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Variation in polyandry, reproductive output,
and within-brood genetic diversity in a marine
snail population across seasons and years
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ABSTRACT: The frequency of polyandry has important implications for effective population size,
genetic variation, and reproductive output. Compared to terrestrial organisms with complex social
behaviors, the patterns and consequences of polyandry in marine populations are relatively less
clear. Here we quantified polyandry in the Florida crown conch Melongena corona in the field
under natural settings. We assessed the extent to which additional mates increase genetic diversity
within broods, how polyandry relates to female reproductive output, and how consistent patterns
are across their 5 mo reproductive season in 2 separate years. We found large variation in polyan-
dry (2 to 19 sires per brood) and reproductive output among females. However, the number of sires
per brood was unrelated to reproductive output. The number of sires increased genetic diversity
within broods regardless of year or time of season. The number of sires per brood and reproductive
output did not vary over the season or among years. Overall, our results show natural variation in
polyandry upon which selection could act, but increased polyandry did not lead to females produc-
ing more hatchlings, and neither polyandry nor reproductive output increased over time when
females could accumulate and store sperm. Any benefits of polyandry in terms of genetic diversity
are expected to occur after hatching, if at all, rather than inside the egg capsule. Variation in poly-
andry could arise because males control mating and polyandry is less costly for females than trying
to prevent superfluous matings.
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1. INTRODUCTION

Multiple mating by females (i.e. polyandry) has
important implications for sexual selection and the
maintenance of genetic and phenotypic variability in
populations (Karl 2008, Lotterhos 2011, Kvarnemo &
Simmons 2013, Taylor et al. 2014). Benefits of polyan-
dry include an increase in female fitness through an
increase in reproductive output by increasing the
quantity of sperm received, increasing male-provided
resources if males provide nutrition or care to females
or offspring, or increasing the diversity and quality of
offspring produced (Arngvist & Nilsson 2000, Jen-
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nions & Petrie 2000). While polyandry is ubiquitous in
the animal kingdom (Taylor et al. 2014), much of our
understanding of the cost and benefits of this com-
mon mating system comes from terrestrial species.
Polyandrous females in the ocean face different chal-
lenges such as dilution of sperm when sperm are
released into the water column (Levitan & Petersen
1995, Johnson & Yund 2007, McLeod & Marshall
2009), or mobility or encounter rates (Le Cam et al.
2014). In particular, species that copulate and encap-
sulate many offspring together (e.g. in egg cases) are
subject to post-copulatory processes that potentially
alter the costs and benefits of polyandry through con-
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flict between parents and offspring, and between off-
spring from different males (Sprenger et al. 2008,
Kamel et al. 2010, Avise et al. 2011, Kamel & Grosberg
2012, Collin & Ochoa 2015, Kamel & Williams 2017,
Ylitalo et al. 2019). Therefore, studying variability
within marine populations in terms of the number of
sires per female brood, and in the relationships
between the number of sires, genetic diversity, and
fecundity, is therefore a key research priority to con-
textualize the importance of polyandry as a mating
system in marine taxa.

Being able to control conditions while manipulating
mating in laboratory settings is seen as a strength to
isolate causal mechanisms, but it can also can bias the
conclusions on the amount, costs, and benefits of poly-
andry (Arnqgvist & Nilsson 2000, Simmons et al. 2007,
Gowaty 2013). For instance, in dumpling squid Eu-
prymna tasmanica, higher levels of paternity were
found in wild-caught individuals compared to those
reared in the lab (Squires et al. 2014). Therefore, con-
clusions about the strength of sexual selection may
not be transferable from the laboratory to the wild.
Such differences can occur when laboratory conditions
remove important sources of selection that would
otherwise alter mating rates, such as increased mating
displays by males when predation pressure is removed
in laboratory settings (Godin 1995, Candolin 199%).
Other laboratory-specific patterns can arise such as
when males that would not be given the opportunity to
mate in the wild are given that opportunity in lab set-
tings (e.g. smaller males in Drosophila nigrospiracula,
Markow 1988). Laboratory populations can have fewer
sires represented in a brood with greater paternity
skew compared to their wild counterparts (Oneal &
Knowles 2015). Mismatches between laboratory and
field studies also occur when environmental factors
like thermal conditions, density of conspecifics, and
strength of social interactions are excluded from labo-
ratory studies (Gowaty 2013).

