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Abstract

We here employ 11 microsatellite markers and recently developed litter reconstruction
methods to infer mating system parameters (i.e. polyandry and breeding-site fidelity) at a
lemon shark nursery site in Marquesas Key, Florida. Four hundred and eight juvenile or
subadultsharks were genotyped over eight complete breeding seasons. Using this information,
we were able to infer family structure, as well as fully or partially reconstruct genotypes of
46 mothers and 163 fathers. Multiple litter reconstruction methods were used, and novel
simulations helped define apparent bias and precision of at least some mating system
parameters. For Marquesas Key, we find that adult female lemon sharks display high levels
of polyandry (81% of all litters sampled) and stronger fidelity to the nursery site than do
males. Indeed, few male sharks sired offspring from more than one litter during the course
of the study. These findings were quite similar to previous results from another lemon
shark nursery site (Bimini, Bahamas), suggesting conserved mating system parameters
despite significant variation in early life-history traits (i.e. body size and growth) among
sites. The finding of at least some site fidelity in females also supports the need for careful

conservation of each nursery.
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Introduction

Most long-term studies of animal mating systems in the
wild have focused on just a few model species, or have only
examined a single population within a species (but see
Luyten & Liley 1991; Bollmer et al. 2003). This is unfortunate
because inter- and intraspecific variation in mating system
characteristics can be crucial to effective long-term con-
servation and management, particularly if mating is tailored
to local conditions owing to either selection or plasticity.
For example, the degree of polyandry (i.e. females mating
with multiple males) can influence population-level processes,
such as population growth rate and extinction risk, by
altering genetic variability, the level of inbreeding, and
adaptive potential (for review see Frankham 2005). Polyandry
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can also have individual-level effects by altering average
offspring viability and reproductive success (Zeh & Zeh
2001). As another example, fidelity to specific mating or
breeding grounds has implications for the degree of genetic
(and demographic) connectivity among populations, and
therefore the spatial scale of their management in nature
(Avise 2004; Waples & Gaggiotti 2006). We address these
questions for a taxonomic group (i.e. sharks) where mating
systems have almost never been examined among multiple
nursery sites of a single species.

Our work focuses on the lemon shark, a large, placentally
viviparous coastal species found throughout the western
Atlantic, on the west coast of Africa, and in the Pacific near
Baja California (Compagno 1984). Adult females of this
species use shallow, estuarine nursery areas for both mating
and parturition (Feldheim et al. 2002a). We have previously
described the mating system of this species at one nursery
site, Bimini, Bahamas. In brief, Feldheim et al. (2002a, 2004)
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found that females mated polyandrously and usually
returned to Bimini biennially to give birth. The present
study makes a similar analysis for another lemon shark
nursery at Marquesas Key (MK), Florida.

A comparison of mating system parameters between
these nurseries is particularly informative given that they
are ecologically similar, and yetjuvenile lemon sharks have
very different life histories (Barker et al. 2005). Compared
to Bimini, Marquesas sharks are significantly larger at age
(length: 74 cm vs. 54 cm at age 1) and grow much faster
(20 cm vs. 6 cm between age 0 and age 1). This is surprising
given that these sites were found to form part of one large
panmictic population based on microsatellite analyses
(Feldheim et al. 2001). From an evolutionary perspective,
however, these two nursery sites likely represent separate
populations. In support of this, there appears to be little
contemporary exchange of breeding individuals among
nurseries (J. DiBattista, unpublished data). Large and fast-
growing individuals are also strongly selected against at
Bimini, Bahamas (DiBattista et al. 2007). This argues for local
adaptation in the lemon shark; strong selection may be
maintaining considerable divergence in juvenile size and
growth despite substantial gene flow (e.g. Hendry et al.
2002; Saint-Laurent et al. 2003). Thus, the present study
provides a rare opportunity to examine the extent to which
mating systems are consistent between nursery sites, despite
dramatic differences in traits that might influence selection
on mating parameters.

We aim to specifically examine the two mating system
parameters emphasized above: polyandry and breeding-
site fidelity. With respect to polyandry, this mating strategy
has been identified in several shark species to date. Some
authors have suggested that this behaviour provides indirect
genetic benefits to offspring (Feldheim et al. 2004; Daly
Engel et al. 2007), although a recent explicit test failed to
find supporting evidence (DiBattista etal. 2008). With
respect to nursery-site fidelity, little is known for sharks,
but inferences from recent genetic work suggest that at
least some females return in multiple years to the same
nursery sites (Feldheim et al. 2002a; Feldheim et al. 2004;
Keeney et al. 2005). If this were indeed a general pattern, it
would suggest the need for local conservation and manage-
ment of each nursery — because these sites are important
for offspring survival and growth (Branstetter 1990; Heupel
et al. 2007).

Size and growth differences at juvenile life stages will
influence the length and age at which indeterminately
growing animals mature (see Hutchings 1993). Work in
other taxa has found that early life-history traits, as well as
experience as a juvenile, influence both mating strategies
(e.g. sneaker vs. dominant males, Gross 1991; monoga-
mous vs. polygamous females, Valimaki & Kaitala 2007),
and subsequent reproductive success (e.g. Emlen 1994;
Fleming et al. 1997). Polyandry in particular appears to be

dependent on body size and age, with offspring achieving
larger size and maturing faster, subsequently mating with
more individuals each year (see Valimaki & Kaitala 2007).
Thus, based on this, we might expect a higher proportion
of adult sharks at Marquesas to exhibit polyandrous beha-
viour compared to Bimini sharks. Similarly, the observed
morphological differences among nursery sites may be
indicative of site-specific adaptations to local environmental
conditions (i.e. local adaptation; Taylor 1991), and so in this
case philopatry should be prominent, and site specific.

