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1.  INTRODUCTION

Species boundaries and hybridization are primary
research areas in conservation, ecology, and evolu-
tionary biology. Hybridization has been reported in
at least 25% of plant and 10% of animal species

(Mallet 2005) and may result in fitness declines
(Arnold & Hodges 1995) as well as the loss of rarer
groups to genetic swamping (Todesco et al. 2016).
However, hybridization may also promote hybrid
vigor (Rhymer & Simberloff 1996) or genetic rescue
by introducing new alleles (Stronen & Paquet 2013).
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ABSTRACT: Hybridization is a fundamental evolutionary and ecological process with significant
conservation ramifications. Sea turtle hybridization occurs at unusually high frequencies along
the northeastern coast of Brazil. To better understand the process, we studied the reproductive
output, migration patterns (through satellite telemetry), and isotopic niches of loggerhead turtles
Caretta caretta and olive ridley turtles Lepidochelys olivacea and their hybrids. We classified 154
nesting females as loggerhead (n = 91), olive ridley (n = 38), or hybrid (n = 25) based on mitochon-
drial and nuclear DNA. Further, we compared nesting female morphological data and reproduc-
tive parameters (clutch size, emergence success, hatchling production, incubation period) of 405
nests among hybrids and parental species. We found no significant differences among the 3
groups when hatchling production was corrected for female body size, indicating that hybrids and
parental species produce similar numbers of hatchlings per clutch. Satellite tracking of 8 post-
nesting hybrid females revealed shared foraging grounds with both parental species, as well as
neritic migrations between foraging and nesting areas similar to those previously reported for log-
gerheads and olive ridleys. Analyses of 13C and 15N isotope values (n = 69) further confirmed this
pattern, as hybrid isotopic niches overlapped extensively with both parental species. Thus, given
the similarities presented between hybrids and their parental species in reproductive, ecological,
and behavioral characteristics, we conclude that these hybrids may persist along with other sea
turtle nesting populations in the area, with research and conservation implications.
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Hybrids may occupy ecological niches and fulfill
roles of one or both parental taxa, either supporting
food webs that included depleted parental popula-
tions, or outcompeting the parental species (Stronen
& Paquet 2013). Given the varied possible outcomes,
there is a clear need for research and monitoring of
this process.

Hybridization has been reported among most of
the hard-shelled sea turtle species (Cheloniidae),
although usually at very low rates within populations
(Bowen & Karl 2007). Most articles that report
hybridization have 1 or 2 hybrid individuals or a few
hatchlings within a clutch, with the caveat that the
low incidence could be an artifact of inappropriate
genetic markers used for hybrid identification in
 previous research (Bowen & Karl 2007). In Brazil,
however, mitochondrial and nuclear DNA studies re -
vealed unusually high rates of sea turtle hybri di -
zation at major loggerhead Caretta caretta and
hawksbill Eretmochelys imbricata nesting grounds in
the northeastern state of Bahia (Lara-Ruiz et al. 2006,
Bowen & Karl 2007, Vilaça et al. 2012). Loggerhead
and hawksbill hybrids, for example, remarkably con-
stitute 30−40% of the nesting population there,
potentially representing significant conservation
concerns. Relative to their parental species, logger-
head × hawksbill hybrids had similar reproductive
parameters (clutch size, emergence success, incu -
bation period, hatchling production, observed clutch
frequency, observed annual production, observed
breeding frequency, observed total production; Soa -
res et al. 2017) and exhibited no decreased fitness as
expressed by hatchling viability or hybrid break-
down (Soares et al. 2018).

The migratory patterns of sea turtle species and
their hybrids have been the subject of recent satellite
tracking research. In Brazil, loggerhead turtles were
found to forage off the northern coast (Marcovaldi et
al. 2010). In contrast, hawksbill feeding areas occur
off the northeastern state of Bahia in coral reef eco-
systems, while hawksbill × loggerhead hybrids were
found to forage only in the northern areas used by
the loggerheads (Marcovaldi et al. 2012). In morpho-
logically assigned olive ridleys, on the other hand, a
range of migratory movements were reported, in -
cluding migrations to the north and south, and to
coastal and offshore areas within and outside the
Brazilian exclusive economic zone (da Silva et al.
2011, Santos et al. 2019).

