, exposure to a single daily inundation (i.e., every other tide cycle) may foster 
expression of the once-daily, apparently circalunidian, behavioral patterns that we observed in 
animals of the Gulf. Alternatively, as animals of the Gulf population are genetically distinct 
from those of the semidiurnal (mid-Atlantic and Gulf of Maine) populations (Saunders et al., 
1986; King et al., 2005), it is possible that animals of the Gulf population have a genetic 
difference in their putative tidal oscillators, the input to those oscillators, or the output from 
those oscillators that precludes expression of twice daily activity patterns. However, the 
apparent ability of juveniles from this one tide dominant site to express bimodal activity 
patterns when exposed to twice daily tides (Appendix A; Figs. A.1, A.2) does suggest that the 
capacity to express circatidal behavioral rhythms may be retained at least during the juvenile 
stage, potentially supporting the former “effect of environment” hypothesis. Nevertheless, this 
interpretation is confounded by the lack of behavioral entrainment, among juveniles, to the 
twice daily cycles (Appendix A; Fig. A.2). These conflicting results necessitate future work to 
delineate the effects of genetic differences versus the effect of rearing environment.  

In contrast to Gulf animals, Atlantic Florida adults from the Indian River Lagoon were 
also capable of expressing circatidal behavioral rhythms when exposed to twice daily tide cues 
(Fig. 3.3); however, the lack of persistence of these behavioral patterns with removal of the 
tides suggests these patterns were in response to the exogenous tide cues, rather than reflective 
of dual, simultaneously expressed tidal oscillators orchestrating activity with a period of 12.4 
hours. Similarly to that of Gulf animals, the lack of sustained circatidal rhythm expression in 
constant water depth may reflect a genetic difference in the oscillatory machinery, its inputs, 
or outputs, or it may be caused by environmental influences experienced as the animals 
develop. The Indian River Lagoon contains regions of twice daily tides and currents, once 
daily tides and currents, and microtides; as such, L. polyphemus may encounter the three 
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contrasting tidal regimes throughout their lives as they move through the lagoon. This lack of 
consistent twice daily tide cues may result in insufficient tidal influence to facilitate the 
expression of robust circatidal rhythms in the adults (Ehlinger and Tankersley, 2006) or may 
create a variety of different phenotypes. 
5.2.3 Plasticity of Behavioral Rhythms Varies by Source Tide Environment 

One unexpected finding presented in Chapter 3 is the variation in plasticity of 
behavioral rhythm expression among the L. polyphemus populations. The apparent lack of the 
ability of animals from both the one tide dominant (Fig. 3.1) and twice daily tide 
environments (Fig. 3.2) to alter behavioral rhythms in response to novel tide regimes (two 
tides/day and one tide/day, respectively) may be due to the relative consistency of the tidal 
structure of their source environments. Possibly, in these relatively reliable environments, the 
tide cycles experienced throughout ontogeny serve to fix rhythm expression in the adult, or to 
fix the response of animals to certain stimuli, including pressure changes. In contrast, the 
apparent ability of animals from the microtidal Indian River Lagoon to alter behavioral 
patterns in response to twice daily and once daily tides (Fig. 3.3) may reflect the variable tides 
and currents of the IRL. The lack of reliable tide cues in the northern portion of the lagoon, 
combined with the twice daily tides and currents at coastal inlets, the degree of wave 
propagation (Woodward-Clyde, 1993), and the erratic appearance of wind-driven tides 
associated with meteorological events may create a fluctuating, dynamic environment.  If L. 
polyphemus of the IRL move throughout the lagoon, they may be exposed to these separate 
tide conditions, making the ability to synchronize to one tide per day, two tides per day, and 
LD cues adaptive. Similarly, the microtidal isopod Excirolana braziliensis and microtidal mud 
crab Rhithropanopeus harrissii exhibit plastic behaviors: these animals express circadian 
rhythms in constant conditions, yet will synchronize to twice daily tidal cycles (Yannicelli et 
al., 2001; Cronin and Forward, 1983). By contrast, for animals of the Gulf of Florida, 
responding to every tide cue in a one tide dominant regime may be maladaptive: for example, 
as these tides fluctuate in amplitude over the course of the lunar month, activity during every 
tide may offer a risk of stranding during a too low tide, or laying eggs at non-optimal sites 
(low elevation; Vasquez et al., 2015) in the intertidal zone (Brockmann and Johnson, 2011). 

