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Multiple Paternity in Loggerhead Turtle Clutches

J. L. BOLLMER, M. E. IRWIN, J. P. RIEDER, AND P. G. PARKER

Microsatellite DNA was used to determine paternity in loggerhead turtle clutches.
Hatchlings from three clutches were genotyped at two loci, as were their mothers
and a sample of adults. A maximum-likelihood analysis determined the most likely
number of fathers represented in each clutch using the genotypes and population
allele frequencies. The analysis concluded that only one of the three clutches was
sired by multiple males, with two fathers being more likely than three.

bservational studies of green turtles (Che-
lonia mydas) have documented both males
and females mating multiple times in the wild
(Booth and Peters, 1972; Limpus, 1993) as well
as in captivity (Ulrich and Parkes, 1978). Using
allozyme electrophoresis, Harry and Briscoe
(1988) found multiple paternity in clutches of
eight of 21 loggerheads ( Caretta caretta) sampled
in Queensland, Australia. Multiple mating may
be advantageous to female sea turtles to ensure
fertilization or to allow sperm competition,
thereby increasing hatching success or offspring
quality.

Approximately 35,000 loggerhead females
nest along the southeast coast of the United
States with 90% of the nesting occurring in Flor-
ida (Murphy and Hopkins, 1984). In this study,
we used microsatellite DNA loci to determine
the number of fathers represented in three log-
gerhead clutches from Florida.

MATERIALS AND METHODS

Loggerheads nesting on Melbourne Beach,
Brevard County, Florida, were sampled during
the summer of 1994. Blood samples of 50-100
pl were taken from the femoral vein of 26 adult
females and stored in 1 ml of lysis buffer (Long-
mire et al., 1988). Nests of three of these fe-
males were monitored during their incubation
period. At hatching, smaller blood samples (10—
20 wl) were taken from the dorsal cervical sinus
of a sample of hatchlings (n = 20, 20, and 22)
as they emerged.

Half the volume of each sample was incubat-
ed at 656 C with 30 ul of Proteinase K (10 pg/
pl) for 4-12 h. DNA was extracted using phenol
and chloroform:isoamyl alcohol. Samples were
then dialyzed 4-12 h at 4 C in TNE, (10 mM
Tris, pH 7.9, 10mM NaCl, 2 mM EDTA). DNA
concentration was estimated spectrophotomet-
rically.

Two microsatellite loci, Ccl17 and Ei8, were
amplified using primer sets developed from two
sea turtle species (C. caretta and Eretmochelys im-

bricata; FitzSimmons et al., 1995). Polymerase
chain reactions (PCR) were carried out in 15 pl
volumes made up of 40-50 ng of template DNA,
1X PCR buffer, 1 mM dNTPs, 0.5 mM each
primer, 0.03 U/ul Tag polymerase, and 3 mM
MgCl,. Reactions ran at 95 C for 2.5 min, fol-
lowed by 30 cycles comprising the following: 95
C for 45 sec, 1 min annealing phase beginning
at 62 C and declining one degree per cycle until
55 C where it remained for the final 23 cycles,
and 72 C for 1 min. This was followed by a final
72 C extension phase for 5 min. PCR products
were separated on 7.5% polyacrylamide gels at
20 watts for 2-3 h. Bands were visualized using
ethidium bromide and photographed over an
ultraviolet light box.

Genotypes of the 26 adult females were de-
termined by characterizing all alleles at each lo-
cus by size relative to standard molecular weight
markers and other alleles in the sample. Geno-
types of hatchlings were determined by com-
paring their alleles to those characterized across
all females. Paternal alleles were identified by
eliminating the mother’s allele from each ge-
notype. The software package Arlequin (S.
Schneider, J.-M. Kueffer, D. Roessli, and L. Ex-
coffier, 1996, unpubl.) was used to test for Har-
dy-Weinberg equilibrium and linkage disequilib-
rium.

To examine the possible number of fathers
for each clutch, the likelihood of observed ge-
notypic data was calculated for one, two, and
three fathers. For a hypothesized number of fa-
thers, the likelihood calculation considered all
possible combinations of assigning hatchlings to
all possible combinations of potential paternal
genotypes. For each possible distribution, the
probability of drawing the observed hatchling
genotypes from that clutch was calculated. The
likelihood for a given number of fathers was the
average of the probabilities for all combinations
with that number of fathers. Equations used
were derived from the Elston-Stewart peeling al-
gorithm (Elston and Stewart, 1971; Lange and
Elston, 1975). It was assumed that allele fre-
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TABLE 1.
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SUMMARY OF ALLELIC INFORMATION AT Two Locl FOR THREE FAMILIES. Frequencies of alleles 258—

242 at Locus Cc117 were 0.038, 0.173, 0.038, 0.308, 0.038, 0.077, and 0.328, respectively. Frequencies of alleles
203-181 at locus E8 were 0.058, 0.365, 0.135, 0.019, 0.038, and 0.385, respectively.

