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ABSTRACT 

 

 

 

METAMORPHOSIS OF LIMULUS POLYPHEMUS TRILOBITE LARVAE: 

ROLE OF CHEMICAL AND STRUCTURAL CUES, COMPETENCY, 

 AND THE COST OF DELAYED METAMORPHOSIS  

 

 

by Stephanie Marie Kronstadt, B.S., Florida Institute of Technology 

             

            Chairperson of Advisory Committee: Richard A. Tankersley, Ph.D. 

  

 

 

Many marine and estuarine arthropods exhibit complex life cycles that 

include planktonic larval stages and benthic juvenile and adult phases.  Chemical 

and structural cues associated with juvenile habitats often induce settlement and 

metamorphosis, thereby shortening the duration of the larval phase.  These cues can 

trigger metamorphosis only after larvae reach competency, or developmental 

maturity.  The point at which larvae reach this competency period and the ability to 

retain competency is highly species specific.  Once competency is attained, a 

decrease in the time to metamorphosis (TTM) can decrease dispersal potential but 

may increase the chance of settling in a suitable habitat.  Alternatively, an increase 

in TTM (delayed metamorphosis) may enhance dispersal and the possibility of 

finding a more suitable habitat.  However, delaying metamorphosis may reduce 

energy stores, affecting growth and survival in later life stages.   
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The American horseshoe crab (Limulus polyphemus) inhabits estuarine and 

coastal habitats from the Yucatan Peninsula to northern Maine.  It possesses a 

single lecithotrophic larval stage (trilobite) that molts, or metamorphoses, to a

benthic juvenile stage.  Metamorphosis is accelerated in the presence of chemical 

cues from several habitat-associated cues, including conspecifics and the seagrass 

Halodule wrightii (Boleman 2011).  This thesis research further examined the 

effect of these two habitat-associated sources (i.e., conspecifics and H. wrightii) on 

metamorphosis of L. polyphemus.  The first set of experiments tested the 

hypotheses that (1) the effect of both cues on time to metamorphosis (TTM) is 

dose-dependent, (2) the molecule(s) responsible for inducing metamorphosis is 

(are) a thermally-stable, low molecular weight compound(s), similar to those found 

to induce metamorphosis in other marine invertebrate species, and (3) L. 

polyphemus larvae also respond to structural cues by reducing the TTM.   

When larvae were exposed to conspecific- and H. wrightii-exudate water at 

concentrations between 0.3-30 g L
-1

, TTM declined in all treatments, even at the 

lowest concentration tested (0.3 g L
-1

).  The observed dose-dependent effect on 

TTM suggests that the chance of metamorphosis increases as larvae approach a 

chemical source (i.e., juvenile population or seagrass bed).  Heating and cooling  

(-70 °C or 100 °C) exudate water did not alter or reduce the potency of the 

molecules responsible for inducing metamorphosis, suggesting that the molecule(s) 

are thermally stable.  Trilobite larvae exposed to exudate water dialyzed through 

membranes of different pore sizes (0.5-1.0 kDa, 8.0-10 kDa, and 100 kDa) 
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responded similarly to all size fractions, suggesting the effective molecules in both 

source waters were relatively small (< 0.5 kDa) compounds.  Finally, artificial H. 

wrightii structure decreased TTM in L. polyphemus trilobite larvae, indicating that 

larvae respond to both chemical and structural cues.  There was no additive or 

synergistic effect when H. wrightii structural and chemical cues were combined, 

suggesting that there is a hierarchy of cues in which the chemical cue takes 

precedence (at a concentration of 30 g L
-1

).  

In order to determine the effect of timing of exposure to chemical cues on 

the metamorphosis of L. polyphemus, a second series of experiments tested the 

hypotheses that (1) trilobite larvae become competent within a few days in the 

plankton, and (2) delaying exposure to cues (i.e., delaying metamorphosis) 

negatively impacts post-metamorphic size, shape, and survival of L. polyphemus 

juveniles.  The beginning of the competency period was determined by measuring 

time required for 25% of larvae to metamorphose (TTM25) after exposure to a 

known inducer of metamorphosis (conspecific exudate).  To determine the effect of 

delayed metamorphosis on competency, larvae were exposed to conspecific cues 

either immediately following hatching (control) or at delay intervals of 7, 14, 21, 

and 28 days post-hatching.  Larvae in the control and 7-day delay treatment had 

similar patterns of metamorphosis.  In both treatments, TTM25 was 16 days, 

suggesting that larvae become competent about 16 days post-hatch.  The effect of 

delayed metamorphosis on post-metamorphic size and survival was examined by 

measuring survivorship (%), the molt-stage duration (MSD),  prosoma length (PL), 



 
 

vi 
 

prosoma width (PW), and the shape (PL: PW) for the first three juvenile instars (J1-

J3) of crabs in the control, 21-day, and 28-day delay treatments.  Delaying 

metamorphosis had no significant effect on survivorship, MSD, and PL for any of 

the treatments.  However, third juvenile instars (J3) that were in the 28-day delay 

treatment were significantly narrower than those in the control.  This difference 

resulted in individuals that were slightly more circular in shape (close to a 1:1  

PL: PW ratio) when compared with juveniles in the control (close to a 1:2 PL: PW 

ratio).  This study demonstrated that delaying metamorphosis of trilobite larvae had 

no lethal effects, and minimal sublethal effects, on later life stages.  Therefore, 

extending the larval phase in order to find a suitable habitat may be an adaptive 

advantage for L. polyphemus.
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CHAPTER I 

EFFECT OF CHEMICAL AND STRUCTURAL CUES ON THE 

METAMORPHOSIS OF THE AMERICAN HORSESHOE CRAB,  

LIMULUS POLYPHEMUS 

 

 

 

 INTRODUCTION 

 

 

  

Many marine and estuarine arthropods possess complex life cycles that 

include early planktonic larval forms followed by benthic juvenile and adult stages 

(reviewed by Pawlik 1992, Pechenik 1999, Pechenik 2010).  Before they settle to 

the benthos, late-stage larvae are often able to recognize suitable settlement sites 

and subsequently orient themselves towards these habitats (Pawlik 1992).  

Identification and localization of settlement habitats typically involves behavioral 

and physiological responses to cues originating external to the organism (i.e., 

exogenous cues).  Such cues include gravity, light, pressure, water-soluble 

chemicals, structures (i.e., substrate complexity and substrate texture), water flow, 

magnetic fields, sounds, and visual cues (reviewed by Sulkin 1984, Kingsford et al. 

2002, Arvedlund and Kavanagh 2009).  

In particular, chemical and structural cues associated with suitable benthic 

habitats may mediate larval behaviors, such as changes in activity (e.g., kineses) or 

the direction of swimming or orientation (e.g., taxes) (Sulkin 1984, Rodriguez et al. 

1993, Abelson and Denny 1997, Metaxas 2001, Kingsford et al. 2002, Jeffs et al. 

2005).  Additionally, these environmental cues may either accelerate or delay the 
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physiological transition from the plankton to the benthos, also known as 

metamorphosis (Burke 1986, Forward et al. 2001, Hadfield and Paul 2001, Hay 

2009), and are therefore termed ‘metamorphic cues’. 

Studies of metamorphic cues in marine and estuarine arthropods have 

focused on a variety of ecologically and economically important groups, including 

brachyuran crabs and barnacles (reviewed by Burke 1986, Forward et al. 2001, 

Hadfield and Paul 2001).  These studies investigated how chemical and structural 

cues may affect time to metamorphosis (TTM), also known as the duration of the 

last larval phase.  Cues that shorten TTM (i.e., positive cues) decrease the time 

spent in the plankton, which increases the probability of remaining near a suitable 

benthic habitat (Pawlik 1992, Pechenik et al. 1993, Hadfield and Paul 2001).  

Known positive cues of arthropod larvae include estuarine water (Forward et al. 

1994, Fitzgerald et al. 1998), humic acids (Forward et al. 1997), biofilms (reviewed 

by Hadfield 2001, Khandeparker and Anil 2006), aquatic vegetation (Gebauer et al. 

1998), prey items (Rodriguez and Epifanio 2000), conspecifics (O’Connor and 

Gregg 1998, Andrews et al. 2001), and specific substrates (Krimsky and Epifanio 

2008, Steinberg et al. 2008).  Cues that delay TTM (i.e., negative cues) of 

arthropod larvae typically extend the duration of the planktonic larval phase, 

increasing the chance that the larvae will be transported away from an unsuitable 

habitat (Pechenik et al. 1999).  These cues are typically associated with adverse or 

suboptimal environmental conditions, including high ammonia/ammonium 

(Forward et al. 1997), predators (Welch et al. 1997), extreme salinity and/or 
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temperature (Fitzgerald et al. 1998, Anil et al. 2001), and hypoxia (Tankersley and 

Wieber 2000). 

Settling and metamorphosing in a suitable habitat may reduce post-

settlement mortality caused by physiological stress, predation, or competition (Hunt 

and Scheibling 1997, Andrews et al. 2001, Stevens and Swiney 2005).  Describing 

chemical cues that induce settlement and metamorphosis may provide insight into 

how marine invertebrates interact with the environment and why these interactions 

are triggered.  

HABITAT CHEMICAL CUES 

  Chemical cues influencing TTM are water-soluble compounds exuded by 

organisms or substrates associated with potential settlement habitats (i.e., habitat-

associated cues).  These chemical cues emanate from various sources, including 

conspecifics, benthic vegetation, biofilms, predators, and prey species (Burke 1986, 

Forward et al. 2001).  Estuarine water contains a mixture of these habitat-associated 

cues and therefore reduces TTM in several arthropods, including Callinectes 

sapidus (Forward et al. 1994), Limulus polyphemus (Boleman 2011), and 

Rhithropanopeus harrisii (Fitzgerald et al. 1998).   

Commonly identified cues for selection of settlement sites are chemical 

exudates released from conspecifics and habitat substrate (i.e., benthic vegetation).  

For example, Pagurus maclaughlinae (Harvey 1996), Hemigrapsus sanguineus 

(Kopin et al. 2001, O’Connor 2007), Chasmagnathus granulata (Gebauer et al. 

1998), Panopeus herbstii (Andrews et al. 2001), Sesarma curacoense (Gebauer et 
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al. 2002), and L. polyphemus (Boleman 2011) molt more quickly to the juvenile 

stage in the presence of conspecific exudates.  The presence of juveniles and adults 

may signal the availability of a habitat conducive to post-metamorphic growth and 

survival.  Furthermore, exudates from benthic vegetation, including marsh grasses 

(e.g., Phragmites australis and Spartina alterniflora), seagrasses (e.g., Halodule 

wrightii, Ruppia maritima, and Zostera marina)  and macroalgae species (e.g., 

Bryropsis plumose, Cladophora spp., Fusus vesticulosus, Ulva lactuca, and U. 

rotunda)  accelerate the TTM of many estuarine arthropods, such as C. sapidus 

(Forward et al. 1994, 1996), C. granulata (Gebauer et al. 1998), P. herbstii (Weber 

and Epifanio 1996), and  L. polyphemus (Boleman 2011).  Benthic vegetation can 

serve as suitable habitat by protecting early life stages of marine invertebrates, 

which are particularly susceptible to predation (reviewed by Gosselin and Qian 

1997).  For instance, predation of C. sapidus megalopae and L. polyphemus 

trilobite larvae decreases significantly in seagrass beds when compared with 

adjacent open-sand habitats (Heck et al. 2001, Boleman 2011).   Complex structure 

provided by seagrass blades may make detecting prey challenging for predators, 

creating protection for the inhabitants (Hovel and Lipcius 2001). 