The apparent lack of behavioral plasticity in L. polyphemus from the one tide 
dominant and two tides/day sites (Figs. 3.1, 3.2) contrasts the apparently high levels of 
behavioral plasticity observed in some other intertidal species. For example, unimodal Uca 
minax from a one tide/day environment (Ocean Springs, MS; Barnwell, 1968) exhibit 
plasticity in rhythm expression, capable of adopting expression of circatidal rhythms after 
exposure to twice daily tides in situ (Woods Hole, MA; Barnwell, 1968).  Further, both adult 
and larval fiddler crabs (Uca princeps; Stillman and Barnwell, 2004; Uca pugilator; Lopez-
Duarte and Tankersley, 2007) from mixed tide sites (2 tides of asymmetric amplitude per day) 
express asymmetric circatidal activity patterns in constant water depth.  While these 
differences in plasticity may be perpetuated by the underlying architecture of the putative tidal 
oscillators controlling activity in true crabs and in horseshoe crabs, environmental pressures 
may also play a role in facilitating plasticity. For example, U. minax and U. pugilator 
traditionally burrow during low tide, and emerge to forage and defend territory during high 
tide. Maintaining the ability to respond to every high tide may be under stronger selective 
pressure in these crabs than in horseshoe crabs, which, even in semidiurnal tide environments, 
may skip activity during alternate tides (Chabot and Watson, 2010).   
5.2.4  Characteristics of Behavioral Rhythms Support Circalunidian Model 

While neither Gulf (Fig. 3.1) nor Atlantic Florida (Fig. 3.3) animals expressed 
circatidal behavioral rhythms in constant water depth, characteristics of rhythm expression of 
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animals from each subpopulation suggest the presence of circalunidian oscillators in these 
populations, providing additional support for the circalunidan model of tidal oscillators in L. 
polyphemus (Chabot and Watson, 2010). The activity patterns for animals from the one tide 
dominant (Fig. 3.1) and microtidal sites (Fig. 3.3) documented in Chapter 3 exhibit three 
characteristics of circalunidian control of activity: the activity patterns of most animals from 
these sites drifted in relation to the LD cycle, the periods of these rhythms more closely 
approximated the lunar day period (24.8 h) than the circadian (24 h) period, and activity 
patterns of animals usually synchronized to at least one of the two daily tides. In contrast, if 
these behavioral patterns were controlled by a circadian oscillator, activity would be predicted 
to occur in relation to the LD cycle and to fail to synchronize to the tides. While an underlying 
true circatidal (12.4 hour) oscillator, with every other activity peak suppressed, could 
theoretically account for these activity patterns, the circalunidian model appears the more 
parsimonious explanation, most notably because of both the “skipping” (skipping activity 
during every other tide) and the “switching” (a change of the active phase from one high tide 
to the next) behavior exhibited by the Gulf horseshoe crabs from the one dominant tide 
environment (Fig. 3.1).   

Interestingly, the activity patterns of some Atlantic Florida L. polyphemus appeared, at 
times, synchronized to the LD cycle; moreover, some animals exhibited activity that 
transitioned from apparent LD synchronization to apparent tide synchronization (Fig. 3.3). 
Similarly, blue crabs, Callinectes sapidus, from atidal regions express LD-synchronized 
rhythms, in contrast to the circatidal and circalunidian rhythms expressed by C. sapidus from 
two tide/day and one tide/day regimes (Darnell et al., 2010).  A phenotypically plastic 
circalunidian clock, capable of entraining to a diurnal tidal (24.8 hr) or 24 hour light-dark 
cycle, is hypothesized to control activity patterns in this species (Darnell et al., 2010). 
Likewise, activity of microtidal L. polyphemus may be controlled by a circalunidian oscillator 
that may either directly respond to an LD cycle, or may be influenced by a circadian oscillator 
in response toan LD cycle, as has been suggested for L. polyphemus from 2 tides/day 
environments that exhibit transient synchronization to an LD cycle (Chabot and Watson, 
2010). 
5.2.5 Future Work 

