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A B S T R A C T

Genetic analyses of nuclear DNA (e.g., microsatellites) are a primary tool for investigating mating systems in
reptiles, particularly marine turtles. Whereas studies over the past two decades have demonstrated that poly-
andry (i.e., females mating with multiple males) is common in marine turtles, polygyny (i.e., males mating with
multiple females) has rarely been reported. In this study we investigated the mating structure of Critically
Endangered hawksbill turtles (Eretmochelys imbricata) at Bahía de Jiquilisco in El Salvador, one of the largest
rookeries in the eastern Pacific Ocean. We collected genetic samples from 34 nesting females and hatchlings from
41 clutches during the 2015 nesting season, including one nest from each of 27 females and two nests from seven
additional females. Using six highly polymorphic microsatellite loci, we reconstructed the paternal genotypes for
22 known male turtles and discovered that seven (31.8%) sired nests from multiple females, which represents
the highest polygyny level reported to date for marine turtles and suggests that this is a common mating
structure for this population. We also detected multiple paternity in four (11.8%) clutches from the 34 females
analyzed, confirming polyandrous mating strategies are also employed. The high level of polygyny we docu-
mented suggests there may be a limited number of sexually mature males at Bahía de Jiquilisco; a scenario
supported by multiple lines of empirical evidence. Our findings highlight key management uncertainties, in-
cluding whether polygynous mating strategies can compensate for potential ongoing feminization and the low
number of adult males found for this and possibly other marine turtle populations.

1. Introduction

Mating strategies are life history features under selective pressure to
maximize reproductive success (Uller and Olsson, 2008). These strate-
gies vary within and among species according to numerous biotic and
abiotic influences (Bollmer et al., 1999; Pearse and Avise, 2001).
Marine turtles are reptiles that present particular challenges for mating
system research as they are wide-ranging and spend the majority of

their lives at sea. Although direct observations of mating can lend in-
sights into mating behavior, direct approaches provide limited in-
formation on fertilization levels (versus strictly mating) and paternity.

During the past two decades, nuclear (n) DNA markers (e.g., mi-
crosatellites) have emerged as a primary tool to understand mating
systems in marine turtles (Fitzsimmons, 1996; Hoekert et al., 2002;
Zbinden et al., 2007; Jensen et al., 2013; Phillips et al., 2013). These
studies have demonstrated that polyandry, or females mating with
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multiple males (i.e., as evidenced via multiple paternity of clutches), is
a common mating strategy employed by the taxon (Theissinger et al.,
2009; Stewart and Dutton, 2011; Wright et al., 2012; Lasala et al.,
2018). This strategy may confer selective advantages, such as fertility
assurance, heightened offspring viability, and increased genetic di-
versity (Chapman et al., 2009; Phillips et al., 2017). In contrast, poly-
gyny, or males mating with multiple females, has rarely been reported
for marine turtles (but see Crim et al., 2002; Stewart and Dutton, 2014;
Natoli et al., 2017), despite the existence of> 30 studies that have
assayed>1000 maternal families (see Tedeschi et al., 2015; Lee et al.,
2018).

Hawksbill turtles (Eretmochelys imbricata) are a highly threatened
marine turtle species that inhabit tropical and subtropical regions of the
world's oceans. Previous genetic research of hawksbill mating systems
in different ocean regions (Table 1) has found varying levels of poly-
andry and differences in mating strategies, highlighting variation
among hawksbill populations. Hawksbills within the regional man-
agement unit (RMU, sensu Wallace et al., 2011) of the eastern Pacific
Ocean are considered some of the world's most endangered and least
resilient populations (Fuentes et al., 2013), with<700 reproductively
active females estimated to remain in the region (Gaos et al., 2017a).
One of the two primary rookeries in this RMU is located at Bahía de
Jiquilisco, El Salvador, where a research and nest conservation program
has operated since 2008 (Liles et al., 2011, 2015). Recent genetic re-
search has indicated that hawksbills nesting at this site represent a
distinct management unit (MU sensu Moritz, 1994) that is strongly
differentiated from other rookeries in the region, including a nearby
rookery located only 115 km to the south (FST= 0.3706, P < .001;
Gaos et al., 2016, 2018). Nesting beach monitoring efforts at Bahía de
Jiquilisco have identified< 200 individual females to date (Gaos et al.,
2017a), highlighting the need for acute conservation attention.