Genetic methods are particularly important for charac-
terizing the mating system of sharks. Here, direct observa-
tions of mating are often difficult because male and female
sharks do not remain associated following copulation, and
the mother does not remain with her offspring after they
are born (for review, see Pratt & Carrier 2001). Furthermore,
long-term sperm storage in paired oviducal glands suggests
the potential for sperm competition (Pratt 1993; Pratt &
Tanaka 1994). Despite the likely utility of genetic methods
however, they have only been applied to a few shark species,
including nurse sharks (Ginglymostoma cirratum, Saville
et al. 2002), lemon sharks (Negaprion brevirostris, Feldheim
et al. 2002a; Feldheim et al. 2004), sandbar sharks (Carcharhinus
plumbeus, Daly Engel et al. 2006; Daly Engel et al. 2007;
Portnoy et al. 2007), and bonnethead sharks (Sphyrna tiburo,
Chapman et al. 2004). Moreover, these studies have mostly
been based on only a few litters sampled within a single
year (but see Feldheim ef al. 2002a; Feldheim et al. 2004),
and just one study has examined mating systems at more
than one site (Chapman et al. 2004).

With few exceptions (see Saville et al. 2002), any genetic
analyses of shark mating systems are faced with the logistic
constraint of sampling putative parents, owing to their
high vagility. Instead, one must intensively sample and
genotype the offspring cohort, and use these to reconstruct
parental genotypes in order to deduce mating system
parameters (for example see Feldheim et al. 2002a; Feldheim
et al. 2004). Until recently, these analyses were based on
manual litter reconstruction methods or pairwise likelihood
approaches (i.e. KiNnsHIP, Goodnight & Queller 1999). New
genetic algorithms (e.g. coLoNy Wang 2004) have been
developed that use genetic information from all sampled
offspring simultaneously (group-likelihood approach) to
infer family structure, and thus mating system parameters,
even without sampled adults.

In this study, we genetically characterize lemon shark
mating patterns at the MK nursery site using microsatellite
markers and multiple litter reconstruction methods. We
also make comparisons to results for lemon sharks at
Bimini, Bahamas, to determine whether mating systems
are conserved species-wide, or tailored to individual environ-
mental and selective conditions. These analyses are aided
by simulations that inform the ability of our methods to
recover known reproductive parameters (i.e. the proportion
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of polyandrous litters in this case), which also allow, for the
first time, robust comparisons between nursery sites by
placing statistical confidence in our findings.

Materials and methods

Sample collection

Marquesas Key (MK; 24°34.13'N, 82°07.40'W) is a mangrove-
fringed island found in the Florida Keys, approximately
25 km west of Key West. MK encloses a shallow seagrass
lagoon (approximate area: 22 km?2), subdivided by several
deep channels, that serves as a nursery for between 75 and
100 juvenile lemon sharks in any given year (S. Gruber,
unpublished data). MK is also a National Wildlife Refuge
and part of the Florida Keys National Marine Sanctuary;
our study thus provides an opportunity to characterize the
genetic mating patterns of lemon sharks at a relatively
pristine nursery site.

Annual sampling (19982000 and 2002-2006) always took
place soon after pupping by adult females (i.e. between
July and September), and effort varied among years (between
7 and 30 consecutive days). Although sampling was thus
not exhaustive, most juveniles were likely captured in at
least some years given that increased sampling effort did
not lead to increased catches (S. Gruber, unpublished data).
Newborn and juvenile sharks were captured in the lagoon
by using gill nets (180 m long X 2 m deep), as previously
developed and used at our comparison site, Bimini, Bahamas
(see Manire & Gruber 1991). Subadult sharks were captured
with rod and reel fishing gear on the flats, just outside of
the main nursery lagoon. Adult sharks were rarely caught.
When feasible, each shark was weighed (kilograms), meas-
ured for precaudal length (PCL, tip of snout to precaudal pit
in millimetres; Compagno 1984), and tagged intramuscularly
with an individually coded passive integrated transponder
(PIT) tag. Each subsequent time a shark was captured, we
recorded its tag number and again measured its length and
mass. A small (2 mm?) piece of fin tissue was taken from
every shark for subsequent DNA extraction.

Age classification

Most age-0 sharks could be identified based on the presence
of an open umbilical scar, which slowly closes during the
first few months of life. The age of sharks without obvious
umbilical scars was determined based on body length
— because length frequency distributions are almost non-
overlapping between ages (for more details see Barker et al.
2005). For the few individuals near the size threshold
between ages, or suspected to be from older age classes (i.e.
age 3 and up), microsatellite analyses were used to match
individuals of uncertain age to their siblings of known age
(for details see below). Note that age-1 individuals sampled
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in 1998 were used to provide information on family structure
the year before sampling (1997), just as age-1 individuals
sampled in 2002 were used to make some inferences about
the year in which sampling was skipped (2001).

Microsatellite isolation, characterization, and genotyping
procedures

Total genomic DNA was extracted from all fin samples
following a salting-out protocol (Sunnucks & Hales 1996)
and genotyped using a combination of six dinucleotide
microsatellite primer pairs described elsewhere (LS22,
LS30, LS48, 1.S52, LS54, LS75; Feldheim et al. 2002a, b) and
five new tetranucleotide microsatellite loci (see Appendix
S1 and Table S1, Supplementary material). Multilocus
genotypes were generated for a total of 408 lemon sharks
captured during the study period, with all individuals
being typed for at least 10 of 11 loci.

