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The ideal free distribution (IFD) model states that individuals should distribute 

themselves among resources such as food, oviposition sites, or mates, in a way that 

maximizes their fitness. Satellite male horseshoe crabs, Limulus polyphemus, form 

spawning groups around some nesting pairs (female plus attached male) while leaving 

others to nest alone. Furthermore, females of pairs that attract satellites are larger and lay 

more eggs than females of pairs that do not attract satellites. To better understand satellite 

male mating decisions and the formation of mating groups in the horseshoe crab, first I 

examined whether satellite males distribute themselves among females of variable 

fecundity following an IFD. Then, I identified cues satellite males use to locate nesting 

pairs and assess female fecundity. 

I collected data on female size, fecundity and group size during the spring breeding 

season (February-May) 2004-2005. I combined these data with previous measures of 



xi 

paternity from the same site to create a predicted IFD for satellites around females of 

variable fecundity. At a very low OSR (operational sex ratio), satellite males distributed 

themselves among nesting females following the predicted IFD. But at high sex ratios, 

there were more pairs than predicted with zero or one satellite, fewer pairs with two 

satellites, and more pairs with three to seven satellites. Thus, satellites were 

undermatching the fecundity of some females and overmatching the fecundity of others.    

Since satellite males preferentially join large females with higher fecundity, they 

must be using some cue from the nesting pair to locate and evaluate female quality. I 

experimentally tested whether satellite males use visual cues to discriminate among large 

and small females and if satellites use chemical cues from eggs to distinguish among 

females based directly on fecundity. I conducted experiments in the field at Seahorse Key 

during the 2005 breeding season, in which I observed the behavior of satellite males as 

they approached cement models of horseshoe crab pairs. Satellite males were 

significantly more likely to approach and join model pairs with large females than with 

small females. However, there was no difference in the length of time satellites remained 

joined to the models. When chemical cues were examined, there was no difference 

between the numbers of satellite males that approached or joined the model pairs that 

were placed over bags containing eggs and those placed over empty bags (model females 

were of equal size). However, of the satellites that joined models, those that joined the 

pairs with eggs remained attached for significantly longer than those that joined the 

control model. In summary, this study shows that satellite male horseshoe crabs use a 

hierarchy of cues, first visual for longer distances, then chemical at shorter range to make 

group joining decisions. 
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CHAPTER 1 
GENERAL INTRODUCTION 

Individuals should distribute themselves among resources in a manner that 

maximizes their fitness, called an ideal free distribution (IFD) (Fretwell & Lucas 1970; 

Goss-Custard & Sutherland 1997). When resources are equal in value, individuals should 

distribute themselves evenly among those resources. However, when resources are 

unequal then group sizes should differ, with larger groups around the higher quality 

resources and smaller groups or no individuals around the lower quality resources (Parker 

& Sutherland 1986).  

 Horseshoe crabs, Limulus polyphemus, are an ideal system for studying the nature 

of group formation. Thousands of paired males and females arrive on a beach in 

amplexus and nest in the sand. Unattached males approach the beach alone joining the 

nesting pairs and participating in group spawning. Some pairs attract many unattached, 

satellite males while other pairs nearby on the beach remain alone, yielding highly 

variable mating group sizes.  

Differences in female quality or nesting location could explain this variation. 

Hassler (1999) found that there was no difference in nest site quality between pairs with 

satellites and pairs without satellites, but there was a difference in female qualities. The 

females of pairs nesting with satellites are, on average, larger and heavier than females 

nesting without satellites (Brockmann 1996). Additionally, females nesting with satellites 

lay significantly more eggs than females without satellites (Hassler 1999; but see 

Brockmann 1996).  
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In Chapter 2 I examine whether the satellite males distribute themselves among 

females of variable fecundity following the predicted IFD. To accomplish this, I combine 

previous paternity data (Brockmann et al. 2000) with data I collect on female fecundity, 

body size, and the distribution of mating group sizes on the beach. If the observed mating 

group sizes are not significantly different from those predicted by an IFD, then this 

suggests that satellites are able to assess the differences in female fecundity and distribute 

themselves freely among those females without interference from other satellites.  

If satellite males preferentially join large females with higher fecundity, they must 

be using some cue from the nesting pair to locate their position and evaluate female 

quality. Satellites might be using vision to detect a phenotypic indicator of fecundity such 

as body size (e.g., Calvo & Molina 2005; Melo & Le Clus 2005; Prado & Haddad 2005); 

chemoreceptors to sense an odorous by-product of other activities such as laying eggs or 

a specific signal such as a pheromone; hearing or touch to detect sounds or vibrations 

from such things as scratching and rubbing between carapaces which could reveal a 

female’s fecundity; or multiple modalities to identify a combination of mating cues. 

Satellite males are known to use vision to identify and discriminate among female-

sized objects offshore (Barlow et al. 1982). Males prefer black castings of female 

horseshoe crabs over similar-size castings of other shapes and colors (Barlow et al. 

1982). Thus, it seems likely that satellites may also use vision to assess the size of nesting 

females and join groups accordingly. 

However, when females nest they are partially buried under the sand (Brockmann 

1996). This would seem to preclude the use of vision. Therefore, it seemed most likely 
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that satellites were using chemical cues alone or in addition to visual cues for 

discriminating among potential mates. 

Limulus have millions of chemoreceptor cells at chemoreceptor sites distributed 

around their body, but concentrated on their limbs (Patten 1894; Hayes 1985). Studies 

have shown that these chemoreceptors may be used for close-range and distance 

chemoreception (Wyse 1971; Quinn et al. 1998). Furthermore, Hassler and Brockmann 

(2001) discovered that satellites are more attracted to a model of a female horseshoe crab 

placed over a sponge filled with seawater from underneath a nesting female versus a 

model placed over a sponge filled with just seawater. They argue that the sponge 

collected whatever chemicals were being released by the female and satellites were using 

this information to discriminate among females. 

Although the previous studies on vision have shown that satellite males can use 

vision to detect female-sized objects, it is not known whether satellites can use vision to 

assess female size (Barlow et al. 1982). Furthermore, prior studies determined that 

satellites are able to discriminate among females based on some sort of chemical cue 

released during nesting but the specific source of the cue remains unknown (Hassler & 

Brockmann 2001). In Chapter 3 I examine the use of visual cues and chemical cues as 

possible proximate mechanisms by which satellite males detect differences in fecundity. 

In particular, I experimentally test whether satellite males use visual cues to discriminate 

among large and small females for mating and whether satellites use chemical cues 

located in horseshoe crab eggs to discriminate among females based directly on 

fecundity. These experiments eliminated the possibility that males might be using other 

sources of information such as auditory or tactile cues.  
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The ideal free distribution model states that a satellite male should join a spawning 

group when he will achieve greater reproductive success by joining a group than 

searching for a lone pair (Fretwell & Lucas 1970; Goss-Custard & Sutherland 1997). 

Consequently, if satellites follow the predictions of an IFD, mating group sizes should be 

variable with larger groups surrounding pairs with females of higher fecundity. For this to 

occur, satellites must be able to assess the number of other males already participating in 

the group spawning and female fecundity. Therefore, in order to better understand 

satellite male mating decisions and the formation of mating groups, we must examine 

both the nature of satellite distribution around nesting pairs and the proximate 

mechanisms satellites use to distribute themselves around pairs. Additionally, we must 

consider the costs and benefits of every decision due to their influence on the predicted 

outcome. 
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CHAPTER 2 
DO SATELLITE MALE HORSESHOE CRABS CHOOSE FEMALES BASED ON AN 

IDEAL FREE DISTRIBUTION? 

Introduction 

Distributional patterns of animals are central to our understanding of behavioral 

ecology. The Ideal Free Distribution (IFD) predicts that individuals should distribute 

themselves in such a way that use of available resources will maximize their fitness 

(Fretwell & Lucus 1970). If resources in the environment are patchy but of equal quality, 

individuals should distribute themselves evenly among those resources. If resources are 

unequal, the distribution of individuals will be uneven, with the higher quality resources 

attracting more individuals and the lower quality resources attracting fewer. As a 

consequence, the resulting fitness of individuals in the population will be equal (Parker & 

Sutherland). The basic model of IFD makes three main assumptions: 1) all individuals 

have equal competitive abilities; 2) individuals are able to move anywhere within their 

environment at no cost; and 3) individuals know the relative quality of every resource 

patch (Fretwell & Lucus 1970). If these assumptions are supported, the said distributions 

should occur.   

Although the IFD model is most often used to describe the distribution patterns of 

animals with respect to foraging behavior (e.g., Ward et al. 2000; Jackson et al. 2004; 

Ramp & Coulson 2004), it has also been used to examine the distribution of individuals 

with respect to other resources such as oviposition sites (Whitman 1980; Korona 1990; 

Blanckenhorn et al. 2000) or mates (Nishida 1993; Huhta et al. 1998; Widemo 1998;
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Blanckenhorn et al. 2000). IFD may also be useful to explore the distribution of males 

relative to females in species that form mating groups. In species with external 

fertilization, a mating group can be defined as one female that releases eggs and multiple 

males that release sperm, which compete to fertilize those eggs (Roberts et al. 1999; 

Prado & Haddad 2003; Byrne & Roberts 2004). In many species, males are thought to 

incur considerable costs from mating especially when sperm competition is high 

(Dewsbury 1982; Nakatsuru & Kramer 1982; Olsson et al. 1997; Wedell et al. 2002). 

Thus, males should benefit by accurately assessing female quality, selecting to mate with 

the female that would provide the greatest reproductive fitness. If a male is following an 

IFD, and resources, in this case females, are unequal in quality, then either choosing to 

join a large group and engage in high levels of sperm competition for a higher quality 

mate or avoiding high levels of sperm competition and mate with a less desirable female, 

could both result in equal net fitness for that male.  

The horseshoe crab, Limulus polyphemus, is an ideal species for studying IFD and 

it’s predictions about the formation of variable mating group sizes. At high tide on the 

new and full moons during the spring and summer, paired males and females arrive on a 

beach in amplexus and nest in the sand. Some nesting couples (female plus attached 

male) remain as pairs whereas others only a meter or two away are encircled with as 

many as ten or more unattached, satellite males (Brockmann 1996). Within minutes the 

female lays a clutch of eggs and the attached male and any participating satellite males 

release their aquatic, free-swimming sperm fertilizing the eggs externally. Next, the 

female, attached male, and any satellite males push ten to twenty centimeters forward in 

the sand (Brockmann 1990, 1996) and the female lays a second clutch of eggs and the 
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males release a second round of sperm. Nesting continues through an average of three to 

five clutches before the male-female pair leaves the beach and the satellites disperse 

(Brockmann 1996). Females, together with their attached male, may nest again over the 

next few days during a one-week period around the time of the new or full moon, but 

rarely across tidal cycles (Cohen & Brockmann 1983; Barlow et al. 1986).  Males 

commonly return to the beach across many tides either attached to a new mate or as 

satellites.   

Both satellite and attached males that are part of large mating groups participate in 

strong sperm competition to fertilize eggs. If no satellites are present, the attached male 

fertilizes 100% of the eggs in a nest (Brockmann et al. 1994; Brockmann et al. 2000). In a 

pair with one satellite, on average, the attached male fertilizes about 60% and the satellite 

male fertilizes approximately 40% of the eggs in the nest (Brockmann et al. 1994; 

Brockmann et al. 2000). When two satellites join a pair, they achieve approximately the 

same proportion of fertilizations at about 40% each, significantly reducing the 

fertilization success of the attached male (Brockmann et al. 2000). However, when a third 

or forth satellite male joins a group, the mean fertilization success of all the satellites 

drops to approximately 20% (Brockmann et al. 2000).  