Loggerheads and olive ridleys are the most common
nesters in the northeastern states of Bahia and
Sergipe in Brazil, where they are nevertheless na -
tionally classified as ‘in danger,’ while being listed as

‘Vulnerable’ globally by the International Union for
the Conservation of Nature (Abreu-Grobois & Plotkin
2008, Casale & Tucker 2017). Long-term con servation
efforts carried out by Projeto TAMAR/ Fundação Pró-
TAMAR have contributed to increasing population
trends for both species in these areas (da Silva et al.
2007, Marcovaldi & Chaloupka 2007). Hybridization
between loggerhead and olive ridley turtles in Brazil,
estimated at 27% (Reis et al. 2010), appears to be less
frequent than that between loggerheads and hawks-
bills, but remains insufficiently characterized.

To further our understanding of loggerhead × olive
ridley hybridization, in a multidisciplinary approach
we: (1) used morphological and genetic methods to
identify loggerheads, olive ridleys, and their hybrids
nesting in the states of Sergipe and northern Bahia
(Fig. 1); (2) compared body size of nesting females
and their reproductive output (clutch size, emer-
gence success, hatchling production per clutch, and
incubation period); (3) evaluated migratory patterns
and foraging distributions through satellite tele -
metry; and (4) investigated resource use through
 isotopic niches based on δ13C and δ15N. The combi-
nation of reproductive biology, genetic analysis,
satellite telemetry, and stable isotopes is an effective
approach for comparing ecological or behavioral
characteristics (e.g. migration, foraging, and re -
source use) of hybrids and parental species.

2.  MATERIALS AND METHODS

2.1.  Sampling

Researchers from the Brazilian Sea Turtle Con -
servation and Research Program (Projeto TAMAR/ -
Fundação Pró TAMAR and Centro TAMAR /ICMBio)
patrolled major nesting beaches in the states of Bahia
and Sergipe between September and March from
1988 through 2015. When encountered, nesting fe -
males were morphologically assigned to a species by
experienced biologists using the TAMAR protocol
(based on Pritchard & Mortimer 1999), but mixed
traits that could suggest hybridization were noted.

2.2.  Genetics

Between 2002 and 2015, during the field work
described above, 154 skin samples from morphologi-
cally identified loggerhead and olive ridley turtles
(see Section 2.3) were collected for genetic analysis
by TAMAR personnel. Standard procedures were
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followed, and samples were obtained from between
the first and second scales on the front flippers or the
neck region of nesting turtles. Disposable biopsy
punches were used, and samples were stored in 70%
ethanol.

In the laboratory, mitochondrial and nuc -
lear DNA was extracted, amplified, purified,
and sequenced following standard proce-
dures. Genomic DNA was extracted using a
DNeasy Blood and Tissue Kit  (Qiagen) fol-
lowing the manufacturer’s protocol. An
~830 bp fragment of the mtDNA was ampli-
fied for each of the 154 turtles. The mtDNA
fragment encompassed the D-loop of the
control region and the adjacent tRNAThr and
tRNAPro and was amplified with primers
LCM15382 and H950 developed by Abreu-
Grobois et al. (2006). Following sample purifi-
cation, this marker was sequenced using both
Sanger and high-throughput sequencing
(HTS) techniques as previously de scribed
(Soares et al. 2018). To determine which
autosomal markers were necessary to iden-
tify hyb rids, 4 nuclear segments (RAG1,
RAG2, R35, CMOS) were additionally ampli-
fied and Sanger-sequenced for 79 nesting
females, which had been morphologically
assigned as 48 loggerheads and 31 olive rid-
leys (Soares et al. 2018), revealing that RAG2
was a reliable diagnostic locus for hybridiza-
tion. RAG2 amplicons were then sequenced
in 82 morphologically assigned loggerheads
on an Illumina MiSeq. Samples were individ-
ually barcoded following the protocol of Soa -
res et al. (2018). To ground-truth this method-
ology, a subset of these 82 turtles was also
Sanger-sequenced for RAG2 (Soares et al.
2018). All sequences are available in Gen-
Bank under previously published accession
numbers (Vilaça et al. 2012).

