
Florida State University Libraries

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

2017

The role of compatibility in
determining the costs and benefits of
polyandry in the broadcast spawning
urchin Lytechinus variegatus.
Melissa Betters



1 | B e t t e r s  

 

 

 

THE FLORIDA STATE UNIVERSITY 

 

COLLEGE OF ARTS & SCIENCES 

 

THE ROLE OF COMPATIBILITY IN DETERMINING THE COSTS AND 

BENEFITS OF POLYANDRY IN THE BROADCAST SPAWNING URCHIN 

LYTECHINUS VARIEGATUS. 

 

By 

 

MELISSA BETTERS 

 

A Thesis submitted to the  

Department of Biological Sciences  

in partial fulfillment of the requirements for graduation with  

Honors in the Major  

 

 

Degree Awarded: 

Spring, 2017 

 

 

 

 



2 | B e t t e r s  

 

 

 

 

 

 

The members of the Defense Committee approve the thesis of Melissa Betters 

defended on March 23rd, 2017. 

 

 

 

 
 

 

 

 

 



3 | B e t t e r s  

 

Introduction 

Polyandry, when females mate with multiple males, is a phenomenon whose generality 

and ecological consequences are still under investigation (Boulton & Shuker 2013). While it has 

been known for some time that male fitness increases with increasing mating opportunities 

(Arnqvist & Nilsson 2000), there is less evidence supporting the same assertion for females (Zeh 

& Zeh 2001). Historically, because sperm of a species greatly outnumbers eggs produced, 

fecundity is generally seen as the factor limiting reproduction for females and the number of 

mating opportunities is seen as the factor limiting reproduction for males (Arnqvist & Nilsson 

2000; Zeh & Zeh 2001; Evans & Marshall 2005). Over the past thirty years the prevalence of 

sperm availability limiting offspring production has received more attention, indicating that 

patterns of sperm availability can greatly influence reproductive success (Pennington 1985; 

Levitan et. al. 1991; Levitan 2012). However, even if sperm are in excess, not all males and 

sperm are equivalent and evidence has started to accumulate on the consequences of how female 

fitness might be influenced not only by the availability of sperm but also by the identity and/or 

quality of the sperm (Palumbi 1999; Zeh & Zeh 2001; Evans & Marshall 2005; Levitan & Ferrell 

2006; Levitan 2012; Evans & Sherman 2013; Kregting et. al. 2014).  

Though polyandry is often considered in the context of copulating organisms, where 

mating behavior, sperm storage, and mate choice may all play a significant role in female fitness 

(Boulton & Shuker 2013), broadcast spawning marine populations present an interesting and 

alternative context of study. Broadcast spawning marine organisms release their egg and sperm 

into the water column and fertilization occurs outside of the body. Females in these populations 

may not only choose to mate multiply, but are oftentimes forced to do so because of the nature of 

their reproductive strategy. Broadcasting females may choose to mate with multiple males by 
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spawning multiple times during a mating season, or in the presence of different males at each 

spawning event. While multiple mating for copulating females implies several distinct mating 

events, the same may not be true for broadcasting females. Unlike copulating organisms, 

broadcasting females may also mate multiply within a single mating event if a female’s eggs 

encounter the sperm from multiple males within the water column. Where copulating or pair 

spawning females may choose her mates, or choose to accumulate sperm, many broadcast 

spawners delegate control of these processes to the eggs in the water column (Boulton & Shuker 

2013; Evans & Sherman 2013). In these cases, it is more likely that the traits of the gametes 

alone, rather than the gametes along with adult traits, is what determines which males will 

successfully fertilize a female’s eggs. The reasons why females may choose to mate multiply in a 

variety of contexts remains an open question.  

Polyandrous mating may present both costs and benefits to fitness. To understand how 

polyandry is adaptively beneficial for females, it is imperative to quantify these costs and 

benefits. One of the main costs to polyandrous mating in broadcast spawning species is that 

excess sperm can result in polyspermy, where more than one sperm penetrates an egg and 

renders it non-viable (Rothschild 1954; Styan 1998; Styan & Butler 2000; Franke et. al. 2002; 

Levitan 2004; Levitan et al. 2007). Because high occurrences of polyspermy decrease female 

fitness, being caught in a situation where several different males are competing to fertilize one 

female’s eggs could be disastrous. This would lead to selection favoring females with eggs that 

are harder to penetrate, thus reducing the chances of polyspermy (Styan 1998; Gavrilets & 

Waxman 2002; Levitan et. al. 2007; Tomaiuolo & Levitan 2010). Evidence indicates that 

females that produce eggs that are compatible with a wide variety of sperm run a higher risk of 

polyspermy than females that produce gametes that are harder to fertilize (Levitan et. al. 2007), 
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and that selection favors high or low compatibility gametes based on patterns of sperm 

availability (Levitan 2012).   