These results suggest that it should be advantageous for a satellite male to join a 

pair with no or few satellites rather than join a pair with many satellites. However, large 

mating group sizes up to as many as four to seven satellites are commonly observed 

(Brockmann 1996; pers. obs. from population census 2004, 2005). Furthermore, mating 

group sizes are uneven and do not follow a poisson distribution (which would be 

indicative of random group formation) (Brockmann 1996). More pairs than expected fail 
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to attract satellites or attract many satellites and fewer pairs than expected have 

intermediate numbers of satellites (Brockmann 1996). On average, mating groups of four 

to seven are associated with 13 % of the pairs on the beach and at the same time 51 % of 

pairs have no satellites (Brockmann 1996). If satellites could achieve greater reproductive 

success by spreading out among pairs instead of clumping around some pairs and leaving 

others alone, why are these vast discrepancies in mating group size observed? 

A number of hypotheses, consistent with the predictions of IFD, might be posited 

to explain why satellite male horseshoe crabs might choose to join large mating groups 

and engage in intense sperm competition rather than join a pair with no satellites and 

avoid sperm competition. One possibility is that pairs that attract satellites might nest in 

higher quality environments than pairs that do not attract satellites, ultimately increasing 

the proportion of eggs in a nest that survive. However, Hassler (1999) found no 

differences in the hatching or developmental rates of eggs that developed in the nest sites 

of females with and without satellites, suggesting no differences in nest site quality.  

A second possibility is that females that attract satellites are of higher quality than 

females that do not attract satellites. This would mean that satellites that mate with higher 

quality females have the potential to achieve greater overall reproductive success despite 

an increase in sperm competition when compared with satellites that mate with lower 

quality females.  Female quality may be measured as higher quality eggs or higher 

fecundity. Hassler (1999) found that there were no significant differences in the hatching 

success, developmental rates, hatching rates, or energy content of eggs from females with 

and without satellites. This means that there are no observable differences in egg quality 
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between females that attract many satellites as compared with those that attract no 

satellites. 

Alternatively, Hassler (1999) also examined the quantity of eggs laid by females 

with and without satellites and found that females with satellites lay on average 65% 

more eggs than females without satellites (but see Brockmann 1996). Hassler (1999) 

went on to show that in spite of the increased sperm competition, satellite males could 

increase the number of eggs they fertilized by associating with these highly fecund 

females that were surrounded by satellite males. Using this argument she accounted for 

males joining groups with one satellite male but not larger groups.   

In this study I collected data on female fecundity, body size, and the distribution of 

mating group sizes on the beach. I combined these data with previous paternity data 

(Brockmann et al. 2000) to determine if satellite male horseshoe crabs distribute 

themselves among females of variable fecundity following an IFD. Furthermore, I 

discuss the possible influence of the proportion of satellite males to females on the beach 

and operational sex ratio (OSR) on satellite male distribution around nesting females. 

This study provides insight into satellite male mating decisions and the formation of 

mating groups in the horseshoe crab. 

Methods 

Location 

 This study was conducted on a 1-km stretch of low energy beach on the south 

beach shore of Seahorse Key, (SHK), Levy County, FL. Seahorse Key is an island on the 

west coast of Florida in the northern Gulf of Mexico approximately 4 km SW of Cedar 

Key, FL (29°06' N 83°04' W). It is part of the Lower Suwannee National Wildlife Refuge 

and is the location of the University of Florida Marine Laboratory. Each spring thousands 
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of horseshoe crabs nest from about 2 h before until 2 h after the high tides during the 

weeks of new and full moons. I collected data on the relationship between female 

fecundity and female body size on alternating weeks between 6 March and 2 May 2004. I 

examined the frequency distribution of mating group sizes during alternating weeks from 

24 March to 23 April 2005. Additionally, I conducted a census documenting the 

operational sex ratio (OSR) and also the proportion of nesting females to satellite males 

on the beach (satellite ratio) during alternating weeks from 5 March 2004 to 3 May 2004 

and 23 February 2005 to 26 May 2005.  

Horseshoe Crab Measurements 

The inter-ocular distance (IO) of the lateral eyes was measured on nesting females 

and attached males. This is the distance between peaks of the inter-ocular spines located 

on the dorsal side of the lateral eyes. IO correlates well with body size (weight and 

carapace width) and can be measured without disturbing the nesting activity (Brockmann 

& Penn 1992). Inter-ocular distance was measured to the nearest 1 mm using a measuring 

tape.  

Mating group size of nesting females was recorded. Mating group size is defined as 

the total number of satellite males in contact with a female and her attached mate. For 

example, a nesting female with just an attached male has a mating group of zero. A 

nesting female with an attached male and three other males (satellites) surrounding her 

has a mating group size of three. A male is said to have joined a group when he comes in 

physical contact with the nesting female, attached male, or another male in the group, and 

remains there for at least 10 sec.   
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Tagging Horseshoe Crabs 

Every animal in the study was tagged for documentation and to assure that no 

animal was used more than once. Tags were uniquely numbered plastic labels (1 cm x 2.5 

cm) attached on the lower right side of the prosoma with a flat-backed thumbtack. The 

tags remain attached to the horseshoe crab for a few weeks to a few months and 

horseshoe crabs do not seem to be adversely affected by the tags (Cohen & Brockmann 

1983; Brockmann 1990). 

Population Census 2004 and 2005 

Each tide of the study (2004: n = 57; 2005: n = 89), from the time of the predicted 

maximum high tide until 0.5-1 h after (the time when the most horseshoe crabs are on the 

beach), I walked once along a 1 km section of the beach recording the mating group size 

of all nesting pairs as well as the number of unattached males and the number of lone 

females. 

Fecundity Measurements 

To determine the relationship between female fecundity (average clutch size) and 

female size, I conducted field observations on individual pairs of nesting females. I 

walked along the beach during the high tide until I found both a nesting female with no 

satellite males and a nesting female with at least one satellite male located within 5 m of 

each other at approximately the same height on the beach. I separately marked each 

clutch of eggs laid by both females by placing a pair of wire flags on either side of the 

prosoma-opisthosomal hinge of each female. When a clutch was laid as indicated by the 

female moving forward in the sand, I placed a second pair of flags at the new location.  

This continued until either a female finished laying eggs and returned to the ocean or 

until I marked a total of five clutches per female (Cohen and& Brockmann 1983; 
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Brockmann 1990). I recorded the date, time, and number of satellites present around the 

nest each time the female laid a clutch of eggs. If a female finished laying eggs and 

returned to the ocean before I marked at least three clutches, I discarded that paired trial 

and it was not used for the analyses. Recording a minimum of three clutch sizes per 

female enabled me to calculate an accurate average clutch size. Prior to data analysis, 

average clutch size was calculated by taking the total volume of eggs laid per nest and 

dividing that by the total number of clutches. I individually tagged each nesting female 

and attached male and measured the female’s size (IO). I returned to the flagged nests 

during the following low tide and carefully uncovered each clutch of eggs. I sieved each 

clutch with a plastic mesh sieve (1 mm mesh size), in seawater to remove excess sand 

and debris and measured and recorded the volume of eggs per clutch using a graduated 

cylinder. I placed the fertilized eggs back into their respective hole and covered the nest 

back with sand so that the eggs would survive to hatching. Disturbing eggs in this manner 

has no demonstrable effect on hatching success (Hassler 1999). I measured 68 nests (34 

nests of females with satellites and 34 without satellites), over 18 high tide events (11 

daytime tides and 7 nighttime tides), from 6 March to 2 May 2004. 

Female Size Measurements 

I used the south beach of SHK to measure the body size of nesting females on 

alternating weeks from 24 March to 23 April 2005 to create a frequency distribution of 

female sizes on the beach. I began the female nesting measurements by walking along the 

beach at the high tide line during a high tide when females were nesting. I approached a 

nesting female (i.e. at least partially buried in the sand), noted her mating group size, 

measured her inter-ocular distance (IO), and tagged her. I repeated this procedure on as 

many nesting females as possible during a high tide, across 14 high tides events (8 
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daytime tides and 6 nighttime tides), amounting to a total of 366 individual females (4 – 

69 females per high tide event). 

Calculating the Predicted Ideal Free Distribution of Satellites 

I calculated the expected fecundity (average clutch size) distribution of nesting 

females on an average tide using the observed distribution of female body sizes (n = 366) 

across the breeding season and the function relating body size and fecundity (fecundity = 

-34.35 + 3.91 * female size). The function was determined by a Linear Regression test 

(SPSS 12.0 software). As the size distribution of females was not observed to be different 

among tides, I chose five sample tides (three from the 2004 census and two from the 

2005 census), each with a different proportion of satellite males to females (satellite 

ratio), ranging from ratios of 1:2.5 to 2.5:1 (and an associated OSR which included all 

males – attached, lone, and satellite). Using the expected fecundity distribution, I 

calculated the corresponding paternity distribution by multiplying the average percent 

fertilization success of the 1st, 2nd, 3rd, and 4th satellite male to join a mating group (taken 

from Brockmann et al. 2000) with the expected fecundity of each female for all five tides.  

This provided me with an expected fertilization success for every satellite up to and 

including four around all nesting females on each sample tide. Finally, for each sample 

tide, I manually determined the distribution of satellites around the females of varying 

sizes (and thus, varying fecundity) that would be predicted if satellites distributed 

themselves following an IFD based on their own expected fertilization success. If the 

observed distribution of satellites does not differ significantly from the predicted 

distribution of satellites I can conclude that the satellite male horseshoe crabs are joining 

mating groups following the IFD for that OSR / sex ratio of satellites to females. 
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Data Analysis 

I examined the difference in the quantity of eggs laid by females with and without 

satellites using a Paired Samples T-test (SPSS 12.0 software). I compared the predicted 

distribution of satellites around nesting females based on an IFD to the observed 

distribution of satellites for each sample tide chosen from the census (n = 5) using the 

Kolmogorov-Smirnov Two-Sample test (Siegel & Castellan 1988).  

Results 

Fecundity Measurements 

Fecundity was highly variable among female horseshoe crabs nesting on Seahorse 

Key (mean clutch size = 17.8 mL ± 10.9 S.D.; Fig. 1), though there was a significant 

positive relationship between female body size (IO) and female fecundity (average clutch 

size) (Linear Regression: r2 = 0.11, n = 68, p = 0.006; fecundity = -34.35 + 3.91 * female 

size; Fig. 2). Furthermore, females with satellites (mating group size of ≥ 1) laid 

significantly more eggs than females without satellites (mating group size of 0) (Paired-

Samples T-test: t = 2.10, df = 33, p = 0.043). Females with satellites had a mean clutch 

size of 20.32 ± 12.54 mL, whereas females that did not attract any satellites had mean 

clutch size of 15.20 ± 8.31 mL.   

Female Size Measurements 

Body size (inter-ocular distance) was variable among nesting females. Nesting 

females (n = 366) had a mean inter-ocular distance of 13.59 cm ± 1.1 S.D. (Fig. 3a). The 

frequency distribution of female body sizes remained approximately the same across all 

tides (n = 14) (Fig. 3b-f). 
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Figure 1.  Frequency distribution of female fecundity (mean clutch size in mL) (1 mL = 
88 eggs) (n = 68). 

Fecundity = -34.35 + 3.91 * Female Size
R-Square = 0.11
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Figure 2.  Scatter plot showing the relationship between female size (inter-ocular 
distance) (cm) and fecundity (average volume of eggs per clutch in mL). 
Linear Regression: r2 = 0.11, n = 68, p = 0.006.  
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Figure 3.  Frequency distribution of nesting female body sizes (inter-ocular distance) 

(cm) (n = 366) collected over 14 tides (a). Examples of the distribution of 
female sizes for five of the 14 tides sampled (b-f). Frequency distributions 
were similar for each tide. 