Genotyping errors can be problematic for litter recon-
struction (Hoffman & Amos 2005; but also see Wang 2004).
To minimize such errors, (i) an allelic mobility reference
was constructed for every locus and included in each run
to ensure accurate and consistent scoring (Feldheim et al.
2001), and (ii) any failed polymerase chain reactions (PCR),
or samples with weak banding intensity or homozygous
genotypes, were repeated up to three additional times to
avoid errors due to allelic dropout or false alleles (Taberlet
et al. 1996). We also estimated the rate of potential genotyping
errors as per Hoffman & Amos (2005) by independently
re-genotyping 55 randomly selected individuals at each
locus (13% of all samples), and comparing them to the
original genotypes (Table 52, Supplementary material).
The incidence of detectable PCR amplification errors when
averaging over all 11 loci was 0.0018 errors per reaction
(range: 0-0.02), 0.0045 errors per allele (range: 0-0.05), or
0.0017 errors per single locus genotype (range: 0-0.018).
Furthermore, an independent observer re-scored these
samples in blind fashion, identifying 0.0018 typing errors
per reaction (range: 0-0.02), 0.0045 errors per allele (range:
0-0.05), or 0.0017 errors per single locus genotype (range:
0-0.018). It should be noted that there was a clear bias
among loci; all amplification and scoring errors occurred at
a single locus (LS30). Possible reasons include (i) it was a
dinucleotide repeat, (ii) amplification was inconsistent,
and (iii) scoring was the most difficult. These values are
still considered low however (see Hoffman & Amos 2005)
and therefore used as a reference in later pedigree analyses
described below.

Identification of unintentionally resampled individuals

Of the 419 initially sampled sharks, we found 11 pairs that
had identical composite genotypes, as identified by the
program IDENTITY version 1.1 (Amos 2000). It is unlikely
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that the members of each pair were different individuals
who were genetically identical by chance; the probability of
identity (P, Paetkau & Strobeck 1994) across all individuals
and loci was very low in our data set (P, = 1.11 x 10-15,
single locus range: 0.005-0.23; for comparison see Hoffman
& Amos 2005). Moreover, our power to uniquely identify
related individuals (PI, Paetkau et al. 1995; calculated
using GIMLET version 1.3, Valiere 2002) was very high
(PI, = 1.40 x 10-5, single locus range: 0.28-0.51). Our set
of markers is therefore sufficient to discriminate among
potential unique or duplicate genotypes, and to even
distinguish siblings with high confidence. Thus, the 11
pairs of genetically identical samples were probably sharks
who had been captured twice but had lost their tags
between sampling periods — which occurs at a frequency
of about 12% in lemon sharks at the Bimini site (Feldheim
et al. 2002b). This inference was supported by the fact that
all genetically identical individuals were also phenotypically
similar (sex, size, age). Thus, we had 408 unique individuals
for pedigree analysis.

Litter reconstruction

We inferred sibling groups based on maximum likelihood
as implemented in coLONY version 1.2 (Wang 2004). This
approach uses group-likelihood ratios to partition individuals
into full- and half-sibling families based on multilocus
gene arrays. It also accounts for genotyping errors — we
assumed a rate of 0.02 per locus for both allelic dropouts
and typing errors. Although conservative, given our low
average rate of observed genotyping (0.0017) and scoring
error (0.0017), we feel this is prudent as one of the loci
(LS30) approached 2% error (see Table S2). Inferred sibling
groups, however, were identical when LS30 was removed
from analysis, and so it was included here. In brief, we ran
groups of age-0 sharks in coLONY, separated by year of
birth (i.e. cohorts), to identify possible within-year sibling
groups. Age-0 sharks from each cohort were also run
separately with cohorts from every other year to identify
potential between-year sibling groups. Because convergence
problems can be common with maximum-likelihood
estimation, we performed each analysis three times using
the same information, and obtained identical family
structures in all cases.

COLONY also reconstructs the genotypes of parents for
sibling groups. Here, we accepted parental genotypes
reconstructed with greater than 95% confidence at a locus
— a level based on pilot studies conducted with known
pedigrees (data not shown). Reconstruction also assumed
that maternally related half-siblings were more likely than
half-siblings through the father. Although this may poten-
tially bias our results, or overestimate the level of female
polyandry at MK, previous work at another site (Bimini,
Bahamas) indicates that this is likely not the case (for more

details see Feldheim et al. 2004). Using parentage assign-
ment rather than genotype reconstruction, Feldheim et al.
(2004) identified within and between-year maternally
related half-siblings for all five physically sampled adult
females. Furthermore, complete litters were directly sampled
from two of these females, which again confirmed multiple
paternity (resulting in maternally related half-sibling groups
across years). It should also be noted that our approach
does not preclude the identification of paternal half-sibling
groups, as several were identified during this study. Indeed,
manual litter reconstruction methods that do not make
these assumptions recovered similar patterns (see Results).

We also estimated the degree of polyandry in each year
at MK based on the inferred family structure from coLoNY.
We here define the degree of polyandry as the proportion
of litters with more than one genetic father; this was used
as a reference in all subsequent analyses (see below). At
least three offspring must be analysed to even detect
multiple paternity within litters, and so litters with two or
fewer offspring were excluded from analysis (see Neff &
Pitcher 2002).