Despite the depleted status of hawksbills at Bahía de Jiquilisco and
across the eastern Pacific, genetic research on hawksbill mating stra-
tegies and male population status in the region is lacking.
Understanding male marine turtle populations and their mating stra-
tegies in particular, is likely to be increasingly important with the
projected rise in global temperatures and the potential for feminization
of many marine turtle populations (Hawkes et al., 2009; Eckert et al.,
2012; Pike, 2014; Jensen et al., 2018). In an effort to fill current data
gaps, we used nDNA microsatellite markers to evaluate mating systems
in hawksbills nesting at Bahía de Jiquilisco. More specifically, we
sought to assess levels of polygamy for both males and females, gain
insights into the number of breeding males during the 2015 nesting
season, and estimate a single-season breeding sex ratio (i.e., proportion
of males and females that successfully mate; Stewart and Dutton, 2014)
for the population.

2. Materials and methods

2.1. Study site and sample collection

This study used tissue samples collected in 2015 from nesting fe-
male hawksbills and their offspring (i.e., hatchlings) within the Bahía
de Jiquilisco Biosphere Reserve (6°33′ N, 80°02′ E), a large mangrove-
lined estuary in eastern El Salvador (Fig. 1). Bahía de Jiquilisco re-
presents one of the two largest hawksbill rookeries in the eastern Pacific
Ocean, hosting an average of 168.5 (± 46.7) nests per season and ac-
counting for 24.4% of annual nesting by the species in the region (Gaos
et al., 2017a). Because nest poaching is virtually 100% without pro-
tection efforts (Liles et al., 2014), the ongoing conservation activities
include relocating most nests to a protective hatchery (Liles et al.,
2015).

We applied Inconel flipper tags (National Band & Tag, Newport, KY,
USA) and Passive Integrated Transponder (PIT; Avid, Norco, CA, USA)
tags to all female turtles encountered to confirm and track identity
throughout the nesting season. Using sterile techniques, we took a skinTa
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sample (~0.5 cm2) from the shoulder area of each female using a razor
blade. Nests were moved to the hatchery and data were recorded on the
corresponding mother. After hatchlings emerged from the nests, we
took one small sample from the trailing edge of the front right flipper
using a 2mm biopsy punch (Miltex Inc., York, PA). Hemostatic agents
(styptic pencil: ammonium sulfate 56%) were then applied to the
flipper to prevent bleeding (Dutton and Stewart, 2013). Tissue was
stored in vials containing saturated NaCl solution and was placed in a
refrigerator within one week of the sampling date. When possible, we
sampled 20 live hatchlings from each clutch deposited by known fe-
males in Bahía de Jiquilisco between May and September 2015. We
sampled 41 nests deposited by 34 known mothers (69.4% of all nesting
females in 2015) to evaluate paternity, including single nests from 27
females and two successive nests from seven females.

2.2. Laboratory processing

We extracted total genomic DNA from the tissue samples using an
NaCl extraction method (modified from Miller et al., 1988). We used six
loci that we determined as having high levels of polymorphism for
hawksbill samples from the Pacific Ocean. The six primers [Cc5H7,
Cc7G11 (Shamblin et al., 2007), CcP7D4, CcP7E5 (Shamblin et al.,
2009), Eim11 (Miro-Herrans et al., 2008), and ERIM28 (Shamblin et al.,
2013)] were labeled with fluorescent dyes (FAM or HEX) and used to
amplify DNA in a polymerase chain reaction (PCR) (Innis et al., 1990).
Amplifications were carried out on an ABI 2720 thermal cycler (Applied
Biosystems, Foster City, CA, USA) according to the following schedule:
94 °C for 2min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 30 s, and lastly one cycle of 60 °C for 5min.

Amplification of PCR product was checked using 2% agarose gels
with ethidium bromide staining (Maniatis et al., 1982) and diluted

using milli-Q H2O based on band brightness (no band=no dilution,
light band= 1:20 dilution, medium band= 1:40 dilution, bright
band= 1:60 dilution), then analyzed in two multiplex sets on an ABI
Prism 3730 Genetic Analyzer using ROX500 fluorescent size standard
(PE Applied Biosystems, Foster City, CA, USA). We scored alleles using
GeneMapper 5.0 (Applied Biosystems, Foster City, CA, USA) and sub-
sequently manually verified the accuracy of allele assignments by the
program. We used negative controls in all extractions and PCR reactions
to account for potential contamination, and replicated 1 to 8 hatchlings
per female to ensure genotype agreement. We calculated the geno-
typing error rate derived from replicates presenting conflicting alleles,
as well as all original offspring and replicate samples that did not dis-
play a maternal allele (Bonin et al., 2004; Stewart and Dutton, 2011).
Any samples that failed to amplify at three or more loci were excluded
from further analyses.