Inferences about the consequences of polyandry
likely depend on the degree of polyandry, necessitat-
ing the quantification of natural variation in the
number of sires in a brood in natural settings (Johnson
& Yund 2007, Kupfernagel et al. 2010). For instance,
the pattern of last mated male siring the most off-
spring when 2 males are present can be weakened
(Laturney et al. 2018) or completely broken down
(Zeh & Zeh 1994) when a third mate is added. Ron-
kainen et al. (2010) found a cost to mating in terms of
number of eggs produced in the polyandrous water
strider Aquarius paludum only after females mated
with 4 males and not when mated to 1 or 2 males. Lim-
iting the number of mates in experimental studies

below what is found in wild populations can artifi-
cially reduce the strength of postcopulatory sexual
selection, limiting our understanding of the role of
sexual selection in the evolution of polyandry (Sim-
mons & Beveridge 2010).

The degree and consequences of polyandry can vary
over time as population density, resources, or environ-
mental conditions change. For instance, Simmons et
al. (2007) and Demont et al. (2011) both found that
more sires were represented in the sperm stores of
nonsocial insects later in the breeding season, com-
pared to earlier, as females accumulated and stored
sperm from more mates. Similarly, the number of sires
in a brood can change over time if population density
or male encounters vary through the reproductive sea-
son (Xue et al. 2016). In large-coiled whelk Solenos-
teira macrospira, the number of sires within a brood in-
creased throughout the season, resulting in greater
rate of cannibalism and greater offspring size at hatch-
ing (Kamel et al. 2010). Environmental conditions can
also play a role in mediating the level of polyandry.
Torres-Vila et al. (2005) found that time of season af-
fected what food was available for female larvae of the
European grapevine moth Lobesia otrana, which af-
fected the number of mates a female had. An increase
in rainfall can result in lower mating frequencies (El-
Niweiri & Moritz 2011) while an increase in tempera-
ture can increase the reproductive output of polyan-
drous females (Grazer & Martin 2012). Each of these
examples shows that an assessment of the degree of
polyandry in the field cannot be restricted to a single
sampling time point, as the strength of sexual selection
(Simmons & Beveridge 2010), sperm competition
(Simmons 2005), and offspring competition (Kamel et
al. 2010) will vary as the number of sires varies.

In this study, we investigated the temporal patterns
of polyandry and reproductive output in a marine gas-
tropod, the Florida crown conch Melongena corona.
Along the northern Gulf coast of Florida, USA, this
species lays several egg strings throughout its 5 mo
reproductive season, providing the opportunity for
temporal environmental changes through time to
impact mating behavior, sperm storage, and repro-
ductive output. We quantified the degree of polyan-
dry and multiple components of reproductive output
early (April) and late (July) in the reproductive season
in 2 years (2018 and 2020). From egg capsules laid in
the field by known dams, we genotyped offspring at
10 microsatellite loci to estimate paternity within
broods. We also quantified the relationship between
the number of sires within a brood, genetic diversity,
and reproductive output across the reproductive sea-
son in both years.
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2. MATERIALS AND METHODS
2.1. Study species

The Florida crown conch Melogena corona (Gastro-
poda, Melongenidae) is an intertidal, gonochoristic
gastropod that lives along the coasts of Florida and
eastern Alabama (Hathaway & Woodburn 1961,
Woodbury 1986, Bowling 1994). Females lay egg
strings that consist of several circular egg capsules
(~5—25 egg capsules averaging 43 mm in perimeter)
that are laid within the warmer months of March—
August at our field site (Fig. 1A,B). Each egg capsule
encapsulates multiple offspring (~50—200 individ-
uals; Fig. 1C) that emerge as crawl-away larvae after
developing for ~16—35 d (Fig. 1D; Hooks & Burgess
2021). The study population inhabited oyster and

seagrass habitat west of the Florida State University
Coastal and Marine Laboratory (29°54'57.87"N,
84°30' 38.66" W).

