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Abstract

Multiple mating has clear fitness benefits for males, but uncertain benefits and costs for
females. We tested for indirect genetic benefits of polyandry in a natural population, by
using data from a long-term genetic and demographic study of lemon sharks (Negaprion
brevirostris) at Bimini, Bahamas. To do so, we followed the fates of individuals from six
cohorts (450 age-0 and 254 age-1 fish) in relation to their individual level of genetic variation,
and whether they were from polyandrous or monoandrous litters. We find that offspring
from polyandrous litters did not have a greater genetic diversity or greater survival than did
the offspring of monoandrous litters. We also find no evidence of positive associations
between individual offspring genetic diversity metrics and our surrogate measure of fitness
(i.e. survival). In fact, age-1 individuals with fewer heterozygous microsatellite loci and
more genetically similar parents were more likely to survive to age-2. Thus, polyandry in
female lemon sharks does not appear to be adaptive from the perspective of indirect genetic
benefits to offspring. It may instead be the result of convenience polyandry, whereby
females mate multiply to avoid harassment by males. Our inability to find indirect genetic
benefits of polyandry despite detailed pedigree and survival information suggests the need
for similar assessments in other natural populations.
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Introduction

Multiple mating has long been known to provide fitness
benefits to males (Bateman 1948), but the potential benefits
to females are more controversial (i.e. polyandry; Birkhead
2000; Tregenza & Wedell 2000; Fedorka & Mousseau 2002).
Females produce a limited number of ova, and so a single
mating event often assures fertilization, whereas the phy-
sical act of mating may impose additional costs. Increased
susceptibility to predation, physical injury, disease, and
energetic loss are all potential female mating costs (Daly
1978; Blanckenhorn et al. 2002). In some species, these
direct costs to mothers may be offset by direct benefits to
offspring, such as increased parental care, nuptial gifts,
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protection, or access to territories (Arnqvist & Nilsson
2000; Wiklund et al. 2001). In other species, however, males
contribute no material resources other than sperm (e.g.
Pearse & Avise 2001), and here, multiple mating can be
more difficult to explain. Furthermore, although multiple
mating by females often leads to several males con-
tributing paternity to a single litter (polyandry), this is not
always the case (monoandry). Thus, we here define
female multiple mating as the act of mating more than
once in a single breeding season (either with the same
male or different males), and polyandry as multiple males
contributing to a female’s litter.

One potential explanation for female multiple mating
in these resource-free mating systems is indirect genetic
benefits, such as greater genetic compatibility between
parents, ‘good genes’, or increased genetic variability of
offspring (Zeh & Zeh 2001; Neff & Pitcher 2005). Such
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benefits may produce offspring of higher genetic quality,
thus increasing their survivorship or subsequent repro-
ductive success (Zeh & Zeh 2001). Indirect genetic benefits
have now been demonstrated in a broad range of taxa
(Pearse & Avise 2001; Fedorka & Mousseau 2002; Foerster
et al. 2003; Blouin-Demers et al. 2005), although their form
and prevalence in nature remains controversial (Jennions
& Petrie 2000; Brown et al. 2004; Lee & Hays 2004; Fitze
et al. 2005; Kleven & Lifjeld 2005; Akcay & Roughgarden
2007). This controversy arises, at least in part, from most
previous studies failing to effectively eliminate potential
direct benefits (Jennions & Petrie 2000). Another problem
is that viable alternatives are rarely considered. For
example, multiple mating by females may simply be the
result of coercion by males (Lee & Hays 2004; Fitze et al.
2005). In such cases, multiple mating may provide no
benefit to offspring but instead function as a means by
which females avoid excessive harassment. We attempt
to address these issues by testing for indirect genetic ben-
efits of polyandry in lemon sharks (Negaprion brevirostris),
a species where direct benefits are absent and harassment
is likely.

Indirect genetic benefits of polyandry might be tested
by assessing whether offspring from litters sired by a
single male differ in fitness from those sired by multiple
males. Such experiments have shown that polyandry can
enhance offspring survival in artificial settings (Fedorka &
Mousseau 2002; Dunn et al. 2005; Ivy & Sakaluk 2005), but tests
in natural populations are rare (but see Garant et al. 2005).
Another possibility is to test whether the genetic diversity
or genetic similarity of parents influences offspring viabil-
ity (Birkhead 2000; Tregenza & Wedell 2000). Indeed, pre-
vious studies in birds have shown that females increase
offspring heterozygosity and fitness through extra-pair
matings (for example see Foerster et al. 2003). Finally, one
can directly test whether individual offspring with low
genetic diversity differ in fitness from those with high
genetic diversity (Brown & Brown 1998; Kruuk et al. 2002).
Here, many studies of wild vertebrate populations have
reported associations between genetic diversity and key
fitness components (Lieutenant-Gosselin & Bernatchez
2006), such as reproductive success (Slate et al. 2000;
Charpentier et al. 2005) and juvenile survival (Coltman
et al. 1998; Coulson et al. 1999; Garant et al. 2005).