Time to metamorphosis has been shown to decrease with increasing 

concentration of habitat-associated chemical cues (Forward et al. 2001).  The 

lowest concentration which elicits a decrease in TTM is known as the threshold of 

sensitivity.  A dose-dependent effect can increase the likelihood that larvae will 
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metamorphose in close proximity to an abundant source of the cue (i.e., close to an 

established juvenile population or dense patch of seagrass).  

THE NATURE OF CHEMICAL CUES   

The induction of settlement and metamorphosis in marine invertebrates can 

be affected by various compounds within the habitat-associated chemical cues, 

including but not limited to carbohydrates, fatty acids, peptides, and proteins 

(reviewed by Zimmer and Butman 2000, Hadfield and Paul 2001, Steinberg et al. 

2002) that are frequently soluble in water (Steinberg et al. 2002).  For instance, 

peptides induce metamorphosis of larval abalone (Morse 1992, Roberts and 

Lapworth 2001), oysters (Zimmer-Faust and Tamburri 1994), nudibranchs 

(Lambert et al. 1997), jellyfish (Fleck et al. 1999), and sand dollars (Burke 1984), 

whereas larger insoluble proteins induce settlement of barnacles (Clare and 

Matsumura 2000).   

Laboratory studies of the nature of  chemical cues responsible for inducing 

metamorphosis have focused on a variety of marine and estuarine organisms, 

including polychaetes, cnidarians, molluscs, ascidians, echinoderms, and 

crustaceans (reviewed by Zimmer and Butman 2000, Hadfield and Paul 2001, 

Steinberg et al. 2002, Fusetani 2004).  These studies typically involve partial 

characterization of molecules that induce metamorphosis, which defines specific 

chemical or physical properties of a molecule such as the thermal stability and 

molecular size via filtration, dialysis, or enzyme digestion techniques.  Loss of 

potency after treatment with low or high temperatures suggests that the inducing 
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molecule is vulnerable to denaturation (i.e., loss of three-dimensional structure), 

which may be the result of disruption of hydrogen bonds, non-polar hydrophobic 

interactions, salt bridges, or disulfide bonds.  Molecules susceptible to thermal 

denaturation includes some proteins, fatty acids, and carbohydrates (Wu and Wu 

1925, Kunugi and Tanaka 2002).  However, some inducing molecules are known to 

be thermally stable (Boettcher and Targett 1996, Andrews et al. 2001).  Thermal 

stability is typically associated with globular proteins, some of which are capable of 

renaturation (regaining structure and function) or a type of peptide or carbohydrate 

(Mishra 2011).   

STRUCTURAL CUES 

Metamorphosis of planktonic larvae can also be induced by structural cues 

associated with benthic habitats.  To test the effect of structure on TTM separately 

from the effect of chemical cues emanating from the source, sterile substrata or 

artificial mimics are commonly employed.  The effects of the artificial mimics are 

compared with those of the natural substratum and a control (artificial or filtered 

seawater) (Forward et al. 2001).  Studies by O’Connor (2007) and Steinberg et al. 

(2008) found that when exposed to both sterile rocks and natural rocks, TTM of the 

varunid crab H. sanguineus was similar, indicating that the presence of the 

substrate, not the chemical cue or any associated biofilms, were responsible for 

shortening TTM.  For other species, the cues (i.e., chemical and structural) must be 

detected simultaneously for them to have an effect on TTM.  For instance, TTM of 

the xanthid crab Menippe mercenaria decreases when exposed to a combination of 
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chemical and structural cues of the brown alga Sargassum fluitans.  However, 

neither cue alone is capable of reducing TTM (Krimsky and Epifanio 2008).  

Additionally, chemical and structural cues can have synergistic and additive effects 

on TTM (Bao et al. 2007, Steinberg et al. 2008).  

STUDY ORGANISM 

American horseshoe crabs, Limulus polyphemus, commonly occur in 

estuarine and coastal habitats from the Yucatan Peninsula to northern Maine 

(reviewed by Botton et al. 2003).  Adults in most areas reproduce during spring and 

summer months (Rudloe 1980, Cohen and Brockmann 1983).  During 

reproduction, male crabs clutch females using modified pedipalps and fertilize the 

eggs that are deposited by the female in nests 5-20 cm beneath the sediment surface 

near the high tide mark on sandy beaches (Rudloe 1979, Shuster 1982, Brockmann 

and Penn 1992).  During incubation within the sediment, embryos proceed through 

21 stages and four embryonic molts (reviewed by Penn and Brockmann 1994) over 

14-28 days (Jegla and Costlow 1979, Sekiguchi 1988, Shuster et al. 2003).  During 

the fourth and final embryonic molt, the embryo hatches into a lecithotrophic, 

trilobite larva.  At spring high tide, the nest is flooded, triggering hatching in the 

remaining developed embryos, and releasing trilobite larvae into the water column 

(Rudloe 1979, Botton et al. 2010).  

At least two weeks after hatching, trilobite larvae metamorphose into the 

juvenile stage (first instar) and resemble adult horseshoe crabs (Sekiguchi 1988, 

Botton and Loveland 2003, Shuster et al. 2003).  Juvenile L. polyphemus remain on 
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the benthos and bury themselves in the sediments of near-shore habitats (Rudloe 

1979, Rudloe 1981) and may remain on intertidal flats for several molts (Loveland 

2002, reviewed by Botton et al. 2010).  As juveniles mature, they move into deeper 

waters and do not return to the upper beach area until they are ready to spawn 9-10 

years later (Rudloe 1979, Shuster 1982, Brockmann and Penn 1992, Chiu and 

Morton 1999).   

As with other coastal and estuarine arthropods, larval horseshoe crabs are 

able to detect and respond to habitat-associated chemical cues (Medina and 

Tankersley 2010, Boleman 2011).  Chemical cues, including exudates from 

conspecifics, the seagrass Halodule wrightii, the mummichog Fundulus grandis, 

and estuarine water, elicit changes in swimming and orientation and induce 

metamorphosis in L. polyphemus (Medina and Tankersley 2010, Boleman 2011).  

In a study on the effect of chemical cues on rheotactic behavior (response to water 

flow), Boleman (2011) found that posthatch (< 2 days posthatching) and 

premetamorphic (10 days posthatching) trilobite larvae swim upstream (positive 

rheotaxis) in estuarine water and in water containing chemical cues from H. 

wrightii.  However, the larvae exhibit no rheotactic response to chemical cues from 

conspecifics.  Medina and Tankersley (2010) found that similar habitat-associated 

chemical cues alter the orientation of L. polyphemus larvae.  In the presence of 

chemical cues from conspecifics and from the seagrasses H. wrightii and 

Syringodium filiforme, larvae tend to orient away from visual targets (Medina and 

Tankersley 2010).  Chemical cues that evoke positive rheotactic behavior (i.e., H. 
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wrightii and F. grandis) along with conspecific cues also significantly reduce TTM 

in L. polyphemus trilobite larvae (Boleman 2011).  These results suggest that L. 

polyphemus trilobite larvae are capable of detecting chemical cues as they approach 

coastal and estuarine habitats.   

Chemical cues that induce metamorphosis in L. polyphemus (i.e., 

conspecifics, H. wrightii, and F. grandis) have not been described in detail.  I tested 

the hypothesis that the TTM of L. polyphemus larvae decreases with increasing 

concentration of the inducing chemical cue from conspecifics and from H. wrightii.  

To determine the nature of the chemicals responsible for accelerating 

metamorphosis, I examined the thermal stability and size (molecular weight) of the 

inducing molecule in both exudates.  Finally, to investigate if H. wrightii provides 

multiple cues that induce metamorphosis, I tested the hypothesis that seagrass 

structure reduces TTM. 
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MATERIALS AND METHODS 

COLLECTION AND MAINTENANCE OF LARVAE 

Limulus polyphemus eggs were collected from December 2012 to October 

2013 near the Sunshine Skyway Bridge, Tampa Bay, FL (27°35´5.51" N, 

82°36´44.70" W) and brought back to the laboratory at Florida Institute of 

Technology.  Developing embryos and trilobite larvae were reared in 19 cm 

diameter × 6 cm glass bowls containing 1 L of filtered (< 5 µm) seawater.  Larvae 

from different nests were maintained separately at 26 °C and at a salinity of 35.  

Water used to incubate embryos was collected ~ 50 m off the beach near the 

Florida Institute of Technology’s Vero Beach Marine Laboratory (VBML), Vero 

Beach, FL (27°40´31.83" N, 80°21´50.69" W).  Seawater within the glass bowls 

was replaced daily and embryos were maintained on a light-dark cycle that 

approximated the natural photoperiod at time of collection. 

EXPERIMENTAL DESIGN  

 All experiments were conducted using similar procedures and 

environmental conditions (26 °C, salinity of 35, 14:10 hour light-dark cycle).  

Immediately following hatching, individual trilobite larvae (replicates) were placed 

in separate chambers (5 cm × 5.5 cm × 4 cm) of a compartmentalized plastic 

container (Wollcott and De Vries 1994, Fitzgerald et al. 1998, Krimsky and 

Epifanio 2008).  Each treatment or treatment combination was replicated at least 30 

times using larvae from at least 5 different nests (cohorts).  Each compartment 

contained 40 mL of either offshore water (control) or treatment water.  Offshore 
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water was collected 15 km seaward of Ft. Pierce Inlet, FL, well beyond the 

estuarine plume.  Thus, offshore water was assumed to be free of any estuarine or 

coastal chemical cues that may affect metamorphosis.  

All chemical sources used to create treatment (exudate) water were 

collected from the Indian River Lagoon (Brevard County, FL).  Exudate water was 

prepared by incubating the chemical source (e.g., L. polyphemus or Halodule 

wrightii) in glass aquaria with 1 L of offshore water for 24 hours.  Before 

incubation, the chemical source was gently rinsed with coastal water, blotted dry 

with a paper towel, and weighed.  After 24 hours, the offshore water was then 

assumed to contain any chemical cues produced, or exuded, by the source (i.e., L. 

polyphemus or Halodule wrightii).  Fresh exudate water was prepared daily and 

was filtered (< 5 µm) prior to being used in experiments. 

Trilobite larvae were checked daily at 16:00 hours for metamorphosis. Time 

to metamorphosis (TTM) was calculated as the duration of the trilobite phase (in 

days).  Water was changed daily.  Plastic containers were rinsed twice with 

deionized water and allowed to air-dry overnight.  Unless otherwise noted, 

experiments lasted 40-50 days or until all larvae metamorphosed to the juvenile 

stage.  