 

(a) 

(d)                      OSR = 2.00 (c)                     OSR = 2.79 

(b)                      OSR = 1.90 
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Figure 3.  Continued 
 
Observed Distribution Versus Predicted IFD 

When the number of satellite males to nesting females (satellite ratio) was 

extremely female biased (1:2.5), satellite males distributed themselves among nesting 

females following the predicted IFD (Kolmogorov-Smirnov test: D316,316 = 0.095, p > 

0.05; Fig. 4a). At a slightly less female biased satellite ratio (1:2), satellites did not follow 

the IFD, although the observed distribution was only slightly different than predicted 

(Kolmogorov-Smirnov test: D151,151 = 0.159, p < 0.05). A few more females than 

predicted had one satellite and a few less females than predicted had zero satellites or two 

satellites. All other group sizes were similar to what was predicted by an IFD (Fig. 4b). 

As satellite males became more common on the beach, mating group sizes deviated 

significantly from the predicted IFD (Kolmogorov-Smirnov test: satellite ratio = 1:1, 

D193,193 = 0.254, p < 0.001; satellite ratio = 2:1, D513,513 = 0.417, p < 0.001; satellite ratio 

= 2.5:1, D333,333 = 0.363, p < 0.001). More females than predicted failed to attract any 

satellites or attracted one satellite, fewer females than predicted had mating groups with 

two satellites, and more than predicted had groups larger than two (Fig. 4c-e). 

(e)                    OSR = 3.21 (f)                       OSR = 2.24 
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Figure 4.  The observed and predicted frequency distribution of mating group sizes of 

nesting females based on an IFD for five tides from the 2004 census. Each 
tide represents a different ratio of satellite males to nesting females. When the 
satellite ratio was low (1:2.5) the satellites followed the IFD (Kolmogorov-
Smirnov test: D316,316 = 0.095, p > 0.05) (a). For all other ratios, the satellites 
did not distribute themselves around females following the IFD (Kolmogorov-
Smirnov test: D151,151 = 0.159, p < 0.05 (b); D193,193 = 0.254, p < 0.001 (c); 
D513,513 = 0.417, p < 0.001 (d); D333,333 = 0.363, p < 0.001 (e)). 

 

(a)  (b)  

satellite ratio = 1:2 
OSR = 2:1 

satellite ratio = 1:2.5 
OSR = 2.5:1 

satellite ratio = 1:1 
OSR = 3:1 

(c) 
satellite ratio = 2:1 
OSR = 3.5:1 

(d) 
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Figure 4.  Continued 
 

Discussion 

If satellite males were distributing themselves among spawning pairs according to 

an IFD, then the resulting group sizes should provide the maximum reproductive fitness 

for all associated satellite males (Fretwell & Lucas 1970). When the predicted 

distribution is uneven, females (or mate locations) must be unequal in quality, and the 

largest groups should form around the highest quality females (or mate locations) (Parker 

& Sutherland 1986). In the horseshoe crab system, mating group sizes are uneven and do 

not follow a poisson distribution (which would indicate random choice), thus suggesting 

that there is not an equal fitness benefit for satellite males to join every group 

(Brockmann 1996). This study confirmed that female horseshoe crabs are very variable in 

fecundity, one potential measure of quality. Additionally, just as Hassler (1999) 

documented, I found that females that attracted satellite males laid more eggs than 

females that did not attract satellites suggesting that satellites are able to detect female 

fecundity or a correlate of fecundity and choose to join groups accordingly. But, in 

general, satellite male distribution on a given tide did not follow the predicted IFD.  

(e)  
satellite ratio = 2.5:1 
OSR = 4:1 
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On all high tides other than those with a very low OSR on the beach, more females 

than predicted attracted zero or only one satellite, fewer females than expected attracted 

two satellite males. This suggests that satellite males were undermatching females (Gray 

& Kennedy 1994). In other words, satellite males were underestimating the fecundity of 

some females resulting in fewer satellite joining females with expected high fecundity 

and more satellites joining females with low fecundity. Although the under use of higher 

quality females seems surprising, it is a commonly observed divergence from IFD 

predictions (Tregenza 1995).  

Furthermore, at high OSRs, more females than predicted attracted large group sizes 

of greater than two satellites indicating that overmatching also occurred. Thus, although 

satellite males were underestimating the fecundity of some females (with smaller group 

sizes), they were also overestimating the fecundity of others. These findings, when taken 

together, suggest that it is either difficult for satellites to assess the potential reproductive 

fitness gained by joining a group or there are some situations where they may change 

their decision rules and base their joining decisions on factors other than fecundity and 

group size.    

Large deviations from the predicted IFD have been often reported (e.g., Gray 1994; 

Blanckenhorn et al. 2000; Shochat et al. 2002; Jackson et al. 2004; Ramp & Coulson 

2004) and there are many conditions that predict its occurrence (Kennedy & Gray 1993; 

Gray & Kennedy 1994; Tregenza 1995). Deviations are likely to occur when individuals 

cannot assess all possible resources, due to time constraints or location constraints. In the 

horseshoe crab system, satellite males have limited time to search the beach for females. 

Females nest during a 2-3 h time span and are widely distributed along the beach at the 
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high tide line, frequently in windy conditions (Cohen & Brockmann 1983; Brockmann 

1990; Penn & Brockmann 1994). If satellites are extremely choosy and forgo 

opportunities to join spawning females with moderate fitness benefits in search of 

females with high fitness benefits they may compromise their spawning opportunity.  

Additionally, satellites in shallow water are frequently flipped over onto their backs 

due to wind induced turbulence (Brockmann 1990). Satellites are able to right themselves 

using their telson although this maneuver takes time and energy (Brockmann & Penn 

1992; Penn & Brockmann 1995). Also, satellites are in general older and in worse 

condition overall than attached males and have a harder time righting themselves 

(Brockmann & Penn 1992; Penn & Brockmann 1995). When satellites are part of a group 

they are able to hold on to the female, attached male, or another satellite male making it 

easier for them to resist the force of the waves and wind (Penn & Brockmann 1995). 

Thus, it may be more beneficial for a satellite to join a group of any female, regardless of 

fecundity or group size, than to take the time and energy to search the beach for a female 

with higher fecundity or a smaller mating group. 

Furthermore, undermatching of females is predicted to occur when there is 

interference among competitors with differential competitive abilities (Fretwell 1972; 

Gray 1994; Moody & Houston 1995). Although satellites in groups struggle to maintain 

their position around a female, it is not known whether they actively prevent others from 

joining their spawning group. If this were the case then the stronger satellites could 

thwart the weaker satellites' attempts to join a group. However, this possibility seems 

unlikely for several reasons. The average fertilization success of the first and second 

satellites surrounding a female is equal, with every additional satellite decreasing the 
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fertilization success of all other satellites (Brockmann et al. 2000). Therefore, there 

would be no reason for the first satellite male to try to prevent a second male from joining 

because the second male has no measurable effect on the success of the first, thus failing 

to explain the lack of groups with two satellites. Additionally, every satellite after two 

should try to prevent additional satellites from joining their group since all subsequent 

satellites to join do decrease the fertilization success of all preceding satellites. If males 

that are better competitors were able to accomplish this, large group sizes should not 

occur or occur less frequently than predicted by an IFD. However, more females than 

predicted had large mating groups of three to seven. 

Another possibility for the discrepancy between the observed group sizes and the 

group sizes predicted by an IFD for the population of horseshoe crabs on Seahorse Key is 

that there is great variation in fertilization success among all satellites and satellite 

fertilization success is strongly influenced by the position where a male is located around 

a female when spawning (Brockmann et al. 2000; Fig. 5). Position one is over the border 

between the prosoma and opisthosoma and may be on either the right or left sides of the 

female (1F), attached male (1A), or satellite male (1S). Position three is over the terminal 

spines and tail of the attached male (3A) or satellite male (3S). Position four refers to all 

other positions around the female (4F), attached male (4A), or satellites (4S) (Brockmann 

et al. 2000). Position 1F is strongly preferred over all other positions and the average 

percentage of fertilizations of satellite males occupying that position (whether there were 

one or two satellites in the mating group) is approximately 40%. But, if there were two 

males in position 1F, one of the two males commonly achieves much more fertilizations 

than the other (Brockmann et al. 2000). For the purposes of this study, I did not take 
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position into consideration, consequently giving the first and second satellite male to join 

a group about 40% of the fertilizations. Thus, I made the assumption that the first and 

second satellite do equally well at fertilizing the eggs, potentially inflating the 

reproductive fitness gain for one of the two satellites in groups of two, thereby over 

estimating the predicted frequency of groups of two and under estimating the predicted 

frequency of groups of one or zero.  

 

Figure 5.  This nesting female (F) has an attached male (A) plus six satellite males 
occupying different spawning positions. Three satellite males are located in 
position one, one on the right side of the female (1F), one on the left side of 
the female (1F), and one on the left side of a satellite (1S) on the border 
between the prosoma and opisthosoma. Two satellites are in position three, 
over the tail and terminal spines of satellites (3S). The last satellite is in 
position four, located on the anterior side of the female’s prosoma (4F). 

Now that it is known that the distribution of satellite males among nesting females 

deviates from what is predicted by an IFD, there are several other aspects of the spawning 

behavior that need to be addressed before one is able to fully understand the mating 

decisions of satellite males and the formation of mating groups in the horseshoe crab. In 

the future, one should directly assess satellite male competitive ability to examine 

whether satellites with greater competitive ability join spawning groups with higher 

quality females. Additionally, it is possible that satellites are better at accurately assessing 
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female quality when females are clumped (minimizing time and location constraints) 

resulting in an observed distribution that follows closer to the predicted IFD. Therefore, it 

would be interesting to look at the difference between group sizes on tides when females 

are clumped on the beach (possibly due to certain weather conditions, water currents, 

etc.) versus spread out along the entire beach or by simply examining the distribution of 

satellites across a small section of the beach versus the entire beach. Finally, a dynamic 

model needs to be made to test whether a satellite should stay with a female or leave a 

group and search for a better female, taking into consideration the costs and benefits of 

staying or searching. The state and environmental variables that could influence a 

satellite’s decision include his condition, the quality of the nesting female, the number of 

females on the beach from which a satellite would be able to choose, the distribution and 

density of groups on the beach, and the weather conditions (for example, it is more costly 

to leave a group and search for another group on windy days because of the likelihood of 

being flipped over), among others. 
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CHAPTER 3 
HOW DO SATELLITE MALES DISTINGUISH AMONG FEMALES OF VARIABLE 

FECUNDITY? 

Introduction 

Thousands of male and female horseshoe crab pairs approach the beaches along 

eastern United States and the Yucatan peninsula every spring and summer to mate. A 

mating pair consists of a fecund female and a male that has attached himself to the 

posterior spines of that female in order to participate in fertilizations. Some pairs nest 

alone, whereas other pairs perhaps only a meter or two away, are surrounded with as 

many as ten unattached, satellite males (Brockmann 1996; Fig. 6). Furthermore, mating 

group sizes are uneven and non-random (Brockmann 1996; Schwab Ch. 2). More pairs 

than expected fail to attract satellites or attract large groups of satellites, and fewer pairs 

than expected attract intermediate numbers of satellites (Brockmann 1996; Schwab Ch. 

2). Therefore, some nesting pairs seem to be preferred over others, possibly due to these 

pairs being of higher quality. Additionally, satellites are somehow locating and 

subsequently choosing to join these pairs for group spawning. 