Each adult female was classified as either
a loggerhead, an olive ridley, or a hybrid of
these species based on the combined use of
mtDNA, a nuclear marker (RAG2, as de -
scribed by Vilaça et al. 2012), and morphol-
ogy. Individual haplotypes were aligned
against known sequences for the focal spe-
cies using the software Geneious R8 (Kearse
et al. 2012) with default alignment algorithm
parameters. For mtDNA assignments, log-
gerhead sequences were aligned, edited,
and compared to previously described hap-
lotypes published on the Archie Carr Center

for Sea Turtle Research website (https://accstr. ufl.
edu/ files/ cclongmtdna.pdf), and olive ridley haplo-
types were classified as previously described (Bowen
et al. 1997). Nuclear sequences were aligned against
known data for the focal species. Heterozygotes
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Fig. 1. Nesting, tissue sampling, and satellite deployment sites, as
well as foraging areas for hybrids (this study), loggerheads (adapted
from Marcovaldi et al. 2012), and olive ridleys (adapted from da
Silva et al. 2011). Dashed rectangles highlight the locations of the
enlarged maps, from north to south. Enlarged maps show individual
foraging areas of hybrids with 50, 75, and 90% kernel home range
estimates from darker to lighter patterns. Capital letters inside 

enlarged maps are individual turtle IDs
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were assigned when the chromatograms for the
nuclear markers showed the presence of both spe-
cies’ alleles at all diagnostic polymorphic nucleo-
tides within the locus for each gene, as per Vilaça
et al. (2012). To process the HTS reads and call sin-
gle nucleotide polymorphisms (SNPs), custom Perl
scripts were used that searched each turtle’s pro-
cessed Illumina reads, identified SNPs present for
species de termination, and made homozygosity or
heterozygosity/ hybridization calls as previously de -
scribed (Soares et al. 2018). To determine a false
positive detection rate, individuals of known species
(e.g. pure loggerhead or olive ridley turtles) deter-
mination were identified based on the cumulative
evidence of morphology, additional nuclear mark-
ers, and mitochondrial markers.

2.3.  Female morphometrics and clutch parameters

During the field work described above, curved
carapace length (CCL) was measured from the
anterior point of the midline (nuchal scute) to the
posterior tip of the supracaudals, and curved cara-
pace width (CCW) was taken at the widest point
(Bolten 1999). Individual females (n = 154) were
tagged with 1 Inconel flipper tag (National Band
and Tag, style 681) on each front flipper to avoid
re-sampling. If a turtle was re-encountered and
had more than one measurement recorded, the first
record (for the first time a female was found) was
used because females essentially stop growing
after they become sexually mature (Bjorndal et al.
2013).

TAMAR personnel excavated every nest de -
posited by these 154 females after hatchlings had
emerged or sufficient time had passed to ensure
the nest had failed. They collected data on clutch
size (CS: number of eggs in a clutch), emergence
success (ES: the proportion of eggs that produced
live hatchlings reaching the beach surface), hatch-
ling production (HP: the product of CS and ES),
and incubation period (IP: days between oviposition
and first hatchling emergence) using previously
described methods (Marcovaldi & dei Marcovaldi
1999). With regards to these measurements, some
(~21%) nests had been moved to prevent loss from
erosion, inundation, or poaching. Data from both
in situ (left at their original site) and transferred
nests were used to calculate CS. However, because
moving clutches can affect emergence success,
only in situ nests were used to estimate ES, HP,
and IP.

A general linear model (GLM) (ANOVA) test was
then used to compare the following parameters
among groups (loggerheads, olive ridleys, and their
hybrids): CCL, CS, ES, HP, and IP. Kolmogorov-
Smirnov and Levene tests were used to evaluate
assumptions of normality and homogeneity of vari-
ances, and the data met these assumptions. Because
olive ridleys tend to have lower CCL/CCW ratios
than the other 2 groups, 3 analyses were employed to
determine if individuals could be assigned to groups
based on morphology. A GLM (ANOVA) test (for-
mula = GLM [CCL ~ CCW + group]) was used to
compare the relationship of CCL and CCW among
groups. The CCL/CCW ratio among groups was also
tested with a GLM (ANOVA), and assumptions of
normality and homogeneity of variances were met,
as indicated by Shapiro-Wilk and Levene tests. A lin-
ear discriminant analysis (LDA) based on CCL and
CCW was run. A generalized additive model (GAM)
was employed, as described by Soares et al. (2017),
to statistically evaluate whether differences in body
size accounted for differences among groups for CS
or HP, with cubic smoothing splines and a robust
quasi-likelihood error function. In GAM analyses,
each covariate is conditioned on all other covariates.
The significance of the contribution of each covariate
to the overall model fit was evaluated with t-ratio
statistical inference. The software program R 3.4.2 (R
Core Team 2017) was used for the GLM (ANOVA)
analyses, and the GAM procedures were run using
S-Plus software (TIBCO Spotfire S + 8.2.0). All analy-
ses had a significance level (α) of 0.05.