Further research is needed to identify the causes of the apparent behavioral differences 
reported in Chapter 3.  Determining whether the apparent differences in rhythm expression 
among animals from the twice daily tide environments, the one tide dominant environment, 
and the microtidal environment are due to either 1) genetic differences among populations or 
2) environmental factors during ontogeny may be assessed through a long-term transplantation 
study, either in the laboratory or in a semi-natural environment (for example, in cages placed 
in the intertidal zone). Rearing Gulf Florida larvae or juveniles in twice daily tide environment 
cycles and, conversely, mid-Atlantic and Gulf of Maine larvae in the presence of once daily 
tidal cycles and assessing behavioral patterns may help to clarify the role of environment in 
the expression of circatidal behavioral rhythms. If the tide environment is the proximate factor 
in regulating the development of tidal behavioral rhythms, Gulf Florida horseshoe crabs, when 
raised in a twice daily tide environments, may express circatidal rhythms upon subsequent 
transference to constant conditions; however, if genetic differences underlie the apparent 
inability of Gulf Florida horseshoe crabs to express twice daily behavioral rhythms, long-term 
exposure to twice daily tides would have no effect on the expression of once-daily behavioral 
patterns seen in the population. 
5.2.6  Implications for L. polyphemus Management 
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Despite L. polyphemus’ colloquial distinction as a “living fossil,” the work presented 
here suggests phenotypic divergence among the four genetically distinct subpopulations 
(Chapter 3), which may be driven by the disparate environmental conditions to which these 
subpopulations are exposed.  This phenotypic divergence among members of the Gulf Florida, 
Atlantic Florida, and Gulf of Maine/mid-Atlantic populations supports the suggestion that 
region-specific conservation strategies should be employed to maintain each unique 
population. Importantly, an awareness of the factors influencing behaviors in the wild- for 
example, the identification that Gulf Florida horseshoe crabs of the mixed tide environment 
are active with one of the two daily tides of their environment- is of value in designing 
management regulations. Specifically, population assessments will likely have improved 
accuracy if conducted specifically during the preferred tide (Naylor, 2005; Botton et al., 
2010).  Moreover, given the limited behavioral plasticity identified for these populations, 
management proposals that suggest translocation of animals between regions to augment 
population growth may be non-productive. Finally, returning harvested animals to their source 
site should be the standard in post-harvest methods, as horseshoe crabs potentially have 
behavioral adaptations, conferred by genetics or environment or both, that make them 
uniquely suited to their source embayment. 
5.3  Coordination of Rhythms of Locomotor Activity, Heart Rate, and Respiration 
5.3.1  Locomotor activity, heart rate, and respiration frequency are correlated 

As presented in Chapter 4, L. polyphemus exhibits a significant correlation of heart 
rate to respiration frequency and activity levels during LD, LL, constant conditions (constant 
low light and constant water level), and tidal cycles (Tables 4.1, 4.2; Figs. 4.1-4.6). Similarly, 
in the American lobster (Homarus americanus, Chabot and Webb, 2008), the shore crab 
(Carcinus maenas, Aagaard et al., 1996), and crayfish (Procambarus clarkii, Page and 
Larimer, 1992; Astacus astacus, Bojsen et al., 1996) heart rate and activity levels are 
positively correlated, and in the marine isopod, Eurydice pulchra (Hastings, 1981) respiration 
rates and activity are positively correlated. Further, the persistence of this correlation between 
respiration frequency and heart rate in the absence of locomotor activity (in restrained 
animals; Figs. 4.4-4.7; Table 4.2) is similar to that observed in restrained Cancer productus 
(McMahon and Wilkens, 1977). This finding of a long term (approximately 35 day) 
correlation between heart rate and respiration frequency extends on the reported correlated 
heart and ventilation rate increases that occur during swimming and gill cleaning behaviors 
recorded over the course of a day in L. polyphemus (Watson and Wyse, 1978). Watson and 
Wyse (1978) found that increases in heart and respiratory functions could occur in advance of 
these activities. While we did not find similar increases in advance of activity, we did find that 
heart and respiratory functions exhibited correlated increases during expected time of activity 
during skipped activity bouts (Fig. 4.1). Combined, these findings suggest that increases in 
heart and ventilation rates are not driven by activity alone, but may be under the control of a 
separate neural mechanism (Watson and Wyse, 1978) that facilitates the physiological 
preparation for activity. 
5.3.2 Rhythms of locomotor activity, heart rate, and respiration occur in synchrony 