2.2. Sampling

During the reproductive season, females can be
seen laying egg strings at low tides (Fig. 1A). We
placed temporary cages around individual females
while they were laying, which did not disturb them
and ensured that the maternal identity and the age of
all egg capsules were known prior to sampling the
egg strings for subsequent analyses. In 2018, 11 dams
were caged in the field while laying egg strings. Five
females were caged early in the reproductive season
(April) and 6 were caged late in the reproductive sea-

[llllll”l‘lll’lIl‘lll[lll'lIl'Illllllllll'llllllI“IIIIIIII|I|III|I|l|l||II|I|l|I|l|lllII|||lllII||||l|||||ll|lll‘lll\lll\|||\l
7 9

4 5 6

¥ €2 2 12 02 6L 8k Lb 9b.SP Pl €1 ¢l

8

L 0L L

lu|lu|lu|||||uhl|||||||lu|||||||ln|||||lll||n||u|||||||||||s|||l|u||I||u|||||||||||||||hm|u||l|m|m|lm||||1|I||u||ml|uvhmlm||uu.n..|l,,,,n||4hmlunhmlnuhm!n

Fig. 1. (A) Female crown conch laying an eqgg string in the field. (B) Egg string with multiple egg capsules laid in the field. (C) Single
egg capsule packaged with offspring (small yellow dots inside capsule) early (~5 d) in development. (D) Newly emerged hatchling
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son (July). After 24 h, well after females finished lay-
ing, both the females and their egg capsules were col-
lected and brought to the lab. Adult snails were frozen
for later genotyping. Egg capsules were individually
removed from their egg strings (Fig. 1C) using sterile
scissors, then photographed. To estimate egg capsule
size, the perimeter of the egg capsules was measured
from photographs using Image Insight Pro (v. 9.1).
Egg capsules were then individually placed in 100 ml
plastic containers with 500 pm openings to allow
water flow. Each mesh cage was marked with the
identity of the dam and a unique egg capsule number
to allow the tracking of individual egg capsules
throughout the experiment. Egg capsules in mesh
containers were maintained in 189 1 tank filled with
artificial seawater (Instant Ocean) that was main-
tained with a carbon filter and mesh bag filter. Sea-
water was maintained at 28°C and 29 ppt. To prevent
protist outbreaks, egg capsules with larvae close to
hatching (indicated by a fully formed foot visible
through the egg capsule) were transferred into indi-
vidual 50 ml conical tubes and placed in an environ-
mentally controlled chamber at the same temperature
and salinity as in the recirculating tank. The seawater
inside the tubes was replaced 6 d wk™!, and the pres-
ence of newly emerged hatchlings was checked every
day. Once the first hatchling emerged from an egg
capsule (Fig. 1D), the egg capsule was cut open and
all hatchlings were counted and preserved in 95%
EtOH for later DNA extraction.

In 2020, 45 females were caged in the field while
laying egg strings: 17 were caged early in the repro-
ductive season (April) and 28 were caged late in the
reproductive season (July). Females and their egg
strings were handled the same as in 2018, except that
the egg capsules in mesh containers were placed in
the field rather than in the laboratory, so that off-
spring could develop under natural field conditions.
Containers were zip-tied to 0.5 inch (~1.27 cm) diam-
eter PVC pipes, each approximately 1 m long, and
fixed horizontally at 10 cm above the seagrass in a
similar area to where egg capsules were laid. Egg cap-
sules were transferred to new plastic containers every
week. Egg capsules inside of the containers were
checked for hatchlings every 2 d, and hatchlings were
handled the same as in 2018.

2.3. DNA analysis

Offspring from 11 dams from 2018 (5 in April and 6
in July) and 13 dams from 2020 (6 in April and 7
in July) were sub-sampled for DNA paternity analy-

sis. Dams and their offspring were genotyped at 10
microsatellite loci (Tables A1—A3 in the Appendix) to
estimate the offspring paternity within a brood. From
each female, 16 offspring from each of 3 egg capsules
were sampled (total of 48 offspring per female, except
for 1 dam that had 64 offspring genotyped). Overall, a
total of 1152 offspring from 24 dams across 2 separate
years were analyzed.