Tests for relationships between genetic diversity and fit-
ness in natural populations have recently been improved
through the development of new multilocus genetic diver-
sity metrics for individuals (Coltman & Slate 2003). One
metric is the proportion of heterozygous microsatellite loci
within an individual, and referred to here as ‘standardized
multilocus heterozygosity” (sMLH; Coltman et al. 1999).
Another metricis the relatedness of an individual’s parents
(Duarte et al. 2003), but this method can only be used with
genetic information on both parents. If such information is

lacking, one can use ‘internal relatedness’ (IR), a direct
derivative of Queller & Goodnight’s (1989) relatedness
coefficient, but with shared rare alleles weighted more
heavily than common alleles (Amos et al. 2001). Recent
work, however, has brought into question the accuracy of
these two widely used multilocus estimators of genetic
diversity. Aparicio etal. (2006) suggest that although
sMLH does partly correct for bias among loci, it also
ignores allele frequency. Similarly, IR is thought to under-
estimate heterozygosity of individuals carrying rare alle-
les. Thus, a new metric, homozygosity by loci (HL), has
been developed, which avoids these problems by weighing
the contribution of each locus to the homozygosity index
depending on their allelic variability (Aparicio et al. 2006).
We employ all of these genetic diversity metrics in the
present study in order to compare their relative efficiency.

Polyandry in sharks

Sharks provide an interesting natural system for exploring
the relationship between genetic variation and fitness
because many species exhibit a combination of highly
polygamous mating (Feldheim et al. 2001a; Saville et al.
2002; Daly Engel et al. 2006) and breeding site fidelity (i.e.
philopatry; Hueter et al. 2005), with the latter increasing the
chances of inbreeding. The pervasiveness of polyandry in
most sharks studied to date has led some authors to
suggest that this behaviour provides fitness benefits to
females (Feldheim et al. 2004; Daly Engel et al. 2006). Any
such benefits would have to be indirect because female
sharks and their offspring do not receive direct material
benefits from males, although females may mate multiply
simply to guard against male infertility or sperm depletion.
Moreover, any indirect benefits would likely have to be
strong because mating costs seem likely: a male will grip a
female’s fin and trunk with his teeth, sometimes resulting
in large areas of torn or missing flesh (Pratt Jr & Carrier
2001). Female sharks are also subject to cloacal injuries
inflicted by intromittent organs (Pratt Jr & Carrier 2001),
and these deep cuts have the potential to cause extensive
blood loss and infection. If indirect benefits are found to be
lacking, then a likely alternative is that females engage in
multiple mating simply to reduce the costs of coercion by
males (Portnoy et al. 2007).

The lemon shark is a large, placentally viviparous coastal
species. Itis found in the western Atlantic from New Jersey
to Brazil, in coastal Atlantic waters off of West Africa, and
in the eastern Pacific from Baja California to Colombia
(Compagno 1984). Adult females of this species use shallow-
water nursery areas for mating and parturition, and
give birth to between 4 and 18 juvenile pups every 2 years
(Feldheim et al. 2002). We have intensively studied one
such nursery site (Bimini, Bahamas) every year since 1995.
The enclosed nature of the Bimini nursery lagoon allows
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for a remarkable sampling efficiency of offspring in each
year, with a very high proportion of these individuals
then recaptured in subsequent years (Gruber et al. 2001;
DiBattista et al. 2007). The nursery lagoon serves as both
a mating and birthing ground, and recent genetic studies
have found that pregnant females exhibit philopatry to this
site (Feldheim et al. 2002; Feldheim et al. 2004). Past work
has also shown that females mate with multiple males, but
that males rarely mate with multiple females (Feldheim
et al. 2004).

Predictions

If polyandry in the Bimini lemon shark population confers
indirect genetic benefits to offspring, then several predictions
might hold. First, offspring from polyandrous litters might
have higher survival than offspring from monoandrous
litters. Second, offspring from polyandrous litters might
have higher genetic diversity than offspring from mono-
androus litters. Third, more genetically diverse offspring
might survive at a higher rate. Genetic pedigree reconstruc-
tion in this population allows us to categorize each litter as
monoandrous or polyandrous, and to estimate the genetic
diversity of individual offspring. Detailed mark-recapture
data for juveniles then allows us to examine whether these
genetic properties are related to offspring survival.

Materials and methods

Field data

Bimini, Bahamas (25°44'N, 79°16'W), is a mangrove-fringed
chain of islands located 85 km east of Miami, Florida. The
Bimini islands enclose a 21-km?2 shallow lagoon (0-120 cm
deep at low tide) that serves as a nursery site for approx-
imately 300 juvenile and sub-adult lemon sharks
(Morrissey & Gruber 1993). Each year since 1995, approxim-
ately 99% of the juveniles have been captured in two
areas of the Bimini lagoon: North Sound and Sharkland
(Gruber et al. 2001). This exhaustive sampling allows for
the accurate and unbiased estimation of mortality, which
is 44% between age-0 and age-1, and 45% between age-1 and
age-2 (DiBattista et al. 2007). These mortality rates should
provide an excellent opportunity to test whether juvenile
survivorship is related to polyandry and genetic diversity.

Sampling takes place just after pupping by adult females.
Newborn and juvenile sharks are captured in 180-m long
x 2-m deep gill nets (Manire & Gruber 1991). Sub-adult
(males: 70-175 cm; females: 70-185 cm) and adults (males
> 175 cm, females > 185 cm; Compagno 1984) are captured
using rod and reel or longline fishing gear. When feasible,
each shark is weighed (kilograms), measured for precaudal
length (PCL, tip of snout to precaudal pit in millimetres;
Compagno 1984), and tagged intramuscularly with an
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individually coded passive integrated transponder (PIT)
tag. Each subsequent time a shark is captured, we record
its tag number and again measure its length and mass. A
small piece (2 mm?) of fin tissue is taken from every shark
for subsequent DNA extraction. The present study focuses
on pedigree data of newborn and juvenile sharks sampled
from 1995 to 2000 (Table 1).