The synchronization among rhythms of activity, heart rate, and respiration frequency 
found for most (83%; Tables 4.1, 4.2) animals may suggest tidal modulation of heart rate and 
respiration functions in L. polyphemus. In support of this hypothesis, several animals exhibited 
synchronous circatidal activity, heart rate, and respiration rhythms (Figs. 4.1, 4.2; Tables 4.1, 
4.2). While it is possible that these circatidal rhythms of heart rate and respiration may have 
been driven by the circatidal rhythms of activity (as heart rate and respiration functions 
increase during activity increases; Watson and Wyse, 1978), several characteristics suggest 
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rhythms of heart rate and respiration are controlled independently by tidal oscillators. Firstly, 
some animals exhibited days in which activity was skipped while rhythms of heart rate and 
respiration persisted (Fig. 4.1). Secondly, some animals lacked expression of significant 
activity rhythms but expressed circatidal or circalundian rhythms of heart rate and respiration 
(Tables 4.1). This persistence of these physiological rhythms in absence of activity suggests 
that the same tidal oscillators (dual circalunidian oscillators) hypothesized to control behavior 
(Chabot and Watson, 2010) separately control heart rate, ventilation, or both. Though 
individual animals appeared capable of expressing synchronized circatidal (Figs. 4.1), 
circalunidian (Fig. 4.4, left panel), or LD-synchronized (Figs. 4.3, 4.6) rhythms of the three 
measures,  L. polyphemus locomotor activity rhythms frequently exhibit such variation when 
recorded in the laboratory and in situ (Watson et al., 2008; Chabot and Watson, 2010; Watson 
and Chabot, 2010).  Both the persistence of circatidal activity, heart rate, and respiration 
rhythms in some animals in constant conditions (Figs. 4.1, 4.2; Table 1) and the persistence of 
circatidal heart and respiration rhythms during periods of arrhythmic activity or skipped 
activity bouts (Figs. 4.1, 4.2), suggest that heart and respiration functions are controlled by 
circalunidian oscillators. 
5.3.3 Rhythms of heart rate and respiration frequency persist in restrained animals 

The persistence of coordinated tidal or daily heart rate and respiration rhythms in 
restrained animals (Figs. 4.4-4.6) may further suggest control of both functions by tidal 
oscillators. Similarly, respiration and heart rate are thought to be controlled by tidal oscillators 
in C. maeanas, which exhibits circatidal and daily heart rate and respiration rhythms when 
restrained (Aagaard et al., 1998). Moreover, some restrained L. polyphemus appeared to 
exhibit synchronization of heart rate and respiration to artificial tide cycles (Fig. 4.4), 
suggesting these rhythms respond to water pressure changes. Likewise, L. polyphemus activity 
rhythms are synchronized by water pressure changes (Chabot et al., 2008), and so pressure 
appears to be one of the primary inputs into the tidal oscillators (Chabot et al., 2008; Chabot 
and Watson, 2010). A similar response of heart rate and respiration rhythms to these pressure 
changes supports the hypothesis that these tidal oscillators also control heart rate and 
respiration. For L. polyphemus, this separate control of heart and ventilation functions by tidal 
oscillators may be beneficial in that it facilitates advanced physiological preparation for 
activity during optimal (high tide) conditions. 
5.4 Conclusion 