Validation of litter reconstruction methods with COLONY

To validate coLoNY for our study system, and to determine
the robustness of polyandry estimates calculated from our
inferred family structure, we ran two types of simulations.
First, we evaluated the effects of sample size on the
measurement of polyandry; that is, the difference between
polyandry estimated for an entire simulated population
and polyandry estimated for a subset of that population.
Second, we evaluated the ability of coLONY to identify the
correct level of polyandry for a set of 'known’ family
groups. These simulations directly inform the probability
of detecting polyandry with our molecular markers, given
a set of realistic population parameters (see below). This is
critical given that the probability of actually detecting
multiple paternity in nature is a function of the sample size,
the power of the markers used, and the possible unequal
genetic contribution of putative sires (see Neff & Pitcher
2002).

Each simulation used the same basic approach. In brief,
we generated 16 litters (i.e. the maximum observed in a year
at MK), and thus 16 females, by first constructing 11-locus
maternal genotypes from the observed allele frequencies
in our population. Each female was then mated to males
whose genotypes were also constructed from the same
allele frequency distribution. In simulations considering
monoandry, each female was mated to only a single male.
In simulations considering polyandry, each female was
mated to between one and four males; the proportion of
females mated with multiple males corresponded to the
proportion of polyandrous litters set for the simulation.
Furthermore, for all litters sired by multiple males, the
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degree of polyandry for each litter (i.e. two, three, or four
fathers) corresponded to the distribution observed in a pre-
viously studied lemon shark population (see Feldheim
et al. 2004). It should be noted that a new male was generated
for each mating event, thus male genotypes were never
used more than once in a simulation. Each mating also
resulted in a number of offspring following a Poisson
distribution (and thus a range of litter sizes), which were
generated from the parental genotypes through Mendelian
inheritance (error was introduced to offspring genotypes at
a rate of 1% to simulate both mutation and genotyping
errors). The exact family structure, and thus all sibling rela-
tionships, was recorded for the entire population in each
simulation, and the “true” level of polyandry was therefore
known.

To first assess the effects of sample size on the inferred
level polyandry (where sample size refers to the number of
sampled offspring), we generated 100 simulated populations
for each different level of polyandry (i.e. the proportion of
litters with multiple sires) ranging from 0% to 100%, increas-
ing by increments of 10%. Each of these populations was
sampled 100 times at all sample sizes as well, ranging from
10 to 110, increasing by increments of 10. This resulted in
1210 000 different comparisons of the level of polyandry in
the whole simulated population vs. the level of polyandry
in the subsample.

To next assess the relative performance of coLoNY in
recovering the correct level of polyandry for known family
groups, we took a similar approach to the above. However,
not all of the simulated populations generated previously
were tested because of an obvious computational time issue
when using coLony. Instead, eight sample sizes ranging
from 10 to 80 (similar to those from our MK data set),
increasing by increments of 10, were surveyed. For each
sample size, 100 simulated populations for each of the 11
previously defined levels of polyandry were generated
using the methods described above. The resulting 8800
data sets were analysed by coLoNY, and the inferred family
structure was then used to estimate the proportion of poly-
androus litters. In rare cases where the population size
was smaller than the requested sample size (38 out of 8800
data sets), the population size was used as the sample size.
The performance of COLONY was approximated by the
variance of the mean polyandry estimate at different sample
sizes, and the deviation of inferred polyandry from the
‘true’ level of polyandry for known family groups.

Congruence with manual litter reconstruction methods

To validate comparisons between our study and previous
work on lemon sharks (i.e. Feldheim et al. 2002a; Feldheim
et al. 2004), we also performed litter construction for MK
using the earlier methods. Specifically, we used KINSHIP
version 1.3 (Goodnight & Queller 1999) to group age-0
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sharks into within- and between-year sibling groups. Often
times, half-siblings matched with their full-sibling groups
in the KINSHIP matrix output, at a confidence level of 99%.
These putative groups were further explored manually to
see whether the genotypes of all members were consistent.
When a maximum of four alleles was found per locus, full-
sibship was assigned to the group. When five or more alleles
were seen at a minimum of two loci, then two or more
groups of half-siblings were distinguished. The inferred
family structure was then used to manually reconstruct the
genotypes of parents that were not physically sampled (for
more details see Feldheim et al. 2002a; Feldheim et al. 2004).
Maternal genotypes were manually reconstructed based
first on two or more groups of half-siblings, followed by
paternal genotypes, which were inferred by splitting these
same half-sibling groups into full-sibling groups based on
shared alleles. Because male genotypes from MK were thus
reconstructed from relatively few newborns, more than
90% were only partially reconstructed in this case. CERVUS
version 2.0 (Marshall et al. 1998) was also used to assign any
remaining offspring to reconstructed parents (only adults
reconstructed at a minimum of six loci were considered)
with both relaxed (80%) and strict (95%) confidence; however,
these analyses provided no additional information (but
were consistent with our results). Results from coLoNy
were compared to the above manual method by calculating
the proportion of offspring assigned to the same father
or mother in each year (i.e. the same full or half-sibling

group).

Results

Genetic mating patterns inferred from cOLONY

Table 1 presents summary details of our family structure
as inferred by coLony (for more detail see Table S3,
Supplementary material). We were unable to assign 15
newborns to either a parent or family group, probably
because we failed to sample any of their siblings. We also
failed to assign families to 13 sampled subadult sharks, which
may have been transient individuals from neighbouring
keys. These 28 individuals were excluded from further
analyses; we now highlight several patterns apparent in
the pedigree.

