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ABSTRACT 

 

Non-random mating is presumed to be an important mechanism that allows for the maintenance 

of genetic variation. Assortative mating has been studied extensively in organisms that possess 

defined ways in which sperm is transferred to eggs (e.g. via copulation, courtship or vector 

assisted pollination in plants), but rarely in broadcast spawners. Broadcast spawning is perceived 

as a mating event that allows for mixing of gametes and promotes random mating. However, 

there are multiple pathways in which spawning adults can affect fertilization of gametes in non-

random ways. For example, positive assortative mating can occur in broadcast spawners if 

similar phenotypes spawn closer together in space or time, or possess similar gamete recognition 

proteins that expedite fertilization. Here, I propose to examine assortative fertilization, patterns 

of aggregation and gamete recognition protein genotype of the sperm bindin gene as a function 

of spine color in the sea urchin Lytechinus variegatus as well as evaluating deviations from 

Hardy-Weinberg Equilibrium (HWE) based on color.  Results indicate that laboratory crosses of 

urchins within color morphs yielded higher fertilization success than crosses between color 

morphs. Field surveys determined that these sea urchins are aggregating by color at times of their 

reproductive season when they are more likely to spawn. Tests for HWE using field data of 

urchin phenotypes suggest strong deviations from HWE. However, DNA sequences of regions of 

the sperm bindin gene for sea urchins of different color do not show evidence of genetic structure 

of the population. Paternal success in broadcast spawners is largely determined by the proximity 

of males to spawning females and the compatibility between them at the time they release their 

gametes. Selection is predicted to favor traits and behaviors that increase the likelihood of 

spawning near a more compatible neighbor. These results provide strong evidence for assortative 

mating and an explanation for the maintenance of color variation in this species.  
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CHAPTER 1 

ASSORTATIVE MATING IN THE SEA URCHIN LYTECHINUS VARIEGATUS 

 

Introduction 

Genetic variation is a widespread phenomenon across the tree of life, and ample evidence 

of it has become available for most taxa as a result of DNA sequencing advances (Charlesworth 

2015) and an increase of quantitative genetic data (Charlesworth and Hughes 2000; Turelli and 

Barton 2004; Mitchell-Olds et al. 2007).  The rapid increase of evidence showing variation in 

nucleotide sequences for many taxa has, however, not been accompanied by equal progress in 

our understanding of the evolutionary mechanisms that can maintain this variation (Turelli and 

Barton 2004; Mitchell-Olds et al. 2007; Charlesworth 2015). This gap between increasing 

evidence for genetic variation and our understanding of the mechanisms that can maintain it is an 

issue that has troubled evolutionary biologists and ecologists for decades, as evidenced by 

Richard Lewontins’ The Genetic Basis of Evolutionary Change (1974). 

 

A well-known explanation that is expected to, theoretically, maintain alternative 

genotypes within a population is non-random mating that results in balancing selection. Non-

random mating has been empirically associated with the maintenance of genetic and phenotypic 

variation in fish (Hughes et al. 2013; McCartney et al. 2003), birds (Groth 1993; Houtman and 

Falls 1994), mammals (Johnston et al 2013; Hedrick et al 2016), amphibians (Summers et al 

1999) and even plants (Stanton et al 1989). Generally, non-random mating is studied in species 

where sperm is directly transferred to eggs by copulation or vector assisted pollination, but rarely 
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in broadcast spawners, where eggs and sperm are thought to mix in the water column during 

spawning events.  

 

In broadcast spawners, density plays an important role in fertilization (Levitan 1991; 

Levitan 2005; Levitan 2012; Yund 1995). However, reproduction of broadcast spawners is also 

dependent on localized spatial distributions of adults (Pennington 1985; Levitan et al. 1992). 

Spatial distribution of adults is particularly important in organisms that have variations in 

compatibility of their gametes because of the higher reproductive success given by individuals 

that spawn closer to a compatible mate (Levitan and Ferrell 2006; Levitan 2012). In fact, sperm 

bindin, a gamete recognition protein that surrounds the cell membrane of spermatozoids 

(Vacquier and Moy 1977), has been shown in other studies to directly influence gamete 

compatibility and, subsequently, fertilization success (Levitan and Ferrell 2006; Levitan and 

Stapper 2010) Gamete compatibility and proximity-dependent mating reproductive success allow 

for non-random mating to occur at both the level of gametes and adults. Under this idea, positive 

assortative mating can take place if similar genotypes (or phenotypes) are more compatible or 

aggregate during spawning.  

 

Positive assortative mating is a kind of non-random mating where similar genotypes or 

phenotypes mate more often than expected by chance. While positive assortative mating is not 

expected to change allele frequencies of alleles that produce the phenotypes being assorted, it 

can affect genotype frequencies, phenotypic variance and result in linkage disequilibrium with 

other loci (Hedrick 2017). Positive assortative mating has been shown to occur in broadcast 

spawning fish (McCartney et al 2003; Rowe, Hutchings and Skjæraasen 2007) and sea urchins 
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(Calderon et al 2010; Stapper, Beerli and Levitan 2015). In the sea urchin Paracentrotus 

gaimardi, differences in fertilization success (about 10% - Lopes and Ventura 2012) and in 

sperm bindin (Calderon et al 2010) were associated with spine color of adults. Color variation is 

prevalent in echinoderms and can be determined genetically or by the environment (Harley et al. 