The research presented here establishes, for the first time, that the four separate L. 
polyphemus subpopulations display differences in their expression of tidal behavioral rhythms 
and in their level of behavioral plasticity in respone to novel tide conditions. The behavioral 
rhythms of animals from each region suggest the presence of at least one circalunidian 
oscillator in all members of the species: while the expression of circatidal behavioral rhythms 
does not appear to be characteristic of the entire L. polyphemus species, the ability to express a 
24.8 hour activity cycle is a common trait among individuals of the separate regions (Chapter 
3). These behavioral differences that distinguish the populations suggest that L. polyphemus 
displays localized adaptions to its source environment, supporting the need for region-specific 
management strategies. This issue is of particular concern throughout the Northeast and Mid-
Atlantic, where harvest pressures from the LAL fishery are high and populations are in decline 
(ASMFC 2012, 2013). The sublethal behavioral and physiological effects induced by 
biomedical harvest processes (Chapter 2) may contribute to population decline in these 
regions, as may practices such as translocating animals to a new embayment upon release 
from the LAL harvest, a strategy which disregards a population’s unique adaptations to its 
source environment. The current declines (ASMFC 2012, 2013) suggest improved 
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management strategies are needed to conserve certain populations, especially geographically 
isolated populations that are particularly susceptible to population loss. Such management 
strategies will be most effective if they are designed with full knowledge of the behavioral 
traits of the population they aim to protect (Naylor, 2005). 
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APPENDIX A 