Maternal Hatchling genotypes and Paternal
genotype frequencies genotype
Locus Locus Locus
Clutch Ccl17 EB Ccl17 EB Cell17 EB
94a 242/242  199/199 242/242  20/20  199/203  20/20 242/242 203/203
94Q  250/246  197/181 246,248 9/20  181/181 4/20 258/248 199/181
246/258 3/20  197/181 3/20
250,258 3/20  197/199 7/20
250/248 5/20 181/199 6/20
Paternal alleles
94U 256/250  199/181 256,254 6/22  181/181 12/22 254 181
250,250 4/22  199/197 2/22 250 197
250/242 6/22  199/181 6/22 242 181 or 199
256/242 5/22  181/197 2/22 242 197
256,250 1/22 256 or 250

quencies at both loci in potentially breeding
males were the same as frequencies observed in
the sample of adult females. For ease of inter-
pretation, likelihood ratios (not actual likeli-
hood values) are reported, using the likelihood
for the most likely number of fathers as the stan-
dard.

Because only a sample of hatchlings from
each clutch and a limited number of primers
were available for genetic analysis, we ran two
simulations to estimate our power in determin-
ing the correct number of fathers for each
clutch. One simulation determined the chance
of selecting two fathers when, in fact, only a sin-
gle male sired a clutch; the other simulation de-
termined the chance of selecting one father
when there were actually two. For the second
simulation, we set the proportion of offspring
sired by first and second males. Three sets of
values allocating paternity between males were
examined: 0.9-0.1; 0.8-0.2; and 0.5-0.5. For
clutch sample sizes of 15 and 20 offspring (sam-
pled from larger clutches), 1000 datasets were
simulated for each study. The power to detect
two fathers in each case is approximated by the

TaBLE 2. LIKELIHOOD RATIOS FOR ONE, TwoO, AND
THREE FATHERS IN EACH OF THREE CLUTCHES.

Number of fathers
Clutch 1 2 3
94a 1.00 447 X 10 8.76 X 107
94Q 1.00 295 X 102 3.95 X 10—
94U 0.00 1.00 9.09 X 1072

fraction of datasets in which the likelihood for
two fathers is greater than the likelihood for
one father. For both simulation studies, we used
the actual allele frequencies drawn from micro-
satellite data.

RESULTS

There was sufficient polymorphism at the two
loci to detect multiple fathers if they occurred.
Among 26 adult females sampled, seven alleles
were characterized at Cc117, with allele frequen-
cies ranging from 0.038 to 0.328; six alleles were
present at E8, with frequencies ranging from
0.019 to 0.385 (Table 1). Both loci were found
to be in Hardy-Weinberg equilibrium (Ccl17: x2
= 17.751, P = 0.665, df = 21; Ei8: x> = 21.185,
P = 0.131, df = 15). Tests for linkage disequi-
librium also were nonsignificant (P = 0.312; x2
= 28.775, df = 30).

Likelihood analyses indicated two of the
three clutches (94a and 94Q) exhibited single
paternity, with one father being over 2200 times
more likely than two in 94« and over 34 times
more likely in 94Q (Table 2). Single paternity
also was suggested by there being only one or
two paternally derived alleles at each locus
across hatchlings within each family (Table 1).
For the third family, 94U, one father was im-
possible because at least three paternal alleles
were present at Ccl117 (Table 1). In this clutch,
two fathers were 11 times more likely than three
(Table 2).

The chance of deciding that two males sired
a clutch, when a single male is actually the fa-
ther, is small. For a sample of 15 offspring, the
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error rate is 2.4% and falls to 2.2% for a sample
of 20. This error probability continues to drop,
though not to zero, as the sample clutch size
increases. When there are actually two sires, our
analysis has moderate to high power to detect
the second male. When one male sires 90% of
the offspring in a clutch, the power to detect
the second male is estimated to be 64.9% for a
sample of 15 and 73.2% for a sample of 20
hatchlings. When the proportion fertilized by
the first male drops to 80%, the power to detect
the second male rises to 83.4% for 15 and
87.4% for 20 offspring. When the two males
have an equal chance of siring each offspring,
the estimated power is 91.2% for 15 and 92.6%
for 20 offspring samples. Because our smallest
sample contained 20 hatchlings, we are confi-
dent that we can detect multiple paternity ex-
cept when success is extremely skewed between
fathers. The power to detect the second male
does not increase to 100% even if clutch size is
infinitely large, because it is possible for two
males to have identical genotypes.