2006). Some echinoids can change color hue in short periods of time while others maintain it for 

life (Calderon et al 2010).  

 

If color and proteins responsible for fertilization and gamete recognition are genetically 

determined, assortative mating can occur if gametes mix assortatively or in other non-random 

ways within a population. It has been suggested that sea urchins undergo random mating due to 

lack of visual capabilities and the fact that they spawn their gametes, which are thought to mix in 

the water column (Calderon et al. 2010). However, recent studies have shown that sea urchins 

possess photoreceptive structures on their tube feet (Ullrich-Lüter et al. 2011; Lesser et al. 2011) 

and can show complex visual behaviors (Yerramilli and Johnsen 2010). Visual and 

chemosensory capabilities of echinoids allow for evaluating non-random patterns of reproduction 

between gametes and between adults of different color.   

 

If positive assortative mating occurs in a broadcast spawning sea urchin, and the 

assortment of adults or gametes happens by color, crosses of same-colored urchins are expected 

to yield higher fertilization success due to higher compatibility of gametes and it is likely to be 

caused by more compatible gamete recognition proteins. Because proximity of compatible 

individuals during spawning increases reproductive success, I predict that when individuals are 

more likely to spawn, same-colored urchins will be closer in proximity than expected. However, 
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it is also possible that difference in compatibilities of gametes of adult urchins of different colors 

could arise from non-random aggregation patterns resulting from secondary contact of two 

different species that hybridized. Regardless of the mechanism that resulted in positive 

assortative mating, evidence for this type of mating could be observed based on deviations from 

Hardy-Weinberg equilibrium of genotypes producing the assorted phenotypes. 

 

Lytechinus variegatus is a tropical sea urchin known to exhibit color variation in spines 

within populations. Wise (2011) suggested that color in spines is genetically determined and 

concluded that there are three alleles that code for purple, green and white spines.  Sea urchins of 

L. variegatus can be categorized based on the coloration from proximal to distal ends of primary 

spines, which can be composed of one or two colors (Wise 2011 and personal observations). 

Spines of Lytechinus variegatus, from the test to the tip, can be white, green, purple, white-

purple, white-green or green-purple (Appendix A). 

 

Lytechinus variegatus of different colors are abundant in St. Joseph Bay, Florida where 

they can be commonly seen in high densities attached to the short shoots and blades of turtle 

seagrass (Thalassia testudinum). In addition, you can also find individuals of L. variegatus 

attached to mussel shell beds and, on occasion, on sandy areas between seagrass patches 

(Valentine et al. 2000). Lytechinus variegatus in North Florida has a spawning season that ranges 

from March to early November (Reuter and Levitan 2010). Across its geographical range, L. 

variegatus shows a semilunar periodicity in spawning and gametogenesis, where individuals 

produce more gametes (Lessios 1991) and are more likely to spawn after given a sperm cue 

(Reuter and Levitan 2010) during the new and full moons. 
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I examined four aspects of the reproductive ecology of Lytechinus variegatus by looking 

at possible non-random ways in which gametes and adults of this species mate, using primary 

spine color as the trait to structure these patterns. I performed fertilization experiments to 

determine and quantify differences in compatibility between colors of Lytechinus variegatus.  

Field observations on patterns of aggregation of this sea urchin were surveyed to measure 

dispersion behavior of adults of L. variegatus of different colors. From these surveys, phenotypic 

frequencies were calculated and used to test for deviations from Hardy Weinberg equilibrium. 

Finally, I obtained sequences of sperm bindin for different colors of L. variegatus to find 

evidence for genetic differentiation based on this gamete recognition protein due to spine color 

 

Materials and Methods 

 

Fertilization experiments 

Lytechinus variegatus were hand collected in seagrass beds of St. Joseph Bay in the 

Northern Gulf Coast of Florida during the months of June and July of 2016. Each sea urchin was 

categorized according to their spine coloration which could be white-white, white-purple, white-

green, green-green, purple-purple or green-purple. Sea urchins with spines that have two colors 

vary in the proportion of each color pigment within a spine; however, these spines were 

categorized as having two colors, regardless of the proportional composition.  I collected 

approximately 20 individuals for each experimental day of each color, except for white-green, 

green-green and purple-purple individuals, as these colors are rare, but were collected as 

encountered. Sea urchins were kept in aquaria with recirculating sea water at room temperature 

(22-26C). For each day of experiments, eggs of all spawning females were crossed with sperm of 

all spawning males and the spine color of each individual was recorded, with the intention of 

crossing a male and a female of each color as well as with all other colors. I could not obtain 
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gametes of white-green or green-green Lytechinus variegatus, nor sperm and eggs of purple-

purple urchins in the same day. Therefore, crosses between purple-purple urchins or any crosses 

with white-green or green-green urchins were not performed. 