LOCOMOTOR ACTIVITY PATTERNS OF JUVENILE GULF FLORIDA LIMULUS 
POLYPHEMUS DURING ARTIFICAL TIDES  

A.1 Introduction 
        While adult American horseshoe crabs, Limulus polyphemus, from 2 tides/day 
environments (Gulf of Maine and Mid Atlantic) exhibit robust circatidal activity rhythms 
(Chabot et al., 2004), laboratory studies of L. polyphemus from the one tide dominant portion 
of the Gulf of Mexico (Gulf Florida population) suggested that these animals express 
unimodal, possibly circalunidian, activity rhythms.  Moreover, L. polyphemus from this one 
tide dominant region appeared incapable of expressing bimodal activity patterns when 
exposed to twice daily tidal cycles (Chapter 3). The apparent inability of these one tide 
dominant animals to express circatidal activity rhythms suggests a significant behavioral 
difference between these separate subpopulations.  However, whether this apparent behavioral 
difference is driven by genetic differences between the subpopulations (Saunders et al., 1986; 
King et al., 2005) or the influence of the ontogenetic environment on rhythm expression 
(Ehlinger and Tankersly, 2006) is unknown.  To investigate these possibilities, activity of 
juvenile L. polyphemus from the one tide dominant region of the Gulf of Mexico was recorded 
under constant water depth, two tides per day, and one tide per day.  We found that, similarly 
to adults of this population, most juveniles expressed unimodal activity patterns in constant 
water level and during exposure to one tide per day; however, most juveniles expressed 
bimodal activity rhythms when exposed to twice daily tidal cycles.  The ability of juveniles to 
express bimodal, tidally-synchronized activity rhythms suggests this underlying capacity is 
retained in the Gulf Florida population, and that, possibly, environmental factors experienced 
throughout ontogeny serve to cement the unimodal activity patterns observed in Gulf Florida 
adults. 
A.2 Methods 
        14 juvenile L. polyphemus were purchased from Gulf Specimen Marine Laboratories, 
Inc. (Panacea, FL), and shipped overnight to Plymouth State University (PSU). Upon arrival 
at PSU, the prosomal width of each was measured; prosomal width measurements (39.3 ± 4.1 
mm, mean ± SEM) classified these animals as between 1-4 years old (Carmichael et al., 
2004). Animals were distributed into individual arenas within the experimental chamber 
described in Chapter 2, section 2.2.  Experimental conditions and procedures were the same as 
those described in Chapter 3, section 2, with the exception of the tide schedule.  Animals were 
first maintained in constant water level from days 1-10, and then exposed to two tides per day 
from days 11 through days 28.  To assess entrainment to two tides per day, animals were 
maintained in constant water depth from days 29 through 43 after termination of the 
tides.  One tide per day was applied on days 43 through day 58, and animals were returned to 
constant water depth for days 59 through 70.   
 Video footage was analyzed for distance moved (cm) at 20 second intervals using 
Ethovision XT software (Noldus Information Technology Inc., Leesburg VA).  Distance was 
summed per minute, and these values were used to generate actograms and Lomb-Scargle 
periodograms using ClockLab Data Analysis software (Actimetrics, Wilmette, IL). Lomb-
Scargle periodogram analyses were used to determine whether animals expressed significant 
bimodal (~12.4 h) or unimodal (~24 h) rhythms for each tide condition (constant water depth, 
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two tides/day, and one tide/day). Peaks exceeding P = 0.001 in the 10.4-14.4 h range were 
classified as bimodal/tidal, peaks in the 22.8 - 26.8 h range were classified unimodal/daily; 
animals with no significant peaks in either range were classified as arrhythmic. To clarify the 
relationship between activity and time of tide, lines representing the time of initiation of high 
tide (time at which pump first turned on) were drawn onto the actograms. Visual inspection of 
these actograms was used to assess relationship of animals’ behavioral patterns to tidal cycles. 
Separate single factor ANOVAs were performed to assess the effect of tide condition 
(constant water depth, two tides per day, and one tide per day) on mean unimodal and bimodal 
period length. Significantly different means were determined through Tukey’s HSD multiple 
comparisons procedure (P = 0.05). 
A.3 Results 
         During the first phase in constant water depth, most (8/14) animals expressed 
unimodal activity rhythms (Table A.1, Fig. A.1- “No Tides”), while 3/14 expressed bimodal 
activity rhythms and 3/14 failed to express significant rhythms (Table A.1, Fig. A.2- “No 
Tides (1)”). Of the animals expressing unimodal rhythms, 3 animals appeared to express 
rhythms synchronized to the LD cycle, while 5 animals expressed activity with no clear 
relationship to the LD cycle (Fig. A.1- “No Tides”). 
        During application of twice daily tidal cycles, most (10/14) animals expressed 
bimodal activity patterns (Table A.1, Fig. A.1- bottom, “2 Tides/day”; Fig. A.2- “2 
Tides/Day”), while 2 animals expressed unimodal rhythms (Table 1) and 2 animals failed to 
express significant rhythms.  Of the animals expressing bimodal activity patterns, most (8/14) 
appeared to synchronize activity to the twice daily tidal cycles (Figs. A.1- bottom, “2 
Tides/Day”; 2- top, “2 Tides/Day”). 
        Upon cessation of tidal cycles, most (11/14) animals expressed unimodal activity 
rhythms (Table A.1, Fig. A.2-“No Tides (2)), while one animal expressed a bimodal rhythm 
and one animal failed to express a significant rhythm. 
        During application of the once daily tide, most (12/14) animals expressed unimodal 
activity rhythms (Table A.1, Fig. A.2- “One Tide/Day”), while one animal expressed a 
bimodal rhythm and one animal failed to express a significant rhythm.  Of the animals 
expressing unimodal rhythms, 9 appeared to synchronize to the time of the tide (Fig. A.2-“One 
Tide/Day”), with 6 animals that appeared to be active during the high tide (Fig. A.2, bottom- 
“One Tide/Day”) and 3 that appeared to be active during the time of low tide (Fig. A.2, top-
“One Tide/Day”).  The remaining animals had no clear relationship between the time of the 
tide and activity. 
        With cessation of the once daily side, 7/14 animals continued expressing unimodal 
activity rhythms (Fig. A.2, top- “No Tides (3)”), while 7 animals failed to express significant 
rhythms (Fig. A.2, bottom-“No Tides (3)”). Of the 7 animals expressing unimodal rhythms, 5 
appeared to be active at the expected time of the previous tidal cycle (Fig. A.2, top- “No Tides 
(3)”).  
        Among animals expressing unimodal rhythms, there was no effect of tide condition 
(constant water depth, two tides per day, and one tide per day) on mean period length (F(4.35) 
= 0.15, P = 0.96).  Similarly, among animals expressing bimodal rhythms, mean period length 
was not affected by tide condition (F(3,11) = 1.26, P = 0.34). 
A.4 Discussion: 
        Juveniles from the one dominant tide region of the Gulf of Mexico exhibited both 
daily and circatidal patterns of activity in response to changing tide conditions. While most 
juveniles exhibited unimodal activity patterns in constant water depth and during one tide per 
day (Fig. A.2), most shifted behavior to expression of bimodal activity patterns during 
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application of twice daily tidal cycles.  The ability of juveniles to express bimodal activity 
patterns in response to exogenous tide cues contrasts the unimodal behavior of adults from the 
same one dominant tide region of the Gulf in response to twice daily tidal cycles (Chapter 3). 