HABITAT CHEMICAL CUES   

To examine the effect of conspecific and H. wrightii chemical cue 

concentration on L. polyphemus, newly hatched trilobite larvae were placed in one 

of six concentrations of exudate water ranging from 0 g L
-1

 (offshore water) to  
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30 g L
-1

.  A stock solution of each chemical cue (30 g L
-1

) was prepared by 

incubating 30 g of the chemical source (live horseshoe crabs or fresh H. wrightii) in 

1 L of offshore water for 24 hours.  Intermediate concentrations of test waters were 

produced by diluting the stock solution with offshore water to produce half-log unit 

concentrations of 9.0, 3.0, 0.9, and 0.3 g L
-1

.  Sixty larvae from six different nests 

were randomly assigned to one of the six treatments (10 larvae from each nest per 

treatment; n=60).  

THE NATURE OF CHEMICAL CUES   

To test the thermal stability of the metamorphic cue, conspecific- and H. 

wrightii-exudate waters (30 g L
-1

) were either frozen (-70 °C for 12 hours) or 

heated (100 °C for 10 minutes) prior to being used in experiments (Steinberg et al. 

2007).  In addition to the two experimental treatments (cold and heat), larvae were 

exposed to a positive control (untreated exudate water at 25 °C) and offshore water.  

Sixty larvae from six different nests were randomly assigned to one of the seven 

treatments (10 larvae from each nest per treatment; n=60).  

To estimate the molecular size of the molecule(s) responsible for inducing 

metamorphosis, conspecific- and H. wrightii-exudate waters were fractionated by 

diffusion using dialysis membranes with known molecular weight cut-offs 

(MWCO): 0.5-1.0 kDa, 8.0-10 kDa, 100 kDa  (Andrews et al. 2001) (Biotech 

Cellulose Ester dialysis tubing).  All dialysates (treatment water) were obtained 

from the same exudate water sample that was prepared daily.  Exudate water  
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(0.016 L; concentration of 350 g L
-1

) was then placed into pieces of dialysis tubing 

(11 cm x 3.1 cm) of different MWCOs.  The pieces of tubing were then sealed and 

each was placed in separate dialysate containers containing 0.6 L of offshore water.  

The treatments were allowed to dialyze for 16 hours (Steinberg et al. 2007, 

Khandeparker and Kumar 2011).  Assuming that complete diffusion of the active 

molecule occurred across the tubing membrane, the final concentration of the 

dialysate water was considered to be 9.0 g L
-1

.  Two control treatments were also 

tested.  The positive control was exudate water that was not fractionated (9.0 g L
-1

) 

and the negative control was offshore water.  Thirty larvae from five different nests 

were randomly assigned to one of the five treatments (6 larvae from each nest per 

treatment; n = 30).   

STRUCTURAL CUES   

Two experiments were conducted to determine whether the physical 

structure of H. wrightii influences TTM.  In the first experiment, flat, 

polypropylene ribbon (~1 mm wide) was used as artificial seagrass mimic.  

Whereas, in the second experiment, glass rods (~1 mm in diameter) were used 

instead of ribbon.  In both experiments, larvae were exposed to two treatments: 

water type and structure type.  Levels of water type were offshore water and natural 

H. wrightii-exudate water (30 g L
-1

).  Levels of structure type were no structure and 

artificial H. wrightii structure.  In the ribbon experiment, larvae were also exposed 

to an additional control that consisted of exudate water from the artificial seagrass 

(30 g L
-1

).  Artificial seagrass was cut into lengths of 2.5 cm and placed directly 
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into containers with the larvae.  Sections of ribbon were replaced daily and glass 

rods were cleaned daily by soaking in a mild HCl acid solution. Sixty larvae from 

six different nests were randomly assigned to one of the six treatment combinations 

(10 larvae from each nest per treatment; n=60). 

DATA ANALYSIS 

The effect of different treatments on metamorphosis was determined using 

failure-time analysis (Cox Proportional Hazards Model) (Muenchow 1986), with 

time to metamorphosis, or the duration of the trilobite larval stage, serving as the 

“time until an event occurs” in the analysis.  The resulting hazard function for each 

treatment was the probability that a given larva would metamorphose during the 

next time interval (Δt= 1 day) (Muenchow 1986, Kleinbaum and Klein and Klein 

1996).  To control for potential nest effects on metamorphosis rates, cohort group 

or nest was added as a covariate in the analysis.  Comparisons of the TTM for 

larvae exposed to different treatments and controls were made using a Log-Rank 

(LR) test (Kleinbaum and Klein and Klein 1996).  All analyses were performed 

using SPSS 20.0 and SigmaPlot 11.0. 
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RESULTS 

HABITAT CHEMICAL CUES  

When larvae were placed in one of six concentrations of conspecific 

exudate (0 g L
-1

 to 30 g L
-1

), metamorphosis to the juvenile stage (J1) was 

significantly accelerated in all treatments relative to the offshore water control 

(LR = 274.5, d.f. = 5, P < 0.001; Fig. I-1), even at the lowest concentration tested 

(Fig. I-1 and Table I-1).  Time to metamorphosis was shortest at the highest 

concentration of conspecific exudate (Fig. I-1 and Table I-1), with a median time to 

metamorphosis (TM50) of 13.5 days ± 0.4 (±SE) (Fig. I-1).  The TM50 increased 

with decreasing concentration of conspecific exudate (Fig. I-1).  The TTM was 

similar for larvae in the 3.0 g L
-1

 and 9.0 g L
-1

 exudate treatments (LR = 0.11,  

d.f. = 1, P = 0.735; Fig. I-1).  Comparison of the hazard ratios revealed that larvae 

in the highest concentration treatment (30 g L
-1

) were 65 times more likely to 

metamorphose at any given time during the experiment than larvae in offshore 

water (Table I-1).  The likelihood that larvae would metamorphose decreased 

proportionally with the concentration of conspecific exudate (Table I-1).  The 

cohort (nest covariate) had a significant effect on TTM (Wald χ
2
 = 49.1, d.f. = 6,  

P < 0.001). 

The pattern of the response of larvae to H. wrightii exudate was similar to 

that of the conspecific exudate.  Metamorphosis was accelerated in all 

concentration treatments of H. wrightii exudate relative to the offshore water 

control (LR = 206.7, d.f. = 5, P < 0.001; Fig. I-2), even at the lowest concentration 
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(Fig. I-2 and Table I-2).  The TTM was shortest at the highest concentration of H. 

wrightii exudate (Fig. I-2 and Table I-2), with a TM50 of 20.5 days ± 0.6 (±SE) 

(Fig. I-2).  The TM50 increased with decreasing concentration of H. wrightii 

exudate (Fig. I-2).  Also, TTM of larvae was not significantly different in the 0.3 g 

L
-1

, 0.9 g L
-1

, and the 3.0 g L
-1

 H. wrightii exudate treatments (0.3 g L
-1

 vs.  

0.9 g L
-1

: LR = 0.46, d.f. = 1, P = 0.500; 0.9 g L
-1

 vs. 3.0 g L
-1

: LR = 3.3, d.f. = 1,  

P = 0.068; Fig. I-2).  Trilobite larvae exposed to 30 g L
-1

 of H. wrightii exudate 

were 26 times more likely to metamorphose at any given time than larvae 

maintained in offshore water (Table I-2).  The likelihood that larvae would 

metamorphose decreased proportionally with the concentration of H. wrightii 

exudate (Table I-2).  Again, the cohort (nest covariate) had a significant effect on 

TTM (Wald χ
2
 = 71.7, d.f. = 6,    P < 0.001).  Only 35% of the larvae maintained in 

the offshore-water control metamorphosed by the end of the 40 day observation 

period (Figs. I-1 and I-2). 
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Figure I-1.  Cumulative percent metamorphosis of Limulus polyphemus larvae  

during a 40-day exposure period to water containing one of six  

different concentrations of conspecific exudate (n=60).  Curves with 

the same letters are not significantly different at α = 0.05 (Cox 

Proportional Hazards Model). 
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Table I-1.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

increasing concentrations of conspecific exudate (n = 60).  Each 

concentration is compared to the offshore water control.  Degrees  

of freedom for all comparisons are equal to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concentration (g L
-1

) Log-Rank Test Statistic P-value Hazard Ratio 

0.3   90.1 < 0.001   9 

0.9 107.0 < 0.001 13 

3.0 108.1 < 0.001 25 

9.0 116.4 < 0.001 32 

30 136.5 < 0.001 65 
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Figure I-2.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 40-day exposure period to water containing one of six 

different concentrations of Halodule wrightii exudate (n=60). 

Curves with the same letters are not significantly different at α = 0.05 

(Cox Proportional Hazards Model). 
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Table I-2.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

increasing concentrations of Halodule wrightii exudate (n = 60).  Each 

concentration is compared to the offshore water control.  Degrees of 

freedom for all comparisons are equal to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concentration (g L
-1

) Log-Rank Test Statistic P-value Hazard Ratio 

0.3 13.6 < 0.001   3 

0.9 8.1 < 0.001   3 

3.0 31.8 < 0.001   4 

9.0 102.3 < 0.001 13 

30 106.4 < 0.001 26 
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THE NATURE OF CHEMICAL CUES  

Time to metamorphosis of larvae maintained in conspecific exudate that 

had previously been frozen (-70 °C) or heated (100 °C) was not significantly 

different from the TTM of larvae in the untreated conspecific exudate (positive 

control) (Fig. I-3 and Table I-3).  All conspecific treatments had a similar TM50 

(positive control: 15.5 ± 0.4; frozen: 17.5 days ± 0.2; heated: 16.5 days ± 0.3; Fig. 

I-3).  At any given time, larvae in the previously frozen treatment were 36 times 

more likely to metamorphose than those maintained in offshore water, whereas 

larvae in the previously heated treatment were 61 times more likely to 

metamorphose than those in offshore (Table I-3).  The cohort (nest covariate) had a 

significant effect on TTM (Wald χ
2
 = 28.5, d.f. = 5, P < 0.001). 

Similar to the conspecific exudate, freezing and heating H. wrightii exudate 

had no effect on TTM of larvae (Fig. I-4 and Table I-4).  All H. wrightii treatments 

had a similar MT50 (positive control: 21.5 ± 0.6; frozen: 22.5 days ± 0.6; heated: 

22.5 days ± 0.7; Fig. I-4).  Larvae in the previously frozen treatment were 28 times 

more likely to metamorphose when compared with those in offshore water, 

whereas larvae in the previously heated treatment were 24 times more likely to 

metamorphose (Table I-4).  And again, the cohort (nest covariate) had a significant 

effect on TTM (Wald χ
2
 = 20.1, d.f. = 5, P = 0.001).  Only 19% of the larvae 

maintained in the offshore water metamorphosed by the end of the 40 day 

observation period (Figs. I-3 and I-4). 
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To determine the size of the inducing molecule(s), exudate water was 

dialyzed through membranes of three sizes (0.5-1.0, 8.0-10, and 100 kDa).  

Conspecific exudate dialyzed through each of the three membranes had a similar 

effect on TTM when compared with the untreated conspecific exudate (positive 

control) (Fig. I-5 and Table I-5).  All treatments had a similar TM50 (positive 

control: 29.5 ± 2.6 (±SE); 0.5-1.0 kDa: 17.5 days ± 2.7; 8.0-10 kDa: 21.5 days ± 

2.4, 100 kDa: 31.5 days ± 2.2; Fig. I-5).  Comparison of the hazard ratios showed 

that larvae in the 0.5-1.0 kDa-dialysate treatment were 14 times more likely to 

metamorphose at any given time than larvae kept in offshore water (Table I-5).  