To obtain DNA from offspring, the entire hatchling
was placed in a solution of 150 pl of Chelex 100 Resin
(Bio-Rad) and 3 pl of 25 mg ml~! concentrated Pro-
teinase K (IBI Scientific). To obtain DNA from dams, a
small piece of tissue dissected from the foot was used.
To extract DNA, the sample was placed in a thermo-
cycler at 55°C for 60 min, followed by 95°C for 15 min.

DNA extractions were amplified for 10 microsatel-
lite loci in 2 multiplex reactions (Table A1). The PCR
was done on a 10 pl volume made up of 5 pl Qiagen
Multiplex PCR master mix, 2 pl of 0.05 mg ml~! BSA
(New England Biolabs), 1.2 pl of primer stock mix,
and 0.8 pl of sterile deionized water. Forward primers
were tailed with Tail A—D universal primers de-
scribed by Blacket et al. (2012) and tagged with fluo-
rescent dyes (NED, VIC, FAM, or PET [Applied Bio-
systems]; Table A2).

The primer stock mix for the first multiplex in-
cluded a 1:2:1:1.5:1:1 ratio of Mcor3010, McoA4,
Mcor652, Mco2, Mco10, and Mcor4853 primers, re-
spectively, each at a 20 uM concentration. The primer
stock mix for the second multiplex included 1:1:1:1.5
ratio of Mcor4007, Mco12, Mco3, and Mcor 6632
primers, respectively, each at a 20 uM concentration.
An equal molar mix of forward and universal tagged
primers was added at equal concentration to the
reverse primer so that the resulting mix would be a
1:1:2 ratio of forward:universal:reverse primers. Ther-
mal cycling conditions for PCRs were: 95°C for
15 min; followed by 32 cycles of 94°C for 30 s, 57°C for
90 s, and 72°C for 90 s; followed by a final extension at
72°C for 10 mins.

Fragment analysis used 1 pl of PCR product, 0.02 ul
of Liz-500 size standard, and 10 pl of Hi-Di formamide
(Applied Biosciences) and was done using a 3730
Genetic Analyzer at the Biology Core Facility at Flor-
ida State University. Fragment lengths were scored
manually using Geneious v. 9.1.8 (Biomatters). For
consistent allele calling, the same individual scored
all samples and repeated the scoring of 48 individuals
to ensure quality scoring. Fragment analyses did not
produce reliable genotype calls (missing at 5 or more
loci) for 56 offspring, so those individuals were re-
moved from the data sets, resulting in 1096 offspring
being analyzed.
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2.4. Paternity reconstruction

Sires were inferred based on full- and half-sibling
groups within each dam, which were estimated using
Colony v2.0.6.6 (Jones & Wang 2010). Paternal recon-
struction using dam—offspring progeny arrays was
used where the likelihood of all paternal alleles is
evaluated from the population allele frequency and
Mendelian rules of inheritance (Jones et al. 2010).
Input parameters for Colony were polygamous for
both sexes, dioecious, no inbreeding, diploid, one
long run of full-likelihood model, high likelihood pre-
cision, and updating of allele frequencies. Impor-
tantly, Colony takes account of locus-specific geno-
typing errors, such as null alleles and mutations, to
provide robust multilocus relationship estimates in
the presence of genotyping error (Wang 2004). We set
the error rates for all markers at 0.002, but the esti-
mated error rate was often 0 and the highest was 0.025.

2.5. Genetic diversity

Genetic diversity within a brood was estimated as 2
components: allelic richness and expected hetero-
zygosity. Allelic richness, corrected for sample size,
was calculated using the '‘PopGenReport’ package
(v. 3.0.7; Adamack & Gruber 2014) in R. Expected
heterozygosity, which expresses the probability that 2
randomly drawn alleles from a sample are different
based on Hardy-Weinberg assumptions (Nei 1978),
was calculated using the '‘poppr' package (v. 2.9.3;
Kamvar et al. 2014) in R (v. 4.1.1).