2.3. Data analysis

We calculated allele frequencies, heterozygosity, and tested for de-
viations from Hardy-Weinberg equilibrium and linkage disequilibrium
for all 34 nesting females using GENEPOP v.4.2 (Raymond and Rousset,
1995) and the package StrataG (Archer et al., 2016) in the R pro-
gramming language (R Core Team, 2015). We calculated the prob-
ability that two unrelated individuals shared a genotype at a single
locus (q) and across all loci (Q) (Hanotte et al., 1991), as well as the
probability of detecting multiple paternity at a single locus (d) and
across all loci (D) (Westneat et al., 1987). However, because we de-
tected linkage disequilibrium between two pairs of loci (see Results),
indicating these loci are not completely independent, we calculated a
single d and q value for these loci (Table 2).

We identified the maternal alleles in each female's genotype and

Fig. 1. Map depicting Bahía de Jiquilisco in El Salvador, including the primary nesting beaches and the location of the hawksbill conservation program hatchery.

A.R. Gaos et al. Journal of Experimental Marine Biology and Ecology 506 (2018) 91–99

93



used the results from that analysis to determine the allelic contribution
to hatchlings. We then deduced paternal genotypes by assessing the
remaining alleles. We determined clutches were multiply sired if we
could confirm three or more paternal alleles at two or more loci
(Stewart and Dutton, 2011). We evaluated the number of mating males
by comparing the resulting paternal genotypes. We then compared male
genotypes and considered males to be the same individual if their
genotypes matched across available loci.

We used the program GERUD1.0 (Jones, 2001) to confirm our
parentage analysis. There are often ambiguities when reconstructing
male genotypes from clutches exhibiting multiple paternity due to
multiple allelic combinations that are not fully resolvable. Due to these
ambiguities, for nests exhibiting multiple paternity, we based our
findings of male genotypes on GERUD1.0 probability scores (Jones,
2001). Probability scores were based on the segregation of paternal
alleles and its deviation from Mendelian expectations (Jones, 2001), as
well as the frequencies of genotypes in the population, which we cal-
culated from our known females (Crim et al., 2002). We calculated the
number of males and polygyny rates for single paternity clutches, as
well as single and multiple paternity clutches combined to account for
uncertainty in genotypes for the latter, providing an estimated range of
males that successfully bred with females. We calculated breeding sex
ratios of females to males for single paternity, and both single and
multiple paternity clutches combined, by dividing the number of fe-
males by the number of males under each scenario.

3. Results

We successfully genotyped 34 nesting females, including 30 females
at all six loci and four females at five loci. We found 4–14 alleles for
each locus, with EiM11t and Cc5H7t representing the least and most
polymorphic loci, respectively (Table 2). Expected and observed het-
erozygosity ranged from 0.42 to 0.90 and 0.44 to 0.91, respectively,
and no locus showed significant deviation from Hardy-Weinberg equi-
librium (P > .05). We found limited evidence of linkage dis-
equilibrium (P < .05) at two pairs of loci, including Cc7G11t and
ERIM28t (P < .001) and Cc7G11t and CcP7E5t (P= .024). However,
given the family sizes used, the variability of our markers, and because
we estimated multiple paternity manually, we believe our results are
robust. The probability of detecting multiple paternity at a single locus
(d) ranged from 0.14 to 0.78 and rose to 0.989 when calculated across
all loci (D) (Table 2). The probability of any two individuals sharing a
genotype at a single locus (q) ranged from 0.008 to 0.089 and was
1.03×10−6 across all loci (Q).

Female clutch size ranged from 97 to 239 eggs (mean= 173.4 ±
33.8) (Table 3). We successfully genotyped between 15 and 20

hatchlings (mean= 19.2 ± 1.4) for single clutches and 35 to 40
hatchlings (mean= 39.1 ± 1.9) for nest pairs. In total, we successfully
genotyped 793 (96.9%) of 818 hatchlings. We replicated a total of 143
samples (18.0%; mean= four hatchlings per female) and had a geno-
typing error of 55 allele calls out of 11,907 (0.005 error).