2.4.  Satellite telemetry

Satellite tags were deployed in Sergipe on 8 fe -
males initially identified in the field as possible
hybrids based on morphological characteristics
(mixed loggerhead and olive ridley traits), and nest-
ing behavior (typical olive ridley covering and cam-
ouflaging display called the ‘ridley dance,’ in which a
nesting female rocks from side to side using her body
to pack sand atop her nest; Safina & Wallace 2010)
(Fig. 2). Before satellite tags were attached, TAMAR
researchers took measurements, conducted flipper
tagging, and collected skin samples from each turtle
as described in Section 2.3. The hybrid status of each
of these females was later confirmed through genetic
assignment as described in Section 2.2. Similarly, all
turtles satellite-tracked by da Silva et al. (2011) were
genetically confirmed to be olive ridleys. Out of the
10 turtles tracked by Marcovaldi et al. (2010), 2 were
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genetically identified as loggerheads, while for the
remaining samples no genetic identification was
made due to low DNA quality. Despite this lack of
genetic confirmation, the extensive morphological
expertise in sea turtle species identification of TA -
MAR’s field personnel ensures species assignment
reliability. The facts that loggerhead × olive ridley
hybrids can be morphologically distinguished by
their body size (CCL) (Soares et al. 2017, this study),
and loggerhead × hawksbill hybrids were found
amongst morphologically identified hawksbills (Lara-
Ruiz et al. 2006, Vilaça et al. 2012), and in only 1.22%
of morphologically assigned loggerheads (Soares et
al. 2018), provide further affirmation.

Four nesting loggerhead × olive ridley hybrids re -
ceived Spot 5 (Wildlife Computers) Argos satellite
transmitters between 30 January and 13 February
2012, and an additional 4 hybrids were satellite-
tagged between 19 January and 2 February 2013.
Transmitters were attached using a 2-part epoxy re -
sin (Tubolit MEP-301), and the units were covered
with a layer of antifouling paint. The tags were pow-
ered by 2 D-size lithium batteries (0.5 W output) and
duty-cycled to work continuously during the first
30 d, with 24 h on/48 h off thereafter. Transmissions
were processed via the ARGOS location system
(https://argos-system.clsamerica.com/) for location
information, battery voltage, and number and dura-
tion of transmissions.

The Satellite Tracking and Analysis Tool (STAT;
Coyne & Godley 2005) was used to analyze the loca-
tion data provided by ARGOS. The methodology

described by Marcovaldi et al. (2012) was followed
for analysis and mapping. Routes were reconstructed
using LC 1−3 positions and filtered Argos positions
(LCs 0, A, and B) based on the maximum rate of
travel of 5 km h−1 and highly acute turning angles
(<25°). To reduce effects of spatial autocorrelation of
consecutive positions in short time intervals, a single
daily location was selected. Geographic information
systems software (ArcGIS 9.1, ESRI) was used to map
turtle movements and calculate high-use areas and
movement pathways. A post-nesting migration was
considered to be completed when movement was no
longer directed for at least 3 consecutive days. Move-
ment was classified as directed if the trajectory be -
tween 2 locations was less than 45° off to either side
from the extension of the trajectory between the pre-
vious 2 geolocations (Zbinden et al. 2008). In forag-
ing areas, turtles exhibit restricted movements (mul-
tidirectional and backtracked over previous tracks)
following post-nesting migrations (Troëng et al.
2005). Individual core foraging areas were calculated
using kernel home-range estimates (KHREs) of 50,
75, and 90% utilization distributions with Hawth’s
Analysis Tools for ArcGIS (Beyer 2004).

