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ABSTRACT: Understanding species’ mating systems provides important information about their
ecology, life history, and behavior. Direct observations of mating behaviors can be challenging,
but molecular techniques can reveal information about mating systems and paternal identity in
difficult-to-observe species such as sea turtles. Genetic markers can be used to assess the pater-
nity of a clutch and to assign hatchlings to a father. Leatherback turtles Dermochelys coriacea
sometimes mate with multiple individuals, resulting in clutches with mixed paternity; however,
the effects of multiple paternity on hatchling quality are unclear. Leatherback hatchlings at Sandy
Point National Wildlife Refuge, St. Croix, US Virgin Islands, exhibit visible variation in individual
body size, sometimes within the same clutch. We collected morphometrics and tissue samples
from hatchlings across multiple nesting seasons (2009, 2012, 2013, 2015, and 2016) and found that
hatchlings exhibited small but statistically significant differences in morphometrics between
years. We used maternal and hatchling microsatellite genotypes to reconstruct paternal geno-
types, assigning fathers to each hatchling. We found multiple paternity in 5 of 17 clutches ana-
lyzed and compared differences in morphometrics between full-siblings with differences between
half-siblings. We found no significant differences between morphometrics of hatchlings from the
same mother but different fathers. We compared within-clutch variances in morphometrics for
clutches with and without multiple paternity and found no significant difference in morphological
variation between them. Therefore, we could not attribute differences in hatchling size within a
clutch to paternal contribution. Understanding other factors affecting hatchling morphology, and
other possible fitness metrics, may reveal insights into the benefits, or lack thereof, of polyandry
in sea turtles.
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1. INTRODUCTION

Investigating relationships between paternity and
offspring fitness can be challenging, as both meas-
urements of fitness and direct observations of pater-
nity can be difficult to obtain in species where indi-
viduals are not easily observed in the wild. However,
molecular techniques can provide insights into pater-
nity and mating systems of hard-to-observe species
(Lee 2008). These types of data indicate that multiple
paternity is a common phenomenon across many taxa
and is found in 50% of non-avian reptile clutches
(Uller & Olsson 2008). The prevalence of multiple
paternity has led to several studies linking offspring
characteristics (e.g. body size, survivorship, genetic
diversity) to multiple paternity and paternal identity
(Kempenaers et al. 1997, Lee & Hays 2004, Thon-
hauser et al. 2014). It has also been hypothesized that
females mate with multiple males to increase genetic
diversity in their offspring or to recover potentially
lost fitness from mating with a low-quality male
(Pearse & Avise 2001, Stewart & Dutton 2014). In-
deed, some data show positive correlations between
multiple paternity and traits used to determine fit-
ness, such as chick survivorship in blue tits Parus
carrulus (Kempenaers et al. 1997) and clutch size in
painted turtles Chrysemys picta (Pearse et al. 2002),
but there has been little evidence for direct or indi-
rect fitness advantages from multiple paternity in
marine turtle species (Lee et al. 2018).

Body size is a trait commonly used to assess the
quality of offspring because it is easily measured in
multiple species. Some evidence supports the ‘bigger
is better’ hypothesis, which suggests that larger off-
spring have an increased chance of survival and re-
production (Bobyn & Brooks 1994, Janzen et al. 2000,
2007, McMahon et al. 2000, Cornioley et al. 2017). For
example, larger southern elephant seal Mirounga
leonina pups are more likely to survive their first year
than smaller individuals (McMahon et al. 2000). Simi-
larly, red-eared slider Trachemys scripta elegans
hatchlings with larger body size have higher recap-
ture rates, indicating lower mortality rates (Janzen et
al. 2000, 2007). Hatchling body size was also found to
be positively correlated with survival in snapping tur-
tles Chelydra serpentina, although this correlation
was only evident when comparing hatchlings from
different mothers (Bobyn & Brooks 1994). Therefore,
offspring body size influences survival in some spe-
cies and may be a practical proxy for fitness. Body
size can also be influenced by paternal identity. For
example, in wandering albatrosses Diomedea exu-
lans, fathers with larger body mass produce larger

chicks, which then have higher survival rates than
those from smaller fathers (Cornioley et al. 2017).