3.1. Paternity

We reconstructed the paternal genotypes for 22 known males when
only looking at nests exhibiting single paternity, and an additional eight
potential males when including nests exhibiting multiple paternity
(Table 4). When looking solely at single paternity clutches, seven
(31.8%) of the 22 males were sires of multiple nests (i.e., polygyny),
including six males that sired clutches of two separate females and one
male that sired clutches from three separate females. When looking at
both single and multiple paternity clutches combined, eight (26.6%) of
the 30 males were sires of multiple nests, including seven males that
sired clutches of two separate females and one male that sired clutches
from three separate females. One of the fathers of single paternity
clutches also contributed portions of offspring to a clutch that exhibited
multiple paternity (Table 4). We calculated a breeding sex ratio in favor
of females of 1.41/1 for single paternity clutches and of 1.13/1 for
single and multiple clutches combined.

We found evidence of polyandry (i.e., multiple paternity) in nests of
four (11.8%) of the 34 females analyzed (Table 3). Three (75.0%) of the
four clutches in which we detected multiple paternity were sired by two
males and one (25.0%) was sired by three. Of the seven females for
which we collected successive clutches, in all cases both clutches were
sired by the same male.

4. Discussion

This study provides the first insights into hawksbill mating systems
in the eastern Pacific Ocean. We found polygynous mating strategies
are common at Bahía de Jiquilisco and detected the highest levels of
polygyny (approximately 32% for known males) reported to date for a
marine turtle population (Crim et al., 2002; Stewart and Dutton, 2014;
Natoli et al., 2017). We attribute the prevalence of this mating strategy
to a limited number of males in the reproductive population (Phillips
et al., 2013, 2014a, 2014b). We also found evidence of multiple pa-
ternity (i.e., polyandry), albeit limited, indicating polyandry is also
employed by female hawksbills at this site.

4.1. Polyandry

Multiple paternity (i.e., polyandry) is now a well-established mating
strategy in marine turtles and reptiles in general, but can vary greatly
among populations (Uller and Olsson, 2008). While the high levels of
polygyny encountered in our study may signify that females have dif-
ficulty encountering and mating with multiple males (Phillips et al.,
2013, Phillips et al., 2014b), we did detect multiple paternity in four
(11.8%) of the 34 females analyzed. This level of multiple paternity is
low for marine turtles in general (Tedeschi et al., 2015; Lee et al.,
2018), but within the range of values reported for hawksbills in other
ocean regions (Table 1), suggesting females at Bahía de Jiquilisco are
able to effectively employ this mating strategy despite the low male
population size. Successive clutches from single females were all sired
by the same male, showing parentage patterns indicative of within-
season sperm storage (Sakaoka et al., 2013; Phillips et al., 2013).

Although various theories have been proposed for the prevalence of
multiple paternity in marine turtles (e.g., Lee and Hays, 2004;
Theissinger et al., 2009; Phillips et al., 2013), including selective ad-
vantages facilitated through fertility assurance, sperm competition,
heightened offspring fitness, and increased genetic diversity (Moore
and Ball, 2002; Theissinger et al., 2009), studies actually demonstrating
a benefit from polyandry remain scant (Chapman et al., 2009; Phillips

Table 2
Number of alleles, expected (He) and observed (Ho) heterozygosity, Hardy-
Weinberg P-value, probability of detecting multiple paternity (d), probability of
individuals sharing a genotype (q), and error rate for the six loci used to ex-
amine 34 nesting females. Asterisks indicate a single d and q value was cal-
culated for loci due to the detection of limited linkage disequilibrium, in-
dicating a lack of independence among these loci. The probability of detecting
multiple paternity and the probability of sharing a genotype across all loci,
represented by D and Q, respectively, are provided below the table.

Locus # alleles He Ho HW d q Error rate

CcP7D4t 11 0.77 0.75 0.18 0.42 0.089 0.001
Cc5H7t 14 0.90 0.88 0.11 0.23 0.020 0.005
ERIM28ta 13 0.69 0.69 0.68 0.14 0.008 0.012
EiM11t 4 0.42 0.44 0.72 0.78 0.065 0.000
CcP7E5ta 12 0.88 0.91 0.26 0.14 0.008 0.004
Cc7G11ta 8 0.81 0.76 0.39 0.14 0.008 0.006

D=0.989, Q=1.03× 10−6.
a A single q and d calculation was calculated for these loci due to detection of

limited LD.
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et al., 2017; Lee et al., 2018). Regardless, multiple paternity is expected
to increase as females encounter more males, i.e., at higher population
densities (Weigensberg and Fairbairn, 1994; Jensen et al., 2006, 2013;
Lasala et al., 2018). However, our findings suggest that polyandrous
mating strategies can manifest even in populations that may have
limited numbers of males.