GLM (ANOVA) tests were used to compare 3 be -
havioral movement parameters: KHREs, residency
time (number of days monitored/satellite-tracked in
a given foraging area), and distance traveled (total
distance traveled after leaving the nesting beach
until transmission ceased). One spatial parameter
(distance from the coast) was also compared in the
foraging areas of loggerheads, olive ridleys, and
hybrids. We employed t-tests to compare 2 other eco-
logical parameters, namely water depth at foraging
areas and distance from the coast, between hybrids
and olive ridleys (these parameters were not avail-
able for loggerheads). All tests had an α = 0.05.
Shapiro-Wilk and Levene tests were used to evaluate
assumptions of normality and homogeneity of vari-
ances, which were met by the data.

2.5.  Stable isotopes

Skin samples were collected from 69 turtles, of
which 30 were loggerheads, 28 were olive ridleys,
and 11 were their hybrids. Of these 69 turtles, 20
were tracked by satellite telemetry as follows: log-
gerheads (n = 7, Marcovaldi et al. 2010, tags applied
in 2006), olive ridleys (n = 5, da Silva et al. 2011, tags
applied in 2006), and hybrids (n = 8, this study, tags
applied in 2012/2013). Skin samples were washed
with deionized water and alcohol swabs to remove
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Fig. 2. Carretta caretta × Lepidochelys olivacea hybrid
 turtle. This individual is shown as turtle ‘A’ in Fig. 1. This
 hybrid had a curved carapace length of 89 cm and a curved
carapace width of 88 cm and displayed the ‘ridley dance’
nesting behavior characteristic of L. olivacea. Photo credit: 

TAMAR Image Bank
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epibionts and extraneous particles. The outermost
layer of the turtle epidermis was separated from the
underlying tissue, finely diced with a scalpel blade,
and dried at 60°C for 24 h following standard proce-
dures (Pajuelo et al. 2012).

For analysis of δ13C and δ15N, ~500 to 600 μg of
each tissue sample was weighed and sealed in a tin
capsule and then combusted in a COSTECH ECS
4010 elemental analyzer interfaced via a Finnigan-
MAT ConFlow III device to a Finnigan-MAT Delta-
Plus XL isotope ratio mass spectrometer in the Stable
Isotope Geochemistry Lab at the University of
Florida. The ratios of heavy and light isotopes of an
element in the sample with respect to an interna-
tional standard are reported in the conventional δ
notation: δX = [(Rsample/Rstandard) − 1] × 1000, where δX
is the relative abundance of 13C or 15N in the sample
expressed in parts per thousand (‰); Rsample and
 Rstandard are the ratios of heavy to light isotope
(13C/12C and 15N/14N) in the sample and international
standard, respectively. Standards used for 13C and
15N were Vienna Pee Dee Belemnite and atmo -
spheric N2, respectively. The working standard L-
glutamic acid USGS40 (δ13C = −26.40‰ and δ15N =
−4.58‰) was calibrated monthly against interna-
tional standards, and standards were inserted in all
runs at regular intervals to calibrate the system. Val-
ues of δ13C and δ15N in the skin were compared
among groups with a GLM (ANOVA). The software
R (R Core Team 2017) was used for all analyses, with
α = 0.05. Standard ellipses, used as a measure of the
isotopic niche, were calculated through the package
SIBER in R, and the standard ellipse areas were com-
pared among groups using the Bayesian approach
within the program to assess their posterior distribu-
tions (Jackson et al. 2011).

3.  RESULTS

3.1.  Genetics

Of the 154 skin samples from initially morphologi-
cally identified loggerheads (n = 113) and olive rid-
leys (n = 41), 91 were ultimately classified as logger-
head turtles, 38 as olive ridley turtles, and 25 as their
(loggerhead × olive ridley) hybrids, based on mito-
chondrial and nuclear DNA in combination with mor-
phology. The genetic data revealed that of the 113
turtles that were morphologically similar to logger-
heads, 91 had only loggerhead haplotypes and were
thus identified as loggerheads. The remaining 22 tur-
tles had both loggerhead and olive ridley haplotypes

and were thus classified as hybrids. Of the 41 turtles
that were morphologically similar to olive ridleys, 38
displayed only olive ridley haplotypes and were
identified as olive ridleys, while 3 also had logger-
head haplotypes and were thus considered to be
hybrids. Of the total 25 hybrid individuals, 1 had
mtDNA that could not be amplified, 23 had olive
 ridley mtDNA haplotypes, and 1 had a loggerhead
mtDNA haplotype.