 

Gametes were obtained by injecting individuals with 0.5-0.7mL of 0.55M KCl (see 

Levitan 1993). Males were placed aboral side down in funnels to collect dry sperm in a glass vial 

over ice while females were placed aboral side down on a glass bowl with 5µm filtered sea water 

at room temperature (22-26C). Eggs were diluted to 3-6 cells/µl and 1ml of this egg solution was 

aliquoted into 8ml of 5µm filtered sea water. Dry sperm was diluted to create a stock by adding 

an aliquot of 0.1ml of dry sperm to 9.9ml of filtered sea water. I performed two 10-fold dilutions 

of dry sperm to create a working stock which allowed the final concentration of sperm for each 

cross to range between low (~2.2) and optimum (~3.5 log sperm/mL) sperm concentration as 

described from previous assays performed for fertilization in Lytechinus variegatus (Farley and 

Levitan 2001). One milliliter of this working stock was added to each cross vial containing 8ml 

of filtered sea water and 1ml of the diluted eggs. Each cross vial was swirled for 10s to mix 

gametes. After a two-hour incubation period at room temperature (22-26C) following 

introduction of sperm to eggs, approximately 200 eggs of each cross were used to score 

fertilization (see Levitan 1993) by using cell division as evidence for fertilization. The working 

concentration of sperm was quantified using a hemocytometer and the final egg concentration 

was estimated as one-tenth of the stock concentration that was previously measured. 

 

Generalized linear models tested the effects of spine color of the sire and the dam of each 

cross and sperm and egg concentrations on fertilization success with a binomial probability 
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distribution. The number of fertilized eggs were assigned as successes and the number of 

unfertilized eggs as failures. I used AICc (Akaike information criterion adjusted for sample size) 

scores to determine the best model fit. All analyses were performed on R version 3.2.4, using 

packages “multcomp” v1.4-6 (Hothorn et al. 2008) and “AICcmodavg” v2.1-1 (Mazerolle 2017). 

 

Field aggregation surveys  

Natural field aggregations of Lytechinus variegatus were surveyed in seagrass beds of St. 

Joseph Bay in the Northern Gulf Coast of Florida (N 29° 44' 54.546'', W 85° 23' 25.27'') during 

the Summers of 2014, 2015 and 2016. I used a 1m
2
 quadrat to map the location and spine color 

of each urchin within each plot because experiments on broadcast spawners suggest that 

fertilization success decreases with distance (Levitan 1991; Levitan et al. 1992; Sewell and 

Levitan 1992; Levitan 2002; Marshall 2002) and that most fertilization events happen within a 

meter of a spawning adult (Farley and Levitan 2001; Levitan 2004). In addition, field 

fertilization experiments done on Lytechinus variegatus suggested that, in seagrass beds, crosses 

done with males 40cm upstream of females resulted in about 83% fertilization success (Simon 

and Levitan 2011).  

 

For a particular sampling day, 24 quadrats were haphazardly thrown on seagrass beds 

avoiding sand substrate. For each quadrat, the location and color of each urchin was recorded. 

Sea urchins were categorized using the same method as in fertilization experiments, by recording 

the color of spines from proximal to distal ends. Urchins were picked up, categorized out of 

water and placed back to their original location. Within a year, different seagrass beds were 

sampled for each sampling day, but some seagrass beds might have been resampled between 
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years. Within St. Joe Bay, sea urchins used for field surveys and collections for fertilization 

experiments originated from different locations in close proximity, as to not bias surveys. 

Because during the new and full moons, Lytechinus variegatus undergoes gametogenesis 

(Lessios 1991) and are more likely to spawn after given a sperm cue (Reuter and Levitan 2010), I 

performed surveys of natural aggregations during different days of the lunar cycle to detect 

possible temporal patterns of dispersion related to patterns in spawning and gametogenesis. 

 

  I used a Morisita’s index of dispersion to describe the dispersion patterns of Lytechinus 

variegatus as described by Morisita (1959). I chose the Morisita’s index of dispersion for its 

robustness to changes in density and number of plots (Morisita 1959) and for its ability to 

adequately describe patterns of dispersion of non-sessile organisms (Vandermeer 1981). An 

index of 1 represents a random dispersion, whereas an index greater than 1 represents 

aggregation (Morisita 1959). 

 

For each sampling day, a dispersion index was calculated for all urchins independent of 

color (Iall), as well as for all urchins of each color (Ii). I, then, calculated the average difference 

between the dispersion index independent of color minus the dispersion index of each color 

category (equation 1). I expected that if sea urchins of the same color are more aggregated 

relative to their dispersion independent of color, this average would be greater than zero. 