Mean litter size was 4.29 + 0.24 pups (range: 1-13 pups),
with 46 unique mothers of whom 20 had fully reconstructed
genotypes. We also found 163 unique fathers, of whom
only eight had fully reconstructed genotypes. The greater
difficulty in reconstructing paternal rather than maternal
genotypes was due to the few offspring assigned to indi-
vidual males (2.17 + 0.12). Interestingly, a number of newborn
sharks sampled only a few days apart on opposite sides of
the MK nursery lagoon grouped as full-siblings. This result
suggests that either (i) newborns are quickly capable of
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Table 1 Summary of lemon shark mating system characteristics in the Marquesas Key nursery. All adults identified in this study were
genetically reconstructed from genotypes of sampled offspring, and not physically sampled. The number of adult females and mean
offspring per female can be inferred from the number of litters and mean litter size, respectively. Means values are + 1 SEM

Year Number of sampled offspring Number of litters Mean litter size Adult males Mean offspring per male
1997 20 5 1.60+0.24 7 1.14+0.14
1998 44 10 4.40+0.60 18 244 +0.36
1999 68 15 447 +0.58 34 1.97+£0.24
2000 69 12 5.50+0.70 33 2.063 +0.32
2001 16 7 2.28+0.29 13 1.23+0.12
2002 47 11 4.27+0.38 18 247 £0.31
2003 34 6 5.16 £0.73 12 2.58 £0.51
2004 44 10 440+0.67 17 2.69 +£0.38
2005 18 4 3.75+£0.85 6 2.50 £0.34
2006 20 5 4.00+0.83 8 2.50£0.42
All years 380 85 429+0.24 166 2.17+0.12
using the whole nursery lagoon, despite several deep chan- 1.1 1
nels; or (ii) pregnant females drop pups from the same litter 1.0 1 _ . i o
in different locations. 09 I

Multiple paternity of a given litter was evident in a large g '
number of within-year half-sibling groups related through £ 081 ® ®
the mother. Excluding litters with two or fewer offspring, g 0.7 A °
an average of 81% (95% confidence interval: 56-100%) of all "g_ 06 1 P
the litters sampled had multiple fathers with an average of g 05 | ®
1.95 £ 0.091 sires per litter (range: 14 sires). The estimated §- '
level of polyandry (number of litters with multiple fathers) 2 04 1 1
was highly variable (Fig. 1), although in most years, meas- '% 0.3 1 .
urement error was quite large, and so this may not reflect 2 0.2 L
the true range of values. The 3 years (1999, 2000, 2003) in o 01 - - .
which error was considerably lower (and confidence
higher) show that polyandry was high in general. 0.0 B

-0.1

Females often gave birth in multiple years (22 of 46 inferred
mothers), as evidenced by a number of between-year half-
sibling groups related through the mother (Table S3). Ten of
these mothers produced litters in 2 years, seven produced
litters in 3 years, and five produced litters in 4 years. Of the
22 females that produced litters in multiple years, almost
all did so on a 2-year cycle. One type of exception was
represented by three females who had an odd number of
years between litters (14REC, 11REC, 40 REC). Another
type of exception was represented by females who always
had an even number of years between litters, but this was
sometimes more than 2 years (13REC, 3REC, 9REC, 21REC,
and 8REC). The apparent missing years in the normal 2-
year cycle may reflect females that did not produce litters
in some years, sometimes produced litters elsewhere, or
produced litters that we failed to sample. Regardless, the large
number of females producing litters at MK in more than 1
year provides evidence that at least some females return in
multiple years to the same nursery site (i.e. philopatry).

In contrast to females, males rarely sired offspring in
more than one litter either within or between years (only
1.8% of all males identified; Table S3). Exceptions included

1998 1999 2000 2001 2002 2003 2004 2005 2006
Year

Fig. 1 The degree of polyandrous lemon shark litters in each year
was assessed using the inferred family structure from coLoNy.
Polyandry could not be inferred for litters of two or fewer sampled
juveniles and so these were not considered here, which includes all
litters from 1997. The number of litters considered in each year are
as follows: 1998, 8 (50 offspring); 1999, 11 (71 offspring); 2000, 10
(66 offspring); 2001, 3 (17 offspring); 2002, 10 (49 offspring); 2003,
5 (33 offspring); 2004, 9 (45 offspring); 2005, 3 (15 offspring); 2006,
4 (20 offspring). Error bars represent the 95% confidence intervals
of the mean, which accounts for both the uncertainty in incomplete
sampling of offspring and pedigree reconstruction with coLoNy;
these were estimated from our simulation results based on the
sample size for each year.

one male (RECMale31) who sired pups with female 30REC
(in both 1998 and 2000) and female 16REC (in 1999), and
two males who sired pups with the same female (42REC)
twice (RECMale 98 in 2002 and 2004 and RECMalel30 in
1998 and 2004). These results suggest that males either
move more often among nursery sites or are much more
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abundant than females (i.e. skewed operational sex ratio),
which may influence reproductive success. It also appears
that the few males that did sire offspring on more than one
occasion always did so with the same female, suggesting
that sperm storage behaviour and postcopulatory female
choice may play a role in this system. This is the most par-
simonious explanation given that female lemon sharks
probably do not pair bond with males, or mate with the
same male in multiple years. This idea is also supported by
pedigree data (i.e. 1991-2007) from our comparison study
site (Bimini, Bahamas; J. DiBattista, unpublished data),
where 10 adult females had offspring with the same male
on more than one occasion.