Females nesting with satellites are, on average, larger and heavier than pairs nesting 

alone (Brockmann 1996; Hassler 1999; Schwab Ch. 2). Additionally, Hassler (1999) and 

Schwab (Ch. 2) found that satellite males are choosing to join groups with females that 

lay more eggs. If these are the cues that satellite males use to discriminate among pairs, 

how do unattached males swimming in the ocean along the shoreline, frequently on 
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moonless nights, locate pairs and assess the size and fecundity of the females nesting in 

the sand on the beach? 

 
 
Figure 6.  Four female horseshoe crabs (buried in the sand) nesting within 5 m of each 

other attract very different numbers of satellites. From bottom to top, female 
#1 has five satellite males in addition to her attached male, female #2 only has 
an attached male, female #3 has two satellites plus her attached male, and 
female #4 only has an attached male. 

Vision is known to be an important modality used by lone male horseshoe crabs for 

identifying mates offshore (Barlow et al. 1982; Powers et al. 1991; Herzog et al. 1996). 

The visual system of Limulus seems to have exploited every possible adaptation for 

increasing retinal sensitivity (Barlow et al. 1989). More specifically, through endogenous 

circadian rhythms, horseshoe crabs anticipate the onset of darkness, and anatomical and 

physiological changes take place in the eye (including an increase in lateral eye 

sensitivity of one million times daytime levels paralleling the million-fold decrease in 

ambient light intensity after dark) which allow them to see as well, if not better, at night 

than in the day (Barlow et al. 1982; Atherton et al. 2000).  

Barlow et al. (1982) conducted the first study of vision as a mechanism for mate 

identification in horseshoe crabs. They found that male horseshoe crabs approached and 

attempted to mate with black castings of female horseshoe crabs under water more 

#1

#2 
#3 

#4 
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frequently than female castings painted gray or white and cement cubes and hemispheres 

regardless of color. Additionally, males blinded by eye coverings neither approached the 

castings nor attempted to mate with them. Optic nerve fiber firing rates in horseshoe crab 

eyes dramatically increase when crab-like objects move within visual range at about the 

speed of a horseshoe crab (15cm/s) demonstrating the eye’s sensitivity to objects having 

the same size, contrast, and motion as potential mates (Passaglia et al. 1997; Barlow et al. 

2001). Herzog et al. (1996) determined that males are highly sensitive to contrast and will 

orient toward Limulus-like objects at distances up to 1.2 m in clear water. Furthermore, 

studies have shown that shallow water and wind-driven overhead waves, common 

features of horseshoe crab mating habitats, create strobic beams of light that when 

reflected off low-contrast moving objects, such as newly molted females, enhance neural 

signals which improves their response to objects underwater (Passaglia et al. 1997). 

Unlike pairing with unattached females underwater, joining already spawning pairs 

on the shore has some different features. When females nest they are partially buried 

under the sand (Brockmann 1996; Fig. 7). This would seem to make it difficult for 

unattached males to use visual assessment to gauge female size from offshore. 

Additionally, females nest above the tide line, whereas lone males frequently approach 

females from underwater, further raising the difficulty for searching males to see 

potential mates due to the light refraction at the air-water interface (but see Schuster et al. 

2004). Therefore, it seems unlikely that body size is the only cue used by satellite males 

to locate and assess nesting females. 

Many arthropods (Krieger & Breer 1999) use chemical cues for identifying and 

locating potential mates (e.g., Melville et al. 2003; Fukaya et al. 2004a; De Cock & 
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Matthysen 2005). Furthermore, it has been shown that a few arthropods and some reptiles 

and amphibians even possess the ability to use chemical cues for detecting mate quality 

(including such things as size, fecundity, or dominance status), and subsequent evaluation 

and discrimination among potential mates (e.g., Marco et al. 1998; Bushmann & Atema 

2000; Shine et al. 2003). Is it possible that male horseshoe crabs also have the ability to 

locate females and evaluate female size and/or fecundity using chemical signals? 

 

Figure 7.  This female horseshoe crab is nesting in the sand partially buried up to her 
lateral eyes. In addition to the attached male, she has attracted three satellite 
males, all participating in group spawning.  

Limulus possess millions of chemoreceptive cells distributed among chemoreceptor 

sites located in the spines of the coxal gnathobases of each walking leg, the spines of the 

chilarial appendages, and the chelae of all the limbs (Patten 1894; Hayes 1985). Studies 

have shown that these chemoreceptors may be used for both close-range and distance 

chemoreception (Wyse 1971; Quinn et al. 1998). For example, horseshoe crabs have the 

ability to generate both incoming and outgoing currents by beating their book gills 

causing water flowing towards and away from their bodies (Quinn et al. 1998). Quinn et 

al. (1998) found that book gill activity can create an incoming current pulling water from 

up to 18 cm away directly over the chemosensory organs. Thus, male horseshoe crabs 
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may possess the ability to use chemical cues for locating and assessing females for 

mating.  

Though horseshoe crabs have advanced chemosensory abilities, very few studies 

have actually examined the use of chemical cues in mating decisions. Hassler and 

Brockmann (2001) discovered that a sponge filled with seawater taken from below a 

nesting female placed under a cement model of a female was more attractive to males 

than a sponge filled with seawater. Presumably, the sponge collected whatever chemical 

compound was being released from under the nesting female allowing unattached 

(satellite) males to use the chemical cue, in addition to the visual cue of the model, to 

locate and discriminate between “females” for mating.  

Although the specific chemical compound or compounds to which male horseshoe 

crabs are attracted is unknown, Hassler and Brockmann (2001) hypothesized that it is a 

proteinaceous compound of high molecular weight. Horseshoe crab chemoreceptors are 

sensitive to amino acid solutions and steroids extracted from their prey (i.e. clams) 

(Barber 1956; Hayes & Barber 1982). Furthermore, Ferrari and Targett (2003) discovered 

a proteinaceous compound of high molecular weight (>10kDa) in the fertilized eggs and 

hemolymph of female horseshoe crabs that caused chemotaxis in mud snails and eels, 

two organisms that are highly attracted to dead horseshoe crabs. Finally, horseshoe crab 

eggs are known to produce a substance that attracts sperm and there is strong evidence 

that this chemical also induces the acrosomal reaction allowing sperm attachment to the 

egg (Shoger & Bishop 1967). Taken together, these studies indicate that horseshoe crabs 

release and respond to chemical compounds in seawater, and it is likely that these 

chemicals are present in horseshoe crab eggs. 
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In this study I explore the use of visual and chemical cues as possible proximate 

mechanisms by which satellite males make mating decisions. I expect, based on the 

Limulus sensory system and the characteristics of the marine environment, that satellite 

male horseshoe crabs may use visual cues for longer-range sensory detection and 

chemical cues for shorter-range detection, leading to a combination of cues used to locate 

and evaluate females for mating.  

Prior to conducting a manipulative experiment testing whether satellites prefer to 

mate with large over small females, I collected observational data to confirm the positive 

relationship between female body size, exposed carapace height, and mating group size. 

If unattached males are unable to view the entire body of a nesting female, perhaps they 

are able to see the section of the carapace that is not buried under the sand and interpolate 

body size. Secondly, I used female cement models to test directly whether satellite males 

choose to join groups surrounding large versus small females. Then, I documented 

whether satellite males approach nesting females prior to or after the first clutch is laid in 

order to help support or refute the possibility that male horseshoe crabs are attracted to 

compounds in fertilized eggs. Finally, I experimentally examined the use of chemical 

cues located in a clutch of horseshoe crab eggs by looking at satellite male preferences to 

female models placed over a bag of fertilized horseshoe crab eggs versus female models 

placed over empty bags, and female models placed over a sponge filled with fertilized 

egg extract (supernatant A) versus female models placed over a sponge filled with 

seawater. Taken together, these studies will enable me to determine the proximate 

mechanisms by which satellite male horseshoe crabs locate and discriminate among 

nesting females. 
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Methods  

Location 

Two field sites were used in this study: the south beach of Seahorse Key (SHK), 

Levy County, FL and Bowers Beach, Kent County, DE. Seahorse Key is an island off the 

west coast of Florida in the northern Gulf of Mexico approximately 4 km SW of Cedar 

Key, FL (29°06' N 83°04' W). Bowers Beach (39°06' N 75°40' W) is a low energy, 

course sand and gravel beach located on the Delaware Bay approximately 56 km north of 

Lewes, DE, the location of the College of Marine Studies, University of Delaware. 

Horseshoe crabs approach and nest along the beaches of the Delaware Bay at the peak of 

the high tides, until about 3 h after, from the late spring until the early summer. At SHK 

crabs nest from 2 h before to 2 h after the maximum high tide during the early spring high 

tides (Rudloe 1980; Cohen & Brockmann 1983; Barlow et al. 1986). 

Horseshoe Crab Measurements 

A suite of measurements were taken on female and male horseshoe crabs for this 

study. The inter-ocular distance (IO) of the lateral eyes was measured on nesting females 

and attached males. This is the distance between peaks of the inter-ocular spines located 

on the dorsal side of the lateral eyes. IO correlates well with body size (weight and 

carapace width) and can be measured without disturbing the nesting (Brockmann & Penn 

1992). The exposed carapace height is the distance on a nesting female from the point 

where the edge of the prosoma-opisthosoma border meets the sand, up along the border 

to the hinge, and down the prosoma-opisthosoma border to the point where the carapace 

meets the sand on the other side (Fig. 8). Females who are entirely buried under the sand 

while nesting have an exposed height of zero. Inter-ocular distance and exposed height 

were measured to the nearest 1 mm using a measuring tape.
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Figure 8. The exposed carapace height is the distance on a nesting female from the point 

where the edge of the prosoma-opisthosoma border meets the sand, up along 
the border to the hinge, and down the prosoma-opisthosoma border to the 
point where the carapace meets the sand on the other side.  

The condition of the lateral eyes and gills of satellite males were visually examined 

and recorded. A satellite’s eye condition was considered “good” if both eyes were smooth 

with the entire eye visible and considered “poor” when one or both eyes were rough to 

the touch and partially blocked by fouling organisms (such as barnacles, bryozoans, 

hydroids, tunicates, slipper limpets, or other invertebrates or algae) or when both eyes 

were rough and one or both eyes were completely covered by fouling organisms, soft to 

the touch, or missing entirely. Gill condition was considered “good” when the gills were 

completely intact with no worms on the surface or the underside and considered “poor” 

when the gills were completely intact with a minor amount of worms attached to either 

the surface or the underside or partially shredded or missing and covered by parasites and 

a significant amount of worms. 

Mating group size is defined as the total number of males in contact with a female, 

her attached male, or any other males that are in contact with the pair. For example, a 

nesting female with just an attached male has a mating group of zero. A nesting female 

with an attached male and three other males (satellites) surrounding her has a mating 

group size of three. A male is said to have joined a group when he comes in physical 
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contact with the nesting female, attached male, or another male in the group, and remains 

there for at least ten seconds.   

Tagging Horseshoe Crabs 

Every animal in the study was tagged for documentation and to assure that no 

animal was used more than once. Tags were uniquely numbered plastic labels (1 cm x 2.5 

cm) attached on the lower right side of the prosoma with a flat-backed thumbtack. The 

tags can be inserted without disturbing the nesting animals and tags remain attached to 

the horseshoe crabs for a few weeks to a few months and horseshoe crabs do not seem to 

be adversely affected by the tags (Cohen & Brockmann 1983; Brockmann 1990). 