The larvae in the 0.8-10 kDa- and 100 kDa-dialysate treatments were 14 and 9 

times more likely to metamorphose, respectively, when compared with those larvae 

in the offshore control (Table I-5).  Additionally, the cohort (nest covariate) had a 

significant effect on TTM (Wald χ
2 

= 46.9, d.f. = 10, P < 0.001). 

Similar to the conspecific exudate, H. wrightii exudate dialyzed through 

each of the three membranes had a similar effect on TTM when compared with the 

untreated H. wrightii exudate (positive control) (Fig. I-6 and Table I-6).  All H. 

wrightii treatments had a similar TM50 (positive control: 32.5 days ± 1.9 (±SE); 

0.5-1.0 kDa: 35.5 days ± 1.8; 8.0-10 kDa: 33.5 days ± 2.2; 100 kDa: 37.5 ± 1.9; 

Fig. I-6).  At any given time, larvae in the 0.5-1.0 kDa-dialysate treatment were 8 

times more likely to metamorphose than those larvae in offshore water (Table I-6).  

The larvae in the 0.8-10 kDa- and 100 kDa-dialysate treatments were both 6 times 

more likely to metamorphose when compared with larvae in offshore water (Table 
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I-6).  Once again, the cohort (nest covariate) had a significant effect on TTM (Wald 

χ
2 

= 89.5, d.f. = 10, P < 0.001).  Only about 20% of the larvae in the offshore-water 

control metamorphosed by the end of the 50 day experiment (Figs. I-5 and I-6). 

 

 

 

 

 

 

 

 

 

 

  



24 
 

 
 

 
 

Figure I-3.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 40-day exposure period to conspecific exudate that was 

untreated or previously subjected to freezing and heating (n = 60). 

Curves with the same letters are not significantly different at α = 0.05 

(Cox Proportional Hazards Model). 
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Table I-3.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

conspecific exudate that had been untreated or previously subjected to 

freezing and heating (n = 60).  Degrees of freedom for all comparisons 

are equal to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

Treatment 
Comparison 

Log-Rank Test 

Statistic 
P-value Hazard Ratio 

Untreated Offshore 129.9 < 0.001 40 

Frozen Offshore 136.5 < 0.001 36 

Heated Offshore 138.4 < 0.001 61 

Frozen Untreated 0.09    0.768 - 

Heated Untreated 3.7    0.053 - 
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Figure I-4.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 40-day exposure period to H. wrightii exudate that was 

untreated or previously subjected to freezing and heating (n = 60).  

Curves with the same letters are not significantly different at α = 0.05 

(Cox Proportional Hazards Model). 
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Table I-4.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

Halodule wrightii exudate that had been untreated or previously 

subjected to freezing and heating (n = 60). Degrees of freedom for all 

comparisons are equal to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature 

Treatment 
Comparison 

Log-Rank Test 

Statistic 
P-value Hazard Ratio 

Untreated Offshore 120.3 < 0.001 32 

Frozen Offshore 117.0 < 0.001 28 

Heated Offshore 110.1 < 0.001 24 

Frozen Untreated 1.6    0.206 - 

Heated Untreated 2.7    0.103 - 
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Figure I-5.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 50-day exposure period to conspecific exudate either 

untreated or dialyzed through membranes of different molecular 

weight cut-offs (0.5-1.0 kDa, 8.0-10 kDa, and 100 kDa) (n = 30).  

Curves with the same letters are not significantly different at α = 0.05 

(Cox Proportional Hazards Model). 
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Table I-5.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

conspecific exudate dialyzed through membranes of different pore sizes 

(n = 30).  Degrees of freedom for all comparisons are equal to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Membrane 

Pore Size 
Comparison 

Log-Rank Test 

Statistic 
P-value Hazard Ratio 

Untreated Offshore 32.8 < 0.001 10 

0.5-1.0 kDa Offshore 35.1 < 0.001 14 

8.0-10 kDa Offshore 21.8 < 0.001 14 

100 kDa Offshore 35.5 < 0.001 9 

0.5-1.0 kDa Untreated 0.08    0.784 - 

8.0-10 kDa Untreated 0.09    0.765 - 

100 kDa Untreated 0.12    0.726 - 
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Figure I-6.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 50-day exposure period to H. wrightii-exudate water either 

untreated or dialyzed through membranes of different molecular  

weight cut-offs (0.5-1.0, kDa, 8.0-10 kDa, and 100 kDa) (n = 30).  

Curves with the same letters are not significantly different at α = 0.05 

(Cox Proportional Hazards Model). 
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Table I-6.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

Halodule wrightii exudate dialyzed through membranes of different pore 

sizes (n = 30).  Degrees of freedom for all comparisons are equal to 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Membrane 

Pore Size 
Comparison 

Log-Rank Test 

Statistic 
P-value 

Hazard 

Ratio 

Untreated Offshore 31.5 < 0.001 9 

0.5-1.0 kDa Offshore 23.7 < 0.001 8 

8.0-10 kDa Offshore 21.8 < 0.001 6 

100 kDa Offshore 16.3 < 0.001 6 

0.5-1.0 kDa Untreated 1.2    0.278 - 

8.0-10 kDa Untreated 0.54    0.461 - 

100 kDa Untreated 2.9    0.088 - 
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STRUCTURAL CUES 

Times to metamorphosis of larvae in all treatments containing artificial 

seagrass structure (flat, polypropylene ribbon) were significantly reduced when 

compared with larvae in offshore water (LR = 152.0, d.f. = 3, P < 0.001; Fig. I-7).  

The seagrass exudate plus structure treatment had the strongest effect on TTM (Fig. 

I-7 and Table I-7), with a TM50 of 19.5 days ± 0.6 (±SE) (Fig. I-7).  These larvae 

were 32 times more likely to metamorphose than those maintained in offshore 

water (Table I-7).  Metamorphosis of larvae maintained in both the exudate-only 

and the structure-only treatments was accelerated when compared with those in 

offshore water (Fig. I-7 and Table I-7).  There was no significant difference in 

TTM of larvae exposed to exudate-only and those larvae maintained in structure-

only treatments (Fig. I-7 and Table I-7), with both treatments having a similar TM50 

(exudate-only: 22.5 days ± 0.7; structure-only: 22 days ± 0.9; Fig. I-7).  At any 

given time, larvae in the exudate-only treatment were 18 times more likely to 

metamorphose than those in the offshore water (Table I-7).  Larvae in the structure-

only treatment were 19 times more likely to metamorphose than those in the 

offshore water (Table I-7).  Furthermore, the cohort (nest covariate) in this 

experiment had a significant effect on TTM (Wald χ
2 

= 30.5, d.f. = 5, P < 0.001).  

Only 16% of the larvae in the offshore-water control metamorphosed by the end of 

the experiment (Figs. I-7 and I-8). 

For the experiment in which glass rods were used to mimic seagrass 

structure, all treatments significantly decreased TTM of larvae when compared 
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with those in the offshore water (LR = 64.8, d.f. = 3, P < 0.001; Fig. I-9).  The 

exudate-only treatment and the exudate plus structure (glass rods) treatment had the 

strongest effect on TTM (Fig. I-9 and Table I-8).  There was no significant 

difference in TTM of larvae between the two exudate treatments (with and without 

structure) (Fig. I-9 and Table I-8).  Larvae in both treatments had similar TM50 

(exudate-only: 27.5 days ± 1.2 (±SE); exudate plus structure: 29.5 days ± 1.3; Fig. 

I-9).  Comparison of the hazard ratios indicate that larvae maintained in the 

exudate-only treatment were 15 times more likely to metamorphose, at any given 

time, than larvae in offshore water (Table I-8).   Larvae exposed to the exudate plus 

structure treatment were 19 times more likely to metamorphose than those in the 

offshore water (Table I-8).  Additionally, both exudate treatments (with and 

without artificial structure) significantly accelerated metamorphosis when 

compared with larvae in the structure-only treatment (Fig. I-9 and Table I-8).  

Finally, larvae exposed to only structure had significantly shorter TTM when 

compared with larvae maintained in offshore water (Fig. I-9 and Table I-8), with an 

TM50 of 39.5 days ± 0.9.  At any given time during the experiment, larvae exposed 

to only structure were 10 times more likely to metamorphose than those in offshore 

water (Table I-8).  The cohort (nest covariate) did not have a significant effect on 

TTM (Wald χ
2 

= 10.8, d.f. = 10, P = 0.055).  Only 8% of the larvae maintained in 

the offshore water control metamorphosed by the end of the observation period 

(Fig. I-9).  
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Figure I-7.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 40-day exposure period to different levels of artificial 

seagrass structure (none or artificial ribbon) in water containing no 

chemical cues (offshore water) and seagrass exudate (n = 60). 

Curves with the same letters are not significantly different at α = 0.05 

(Cox Proportional Hazards Model). 
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Figure I-8.  Cumulative percent metamorphosis of Limulus polyphemus larvae 

during a 40-day exposure period to different exudates (none or 

offshore water, artificial structure exudate, and seagrass exudate)  

(n = 60).  Curves with the same letters are not significantly different  

at α = 0.05 (Cox Proportional Hazards Model). 
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 Table I-7.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage in the presence of 

different levels of artificial H. wrightii structure (none and ribbon) in 

water containing no chemical cues (offshore water), natural H. wrightii 

exudate (exudate), and artificial H. wrightii exudate (artificial exudate) 

(n = 60).  Degrees of freedom for all comparisons are equal to 1. 

 

 

 

 

 

 

 

 

 

Treatment Comparison 

Log-Rank 

Test 

Statistic 

P-value 
Hazard 

Ratio 

Offshore + structure Offshore 96.0 < 0.001 19 

Exudate only Offshore 112.6 < 0.001 18 

Exudate + structure Offshore 124.4 < 0.001 32 

Exudate only Offshore + structure 0.41    0.525 - 

Exudate + structure Exudate only 7.6    0.006 - 

Exudate + structure Offshore + structure 7.0    0.008 - 

Artificial exudate only Offshore 19.0 < 0.001  4 
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Figure I-9.  Cumulative percent metamorphosis of Limulus polyphemus larvae  

during a 40-day exposure period to different levels of artificial 

seagrass structure (none or glass rods) in water containing no  

chemical cues (offshore water) and seagrass exudate (n=60).   
Curves with the same letters are not significantly different at  

α = 0.05 (Cox Proportional Hazards Model).
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Table I-8.  Log-rank pairwise comparisons of time to metamorphosis of 

Limulus polyphemus trilobite larvae to the juvenile (J1) stage in the 

presence of different levels of artificial H. wrightii structure (none and 

glass) in water containing no chemical cues (offshore water) and natural 

H. wrightii exudate (exudate) (n = 60).  Degrees of freedom for 

comparisons are equal to 1. 