The following methods allowed us to assign ages to 704
of 774 sampled juvenile sharks (450 age-0 and 254 age-1),
with the remainder excluded from analyses. Umbilical
status was used to identify newborn (age-0) sharks in 1997
through 2000. The open umbilical scar slowly closes during
the first few months of life, enabling age-0 sharks to be
distinguished from other year classes. Age-0 sharks in
these samples were always less than 52 cm PCL, and so we
used this as a conservative cut-off point to identify age-0
sharks when umbilical status was not recorded (1995 and
1996). For the few sharks caught for the first time at age-1
or age-2, we determined the year of birth (and therefore
age) based on length measurements and an average
annual growth rate at Bimini of 5.2-7.1 cm (Barker et al.
2005). For individuals where the above method yielded
ambiguous results (e.g. near an age cut-off), microsatellite
analyses were used to match individuals of unknown age
to their siblings of known age (for details see below and
Feldheim et al. 2004).

Survival in the first (age-0 to age-1) and second (age-1 to
age-2) year of life was estimated by recaptures in the nursery
area between 1996 and 2005. If a shark survived from
age-Otoage-1, and did not emigrate during that interval, we
had a 0.99 probability of recapturing it at age-1 (DiBattista
et al. 2007). If a shark survived from age-1 to age-2, and did
not emigrate during that interval, we had a 0.92 probability
of recapturing it at age-2 (DiBattista et al. 2007). Moreover,
numerous lines of evidence indicate that very few sharks
emigrate from the study site before age-2: (i) telemetry
studies reveal high site fidelity and limited movement
(Morrissey & Gruber 1993); (ii) juvenile sharks displaced
4-16 km from their observed home ranges returned
97% of the time (Edrén & Gruber 2005); and (iii) age-0 and
age-1 sharks are rarely captured outside of the nursery area
(Gruber et al. 2001; DiBattista et al. 2007). For all of these
reasons, we are confident that tagged sharks not recap-
tured after a given interval had died during that interval.

Genetic data

Genomic DNA was extracted from fin samples with a
salting-out protocol (Sunnucks & Hales 1996). Samples
were then genotyped with nine dinucleotide microsatellite
primer pairs. Microsatellite screening and polymerase
chain reaction (PCR) amplification conditions are described
elsewhere (Feldheim et al. 2001b; Feldheim et al. 2002).
Multilocus genotypes were obtained for a minimum of



786 J. D. DiBATTISTA ET AL.

Table 1 Summary of newborn (age-0) and

Genetically Genetically age-1juvenile lemon sharks caught, tagged,
assigned or assigned or and genetically analysed, including annual
Captured reconstructed  reconstructed = Both parents  survival rates to age-1 or age-2
Cohort sharks (N)* Survivalt motherst fathers} genotyped
Age-0 sharks§
1995 83 0.59 0.95 0.82 0.82
1996 41 0.63 1.00 0.71 0.71
1997 96 0.55 0.97 0.71 0.71
1998 66 0.56 0.99 0.88 0.88
1999 95 0.61 0.95 0.71 0.71
2000 68 0.49 0.97 0.62 0.62
Total 450 0.57 0.97 0.74 0.74
Age-1 sharks§
1996 50 0.64 0.96 0.76 0.76
1997 35 0.54 0.97 0.66 0.66
1998 58 0.53 0.99 0.78 0.78
1999 41 0.42 0.98 0.83 0.83
2000 70 0.41 0.98 0.73 0.73
Total 254 0.50 0.98 0.75 0.75

*All sharks caught were genotyped for at least seven of nine microsatellite loci; tsurvival
represents the proportion of individuals surviving to age-1 (for age-0 sharks) or age-2

(for age-1 sharks); fproportion of individuals with genetically assigned or genetically
reconstructed mothers and fathers; §fish ages are the first year of life (age-0) and the second

year of life (age-1).

seven loci for all juvenile sharks (Table 1). Deviations from
Hardy-Weinberg and linkage equilibrium were tested
in GENEPOP version 3.4d (Raymond & Rousset 1995; see
Appendix I). The presence of null alleles was examined
by using MICRO-CHECKER version 2.2.3 (van Oosterhout
et al. 2004).

Parentage analysis was based on two steps. We first
used the maximume-likelihood program cervus version 2.0
(Marshall et al. 1998) to assign individual offspring to the
few candidate parents that we were able to catch (i.e. eight
adult females and five adult males, see Feldheim et al.
2002). We considered both a relaxed (80%) and strict (95%)
confidence level in cervus, and included any parents
assigned under these criteria. However, for the remaining,
unassigned offspring (87% and 85% of age-0 and age-1
sharks, respectively), we constructed progeny arrays between
all pairs of newborn sharks within a cohort, thus revealing
full- and half-sibling groups (i.e. KINsHIP 1.3; Goodnight &
Queller 1999). These groups were then used to manually
reconstruct the genotypes of parents that we had not
been able to catch (for more details see Feldheim et al. 2002,
2004). In this way, we were able to genetically assign or
reconstruct 97% of the mothers of age-0 sharks and 98% of
the mothers of age-1 sharks (Table 1). Paternal reconstruc-
tion was less successful (74% and 75% for age-0 and age-1
sharks, respectively), but we were usually able to ascertain
when multiple fathers sired a litter (Feldheim et al. 2004).
The mean number of fathers per litter was 2.086 + 0.083,