Juveniles from the one dominant tide environment expressed unimodal activity 
rhythms in constant water depth (Figs. A.1, A.2) and in response to a once daily tide cycle 
(Fig. A.2). These unimodal activity patterns were similar to those expressed by adults of this 
population, while contrasting the published circatidal behavioral patterns of L. polyphemus 
adults (Chabot et al., 2004) and juveniles (Dubofsky et al., 2013) of 2 tides/day environments. 
However, most juveniles expressed bimodal activity patterns when exposed to twice daily 
tidal cycles, a contrast to the unimodal behavioral patterns exhibited by adults of this 
population in response to the twice daily tides. While Gulf juveniles were capable of 
expressing bimodal activity patterns in response to twice daily tide cycles, there appeared to 
be no clear evidence of behavioral entrainment to the twice daily tide cycles, as, upon 
cessation of tide cycles, most animals began expressing unimodal activity patterns. This lack 
of entrainment suggests that activity was in response to the exogenous cue of water pressure 
change, rather than an indication of entrainment of underlying tidal oscillators. Similarly, 
bimodal behavioral rhythms of adult L. polyphemus from two tides/day environments are 
synchronized, but not entrained, by application of twice daily current cycles (Chabot et al., 
2011), a result that suggests activity during current cycles is in response to the exogenous 
current cue (rather than a reflection of entrainment of the underlying tidal oscillators to the 
cue; Chabot et al., 2012). 

That ability of juvenile, but not adults, to express bimodal activity patterns in response 
to twice daily tide cycles may be a manifestation of an ontogenetic switch, such that behaviors 
that are ecologically relevant in the juvenile stages are lost in the adult stage.  Similarly, 
juvenile marine isopods (Eurydice pulchra) express circatidal rhythms of consistent amplitude 
in swimming activity throughout the monthly tide cycle (from spring to neap tides), while 
adult E. pulchra only express circatidal rhythms during spring tides only (Hastings, 1981). 
Further, while circatidal rhythms of adult and juvenile Carcinus maenas can be entrained by 
artificial tidal cycles of water pressure change, only the circatidal rhythms of juvenile 
Carcinus maenas can also be entrained by artificial tide cycles of immersion/emersion (Naylor 
and Kennedy, 2003). These differences in biological rhythm expression between the juvenile 
and adult stages are hypothesized to be driven, in part, by different needs of the juvenile and 
adult stages, resulting in differential responses to certain environmental signals.   

For L. polyphemus, differential needs during the juvenile and adult stages may 
perpetuate the differences in the ability to respond to twice daily tide cycles, with either 
sensitivity to tide cues, or a suppression of bimodal activity patterns, occurring as animals 
mature. In the one dominant tide site of the Gulf, juvenile horseshoe crabs emerge in the 
intertidal zone two hours before the low tide (on the ebbing tide) to forage (Rudloe, 1981). 
These animals remain active for approximately two hours, then rebury themselves and remain 
buried during the high tide (Rudloe, 1981).  In contrast, adults move further offshore, and 
make excursion into the intertidal zone during high tides to spawn and forage. Rudloe (1981) 
suggested that the behavioral differences between juveniles and adults, most notably the 
burrowing during high tide, are potentially adaptive for the survival of the juveniles: burial 
may both be a means to avoid temperature changes that occur with the incoming tide, and a 
means to avoid predation from foragers that invade the intertidal zone during high tide 
(Rudloe, 1981). As such, for juvenile L. polyphemus, the ability to respond to every tide cue 
may be important for survival, while, in the adult stage, responding to every high tide may be 
unnecessary or even maladaptive: given the tidal amplitude asymmetry of the Gulf, moving 
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into the intertidal zone during the non-dominant high tide of the day may present a risk of 
stranding.    