Molecular techniques are useful for inferring the
mating behavior of marine species, which are difficult
to observe in the open ocean (Stewart & Dutton 2014,
Komoroske et al. 2017). One such molecular technique
is microsatellite analysis, which allows us to differen-
tiate even closely related individuals by the fragment
length of repetitive sections of non-coding DNA.
Microsatellite analysis has revealed multiple paternity
as a result of females mating with more than one male
in the same reproductive season in green turtles Che-
lonia mydas (Ireland et al. 2003, Alfaro-Nunez et al.
2015, Chassin-Noria et al. 2017, Joseph et al. 2017),
olive ridleys Lepidochelys olivacea (Jensen et al.
2006, Duran et al. 2015), Kemp's ridleys L. kempii
(Kichler et al. 1999, Frey et al. 2014), hawksbills
Eretmochelys imbricata (Phillips et al. 2013, Gonzalez-
Garza et al. 2015), flatbacks Natator depressus
(Theissinger et al. 2009), loggerheads Caretta caretta
(Moore & Ball 2002, Tedeschi et al. 2014), and leather-
backs Dermochelys coriacea (Crim et al. 2002,
Stewart & Dutton 2011). Stewart & Dutton (2011,
2014) used paternity analysis to reconstruct paternal
genotypes from maternal and hatchling genotypes to
determine annual adult breeding sex ratios for the St.
Croix, US Virgin Islands nesting population of leath-
erbacks. Using molecular techniques to identify male
contribution is critical because sea turtles are often
difficult to capture in the open ocean, and observa-
tions of mating are particularly rare in leatherbacks,
so most assessments are made from nesting females
(Carr & Carr 1986, James et al. 2005). Understanding
male contribution to mating systems of marine turtles
is critical for determining demographic indices such
as population growth and for predicting future popu-
lation trends (Komoroske et al. 2017).

Leatherback hatchlings exhibit phenotypic variation
in morphological traits that may be due to environ-
mental factors, maternal investment, or genetic factors
(Wallace at al. 2006, 2007). For example, differences
in mass ranged from 0.2 to 6.4 g (0.5 to 16.0 % of the
population mean) in leatherback hatchlings from the
same female at Parque Nacional Marino Las Baulas,
Costa Rica (Wallace et al. 2007). Hatchling size was
found to be positively correlated with egg mass in
smooth softshell turtles Apalone mutica (Janzen
1993), and negatively correlated with incubation tem-
perature in all species of sea turtles (Booth & Astill
2001); a combination of maternal and genetic compo-
nents is thought to drive this size variation. Other
studies found a 2 g increase in hatchling mass for
every 10 g increase in egg mass for leatherbacks and
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suggested that variation in the characteristics of
hatchlings was due to interactions between the envi-
ronment and genetic input from one or both parents
(Wallace et al. 2006, 2007). If environmental conditions
are the primary drivers of leatherback hatchling mor-
phological variation at Sandy Point National Wildlife
Refuge (SPNWR), we would expect to see differences
in morphometrics between years, as environmental
conditions such as rainfall and beach erosion are vari-
able between years. However, if genetic input from
one or both parents are the primary drivers for hatch-
ling morphological variation, we would expect to see
no differences in morphometrics between years be-
cause leatherbacks return to the same breeding and
nesting regions throughout their lives, although this
may be confounded by multi-year remigration inter-
vals (McDonald & Dutton 1996).

In this study, we addressed the following objec-
tives: (1) What is the variation in morphology for
leatherback hatchlings at SPNWR, and does it vary
by year? (2) Is morphological variation within a clutch
of leatherback sea turtle hatchlings in multiple pater-
nity clutches related to paternal identity? (3) Do
clutches with multiple paternity have greater mor-
phological variation among hatchlings? If hatchling
body size is related to paternal identity, we would ex-
pect to detect differences in morphometrics between
hatchlings with different fathers from the same
clutch. We would also expect to see greater morpho-
logical variation in multiple paternity clutches, which

inherently have greater allelic diversity from more
contributing parents. To assess these hypotheses, we
(1) characterized body size in leatherback hatchlings
and (2) used microsatellite analysis to better under-
stand potential paternal contribution to hatchling body
size and the relationship between multiple paternity
and body size variation. The answers to these ques-
tions further our understanding of factors that affect
hatchling morphology and demonstrate the utility of
reconstructing paternal genotypes using microsatel-
lite markers.