with a range of one to four. Furthermore, there was little
evidence of within-litter reproductive skew. On average, in
litters with two fathers, one male sired the majority of the
offspring (66%), but in litters sired by three or more sires,
no one male sired the majority of the offspring (see Fig. 1).
Based on a pedigree reconstructed using the above
methods, we classified each female’s litter as having been
fertilized by a single male (monoandry) or by several males
(polyandry). Litters in which we sampled two or fewer
juveniles (5 out of 86 litters) were excluded because of the
difficulty of inferring multiple paternity. We also ignored
multiple mating by males within years — because this was
the case for less than 6% of the parental males. Finally,
because some mating events may not produce offspring,
our results directly inform the genetic consequences of
female polyandry, which may or may not closely reflect
the fitness consequences of female multiple mating.
Hypothesis testing was based on several different
measures of offspring genetic diversity that have proven
useful in other natural populations of vertebrates (e.g.
Garant et al. 2005; Aparicio et al. 2006; Da Silva et al. 2006).
First, we calculated sMLH for each individual, which
measures the proportion of loci that are heterozygous,
weighted at each locus by the expected heterozygosity
(Coltman et al. 1999). Not all individuals were typed at the
same number of loci — and so sMLH values were standard-
ized through division by the maximum value observed at
thatlocus, which reduces the influence of highly polymorphic
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Fig.1 Mean paternal contribution within litters of newborn
lemon sharks, expressed as the proportion of offspring sired +
1 SEM. Litters are sired by either one (N = 17), two (N = 42), three
(N=20), or four males (N =2); the first father (black bars)
represents males siring the largest proportion of offspring within
each litter, the second father (dark grey bars) represents males
siring the second largest proportion, third fathers (light grey bars)
sire the third largest proportion, and fourth fathers (open bars) sire
the fourth largest proportion.

loci (see Amos et al. 2001). Second, we calculated IR, which
estimates the relatedness of each individual’s parents
and thus the relative level of inbreeding. This metric is
adapted from Queller & Goodnight’s (1989) relatedness
coefficient, and it measures the genetic correlation between
alleles at a locus within an individual, using population
allele frequencies as a weighting factor (Amos et al. 2001).
When calculated across multiple loci, IR values are approx-
imately normally distributed around a mean of zero, with
negative (positive) values suggesting relatively ‘outbred’
(“inbred”) individuals (Amos et al. 2001). Third, we calcu-
lated HL, which weights the contribution of each locus to
the homozygosity index depending on their allelic vari-
ability (Aparicio et al. 2006); similar to IR, higher values are
indicative of increased homozygosity, and thus lower
genetic diversity.

To ensure that IR provides an accurate reflection of
parental relatedness, we estimated the relationship coef-
ficient between all genetically assigned or reconstructed
parents in our data set by using Goodnight & Queller’s
(1999) software program KinsHIP 1.3. The reference popu-
lation used to calculate allele frequencies in these analyses
was all the individuals caught over the course of the study.
We then calculated the correlation between relatedness
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coefficients obtained in KINsHIP, and IR estimated for those
offspring of each parental pair. In both age-0 and age-1
sharks, positive correlations were evident (age-0, r = 0.46,
P <0.0001; age-1, r =0.42, P <0.0001), and subsequent
analyses based on both metrics were similar (despite a
smaller sample size for relatedness coefficients: N = 306 or
178 for age-0 and age-1 juveniles, respectively), thus only
IR values are reported here. This also suggests that IR
provides a reasonable surrogate for parental relatedness
in matings for which relatedness cannot be calculated
directly.

Statistical analyses

Means are presented as + 1 SEM and o = 0.05. Most data
(molecular metrics and survival values) did not conform to
a normal distribution, even after transformations. When
testing for the benefits of polyandry, we therefore used
randomization tests with 10 000 permutations, as implem-
ented in RESAMPLING version 1.3 (Hovell 2002). This
program compares the proportion of times data randomly
reshuffled between all treatment groups gives an effect
(i.e. t or F-value) greater than that of the original dataset.
For our first prediction, we used this approach to test
whether survival rates differ between the offspring of
monoandrous vs. polyandrous litters. For our second pre-
diction, we used it to test whether average genetic diversity
differs between monoandrous vs. polyandrous litters. No
significant survival or genetic diversity differences were
detected among cohorts, and so data from 1995 to 2000
were pooled for all analyses. However, age-0 and age-1 sharks
were analysed separately because some individuals were
in both data sets, which were therefore not independent.

Our third prediction was that more genetically diverse
offspring would survive at a higher rate. Here, we analysed
relationships between each genetic diversity metric
(sMLH, IR, HL) and individual survival in separate
logistic regression models with binomial error structures
(e.g. Da Silva et al. 2006). Potential effects of relevant
variables on survival were first considered: sex, cohort,
population density (i.e. number of unique individuals
caught each year), and relative condition factor (calculated
as 10 000 mass PCL-%, where b is the slope of the regression
line of log,;, mass on log,, PCL for the entire data set; see
Schulte-Hostedde et al. 2005). Logistic regressions exclude
individuals that are missing data for one or more variables,
and so we adopted a two-step procedure. First, all of the
non-genetic terms, which were known for most individuals,
were fit to the model for age-0 to age-1 survival and (sep-
arately) to the model for age-1 to age-2 survival. The
non-genetic full models were then reduced by removing
each nonsignificant term. Genetic terms were then added
individually to the reduced models. All interactions were
nonsignificant and thus not reported here.
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Fig.2 Mean survival of monoandrous (1 sire; N=17) and
polyandrous (2, 3, or 4 sires; N = 64) litters. Survival represents the
mean proportion of individuals within each litter surviving to
age-1 (for age-0 sharks) or age-2 (for age-1 sharks). All values are
means + 1 SEM.