 Broadcasting females may also want to avoid polyandrous mating situations to avoid 

being fertilized by low quality sperm. Low quality sperm might be correlated with low fitness 

genotypes, genotypes incompatible with specific females, or physiologically poor performing 

sperm that might interfere with higher quality sperm.  Polyandry would be costly if low quality 

sperm prevents higher quality sperm from fertilizing eggs. Making eggs more difficult to 

fertilize, therefore, not only functions to prevent polyspermy, but also helps prevent lower 

quality sperm from being able to fertilize one’s eggs (Gavrilets & Waxman 2002; Levitan et. al. 

2007; Palumbi 2009; Evans & Shermann 2013).  

 Polyandry may also be beneficial for females. Refusing additional mating opportunities 

might be costly, even if males vary in quality (Boulton & Shuker 2013). A female’s eggs being 

fertilized by several males, rather than by just one male, may increase the genetic variation of her 

offspring which might be beneficial in an unpredictable environment (Zeh & Zeh 2001; Boulton 

& Shuker 2013). Mating multiply has also been found to mitigate the negative effects of being 

fertilized by low-quality males alone (Evans & Marshall 2005).  

Another benefit that females may reap from polyandry is the increase in sperm quantity 

itself. Studies support the idea that broadcasting females, unlike most copulating organisms, can 

be sperm limited due to immediate dilution in the water column, and may benefit as males 

usually do by increasing the number of mating partners (Levitan et. al. 1991; Levitan 1993; 

Luttikhuizen et. al. 2011). By optimizing mating opportunities with multiple males through 

behavioral means, such as aggregation behavior or strategic timing of spawning events, females 
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might significantly increase the likelihood of having their eggs successfully fertilized 

(Pennington 1985; Levitan 2002; Levitan 2004).  

Here I examine how the risk of polyspermy and the dilution of high-quality males in 

polyandrous conditions balances with the benefits of polyandrous mating: increased sperm 

quantity and genetic variation amongst offspring, and how these factors are associated with 

gametic compatibility. Gametic compatibility is mediated by gamete recognition proteins (GRP) 

and how these proteins are expressed on gametes. GRPs are found on both egg and sperm and 

are often highly specific and quickly adapting (Swanson & Vacquier 2002; Zigler et. al. 2005; 

Levitan 2012). These proteins function as a lock-and-key system in which sperm present ligands 

that pair with the appropriate egg receptors, allowing the access and fertilization of compatible 

eggs (Palumbi 2009; Tomaiuolo & Levitan 2010). Several GRP variants may exist in one 

population at any given time (Palumbi & Metz 1991). These proteins might show either haploid 

or diploid expression based on whether the diploid gonadal tissue or the haploid gamete DNA is 

responsible for the protein expression on the surface of gametes. Diploid expression means that 

GRPs are expressed based on the parental genotype, and that there may be more than one type of 

ligand and receptor expressed on the gametes of heterozygous individuals (Haygood 2004; 

Tomaiuolo & Levitan 2010;). Haploid expression means that only the inherited, haploid 

genotype is expressed on the surface of the gamete, and therefore only one type of ligand or 

receptor is displayed (Tomaiuolo & Levitan 2010).  

Heterozygous females with diploid expression would produce gametes with both receptor 

types on their surface. This expression strategy may confer compatibility with two types of 

sperm ligands by producing a mosaic gamete surface of different receptors. Heterozygous, 

haploid expressing individuals would produce two populations of gametes, each with one protein 
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variant. Haploid expressing eggs might benefit more from polyandrous mating because 

heterozygous females would benefit from a higher diversity of sperm ligands than diploid 

expressing eggs. In general, the higher the degree of GRP polymorphism, the greater the benefit 

of polyandry should be (Evans & Marshall 2005).  