 

Treatment Comparison 

Log-Rank 

Test 

Statistic 

P-value 
Hazard 

Ratio 

Offshore + structure Offshore 37.6 < 0.001 10 

Exudate only Offshore 50.7 < 0.001 15 

Exudate + structure Offshore 58.2 < 0.001 19 

Exudate only Offshore + structure   4.5    0.034 - 

Exudate + structure Exudate only 0.56    0.454 - 

Exudate + structure Offshore + structure   7.9    0.005 - 
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DISCUSSION  

Chemical cues known to reduce time to metamorphosis (TTM) in Limulus 

polyphemus trilobite larvae are exudates from conspecifics and the seagrass H. 

wrightii (Boleman 2011).  However, the effect of concentration on TTM and partial 

characterization of these cues have, until the current study, never been described.  

Exposure to conspecific- and H. wrightii-exudate water at concentrations ranging 

from 0.3 g L
-1

- 30 g L
-1

 significantly reduced TTM in trilobite larvae (Figs. I-1 and 

I-2).  The ability of the exudate water to significantly reduce TTM at the lowest 

concentration (0.3 g L
-1

) indicated that the minimum concentration to affect 

metamorphosis is below 0.3 g L
-1

.  This is consistent with studies of other 

arthropods, which have also demonstrated low sensitivity thresholds in the presence 

of metamorphosis-inducing chemical cues.  For instance, larvae of the estuarine 

crab R. harrisii (Fitzgerald et al. 1998) and the common mud crab P. herbstii 

(Andrews et al. 2001) possess a sensitivity threshold to conspecific exudate that is 

below 0.1 g L
-1

.  Under natural conditions, turbulence associated with tides and 

currents dilutes chemical cues to undetectable concentrations (reviewed by Pawlik 

1992).  However, marine invertebrates (e.g., C. sapidus) have been shown to 

respond to chemical cues in the natural habitat (Welch et al. 1997) and 

metamorphic chemical cues can be found at effective concentrations up to 2-3 cm 

from a chemical source (Hadfield and Scheuer 1985).  Furthermore, when exposed 

to estuarine water collected from the field, TTM of L. polyphemus larvae is 

significantly reduced (Boleman 2011), indicating that horseshoe crabs have the 
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ability to detect chemical cues in the natural environment.  Additionally, the ability 

of trilobite larvae to detect low concentrations may increase the chance of 

metamorphosing in a suitable habitat, despite any dilution of the chemical cue. 

Moreover, TTM of L. polyphemus larvae decreased with increasing 

concentrations of conspecific and H. wrightii exudates, supporting the hypothesis 

that the effect of chemical cues is dose-dependent.  These results are similar to 

those reported for other estuarine arthropods.  For instance, TTM of the portunid 

crab C. sapidus decreases with increasing concentration of estuarine water 

(Forward et al. 1997).  Also, the TTM of the panopeid crabs R. harissii (Fitzgerald 

et al. 1998) and P. herbstii (Andrews et al. 2001) decreases as the concentration of 

adult exudate increases.  Furthermore, the effect of H. wrightii exudate on 

rheotactic behavior and visual orientation of L. polyphemus is concentration-

dependent, theoretically increasing the likelihood of larvae finding the habitat-

associated source (Medina and Tankersley 2010, Boleman 2011).  Collectively, 

these results suggest that as trilobite larvae approach coastal and estuarine habitats, 

there is an increased probability of locating and metamorphosing close to the 

chemical source (i.e., a seagrass bed or conspecifics).  The presence of juveniles 

and adults signals a habitat conducive to post-metamorphic growth and survival 

whereas seagrass may provide refuge from predation.   

Thermal stability testing and filtration techniques can provide clues to the 

identity of the molecules present in exudates that induce metamorphosis.  The 

freezing and heating (-70 °C or 100 °C) of conspecific- and H. wrightii-exudate 
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water had no effect on the potency of the molecules, indicating that the compounds 

were thermally stable (Figs. I-3 and I-4).  Similarly, trilobite larvae exposed to 

exudate water dialyzed through membranes of different pore sizes (0.5-1.0 kDa, 

8.0-10 kDa, and 100 kDa) responded similarly to all size fractions, suggesting that 

the effective molecule(s) in both source waters are relatively small (< 0.5 kDa) 

compounds (Figs. I-5 and I-6).  Similar results for both exudate waters demonstrate 

that the same compound(s) responsible for inducing metamorphosis is (are) 

produced by both sources, but perhaps in different concentrations.  In addition, 

these results indicate that L. polyphemus may be able to detect a range of similar 

cues, or a general class of cues (e.g., proteins, peptides, or carbohydrates).   

The molecules that affect metamorphosis in L. polyphemus share 

characteristics with metamorphosis-inducing molecules of other marine 

invertebrates.  Inducing molecules for Haliotis rufescens (Morse et al. 1984), 

Crassostrea virginica (Zimmer-Faust and Tamburri 1994), and Echinarachnius 

parma (Pearce and Scheibling 1990) have been found to be < 1.5 kDa in size.  

Additionally, chemical cues from conspecifics responsible for reducing TTM in 

Hemigrapsus sanguineus are between 3.5- 14 kDa in size (Steinberg et al. 2007), 

while molecules in estuarine water that induce metamorphosis in C. sapidus are     

< 10 kDa (Forward et al. 1996).  Furthermore, the inducing molecules for the 

common mud crab P. herbstii and the queen conch Strombus gigas are both small 

in size (< 1 kDa) and resistant to thermal denaturation (Boettcher and Target 1996, 

Andrews et al. 2001).  The similarity of characteristics of metamorphosis-inducing 
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molecules among a variety of species indicates that metamorphosis may be 

regulated by a similar compound or compounds across taxa.  Moreover, similarity 

across taxa suggests that some marine invertebrate larvae may have the ability to 

respond to a variety of chemical sources (reviewed by Chia 1989, Steinberg et al. 

2002).   

Organisms that respond to very specific chemical sources are typically 

those that have narrow habitat ranges or narrow geographic distributions, such as 

the Australian endemic echinoid Holopneustes purpurascens (Williamson et al. 

2000) and the marine herbivore Alderia modesta (Krug and Manzi 1999).  Limulus 

polyphemus is considered an ecological generalist that exists in a variety of coastal 

habitats throughout its range (reviewed by Botton et al. 2003, Sekiguchi and 

Shuster 2009).  Additionally, all chemical cues tested thus far induce 

metamorphosis in L. polyphemus, including conspecific and H. wrightii exudates 

and exudates from a known predator (the mummichog Fundulus grandis) 

(Boleman 2011).  Together, these results suggest that the horseshoe crab responds 

to a wide range of chemical cues.  The ability to respond to multiple habitat-

associated chemicals should increase the probability of metamorphosing in a 

suitable habitat.   

Various molecules within chemical exudates have been shown to induce 

metamorphosis in marine invertebrates, including, but not limited to, fatty acids, 

peptides/proteins, and carbohydrates (reviewed by Hadfield and Paul 2001, 

Steinberg et al. 2002).  Metamorphosis-inducing molecules are often described as 
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small, heat-stable peptides ending in arginine or lysine structures (reviewed by 

Rittschof and Bonaventura 1986, Rittschof 1989, Hadfield and Paul 2001, 

Steinberg et al. 2002).  The small size (< 0.5 kDa) and thermal stability of the 

molecule(s) in the present study suggests that the inducing molecule for L. 

polyphemus may be a low molecular weight, heat-stable compound, possibly an 

amino acid.  Amino acids and peptides may be effective cues for marine organisms 

because the background level of peptides in the marine environment is low, making 

them easy to detect (Rittschof and Bonaventura 1986).  Furthermore, many 

organisms already use amino acids and peptides or their derivatives in internal 

signal transduction systems, making the receptors required to respond to these cues 

readily available to many taxa (Steinberg et al. 2002).   

Habitat-associated chemical sources may also provide structural or textural 

cues that induce metamorphosis.  In the present study, mimicking seagrass structure 

(polypropylene ribbon) significantly reduced TTM of L. polyphemus larvae in the 

absence of seagrass exudate, supporting the hypothesis that structure has a 

significant effect on metamorphosis (Fig. I-7).  However, the ribbon exuded a 

chemical that also reduced TTM (Fig. I-8).  This result demonstrates the need to 

carefully choose artificial mimics when conducting structural experiments. When 

ribbon was replaced with sterilized and biologically inert glass rods, TTM was still 

significantly reduced in the absence of chemical cues, emphasizing the importance 

of structure for L. polyphemus (Fig. I-9).  Metamorphosis of other marine 

arthropods has been found to be influenced by structural cues.  For instance, 
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Gebauer et al. (1998) found that metamorphosis of the postlarval stage of C. 

granulata is accelerated in the presence of artificial filamentous algae.  

Additionally, TTM in H. sanguineus is reduced when exposed to nylon mesh of 

certain pore sizes (Steinberg et al. 2008).    

The TTM of larvae in the seagrass exudate with structure was not 

significantly different from the TTM of larvae maintained in the exudate-only 

treatment (Fig. I-9).  This result indicates that there was no additive or synergistic 

effect when the cues were combined.  Therefore, at a concentration of 30 g L
-1

, the 

chemical cue may be the primary trigger of metamorphosis and therefore takes 

precedence over the structural cue.  Chemical cues are often the primary trigger for 

metamorphosis because they are typically water-soluble and detectable from a 

distance (Steinberg et al. 2002).  Furthermore, in the marine environment, clean 

structure is never encountered because structures are frequently covered by 

biofilms and epibionts that release chemical exudates (reviewed by Qian et al. 

2007).   

However, early life stages of marine and estuarine arthropods are often 

abundant in structurally complex microhabitats, such as mussel beds (e.g. Carcinus 

maenas: Klein-Breteler 1976), seagrass beds (e.g., C. sapidus: Heck and Orth 

1980), cobblestones (e.g., Homarus americanus: Wahle and Steneck 1992), and 

macroalgae (e.g., Panulirus argus: Herrnkind and Butler 1986).  These structured 

habitats may provide the inhabitants with refugia from predation.  For instance, 

when compared with open-sand habitat, predation rates on marine arthropods tend 
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to be lower in vegetative habitats (e.g., C. sapidus: Perkins-Visser et al. 1996; C. 

maenas: Moksnes et al. 1998; L. polyphemus: Boleman 2011) and on substrates 

which provide three-dimensional structure, such as cobblestone and mussel beds 

(e.g., Homarus americanus: Barshaw and Lavalli 1988, Wahle and Steneck 1992; 

C. maenas: Moksnes et al. 1998).  The results in the present study indicate that 

structure may be important in inducing metamorphosis of L. polyphemus in habitats 

that provide protection from predation and therefore increase post-metamorphic 

survival. 