Results

The microsatellite loci exhibited high heterozygosity (H:
0.537-0.950) and allelic diversity, with 540 alleles per locus
(see Appendix I). Three loci showed Hardy—Weinberg
deficits (LS11, P <0.001; LS15, P = 0.011; LS22, P = 0.036)
and all pairs of loci were out of linkage equilibria (all
P < 0.05). Feldheim et al. (2002) found similar results, and
attributed these departures from neutrality to sampling

a large proportion of siblings. The fact that we found no
evidence of null alleles (P > 0.05 in all cases), and that we
sampled a single localized juvenile population (i.e. pro-
nounced sibling structure, but no Wahlund effect), supports
this assertion.

We found no genetic or survival differences between
monoandrous and polyandrous litters. Most obviously,
the proportion of offspring within a litter that survived to
age-1 or age-2 was not significantly different between
monoandrous and polyandrous litters (survival to age-1,
t =0.044, d.f. =80, P = 0.97; survival to age-2, t = -0.87,
d.f. =80, P =0.39; Fig. 2). Similarly, within-litter sMLH
(t=0.402, d.f.=80, P=0.69), IR (t=-0.90, d.f. =80,
P =0.37),and HL (t = -0.28, d.f. = 80, P = 0.79) did not differ
between monoandrous and polyandrous litters (Fig. 3).
We also failed to find any relationship between the
number of males siring a litter (i.e. one to four males)
and the proportion of offspring that survived (survival to
age-1: Fs,so =0.58, P=0.77; survival to age-2: Fs,so =0.82,
P =0.39), within-litter genetic diversity (sSMLH: F; g, = 0.45,
P =0.74), parental relatedness (IR: F; 4, = 0.71, P = 0.56),
or HL (F34,=0.31, P =0.89). The moderate sample
sizes in these analyses may have limited statistical sig-
nificance in these comparisons, but biological significance
also seems lacking given that effect sizes were very small
(d < 0.2 in all cases). We did, however, find that polyan-
drous litters were significantly larger than monoandrous
ones (t =3.16, d.f. =80, P = 0.002), and that litter size
increased as a function of the number of sires (Fs,so =591,
P =0.001).

HL was highly correlated with both sMLH (age-0 data
set: ¥ =-0.97, P < 0.001; age-1 data set: r =-0.97, P < 0.001)
and IR (age-0 data set: r = 0.94, P <0.001; age-1 data set:

Il Monoandrous litters

@) I Monoandrous litters (b) Il Monoandrous litters (© )
1.1, [ Polyandrous litters 0.060- L1 Polyandrous litters 0.26- L Polyandrous litters
1.0 4 - 0.0554 0.244
T 0.9 4 0.050 0.22 T
= | 0.204
3 08 T oo 2 o018
z o7 = 0.040- z
= 7 4 0 164
S © 0.035- 2 018
& 0.6+ 5 & 0.14
5 05 g 00307 Z o012
L 054 = B 0.12
B 2 0,025 S
3 § 00204 £ 0.08-
= 084 < 0.015- 2
Z . 0.06 1
= 024 0.010 0.04
0.1 0.005- 0.02-
0.0 0.000 0.00
Litter type Litter type Litter type

Fig. 3 Mean standardized multilocus heterozygosity (sMLH; a), internal relatedness (IR; b), or homozygosity by loci (HL; c) of
monoandrous (1 sire; N = 17) and polyandrous (2, 3, or 4 sires; N = 64) litters. All genetic diversity metrics were calculated among offspring
for each litter, and then averaged over all litters for each treatment group (i.e. monoandry vs. polyandry). All values are means + 1 SEM.
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Table 2 Logistic regression models of

Model terms* d.f. Wald statistic (x2) Coefficient (SE) P value juvenile survival to age-1 (N =450) or
age-2 (N =254)

Age-0 sharks

Non-genetic terms

Cohort 5 3.63 3.63 (8.21) 0.60

Sex 1 0.35 -0.11 (0.19) 0.56

CFt 1 0.43 -0.52 (0.79) 0.51

Pop. density 5 0.22 -3.83 (8.21) 0.64

Genetic terms

sMLH 1 1.52 —0.68 (0.55) 0.22

IR 1 1.10 0.66 (0.64) 0.30

HL 1 1.26 0.85 (0.75) 0.26

Age-1 sharks

Non-genetic terms

Cohort 4 7.93 —0.34 (0.46) 0.094

Sex 1 5.86 -0.63 (0.26) 0.0161

CFt 1 0.12 —0.43 (1.26) 0.73

Pop. density 4 7.69 —-0.97 (0.44) 0.10

Genetic terms

sMLH 1 492 -1.56 (0.70) 0.027%

IR 1 5.49 1.92 (0.82) 0.019%

HL 1 3.96 1.89 (0.95) 0.046%

*Abbreviations: mean standardized multilocus heterozygosity (sSMLH); internal relatedness
(IR); homozygosity by loci (HL); relative condition factor (CF). Relative condition factor
was calculated as 10 000 mass PCL-, where b is the slope of the regression line of log; ,mass
on log;, PCL for the entire data set (age-0: b = 2.83, 7 = 0.72; age-1: b = 2.77, r = 0.88).