2.6. Statistical analyses

All statistical analyses were performed in R v. 3.6.3
(R Core Team 2018). All data and R code are publicly
available at https://zenodo.org/records/10904782.
Residual diagnostics were assessed using the pack-
age 'DHARMa’ (v. 0.4.6; Hartig 2022). Significance
was assessed at a = 0.05. Time of season (Early =
April versus Late = July) and year (2018 versus 2020)
were included as fixed effects, and all non-significant
2- and 3-way interactions were removed from the final
model (but main effects were always kept). Binomial
and negative binomial generalized linear models,
and hurdle models, were fit using the package
'glmmTMB' (Brooks et al. 2017), and model terms
were assessed for significance using 2 log-likelihood
ratio tests. For Gaussian linear models, model terms
were assessed for significance using F-tests.

A negative binomial generalized linear model was
used to estimate the effect of time of season (April
versus July) and year on the number of sires at hatch-
ing per brood. A Gaussian linear model was used to
estimate the relationship between the number of
sires, time of season, and year on allelic richness and
expected heterozygosity. Curvilinearity was first as-
sessed by comparing a second- and first-order poly-
nomial using F-tests. A Gaussian linear model was
used to estimate the relationship between the number
of sires on estimated total reproductive output within
a brood. Total reproductive output was estimated by
multiplying the average number of offspring within
an egg capsule per dam in a subset of egg capsules
(50% of egg capsules a dam produced) by the number
of egg capsules produced.

A negative binomial generalized linear model was
used to estimate the effect of time of season on the
number of egg capsules per dam. A Gaussian linear
model was used to estimate the relationship between
the number of sires on the number of hatchlings per
egg capsule. A binomial generalized linear model
was used to estimate the effect of the time within
reproductive season and egg capsule size on egg
capsule viability. In 2020, egg capsules were consid-
ered viable if they produced hatchlings and not
viable if all offspring within the egg capsule failed
to develop to the hatchling stage. Due to complete
mortality of offspring within some egg capsules in
2020 (which did not occur in the lab in 2018), esti-
mates of the total number of hatchlings produced in
a brood (i.e. an egg string) were analyzed separately
for each year. For the 2018 data, the effect of timing
within the reproductive season on total number of
hatchlings was estimated with a negative binomial
generalized linear model. For the 2020 data, the
effects of timing within the reproductive season on
total number of hatchlings was analyzed using a
hurdle model. The 2-part hurdle model included a
binomial model with a logit link function and a zero-
truncated negative binomial model with a log link
function (‘truncated_nbinom?2') (‘'ziformula=~time
of season’).

3. RESULTS
3.1. Paternity reconstruction and number of sires
All known dams were correctly inferred from the
genotype data, which was checked by setting the

threshold number of loci showing a mismatch (Men-
delian incompatibility where alleles in the offspring
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do not occur in the known dam) to 0 and checked that
no known dam—offspring relationship were rejected.
Offspring were assigned to full sib groups, indicating
different sires.

On average, there were 9.13 (95% CI: 7.64—10.90)
sires per egg string per dam. One dam had only 2 sires
per egqg string, while another had 19 sires per egg
string (Figs. 2 & 3). The time of season (x2 = 2.27, df =
1,p =0.131) or year (x> = 2.28,df = 1, p = 0.131) had
no detectable effects on the number of sires within a
brood (Fig. 3b). From a total of 24 females and 1096
offspring, the reconstructed paternal genotypes in-
dicated that there was a minimum of 118 unique sires
in 2018 and 81 unique sires in 2020. The estimated
number of sires for these 24 females is still likely only
a fraction of the number of males in the population,
given that the population is relatively large and many
hundreds of individuals can be seen in the field dur-
ing the reproductive season (approximately 1 m=2).

We also found evidence that males sired offspring
from multiple dams (Fig. 2). In 2018, 3 reconstructed
paternal genotypes were present in 2 maternal broods
(1 paternal genotype from 1 maternal pair, and 2
paternal genotypes from a different maternal pair). In
2020, 7 reconstructed paternal genotypes were pre-
sent in 2 maternal broods (1 paternal genotype from 1
maternal pair, 2 paternal genotypes from another
maternal pair, and 4 paternal genotypes from yet
another maternal pair).