Today, L. polyphemus is primarily harvested as bait for fishing industries, 

for the production of a bacterial endotoxin indicator (Berkson and Shuster 1999, 

Kreamer and Michels 2009), and for research in vision and endocrinology (Berkson 

and Shuster 1999, Rutecki et al. 2004).  Ecologically, horseshoe crabs are an 

important part of benthic food webs (Botton 2009).  Additionally, horseshoe crab 

eggs supply a food source to shorebirds that migrate along the east coast of the 

United States (Carmichael and Brush 2012).  However, L. polyphemus populations 

have declined (Carmichael and Brush 2012), particularly in the New York and New 

England areas (Sweka et al. 2013).  Population declines, along with the importance 

of horseshoe crabs both economically and ecologically, have prompted a growing 

interest in the captive rearing of L. polyphemus to supplement natural populations 

(Carmichael and Brush 2012).  Characterizing molecules within exudates that 

affect metamorphosis determining their effective concentrations may assist 

aquaculture programs in enhancing depleted populations of L. polyphemus 
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(reviewed by Qian et al. 2007).  Avoiding a delay in metamorphosis to the first 

juvenile stage can increase post-metamorphic growth and survival in some species 

(Pechenik 1990), therefore increasing aquaculture yield (Qian et al. 2007).   

Furthermore, determining and analyzing cues that induce metamorphosis 

may lead to the identification and protection of potential settlement sites for L. 

polyphemus.  For instance, previous research has demonstrated the importance of 

H. wrightii exudate in the metamorphosis of horseshoe crabs (Boleman 2011).  

Therefore, the implementation of management plans geared towards the 

conservation of seagrass beds will be important in restoring horseshoe crab 

populations.  Substrates that exude chemical cues that influence metamorphosis 

(i.e., H. wrightii) also provide refuges.  Typically, structure is thought to be 

important for animals that are incapable of burying themselves to avoid predators 

(e.g., H. americanus: Wahle and Steneck 1992).  However, as indicated by the 

present study, seagrass structure can also significantly affect TTM of horseshoe 

crabs, demonstrating that structure may be more important for burying animals than 

previously thought.  The response of L. polyphemus larvae to both chemical and 

structural cues provided by H. wrightii indicates that seagrass habitats are essential 

to a wide range of larval marine taxa.  These results highlight the importance of 

restoring seagrass habitats as an essential part of marine conservation programs and 

the need for taxon-specific studies on the effect of structure on metamorphosis of 

marine larvae.
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CHAPTER II 

METAMORPHIC COMPETENCY AND COST OF DELAYED 

METAMORPHOSIS IN THE AMERICAN HORSESHOE CRAB LIMULUS 

POLYPHEMUS 

 

 

INTRODUCTION 

 

 

 

The larval phases of many benthic marine and estuarine invertebrates are 

planktonic, undergoing development in the pelagic environment (reviewed by 

Pechenik 1999), and are typically classified as either planktotrophic (feeding) or 

lecithotrophic (nonfeeding).  The transition to the benthos typically occurs at the 

time of metamorphosis and is often triggered by exogenous cues, including water-

soluble chemical cues and structural cues associated with the settlement habitat 

(reviewed by Pechenik et al. 1998, Hadfield 2000, Forward et al. 2001, Hadfield 

and Paul 2001).  Exogenous cues known to affect (accelerate or delay) 

metamorphosis include exudates from conspecifics and aquatic vegetation and 

structural components of potential settlement or nursery habitats (reviewed by 

Forward et al. 2001).  When exogenous cues signaling suitable habitat (positive 

cues) are absent or cues indicating an unsuitable habitat (negative cues) are present, 

both planktotrophic and lecithotrophic larvae can postpone metamorphosis 

(reviewed by Forward et al. 2001, Pechenik 2006).   

Following hatching, there is usually a period of early development when 

larvae are unable to settle and/or metamorphose (reviewed by Hadfield et al. 2001, 
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Gebauer et al. 2003).  This phase is typically referred to as the “pre-competency” 

period.  Once competency is reached, larvae become physiologically and 

morphologically able to undergo metamorphosis (reviewed by Hadfield et al. 2001, 

Gebauer et al. 2003).  Competency is a developmental trait shared by many marine 

invertebrates that enables larvae to (1) remain viable in the plankton until a suitable 

habitat is found, and (2) metamorphose rapidly in response to exogenous cues 

(reviewed by Hadfield 2001).  After competency is reached, larvae often develop 

juvenile components before losing larva-specific structures (reviewed by Hadfield 

et al. 2001).  Competency can last for a few hours to several weeks, with some 

aquatic invertebrate species, such as the sea hare Aplysia juliana and the coral 

Pocillopora damicornis, retaining the ability to metamorphose for more than 100 

days (reviewed by Hadfield et al. 2001).  However, after a certain period of time, 

competency, and the adaptive advantages associated with it, is lost (reviewed by 

Hadfield et al. 2001, Pechenik et al. 2006).  The ability to retain competency differs 

among species and is correlated with the specificity of the juvenile habitat (i.e., the 

greater the habitat specificity, the greater the ability to retain competence) 

(reviewed by Bishop et al. 2006). 

An extended competency period (i.e., delaying metamorphosis) increases 

the time in the plankton and may increase the chance of finding a habitat which is 

favorable to juvenile growth and survival (Pechenik 1990, Anger 2001, reviewed 

by Gebauer et al. 2003).  Lengthening the pelagic phase may also increase transport 

and dispersion, therefore increasing genetic exchange between spatially separated 
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populations, reducing competition between parents and offspring, lessening habitat 

saturation, and assisting in range expansion and settlement in new habitats 

(Pechenik and Cerulli 1991, reviewed by Pechenik 1999).  However, the transition 

from the plankton to the benthos is often metabolically and energetically costly 

(Shilling et al. 1996, Thiyagarajan et al. 2003).  Therefore, delaying metamorphosis 

may have negative effects on the growth and survival of the consequent 

developmental stages because of nutritional stress (especially for lecithotrophic 

larvae), which could reduce an animal’s ability to compete for space, food, and 

mates (i.e., reduce fitness) (Woollacott et al. 1989, Pechenik et al. 1998, Gebauer et 

al. 2003, Marshall and Keough 2005, Pechenik 2006).  Additionally, remaining in 

the plankton can increase the chance of predation, slow development by increasing 

the molt-stage duration (MSD), decrease metamorphic success, and delay the onset 

of sexual maturity (Lucas et al. 1979, Hunt and Scheibling 1997, Pechenik et al. 

1998, Gebauer et al. 1999, Pechenik et al. 1999).   

The American horseshoe crab, Limulus polyphemus, possesses a 

lecithotrophic trilobite larva that develops in the plankton before settling in benthic 

habitats and metamorphosing to the juvenile stage (Jegla and Costlow 1979, 

Sekiguchi 1988, Shuster et al. 2003).  Trilobite larvae are known to delay 

metamorphosis for at least 40 days in the absence of chemical cues (Boleman 2011; 

Chapter 1).  Yet, it is unknown when they become competent to metamorphose, 

and if there is any impact of delayed metamorphosis on post-metamorphic growth 

and survival.  In the current study, I tested the hypotheses that trilobite larvae 
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undergo a brief pre-competency period after hatching and that delayed 

metamorphosis negatively impacts post-metamorphic size and survival.   
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MATERIALS AND METHODS 

COLLECTION AND MAINTENANCE OF LARVAE 

Limulus polyphemus eggs were collected in August 2013 near the Sunshine 

Skyway Bridge, Tampa Bay, FL (27°35´5.51" N, 82°36´44.70" W) and brought 

back to the laboratory at Florida Institute of Technology.  Developing embryos and 

trilobite larvae were reared in 19 cm diameter × 6 cm glass bowls containing 1 L of 

filtered (<5 µm) seawater.  Larvae from different nests were maintained separately 

at 26 °C and at a salinity of 35.  Embryos were exposed to a 14:10 hour light-dark 

cycle.  Water used to incubate the embryos was collected ~50 m off the beach near 

the Florida Institute of Technology’s Vero Beach Marine Laboratory (VBML), 

Vero Beach, FL (27°40´31.83" N, 80°21´50.69" W).  Seawater within the glass 

bowls was replaced daily. 

EXPERIMENTAL DESIGN 

All experiments were conducted at 26 °C, at a salinity of 35, and under a 

14:10 hour light-dark cycle.  Immediately following hatching, individual trilobite 

larvae (replicates) were placed in separate chambers (5 cm × 5.5 cm × 4 cm) of a 

compartmentalized plastic container.  Each compartment contained 40 mL of either 

offshore water or conspecific-exudate water (30 g L
-1

).  Offshore water was 

collected 15 km seaward of Ft. Pierce Inlet, FL, well beyond the estuarine plume, 

and was considered to be devoid of any chemical cues that may affect 

metamorphosis.  
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Each treatment level was replicated 60 times using larvae from six different 

nests (cohorts).  Treatment water was prepared daily and was filtered (< 5 µm) 

prior to being used in experiments.  Plastic containers were rinsed twice with 

deionized water and allowed to air-dry overnight.   

COMPETENCY  

To investigate when L. polyphemus larvae become competent to 

metamorphosis, trilobite larvae were exposed to one of five treatments in which 

metamorphosis was delayed by increasing lengths of time: no delay (i.e., 

immediate exposure to conspecific exudate; 0 day control) and delays of 7 days, 14 

days, 21 days, and 28 days post-hatch.  In the delay treatments, larvae were placed 

in compartments containing offshore water (40 mL) for the length of the delay 

period (7, 14, 21, or 28 days) before being placed in water containing conspecific 

exudate (40 mL) for the remainder of the experiment.   

Offshore water was collected 15 km seaward of Ft. Pierce Inlet, FL, well 

beyond the estuarine plume, and was assumed to be free of estuarine or coastal 

chemical cues that are known to accelerate metamorphosis.  L. polyphemus 

juveniles used to create exudate water were collected from the Indian River Lagoon 

(Brevard County, FL).  Exudate water was prepared by incubating juveniles in a 

glass aquarium with 1 L of offshore water for 24 hours.  Before incubation, 

juveniles were gently washed with coastal water, blotted dry with a paper towel, 

and weighed.   
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Trilobite larvae were checked daily at 16:00 hours for metamorphosis and 

mortality.  The effect of different treatments on time to metamorphosis (TTM) was 

determined using failure-time analysis (Cox Proportional Hazards Model) 

(Muenchow 1986), with TTM or the duration of the trilobite larval stage serving as 

the “time until an event occurs” in the analysis.  The resulting hazard function for 

each treatment was the probability that a trilobite larva would metamorphose 

during the next time interval (Δt= 1 day) (Muenchow 1986, Kleinbaum and Klein 

1996).  To control for potential nest effects on metamorphosis rates, cohort group 

or nest was added as a covariate in the analysis.  Comparisons of the TTM for 

larvae exposed to different treatments and controls were made using the Log-Rank 

(LR) test (Kleinbaum and Klein 1996).  The onset of competency was arbitrarily 

defined as the time for 25% of the larvae to metamorphose to the first juvenile 

stage (TTM25).  All analyses were performed using SPSS 20.0 and SigmaPlot 11.0.   

COST OF DELAYED METAMORPHOSIS   

To detect any costs of delayed metamorphosis, larvae in the competency 

experiment that experienced the longest delay periods (21 and 28 days) were 

compared with larvae immediately exposed to the inducing chemical cue (30 g L
-1

 

of conspecific exudate; 0 day control).  These crabs were monitored through the 

third juvenile stage (J3) for the effects of delayed metamorphosis on post-

metamorphic size, shape, and survival.  This was investigated by comparing 

survivorship (%), molt-stage duration (MSD, days), and size and shape of 

individuals in the three treatments to the third juvenile instar (J3).  Size 
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measurements included prosoma length (PL) and prosoma width (PW).  Prosoma 

shape was analyzed by computing PL: PW ratios (J1-J3).   