However, no differences between dispersion of sea urchins of the same color and dispersion 

independent of color would result in an average near zero. 

 



	 9	

𝐴𝐼# = 	
1

𝑛
	 𝐼()) − 𝐼+

,

+-.

																																					(1)	 

I compared the average difference between the dispersion index independent of color 

minus the dispersion index of each color as a function of the day of the lunar cycle of each 

sampling day (D) to a sinusoidal model that reflects a period of 14.75 (equation 2), which 

equates to one half of the duration of a lunar cycle, in days. Lastly, I calculated nonlinear, 

weighted, least-squares estimates for the amplitude parameter of a sinusoidal model (“a” on 

equation 3) for different colors of Lytechinus variegatus using the package “stats” v.3.4.0 on R. 

This amplitude parameter can be used to compare the Morisita’s indices of dispersion for 

different color to contrast the aggregation patterns of different colors of sea urchins. 

𝑆𝑖𝑛𝑢𝑠𝑜𝑖𝑑𝑎𝑙	𝑚𝑜𝑑𝑒𝑙 = 𝐴𝐼# 	~ sin
2𝜋

14.75
	𝐷 + cos

2𝜋

14.75
	𝐷 										(2) 

𝒀 = 𝑎 ∗ sin	(
KL

.M.NO
	𝐷)																		 	 	 	 	 	 	 (3)	

Deviations from Hardy-Weinberg equilibrium 

To test for deviations from Hardy-Weinberg equilibrium, I assumed a single locus with three 

alleles as the mode of inheritance for determining spine color (i.e. an urchin with white spines possesses 

two alleles for white, whereas an urchin with white-purple spines has an allele for white and an allele for 

purple). I chose this model as it is the most parsimonious model that can describe the inheritance of spine 

color in Lytechinus variegatus as concluded by Wise (2011) after rearing offspring of crosses of different 

colored urchins, where she determined that a three-allelic model described best the patterns of inheritance 

of spine color. Allelic frequencies of alleles for white, green and purple spines were counted from 

frequencies of each color which were quantified from field surveys of natural aggregations.  
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Sperm bindin sequencing 

Tube feet from males and females from fertilization experiments were stored in ethanol and 

extracted using 13.5µl double-distilled water, 4µl 5X PCR buffer, 2µl Proteinase K and 0.5µl 20% Tween 

per one tube foot of each individual, incubated in a thermal cycler for one cycle at 70C for 20 minutes 

then 95C for 5 minutes. Extracts were stored in -20C until ready for use in PCR reactions. 

For both DNA amplification and sequencing, I used the primers utilized by Zigler and Lessios (2004), 

Lv785 (5’ -CCGCTACCGATTTCTTCAACTTC-3’) and Lv1594 (5’ -CAAACGTCTTGAGA 

CTGATCTGC-3’). The PCR mélange consisted of 2.4µl 5X PCR buffer, 3.75µl double-distilled water, 

1.2µl 2µM DNTPs, 0.2µl 1µM bovine serum albumin, 1.3µl MgCl2, 0.5µl 0.5µM Lv785, 0.5µl 0.5µM 

Lv1594 and 0.15µl Taq per individual. The PCR program was as follows: 2 min at 95C; 37 cycles of 30 

sec at 95C, 30 sec at 54C and 1.5 min at 72C; and 5 min at 72C. Amplified PCR products were purified 

with ExoSAP-IT or ExoSAP-IT Express (Thermo Fisher Scientific, Waltham, MA). Purified PCR 

products were sequenced in forward with the primer Lv785 and reverse with the primer Lv1594 at the 

DNA Analysis Facility on Science Hill (Yale University, New Haven, CT).  

I used Arlequin ver 3.5 (Excoffier et al. 2005) to calculate Wright’s Fst index based on pairwise sequence 

differentiation. The significance of these pairwise values were assessed by performing 10000 

permutations. I also calculated a Tajima’s D to detect possible non-neutral evolution of this gene.  

Results 

 
Fertilization experiments 

The model that best describes differences in fertilization success suggests that the type of 

cross (i.e. color of parent 1 X color of parent 2), sperm concentration, egg concentration and an 

interaction of cross class and sperm concentration have an effect on fertilization success (table 

1). I tested for non-linear effects of egg and sperm concentrations by graphically assessing the 
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effects of egg and sperm concentrations for different crosses. Because this model suggests that 

egg concentration is an additive effect, I compared the effect of different cross classes on 

fertilization success by calculating predicted values from the model evaluated for the range of 

sperm concentrations used in experiments and holding egg concentration constant at the mean 

concentration of eggs used in experiments (fig.1). In this comparison, I detected that as sperm 

concentration is increased, the difference in fertilization success for certain crosses becomes 

greater. For example, high sperm concentrations had the greatest effect on crosses between 

white-white sea urchins and between green-purple urchins, while crosses between these two 

colors (i.e. between white-white and green-purple sea urchins) seem to be affected the least by 

increases in sperm concentration, as evidenced by a slope of almost zero (red solid line, fig. 1).  