This study attempted to further our understanding of the challenges faced by broadcast 

spawning organisms by asking two questions: (1) Does a broadcast spawning marine population 

benefit from polyandrous mating and (2) how are the costs and benefits to polyandry affected by 

variations in compatibility? The broadcast spawning sea urchin Lytechinus variegatus was the 

subject used for this research due to its abundance off the Northeast coast of Florida in the Gulf 

of Mexico and their broadcast spawning reproductive strategy.  

As previously mentioned, GRP expression may influence how females benefit from 

polyandrous mating. For this population, a diploid expression strategy was assumed based on 

previous findings (Levitan unpublished). To test for benefits to polyandry, the fertilization 

success of individual females when they are crossed to multiple males at the same time 

(polyandrous trial) was compared to the fertilization success when they are crossed to the same 

males but each male’s sperm was kept separate (monandrous trial). Therefore, for each female, 

an average fertilization success for when males are kept separate was compared to an average 

fertilization success when males are pooled together. If polyandry increases fertilization success, 

as I hypothesized, then I expected to see higher fertilization successes when males are physically 

pooled together over when they are kept separate and simply averaged together. If, however, 

polyandry does not benefit females, then I expected to see no difference between fertilization 

success when males are pooled together and when they are not or a net negative effect on 

fertilization success from pooling males.   
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For the second question, compatibility, here, refers to the relative match between sperm 

ligands and egg receptors (Palumbi 1999; Calderon et. al. 2010). Color was examined as a proxy 

for compatibility because sperm GRP allele variants have been found to be linked to test and 

spine color in certain species of sea urchins (Landry et. al. 2003; Calderon et. al. 2010). For 

instance, bindin is a rapidly evolving GRP found on the sperm of echinoids that is known to play 

a role in determining compatibility between sperm and eggs (Palumbi 1999; Zigler et. al. 2005; 

Calderon et. al. 2010; Tomaiuolo & Levitan 2010). The subject of this study, Lytechinus 

variegatus, has been observed to exhibit assortative mating based on spine and test color 

(Moscoso unpublished). In fact, assortative mating behavior based on a number of intraspecific 

factors has been observed in several urchin species such as Lytechinus variegatus, Paracentrotus 

gaimardi, and Strongylocentrotus purpuratus (Calderon et. al. 2010; Stapper et. al. 2015; 

Moscoso unpublished). Lytechinus variegatus may be purple, green, pink, or white. Color has 

been shown to be under genetic control, and is therefore a heritable trait that may be acted on by 

selection (Pawson & Miller 1982; Wise 2010). For this study, purple urchins and white urchins 

were chosen as the colors of focus. If color matching provides insight into gametic compatibility, 

then it might provide a tool for examining the costs and benefits of polyandry. I hypothesized 

that color compatibility may augment the benefits seen through polyandrous mating by 

increasing the compatibility between the egg and sperm.  

Methods 

Lytechinus variegatus specimens were collected from St. Joseph Bay (29°45'45.1"N 

85°23'44.7"W) off the northwest coastlines of Florida during the months of September, October, 

and November 2016. These were brought back to the lab and kept in tanks of filtered seawater. 

All of the same individuals were used within a single block of crosses (detailed below). 
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Spawning was induced by injecting the urchins with potassium chloride. Sperm was collected in 

clean, dry vials kept on ice. Eggs were collected in clean, seawater-filled vials. For all of the 

crosses, sperm was kept on ice until dilution, which did not occur until immediately before the 

addition to the eggs. Sperm was diluted by a final factor of 103. For each block of crosses, eight 

individuals were used: two white males, two white females, two purple males, and two purple 

females. All crosses were carried out in clean glass vials filled with 10 mL of filtered seawater. 

Fertilization success was counted at least one hour after the combination of sperm and egg and 

was reported as a percentage. Fertilization success was estimated by counting the first one 

hundred eggs encountered under a standard light microscope and calculating the percent of eggs 

fertilized. Diluted sperm samples were taken from every male and preserved in formalin in order 

to analyze sperm concentration as a covariate within these crosses. 

For the first set of crosses, males and females were crossed with each other one at a time. 