4.2. Polygyny

We found evidence of polygyny for approximately 32% of known
male hawksbills that sired nests at Bahía de Jiquilisco during the 2015
nesting season. To our knowledge, these are the highest levels of
polygyny reported to date for any marine turtle species (Crim et al.,
2002; Stewart and Dutton, 2014; Natoli et al., 2017). Although poly-
gyny has been documented in various mammals, birds and reptiles
(Moore et al., 2008; Stiver et al., 2008; Pérez-González et al., 2009; Bro-
Jørgensen, 2014), it is a phenomenon that has rarely been detected in
marine turtles, despite> 30 genetic studies investigating polygamy in
the taxon (Tedeschi et al., 2015; Lee et al., 2018).

Of the previous genetic studies investigating mating strategies in
hawksbills (Table 1), only the most recent found evidence of polygyny,
at a rate (15%) of approximately half of what we report here (Natoli
et al., 2017), although the estimates from this study should be treated

tentatively given the relatively small family sizes assayed (1–5 hatchl-
ings per clutch) and the lack of maternal genotypes (Table 1). The
absence of polygyny in the remaining studies may be due to larger ef-
fective population sizes of source rookeries, which host approximately
600–4500 nests annually (Mortimer and Bresson, 1999; Pilcher, 1999;
Allen et al., 2010; Joseph and Shaw, 2011; Phillips et al., 2013, Phillips
et al., 2014a, 2014b; González-Garza et al., 2015), compared to roughly
only 170 nests for Bahía de Jiquilisco (Gaos et al., 2017a). An under-
standing of the differences in mating strategies among geographically
discrete, conspecific reproductive populations underscores the need for
site-specific evaluations, and is important for accurate life-history
characterizations and population evaluations, as well as effective
management planning.

Although early studies suggested polygyny might reduce genetic
diversity due to its negative effects on effective population size
(Nunney, 1993; Briton et al., 1994), recent research indicates that may
not always be the case for wildlife populations (Engen et al., 2007;
Stiver et al., 2008; Martínez-Ruiz and Knell, 2016). These findings
suggest that the genetic implications of polygyny remain unclear and
likely depend on the interplay of various demographic and evolutionary
factors (Engen et al., 2007; Stiver et al., 2008; Wheelwright et al.,
1992).

Polygyny is rarely reported in marine turtles but has recently been

Table 3
Information on the females and the 41 clutches analyzed in this study, including clutches per female, clutch size, hatchlings successfully genotyped, hatchlings
replicated, female genotypes, and number of inferred fathers (hatchlings assigned to each father and unassigned for multiple paternity clutches shown in par-
entheses). Successfully genotyped hatchlings include those for which we could confirm four or more loci. Dash indicates data unavailable.

Mother ID Clutches
analyzed

Clutch size Hatchlings
gentoyped

Hatchlings
replicated

Replication (%) Female genotype # of fathers

CcP7D4t Cc5H7t Erim28t EiM11t CcP7E5t Cc7G11t

166708 1 155 19 2 10.5 342/342 255/259 134/134 197/205 164/164 268/272 1
166635 1 160 16 2 12.5 342/362 211/227 134/138 197/197 160/216 268/284 1
166697 1 133 19 4 21.1 342/346 239/255 134/178 197/197 176/216 280/288 1

2 152 20 4 20.0
166712 1 168 20 4 20.0 342/350 239/255 134/186 197/197 172/192 268/272 1

2 171 20 1 5.0
166664 1 129 20 1 5.0 342/366 215/255 134/134 197/205 172/192 272/284 1
166669 1 129 20 4 20.0 366/370 215/247 154/182 197/197 160/208 272/300 1
166651 1 97 17 4 23.5 318/322 207/235 166/166 197/217 172/172 272/284 1