DiscussION

One of three loggerhead clutches was deter-
mined to have been sired by multiple males
when analyzed with microsatellites, whereas two
of the clutches were singly sired. It is possible
that multiple paternity may not be all that com-
mon in loggerheads, as was suggested by the lev-
el of multiple mating Harry and Briscoe (1988)
found in a much larger sample of loggerheads.
A larger sample size and more loci would be
needed to better characterize the proportion of
multiple paternity in the Florida loggerheads.

The rate at which multiple paternity is ob-
served in any study may also be influenced by
the population sex ratio. Because sex in sea tur-
tles is determined by the temperature at which
the eggs incubate, in unusually warm seasons,
the sex ratio of hatchlings is skewed in favor o.
females (Standora and Spotila, 1985). Hatch-
ling and juvenile loggerhead sex ratios have
been found to be strongly female-biased along
the coast of Florida (Wibbels et al., 1991; Mro-
sovsky and Provancha, 1992), but the sex ratio
of breeding adults is unknown.

To calculate the likelihood ratios, we assumed
that males and females come from the same
population. Female sea turtles (Meylan et al,,
1990; Bowen et al., 1993) and male green turtles
(FitzSimmons et al., 1997) exhibit natal philo-
patry. However, male-mediated gene flow (Karl
et al., 1992) could occur at feeding grounds or
along migration routes where individuals from
different rookeries mix (or ‘“overlap”). This

—
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could result in male allele frequencies that are
different from those of females. The degree of
gene flow between loggerhead populations
along the Atlantic coast is unknown. The small
sample of paternally derived alleles in this study
is a subset of those described in the 26 females
sampled; thus, we have no evidence that the fe-
males mated with males from another popula-
tion. The sample size of paternal alleles needs
to be much larger before we can test this as-
sumption.

As many sea turtle populations decline, it be-
comes increasingly important to improve our
understanding of their population dynamics to
take appropriate conservation measures. Partic-
ularly important for understanding the relation-
ship between sex ratio, mating systems, and
population viability for sea turtles is to examine
the relationship between multiple paternity and
fitness for multiple species and to compare mat-
ing systems and productivity for populations
with different sex ratios.

ACKNOWLEDGMENTS

This work is part of a larger project supported
by a grant from the National Science Founda-
tion (DEB-9322544) to P. Parker. Lab work was
performed at Ohio State University College of
Biological Sciences under Animal Protocol
93A0027. We thank T. Peare for overseeing col-
lection of blood samples. We also thank A. Pe-
terka and R. Morse for aid in collecting samples
and the anonymous reviewers for helpful com-
ments on this manuscript.

LITERATURE CITED

BOOTH, J., AND J. A. PETERS. 1972. Behavioural studies
on the green turtle (Chelonia mydas) in the sea.
Anim. Behav. 20:808-812.

BoweN, B,, J. C. Avisg, J. I. RICHARDSON, A. B. MEYLAN,
D. MARGARITOULIS, AND S. R. HOPKINS-MURPHY.
1993. Population structure of loggerhead turtles
(Caretta caretta) in the northwestern Atlantic Ocean
and Mediterranean Sea. Conserv. Biol. 7:834-844.

ELsTON, R. C, AND J. STEWART. 1971. A general mod-
el for the genetic analysis of pedigree data. Human
Hered. 21:523-542.

FitzSimmons, N. N., C. Moritz, AND S. S. MOORE.
1995. Conservation and dynamics of microsatellite
loci over 300 million years of marine turtle evolu-
tion. Mol. Biol. Evol. 12:432-440.

, C. ]J. Limpus, J. A. NORMAN, A. R. GOLDIZEN,
J- D. MILLER, AND C. MoriTz. 1997. Philopatry of
male marine turtles inferred from mitochondrial
DNA markers. Proc. Natl. Acad. Sci. USA 94:8912-
8917.

HARRY, J. L., AND D. A. BriscoE. 1988. Multiple pa-




478

ternity in the loggerhead turtle (Caretta caretta). J.
Hered. 79:96-99.