Following metamorphosis to the first juvenile instar, all larvae (regardless 

of the treatment) were placed in filtered seawater (< 5 µm) and fed concentrated 

Artemia nauplii daily (50 nauplii per 40 mL).  The stage and condition of larvae 

and juveniles were recorded daily at 16:00 hours.  To determine and compare 

prosoma size and shape, digital images (Nikon Coolpix 995) of individual crabs 

were taken after each molt (J1-J3).  Measurements of individuals to the nearest 0.01 

mm were made by analyzing the digital images using ImageJ software.   

The effect of each delay treatment on survivorship was investigated using 

failure time analysis (Cox Proportional Hazards Model) (Muenchow 1986), with 

time to death serving as the “time until an event occurs”.  To control for potential 

nest effects on death rates, cohort group or nest was added as a covariate in the 

analysis. Additionally, the effect of delay on MSD was analyzed using a repeated 

measures ANOVA with one between-subjects factor (delay treatment) and one 

within-subjects factor (juvenile instar).  Measurements of PL, PW, and PL: PW 

ratios were compared among treatments using a Kruskal-Wallis test and post-hoc 

comparisons were made using Dunn’s test.  All statistical analyses were performed 

using SPSS 20.0 and SigmaPlot 11.0. 
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RESULTS 

COMPETENCY 

Delaying the time to exposure to conspecific exudate had a significant 

impact on the time to metamorphosis (TTM) (Fig. II-1 and Table II-1).  Time to 

metamorphosis of larvae in the 14 day, 21 day, and 28 day delay treatments were 

significantly longer when compared with larvae immediately exposed to 

conspecific exudate (no delay; control) (Fig. II-1 and Table II-1).  However, TTM 

of larvae in the 7-day delay treatment was not significantly different from the 

control (Fig. II-1 and Table II-1).  Median time to metamorphosis (TM50) increased 

with the increase in delay interval (control: 18 days ± 0.84 (±SE); 7 day delay: 18 

days ± 0.56; 14 day delay: 22 days ± 0.53; 21 day delay: 29 days ± 0.55; 28 day 

delay: 36 days ± 0.92; Fig. II-1).  If the initiation of the competency period is 

defined as the time when 25% of the larvae metamorphose (TM25) then larvae in 

both the control and 7 day delay treatment began to reach competency at day 16 

(Fig. II-2).  Time for larvae to reach competency in the remaining treatments 

increased as delay interval increased (Fig. II-2).  Moreover, the cohort (nest 

covariate) had a significant effect on TTM (Wald χ
2 

= 32.2, d.f. = 5, P < 0.001). 

When TTM was measured relative to the day of exposure, TTM differed 

significantly among treatments (Fig. II-3 and Table II-2).  Metamorphosis of larvae 

in each delay treatment was significantly accelerated in comparison to the control 

(Fig. II-3 and Table II-2).  The TTM of larvae in the 7 day delay treatment was 

significantly longer than those in the remaining delay treatments (Fig. II-3 and 
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Table II-2).  However, there was no significant difference in TTM among larvae in 

the 14, 21, and 28 day delay treatments (Fig. II-3 and Table II-2).  Median time to 

metamorphosis relative to the day of exposure (MT50) decreased as delay interval 

increased from 0 to 14 days and leveled off at about 8 days in the 21 and 27 day 

delay treatments (Fig. II-3).  Again, the cohort (nest covariate) had a significant 

effect on TTM (Wald χ
2 

= 17.5, d.f. = 5, P = 0.004). 
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Figure II-1.  Cumulative percent metamorphosis of Limulus polyphemus larvae  

following exposure to conspecific exudate (30 g L
-1

) either 

immediately following hatching (0 days) or at delay intervals of 7, 14, 

21, and 28 days post-hatch (n = 60).  Curves with the same letters 

are not significantly different at α = 0.05 (Cox Proportional Hazards 

Model). 
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Figure II-2.  Box plot of time to metamorphosis of Limulus polyphemus larvae 

after exposure to conspecific exudate (30 g L
-1

) either immediately 

following hatching (0 days) or at delay intervals of 7, 14, 21, and 28 

days post-hatch (n = 60).   
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Table II-1.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage after exposure to 

conspecific exudate (30 g L
-1

) either immediately following hatching 

(control) or at delay intervals of 7, 14, 21, and 28 days post-hatch 

(n = 60).  Degrees of freedom for all comparisons are 1. 

 

 

 

Delay Interval (days) Comparison 
Log-Rank Test 

Statistic 
P-value 

7 Control 2.5    0.113 

14 Control 7.2    0.007 

21 Control 39.8 < 0.001 

28 Control 77.1 < 0.001 

7 14 26.1 < 0.001 

14 21 59.3 < 0.001 

21 28 34.2 < 0.001 

14 28 96.4 < 0.001 
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Figure II-3.  Cumulative percent metamorphosis of Limulus polyphemus larvae  

relative to the day of exposure to conspecific exudate (0, 7
th

, 14
th

,  

21
st
, 28

th
 day post-hatch) (n = 60).  Curves with the same letters are 

not significantly different at α = 0.05 (Cox Proportional Hazards 

Model). 
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Figure II-4.  Box plot of time to metamorphosis of Limulus polyphemus larvae 

relative to the day of exposure to conspecific exudate (0, 7
th

, 14
th

, 21
st
, 

28
th

 day post-hatch) (n = 60).  
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Table II-2.  Log-rank pairwise comparisons of time to metamorphosis of Limulus 

polyphemus trilobite larvae to the juvenile (J1) stage relative to the day 

of exposure to conspecific exudate (0, 7
th

, 14
th

, 21
st
, 28

th
 day post 

hatch) (n = 60).  Degrees of freedom for all comparisons are 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Delay Interval (days) Comparison 
Log-Rank Test 

Statistic 
P-value 

7 Control 55.4 < 0.001 

14 Control 71.0 < 0.001 

21 Control 34.3 < 0.001 

28 Control 14.4 < 0.001 

7 14 17.5 < 0.001 

14 21 0.72    0.396 

21 28 0.01    0.935 

14 28 0.69    0.407 
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COST OF DELAYED METAMORPHOSIS 

Delaying metamorphosis had no significant effect on survivorship of L. 

polyphemus individuals to the third juvenile instar (J3) (LR = 0.64, d.f. = 2, P = 

0.726; Fig. II-5).  Also, the cohort (nest covariate) had no significant effect on 

TTM (Wald χ
2 

= 0.127, d.f. = 5, P = 0.127).  Likewise, molt-stage duration (MSD, 

days) did not differ significantly among treatments (Fig. II-6 and Table II-3).  First 

juvenile instars (J1) had an MSD of about 14 days, whereas second juvenile instars 

(J2) had an MSD of about 15 days (Fig. II-6 and Table II-3).  There was no 

significant interaction between the delay treatment and juvenile instar on MSD 

(Table II-3). 

Furthermore, there was no significant effect of delay treatment on the 

prosoma length (PL) of any juvenile instars (J1-J3) (Figs. II-7a – II-9a and Table II-

4).  However, delaying metamorphosis had a significant impact on prosoma width 

(PW).  Older crabs (J3) in the longest delay treatment (28 days) were significantly 

narrower than younger individuals (J1 and J2) in the control and 21 day delay 

treatments (Fig. II-9b and Table II-4).  Additionally, delaying metamorphosis for 

28 days had a significant effect on prosoma shape (ratio of PL: PW) (Fig. II-12 and 

Table II-4), producing third instar juveniles that were more circular in shape (Fig. 

II-12 and Table II-4) when compared with similar stage juveniles maintained in the 

control (no delay).   
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Figure II-5.  Cumulative percent survival of Limulus polyphemus larvae to the 

third juvenile (J3) stage following exposure to conspecific exudate 

(30 g L
-1

) either immediately following hatching (0 days) or at  

delay intervals of 21 and 28 days post-hatch (n = 60) (Cox 

Proportional Hazards Model). 
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Figure II-6.  Mean (± 95% CI) molt-stage duration (days) for the first and second  

Limulus polyphemus juvenile instars (J1 and J2) in control (0 day 

delay) and delay treatments (21 and 28 day delays) (n = 45 - 53). 
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Table II-3.  Results of a repeated measures analysis of variance (ANOVA) on molt 

stage duration (MSD, days) of Limulus polyphemus juveniles (J1 and 

J2) exposed to conspecific exudate immediately after hatching 

(control; 0 day delay) or exposed 21 and 28 days post-hatch  

(n = 45-53). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source of Variation F d.f.  P-value 

Delay  0.65 2, 144    0.524 

Juvenile Instar  26.8 1, 144 < 0.001 

Interaction- Juvenile Instar × Delay    1.7 2, 144    0.194 
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Table II-4.  Results of Kruskal-Wallis tests on size and shape measurements of 

Limulus polyphemus juveniles (J1-J3) exposed to conspecific exudates 

immediately after hatching (control; 0 day delay) or exposed 21 and 28 

days post-hatch (n = 44- 52).  Degrees of freedom for all comparisons 

is equal to 2.  Post-hoc comparisons of delay treatments were made 

using Dunn’s test.  NS = not significant at P = 0.05. 

 

 

 

 

 

Size/Shape 

Measurement 

Juvenile 

Instar 
χ

2 
P-value 

Post-Hoc 

Comparison 
P-value 

      

 

J1 2.6 0.278 -- -- 

    

  

Prosoma Length (PL) J2 0.83 0.660 -- -- 

    

  

 

J3 1.7 0.433 -- -- 

      

      

 

J1 4.4 0.113 -- -- 

    

  

Prosoma Width (PW) J2 4.3 0.117 -- -- 

    

 0 vs. 21 NS 

 

J3 8.6 0.013  0 vs. 28 S 

    21 vs. 28 NS 

      

 

J1 0.4 0.805 -- -- 

    

  

Ratio (PL: PW) J2 3.5 0.173 -- -- 

    

 0 vs. 21 NS 

 

J3 6.7 0.036  0 vs. 28 S 

    21 vs. 28 NS 
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Figure II-7.  a). Median (± MAD) prosoma length (mm) and (b.) median (± MAD) 

prosoma width (mm) of Limulus polyphemus first juvenile instars (J1) 

exposed to each delay treatment: 0 (control), 21, and 28-day delay 

intervals (n = 44-52). 
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Figure II-8.  a). Median (± MAD) prosoma length (mm) and (b.) median (± MAD) 

prosoma width (mm) of Limulus polyphemus second juvenile instars 

(J2) exposed to each delay treatment: 0 (control), 21, and 28-day delay 

intervals (n = 44-52).  
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Figure II-9.  a). Median (± MAD) prosoma length (mm) and (b.) median  

 (± MAD) prosoma width (mm) of Limulus polyphemus third juvenile 

 Instars (J3) exposed to each delay treatment: 0 (control), 21, and  

 28-day delay intervals (n = 44-52).  Treatments with the same letters 

 are not significantly different at α = 0.05 (Kruskal-Wallis test). 
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Figure II-10.  Median (± MAD) ratio (PL: PW) of Limulus polyphemus first 

juvenile instars (J1) exposed to each delay treatment: 0 (control), 21, 

and 28-day delay intervals (n = 44-52). 
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Figure II-11.  Median (± MAD) ratio (PL: PW) of Limulus polyphemus second 

juvenile instars (J2) exposed to each delay treatment: 0 (control), 21, 

and 28-day delay intervals (n = 44-52). 
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Figure II-12.  Median (± MAD) ratio (PL: PW) of Limulus polyphemus third 

juvenile instars (J3) exposed to each delay treatment: 0 (control), 21, 

and 28-day delay intervals (n = 44-52).  Treatments with the same 

letters are not significantly different at α = 0.05 (Kruskal-Wallis test). 
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DISCUSSION 

 

After a period of time in the plankton, many marine and estuarine 

invertebrate larvae attain competency, or the ability to metamorphose, and are then 

capable of extending the larval phase in order to increase the chances of locating a 

suitable habitat (reviewed by Gebauer et al. 2003, Pechenik 2006).  In the present 

study, L. polyphemus exhibited a brief pre-competency period with minimal costs 

of delaying metamorphosis.  Time to metamorphosis of larvae in the control and 7 

day delay treatment were similar (Figs. II-I, II-2 and Table II-1).  In both of these 

treatments, 25% of the larvae had metamorphosed by day 16 (Fig. II-2), indicating 

that competency, or the ability to metamorphose, occurs about 16 days post-hatch.   