2 196 18 4 22.2
139198 1 232 20 1 5.0 326/362 239/251 134/158 197/205 164/192 268/268 1
139201 1 190 16 4 25.0 – 215/215 166/234 197/197 160/172 272/284 1
139196 1 221 20 4 20.0 342/362 227/251 134/134 197/205 160/196 268/272 1
166709 1 188 20 4 20.0 334/342 227/243 – 197/217 172/172 280/288 1
166628 1 239 20 4 20.0 342/362 219/223 134/174 197/217 160/204 272/280 1
166681 1 147 19 1 5.3 342/346 247/251 162/186 197/197 172/200 272/300 1
166648 1 154 20 2 10.0 342/366 227/255 134/134 197/217 160/204 284/284 1
157790 1 99 20 4 20.0 342/342 227/243 134/182 197/197 172/204 284/284 1
166698 1 168 18 4 22.2 350/366 239/239 134/178 197/205 192/196 272/272 1
166629 1 161 18 1 5.6 342/366 211/243 134/182 197/197 160/204 284/284 1
166637 1 217 20 4 20.0 342/342 211/255 134/134 197/197 172/204 284/284 1
166641 1 129 20 4 20.0 342/362 219/231 134/134 197/197 176/180 280/284 1

2 152 20 1 5.0
166661 1 158 20 4 20.0 350/362 215/239 134/138 197/197 164/176 268/284 1
166654 1 170 20 4 20.0 322/322 235/251 134/166 197/197 160/172 272/284 1
139189 1 182 20 1 5.0 350/350 239/239 134/134 197/197 160/192 272/284 1
166705 1 189 20 4 20.0 342/362 239/243 134/182 197/197 160/208 272/280 1

2 211 20 4 20.0
139188 1 214 20 4 20.0 – 215/247 134/198 197/197 160/208 272/280 1

2 190 20 4 20.0
166659 1 148 20 4 20.0 322/358 239/251 134/134 205/205 172/192 272/292 2 (16,2,2)
139183 1 189 19 4 21.1 346/350 215/247 134/190 197/197 188/204 268/300 2 (6,8,2)
139187 1 222 15 4 26.7 342/342 247/259 134/134 197/197 180/204 280/284 1
166656 1 195 20 1 5.0 342/350 215/251 138/174 197/217 172/204 284/300 1
166642 1 203 20 4 20.0 342/362 215/247 134/174 197/217 192/208 272/296 1
139195 1 191 20 4 20.0 342/342 215/215 134/234 197/205 204/208 272/296 3 (6,5,5,4)
166677 1 167 20 1 5.0 318/342 215/231 158/234 197/217 172/180 272/300 1
166666 1 178 20 4 20.0 318/342 223/247 134/154 197/221 196/204 280/296 2 (16,3,1)
166685 1 136 19 4 21.1 342/342 215/239 134/138 197/197 172/192 280/280 1
166699 1 177 20 4 20.0 346/350 215/239 – 197/205 172/204 268/268 1

2 201 20 4 20.0
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documented in two hawksbill populations (Natoli et al., 2017; the
present study), raising the possibility that this mating strategy may be
influenced by species-level differences in mating behavior. For instance,
polygyny has not been reported for green turtles (Chelonia mydas) (e.g.,
Lee and Hays, 2004; Ekanayake et al., 2013; Chassin-Noria et al., 2017)
and males of this species are known to vigorously latch onto female
turtles and undergo mate guarding for days or even weeks at a time
when mating (Cuadrado, 2002; Martínez, 2003; Owens and Blanvillain,
2013). This behavior typically occurs during the early portion of the
nesting season, when females are physiologically receptive (Booth and
Peters, 1972; Owens and Blanvillain, 2013). Adult hawksbill turtles,
particularly those in the eastern Pacific, are typically more sedentary
than green turtles and often use foraging grounds in close proximity to
their nesting beaches (Witzell, 1983; Bowen et al., 2007; Gaos et al.,
2012a, 2012b, 2017b). This movement behavior could facilitate a
longer female receptive period, which could provide increased oppor-
tunities for individual males to encounter and mate with multiple fe-
males.

4.3. Male population status

Our single season breeding sex ratio based on known males at Bahía
de Jiquilisco slightly favored females (female/male= 1.41/1).