2. MATERIALS AND METHODS
2.1. Field site

We conducted fieldwork at SPNWR, a beach on a
small peninsula at the southwestern end of St. Croix,
US Virgin Islands. SPNWR (Fig. 1) supports a nesting
population of Atlantic leatherbacks that has been
studied for several decades (Dutton et al. 1999, 2005,
Roden & Dutton 2011, Stewart & Dutton 2014, Garner
et al. 2017). The beach has been under federal pro-
tection since 1984 when it became a refuge and sub-
sequently saw an increase in the leatherback nesting
population until the early 2010s (Dutton et al. 2005,
Garner et al. 2017). Females at SPNWR nest from
March through July, and nests hatch from May
through August. The number of nests laid annually

on SPNWR between 1982 and 2010 ranged

Caribbean Sea

from 72 to 988 (Garner et al. 2017). The
maternal identities for all clutches laid on this
beach are very reliable, as all females are
identified through passive integrated tran-
sponder (PIT) tags, flipper tags, and genetic
analysis. Clutch locations for each observed
clutch are also recorded. We collected mor-
phometrics and/or tissue samples from hatch-
lings that were from the first emergence from
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these nests. Data used in this study were col-
lected over 5 seasons between 2009 and 2016;
a summary of data collection and associated
objectives may be found in Table S1 in
the Supplement at www.int-res.com/articles/
suppl/n041p361_supp.pdf.

2.2. Morphology measurements
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Fig. 1. Sandy Point National Wildlife Refuge, on the southwestern

edge of St. Croix, US Virgin Islands

We collected morphology measurements
from hatchlings during 5 nesting seasons
(2009, 2012, 2013, 2015, 2016). We measured
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mass (g) with a Pesola 100 g spring scale (model no.
10100), straight carapace length (SCL, mm), straight
carapace width (SCW, mm), and body depth (BD, mm)
using vernier calipers (SPI no. 6056449). We calcu-
lated body condition index (BCI) as (mass/SCL?) x
10000 for each hatchling (Bjorndal & Bolten 2000,
Labrada-Martagon et al. 2010).

2.3. Genetic sampling

We collected hatchlings from nests with known
mothers and took skin samples from the trailing
edge of the front flipper using a 2 mm biopsy punch
as described in Dutton & Stewart (2013). We applied
styptic pencil (aluminum sulfate 56 %) to each bi-
opsy site to prevent bleeding and released all
hatchlings within 2 h of collection (Dutton & Stew-
art 2013). We stored skin samples individually in a
saturated salt (NaCl) solution in 96 well Sorensen
PCR plates. We recorded each hatchling's sample
location in the 96 well plate along with its paired
morphology measurements when paired measure-
ments were available. Genetic samples from known
mothers were collected previously (Stewart & Dut-
ton 2014). We kept samples in a —20°C freezer in
the Southwest Fisheries Science Center in La Jolla,
CA, prior to analysis.

2.4. DNA analysis

We genotyped each nesting female and 12 to 24 of
her hatchlings per clutch. A manual salt extraction
(Hillis & Davis 1986, Dutton et al. 1999) was used to
isolate DNA from the hatchling and nesting female
tissue samples including negative control extractions
(without tissue) in each extraction batch to ensure
that the DNA extractions were not contaminated.
The DNA was quantified using a Nanodrop Spectro-
meter or a Victor Fluorometer and then diluted to
4 ng ul™! with Milli-Q water. For each sample, the
DNA was amplified in PCR for 4 microsatellite mark-
ers, DERMO01, DERM02, DERM37, and DERM48 (Al-
stad et al. 2011) in 25 pl reactions in a Thermal Cycler
2720 (PE Applied Biosystems) at temperatures and
run times specific to those markers. The additional
markers LB142 (Roden & Dutton 2011), Cc5C08t, and
Cc5HO7t (Shamblin et al. 2007) were used for a few
clutches for which the DERM primers did not amplify
well. We performed PCR reactions for each of these
primers without DNA (negatives) as controls to check
for contamination between samples. We determined

the genotypes of each sample at each marker using
an ABI Prism 3730 genetic analyzer with ROX500
fluorescent size standard (Applied Biosystems),
scored alleles using GeneMapper v.5.0 (Applied Bio-
systems), and manually verified each allele call. We
replicated 51 sample genotypes to assess genotyping
error rate. We classified hatchling genotypes without
a maternal allele as a genotyping error. In this study,
we also used genetic data from 10 clutches laid in
2009, previously analyzed with similar methods and
published in Stewart & Dutton (2011).