KaRL, S. A., B. W. BOWEN, AND J. C. AvisE. 1992. Glob-
al population genetic structure and male-mediated
gene flow in the green turtle (Chelonia mydas):
RFLP analyses of anonymous nuclear loci. Genetics
131:163-173.

LANGE, K., aND R. C. ELsTON. 1975. Extensions to
pedigree analysis. I. Likelihood calculations for sim-
ple and complex pedigrees. Human Hered. 25:95-
105.

Livpus, C. J. 1993. The green turtle, Chelonia mydas,
in Queensland: breeding males in the Southern
Great Barrier Reef. Wildl. Res. 20:513-523.

LONGMIRE, ]. L., A. W. LEws, N. C. BRowN, J. M. Buck-
INGHAM, L. M. CLARK, M. D. JONES, L. ]J. MEINKE, ].
MEYNE, R. L. RATCLIFF, F. A. RAY, R. P. WAGNER, AND
R. K. Movyzis. 1988. Isolation and molecular char-
acterization of a highly polymorphic centromeric
tandem repeat in the family Falconidae. Genomics
2:14-24.

MEYLAN, A. B., B. W. BOWEN, AND J. C. Avist. 1990. A
genetic test of the natal homing versus social facil-
itation models for green turtle migration. Science
248:724-727.

MROSOVSKY, N., AND J. PROVANCHA. 1992. Sex ratio of

COPEIA, 1999, NO. 2

hatchling loggerhead sea turtles: data and estimates
from a 5-year study. Can. J. Zool. 70:530-538.

MurprHY, T. M., AND S. R. HoPkiNs. 1984. Aerial and
ground surveys of marine turtle nesting beaches in
the southeast region. U.S. Report NA83-GA-C-
00021. National Marine Fisheries Service, Southeast
Fisheries Center, Miami, FL.

STANDORA, E. A, AND J. R. SpoTiLA. 1985. Tempera-
ture dependent sex determination in sea turtles.
Copeia 1985:711-722.

ULRICH, G. F.,, AND A. S. PARKES. 1978. The green sea
turtle (Chelonia mydas): further observations on
breeding in captivity. J. Zool. (Lond.) 185:237-251.

WiBBLES, T., R. E. MARTIN, D. W. OWENS, AND M. S.
AMoss. 1991. Female-biased sex ratio of immature
loggerhead sea turtles inhabiting the Atlantic coast-
al waters of Florida. Can. J. Zool. 69:2973-2977.

(JLB, JR, PGP) DEPARTMENT OF ZOOLOGY, OHIO
STATE UNIVERSITY, 1735 NEIL AVENUE, COLUM-
BUS, OHIO 43210; AND (MEI) DEPARTMENT OF
StAaTISTICS, OHIO STATE UNIVERSITY, 1958
NEIL AVENUE, CorLumBus, OHIO 43210. E-
mail: (JLB) bollmer.1@osu.edu. Send reprint
requests to JLB. Submitted: 8 Oct. 1997. Ac-
cepted: 16 Aug. 1998. Section editor: J. R.
Gold.