All four females in a block were crossed to all four males in all possible combinations, resulting 

in sixteen total crosses. For the second set of crosses, eggs were pooled while sperm was kept 

separate. Four pools were generated within any given block of crosses: The two white females 

pooled together, the first white and purple female pooled together, the second white and purple 

female pooled together, and the two purple females pooled together. Because each of the four 

males were then crossed to each of these pools in every possible combination, this created 

scenarios with varying degrees of color-matching. For any male added to a pooled cross vial, the 

color of the male would match the color of the two females in the pool by either 100%, 50%, or 

0%. For example, if a purple male were added to a pool of the two white females’ eggs, this 

would result in a 0% matching cross. However, if the same male were added to the pool of the 

two purple females’ eggs, this would result in a 100% matching cross. The third set of crosses 
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was a reciprocal to this set, where the males’ sperm was pooled together and added to individual 

females. The same color-match scenarios were thus duplicated for females.  

Data were analyzed with an ANCOVA with cross type as the main effect and sperm 

concentration as the covariate using the program SAS. Type III sums of squares were used for 

tests of significance and differences in treatments were examined using least-square means to 

adjust for differences in sperm concentration among trials. Additionally, a Styan kinetic model of 

fertilization (Styan 1998) was used to calculate the rate of fertilization in relation to sperm 

concentration as well as 95% confidence limits for each trial. The results of these kinetic 

analyses were reported as the sperm concentration at which a 50% fertilization success was 

achieved for each trial (referred to as an F50 Value). The lower the F50 value, the better and more 

efficient the male (or males) at fertilizing the eggs. 

The consequences of polyandry were tested in two different ways. First, the fertilization 

success of any two males pooled together was compared to the individual fertilization successes 

of the two males when kept separate and averaged together. This, therefore, would test whether 

having males pooled together and presented to a female was more beneficial than being crossed 

to the same males separately. We also utilized the fertilization kinetics model developed by 

Styan (1998) to estimate the concentration of sperm needed to fertilize 50% of a females’ eggs 

(F50).  The model predicts the fraction of eggs fertilized or undergoing polyspermy based on 

sperm and egg concentrations, the time sperm and eggs are pooled together, the time it takes an 

egg to erect a block to polyspermy, the collision rate of sperm and eggs (the product of egg size 

and sperm velocity) and the collision efficiency (the fraction of collisions that result in a 

fertilization event).  Egg size and sperm velocity was taken from the prior research (Levitan 

2000), sperm and egg concentration was measured in these experiments and a non-linear 
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regression was used to estimate best fitting parameters of the time to block polyspermy and the 

collision efficiency.  These parameter values were then used to estimate the F50 values.  This 

analysis provided a comparison of how much sperm would be required to fertilize a female’s 

eggs in the presence of one or two males. 

Results 

A total of seventeen blocks of crosses were performed by the completion of this 

investigation, testing 136 individual urchins.  

Single Crosses 

The first set of crosses performed crossed each individual female in a block to each 

individual male in a block in every possible combination. An ANCOVA found a significant main 

effect of male color, but no significant effect of female color nor the male by female color 

interaction on fertilization success.  The covariate of the polynomial of sperm concentration (to 

account for polyspermy at high sperm concentrations) was significant (Table 1).  

A Styan kinetic model of fertilization was used to calculate lines of best fit for all of the 

single cross scenarios. It was found that purple females crossed to white males saw the highest 

proportion of eggs fertilized amongst the four possible crosses (Figure 1). It was noted that the 

greatest differences between the fertilization successes of the four cross trials appeared at 

intermediate sperm concentrations; when sperm was limited or abundant, all fertilization curves 

tended to resemble each other closely (Figure 1). This suggests that fertilization success may be 

limited mainly by sperm availability at low concentrations, and by the occurrence of polyspermy 

at high concentrations. At intermediate sperm concentrations, however, the quality or efficiency 

of the male may become the most important factor affecting fertilization success.  

When categorizing the crosses by male and female color, the results found go against 

what would be predicted under an assortative mating model based on color. Individual white 
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males crossed to individual purple females were found to have the lowest F50 value of all the 

possible crosses, meaning that this appears to be the most compatible pair of mates amongst the 

trials. A lower F50 value means that less sperm is required to reach 50% fertilization, meaning 

that the lower the F50 value, the more efficient the cross, the better the match between the mates, 

or the better the male. The reciprocal cross (individual purple males crossed to individual white 

females) was found to have the highest F50 value, and therefore appears to be the least 

compatible of the single crosses (Figure 2). The difference between these two crosses was 

statistically significant (Table 2). Additionally, regardless of female color, white males appeared 

to be better fertilizers overall (Figure 2), which was also predicted by the general fertilization 

curves (Figure 1). The difference in female fertilization success between being crossed to a white 

male and being crossed to a purple male was statistically significant for purple females and 

marginally significant for white females (Table 2).  