Allele frequencies were calculated from 30 nesting
females (known mothers) genotyped in this study to
assess Hardy-Weinberg equilibrium and heterozy-
gosity for each of the polymorphic loci using the pro-
gram GENEPOP (Raymond & Rousset 1995, Rousset
2008). The probability of detecting multiple paternity
(D) was also calculated from the allele frequencies of
30 nesting females with the formula given in
Westneat et al. (1987). Additionally, we used the for-
mula given in Hanotte et al. (1991) to calculate the
probability that 2 unrelated individuals shared the
same multi-loci genotype due to chance (Q) from the
allele frequencies of 30 nesting females. We also used
the R package 'PopGenReport’ (Adamack & Gruber
2014) to calculate the frequency of null alleles for
each locus with the method described in Chakraborty
et al. (1994). Locus statistics for the 10 clutches from
2009 are reported in the study for which they were
originally analyzed (Stewart & Dutton 2011).

2.5. Multiple paternity analysis

We found that the St. Croix nesting population of
leatherbacks had 8 or more alleles at each of the
genetic markers we used, so we were able to use
these markers to differentiate individuals and assign
parents to hatchlings within this nesting population.
We determined paternal alleles for at least 4 loci in
each of the hatchlings by comparing each hatchling
genotype to that of its mother for each clutch ana-
lyzed. All hatchlings should have at least one mater-
nal allele, so hatchlings without a maternal allele
were not the mother's offspring, had a mutation, or
were incorrectly genotyped. We considered clutches
with more than 2 paternal alleles per locus, for at
least 2 loci, as confirmed cases of multiple paternity
(Stewart & Dutton 2011). The computer program
GERUD 1.0 was used to confirm paternal alleles and
reconstruct paternal genotypes based on paternal
alleles paired with each other at multiple loci (Jones
2001). All paternal genotypes used to assign hatch-
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lings to a father in this study were fully resolved with
the program GERUD 1.0.

We assigned each hatchling in the clutches with
multiple paternity and paired genetic and morpho-
logical data to its father. We identified each hatch-
ling's paternal alleles by excluding maternal alleles
and used each hatchling's paternal alleles to assign it
to a father. This was done at multiple loci to confirm
paternity. We excluded from further analysis those
hatchlings for which we could not clearly determine
paternity.

2.6. Statistical analyses

Hatchling morphology measurements were used to
quantify the overall body size and yearly morpholog-
ical variation of leatherback hatchlings at SPNWR
(Table S1; Objective 1). We used Bartlett's test and
found that our morphometric data did not meet the
assumption of homogeneity of variance. We graphi-
cally evaluated our morphometric data using QQ-
normal plots and found that our data did meet as-
sumptions of normality. Therefore, we used our
untransformed data in downstream analyses. We
evaluated whether there were differences in hatch-
ling mass, SCL, SCW, BD, and BCI between years by
performing ANOVAs. We calculated effect size with
the R package ‘sjstats’ v.0.14.3 (Lidecke 2018). We
also performed principal component analysis (PCA)
to visualize differences in hatchling mass, SCL, SCW,
BD, and BCI by year and to evaluate annual morpho-
logical variation with a statistical method that is not
hypothesis-based.

We evaluated differences in mass, SCL, SCW, BD,
and BCI based on paternal identity between individ-
uals within each clutch that exhibited multiple pater-
nity and had paired genetic and morphological data
(Table S1, Objective 2). We did this by calculating
pairwise differences for each morphological meas-
urement and comparing the mean differences be-
tween full-siblings (n = 143 comparisons) to the mean
differences between half-siblings (n = 165 compari-
sons) with 1-tailed t-tests to determine whether there
were greater differences between half-siblings.

We used hatchling morphological measurements
from both multiple and single paternity clutches to
assess whether multiple paternity increased within-
clutch morphological variation (Table S1, Objective
3). We calculated the variances in mass, SCL, SCW,
BD, and BCI for each clutch and performed 1-tailed
t-tests to determine if mean within-clutch variances
of each morphological value were greater in the 10

clutches with multiple paternity than in the 17 single
paternity clutches (n = 10 to 24 hatchlings clutch™).

We applied a Bonferroni correction for all analyses
(a0 = 0.01) to account for multiple hypothesis tests
(Rice 1989). All analyses were conducted in R v.3.4.4
(R Core Team 2018).

3. RESULTS

3.1. Morphological variation over time
(Objective 1)

We measured 2617 hatchlings from 199 clutches,
with an average of 13 hatchlings clutch~!. Hatchlings
at SPNWR had a mean (+SD) mass of 45.2 + 3.4 g, an
SCL of 59.2 + 2.4 mm, an SCW of 39.7 + 2.2 mm, a BD
of 25.2 + 1.4 mm, and a BCI of 2.19 + 0.24 (g mm™ x
10000) (Fig. 2).