On average, crosses within white-white and green-purple sea urchins had higher success than 

crosses between these two groups or between these groups and lightly colored sea urchins 

(white-purple or purple-green; figs 2, 3 and 4). White-white sea urchins seem to had the largest 

response to increases in sperm concentration (figs. 2 and 3), relative to other colors that are half 

white (i.e. white-purple) or different from white (i.e. green-purple).  

I tested for significant differences on the effect of reciprocal cross classes on fertilization 

success by performing tests of the best fit model on each pair of reciprocal crosses. I found no 

significant differences between reciprocal crosses (table 2). Graphic representations of these tests 

can be seen on figure 6. Because reciprocal crosses are not different on their effect on 

fertilization success, I combined reciprocal crosses together and found that crosses of similar 

colored urchins had higher fertilization success than crosses of urchins of different color (fig. 6). 

An exception to this were crosses between purple-purple and green-purple urchins which 

resulted in similar fertilization success as crosses of urchins of the same color. An interesting 
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pattern found was that crosses between white-purple and green-purple, and between white-white 

and white-purple sea urchins (i.e. crosses where parents share half of their color) were both 

significantly more successful than crosses of white-white urchins and green-purple sea urchins 

(i.e. crosses where parents don’t share any color). Sample sizes for each cross class are presented 

on table 2.  Overall, when pooling full color individuals (purple and green-purple sea urchins), 

full-color crosses had the highest success, followed by half-color crosses, with mismatched color 

crosses having the lowest success. 

Field aggregation surveys 

I performed 24 surveys representing 19 different days of the lunar cycle over the 

summers of 2014, 2015 and 2016. At the 1m
2
 scale, independently of color, urchins of 

Lytechinus variegatus disperse at random throughout the lunar cycle (fig. 8), showed by an 

average Morisita’s index of dispersion of 1.17 (SD=+/- 0.23). However, when accounting for the 

dispersion of each color by calculating the average dispersion of same colored urchins minus the 

aggregation independent of color as calculated from equation 1, I detected that close to the new 

and full moons, colors of urchins are more aggregated than they are independent of color (fig. 9). 

These differences in aggregation show a pattern that significantly fits a sinusoidal model with a 

period of half a lunar cycle in days (table 4). I also found that “light” (i.e. white-white and white-

purple) sea urchins have higher Morisita’s indices of dispersion during the new and full moons 

than “dark” (i.e. purple-purple, green-green and green-purple) sea urchins (fig. 10). The least-

squares estimated amplitude parameter of the sinusoidal model was 1.812 for white-white 

urchins, 1.494 for white-purple urchins, 0.4125 for purple-purple urchins and 0.5293 for green-

purple urchins.  
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Deviations from Hardy-Weinberg Equilibrium 

5360 sea urchins were haphazardly sampled during the field surveys performed in the 

summers of 2015, 2016 and 2017. Assuming a three-allele codominant model of inheritance, the 

analysis shows significant deviations between observed and expected frequencies from Hardy-

Weinberg equilibrium. These deviations suggest that there is a surplus of white-white and green-

purple urchins, and a deficiency of all other colors (fig. 11). The magnitude of the differences 

between observed and expected were similar for each year as for all years combined, except for 

2016, where the difference between the observed and expected frequency of white-purple sea 

urchins is smaller than other years (fig. 12); however, this difference is still significant (table 5.) 

Sperm bindin sequencing 

I successfully sequenced segments of the sperm bindin gene that code for amino acids 22-

59 of the first exon and 112-222 of the second exon.  I obtained sequences for 10 white-white 

and 10 green-purple urchins for the first exon and 7 white-white and 10 green-purple urchins for 

the second exon. I found a total of 6 polymorphic sites, of which three had non-synonymous 

mutations. However, FST values show no differentiation based on pairwise comparisons of 

sequences of this gene (table 6). A negative Tajima’s D index represents lower average 

heterozygosity, or a larger than expected number of rare alleles, and a positive Tajima’s D 

represents the opposite. While both regions seem to show negative Tajima’s D indices for green-

purple urchins and positive indices for white urchins seem these values are not significantly 

different from zero (i.e. Tajima’s D of zero = neutral evolution; table 7). 
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Table 1. AICc (Akaike information criterion adjusted for sample size) scores for all candidate 

generalized linear models testing the effect of cross class (composed of male X female color), 

sperm concentration, egg concentration and their interactions on fertilization success. 

Model k AICc ΔAICc 𝑤i 

Fertilization Success ~ Cross class 10 1640.28 69.132 0.00000 

Fertilization Success ~ Cross class + 

[Sperm] + [Eggs] 12 1620.817 49.669 0.00000 

Fertilization Success ~ Cross class + 

[Sperm] + [Eggs] + Cross 

class*[Sperm] 20 1571.148 0 0.99941 

Fertilization Success ~ Cross class + 

[Sperm] + [Eggs] + Cross class*[Egg] 20 1609.543 38.395 0.00000 

Fertilization Success ~ Cross class + 

[Sperm] + [Eggs] + Cross 

class*[Sperm] + Cross class*[Egg] 26 1586.004 14.856 0.00059 

 

Table 2. P-values for the significance of the effect of different parameters on Fertilization 

success for pairs of reciprocal crosses. 