Data Sets 

To examine some possible proximate mechanisms that satellite male horseshoe 

crabs use to locate and discriminate among females I collected observational data on the 

size of nesting females and their mating group size (Female Nesting Data) and the 

relative time during nesting when unattached males approach females (Egg 

Attractiveness Data). In addition, I carried out three experimental manipulations: (1) 

Visual Cues Experiment, (2) Chemical Cues Experiment I: Attractive Eggs, and (3) 

Chemical Cues Experiment II: Supernatant A. 

Female Nesting Data 

I used the south beach of SHK to examine the relationships among female body 

size, exposed carapace height, and mating group size on alternating weeks from 12 

March to 23 April 2005. I began the female nesting measurements by walking along the 

beach at the high tide line during a high tide when females were nesting. I approached a 

nesting female (i.e. at least partially buried in the sand), noted her mating group size, 

measured her IO, and tagged her. I repeated this procedure on as many nesting females as 
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possible during a high tide, across 14 high tide events (8 daytime tides and 6 nighttime 

tides), during which time a total of 367 individual females were identified and measured 

(4 – 69 females per high tide event). I used Pearson’s Correlation test (SSPS 12.0 

software) to analyze the hypotheses that the larger the female the greater the exposed 

height, the greater the exposed height the larger the group size, and the larger the female 

the more satellites in her group. I used square root transformed data for exposed carapace 

height and mating group size prior to analyses to meet the assumptions of the statistical 

tests. Additionally, I used an Independent Samples T-test to examine whether females 

with large mating group sizes have a greater inter-ocular distance and exposed carapace 

height than females with small group sizes. If these relationships were significant this 

would support the hypothesis that satellite males use female size or a correlate of female 

size to locate and/or discriminate among females for mating. 

Egg Attractiveness Data 

I collected observational data on nesting pairs and groups to identify when during 

the egg laying process satellite males approach females. This would help me to identify if 

satellite males use chemical cues that are released from the eggs or oviducal fluid to 

locate and/or evaluate females for mating. I walked along the beach during the high tide 

until I came upon a female and her attached male crawling out of the ocean onto the 

beach. After a minute or two, the female dug into the sand and began to lay eggs. I 

marked the location of each clutch of eggs with wire flags until the female finished laying 

and returned to the ocean or until I marked a total of five clutches (Cohen & Brockmann 

1983; Brockmann 1990; Fig. 9). If a female finished laying and returned to the ocean 

before I marked at least three clutches I did not use the data in analyses. By only marking 

nests of females that I observed approach the beach and begin nesting, I was able to 
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identify the laying order for each clutch of eggs within a nest (i.e. the first clutch, second 

clutch, etc.). I recorded the date, the time at which she approached the beach (approach 

time), the time that the female began digging into the sand (nest time), and the time that 

each clutch was laid. Additionally, I recorded the time that any satellite joined and left 

the mating pair/group. Finally, I tagged the nesting female and attached male. I returned 

to the flagged nests during the following low tide and retrieved each clutch of eggs. I 

measured 111 nests, over 27 high tides (14 daytime tides and 13 nighttime tides), on 

alternating weeks from 25 February to 25 May 2005 at Seahorse Key, FL. I used a Chi-

Square test (SPSS 12.0 software) to examine when during the egg-laying process (before 

or after the first clutch of eggs was laid) satellite males approach and join a nesting 

female. If satellite males approach nesting females significantly more often after the first 

clutch of eggs were laid than before the first clutch was laid, then this is consistent with 

the hypothesis that nesting females release a chemical cue located in the eggs or oviducal 

fluid that attracts satellite males. If there were no difference between the number of 

satellite males that approach and join a nesting female before and after the first clutch is 

laid then it is probable that satellite males do not soley rely on the use of chemical cues 

located in the eggs or oviducal fluid to locate and/or discriminate among females. This 

does not negate the possibility that females release chemical cues from another 

unidentified source that attract satellite males for mating. 

Experimental Manipulations 

I conducted three manipulative experiments to help determine the proximate 

mechanism(s) by which satellite males locate and/or evaluate nesting females: (1) the 

Visual Cues Experiment, (2) the Chemical Cues Experiment I: Attractive Eggs, and (3) 

the Chemical Cues Experiment II: Supernatant A. In the Visual Cues Experiment I 
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Figure 9.  Procedure for collecting Egg Attractiveness data. A mating pair that emerged 
from the ocean and started to nest in the sand (a). The two flags were 
positioned on either side of her carapace aligned with the border between her 
prosoma and opisthosoma at the moment that she laid the first clutch. With 
every subsequent clutch she laid, two more flags were placed into the sand 
marking each clutch. After laying five clutches the pair left the beach and 
went back into the ocean (b). I returned to the nest during the low tide to dig 
up each clutch of eggs marked by the pairs of flags (c). 

compared the response of satellites to large and small models of females in a series of 

field trials to test the hypothesis that satellite male horseshoe crabs are using visual cues, 

specifically female size, to locate and/or assess females for mating. The Chemical Cues 

Experiment I: Attractive Eggs was used to examine the hypothesis that satellite males are 

using chemical cues located in a clutch of eggs to locate and/or assess females for mating. 

In this experiment I compared the responses of satellite males to female models presented 

with horseshoe crab eggs versus female models without eggs in an experiment on the 

beach. If satellite males were more attracted to female horseshoe crab models placed over 

a bag of sieved horseshoe crab eggs than female horseshoe crab models over an empty 

bag then satellites must be using a chemical cue(s) located in the eggs to locate and/or 

discriminate among females for mating. But even if this is the case, the exact 

compound(s) in the eggs that are attractive to satellite males is still unknown. I conducted 

the Chemical Cues Experiment II: Supernatant A to test the hypothesis that satellite 

males are attracted to chemical compounds located in horseshoe crab egg extract, thus 

attempting to narrow the possibilities for the primary source of the chemical cues. 

(b) (c) (a) 
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Models used during experimental manipulations 

I used two kinds of cement models for the experiments: carapaces of dead crabs 

filled with cement and 100% cement models made from horseshoe crab molds. To make 

the models for the Supernatant A Experiment I collected four similar-sized carapaces 

from dead females and three similar-sized carapaces from dead males off the shore of 

Bowers Beach, DE. I thoroughly cleaned the carapaces with water and removed all the 

legs and the gills from the ventral side leaving just the hard dorsal shell surface. Once the 

hollowed-out carapaces dried completely, I filled the concave ventral cavity with equal 

parts of cement and mortar mix and allowed the cement to dry for at least 48 h. Once dry, 

the cement models sat immersed in tubs of water for 24 h to help facilitate leaching of 

chemicals prior to the start of the experiment. Finally, I labeled each model with an 

individual identification letter so I was able to record and rotate the models used in each 

trial. 

In order to construct the models used in the Visual Cues and Attractive Eggs 

Experiments, I collected and cleaned one large female horseshoe crab carapace (IO = 14 

cm), one small female horseshoe crab carapace (IO = 11.5 cm) and one average sized 

male carapace (IO = 9 cm) from the south beach on Seahorse Key, FL. I laid the carapace 

dorsal-side up on a wooden board and plugged all of the edges of the carapace that did 

not touch the board surface with non-sulfur clay to create a seal. I constructed a clay lip 

approximately 8 cm high around the edge of the board. I painted a very thin impression 

coat of liquid silicone rubber mixed with a slow-drying catalyst (10:1) (Silicones, Inc.) 

(1st coat) onto the entire exposed outer surface (including the sections plugged with clay) 

of the carapace. This technique meant that the surface of the cast would create an 

accurate, detailed impression of the dorsal surface of the carapace. Twenty-four hours 
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later I mixed a second batch of liquid silicone rubber with a quick-drying rapid catalyst 

(10:1) and poured (2nd coat) and painted (3rd and 4th coat) it over the first coat of silicone 

rubber to result in a strong rubber cast approximately 2.5 cm thick. The clay lip that I 

formed around the edge of the wooden board helped to prevent the final coats of liquid 

silicone rubber from flowing beyond the board before they dried. After the rubber cured I 

made a holder for the rubber cast by immersing a section of air conditioning filter 

material slightly larger than the rubber cast into liquid plaster-of-paris until it was 

completely saturated. I neatly placed the thick, wet, filter rectangle over the top surface of 

the rubber cast. This created a hard, supportive holder for the cast once the filter dried. I 

rested the rubber cast in the holder and filled it with wet cement mix making sure that the 

edges were an even height so the model would lie flat on the sand, but allowing for a 

slightly concave center. I allowed 24 to 48 h for the cement to dry, lifted the rubber cast 

filled with the cement model out of the mother-mold, and slowly peeled the rubber away 

from the model, leaving an impression of the dorsal surface of a horseshoe crab in the 

cement. I painted the entire surface of the cement model with aquarium-safe, black, 

epoxy paint. By painting the model with an aquarium-safe paint, I created a non-

hazardous barrier between the cement and the field environment preventing potentially 

harmful chemicals from leaching out of the cement model while it was immersed in 

seawater. Additionally, Barlow et al. (1982) showed that satellite males can visually 

detect and have a greater attraction towards female horseshoe crab models painted black 

than those painted gray or white due to the high contrast between the black model and the 

light, sandy surroundings. This procedure was repeated five times each with the large 

female carapace, the small female carapace, and the male carapace making a total of 15 
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cement horseshoe crab models. Just as with the other models, I labeled, rotated, and 

recorded the models used in each trial. 

Visual cues experiment 

Cement model set-up. I began an experimental trial by walking along the 

shoreline when females were nesting and satellite males were present until I came upon 

an empty area of sand where no pairs were presently nesting but with at least a few 

satellite males visible in the water within 25 m. I placed a large female model down on 

the sand at the edge of the high tide line perpendicular to the shoreline with the prosoma 

facing up beach in a natural nesting position. The prosoma of the female model was out 

of the water above the tide line, but the female's opisthosoma and the male were partially 

submerged. Directly behind the female model I placed a male model in a natural attached 

position. I placed a small female model with a male down on the sand in the same 

position 1 m away, measured from the center of the prosoma of the large female model to 

the center of the prosoma of the small female model (Fig. 9a). Although nesting pairs 

frequently nest with their carapaces partially buried in the sand, I did not recreate that 

effect because of the impossibility of maintaining a uniform layer of sand over both 

models due to waves unpredictably washing away any sand covering the models. I 

alternated the left and right positions of the large and small models with every 

experimental trial to account for any possible side biases (such as might arise from tidal 

currents). Additionally, I varied which large and small female models and male models I 

used with each trial to account for any possible differences among the models. 

Experimental arena. To create an experimental arena around the models, I 

measured 1.2 meters from either side of the large and small female models parallel to the 

shoreline and 1.2 meters perpendicular to the shoreline towards the ocean thus making an 
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arena 3.4 x 1.2 m around the models, which I marked off with wire flags (Fig. 9a). I 

positioned identical large plastic tubs on the shore 2 m directly landward of the large and 

small female models to be used as a holding tank for any satellite males that joined the 

models during the trial. This design allowed me to distinguish among the males that 

joined each of the models. If there were any nesting pairs, satellites, or lone males located 

within the arena I gently removed them from the arena and placed them into the ocean 

away from the experimental site immediately prior to beginning a trial. I observed the 

arena by standing on the shore directly between the two plastic tubs. Prior to the start of 

the trial I noted any field conditions, such as wind, that could affect the outcome. 