Among years, there were significant differences in
hatchling mass, SCW, BD, and BCI (Table 1, Fig. 3).
There was no significant difference in mean SCL
grouped by year (ANOVA, Fj 10 = 3.47, p = 0.015;
Fig. 3). However, the effect sizes of the significant
differences in morphological measurements between
years were small (Table 1, Fig. 3). The first PCA axis
for the 5 morphological values explained 45.1% of
the covariation in body size (Fig. S1). The PCA
showed that hatchlings did cluster by year but that
the clusters overlapped greatly in PC space. The
loadings of the first 2 principal components are
shown in Table S2.

Mass (g)

Fig. 2. Body size (straight carapace length [SCL] versus mass)

of leatherback turtle hatchlings at Sandy Point National

Wildlife Refuge from 2009, 2012, 2013, and 2016; n = 2617

from 199 clutches. Each point represents 1 hatchling. Dashed

lines: mean mass (45.2 g) and mean SCL (59.2 mm); solid
line: line of best fit (adjusted r? = 0.26, p < 0.001)
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Table 1. ANOVA results examining differences in leather-

back turtle mass, straight carapace length (SCL), straight

carapace width (SCW), body depth (BD), and body condition

index (BCI) among years. Statistically significant p-values
(o0 =0.01 after Bonferroni correction) are in bold

Morpho- F-statistic df p-value Effect
metric size

Mass 37.21 3,2610 <0.001 0.041
SCL 3.47 3,2610 0.015 0.004
SCw 54.77 3, 2586 <0.001 0.060
BD 318.20 3,2581 <0.001 0.270
BCI 37.50 3, 2607 <0.001 0.041

3.2. Paternal identity and morphological variation
(Objective 2)

The microsatellite markers that we used were poly-
morphic in the population of nesting females at
SPNWR; summary statistics for the nesting females
may be found in Table 2. Allelic richness ranged from
10 to 15 alleles, the probability of unrelated in-
dividuals sharing a genotype was Q = 8.81 x 1077
(Hanotte et al. 1991), and the probability of detecting
multiple paternity in this population was D = 0.993
(Westneat et al. 1987). We found low frequencies of
null alleles in all loci, and the genotyping error rates
ranged from 0.06 to 3.0% (Table 2). Single locus
genotype errors were either corrected upon further
examination or excluded from further analysis.

We generated genotypes for 12 to 24 hatchlings
clutch™ from 27 clutches (n = 371 hatchlings geno-
typed). We used 7 to 24 hatchlings clutch™® in the
multiple paternity analysis. We considered 2 or more
paternal genotypes given by GERUD 1.0 that dif-
fered at 2 or more loci as evidence of multiple pater-
nity. We found 3 clutches with multiple paternity
from 2012 and 2 clutches with multiple paternity

Fig. 3. Leatherback turtle hatchling morphological measure-
ments grouped by year: (A) mass, (B) straight carapace
length (SCL), (C) straight carapace width (SCW), (D) body
depth (BD), and (E) body condition index (BCI). Boxplot
parameters: line: median; notch: 95 % confidence interval of
the median; labelled points: mean; box: first and third
quartiles; whiskers: 1.5 times the interquartile range; points:
values outside 1.5 times the interquartile range. Boxes rep-
resenting yearly means with the same lowercase letters
(a—d) above are not statistically different; boxes with differ-
ent letters above are statistically different (Tukey's test, p <
0.05). There were small but significant differences between
years for all morphological measurements except SCL
(ANOVA, p <0.01)

BD (mm)

BCI (g/mm? x 10000)
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Table 2. Characteristics of the 4 polymorphic microsatellite markers calculated
from genotypes of 30 nesting leatherback turtle females. NA: number of alle-

in body size than hatchlings from the
same mother but different fathers.

les; H,: expected heterozygosity; H,: observed heterozygosity; p: p-value gen-
erated using a chi-squared test for Hardy-Weinberg (HW) equilibrium;
q: probability of 2 unrelated individuals sharing a genotype at each locus;

d: probability of detecting multiple paternity at each locus; fn: frequency of

null alleles

3.3. Multiple paternity and
within-clutch morphological

variation (Objective 3)
Locus Range NA H, H, P q d Geno- fn
(bp) (HW) typing error We used multiple and single pater-
rate (%) . .
nity clutches from the analysis above
DERMO1 215-263 11 0.89 0.83 0.17 0.03 0.75 2.959  0.026 as well as 5 multiple paternity clutches
DERMO02 166-222 15 0.88 0.96 0.34 0.03 0.74 1.835 -0.054 and 5 single paternity clutches from
DERM37 145-199 13 0.88 0.81 0.54 0.03 074 2961  0.031 Stewart & Dutton (2011) to assess the
DERM48 338-374 10 0.83 093 047 0.04 063 0.573 -0.069 . .
relationship between the number of