{Significant effects are shown in bold.

r=0.93, P <0.001), and did not provide qualitatively
different results. Given that HL is supposed to provide
comparatively more statistical power for a given sample
size compared to existing metrics, agreement in our results
reinforces the robustness of our genetic diversity findings.

The probability of survival for individuals was related
to few potential predictor variables. For the age-0 model,
survival to age-1 was not influenced by non-genetic
terms (Table 2), nor by sMLH (P = 0.20), IR (P = 0.28), or
HL (P = 0.26). For the age-1 model, the only non-genetic
effect was that males had higher survival than females
(P =0.032). Interestingly, survival decreased for individuals
with higher sMLH (P = 0.027), but lower IR (P = 0.019) and
HL (P = 0.046). This suggests that age-1 offspring are more
likely to survive to age-2 if they are less genetically diverse.
When each locus was considered separately, however,
the two least variable loci (LS54 and LS75, each with five
alleles) appeared to drive this result (Table 3), with the
remaining loci not significant and variable in the direction
of their respective correlations.

Finally, we tested whether the genetic diversity of
individuals was correlated with their size at age-1 (i.e. PCL)
or with their first year growth (expressed as centimetres
grown in a year). Spearman’s rank order correlations
revealed that more genetically diverse and less inbred indi-
viduals were larger at age-1 (sMLH vs. PCL: r =0.15,
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P =0.015;IR vs. PCL: r =-0.14, P = 0.027, HL vs. PCL: r =-0.12,
P =0.043) and grew faster (SMLH vs. growth: » =0.16,
P =0.023; IR vs. growth: r=-0.17, P=0.017; HL vs.
growth: r = -0.13, P = 0.037). These correlations potentially
help explain the lower survival of more genetically diverse
individuals, because larger and faster growing individuals
have a lower probability of juvenile survival at Bimini
(DiBattista et al. 2007).

Discussion

We examined mating patterns (i.e. polyandry), genetic
diversity, and fitness (i.e. survival) in a natural population
of lemon sharks. In contrast to recent studies in other taxa
(Garant et al. 2005; Ivy & Sakaluk 2005; Fisher et al. 2006),
we find no evidence of indirect genetic benefits for 1- and
2-year-old offspring from polyandrous females.

Polyandry and indirect genetic benefits

Polyandry is a common phenomenon in elasmobranchs
(Feldheim et al. 2001a; Saville et al. 2002; Daly Engel ef al.
2006; but see Chapman et al. 2004). The lemon shark, in
particular, is highly polyandrous (Feldheim et al. 2004),
and we identified litters with up to four fathers. With few
exceptions, females produced offspring with a particular
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Table 3 Logistic regression model for the

P value Coefficient P value Coefficient  effects of single-locus heterozygosity
Locus (survival to age-1) (SE) (survival to age-2) (SE) (HET), internal relatedness (IR), or homozy-
gosity by loci (HL) on juvenile survival
LS11 HET 0.29 0.15 (0.14) 0.93 0.016 (0.19)  to age-1 (N =450) or age-2 (N =254). To
IR 0.31 -0.15 (0.15) 0.94 -0.016 (0.20)  isolate individual effects, significance
HL 0.29 -0.21 (0.20) 0.93 -0.023(0.27)  was assessed by including all loci in the
LS15 HET 0.64 -0.091 (0.19) 0.16 -0.38 (0.26) model, and then sequential]y removing
IR 0.65 0.089 (0.19) 0.074 0.48 (0.27)  terms. All P values were Bonferroni adjusted
HL 0.64 0.11 (0.24) 0.16 0.47(0.33) to account for multiple comparisons.
LS22 HET 0.51 0.17 (0.27) 0.23 -0.45(0.38)  Interactions with all non-genetic terms
IR 0.52 -0.17 (0.27) 0.23 046 (0.38)  considered in this study (cohort, sex,
HL 0.51 -0.19 (0.29) 0.23 0.50 (0.42)  relative condition factor, and population
LS30 HET 0.37 -0.13 (0.14) 0.62 0.093 (0.19) density) were not significant and thus not
IR 0.35 0.14 (0.15) 0.52 -0.13 (0.20) presented in this table
HL 037 0.18 (0.20) 0.62 ~0.13 (0.27)
1548  HET 0.33 ~0.41 (0.42) 0.80 ~0.13 (0.50)
IR 0.34 0.40 (0.42) 0.76 0.15 (0.50)
HL 0.33 0.43 (0.44) 0.80 0.13 (0.53)
1S54  HET 0.26 ~0.12 (0.10) 0.032* ~0.30 (0.14)
IR 0.39 0.10 (0.12) 0.014* 0.39 (0.16)
HL 0.26 0.22 (0.19) 0.032* 0.55 (0.25)
LS75  HET 0.48 ~0.10 (0.14) 0.057 ~0.36 (0.19)
IR 0.53 0.091 (0.14) 0.041* 0.39 (0.19)
HL 0.48 0.14 (0.20) 0.057 0.52 (0.28)
LS52  HET 0.72 0.14 (0.38) 0.60 ~0.27 (0.53)
IR 0.71 ~0.15 (0.38) 0.61 0.27 (0.52)
HL 0.72 ~0.15 (0.41) 0.60 0.29 (0.56)
1882  HET 0.19 ~0.23(0.17) 0.86 0.040 (0.22)
IR 0.19 0.23 (0.18) 0.88 -0.035 (0.23)
HL 0.19 0.30 (0.23) 0.86 ~0.053 (0.29)

*Significant effects are shown in bold.

male only once, and males rarely contributed offspring to
more than one litter in a given year. Females may therefore
mate with multiple males within a season, or perhaps
different males in different seasons. The latter is possible
owing to sperm storage in paired oviducal glands (Pratt
Jr 1993), where sperm may remain viable for several years
(Pratt Jr & Tanaka 1994). The specific patterns of polyandry
may then be the result of pre- or postcopulatory processes,
with the latter including differential sperm utilization
or investment in particular offspring before parturition
(Eberhard 1996; Neff & Pitcher 2005).