Validation of litter reconstruction methods with cCOLONY

How does sample size influence the estimation of polyandry?
As the sampled proportion of the population increased, so
too did the agreement between polyandry estimated in the
whole simulated population vs. that in the sample (Fig. 2).
In all cases, reduced sampling led to the expectation of
underestimated polyandry, with the extent of underestima-
tion increasing with increasing polyandry. A likely reason
is that a reduction in sampling decreases the number of
sampled offspring per litter, which subsequently decreases
the chance of identifying siblings. Furthermore, as the level
of polyandry in the simulated population increases, so too
does the variance in polyandry estimates among samples
—and this effect is greatest for the smallest sample sizes. In
short, both the bias and precision of polyandry estimates
decreases with increasing sample size and increasing
polyandry levels.

To what extent can COLONY recover the correct level of
polyandry? More precisely, how well does coLONY recon-
struct the population pedigree from which polyandry is
then inferred? To address this question, we compared the
specified level of polyandry in our simulated populations,
vs. the level of polyandry estimated by coLoNy. These
analyses show that coLONY tends to overestimate the ‘true’
level of polyandry in our simulated populations (Fig. 3).
These problems were less acute with an increase in sam-
pling effort and with an increase in polyandry.

Overall, our simulations directly inform the probability
of detecting multiple paternity with coLony based on our
molecular markers, and considering a realistic range of
population parameters (i.e. number of litters, males, litter
size). Thus, it appears that the microsatellite loci selected
here had sufficient genetic resolution to detect polyandry
when present in our study population.

Congruence with manual litter reconstruction methods

Reconstructed family structures based on coLoNY vs. those
based on manual litter reconstruction methods (i.e. along
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with xINsHIP) were generally similar but with some key
differences. For within-year comparisons, the proportion
of offspring assigned to the same maternal sibling-group
by the two methods was high in each year (mean: 93%;
Fig. 4). The proportion of offspring assigned to the same
paternal sibling group by the two methods was lower
(mean: 78%; Fig. 4). For between-year comparisons, the
corresponding values were 83% for maternal sibling groups
but only 38% for paternal sibling groups (results not shown).
The reduced success for paternal relationships is probably
because COLONY assumes polygamy in one sex only, in this
case through the female. This assumption does not preclude
the identification of between-year paternal links (three
were found), although it probably makes their detection
more difficult. Previous work also suggests that coLoNy
has a tendency to split larger families into smaller ones
(Wang 2004; Jones et al. 2007), possibly resulting in some
full-siblings being incorrectly assigned as half-siblings.
This would inflate the number of males identified for each
litter, and could also explain the inconsistency in paternal
relationships between coLONY vs. manual methods.

Discussion

Female lemon sharks display high levels of polyandry and
at least some fidelity to the MK nursery site. Male sharks,
on the other hand, rarely contributed to more than one
litter over the 10 breeding seasons. These general results
are consistent with those documented for another nursery
site in the western Atlantic (Bimini, Bahamas; Feldheim
et al. 2002a; Feldheim et al. 2004). Although this suggests
little geographical variation in mating systems, the level of
confidence in these comparisons requires a consideration
of the biases and precision inherent in the various litter
reconstruction methods. After addressing these considera-
tions, we discuss implications for the conservation and
management of large coastal shark populations.

Validation and congruence of methods

The genetic evaluation of mating systems is difficult when
few adults can be sampled, such as in the case of the lemon
shark. Here, one must rely on the reconstruction of full-and
half-sibling groups based on offspring genotypes. We used
simulations to evaluate how this approach is influenced by
limited sampling and uncertainty in pedigree reconstruc-
tion. With respect to incomplete sampling of progeny, we
found that polyandry was generally underestimated,
particularly when sample sizes were smallest and ‘true’
polyandry was greatest (Fig. 2). With respect to pedigree
reconstruction in cOLONY, polyandry is generally over-
estimated, particularly when sample sizes are smallest and
‘true’ polyandry is lowest (Fig. 3). Although we do not
know the actual number of sharks at our study site, we can
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Fig. 4 Similarity of newborn lemon shark
family structure generated from methods
using COLONY vs. older manual reconstruc-
tion methods using kinsHIP 1.3 (Feldheim
et al. 2004). Similarity is based on the propor-
tion of offspring within each year assigned
to the same full- or half-sibling group (and
- thus the same mother or father). Numbers
in bracket are the number of offspring
sampled (N).

0.0 T T T T T T T
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(8) (80) (71) (66) (17) (49) (33)

Year

approximate this in order to facilitate the interpretation of
our simulations. If we assume that the year in which we
sampled exhaustively (1999) and identified 77 newborns
represents the maximum number of sharks, and this value
remains constant from year to year, then in all other years
we sampled between 10% and 86% of all offspring at our
site. Furthermore, given that the bias and precision from
our simulations appear to be small when at least 75% of the
site is sampled (Figs 2D and 3D, although there always
remains an upward bias in polyandry due to pedigree
reconstruction in COLONY), we can be most confident about
polyandry estimates inferred from 1999 and 2000 (i.e. 100%
and 93% of the population sampled). This suggests that
polyandry at MK approached 90% in at least some years,
but when averaged over all years, the proportion of
polyandrous litters was 81%.