from 2015; the remainder of the clutches were single
paternity. We identified 32 males that mated and suc-
cessfully produced offspring with 26 females in 3 dif-
ferent nesting seasons. The probability of unrelated
male individuals sharing a genotype was Q = 8.81 x
1077 (Hanotte et al. 1991), and thus we are confident
that there were at least 32 distinct breeding males
identified with fully resolved genotypes during the 3
nesting seasons.

For the 5 clutches with multiple paternity and
paired morphological measurements, we assigned
each hatchling to a father based on its paternal alle-
les. There were no significant relationships between
paternal identity and 5 morphological measurements
in leatherback hatchlings. We found no significant
differences among mass, SCL, SCW, BD, or BCI
when comparing differences in morphological meas-
urements between full-siblings (n = 143 compar-
isons) and half-siblings (n = 165 comparisons) in 5
clutches with multiple paternity from 2012 and 2015
(Table 3, Fig. 4). Simply put, hatchlings from the
same mother and father were not closer to each other

Table 3. Statistics from ¢-tests of differences in leatherback

turtle mass, straight carapace length (SCL), straight cara-

pace width (SCW), body depth (BD), and body condition in-

dex (BCI) between full-siblings (n = 143 comparisons) and

half-siblings (n = 165 comparisons) in 5 clutches with multi-

ple paternity. There were no significant differences (o= 0.01
after Bonferroni correction)

Morphometric t-value df p-value
Mass -0.57 302.6 0.715
SCL -0.37 3054 0.644
SCW 0.01 305.7 0.496
BD -1.79 304.4 0.963
BCI 0.88 301.2 0.189

contributing fathers and within-clutch

morphological variation. We calcu-
lated the variances in mass, SCL, SCW, BD, and BCI of
10 clutches with multiple paternity and 17 clutches
with single paternity (Table S3). Multiple paternity
clutches did not have significantly greater variances
than single paternity clutches for mass, SCL, SCW,
BD, or BCI (Table 4).

4. DISCUSSION

In this study, we characterized the variation in
leatherback hatchling morphology at SPNWR, St.
Croix, US Virgin Islands and established a baseline
of hatchling morphometrics for future studies. We
found no evidence that paternal identity is linked to
differences in hatchling body size within the same
clutch. We also demonstrated the use of reconstruc-
ted paternal genotypes to assign hatchlings to a fa-
ther. This technique is useful as it allows researchers
to assess the quantity and quality of males’ offspring
without direct observation of mating. To date, there
have been few published studies to apply multiple
paternity analysis in this way (Lee & Hays 2004,
Stewart & Dutton 2014, Alfaro-Nunez et al. 2015,
Howe et al. 2018).

The hatchlings from SPNWR were 5.1 g heavier
(45.2 £ 3.4 vs. 40.1 = 2.7 g), 2.3 mm longer (SCL; 59.2
+ 2.4 vs. 56.9 + 2.1 mm), and 0.9 mm wider (SCW;
39.7 £ 2.2 vs. 38.8 + 1.8 mm) than hatchlings in the
Pacific Costa Rican population from Parque Las Bau-
las from 2001 to 2004 (Wallace et al. 2007). There
were similar differences in size found between nest-
ing females in the Caribbean (curved carapace
length [CCL] > 150 cm) and in the East Pacific (CCL
<150 cm) (Stewart et al. 2007, Robinson et al. 2017).
These results are consistent with previous findings
that Northwest Atlantic leatherbacks tend to be



368 Endang Species Res 41: 361-372, 2020

151A

10 1

5 1 ‘
2.0 2.0

Pairwise differences
in mass ()

] |
Full Half
Siblingship

21 1.6 15

Pairwise differences
in SCW (mm)
S

oL !
Full Half
Siblingship

061E

0.4 1

0.2 1
015 0.13

Full Half
Siblingship

Pairwise differences in BCI
(g/mm?3 x 10 000)