Formula: Fertilization Success ~ Cross class + [Sperm] + [Egg] + Cross class*[Sperm] 

Reciprocal crosses (MalexFemale Phenotype) Cross 

class 

[Sperm] [Egg] Cross 

class:Sperm 

WWxWP and WPxWW 0.13 0.15 0.81 0.24 

WWxGP and GPxWW 0.39 0.44 0.11 0.19 

WPxGP and GPxWP 0.33 0.79 0.34 0.48 

PPxGP and GPxPP 0.62 0.53 0.09 0.96 
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Table 3. Sample size of each cross class for fertilization experiments. 

Cross class 

Sample size 

Cross class 
Sample 

size 
Male Female Male Female 

White White 9 Purple Green-purple 4 

White White-Purple 7 Green-purple White 29 

White Purple 1 Green-purple White-purple 17 

White Green-Purple 14 Green-purple Purple 8 

White-Purple White 8 Green-purple Green-purple 76 

White-Purple White-Purple 6    

White-Purple Green-Purple 15    

Purple White 2    

Purple White-Purple 2    

 

Table 4. Analysis of Variance Table for fitting a sinusoidal model to aggregation survey data. 

Parameter 
df Sum Squares 

Mean 

Square 
F P 

 

 

 

1 8.09 8.09 64.20 8.03 e-8 

 

 

 

1 2.39 2.39 18.95 0.0003 

Residuals 21 2.64 0.12  
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Table 5. Chi-square values for differences between observed and expected number of urchins for 

each sampled year as well as all years combined, as well as the probability value for each chi-

square test. 
Color   2014 2015 2016 Total 

WW 
Observed  105 78 191 374 

Expected 16 22 56 89 

WP 
Observed  99 108 383 590 

Expected 175 133 382 695 

WG 
Observed  25 8 13 46 

Expected 128 95 284 511 

GG 
Observed  102 40 65 207 

Expected 264 103 363 729 

PP 
Observed  319 106 223 648 

Expected 494 201 657 1351 

GP 
Observed  1149 501 1845 3495 

Expected 722 288 977 1985 

 
𝜒

2
 1046.1 468.8 1890.7 3233.4 

 

df 5 5 5 5 

 

P <0.0001 <0.0001 <0.0001 <0.0001 

 

Table 6. Fst values based on pairwise comparisons of nucleotide sequences for white-white 

(WW) and green-purple (GP) sea urchins for two regions of the sperm bindin gene. 

Aminoacids 

22-59 

 
WW GP 

WW 0.00 - 

GP 0.00 0.00 

Aminoacids 

112-222 

 
WW GP 

WW 0.00 - 

GP 0.02 0.00 
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Table 7. Tajima’s D test results based on nucleotide sequences for white-white (WW) and green-

purple (GP) sea urchins for two regions of the sperm bindin gene. 

 

Statistic

s 
WW GP Mean S.D. 

Aminoacids 

22-59 

Sample 

size 
10 10     

S 5 5     

Pi 1.84 1.42 1.63 0.30 

Tajima's 

D 
0.17 -0.78 -0.30 0.68 

P-value 0.62 0.23 
  

Aminoacids 

112-222 

Sample 

size 
6 10     

S 4 7     

Pi 1.8 2.24 2.02 0.31 

Tajima's 

D 
0.15 -0.39 -0.12 0.38 

 
P-value 0.59 0.37 
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Figure 1. Predicted fertilization success values, from the best fit model that explains differences in 

fertilization success, for different cross classes across the range of sperm concentrations and using the mean 

concentration of eggs from fertilization experiments.  

Figure 2. Predicted fertilization success values, from the best fit model that explains differences in 

fertilization success, for crosses between white-white sea urchins, green-purple sea urchins and 

between white-white and green-purple sea urchins across the range of sperm concentrations and using 

the mean concentration of eggs from fertilization experiments. Dashed lines represent 95% 

Confidence Intervals 
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Figure 3. Predicted fertilization success values, from the best fit model that explains differences in 

fertilization success, for crosses between white-white sea urchins, white-purple sea urchins and 

between white-white and white-purple sea urchins across the range of sperm concentrations and using 

the mean concentration of eggs from fertilization experiments. Dashed lines represent 95% 