Time to metamorphosis (TTM) of L. polyphemus significantly increased as 

the delay interval extended ≥ 14 days (14, 21, and 28 day delay treatments)  

(Fig. I-1).  However, when larvae were delayed 14, 21, or 28 days post-hatch, time 

to metamorphosis relative to the day of exposure to the conspecific cue did not 

differ significantly (Fig. II-3 and Table II-2).  In these three treatments, 25% of 

larvae metamorphosed within 6-7 days after exposure compared with 9-11 days for 

those in the control and 7 day delay treatments (Fig. II-4).  Therefore, once 

competency is reached, and the appropriate cue is available, metamorphosis 

proceeds over a similar timeframe.  This contrasts with other marine invertebrates, 

such as the abalones Haliotis discus hannai (Takami et al. 2002) and H. rufescens 

(Barlow 1990), and the oyster Crassostrea gigas (Coon et al. 1990), in which the 
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time to metamorphosis relative to the day of exposure decreases with an increase in 

delay interval.   

Although delaying metamorphosis affects the timing of metamorphosis, it 

does not affect the ability of L. polyphemus to successfully metamorphose.  

Trilobite larvae retained the ability to metamorphose after a delay period of 28 

days.  Additionally, many crabs in the offshore-water controls metamorphosed at 

40 days.  This suggests that L. polyphemus has the capacity to delay metamorphosis 

for several weeks.  In contrast, many marine invertebrates have a window of 

competency in which, after a certain number of days post-hatch, the ability to 

metamorphose is lost (reviewed by Pechenik 1990, Hadfield et al. 2001).  For 

instance, Haliotis iris loses competency after 26 days (Roberts and Lapworth 

2001), H. rufescens loses competency after 2-4 days (Searcy-Bernal 1999), and the 

tubeworm Hydroides elegans loses the ability to metamorphose in the presence of 

adult exudate after only 3 days (Pechenik and Qian 1998).  Being able to retain 

competency for as long as possible can increase the chances of locating potentially 

suitable habitats and increases dispersal potential, which in turn can increase gene 

flow among populations and decrease extinction rates (reviewed by Thorson 1950, 

Scheltema 1971, 1986, Hedgecock 1986, Jablonski 1986, Hadfield et al. 2001).    

Delaying metamorphosis of L. polyphemus had no significant effect on 

post-metamorphic survival, with ~93% surviving in each treatment to the third 

juvenile instar (J3) (Fig. II-5).  These results are consistent with studies showing 

that metamorphosis can be delayed in other non-feeding marine invertebrates, such 
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as the barnacles Balanus amphitrite (Pechenik et al. 1993) and B. balanoides 

(Lucas et al. 1979), and the ascidian Styela plicata (Thiyagarajan and Qian 2003), 

without affecting survivorship.  Additionally, delayed metamorphosis did not 

significantly affect MSD with the first juvenile instar stage (J1) lasting ~14 days 

and the second juvenile instar stage (J2) lasting ~15 days (Fig. II-6 and Table II-3).  

Extending the larval phase produces similar results in the fiddler crab Uca 

pugilator (O’Connor 1991).  However, while survival and MSD may not be 

affected, extending the larval phase can negatively affect the size and shape of 

organisms throughout subsequent juvenile stages because of energy constraints 

(Pechenik 1990, Pechenik et al. 1993, Forward et al. 1996, Pechenik and Rice 

2001).    

In L. polyphemus juveniles, delaying metamorphosis did not affect the 

prosoma length (PL) of any juvenile instar stage (J1-J3) (Fig. II-7a—II-9a and 

Table II-4) or the prosoma width (PW) of the first two stages (J1 and J2) (Figs. II-

7b, II-8b, and Table II-4).  Only the longest delay period (28 days) affected the PW 

of third instar juveniles (J3), producing narrower individuals (Fig. II-9b).  Juvenile 

crabs in the 28-day-delay treatment were ~3% narrower than crabs in the control 

treatment (Fig. II-9b).  Similar to the present study, delayed C. sapidus individuals 

exhibited reduced size (carapace length) only in late juvenile stages (J4 and J5) 

(Gravinese and Tankersley, pers. obs.).  In contrast, studies of other marine 

invertebrates, including the hermit crab Clibanarius longitarsus (Harms 1992) and 

the grapsid crab Chasmagnathus granulata (Anger 1991, 2001), have found an 



77 
 

 
 

effect of delayed metamorphosis on the size of newly metamorphosed juveniles.  

Simith and colleagues (2013) found that body size (carapace width) of delayed U. 

cordatus juveniles was significantly reduced in comparison with non-delayed 

individuals throughout all stages observed (J1-J5), suggesting that the cost of 

delayed metamorphosis can occur early and persist throughout development. 

The difference in PW exhibited by L. polyphemus juveniles exposed to the 

longest delay treatment (28 days) resulted in a significantly different body shape 

(PL: PW) in these individuals when compared with the non-delayed crabs (Fig. II-

12).  These juveniles exhibited a slightly more circular shape after molting to the 

third juvenile instar (closer to a 1:1 PL: PW ratio).  However, the body ratio 

exhibited by the delayed individuals was only ~2% larger than the non-delayed 

juveniles.  These results differ from other studies that found no statistically 

significant influence of delayed metamorphosis on body ratios of the grapsid crab 

Chasmagnathus granulata (Gebauer et al. 1999) and the blue crab C. sapidus 

(Gravinese and Tankersley, pers. obs.).   

The current study indicates that delaying metamorphosis has no lethal effect 

and minimal sublethal on L. polyphemus juveniles.  A significant effect was 

expected because trilobite larvae are lecithotrophic (i.e., non-feeding) and therefore 

subsist on a maternal yolk during the larval stage.  Delayed metamorphosis is 

thought to deplete maternal reserves and therefore can have latent effects on 

juvenile stages (Pechenik et al. 1998, 1999, Bishop et al. 2006, Pechenik 2006).  

But some non-feeding marine invertebrate larvae, such as bivalves (Fankboner and 
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deBurgh 1978, Rice et al. 1980, Manahan 1990), echinoderms (Fontaine and Chia 

1968), and polychaetes (Bass et al. 1969), have the ability to uptake dissolved 

organic matter (DOM) to supplement maternal reserves.  Furthermore, Wendt and 

Johnson (2006) found that post-metamorphic costs of delayed metamorphosis 

(decreased survival and growth) in the bryozoan Bugula neritina were offset when 

DOM was made available to the larvae.  Measurements of amino acid synthesis via 

autoradiographic, biochemical, and kinetic experiments (Manahan and Crisp 1982) 

are needed to determine if L. polyphemus individuals utilize DOM during early 

developmental stages.  Some marine invertebrates, such as the marine worm 

Sipunculus nudus, have also been shown to downregulate their metabolism to 

conserve energy during periods of environmental stress (Reipschläger and Pörtner 

1996).  Oxygen consumption during periods of delayed metamorphosis must be 

monitored to determine if L. polyphemus is capable of downregulating metabolic 

activities.    

The differences in size (PW) and shape of L. polyphemus juveniles exposed 

to the 28 day delay treatment and those crabs in the control treatment were 

statistically significant, but small (2-3% change).  Therefore, these differences in 

size and shape may not be biologically significant.  However, these slight 

morphological differences (i.e., reduced size/change in shape) may indicate 

physiological stress experienced by the last larval stage (Gebauer et al. 1999).  

Effects of physiological stress experienced during the larval stage may hinder the 

ability to compete for food, mates, and refuge (Hines 1986, Pechenik 1990, Stearns 
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1992, Williams 1994, Bernado 1996, Marshall et al. 2006).  Therefore, these 

differences in morphology may be important in explaining natural variability in 

survival and reproduction (Phillips 2002, Jarrett 2003, Marshall and Keough 2005), 

which may lead to a better understanding of recruitment processes, population 

dynamics, and temporal/spatial variability in distribution and abundance (reviewed 

by Giménez 2006).  

The absence of post-metamorphic consequences of delayed metamorphosis 

on survival, molt-stage duration (MSD), and morphology after a delay of 28 days 

suggests that the ability of L. polyphemus trilobites to extend the larval phase for at 

least 28 days may be adaptive for L. polyphemus.  However, larvae may experience 

other sublethal effects.  For instance, delayed metamorphosis has been shown to 

slow reproductive maturation (e.g., the bryozoan Bugula neritina) and decrease 

fecundity of adult marine invertebrates (e.g., the polychaete Polydora ligni) 

(Pechenik et al. 1998).  Additionally, delayed metamorphosis may affect the ability 

of some marine invertebrate juveniles (e.g., the echinoid Dendraster excentricus) to 

tolerate environmental stressors (Highsmith and Emlet 1986).  More studies on 

post-metamorphic costs of delayed metamorphosis should be conducted on L. 

polyphemus to determine if it truly is an adaptive trait.        

The absence of post-metamorphic consequences of delayed metamorphosis 

for L. polyphmeus juveniles delayed for 28 days, suggest that horseshoe crab 

populations may be more affected by other factors, such as anthropogenic 

exploitation and the destruction of adult spawning areas, than previously thought.  
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Additionally, the present research supports the notion that horseshoe crab larvae are 

resilient in the absence of metamorphic cues.  Previous research has also shown 

that the horseshoe crab is capable of tolerating a wide range of environmental 

conditions (e.g., hypoxia/anoxia, extreme variations in salinity and temperature, 

and pollutants) (Laughlin 1983, Carlsson and Gäde 1986, Botton et al. 1998a, 

Botton et al. 1998b, Ehlinger and Tankersley 2004).  This information may force 

conservation programs to implement new preservation strategies and alter research 

aims in order to determine the factors that are affecting adult populations of L. 

polyphemus.  
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