0.0 1

larger than East Pacific leatherbacks. We also docu-
mented changes in hatchling morphology measure-
ments over multiple years. The largest differences
between yearly means were 1.9 g (mass; 2012 and
2013), 0.5 mm (SCL; 2012 and 2013), 1.3 mm (SCW;
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Fig. 4. Leatherback turtle half-sibling pairs did not have
greater differences than full-sibling pairs in (A) mass (B)
straight carapace length (SCL) (C) straight carapace width
(SCW) (D) body depth (BD) and (E) body condition index
(BCI). Medians are labelled. Boxplot parameters: first quar-
tile, median, third quartile, 1.5 times the interquartile range,
and values outside 1.5 times the interquartile range (points).
Differences between full- and half-siblings were calculated
from the 5 nests with multiple paternity from 2012 and 2015

2009 and 2016), 1.9 mm (BD; 2009 and 2012), and
0.14 (g mm™ x 10000) (BCI; 2012 and 2013), and the
effect sizes for each morphological measurement
were small. The results of the PCA were similarly
ambiguous in that there was visually detectable clus-

Table 4. Mean within-clutch variances of leatherback turtle mass, straight carapace length (SCL), straight carapace width
(SCW), body depth (BD), and body condition index (BCI) and statistics from 1-tailed t-tests to determine if the mean within-
clutch variances of each morphometric were greater in the 10 clutches with multiple paternity (MP) than in the 17 single pater-
nity (SP) clutches (n = 10 to 24 hatchlings clutch™'). There were no significant differences (o = 0.01 after Bonferroni correction)

Morphometric Mean variance of MP clutches = Mean variance of SP clutches t-value df p-value
Mass 5.02 g2 3.33 ¢* 0.87 9.77 0.202
SCL 3.70 mm? 3.69 mm? 0.004 16.50 0.499
SCW 2.42 mm? 2.11 mm? 0.73 19.04 0.237
BD 0.83 mm? 0.70 mm? 0.84 16.15 0.208
BCI 0.03 (g mm~ x 10000)? 0.05 (g mm~ x 10000)? -1.61 19.82 0.938
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tering by year, indicating that there is yearly varia-
tion in hatchling body size, but the clusters had sub-
stantial overlap in PC space, indicating that the dif-
ferences between years are small. The overall
variation between years was small and may not be
biologically significant. However, there were statisti-
cally significant differences among years for all
measurements except SCL. The differences among
years suggest there are non-genetic drivers of mor-
phological variation. Previous studies have shown
that hatchling morphometrics fluctuate with environ-
mental conditions such as temperature and moisture
(McGehee 1990, Booth & Astill 2001). While we did
not measure nest temperature or moisture, future
studies could consider testing these factors as drivers
of morphological variation in hatchlings. There are a
variety of different factors that may affect annual
variation in hatchling morphology at SPNWR. Beach
erosion in this area is highly variable, which may
affect sand moisture in nests, especially near the
high-water line. Hatchling morphology may be influ-
enced by a combination of environmental factors,
maternal investment, and genetics, which may in-
clude paternal contribution (Janzen 1993, Bobyn &
Brooks 1994, Booth & Astill 2001, Finkler 2006, Wal-
lace at al. 2006, 2007).

While we did not find a direct effect of paternal
identity on leatherback hatchling morphological mea-
surements, there may still be some genetic com-
ponent to hatchling morphology contributed by the
father. This has been demonstrated in other species
such as wandering albatross chicks, where larger
fathers produce larger chicks (Cornioley et al. 2017);
however, in that study they were able to measure the
males, while we were not. If paternal identity affec-
ted hatchling body size within a clutch, we would
expect half-siblings to have greater pairwise differ-
ences in morphological measurements than full-
siblings. Although our sample size for the paternal
analysis was small and hatchling morphology may
not be a strong indicator of male contribution in sea
turtles, we did not find greater differences in morpho-
logical measurements between half-siblings. Future
paternal contribution studies could investigate rela-
tionships between paternal identity and other poten-
tial measures of fitness to assess offspring quality. For
example, several studies have found relationships be-
tween hatchling locomotor performance and incuba-
tion temperature, and suggest locomotor performance
as a potential measure of fitness (Maulany et al. 2012,
Booth et al. 2013, Sim et al. 2015, Booth 2017).