Procedure for visual cues trials. Each trial lasted 10 min. I recorded the number 

of satellite males that entered the arena, the side on which they entered and all actions of 

each male from the moment when he entered the arena until he exited. I recorded the 

number of males that came within 10 cm of each female model (with the front of its 

prosoma pointed in the direction of the model) and the number that joined each model 

pair (Fig. 10c). A male was recorded as “far” when he entered the arena, “near” when he 

approached a female model within 10 cm, and “join” when he touches a female model or 

her attached male model with the front of his prosoma. I also recorded the total length of 

time that a male was on each side of the arena and the total length of time a male 

remained joined with a model. Satellite males approached and entered the arena either by 

walking along the beach or by swimming along the shoreline into the arena (Fig. 10b). I 

allowed the males to walk freely about the arena and cross from one side to the other, but 

I removed the male, placing it in the designated tub, and ceased recording that male if he 

joined, unjoined, crossed over to the other side of the arena or if he exited the arena.  
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As soon as the 10-min trial ended, I tagged and recorded the eye condition of each male 

that had joined a model in order to examine possible differences among the satellite 

males that joined the large and small female model pairs. I released the satellite male 

back into the ocean after it was tagged and recorded. I conducted 55 trials (1 – 7 trials per 

high tide), over 12 high tide events (6 daytime tides and 6 nighttime tides), on alternating 

weeks from 26 March to 12 April 2005, at Seahorse Key, FL.  

     

Figure 10. Two sets of model pairs (large female model plus an attached male and small 
female model plus an attached male) were placed in a natural nesting position 
1 m apart on the beach. An experimental arena of 3.4 x 1.2 m surrounding the 
models was marked off with wire flags (a). Satellite males approached the 
models by walking along the beach into the arena or by swimming along the 
shore and entering the arena from the ocean (b). A male joined a model pair 
when he comes in physical contact with the female model, attached male 
model (c), or another satellite male that has joined the group, and remained 
there for at least 10 sec. 

Chemical cues experiment I: Attractive eggs 

Egg collection. I began the Attractive Eggs Experiment by walking along the beach 

until I came upon a nesting female, preferably with at least one satellite male. I carefully 

and slowly lifted the anterior portion of the nesting female’s prosoma up out of the sand 

while trying not to disturb any satellites. Most of the time, the nesting female abandoned 

her nest after being lifted out of the sand and returned to the ocean, but was frequently 

seen nesting later in the tide in another section of the beach. If the female did not 

immediately abandon her nest, I held the front of the nesting female up out of the way 

(a) (c) (b) 
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and dug with my hand into the sand approximately 10 cm directly below where the 

female had been nesting to feel for any eggs that the female might have laid. If I felt eggs 

I scooped into the sand with a large plastic petri dish to remove the clutch of eggs. I 

sieved the eggs to remove all excess sand and debris. If there were any eggs that seemed 

to be part of a clutch laid by another female from earlier that tide or a previous tide I 

carefully removed those eggs from the sample eggs and reburied them. I usually collected 

eggs from females with satellites because females with satellites lay more eggs than those 

without (Schwab Ch. 2). Unfortunately, on days with few satellites or early in a tide it 

was difficult to find many females with satellites necessitating the use of eggs from 

females without satellites. I continued egg collection until I collected a total of 50 mL of 

recently laid eggs (under 2 h old) from at least two different nests. I filled a plastic mesh 

bag (10 cm x 20 cm) (sewn from plastic window screening) with the collected eggs and 

sealed the bag with a rubber band. I continued this procedure until I collected multiple 

bags filled with 50 mL of eggs. All egg bags that were not used immediately in a field 

trial were stored in a large petri dish on the beach in the shade. Bags containing eggs 

were only used to hold eggs and the empty bags that were used as controls were never 

filled with eggs for any trial. Those not used for a field trial during that tide were put 

back in a hole dug in the sand in the area of other horseshoe crab nests. Hassler (1999) 

showed that eggs can be removed from a nest, replaced into another nest in the beach, 

and survive to at least the trilobite larval stage. 

I chose to use fertilized eggs rather than unfertilized eggs to be used for this study 

for several reasons. First, it is very difficult to obtain unfertilized eggs without sacrificing 

females. Electro-ovulation has been used (Brockmann et al. 2000), but only small 
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numbers of eggs (< 50) are ever released (pers. comm. H. J. Brockmann). It is possible 

that not all eggs are fertilized immediately after laying and unfertilized eggs retain their 

ability to be fertilized for at least 40 min (Brockmann et al. 2000). Additionally, 

horseshoe crabs exhibit polyspermy (Shoger & Brown 1970; Brown & Humphreys 

1971). Up to one million sperm may go through acrosomal reactions with one egg and the 

factors that determine which sperm’s DNA enter the egg nucleus remain unknown 

(Brown & Knouse 1973). Furthermore, unattached males move back and forth over the 

depressions in the sand left by recently departed pairs (Cohen & Brockmann 1983). Thus, 

it seemed very reasonable that satellite males would be attracted to fertilized eggs. 

Cement model set-up. With bags of eggs in hand, I began an experimental trial by 

walking along the beach until I came upon an area of sand where no pairs were presently 

nesting but with at least a few satellite males identified within 25 m. I set up the models 

and experimental arena just as in the Visual Cues Experiment except that two large 

female models were used. Immediately prior to beginning the experiment, I lifted up the 

posterior portion of one female model and placed one bag filled with eggs. I placed an 

identical empty bag underneath the posterior portion of the other female model. 

Experimental trials. Each trial lasted 10 min and I recorded the same data as in 

the Visual Cues Experiment. The satellite males were treated in the same way as in the 

Visual Cues Experiment although gill condition was recorded in place of eye condition. I 

conducted 46 trials (1 – 10 trials per high tide), over 9 high tide events (8 daytime tides 

and 1 nighttime tide), on alternating weeks from 9 April to 11 May 2005, at Seahorse 

Key, FL. 
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Chemical cues experiment II: Supernatant A 

Egg collection. Eggs were collected on Bowers Beach, DE during the week of 16 

May to 22 May 2004, one hour after the high tide by walking along the beach until I 

came across a slight indent in the sand indicating a female had nested there. At that spot I 

dug into the sand with my hands and scooped all freshly laid eggs directly into 50mL 

plastic tubes with lids. After many tubes were filled with eggs from multiple nests, I 

immediately transported them back to the lab where they were stored for 2 weeks in the 

tubes at -80°C. Horseshoe crab eggs can be stored at -80°C for an indefinite length of 

time and should resume all original properties when thawed (pers. comm. K. Wakefield).  

Egg extraction. I performed the egg extraction on 30 and 31 May 2004 in a 

laboratory at the College of Marine Studies, University of Delaware, Lewes, DE. I began 

the egg extraction by retrieving 10 tubes of eggs out of the -80°C freezer. I picked out as 

many rocks, pebbles, and debris from the egg clusters as possible using tweezers and my 

fingers. Following the protocol described by Ferrari and Targett (2003), I weighed out 

250g of eggs and ground the egg aliquot using a mortar and pestle until frothy. I poured 

the crushed eggs into a flask filled with 500 mL 0.05 M Tris HCl buffer (pH 7.5) and set 

it to stir overnight, in the dark at 4°C. The following day I filtered the stirred egg extract 

through two cheesecloths into centrifuge tubes and centrifuged the extract for 10 min at 

10,000 rpm. This separated the extract into supernatant (crude extract), pellet (sand 

particles and cellular debris), and lipid. I carefully poured off all of the supernatant into 

50mL plastic tubes and stored them at 4°C until directly before the start of the 

Supernatant A Experiment (12 – 15 days later). Storage of Supernatant A egg extract for 
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two weeks at 4°C had no noticeable effect on its attractiveness to the mud snail (pers. 

comm. K. Wakefield). 

Cement model set-up. I conducted the Supernatant A Experiment to examine if 

satellite males are more attracted to the horseshoe crab egg extract than to a seawater 

control. I walked along the beach when females were nesting and lone males were 

present until I came upon a section of sand (approximately 2 m) that was not occupied by 

any nesting female. I set up the cement models and the arena just as in the previous 

experiments. I filled one clean, 760-mL plastic Tupperware container with 50 mL 

horseshoe crab egg extract and 450 mL fresh seawater. I filled a second 760 mL plastic 

container with 500 mL fresh seawater to serve as a control. I submerged for 30 seconds 

one piece of sponge (10 x 6 x 4 cm) into the plastic container with the egg extract dilution 

and another piece into the container holding seawater. Immediately following submersion 

I carefully lifted the egg extract sponge and seawater sponge out of the solutions and 

simultaneously placed them under the female prosoma of the treatment and control 

models, respectively.  

Experimental trials. I recorded the number of males that approached each 

model, the time within the trial that one approached, and the direction (left, right, or 

behind) from which the male approached for 10 min. An approach was counted when a 

male swam within 5 cm of the model pair with the anterior portion of the satellite’s 

prosoma facing the model and remained there for 10 sec. After this 10 sec the male was 

removed from the arena and placed inside the appropriate holding container to be tagged 

and measured once the trial finished. I also noted the number of touches to each model by 

satellite males during the trial and any unusual weather conditions that could influence 
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which model the satellites approached. The satellites that approached a model pair were 

treated the same as they were in the previous experiments. When the trial was finished I 

tagged and released all the males that approached either of the two models. I conducted 

18 trials (3 – 6 trials per tide), over 4 tides (all nighttime tides), from 15 June to 18 June 

2004, at Bowers Beach, DE. For each trial I alternated the side of the arena on which the 

treatment sponge and control sponge were placed and which models I used for the trial. 

New sponges were used for each trial within a night, but sponges were re-used on 

subsequent nights. “Egg extract” sponges were never used as “seawater” sponges and 

vice versa. 

Data analysis 

I compared the total number of satellite males that entered the arena, came near, 

and joined each model during each 10 min trial using a Wilcoxon Signed-Ranks test. If 

satellite males entered the large female model’s side of the arena, came near, or joined 

the large female model pair significantly more and/or for a significantly longer length of 

time than the small female model pair than I can conclude that satellite males are using 

visual cues to discriminate among females for mating. If satellite males entered the side 

of the arena with the female model placed over the bag of eggs, came near, or joined that 

model pair significantly more or for a longer length of time than the female model placed 

over an empty bag of eggs then satellite males are using chemical cues in horseshoe crab 

eggs to locate and/or evaluate nesting females. If satellite males approached the female 

model pair over a sponge filled with egg extract significantly more than the female model 

pair over a sponge filled with seawater than I can conclude that satellite males are using 

chemical cues located in the supernatant of egg extract to locate and/or discriminate 

among females for mating.  Additionally, I used a Chi-Square test to examine if the 
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lateral eye and book gill condition of the satellite males that approached the large female 

model versus the small female model and the female model placed over a bag of sieved 

eggs versus the female model placed over an empty bag, respectively, affected satellite 

male choices when joining a model pair. All statistical analyses were performed using 

SPSS 12.0 software. 

Results 

Female Nesting Measurements 

Larger females had more exposed carapace than smaller females, even when both 

were partially buried (Pearson correlation: r = 0.327, n = 366, p < 0.001; Fig. 11). 

Females with larger exposed carapace height were surrounded by more satellite males, 

i.e. had a larger mating group size (Pearson correlation: r = 0.104, n = 366, p = 0.047). 

Interestingly, female size and mating group size were not significantly correlated 

(Pearson correlation: r = 0.077, n = 366, p = 0.142; Fig. 12). A more detailed analysis of 

the data, however, indicated that females with many satellites (≥3 satellites) were 

significantly larger than females with few or no satellites, with mean inter-ocular 

distances of (mean ± S.E.) 14.0 ± 0.17 and 13.5 ± 0.06, respectively (Independent 

Samples T-test: t = 2.56, df = 55.4, p = 0.013; Fig. 13). Furthermore, females with 

satellites had larger exposed carapace heights than females without satellites 

(Independent Samples T-test: t = 2.0, df = 352.9, p = 0.046).  