Factor DF Type III SS Mean Square F Value Pr > F 

Female Color 1 297.64222 297.64222 0.58 0.4457 

Male Color  1 4373.49661 4373.49661 8.57 0.0037 

Female Color*Male Color 1 178.14355 178.14355 0.35 0.5551 

Sperm Concentration 1 84470.14406 84470.14406 165.52 <.0001 

Sperm Concentration*Sperm Concentration 1 35132.84405 35132.84405 68.84 <.0001 

Table 1) Analysis of covariance, Type III Sum of Squares results. An asterisk (*) denotes a test of the 

interaction between the two factors listed before and after it. Male color and sperm concentration were the 

only factors that significantly influenced fertilization success of a female. DF = Degrees of Freedom; 

Type III SS= Sum of Squares; Mean Square = SS/DF; F Value= critical F Value; Pr > F = p Value. 

Bolded Pr > F values indicate significance within a 95% confidence limit.  
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Figure 1)  Best-fit fertilization curves for each of the single cross scenarios where one female was 

crossed to one male individually. 

 

Figure 2)  The sperm concentrations at which eggs experience 50% fertilization success (F50 Value) when 

an individual male of a given color is crossed to an individual female of a given color. The smaller the F50 

value, the more compatible the individuals being mated. Error bars displaying a 95% confidence limit are 

displayed. 
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i/j 1 2 3 4 

1   0.0131 0.9028 0.1164 

2 0.0131   0.0088 0.3390 

3 0.9028 0.0088   0.0885 

4 0.1164 0.3390 0.0885   

Table 2) The significance of the differences between the Least Square Means (LSM) for the interaction of 

female color and male color in the single crosses. Bolded numbers indicate significance within a 95% 

confidence limit. For each treatment, the LSM was calculated and subsequently compared to every other 

treatment’s LSM to determine which treatments differed significantly from each other. These resulting p 

values are displayed in the cells. 1 = Fertilization LSM of Purple Female x Purple Male Crosses; 2= 

Fertilization LSM of Purple Female x White Male Crosses; 3 = Fertilization LSM of White Female x 

Purple Male Crosses; 4 = Fertilization LSM of White Female x White Male Crosses. Pr > |t| for H0: 

LSMean(i)=LSMean(j).  

Pooled Female Crosses 

 In the next set of crosses, two females were pooled together while males were kept 

separate. The ANCOVA for this set of crosses found that male color and the polynomial of 

sperm concentration was significant. Female color was taken out of the ANCOVA as it proved to 

be statistically insignificant in affecting fertilization (Table 3). Color matching between the pool 

of females and the male they were being crossed to did not significantly affect fertilization 

success; When examining the F50 values for this set of crosses, white males once again appeared 

to be better fertilizers than purple males across all female colors (Figure 3). Between both the 

pooled females and individual crosses, individual white males crossed to individual purple 

females still appeared to be the most compatible match. Purple males crossed to a pool of white 

females was found to be the least compatible cross (Figure 4). For all cross scenarios, pooling 

eggs appeared to be detrimental to female fertilization success (Figure 4). 
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Factor DF Type III SS Mean Square F Value Pr > F 

Male Color 1 2607.38708 2607.38708 5.93 0.0156 

Sperm Concentration 1 86631.15729 86631.15729 196.95 <.0001 

Sperm Concentration*Sperm Concentration 1 29222.83134 29222.83134 66.44 <.0001 

Table 3)  Analysis of covariance, Type III Sum of Squares results. An asterisk (*) denotes a test of the 

interaction between the two factors listed before and after it. Female color was excluded from this 

ANCOVA as it proved consistently insignificant. DF = Degrees of Freedom; Type III SS= Sum of 

Squares; Mean Square = SS/DF; F Value= critical F Value; Pr > F = p Value. Bolded Pr > F values 

indicate significance within a 95% confidence limit.  