F524 84 4 /
i | teo
[

| o |
L om e o7

65
63’

3.2. Genetic diversity within broods

There was no evidence for curvilinearity in the rela-
tionship between the number of sires and allelic rich-
ness (Fy 1, = 1.30, p = 0.326) or expected heterozygos-
ity (Fy,12 = 1.12, p = 0.392). There was also no evidence
for any 2- or 3-way interactions between the number of
sires, time of season, and year on allelic richness
(F1,16 = 1.97, p = 0.147) or expected heterozygosity
(F1,16 = 2.14, p = 0.123). Overall, a higher number of
sires was related to greater allelic richness (F;, =
6.93, p = 0.016; Fig. 4a) and expected heterozygosity
(F1,20 =790, p = 0.011; Fig. 4b) within broods.

3.3. Reproductive output

Dams laid between 6 and 21 egg capsules on an egg
string and produced 355 to 2190 estimated total
number of hatchlings within an egg string. However,
the number of sires per brood did not explain the esti-
mated total number of hatchlings within a brood
(Fy,20 = 3.21, p = 0.088; Fig. 3b). The 95% confidence
interval for the effect of the number of sires on the
total number of hatchlings was —93.78 to 7.11, indica-
ting that the maximum effect size supported by the
data is 7.11 additional hatchlings per sire. In other
words, if each additional sire increases female repro-
ductive output by less than ~7 offspring (approx-
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Fig. 2. Network visualization of paternity reconstruction in the crown conch from known maternal—offspring arrays estimated

in (a) 2018 and (b) 2020 created with Colony. Dots (nodes) in the center marked with 'F' denote known females, and numbered

dots with a '*' denote reconstructed paternal identity. Lines (edges) connect sire identity to dam identity. The width of the
line indicates the relative number of full-sib offspring assigned to a given sire within each maternal brood
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not depend on egg capsule size (x? =
1.29,df = 1, p = 0.255) but did depend
on the time in the season in which they
were laid (2 = 25.69, df = 1, p < 0.001;
Fig. 5c). The odds of egg capsule sur-
vival late in the season were 18% (95%
CIL: 9—38%) of that early in the repro-
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differ between the time of season they were laid df = 1, p = 0.950; Fig. 5d).
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4. DISCUSSION

We genotyped 1096 offspring from 24 dams across 2
months in 2 years and uncovered large variation
among females in the number of males that sired their
offspring (2 to 19 sires), as well as large variation
among females in the number of offspring they pro-
duced (355 to 2190 within a single egg string). Ho-
wever, females with more sires did not produce more
hatchlings, indicating there is no viability selection on
polyandry in this population. Females with more sires
did, however, produce more genetically diverse
broods, as would be expected in a large population
with random mating. The number of hatchlings per
egg capsule increased from early to late in the repro-
ductive season, but because egg capsule viability de-
creased over that time, total reproductive output was

similar throughout the reproductive season in both
2018 and 2020. Overall, our results indicate that if
there is selection on polyandry, it would have to occur
via the effects of genetic diversity on offspring survival
after hatching, but it does not occur via the effects of
polyandry on the number of hatchlings, regardless of
time of season. A likely explanation is that polyandry
in this system occurs through the convenience of
avoiding male harassment (Panova et al. 2010, Johan-
nesson et al. 2016, Boulton et al. 2018).

A lack of direct benefits to polyandry has been re-
ported in many species of both invertebrates (e.g.
Bretman et al. 2004, Portnoy et al. 2007) and verte-
brates (e.g. Pai & Yan 2002, Zajdel et al. 2019) and
often leads to the hypothesis that there must instead
be potential genetic benefits to polyandry, if there are
benefits at all. This then, leads to another, often un-
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tested assumption, that additional mates increase
genetic diversity, which may not be true in small pop-
ulations, female-biased populations, or populations
with large variance in male reproductive success
(Karl 2008, Lotterhos 2011). However, we confirmed
that genetic diversity in terms of allelic richness and
expected heterozygosity increased with number of
sires. While effects of season on polyandry have been
tested in some wild populations (crickets: Simmons et
al. 2007, yellow dung fly: Demont et al. 2011), our re-
sults provide evidence for the consistency of seasonal
and yearly effects on polyandry, especially in marine
populations. Genetic diversity within a brood increas-
ing with number of sires could be beneficial in terms
of preventing complete reproductive failure from, for
example, severe infections (Tarpy 2003) or unpredict-
ably poor environmental conditions that reduce off-
spring survival after hatching (Sakaluk et al. 2002).