Egg Attractiveness Data 

The first satellite male to join a nesting pair was equally likely to approach and join 

a pair prior to the female laying the first clutch (n = 28) as after the female has laid the 

first clutch (n = 33) (Chi-square test: χ2 = 0.410, df = 1, n = 61, p = 0.522). 
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Figure 11.  Scatter plot showing the correlation between female size (inter-ocular 

distance) (cm) and the exposed carapace height (cm). Pearson correlation: r = 
0.327, n = 366, p < 0.001. 
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Figure 12.  Scatter plot showing the relationship between female size (inter-ocular 

distance) and female mating group size (the number of males excluding the 
attached male that is participating in the mating). Pearson correlation: r = 
0.077, n = 366, p = 0.142. 
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Figure 13.  Mean size (inter-ocular distance) (cm) of females with mating groups of three 

or more satellite males (many) and less than three satellite males (few). 
Standard error bars are given. Independent Samples T-test: t = 2.56, df = 55.4, 
p = 0.013. 

Visual Cues Experiment 

Satellite males were significantly more likely to enter the arena (Wilcoxon Signed 

Ranks: z54 = 2.44, p = 0.015), approach within 10 cm (z54 = 2.14, p = 0.032), and join (z54 

= 2.43, p = 0.015) the large female model (IO = 14.0 cm) pairs than the small female 

models (IO = 11.5 cm). Among the satellites that joined a model pair, there was no 

difference between the average (Wilcoxon Signed Ranks: z54 = 1.27, p = 0.204) or the 

total time (z54 = 1.86, p = 0.063) that satellites remained attached to the large female 

models and the small female models. Over the 55 experimental trials, 67% (N = 187) of 

the satellite males that approached either the large or small female model had good eye 

condition and 33% had poor eye condition. There was no difference in the joining 

decisions made by satellite males with good and poor eye condition (Chi-square test: χ2 = 

0.145, df = 1, n = 187, p > 0.200).  

Chemical Cues Experiment I: Attractive Eggs 

There was no difference between the number of satellite males that entered the 

arena (Wilcoxon Signed Ranks: z45 = -1.56, p = 0.119) or joined (z45 = -1.41, p = 0.159) 
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the female model with eggs versus the female model without eggs (control). However, 

significantly more satellites approached within 10 cm of the female model with eggs than 

the control (Wilcoxon Signed Ranks: z45 = -1.97, p = 0.049; Fig. 14). Of the satellites that 

joined either model, those that joined the female model with eggs remained attached for 

significantly longer than those that joined the control model (Wilcoxon Signed Ranks: 

average time attached, z45 = -2.82, p = 0.005; total time attached, z45 = -2.31, p = 0.021; 

Fig. 15). Of the satellite males that joined either the model with eggs or the control 

model, 85% (n = 196) had good gill condition and 15% had poor gill condition. Gill 

condition had no effect on the joining decisions made by satellite males (Chi-square test: 

χ2 = 0.269, df = 1, n = 196, p > 0.200). 

Chemical Cues Experiment II: Supernatant A 

Satellite males were equally likely to join the female models over sponges 

containing supernatant A extract and female models over sponges containing seawater 

(Wilcoxon Signed Ranks: z18 = -0.875, p = 0.381). However, unlike the previous 

experiments where identical models were used, these models were not identical. I 

performed a post-hoc analysis on female model inter-ocular distance to examine if the 

female carapaces used for these trials were truly about equal in size or if my size 

approximations between the supernatant A female model carapaces and the seawater 

female model carapaces were in actuality not equal. Indeed, the carapaces randomly 

assigned to be placed over sponges containing supernatant A were significantly smaller 

than the carapaces placed over sponges containing seawater (Wilcoxon Signed Ranks: z18 

= -2.77, p = 0.006). 
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Figure 14.  Mean number of satellite males to enter the arena, approach within 10 cm, 

and join the egg and no egg model pairs (n = 46, 10-minute trials). A male 
was recorded as “far” when he entered the arena, “near” when he approached 
a female model within 10 cm, and “join” when he touches a female model or 
her attached male model with the front of his prosoma. Standard error bars are 
given. Wilcoxon Signed Ranks: z45 = -1.56, p = 0.119 (far); z45 = -1.97, p = 
0.049 (near); z45 = -1.41, p = 0.159 (join). 
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Figure 15.  Mean time (sec) satellite males remained joined to the egg and no egg female 

models (n = 46, 10-minute trials). Standard error bars are given. Wilcoxon 
Signed Ranks: z45 = -2.82, p = 0.005.  

Discussion 

This study suggests that satellite males are using both visual and chemical cues in 

joining decisions. When the use of visual cues, specifically female size, was examined, 

satellite males approached and attempted to attach or join groups with large female 

 * 
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horseshoe crab models placed in a mating position on the sand more frequently than 

small female models. As satellites approached the models from a minimum distance of 

1.2 m either by crawling out of the water onto the sand or on the beach along the tide line 

towards the model, it is clear that satellite males, underwater or on dry land, can visually 

detect and evaluate female size from this distance. However, eye condition did not have 

an effect on the model that the satellites chose. Therefore, it seems likely that the 

measures that I used to assess eye condition may not reflect the ability of horseshoe crabs 

to see mate-like objects.  

Although satellites can easily view the entire size and shape of the female models 

in the Visual Cues Experiment allowing them to make the appropriate decision, they are 

not able to view the entire female when she is actually nesting. I confirmed the positive 

relationship among female body size, exposed carapace height, and mating group size, 

showing that it is probable that satellites visually detect a nesting female’s exposed 

carapace height, as opposed to her entire body, to make their decisions about which 

females to join.   

From these results it seems quite evident that satellite males are using visual cues to 

locate and evaluate female size, choosing to mate with larger females (with higher 

fecundity) over smaller females (Hassler 1999; Schwab Ch. 2). If this were the sole cue 

used by satellites in mating decisions however, one would also expect satellite males to 

remain with the larger female models longer than the smaller models. But, this is not the 

case. When I looked at a satellite’s decision to remain with a female model, there was no 

difference in the average or total length of time a satellite male remained joined to the 
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large or small female model. Therefore, satellite males may be using other sensory 

modalities in addition to visual cues when making mating decisions.  

Hassler and Brockmann (2001) found that satellites are using chemical cues in 

mating decisions, but they did not identify the source of the cues. I proposed that eggs 

may be a possible source of the cue because fertilized horseshoe crab eggs have been 

found to be attractive to mud snails and eels, indicating that eggs indeed release a 

chemoattractant, possibly also attractive to other horseshoe crabs (Ferarri & Targett 

2003). Additionally, if the chemical cue were proportional to the quantity of eggs laid this 

would allow males to directly assess an indicator of female fecundity. 

Although more satellites approached and attempted to mate with the female models 

over eggs and the female models with sponges filled with egg extract (supernatant A) 

than the female models over empty bags and sponges filled with seawater, respectively, 

the differences were not statistically significant. However, in the Chemical Cues 

Experiment I: Attractive Eggs, more satellite males came near (within 10 cm) the female 

models over eggs than the control models. Additionally, of those that did join the group 

attempting to mate with either model, satellites remained joined to the female model over 

eggs much longer than the control. These results suggest that horseshoe crab eggs do 

exude chemical cues that satellite males use in mating decisions, but satellites may not 

have the ability to detect these cues from a distance due to a lack of sensitivity in their 

chemoreceptors or because of the nature of the their nesting environment. Consequently, 

once satellites have joined a group, presumably through visual detection of female size, 

they may be using chemical cues located in the eggs to decide if it is worth remaining 

with a female or leaving that group and searching for a higher quality female. 
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Furthermore, when actual nesting was observed, satellites were equally likely to join a 

group whether or not a female had laid a clutch of eggs, additionally supporting this 

hypothesis. The findings from this study, in combination, suggest that satellite male 

horseshoe crabs use a hierarchy of cues, first visual (i.e. body size)—for longer distances, 

then chemical (i.e. compounds released from the eggs)—for shorter range 

communication, to make mating decisions.  

The use of multiple mating cues for mating decisions has been found in several 

vertebrate (e.g., Crapon de Caprona & Ryan 2000; Shine & Mason 2001; Hankinson & 

Morris 2003; Partan et al. 2005; Shine 2005) and invertebrate species (e.g., Rovner & 

Barth 1981; Bushmann & Atema 2000; Acquistapace et al. 2002; Fukaya et al. 2004a; 

Fukaya et al. 2004b; Raethke et al. 2004), frequently in aquatic environments. For 

example, male crayfish, Austropotamobius pallipes, did not respond when presented with 

female odor alone, although when female odor was presented along with the visual 

stimulus of a dead female crayfish, males spent more time in stereotypical mating 

behaviors such as locomotion and the intermediate posture (Acquistapace et al. 2002). 

Also, male turtle-headed sea snakes, Emydocephalus annulatus, that live in shallow-

water habitats, use visual cues of size to locate potential mating partners from a distance, 

and use pheromones in addition to vision once they have moved within physical contact 

of a female (Shine 2005). 

The use of multiple mating cues and/or sensory modalities can be explained by the 

behavioral ecology and living environment of the study species. It is predicted to be 

beneficial (1) when mate quality is highly variable, thus allowing for a better overall 

assessment of quality; (2) when an individual has limited time for mate assessment or the 
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costs of mating may be high because perceiving multiple cues allows for a more accurate 

assessment of mate quality; and (3) when the mating environment is variable allowing 

individuals to pay attention to different cues from different distances and under different 

conditions (review in Candolin 2003).  

In the horseshoe crab system female quality is highly variable (Brockmann 1996; 

Schwab Ch. 2). There is great variation in the quantities of eggs laid by females during 

one tide and across the mating season (Cohen & Brockmann 1983; Brockmann 1996; 

Hassler 1999; Schwab Ch. 2). Additionally, female horseshoe crabs in FL nest for only 

approximately a 2-3 h span during the high tides, on the weeks of a new or full moon, 

from March to May, and only under certain favorable environmental conditions (i.e. low 

to moderate wind speed, wind direction towards land to assist the rising and brief 

maintenance of the high tide; Rudloe 1980; Cohen & Brockmann 1983; Barlow et. al 

1986; Brockmann unpublished data). Therefore, satellite males are presented with a 

limited amount of time for mate searching and assessment favoring as many mating cues 

as possible in order to aid in efficient mating decisions. As females are partially buried 

(so body size is partially concealed) and seawater flows periodically over the nesting pair 

with every wave, opportunities to locate and assess the exposed height of the female are 

limited as are opportunities to detect chemical compounds that the female is releasing. 

Although water assists in the transport of chemical compounds, females are not always 

entirely submerged underwater and the dispersal potential of released chemicals may be 

restricted. As a consequence, the ability for males to detect chemical cues may be 

compromised. Additionally, turbulent water and tidal currents mean that seawater quickly 

disperses along the shore, also hindering the ability of males to locate the source of a 
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chemical cue (pers. comm. H.J. Brockmann). The aforementioned aspects of horseshoe 

crab nesting behavior and the environment would clearly favor multiple cues to enhance 

mating opportunities.  