Confidence Intervals 

Figure 4. Predicted fertilization success values, from the best fit model that explains differences in 

fertilization success, for crosses between white-purple sea urchins, green-purple sea urchins and 

between white-purple and green-purple sea urchins across the range of sperm concentrations used for 

experiments and using the mean concentration of eggs from fertilization experiments. Dashed lines 

represent 95% Confidence Intervals 
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Figure 5. Fertilization success as a function of cross class. A cross class is determined by the spine 

color of the male x female of each cross. Sea urchins of Lytechinus variegatus used for this 

experiment showed white (WW), white purple (WP), purple (PP) or green purple (GP) spines. Dark 

lines show median, boxes represent interquantile region, bars show minimum and maximum values. 
Letters represent significant similarities.  
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Figure 6. Predicted fertilization success values, from the best fit model that explains differences in 

fertilization success, for reciprocal crosses across the range of sperm concentrations used for 

experiments and using the mean concentration of eggs from fertilization experiments. Dashed lines 

represent 95% Confidence Intervals. 
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Figure 8. Morisita’s Index of Dispersion for all urchins, independent of color as a function of the day of 

the lunar cycle for each sampling day. Closed circles represent surveyed data. Solid line represents the 

average index (mean=1.17) and dotted lines show standard deviations (SD = +/- 0.23). Y-axis value of 

24 represents the maximum index, given by the number of quadrat samples recorded per day. 
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Figure 9. The average dispersion by color minus dispersion independent of color, as calculated on 

equation 1, as a function of the day of the lunar cycle for each sampling day. Open circles represent 

surveyed data. Solid line represents the sinusoidal model shown on equation 2. 
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Figure 10. Morisita’s Index of Dispersion for sea urchins of different colors as a function of the day of 

the lunar cycle for each sampling day. Solid lines represent predicted values from the resulting non-
linear estimates for the amplitude of the sinusoidal model for each color.   
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Figure 11. Observed (open bars) versus expected (closed bars) number of urchins haphazardly 

sampled during the summers of 2014, 2015 and 2016. Letters represent colors of spines from test 

to tip (W = white, P = purple and G = green). Numbers on top of each color category represent 
percent difference between observed and expected number of urchins. 
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Figure 12. Observed (open bars) versus expected (closed bars) number of urchins haphazardly 

sampled during the summers of 2014 (top), 2015 (center) and 2016 (bottom). Letters represent 

colors of spines from test to tip (W = white, P = purple and G = green). Numbers on top of 

each color category represent percent difference between observed and expected number of 

urchins. 
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CHAPTER 2 

 

DISCUSSION 

 

Fertilization experiments suggest that, under the same environmental conditions, same 

colored Lytechinus variegatus sea urchins can produce more offspring than different color 

urchins, given equal chance of collision for all corresponding gametes. Increasing sperm 

concentration, as expected by kinetics of fertilization (Levitan 1991), had a positive effect on 

fertilization success for most crosses. In addition, crosses between white-white sea urchins had a 

large response to increases in sperm concentration; this effect not as strong for other crosses. 

This response by crosses of white-white urchins to increases in sperm concentration helps 

strengthen the possibility of gamete recognition protein compatibility as the mechanism 

responsible for differences in fertilization success, as increasing the number of collisions of 

compatible gametes can increase fertilization. In addition, for crosses between colors, increasing 

sperm concentration did not result in higher fertilization success which could also be explained 

by incompatibilities of gametes. It is also important to mention that in natural spawning events, 

sperm from different males have the potential to compete for a single egg, whereas in the 

fertilization experiments performed, eggs were not given a choice and sperm from a particular 

male did not compete with another male’s sperm for fertilization. Potential differences in gamete 

compatibilities due to color could accentuate the differences in fertilization success if sperm 

from different males are given the opportunity to compete and being slightly more compatible 

provides a single sperm and advantage in terms of faster fertilization. There is potential to 

explore this phenomenon by performing fertilization experiments where eggs of a single female 

are given a choice of sperm from two different males that are either similar or different in color. 
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Then, the winner of a particular trial could be determined by a larger share of paternity of the 

larvae produced.  

In addition to positive assortative mating at the level of zygote formation, field surveys 

suggest that Lytechinus variegatus sea urchins are aggregating by color during times of the lunar 

cycle when they are more likely to spawn after given a sperm cue and gametogenesis is greater. 

Previous studies also suggest that dispersion during spawning is different from non-spawning 

dispersion, after observing a mass spawning event of aggregated urchins that dissipated post-

spawning (Simon and Levitan 2011). Because of the substantial effect of proximity on 

fertilization success, aggregating with more compatible individuals can potentially have a large 

positive effect on individual fitness. Aggregating by colors during spawning events allows for 

positive assortative mating to occur at the level of adults. Because distance determines a large 

proportion of the variation in fertilization success (Levitan 1991) I expect aggregations of 

compatible adults to have a larger effect as the source for positive assortative mating, relative to 

assortative mating occurring at the gamete level, given that the sperm that a particular egg will 

encounter have already been assorted and biased towards more sperm coming from males of 

similar color. 