Although a previous three-year study on leatherback turtles
(Dermochelys coriacea) in the Caribbean found that breeding sex ratios
calculated during year one of the study remained consistent during the
entire research period (Stewart and Dutton, 2014), expanding the
current study to sample females and hatchlings across years will be
important to gain a better understanding of mating systems and sex
ratios in the Bahía de Jiquilisco hawksbill reproductive population
(Phillips et al., 2014a, 2014b). Additional studies will also be important
considering that our findings only reflect the minimum number of
males that successfully mated (with 69.4% of the nesting females)
during the 2015 season and this may not be representative of the total
number of males that actual participated in copulation events (i.e.,
where males mate with females, but do not successfully fertilize any
clutches). Additionally, because the 20 hatchlings sampled from each
clutch represent approximately only 12% of the average clutch size at
Bahía de Jiquilisco (167.8 ± 37.0 eggs year−1; Gaos et al., 2017a), it is
possible that some males went undetected. Although the importance of
such low-representation males for genetically effective population sizes
is arguable, future studies will benefit from larger offspring samples
sizes that can better ensure detection of all potential sires for individual
clutches.

For rare and highly endangered species, the difficulty in finding
members of the opposite sex may lead to reduced mating opportunities

Table 4
Information on male hawksbills, including inferred genotypes, nests sired and fertilized female IDs for the 41 clutches analyzed. Genotypes for males M23-M30 were
inferred by GERUD1.0 based on likelihood and could not be completely resolved manually. Dash indicates data unavailable.

Paternity status Male ID Clutches sired Male genotype Mother ID(s) Father # (MP only)

CcP7D4t Cc5H7t Erim28t EiM11t CcP7E5t Cc7G11t

Single paternity clutches M1 1 318/342 215/247 146/182 197/205 172/180 272/284 166712
M2 2 318/342 219/255 134/226 197/205 180/192 284/284 166656

166651
M3 1 322/342 231/267 134/138 205/205 164/196 280/296 166685
M4 1 322/362 215/255 134/134 197/217 172/176 280/296 166708
M5 1 326/362 235/247 134/182 197/205 172/192 284/284 166635
M6 2 342/346 239/255 134/138 197/197 172/196 268/280 139187

139196
M7 1 342/346 243/247 170/170 197/217 146/184 268/280 166642
M8 1 342/358 215/231 134/138 197/205 192/220 276/280 166664
M9 1 342/358 239/271 – 197/205 188/204 268/272 166709
M10a 2 – 243/271 134/186 197/205 188/204 272/272 139188

342/358 243/271 – 197/205 188/204 272/272 166699
M11 1 342/362 219/251 146/202 217/217 192/192 268/300 139198
M12 1 342/362 227/255 134/138 201/205 172/196 268/280 166628
M13 2 342/362 243/243 146/158 197/205 192/204 276/280 166648

157790
M14 3 342/366 227/255 134/134 197/217 172/220 284/284 166637

166698
166629

M15 1 350/362 215/215 138/174 197/197 172/184 268/300 166681
M16ϖ 2 350/370 215/223 134/154 197/197 160/192 268/300 166654

139183
M17 1 – 219/251 146/202 217/221 192/192 268/300 139201
M18 2 350/366 211/255 134/134 197/197 172/204 276/284 166661

166641
M19 1 350/366 211/255 134/134 197/217 172/204 276/284 166677
M20 2 358/362 215/239 134/178 197/197 164/192 268/268 166705

139189
M21 1 358/362 219/239 134/202 197/217 – 268/300 166669
M22 1 362/366 215/239 134/134 197/197 160/172 280/288 166697

Multiple paternity clutches M23 1 342/346 215/243 134/138 197/205 192/220 276/296 166659 Father 1
M24 1 346/362 215/215 134/178 205/217 172/220 268/296 Father 2
M25 1 342/346 239/255 138/234 197/197 172/200 268/280 139195 Father 1
M26 1 342/346 239/255 138/226 197/197 176/196 268/280 Father 2
M27 1 342/346 239/255 134/226 197/197 172/196 268/280 Father 3
M28 1 350/370 223/227 190/198 197/197 192/192 268/268 139183 Father 1
M16 2 Father 2
M29 1 350/362 215/239 134/134 197/197 192/204 268/280 166666 Father 1
M30 1 350/362 239/239 134/134 221/221 192/208 280/300 Father 2