Although it is likely that satellite males use a hierarchy of cues, first visual to locate 

and assess females and their size (as an indicator of fecundity), then chemical to directly 

assess fecundity once the males have approached, this does not negate the possibility that 

chemical cues are used alongside of visual cues earlier on in the mate choice process. It is 

possible that satellites are using chemical cues from another source other than eggs in 

longer-range detection (or that I failed to present a sufficient quantity of eggs to elicit a 

long-range response). Hassler and Brockmann (2001) found that satellite male horseshoe 

crabs were more attracted to and remained longer with female models placed over a 

sponge containing seawater collected from underneath a nesting female than models over 

a sponge containing seawater alone. In their experiment, Hassler and Brockmann 

eliminated the potential of visual, auditory, and tactile cues eliciting a difference between 

models just as I did. However, they were not able to definitively determine the source of 

the cues because the seawater collected from underneath a nesting female may contain 

chemical compounds from the eggs, oviducal fluid, hemolymph, or even chemical 

compounds released from the attached male or other males in the group (but this is 

unlikely). Consequently, differences in the attractiveness of the models may be a result of 

a wide variety and concentration of compounds that were collected in the sponge 

containing water from underneath a nesting female.  

On the other hand, Hassler and Brockmann (2001) constructed their models by 

filling similar-sized dead carapaces with cement. It is possible that the approaching 
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satellites could detect the slight size differences between the models. If this were true and 

the models chosen to be paired with the sponge containing seawater from underneath a 

female were on average slightly larger than the models paired with sponges containing 

just seawater, just as in the Chemical Cues II: Supernatant A experiment, then it is 

plausible that the satellites were not making a decision solely based on chemical cues, but 

using the visual cue of size as well. Thus, it is possible that satellites may be using 

chemical cues either from the eggs or another source (such as oviducal fluid that is 

released with the eggs) in addition to visual cues during initial stages of female 

assessment (as a source of long-range communication), although this is unable to be 

confidently determined though the previous experiments. 

It is known that satellite male horseshoe crabs preferentially join spawning groups 

with larger, more fecund females than smaller females that lay fewer eggs (Brockmann 

1996; Hassler 1999; Schwab Ch. 2), but the mechanisms with which males detect these 

differences remained elusive until now. This study confirmed that satellites initially use 

visual cues to locate and evaluate females based on body size from a distance of at least 

1.2 m, but rely additionally on chemical cues released by horseshoe crab eggs when 

making the decision to remain with that female or search for a female with higher 

fecundity. Thus, satellite males appear to use a hierarchy of cues, first visual, then 

chemical, to make mating decisions. Future studies should be designed to directly test the 

hierarchical multiple cue hypothesis. Additionally, more studies need to be conducted 

examining the mating cues used by other species that move between habitats for mating, 

such as from water to land, and the mechanisms that individuals use to detect these cues, 
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to determine whether this system is unique in its use of cues or if this is fairly common in 

these kinds of systems. 
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CHAPTER 4 
GENERAL DISCUSSION 

The ideal free distribution (IFD) model predicts that individuals should distribute 

themselves around resources such as food (e.g., Ward et al. 2000; Jackson et al. 2004; 

Ramp & Coulson 2004; Veeranagoudar et al. 2004) or mates (e.g., Nishida 1993; Huhta 

et al. 1998; Widemo 1998; Blanckenhorn et al. 2000) in a manner that maximizes their 

overall fitness (Fretwell & Lucas 1970; Goss-Custard & Sutherland 1997). If resources 

are unequal in quality and individuals are following an IFD, larger groups of individuals 

should form around high quality resources and smaller groups should form around low 

quality resources resulting in equal fitness across all individuals (Parker & Sutherland 

1986). An unusual feature of the horseshoe crab mating system is the large groups of 

satellites that form around some nesting pairs and not around others nearby on the beach 

(Brockmann 1996). Additionally, satellites are more likely to form groups around pairs 

with females that are larger (Brockmann 1996) and lay more eggs (Hassler 1999) than 

around pairs with smaller, less fecund females. Although this would suggest that satellites 

assess fecundity and distribute themselves around nesting pairs following the predicted 

IFD, in general, this is not the case.  

When the ratio of satellite males to nesting females on the beach (satellite ratio) 

was low (1:2.5), satellites distributed themselves among females following the predicted 

IFD. However, as the number of males on the beach increased, group sizes differed 

significantly from that predicted by the IFD. Satellites seemed to under estimate the 

fecundity of some females and over estimate the fecundity of others resulting in more 
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pairs than predicted with zero or one satellite, fewer pairs with two satellites, and more 

pairs with three to seven satellites. Consequently, as the satellite ratio on the beach 

increased, the resulting distribution appeared more even than when there were few 

animals on the beach.   

Although satellite male horseshoe crabs failed to distribute themselves among 

nesting pairs in a manner predicted by the IFD based on fecundity, they did seem able to 

assess fecundity or a correlate of fecundity (Brockmann 1996; Hassler 1999; Schwab Ch. 

2). To better understand mating group formation and the cues used by males to identify 

groups, I examined the mechanisms by which satellites make mating decisions. 

Satellite male horseshoe crabs appear to be locating and discriminating among 

nesting pairs using both visual cues of body size and chemical cues located in horseshoe 

crab eggs. Satellites were more attracted to large than to small models of nesting females 

although there was no difference in the length of time that satellites remained with each 

model. Additionally, there was no difference in the number of satellites that joined 

female models over bags containing horseshoe crab eggs when compared with female 

models over empty bags. But, of those satellites that joined, satellites remained joined to 

the models over bags filled with eggs significantly longer than to the models over empty 

bags. Thus, visual cues seem to be most important in the initial long-distance location and 

attraction of a satellite to a pair, and chemical cues aid in a satellite’s decision to remain 

with a pair once he has approached. 

While it does not appear that all satellite male horseshoe crabs are always making 

the most advantageous mating decisions when it comes to joining spawning groups, they 

have evolved a sensory system that allows them to assess multiple mating cues to make 
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the best decisions possible. The use of multiple cues to assess fecundity provides a 

satellite with a more accurate assessment of female fecundity because each signal alone 

provides information about female fecundity with some error (review in Candolin 2003). 

When multiple signals are assessed the error is reduced.  

Because satellite males have the ability to use both visual and chemical cues to 

assess fecundity we would expect that they should be capable of distributing themselves 

following an IFD to maximize their fertilization success. However, there are many 

constraints and trade-offs that satellite males face when engaging in locating and 

assessing potential mates. Each constraint alone may only cause noise in the distribution, 

but when acting in concert they could contribute to a deviation from an IFD. First, 

although body size is positively correlated with fecundity, there is high variability among 

female fecundity at a given body size (Cohen & Brockmann 1983; Brockmann 1996; 

Hassler 1999; Schwab Ch. 2). The use of visual and chemical cues when assessing 

fecundity helps to form an accurate assessment, but satellites may still make suboptimal 

decisions. Additionally, nesting occurs in an unpredictable environment partially on land 

and partially underwater. Multiple cues help to facilitate female assessment and increase 

the information gained while in the water and on land. However, frequently females are 

partially buried restricting visibility, and the water at the tide line is often churning 

limiting the ability to detect directionality and potentially causing chemical cues to 

dissipate quickly. Furthermore, satellites have limited time to make these assessments 

(Rudloe 1980; Cohen & Brockmann 1983; Barlow et al. 1986). The use of back-up 

signals of fecundity may reduce the time it takes for satellites to inspect females, but it 

does not eliminate the potential need to decide whether to stay with a low quality female 
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and fertilize a small proportion of eggs or forgo mating with that female to search for a 

higher quality female that may or may not be found in hopes of fertilizing a greater 

quantity of eggs. This trade-off between remaining with a female and searching for a 

better female is at the core of mate assessment and it necessitates having perfect 

knowledge of all the groups on the beach and unlimited time for spawning. 

Consequently, unless these ideal conditions are met, it is highly unlikely that satellite 

males will be able to follow an IFD in most situations. Taken together, despite the benefit 

of using multiple sensory cues in mate assessment, these individual and environmental 

constraints make it harder to assess fecundity and riskier to take the time to search for a 

higher quality female, causing difficulty in making the optimal mating decision, 

corroborating our lack of support for group sizes following the predicted IFD. 

Besides environmental and individual constraints, there are a few other issues that 

may have contributed to the observed deviation from the IFD. This study assumes that 

the first and second satellite male to join a spawning pair achieve approximate the same 

percentage of fertilizations, leading to the predicted distribution of many pairs with two 

satellites and very few pairs with one. My model predicted that mating group sizes of one 

should only occur when there is not a second satellite available to join that group. In 

reality, however, the first and second satellite may not achieve approximately equal 

fertilization success. If this is the case, I would expect to see more groups with only one 

satellite and fewer groups with two leading to a closer match with what was observed. 

The first male to join a spawning pair is almost assured to fertilize a large proportion of 

the eggs. Although the average fertilization success is documented to be 40.5 ± 4.3 % 

when there are two males around a female, there is marked variability, one of the two 
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satellites frequently achieves significantly greater paternity (56.4 ± 5.2 %)  than the other 

satellite (11.9 ± 2.0 %) (Brockmann et al. 2000). Thus, there is less uncertainty in success 

for a male that is the only satellite spawning with a pair. This may cause more satellites to 

prefer to be the first satellite on a pair rather than having an equal preference for the first 

and second satellite position as our model assumes, thereby increasing the number of 

pairs with group sizes of one and decreasing the number of pairs with group sizes of two, 

just as we observed.   

There are several other aspects of spawning behavior that would provide greater 

insight into the rules and mechanisms used by satellite male horseshoe crabs to make 

mating decisions. This study found that as the number of satellite males on the beach 

changed, the distribution of group sizes changed. As the satellite ratio increased, there 

were fewer groups with zero, one, or two satellites and more groups with three or more 

satellites leading to a distribution that appears more even than what was observed at a 

lower OSR. This could be due to the fact that there are so many more males on the beach 

than females that almost all of the females, regardless of quality, attract multiple satellite 

males. When the first satellite males approach the beach they should distribute 

themselves following an IFD as best as possible just as they did when the sex ratio was 

very low. As the tide progresses and more satellites approach the beach there will be 

fewer females left without any satellites and more females than expected with large group 

sizes just as we observed. Additionally, when there are large numbers of males on the 

beach in relation to females, the competition for females becomes even greater. 

Therefore, the cost of leaving a female in search of a higher quality female is greater. 

This potentially causes males to relax their mating standards and join spawning groups of 
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lower quality females, leading to fewer females with small group sizes. We need to 

specifically test these predictions by directly controlling the number of females and 

satellite males that approach the beach and observing the resulting distributions. Also, it 

is unknown if the distribution of group sizes around females differs with changes in the 

distribution of females on the beach (i.e. when females are clumped or evenly spread out 

across far distances). It is possible that satellite males change their decision rules and are 

less selective about joining spawning groups when females are more spread out on the 

beach because it is harder to assess multiple females. If this is the case, the predicted IFD 

should change with changes in female distribution and this should be taken into 

consideration when modeling the predicted IFD. In particular, the more spread out 

females are across the beach, the more randomly distributed the satellites may be. 

Furthermore, it is relatively unknown what environmental and state variables (besides 

female fecundity and group size) a satellite assesses when deciding whether to stay with a 

female or search for a higher quality female. Potential variables besides fecundity and 

group size could include the satellite’s condition, the number of females on the beach 

from which a satellite would be able to choose, the distribution and density of groups on 

the beach, and the weather conditions. A dynamic model needs to be made including 

these variables to determine which are the most important in spawning decisions. 

Following that, the model’s predictions need to be tested in the field. Once we know 

which other variables satellites consider when deciding to join a group, we need to 

identify how satellites are assessing these variables. Satellites may be using visual and 

chemical cues, just as in assessing fecundity, or they may be using other cues such as 

auditory or tactile. Finally, my work shows that satellite males use a hierarchy of cues, 
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first visual then chemical, to assess fecundity from different distances and reduce error. 

But, future studies should directly test this multiple cues hypothesis and specifically 

examine the benefits of using multiple cues rather than one cue in mate assessment.
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