Frequencies of spine colors do not appear to be under Hardy-Weinberg Equilibrium 

assuming a three-allele single locus model of inheritance. It has been previously showed that a 

three allele model describes best the inheritance of color after observing the inheritance of color 

of reared larvae from crosses of different color Lytechinus variegatus (Wise 2011) Results of this 

analysis suggest that the deviations from HW equilibrium meet predictions from positive 

assortative mating where a surplus of homozygotes and a deficiency of heterozygotes are 

expected. However, homozygotes for non-white colors (green-green and purple-purple sea 



	 30	

urchins) are lower in frequency than expected whereas green-purple sea urchins are more 

frequent than expected under HW equilibrium. This deviation from predictions of positive 

assortative mating follows the patterns of fertilization of these colors, where crosses of purple-

purple and green-purple urchins are as successful as the crosses within each color as well as the 

patterns seen for color aggregation. Dark colored Lytechinus variegatus exist in St. Joe Bay in 

much higher frequencies than light colored L. variegatus (fig. 11), and the light colored sea 

urchins seem to be most aggregated during times of the lunar cycle when they’re more likely to 

spawn. This suggests that, perhaps, assortative mating occurs not due to color, but due to the 

intensity of the color (i.e. light versus dark). Photoreceptive abilities have been shown in sea 

urchins (Yerramilli and Johnsen 2010), where purple urchins (Strongylocentrotus purpuratus) 

were able to distinguish light versus dark objects as well as sizes of shapes.  If Lytechinus 

variegatus are using visual cues to identify other individuals, they might perceive light vs. dark 

colored individuals which can potentially explain the patterns of fertilization, aggregations and 

deviations from HW equilibrium for these dark-colored urchins.  

The observed deviations from HW equilibrium can be the result of other processes 

different form positive assortative mating. For example, if different colors of urchins were once 

two different species that are presently hybridizing, the observed deviations could suggest 

patterns of “inbreeding” within former species. This is a plausible outcome as Lytechinus 

variegatus is composed of three subspecies throughout its geographical range that differ in spine 

color and morphology (Rosenberg and Wain 1982) which are differentiated not only 

morphologically, but also genetically based on differences on mitochondrial DNA (Lessios 

1991). However, other sources of selection can result in processes within a population that can 

alter phenotypic variation. In fact, evidence that multiple processes can occur within populations 



	 31	

can be seen on the deviations from HW equilibrium of dark colored urchins, where green-purple 

urchins are more abundant than expected and homozygotes of those two colors are less abundant 

than expected, which can be the result of disassortative mating. 

Sperm bindin in these two segments of the protein offer no population structure due to 

spine color. However, differences in fertilization success from fertilization experiments could be 

attributed to other areas within the sperm bindin protein, as well as other proteins involved in 

gamete recognition (i.e. egg receptor proteins), particular combinations of gamete recognition 

proteins, or other attributes of the gametes like chemoattractants and sperm activation that are yet 

to be tested. While results show no structuring of the population by sperm bindin of different 

color urchins, results from fertilization experiments do support variation of compatibilities of 

gametes expected from positive assortative mating. Crosses between sea urchins that share half 

of their color (i.e. white-white and white-purple urchins) are significantly higher than crosses of 

sea urchins of completely different color (i.e. white-white and green-purple sea urchins) which 

could be the result of heterozygotes (i.e. white-purple sea urchins) possessing half of their 

gametes with gamete recognition proteins compatible with white sea urchins and half compatible 

with purple sea urchins. In addition, I propose that genetic evidence for structuring of the 

population by color should also consider other genes like Cytochrome Oxidase I (COI), as done 

for Paracentrotus gaimardi (Calderon et al. 2010) 

Positive assortative mating, and other non-random mating behaviors, are commonly 

evaluated at a single scale. Here, I have provided evidence that positive assortative mating can 

occur at two different scales; at the scale of gamete interactions as well as at the scale of adult 

interactions. Mating in broadcast spawners can easily be separated into discrete events in which 

we can evaluate non-random mating. However, there is potential for studying mating at multiple 
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scales in species that undergo internal fertilization. For example, in brooding species non-random 

mating at the scale of adults can occur due to time of release of sperm, proximity of compatible 

adults or chemotaxis mechanisms. At the level of gametes, some female brooders (or female 

function of hermaphrodites) can have a choice as to which sperm fertilizes their eggs (female 

cryptic choice) or males can compete for fertilization (direct or indirect male competition).  

Understanding the ways in which individuals mate within populations is important for 

determining population structure and projections. Non-random mating is a major mechanism that 

can influence heterozygosity, phenotypic variation and quantitative genetic variance in 

multigenic traits. In some cases, non-random mating can provide insights about the evolution of 

a species. For Lytechinus variegatus positive assortative mating provides a plausible mechanism 

that can explain the maintenance of color variation. 
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Figure 13. Comparison of the data from aggregation surveys and the sinusoidal model to data obtained 

by Reuter and Levitan 2010, showing the proportion of urchins that spawned given a sperm cue as a 

function of the day of the lunar cycle.  
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APPENDIX A 

 

COLORS OF LYTECHINUS VARIEGATUS 
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