	Article Contents
	p. [475]
	p. 476
	p. 477
	p. 478

	Issue Table of Contents
	Copeia, Vol. 1999, No. 2 (May 7, 1999), pp. 251-550
	Front Matter
	Assemblage Structure and Habitat Associations of Western Caribbean Gobies (Teleostei: Gobiidae) [pp.  251 - 266]
	Phylogeography of a Wide-Ranging Desert Lizard, Gambelia wislizenii (Crotaphytidae) [pp.  267 - 273]
	Glue Secretion and Adhesion by Larvae of Sailfin Shiner (Pteronotropis hypselopterus) [pp.  274 - 280]
	Natural Hybridization among Distantly Related Toads (Bufo alvarius, Bufo cognatus, Bufo woodhousii) in Central Arizona [pp.  281 - 286]
	Geographic Distribution of Chromosome and Microsatellite DNA Polymorphisms in Oncorhynchus mykiss Native to Western Washington [pp.  287 - 298]
	Is Temperature Independence of Digestive Efficiency an Experimental Artifact in Lizards? A Test Using the Common Flat Lizard (Platysaurus intermedius) [pp.  299 - 303]
	Prey Capture by the Pacific Angel Shark, Squatina californica: Visually Mediated Strikes and Ambush-Site Characteristics [pp.  304 - 312]
	African Dwarf Crocodiles in the Likouala Swamp Forests of the Congo Basin: Habitat, Density, and Nesting [pp.  313 - 320]
	Habitat Use and Association of Native and Nonnative Fishes in the San Juan River, New Mexico and Utah [pp.  321 - 332]
	Nightly Timing of Chorusing by Male Barking Treefrogs (Hyla gratiosa): The Influence of Female Arrival and Energy [pp.  333 - 347]
	Reproductive Biology and Growth of the Temperate Damselfish Parma microlepis [pp.  348 - 361]
	New Species of Diminutive Scincid Lizard (Squamata; Lygosominae: Sphenomorphus) from Luzon Island, Republic of the Philippines [pp.  362 - 370]
	Habitat Separation of Prickly Sculpin, Cottus asper, and Coastrange Sculpin, Cottus aleuticus, in the Mainstem Smith River, Northwestern California [pp.  371 - 375]
	New Snake (Tropidophis) from Western Cuba [pp.  376 - 381]
	Cyprinodon bobmilleri: New Species of Pupfish from Nuevo León, México (Pisces: Cyprinodontidae) [pp.  382 - 387]
	Revision of Bolivian Apostolepis (Squamata: Colubridae) [pp.  388 - 409]
	New Species of Gymnotus (Gymnotiformes, Teleostei) from Southeastern Brazil: Toward the Deconstruction of Gymnotus carapo [pp.  410 - 421]
	New Species of the Eleutherodactylus unistrigatus Group (Amphibia: Anura: Leptodactylidae) from Montane Rain Forest of Bolivia [pp.  422 - 427]
	Ambophthalmos eurystigmatephoros: A New Species of Fathead Sculpin (Scorpaeniformes: Psychrolutidae) from New Zealand [pp.  428 - 433]
	New Species of Myoglanis (Siluriformes, Pimelodidae) from the Río Amazonas, Peru [pp.  434 - 438]
	Two New Eviota Species from the Hawaiian Islands (Teleostei: Gobiidae) [pp.  439 - 446]
	New Species of Haemulon (Teleostei: Haemulidae) from the Northeastern Brazilian Coast [pp.  447 - 452]
	Revision of the Genus Gonorynchus Scopoli, 1777 (Teleostei: Ostariophysi) [pp.  453 - 469]
	Shorter Contributions
	Phylogenetic Affinities of Pygmy Sunfishes (Elassoma) Inferred from Mitochondrial DNA Sequences [pp.  470 - 474]
	Multiple Paternity in Loggerhead Turtle Clutches [pp.  475 - 478]
	Male Ontogeny and Size-Related Variation in Mass Allocation of Bluenose Shiners (Pteronotropis welaka) [pp.  479 - 486]
	Validation of <sup>22</sup>Sodium Turnover in Estimating Sodium and Food Intake in an Amphibian (Bufo marinus) [pp.  487 - 490]
	Masculinization of Spawning Channel Catfish in the Red River of the North [pp.  491 - 494]
	Ecosystem Engineering by a Tropical Tadpole: Density-Dependent Effects on Habitat Structure and Larval Growth Rates [pp.  495 - 500]
	Cytogenetic Characterization of Sea Trout (Salmo trutta) from Poland [pp.  501 - 505]
	Comparison between Release Vocalizations Emitted during Artificial and Conspecific Amplexus in Bufo americanus [pp.  506 - 508]
	Influence of Simulated Tidal Changes in Ambient Salinity on Routine Metabolic Rate in Cyprinodon variegatus [pp.  509 - 514]
	Diet Composition of Three Anurans from the Playa Wetlands of Northwest Texas [pp.  515 - 520]
	Corroboration of the Bivalve, Pinna rugosa, as a Host of the Pacific Pearlfish, Encheliophis dubius (Ophidiiformes: Carapidae), in the Gulf of California, México [pp.  521 - 522]
	Diet of the Red Hills Salamander Phaeognathus hubrichti [pp.  523 - 525]
	Rate of Protein Synthesis of the Harderian Gland of a Skink, Hemiergis decresiensis: A Preliminary Study [pp.  526 - 528]
	Taxonomic Status of Rhadinaea pinicola Mertens (Serpentes: Colubridae) [pp.  529 - 530]
	Repeated Injections of TTX Do Not Affect TTX Resistance or Growth in the Garter Snake Thamnophis sirtalis [pp.  531 - 535]

	Book Reviews
	untitled [pp.  536 - 538]
	untitled [pp.  538 - 540]
	untitled [pp.  540 - 541]
	Books Received [pp.  542 - 544]

	Editorial Notes and News [pp.  545 - 546]
	Back Matter [pp.  547 - 550]