The number of sires found in the Florida crown conch
was high compared to previous estimates in copulating
animals. For instance, in other gastropods that encap-
sulate their young, a brood tends to range from 1 to 7
sires (e.g. Rapana venosa: Xue et al. 2014, 2016; Litto-
rina obtusata: Paterson et al. 2001; Busycon carica:
Walker et al. 2007). Very few gastropod species exceed
the number of sires within in a brood reported here with
the exception of the ovoviviparous gastropod L. saxa-
tilis, that can range from 15 to 23 sires within a brood
(Panova et al. 2010). Other invertebrates that encapsu-
late their young in egg strands or egg masses, such as
several species of squid (Buresch et al. 2001, Shaw &
Sauer 2004) or octopuses (Voight & Feldheim 2009),
rarely exceed 5 sires within a brood. Many polyandrous
copulating invertebrates, such as crustaceans (e.g. Yue
et al. 2010, Jorquera et al. 2016), spiders (Matzke et al.
2022), and some insects (e.g, Arbuthnott et al. 2015,
Browne & Gwynne 2022), rarely exceed 9 sires within a
brood. In polyandrous copulating vertebrates, such as
reptiles (e.g. Zbinden et al. 2007, Noble et al. 2013) and
mammals (e.g. Firman & Simmons 2008, Connell &
Russell 2010), broods rarely exceed 6 sires, while
broods in bony fish (e.g. Liu & Avise 2011, Dekker et al.
2020) rarely exceed 9 sires. In copulating species, with
the exception of L. saxatilis, only social insects have
been found to have a higher degree of polyandry within
a brood than what we found in the Florida crown conch
(e.g. Rheindt et al. 2004).

Broods having many sires suggest that females
likely mate multiple times before laying each egg
string, then mate again before laying the next egg
string, or that they accumulate and store sperm from
multiple matings to different males and lay consecu-
tive egg strings. Many sires within a brood could also

indicate that males are not able to effectively displace
a previous male's sperm as seen in other invertebrate
species (e.g. Tuni et al. 2020). In terms of accumulating
and storing sperm from multiple males, female crown
conch can store sperm for up to 4 mo (A. P. Hooks
pers. obs.). If females accumulate sperm from multiple
males over the season, we expected to see the number
of sires increase over the season. Instead, we found no
evidence that sperm storage resulted in more sires
within a brood later in the reproductive season, or that
seasonal environmental changes affect the number of
sires and genetic diversity within a brood. This is in
contrast with other studies where environmental fac-
tors affect the level of polyandry (Torres-Vila et al.
2005) or sperm storage, leading to an increase in sires
later in the reproductive season (Simmons et al. 2007,
Demont et al. 2011). Our results suggest that conduct-
ing experiments in the crown conch at one point in
time within a lab setting should not alter inferences
about polyandry in this population, but such findings
are likely species or population dependent.

Finally, variation in polyandry could be explained
by variation in female resistance to male harassment
and superfluous matings (e.g. McLean & Stuart-Fox
2010, Johannesson et al. 2016). Cases of convenience
polyandry have been documented in taxa when mat-
ing is costly via female harm during mate refusal
(Crudgington & Siva-Jothy 2000), attraction of pred-
ators during the act of refusal (Han & Jablonski 2010),
or if the act of rejecting a mate takes too much time
away from foraging (Rowe 1992). We predict in
female crown conch that the cost of avoiding multiple
mating outweighs the benefits of multiple mating past
a few males. Refusing mates may come as an ener-
getic cost when males pile onto females, each trying
to mate, when large males continuously flip females
for easier access to mating, or when females clamp
down on their foot to deter mating access for males
(A. P. Hooks pers. obs.). However, future studies esti-
mating convenience polyandry explicitly, as well as
selection on males for traits like guarding or mate
finding, will be needed to test this expectation.
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Appendix. Detailed information of the 10 microsatellites used in this study