 

Figure 3)  The sperm concentrations at which eggs experience 50% fertilization success (F50 Value) when 

an individual male of a given color is crossed to two females of a given color combination. “Individual” 
refers to the F50 value calculated from when each female of a given color is crossed to a single male 

individually. “Pooled” refers to when two females of a given color (either two purple females, one purple 

and one white female, or two white females) are crossed to a single male simultaneously. The smaller the 

F50 value, the more compatible the individuals being mated. Error bars displaying a 95% confidence limit 

are displayed.  

 

 

0

10000

20000

30000

40000

50000

60000

White+White         White+Purple         Purple+Purple

F
50

 V
al

ue
 (

sp
er

m
/u

L)

Pooled Female Color

White Male

Purple Male



16 | B e t t e r s  

 

 

Figure 4)  The sperm concentrations at which eggs experience 50% fertilization success (F50 Value). This 

figure displays the F50 Values of the crosses where individual males were crossed to females of a given 

color either individually and averaged together, or physically pooled together. The smaller the F50 value, 

the more compatible the individuals being mated. Error bars displaying a 95% confidence limit are 

displayed. 

Pooled Male Crosses 

This set of crosses saw two males crossed to a single female. In this cross scenario, only 

sperm concentration played a significant role in determining fertilization success (Table 4). 

When examining the differences between keeping males separate and pooling males together, 

without factoring in female color, it was found that pooled white males were the most efficient 

fertilizers (Figure 5). When female color was factored in, pooled white males were still found to 

be the most efficient fertilizers across all female colors (Figure 6). However, while white males 

were more efficient fertilizers overall, when pooled together they seemed to max out their 

fertilization success at a much lower sperm concentration than either of the other pools of males, 

leading quickly to polyspermy (Figure 9).  
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When disregarding female color, females crossed to a heterogeneous pool of males (one 

white male and one purple male) saw negative effects on fertilization success in polyandrous 

trials (Figure 5). However, females crossed to homogenous pools of males (either all white or all 

purple), saw benefits to polyandry (Figure 5). This benefit of homogenous sperm pools was 

found across female colors, male colors, and all matching scenarios compared to keeping males 

separate (Figure 7). Though all homogenous crosses saw a benefit to polyandry, those trials 

where female and male color matched 100% saw the greatest benefits by having the most 

reduced F50 values (Figure 8). When incorporating female color into the analysis of the pooled 

crosses, it was found that, across all male pools, purple females seemed easier to fertilize (Figure 

6).  

Factor DF Type III SS Mean Square F Value Pr > F 

Male Color 2 631.17057 315.58529 0.53 0.5863 

Female Color 1 193.48719 193.48719 0.33 0.5673 

Female Color*Male Color 2 1.18600 0.59300 0.00 0.9990 

Ave. Sperm Conc. 1 40822.25509 40822.25509 69.20 <.0001 

Ave. Sperm Conc.*Ave. Sperm Conc. 1 13347.54095 13347.54095 22.63 <.0001 

Ave. Sperm Conc.*Ave. Sperm Conc.*Match 2 273.95656 136.97828 0.23 0.7930 

Table 4)  Analysis of covariance, Type III Sum of Squares results. An asterisk (*) denotes a test of the 

interaction between the two factors listed before and after it. “Match” refers to what degree the males 

contributing to the sperm pool matched the color of the female they were being crossed to, and was either 

100%, 50%, 0%. “Ave. Sperm Conc.” refers to the resulting sperm concentration after averaging the 
concentrations of the two males making up any given pool together. DF = Degrees of Freedom; Type III 

SS= Sum of Squares; Mean Square = SS/DF; F Value= critical F Value; Pr > F = p Value. Pr > F = p 

Value. Bolded Pr > F values indicate significance within a 95% confidence limit.  
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Figure 5)  The sperm concentrations at which eggs experience 50% fertilization success (F50 Value) when 

males of a given color are pooled or kept separate. “Separate” refers to the F50 value calculated from when 

each male of a given color is crossed to a single female individually. “Pooled” refers to when two males 
of a given color (either two purple males, one purple and one white male, or two white males) are crossed 

to a single female simultaneously. Female color was not incorporated in this model as it was found to be 

insignificant. The smaller the F50 value, the more compatible the individuals being mated. Error bars 

displaying a 95% confidence limit are displayed. 