Given the above, comparisons among sites will depend
on the proportion of individuals sampled and the actual
level of polyandry. Such comparisons may also depend on
the precise estimation method, such as when using coLoNY
vs. manual reconstruction. Here, we found that both methods
generated similar maternal family structure but increas-
ingly deviated for paternal family structure, particularly
between years (Fig. 4). This was not surprising given that
our success in reconstructing adult male genotypes was low
owing to the few offspring sired by each male. In general,
paternal genotype reconstruction should improve with

(45)

(15) (20)

nested half-sibling families, increasing sample size, more
markers, and more variable markers (Wang 2004). Given
these uncertainties, we therefore used both methods for
MK and for Bimini. With coLoNY, polyandry was estimated
to be 89% at Bimini (data not shown) and 81% at MK. With
manual reconstruction, polyandry was estimated to be
86% at Bimini (see Feldheim et al. 2004) and 43% at MK
(data not shown). Thus, regardless of the method, lemon
sharks are clearly polyandrous to an extent that is roughly
similar between the sites. It should be noted that at Bimini
sampling is considered exhaustive, with 99% of the offspring
sampled in each year, and some adults are also sampled
(Gruber et al. 2001). Thus, given the lower power of manual
reconstruction methods when sample sizes are more limited
(i.e. MK), we expect that true polyandry levels approach
those estimated by coLoNy, although again, this method
may yield some upward bias.

Genetic polyandry in sharks

Our study adds to previous work in documenting polyandry
in sharks (Saville et al. 2002; Chapman et al. 2004; Daly
Engel et al. 2007). As other examples, the percentage of
multiply sired litters was 19% for a population of bonnet-
heads (Sphyrna tiburo) off the coast of Florida (Chapman
et al. 2004) and 40% for a population of sandbar sharks
(Carcharhinus plumbeus) in Hawaii (Daly Engel et al. 2007).
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These results suggest differences in mating systems among
species, although some of the variation may stem from
different estimation methods, as we have here shown. And
yet, some real variation seems likely given that mating
system variability is common in nature (Endler & Houde
1995), and sharks exhibit a wide array of reproductive
modes ranging from oviparity to viviparity (Dulvy &
Reynolds 1997).

Intraspecific differences in mating systems likely have a
different basis, given that the members of a given species
have (by definition) compatible, and therefore similar,
mating behaviours. Variation among nursery sites may
instead depend on differences in the spatial (for review, see
Westneat & Sherman 1997) and temporal (for review, see
Stutchbury & Morton 1995) availability and quality of
males. Intraspecific variation could also be due to environ-
mental variation in factors such as resources (Travis et al.
1995) or predation (Lodé et al. 2004), although previous
studies have found conflicting evidence. For example,
extra-pair fertilization is influenced by breeding density in
some studies (Ratti et al. 2001), but not others (Soucy &
Travis 2003), and influenced by breeding synchrony in
some studies (Chuang et al. 1999) but not others (Westneat
& Mays 2005). Our study provides an interesting coun-
terpoint to this previous work in that we did not find note-
worthy differences in polyandry between Bimini and MK,
despite divergence in juvenile size and growth rates (both
higher at MK, which is indicative of local adaptation;
Barker et al. 2005). We therefore suggest that it may be just
as interesting to examine the causes of mating system
similarity, despite differences in life history.

One might expect differences in the level of polyandry
between our comparison sites, given the marked divergence
in early life-history traits (i.e. size and growth; Barker et al.
2005), and strong selection acting on these traits in at least
one of the nurseries (DiBattista et al. 2007). It remains possible,
however, that these morphological differences are stage
dependent, only appearing in juvenile sharks. In fact, the
same characteristics that impede the recovery of the lemon
shark from sustained fishing pressure (long generation
times and late age-at-maturity) may also allow for com-
pensatory growth once juvenile sharks become older, expand
their home range, and leave the nursery site altogether.
Thus, small, slow-growing Bimini sharks may grow much
faster once free of the selective pressures inherent to the
Bimini nursery. Similarly, large, fast-growing sharks from
MK may grow slowly once outside the confines of the
nursery lagoon. Mark-recapture data for subadult and
adult lemon sharks from each site would obviously be
critical in this regard by providing growth rate estimates
from older age classes.

Another question, then, is why polyandry is so consistently
high in lemon sharks? Commonly considered possibilities
in other taxa include direct benefits (increased parental care,
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nuptial gifts, or resource allocation; Arnqvist & Nilsson
2000) or indirect benefits (increased genetic compatibility,
good genes, or genetic variability; Neff & Pitcher 2005).
Direct benefits seem unlikely in lemon sharks given the
lack of parental care, nuptial gifts, or male resource defence
(Pratt & Carrier 2001). Moreover, any indirect benefits
would have to be strong because mating females are often
injured when resisting males (Pratt & Carrier 2001). We
have failed to find evidence, however, for indirect benefits
at Bimini based on juvenile survivorship or neutral genetic
diversity, although benefits at other life-history stages or
those based on coding genes cannot be ruled out (DiBattista
etal. 2008). Some of our results also suggest that sperm
storage and postcopulatory female choice may occur in this
species to some degree. It seems more likely, however, that
the majority of female lemon sharks are polyandrous as a
matter of convenience, thus mating multiply simply to
avoid harassment from other aggressive males. This idea is
also indirectly supported by previous genetic work in
sharks (Portnoy et al. 2007), and other vertebrate taxa (Lee
& Hays 2004; Fitze et al. 2005), but has yet to be tested
directly in the lemon shark.