Table Al. Characterization of 10 microsatellite markers for Melongena corona. Stars (*) are microsatellites developed by Hayes & Karl
(2004). Plus signs (+) indicate microsatellites developed in this study. Underlined bases consist of the universal fluorescent tails

described in Table A2
Locus Primer sequences (5' - 3") Repeat Allele size Multiplex
motif range (bp) number

Mcor3010" F: GCC TTG CCA GCC CGC ATT ATC CAT GCA TCT TCT GGG (ACAT)ys5 129—197 1
R: CAT CTG TCG TGC GGT AAA GAG

McoA4* F: CAG GAC CAG GCT ACC GTG TGC TTA GAT TGG AGG TGT TGG (GAAAA), 264—333 1
R: CGT CGG GAC AGATTG TGA TAC

Mcor652%  F: GCC TCC CTC GCG CCA TTG CAG AGT TAT GTT GCC TCG (ACTCT)y, 170—245 1
R:CGTTCTACT GTACTGTGC TGT G

Mco2* F: GCCTCC CTC GCG CCACGACAGGTGGCGTTAGGTT (GAA)35 424—466 1
R:GTTGGATTT ATT TGT CTG GTT CG

Mco10* F: CGG AGA GCC GAGAGG TGC GTGCAT GTTACTTCC CACA (CAAA) 6 299—339 1
R: GATTCC GTT GCAACTTTT CGT

Mcor4853* F: CGG AGA GCC GAG AGG TGA TCA GTA TGC CAC AGA CCT CG (ACT)q4 191-242 1
R: TAT CAC ATG TGC TTG GTG GTC

Mcor4007* F: CGG AGA GCC GAG AGG TGT GTA AGT ACA GGC TGC TGG (AAC) 3 216—249 2
R: AAC TGC GAA GTG AGT CCA ATC

Mcol12* F: CAG GAC CAG GCT ACC GTGAGGATT AAT GGG AAATCATTGCT (GC)5(AC);3  202—242 2
R: GAG CTT GAA GTA CAC GCTTGA

Mco3* F: GCCTTG CCA GCC CGC TCT GAAAGAATTTTC GCTTCT TA (GTTT)yo 187—-255 2
R: CCT GGT CAATAATCT TCA CAA AA

Mcor6632* F: GCC TCC CTC GCG CCAACG GCTTTG TTT GTA AGT GAC (AAAG), 190—250 2
R: ATT GAC AGG AGG GACACTTTC

Table A2. Characterization of the universal fluorescent tails that attached to the forward primers

Universal fluorescent tail Primer sequence (5" — 3') Reference

Tail A (FAM) GCCTCC CTC GCGCCA Roche Applied Science (2006)
Tail B (VIC) GCCTTG CCAGCC CGC Roche Applied Science (2006)
Tail C (NED) CAG GAC CAGGCTACC GTG Blacket et al. (2012)

Tail D (PET) CGG AGA GCC GAGAGGTG Blacket et al. (2012)
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Table A3. Summary statistics of microsatellite markers for
Melongena corona for 46 randomly sampled adults. Na:
number of alleles; H,, observed heterozygosity; H,: expected
heterozygosity; p-values for Hardy-Weinberg equilibrium
test. No linkage was detected between any loci (p > 0.10)
using Genepop v4.7.5 (Raymond & Rousset 1995, Rousset
2008). No null alleles were detected for any loci using
Microchecker v. 2.2.3 (Van Oosterhout et al. 2004)

Locus Na H, H, Fis P

Mcor3010 14 0.913 0.899 —0.016 0.1552
McoA4 16 0.870 0.903 0.038  0.4621
Mcor652 17 0.826 0.931 0.114  0.0044
Mco2 14 0.804 0.889 0.121  0.0177
Mco10 9 0.804 0.745 —0.081  0.3532

Mcor4853 15 0.891 0.910 0.021  0.9472
Mcor4007 9 0.761 0.804 0.054 0.0475
Mcol12 8 0.652 0.751 0.133  0.2243
Mco3 15 0.848 0.909 0.069 0.5516
Mcor6632 11 0.804 0.823 0.023  0.5320
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