 

Figure 6)  The sperm concentrations at which eggs experience 50% fertilization success (F50 Value) when 

an individual female of a given color is crossed to two males of a given color combination. The smaller 

the F50 value, the more compatible the individuals being mated. Error bars displaying a 95% confidence 

limit are displayed. 
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Figure 7)  The sperm concentrations at which eggs experience 50% fertilization success (F50 Value). This 

figure displays the F50 Values of individual females when crossed to males of a given color either 

separately or pooled together. The smaller the F50 value, the more compatible the individuals being mated. 

Error bars displaying a 95% confidence limit are displayed. 

 

Figure 8)  The differences between the F50 Values of the polyandrous trials and monandrous trials, 

categorized by color (Difference = F50 Monandrous Trial - F50 Polyandrous Trial) reported in sperm per 

microliter. This difference shows the drop in the F50 value from the monandrous to polyandrous trials, i.e. 

how much fewer sperm the polyandrous trials require to achieve the same fertilization success as the 

monandrous trial. The larger the magnitude of the difference, the greater the benefit to polyandry.  
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Figure 9)  The predicted best fit fertilization curves for the pooled male crosses. These curves were 

calculated using the Styan kinetic model of fertilization to best describe the experimental data.  

Discussion 

 The goal of this study was to further our understanding of the costs and benefits to 

polyandry within the context of a broadcast spawning population. To address this goal, 

experiments were performed to answer two questions: (1) Does a broadcast spawning marine 

population benefit from polyandrous mating and (2) how are the costs and benefits to polyandry 

affected by variations in compatibility? For all cross scenarios where the Styan kinetic model of 

fertilization was used to estimate fertilization efficiency, the 95% confidence limits presented on 

each bar graph indicated a large amount of variance between urchins used from block to block. 

Because of the magnitude of these error bars, the following conclusions relating to the F50 values 

may not be stated with confidence in their significance. Rather, they are presented as general 

ideas and patterns gathered from the data as it appeared after analysis, as well as in conjunction 

with the significant factors found during the ANCOVA and Least Square Means Analyses. 

Benefits to Polyandry 

Females across all colors appeared to benefit from polyandrous mating when crossed to a 

homogenous pool of males by increasing fertilization efficiency (Figure 5; Figure 7). This means 
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that it took less sperm to reach the same fertilization success (50%) when males were pooled 

together than when they were kept separate. On the other hand, being crossed to a pool of one 

white male and one purple male, regardless of female color, was detrimental to fertilization 

efficiency (Figure 5). Why a heterogenous pool of males should be detrimental to fertilization 

efficiency in comparison to homogenous pools is unclear. Further analyses are necessary to 

understand why these males seem to perform better separately rather than pooled together, while 

the other two pools are the opposite. It is possible, though, that this may be due to the dilution of 

high quality males with those of lower quality. White males, for instance, proved to be the most 

efficient fertilizers across trials. Diluting these males with lower-quality purple sperm may be 

enough to account for this cost to polyandry. Pooling low-quality purple sperm together, 

however, may be mutually beneficial for both the males and females involved.  

Compared to the other two crossed pools, pooled white males reached their greatest 

fertilization capacity at relatively low sperm concentrations and seemed unable to reach the same 

peak proportions of eggs fertilized (Figure 9). This finding indicates that pooling white males at 

low sperm concentrations could be beneficial for females, but females run a high risk of 

polyspermy when sperm becomes abundant. Given that these males seem to be the best 

fertilizers overall, this high risk of polyspermy in polyandrous conditions seems understandable. 

Of note, however, is the fact that the fertilization curve for the heterogenous pool of males, 

across females, does not seem to fall in between the pooled purple and pooled white males 

(Figure 9). Why the heterogenous fertilization curve did not appear to be an average of the other 

two curves is unknown. It appears that adding a purple male to the pool is mitigating the effect 

on the white male’s efficiency, causing it to more closely resemble the pooled purple curve. 