Philopatry to Marquesas Key nursery

Whether or not large coastal sharks show philopatry to
particular nursery sites has important implications for the
spatial scale of management and conservation. One way to
examine such fidelity is through mark-recapture or manual
tracking methods. Data for juvenile sharks, including
those at Bimini (Morrissey & Gruber 1993), indicate they
generally remain in restricted areas (for review see Wiley
& Simpendorfer 2007) and return to these areas after
experimental displacement (Edrén & Gruber 2005). Older
juveniles, however, eventually leave nursery sites and take
up a much more vagile existence, often ranging over vast
areas of ocean (Feldheim et al. 2001). It therefore remains
uncertain whether these adults return to their natal sites for
reproduction, and whether or not they keep returning to a
particular site over multiple years. Tagging data are of little
assistance in this respect because tagged adults are rarely
encountered, and so genetic data are the most practical
solution.

One genetic approach used to infer philopatry is to
examine sex-specific dispersal with mtDNA (e.g. Fitzsim-
mons et al. 1997; Rosel et al. 1999); unfortunately, variation
in this marker is too low to be of use for lemon sharks
(Schultz et al. in review). We therefore argue for the value
of individual-based pedigree analyses in this case, which
can inform philopatry in general by determining whether
particular males or females produce offspring in multiple
reproductive episodes at a single site. Such analyses are
feasible for other shark species found at enclosed sites,
amenable to efficient and repeated standardized sampling.
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Most coastal nursery sites fit these characteristics, and
juveniles from other shark species tend to show nursery-
site fidelity for at least the first year (see Wiley & Simpen-
dorfer 2007). This approach can, and has (e.g. Garant ef al.
2004), been widely applied to other animal systems as well,
which generally do not face the logistic constraint of long
generation times and few sampled adults. Based on
our pedigree analysis, we found that roughly half of the
females, but few of the males, reproduced in multiple years
at MK, and some of these did so many times. These results
parallel those for lemon sharks at Bimini (Feldheim et al.
2002a; Feldheim et al. 2004) and suggest that at least some
females show fidelity to sites for parturition, which means
that different nurseries may be independent in an evolu-
tionary sense. It is important to recognize, however, that
whereas our results infer philopatry in general (i.e. females
returning to sites they used for parturition before), they do
not indicate natal philopatry (i.e. females returning to sites
where they were born to give birth).

Natal philopatry, however, is quite a reasonable expecta-
tion for marine organisms given its prevalence in other
species, such as whales (Goerlitz et al. 2003), turtles (Peare &
Parker 1996), and salmon (Quinn & Dittman 1990), and its
potential fitness advantages for sharks. Indeed, natal
philopatry should evolve if pupping grounds are ‘selected
for” because they are more successful in producing animals
that survive and reproduce than other sites (Hueter ef al.
2005). In such cases, high homing accuracy may facilitate
‘rapid” evolutionary divergence (Hendry & Kinnison
1999). One factor influencing whether a female shark
returns to her natal site to breed or give birth is habitat
patchiness. In such cases, natal philopatry would be
beneficial if high quality breeding or birthing grounds
are scarce, or at least patchy and spatially dispersed (e.g.
Hastings 1983). Alternatively, the degree of natal philopatry
may instead regulate the optimal level of inbreeding at a
site (Weatherhead & Forbes 1994). Consider, however, that
although selection may favour females that return to sites
that were clearly suitable in the past, if conditions change,
natal philopatry may become maladaptive. Given the highly
vagile nature of the adult lemon shark, it remains to be seen
how they might assess the current ecological sustainability
of their natal site (i.e. predation risk, resource availability,
environmental quality), and whether it pays to return there
for parturition, or if it is better to seek out other sites. Either
way, additional information about natal philopatry in sharks
will be important to the determination of the appropriate
spatial scale for management.

We would like to particularly emphasize the importance
of evaluating natal philopatry in the lemon shark. In this
case, natural restocking of females from surrounding areas
would not be expected over ecological timescales following
localized depletion, or damage to a nursery site. Some recent
authors have even suggested that precise natal homing,

combined with local extinctions, can act as an ‘evolutionary
handicap’ by leading to permanent loss of genetic variation
within a species (see Lee et al. 2007). That said, we here
assume that females are the vehicles that transmit genes at
MK nursery site (Avise 1995), and so their fidelity should
define reproductive units, regardless of male behaviour. We
therefore favour local vs. broad-scale management of lemon
shark nurseries in the western Atlantic, with the emphasis
on habitat preservation. Protection of nursery habitats
(see Heupel et al. 2007) is critical as human activities have
drastically altered or degraded a number of coastal areas
commonly used by sharks for pupping (Hueter et al. 2005).

Conclusion

This long-term study advances our knowledge of shark
mating systems. In our case, we found sex-specific breeding
patterns, whereby females returned biennially to MK
nursery to give birth but males were rarely detected more
than once over a 10-year period. We strongly encourage a
localized management approach for lemon shark nurseries
based on these findings. Our comparison between the
two nursery sites also leads us to believe that lemon shark
mating systems are conserved, which is surprising given
the substantial early life-history differences in this case. A
more rigorous treatment of variability in mating patterns
between sites is clearly needed however, as well as an
investigation of the possible role for natal philopatry in this
species.
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based on the analysis of 408 individuals sampled from Marquesas
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