Our comparison of within-clutch morphological va-
riation between multiple and single paternity clut-

ches supports the idea that multiple paternity may
not be beneficial to female turtles or their offspring.
Similarly, Howe et al. (2018) found that multiple
paternity did not significantly influence loggerhead
turtle hatchling size or within-clutch size variation.
Previous studies on frogs (Crinia georgiana; Byrne &
Roberts 2000) and wild house mice (Mus musculus;
Thonhauser et al. 2014) also found that multiple
paternity did not increase variation in offspring size.
While we may expect that increasing genetic varia-
tion enables increased phenotypic variation via po-
tentially novel combinations of alleles, this may not
be reflected in hatchling body size. It is possible that
body size at hatching is not a strongly heritable trait
in leatherbacks, as adults have indeterminate growth
(Berry & Shine 1980). Phillips et al. (2017) found that
paternal genetic traits may affect hatching success in
hawksbill turtle clutches, though the authors stressed
that it is not clear how females could exploit this
effect. However, Lee & Hays (2004) and Wright et al.
(2013) found that green turtle females that mated
with multiple males did not have greater reproduc-
tive success than females that mated with a single
male, demonstrating no clear benefit to multiple
paternity in those instances (Lee & Hays 2004, Wright
et al. 2013). A recent review of multiple paternity in
marine turtles found that polyandry generally does
not increase offspring quality, and that females likely
mate with multiple males not because it is beneficial,
but because it is costly to avoid doing so (Lee et al.
2018). In fact, there has been little evidence for wide-
spread direct or indirect fitness advantages from
multiple paternity across taxa, especially in wild pop-
ulations for which breeding cannot be manipulated
(Uller & Olsson 2008). While hatchling body size may
not be a true indicator of hatchling fitness, our find-
ings demonstrate no clear difference between off-
spring from clutches with single and those with mul-
tiple paternity, and indicate that increasing genetic
variation in offspring does not directly affect off-
spring size.

Female turtle reproductive success is often meas-
ured by the quantity of eggs laid, quantity of hatch-
lings that emerged, or by hatching success rate (Wal-
lace et al. 2006), which is possible because biologists
can confirm the maternal identity associated with a
clutch via PIT tags, flipper tags, or genetic identity.
However, paternity of turtle hatchlings is difficult to
measure, as are potential relationships between
hatchling fitness and paternity. We demonstrated that
multiple paternity analyses may be used to assess the
quantity and quality of a male's offspring without the
need to observe cryptic mating events. This informa-
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tion contributes to our understanding about paternal
contribution to potential measures of hatchling
fitness. This technique can be combined with other
techniques such as acoustic telemetry (Thums et al.
2016) to further investigate relationships between pa-
ternal identity and hatchling fitness.

In addition, the genotypes generated by multiple
paternity studies contribute to an understanding of
potential mating patterns, such as relative paternal
contribution to each clutch and the breeding sex
ratios of leatherback populations. We identified 32
males that were active in the breeding population
(mating with 26 females) during 3 yr. While we only
identified a few of the males that successfully mated
from a small proportion of the females that nested in
each year, our preliminary data showed annual vari-
ation in male to female breeding sex ratios. We found
the lowest rate of multiple paternity (0 out of 10) in
2016, which may reflect the low number of females
that nested that year (K. R. Stewart unpubl. data).
Jensen et al. (2006) showed that rates of multiple
paternity in olive ridley turtles were lower when
nesting population density was lower, and Lee et al.
(2018) found that the incidence of multiple paternity
across rookeries of multiple marine turtle species was
tightly correlated with '‘packing density.’

We have shown that it is possible to confidently
assign hatchlings to a father, which can allow resear-
chers to assess male reproductive success (quantity
and quality of offspring) and to compare characteris-
tics of their offspring. Reproductive success data
have been recorded for nesting females for decades,
and moving forward, multiple paternity analysis may
allow us to track reproductive output of individual
males over space and time as well. Understanding
male contribution to offspring quality and quantity is
especially important as warming environmental tem-
peratures threaten to feminize sea turtle populations
(Jensen et al. 2018). Using multiple paternity analysis
to reconstruct male genotypes may help increase our
understanding of the behavior and biology of cryptic
male leatherbacks.

5. CONCLUSIONS

The results of this study indicate that paternal
identity does not have a direct effect on leatherback
hatchling morphology, as we found no significant dif-
ferences in body size between leatherback sea turtle
hatchlings from 2 different fathers but the same mo-
ther. Additionally, multiple paternity did not have

hatchling morphometrics. While a paternal genetic
component to hatchling size may still exist, we were
unable to detect a relationship, possibly due to our
small sample size of multiple paternity clutches. We
did, however, find yearly variation in hatchling mor-
phology. Based on the findings of this study, further
research into genetic and environmental factors that
affect hatchling body size, and other measures of
hatchling quality, would provide insight into condi-
tions affecting endangered leatherback sea turtle
populations.
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