What benefits, if any, might female sharks gain by mating
with more than one male? Direct benefits seem unlikely
given that sharks do not form stable pair bonds after
copulation, do not provide postnatal parental care, and
do not derive material resources from mating (Pratt Jr &
Carrier 2001). Alternatively, females may mate multiply to
guard against infertility or sperm depletion of their mating
partners. This possibility cannot be ruled out given the
strong relationship between litter size and the number
of genetic mating partners detected in this study, as well as
a lack of male reproductive skew. An additional alterna-

tive, and the one that we test here, is that females may gain
an indirect genetic benefit for their offspring. These bene-
fits might relate to genetic compatibility, ‘good genes’, or
genetic variation per se (Zeh & Zeh 2001; Neff & Pitcher
2005). We now consider each of these possibilities in turn,
while also recognizing that they are not mutually exclusive.

First, polyandrous females increase the chances of obtain-
ing a genetically compatible (i.e. dissimilar) male (Tregenza
& Wedell 2000; Zeh & Zeh 2001; Neff & Pitcher 2005).
Females might then bias paternity towards that male, or
preferentially provision that male’s offspring (Tregenza
& Wedell 2000), which should then increase offspring
survival. Under this scenario, offspring from polyandrous
litters should have less related parents and higher survival,
which was not the case in our study (Figs 2 and 3). In fact,
survival from age-1 to age-2 was higher for juveniles with
more genetically similar parents (Table 2), although this
result was mostly based on only two loci (see below). We
must also caution that we cannot assess incompatibility
effects based on other genes, such as the major histocom-
patibility complex (Jennions & Petrie 2000), or effects that
manifest themselves during gestation.
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A second hypothesis is that polyandrous females bias
paternity or investment towards the best male or the best
offspring. The difference from the previous hypothesis is
that females here benefit from specific good genes (additive
genetic effects), rather than genetic compatibility (nonad-
ditive genetic effects; Birkhead & Moller 1992). Under this
hypothesis, we would predict that (i) there should be
reproductive skew in polyandrous litters with ‘genetically
superior’ males siring the majority of young, and (ii) those
males should produce offspring with the highest fitness.
As with the genetic compatibility hypothesis, we find little
support for good genes benefits. Although one male sired
the majority of offspring (66%) in litters with only two
fathers, males did not contribute a disproportionate
amount of offspring to increasingly polyandrous litters
(i.e. three or four sires, see Fig. 1). Furthermore, within all
polyandrous litters, offspring survival was no different
between males that sired the largest proportion of the litter,
and all other contributing males (P > 0.385 in all cases, data
not shown). Although our results fail to support the good
genes hypothesis, we cannot completely rule it out. For
example, females may preferentially mate with males that
are homozygous for particular genes, which may also
explain the observed positive association between offspring
homozygosity and survival. Alternatively, females may
obtain good genes that only manifest themselves as repro-
ductive benefits for their sons (sexy-sons hypothesis; see
Neff & Pitcher 2005).

A third hypothesis is that polyandrous females increase
genetic diversity among offspring within a given litter,
which may hedge against uncertain future environmental
conditions (Ridley 1993). That is, by increasing the genetic
diversity of her offspring in a single breeding season, a
female may increase the probability that at least one is
adapted to the current environmental conditions, or is able
to adapt to changing conditions. Under this hypothesis, we
would expect polyandrous litters to have greater genetic
diversity among offspring and to have higher average
survival, neither of which proved to be the case (Figs 2 and
3). We caution, however, that the benefits of polyandry
might only be evident when following a female over her
entire reproductive life, which is often prohibitive for long
lived organisms such as lemon sharks (i.e. mature at 10-
12 years of age, live up to 40 years; Brown & Gruber 1988).

Genetic diversity and survival

Various studies have found positive relationships between
neutral genetic diversity and survival in the wild (Coltman
et al. 1998; Coulson et al. 1999; Foerster et al. 2003; Garant
et al. 2005) — but this was not the case in our study. Many
possible explanations exist for our counter-intuitive finding,
with one being physical linkage between neutral marker
genes and genes experiencing balancing selection (see
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Acevedo-Whitehouse et al. 2006). Our data do not refute
this possibility because two marker loci are clearly having
a stronger effect than the others. However, these loci
were also the least variable, and so high variability at the
other loci may mask a true negative effect (i.e. a greater
proportion of individuals are heterozygous at these loci).