While juveniles from the one dominant tide region of the Gulf appeared to be able to 
synchronize their behaviors to both once daily and twice daily tide cycles, there was no 
apparent evidence of entrainment to the twice daily tide cycles. Bimodal activity did not 
persist after the twice daily tide cycles had been terminated (Fig. A.2), suggesting these 
activity patterns may have been a response to the exogenous stimuli of water pressure change, 
rather than indicative of entrainment of dual tidal oscillators. However, some animals 
appeared to entrain to one of the two daily tide cycles, shown by persistence of the pattern of 
activity of one of the two daily bouts after removal of the tide cycles (Fig. A.2, 
top).  Similarly, some animals appeared to entrain the timing of activity to the once daily tide, 
shown by persistence of the once daily activity pattern after cessation of the tide cycle. This 
ability to entrain locomotor activity to one of the two daily tide cycles and the once daily tide 
is similar to that observed for adults of this population (Chapter 3, Fig. A.1). Further, this 
ability to entrain to one of the two daily tides and to the once daily tides suggests the presence 
of at least one circalunidian oscillator in juveniles. 

Both adults and juveniles from the one dominant tide region of the Gulf appear to 
have at least one entrainable circalunidian oscillator. Further, characteristics of behavioral 
patterns of Gulf adults, notably the ability to switch the timing of locomotor activity to 
alternate tides (Chapter 3, Fig. A.1), may suggest the presence of dual circalunidian 
oscillators, one of which may be suppressed or inhibited at any given time.  Interesting, 
juveniles from areas of twice daily tides are capable of entraining circatidal behavioral 
patterns to twice daily tide cycles, and thus appear to have functioning dual circalunidian 
oscillators (Dubofsky et al., 2013). As animals of the Gulf region are genetically distinct from 
those of regions with twice daily tide cycles, it is possible that the Gulf population has a 
genetic difference in the tidal oscillatory mechanisms, inputs, or outputs that prevents the 
simultaneous expression of both oscillators. More work is needed to fully clarify whether 
genetic differences or environmental differences perpetuate this apparent difference between 
animals of the Gulf and those of semidiurnal regions. Specifically, a study in which eggs from 
the Gulf of Mexico population are reared and hatched in a twice daily tide environment, with 
behaviors assessed throughout ontogeny, would be of value in assessing whether Gulf animals 
retain the ability to express entrainable circatidal (12.4 hour) rhythms, and thus whether they 
may retain two functioning circalunidian oscillators. 
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Table A.1. Percent of juveniles expressing bimodal and unimodal rhythms during the 
tide progression. 

Condition Unimodal Bimodal Arrhythmic 

 Percent Period Percent Period Percent 
Constant Depth 57% 24.4 ± 0.5 21% 12.2 ± 0.6 21% 
Two Tides/Day 14% 24.1 ± 0.3 71% 12.2 ± 0.1 14% 

Constant Depth (2) 79% 24.6 ± 0.2 7% 12.2 14% 

One Tide/Day 86% 24.6 ± 0.3 7% 13.3 7% 

Constant Depth (3) 50% 24.5 ± 0.4 0% NA 50% 
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Figure A.1.  Locomotor activity of two representative juvenile L. polyphemus during 
constant water depth and 2 tides/day. Larger panels: Actograms are double-plotted, with 
size and position of black marks indicating the intensity and timing of activity.  Grey 
parallelograms demarcate times of high tide (time of tank filling and emptying).  LD cycle 
(12:12) indicated by light/dark bars at the top. Smaller panels: Lomb-Scargle periodograms to 
the right of each actogram indicate significant rhythms of activity during successive intervals; 
horizontal line above x-axis indicates P = 0.001.  Number next to peak indicates most 
significant period of activity within circatidal (12.4-14.4 h) or circadian/circalunidian (22-26.8 
h) range. 
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Figure A.2.  Locomotor activity of two representative juvenile L. polyphemus during 
constant water depth, 2 tides/day, and 1 tide/day.  Refer to Figure A.1 for detailed legend. 
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