 



22 | B e t t e r s  

 

Effects of Compatibility 

Color was used as a proxy for gametic compatibility in this experiment. Interestingly, 

color compatibility between individuals seemed to affect the benefit seen by females during 

polyandrous crosses by decreasing the F50 values of the crosses by varying degrees. While all 

females crossed to homogenous male pools appeared to see a benefit to polyandry, those crosses 

where the female matched the males’ colors 100% saw greater benefits to polyandry than those 

crosses where the females matched the males 0% (Figure 8). This does not necessarily mean that 

100% color-matching crosses saw increased fertilization success; it only yielded the greatest 

difference between the monandrous and polyandrous crosses. It has been predicted that 

increasing the level of polymorphism in GRP expression should increase the benefits seen by 

females from polyandry (Evans & Marshall 2005). Therefore, what is interesting and counter-

intuitive is that only those crosses involving single-color sperm pools saw benefits to polyandry, 

and the 100% color-match crosses saw the greatest of these benefits. In theory, the most varied 

gene pool, here being the heterogeneous pool of males, should see the greatest benefits to 

polyandry. However, this was the only cross scenario that saw no benefit at all. This suggests 

two possibilities: (1) That color compatibility, rather than genetic variation of the sperm pool, is 

the main factor affecting benefits to polyandry or (2) that several GRP variants may be expressed 

within a single color morph of these urchins. While having negligible effects in monandrous 

crosses, color compatibility may play an increasingly important role in determining a females’ 

benefit to polyandry as more males are added to the sperm pool.  

Across all female colors, white males seemed to be better fertilizers. Across male colors, 

purple females seemed the easiest to fertilize. In almost every trial, purple females crossed to 

white males was the most compatible cross. This particular finding is in contrast to previous 
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studies that have reported assortative mating based on color within urchin populations where 

urchins of a given color morph were the most compatible with conspecifics of the same color 

(Calderon et. al. 2010; Stapper et. al. 2015; Moscoso unpublished). Under our assumption of 

color-compatibility linkage, this cross should be one of the least efficient, rather than the most. 

Several factors affecting fertilization may be responsible for white males’ sperm being better at 

fertilizing eggs, such as being more efficient at navigating towards eggs via chemotaxis (Hussain 

et. al. 2016) or having faster swimming speeds than purple sperm (Levitan 2000). Similarly, 

purple females may be easier to fertilize than white females because they may have larger eggs 

and thus present a larger target for sperm (Styan 1998; Levitan 2006), or because they have more 

broadly compatible GRP variants than their white counterparts (Levitan et. al. 2007). The actual 

reason for these differences, however, is unknown. Further tests are required to tease out why 

this difference between the male and female color morphs exist. No matter the cause, however, 

white males and purple females seem to be performing the most successfully overall in sperm-

limited conditions (Figure 1). 

Conclusions 

A large amount of variance existed within these data. This throws any conclusions that 

may be drawn into a certain degree of doubt and suggests that a larger sample size was necessary 

to decrease this variance. However, the results of the ANCOVA and the Least Square Means 

Analyses, when combined with the Styan kinetic data as it appeared, may be used to reveal some 

potentially interesting patterns. 

Benefits to polyandry in the form of increased fertilization efficiency were supported by 

these data. However, females crossed to homogenous pools of males of the same color as 

themselves saw the greatest benefits, while females crossed to a heterogenous pool of males 
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appeared to suffer under polyandrous conditions. The benefit to polyandry seen by the 0% color-

match trials appeared to be smaller than that seen by the 100% color-match crosses. This study, 

therefore, found evidence of an interaction between benefits of polyandry and color 

compatibility. Outside of polyandrous crosses, color matching did not seem to provide much 

insight into gametic compatibility, as color-matching in monandrous trials was not found to 

affect female fertilization success in any particular way. Instead, male and female identity alone 

was the most important predictor of compatibility. 

Additionally, females crossed to efficient fertilizers at high sperm concentrations may fall 

prey to the risk of polyspermy in polyandrous conditions, but this effect may be mitigated by 

pooling efficient fertilizers with those whom are less efficient. Sperm concentration, itself, was 

found to be a significant covariate affecting fertilization success across trials. White male urchins 

appeared to be the most efficient fertilizers and purple females appeared to be the easiest to 

fertilize across all trials. This lends support to the idea that these two color morphs, purple and 

white, are being successfully maintained in this population. This is further corroborated by the 

lack of evidence supporting assortative mating behavior based on color. However, the patterns 

observed in this study are those that may suggest the beginnings of sexual dimorphism of color if 

these distinctions at fertilization are upheld in the field. Further studies are required to 

understand the evolutionary pressures leading to these differences between individuals of 

different colors within the same sex. Further studies are also required to understand why 

compatibility based on color was not significant in monandrous trials but appeared significant as 

males are pooled. Overall, more experimental replicates are necessary to either corroborate or 

refute the patterns presented in this investigation by decreasing the variance within the data. 
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