a Genotypes for M10 matched at the four loci available ϖMale also contributed to a clutch from a female that exhibited multiple paternity.
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and higher levels of polygyny than would otherwise be expected under
normal population conditions (Crim et al., 2002; Frankham et al., 2011;
Phillips et al., 2013, Phillips et al., 2014a, 2014b). The high levels of
polygyny documented in our study suggest there may be relatively few
reproductively mature males in the Bahía de Jiquilisco population
(Fitzsimmons, 1996; Crim et al., 2002; Phillips et al., 2013), and this
idea is supported by multiple lines of empirical evidence. First, al-
though 70 juvenile and eight adult female turtles were captured during
hawksbill in-water monitoring efforts at Bahía de Jiquilisco (between
May 2016 and December 2017), not a single adult male turtle was
captured during that time (Yañez and Gaos, 2017). Second, the
hawksbill nest monitoring program at Bahía de Jiquilisco documented a
total of eight clutches during the 2015 season where hatchlings from
the same nest emerged with both hawksbill and green turtle morpho-
types (i.e., some hatchlings had hawksbill and others had green turtle
morphology), and this phenomenon has been documented in other
seasons as well (M. Liles, personal communication 21 September 2017).
These findings indicate female hawksbills may be mating with male
green turtles, supporting the hypothesis of a lack of male hawksbills in
the area (Seminoff et al., 2003). Considering that several of the other
known hawksbill rookeries in the eastern Pacific are far smaller than
Bahía de Jiquilisco (Gaos et al., 2017a), it is possible that polygyny and
a lack of males is typical throughout the region. Indeed, juvenile
hawksbill and green turtle hybrids have been documented in other parts
of the eastern Pacific (Seminoff et al., 2003; Kelez et al., 2016), sup-
porting this assertion.

Furthermore, individual male turtles can mate with different fe-
males across successive seasons (e.g., Wright et al., 2012) and may
shorten reproductive and migratory cycles to compensate for female-
biased sex ratios (Hays et al., 2014), indicating annual male cohorts at
nesting grounds are likely not composed of entirely new individuals.
Two adult male hawksbills encountered while copulating with females
at a neighboring rookery in Nicaragua were tracked via satellite across
multiple nesting seasons and never left the area during that time (Gaos
and Seminoff, unpub. Data), supporting the possibility that individual
males may remain at nesting grounds and mate with multiple females
across successive years. If such a scenario applies more generally, the
male reproductive population at Bahía de Jiquilisco may be composed
of even fewer males than is suggested by our single-year breeding sex
ratio estimate. Additionally, if female hawksbills are storing sperm over
multiple nesting seasons, as has been suggested for conspecifics in the
Indian Ocean (Phillips et al., 2014a, 2014b), we could be further
overestimating the number of males.

Lastly, ongoing research into the sex ratios of hawksbill hatchlings
emerging from natural and hatchery nests at Bahía de Jiquilisco be-
tween 2011 and 2015 suggests a female bias of approximately 95% and
80%, respectively (M. Liles, personal communication 15 June 2017).
Ongoing research of foraging juvenile hawksbills in the same area also
suggests a female bias of approximately 85% (C. Allan, personal com-
munication, 15 March 2018). Given these estimates, it seems reason-
able to suspect that these female-biased sex ratios have manifested in
the adult population as well.

4.4. Significance to research and management

Our findings of high levels of polygyny and evidence of a limited
number of males at Bahía de Jiquilisco have important research and
management implications, particularly in the face of ongoing climate
change. The sex of marine turtles is determined by nest incubation
temperatures (i.e., temperature-dependent sex determination), with
temperatures above the pivotal temperature skewing ratios in favor of
females (Mrosovsky and Yntema, 1980; Bollmer et al., 1999). Many
studies report highly female-biased hatchling sex ratios in marine turtle
populations and temperature increases at nesting beaches due to on-
going climate change have the potential to further drive feminization of
populations, or in some cases already have (Hawkes et al., 2009; Eckert

et al., 2012; Pike, 2014; Jensen et al., 2018). This is particularly re-
levant to Bahía de Jiquilisco, where nesting activity is concentrated on
low-relief beaches in mangrove estuaries that are especially vulnerable
to increasing global temperatures (Gilman et al. 2008; M. Liles, per-
sonal communication 15 June 2017).

The polygynous mating strategy we documented here may underlie
what appears to be a viable hawksbill nesting population at Bahía de
Jiquilisco. Nonetheless, whether this polygynous strategy can continue
to compensate for ongoing feminization and the putative low number of
adult males in the population remains unclear. Future research on these
questions will have major implications for marine turtles worldwide.
This study provides valuable baseline genetic data that can be com-
pared to future studies at this and other hawksbill nesting grounds in
the region.
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