It also remains possible that genetic diversity is correlated
with other (unmeasured) fitness components, such as
embryo survival in utero, survival to adulthood, or lifetime
reproductive success. The first of these possibilities seems
remote given that parental relatedness, and thus the
relative level of inbreeding, is not related to the number of
offspring produced in each lemon shark litter (Feldheim
et al. 2004). The other two possibilities cannot be assessed
owing to the difficulty of tracking these mobile and long-
lived animals. Yet another possibility is that genetic
diversity may show opposite correlations with different
agents of juvenile mortality, such as predation, starvation,
or disease. These offsetting effects may mask overall fitness
effects (Acevedo-Whitehouse et al. 2003), although little is
known about the relative frequency of causes of juvenile
mortality in the lemon shark.

We here suggest that high heterozygosity can also
reduce survival. This might occur in two ways. First, high
heterozygosity per se might influence specific traits in
ways that are detrimental to survival. Indeed, juveniles
with higher heterozygosity generally grow faster and
are larger at age, a relationship often seen in natural popu-
lations (Coltman et al. 1998; Coulson et al. 1998; Pujolar
et al. 2005). In these other taxa, increased growth is thought
to improve fitness but that is not the case here. At Bimini,
fast growth and large size are unequivocally associated
with reduced juvenile survival (DiBattista et al. 2007) —
perhaps because fast growth requires the adoption of
more risky foraging strategies (see Mangel & Stamps 2001).
A second possibility is that higher heterozygosity might
reflect outbreeding depression. This does seem possible
for Bimini lemon sharks because (i) they differ significantly
in growth and size from other lemon shark populations
(Barker et al. 2005; Freitas et al. 2006), and (ii) males
apparently move extensively between nursery sites
(Feldheim et al. 2001b). It is therefore possible that mating
with a genetically different male at Bimini will mean
mating with a male from a different population that carries
genes best suited for a different environment, which
should then reduce offspring survival.

Mate choice, sexual conflict and convenience polyandry

Nothing in our data suggests genetic benefits of polyandry
in female lemon sharks. As noted above, we may simply
have missed benefits evident at other life-history stages or
at other genes. If not, however, we are left with the question
of why female sharks mate multiply. So little is known



792 J. D. DiBATTISTA ET AL.

about the mating behaviour of lemon sharks, or related
species, that we can only speculate as to how much control
females have over mating. Some choice may be possible
given that female sharks in other species can actively
avoid copulation with some males and permit it with
others (Pratt Jr & Carrier 2001). This ability may be limited,
however, because multiple males often breed simul-
taneously with a single female, or forcefully exclude her
from refugia (Pratt Jr & Carrier 2001). If female sharks are
unable to easily control how often and with whom they
mate, sexual conflict and convenience polyandry may
provide a plausible explanation for polyandry. That is,
male sharks may try to maximize their fitness through
coercion, with females accepting superfluous matings to
avoid the costs associated with resistance to aggressive
males (Arnqvist & Nilsson 2000; Brown et al. 2004; Lee &
Hays 2004; Fitze et al. 2005; Portnoy et al. 2007).

Convenience polyandry has been demonstrated for
some insects (Rowe 1992; Weigensberg & Fairbairn 1994),
has been inferred in a reptile (Lee & Hays 2004), and is a
reasonable explanation when females mate multiply with
no obvious benefits and high costs. Thus, female mating
rates may reflect the ‘best-of-a-bad-job” (see Lee & Hays
2004), with male antagonistic traits or behaviour driving
female mating rates away from those that would be
optimum in the absence of harassment. We feel that a key
question in resolving this uncertainty is when the greatest
costs are incurred. If the costs of avoiding harassment are
greater than those during actual mating, then convenience
polyandry would be favoured. If, instead, the costs of
avoiding harassment are less than those during mating,
then convenience polyandry would be disfavoured. Direct
observations of lemon shark mating are needed to infer
potential costs incurred by females.

Conclusion

We found no evidence that polyandry in lemon sharks
provides indirect genetic benefits in the form of increased
juvenile survival. Although we cannot conclusively rule
out the possibility that we missed the most important
period, traits, or genetic markers (see above), it is reassuring
that our results are clearly weaker than those observed in
at least some other studies (Coltman et al. 1998; Coulson
et al. 1999; Foerster et al. 2003; Garant et al. 2005). These
findings leave us with the impression that polyandry may
not provide any benefits for the offspring of female
lemon sharks, suggesting that alternative hypotheses for
the evolution of polyandry warrant further investigation.
Increased monitoring of mating behaviour in our study
population would help in this regard. Thus, our findings
are informative in the context of the mating system of
this and other closely related coastal shark species, but
should be applied with caution to studies examining

indirect genetic benefits in other taxa. Indeed, future work
examining the occurrence of convenience polyandry in
nature and its relationship to mating systems in general,
are needed.
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Appendix I

Summary characteristics for nine dinucleotide microsatellite loci
isolated in the lemon shark (Negaprion brevirostris), based on the
analysis of 574 unique individuals (age-0 and age-1 juveniles)
sampled from Bimini, Bahamas

Size range

Locus N (bp) Ny Hg, Hy

LS11 572 231-341 40 0.651 0.681
LS15 572 154-249 25 0.805 0.814
LS22 574 119-167 18 0.891 0.902
LS30 574 188-232 14 0.679 0.710
LS48 572 176-226 25 0.950 0.942
LS54 571 156-166 5 0.537 0.548
LS75 571 212-222 5 0.679 0.703
LS52 572 160242 37 0.941 0.947
LS82 569 165239 21 0.765 0.762

N, number of individuals successfully typed at a particular locus;
N,, number of alleles scored; H and Hy, observed and expected
heterozygosities, respectively.
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