3.2.  Female morphometrics and clutch parameters

The nesting records for the 154 taxonomically
identified females were used to identify 405 of their
nests for analysis. Within each group, sample size
varied among parameters because not every para -
meter was available for each record. As shown in
Table 1, hybrids and parental species varied signifi-
cantly in body size (CCL), CS, ES, and HP. Hybrids
were intermediate for CCL, and loggerheads were
the largest (Table 1). There was a significant differ-
ence (ANOVA, p < 0.01) in the relationship between
CCL and CCW among the groups (Fig. 3). Body size
(CCL) had a positive relationship with body width
(CCW), and although the slopes were not signifi-
cantly different among groups, the intercept for
hybrids was significantly higher than those for log-
gerheads and olive ridleys. The ratio of CCL to CCW -
was also significantly different among groups (p <
0.01; Table S1 in the Supplement at www.int-
res.com/articles/suppl/n044p237_supp.pdf). Logger-
heads had the highest ratio, hybrids were intermedi-
ate for this trait, and olive ridleys were ‘rounder’
(closer to a CCL/CCW ratio of 1). The LDA results
showed the correct assignment of 88/91 (96.70%) of
loggerheads, 20/23 (86.95%) of hybrids, and 38/40
(95.00%) of olive ridleys based on morphological
data (CCL + CCW) alone.

Prior to correction for body size, all groups had sig-
nificantly different CS (loggerheads > hybrids > olive
ridleys; Table 1). Hybrids had similar ES to logger-
heads, but both had lower ES than olive ridleys
(Table 1). For HP, olive ridleys were similar to both
hybrids and loggerheads, and loggerheads had sig-
nificantly more hatchlings than hybrids (Table 1). The
IP was similar among all groups (Table 1). However,
once body size was introduced in the GAM analysis,
hybrids and olive ridleys had similar CS, but larger
CS than loggerheads (hybrids × loggerheads, p <
0.01; olive ridleys × loggerheads, p < 0.05) (Fig. 4).
When HP was corrected for body size, there were no
significant differences among the 3 groups (Fig. 4).
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3.3.  Satellite telemetry

Satellite telemetry revealed that the tracked hy -
brids shared foraging grounds with loggerhead and
olive ridley turtles along the northeastern coast of
Brazil, and foraged in areas adjacent to olive ridley
feeding grounds in the southeast (Fig. 1). Hybrids
migrated on average 19.4 d before reaching the for-
aging areas, taking less time than both loggerheads
and olive ridleys (mean for each = 39.2 d, p < 0.05;
Table 2). For hybrids, foraging grounds were on
average 771 km away from the nesting areas. This
was not significantly different from the analogous
distance for olive ridleys (mean = 1172.2 km, p =
0.20), but was shorter than that for loggerheads
(mean = 1695.8 km, p < 0.05). Foraging areas of dif-
ferent taxa overlapped only in the northeast: off the
coast of Ceará (for 2 loggerheads and 1 hybrid); and
off Pernambuco (for 1 olive ridley and 1 hybrid). In
these cases, the distance between centroids ranged
from 12 to 62 km as follows: off Ceará: 17 km for log-
gerhead 1 and hybrid D, and 62 km for loggerhead 2
and hybrid D; off Pernambuco: 12 km for the olive
ridley and hybrid B.
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Morphological and Loggerheads Hybrids Olive ridleys p
reproductive parameters

CCL (cm) No. of females 91 25 38 <0.001
Mean (SD) 99.9a (4.6) 88.5b (5.8) 70.6c (3.4)
Range 90 to 114 70 to 93.5 65 to 79

CS (no. of eggs) No. of clutches 336 38 31
Mean (SD) 121.7a (27.0) 111.8b (34.4) 94.5c (23.1) <0.001
Range 14 to 237 12 to 153 52 to 140

ES (%) No. of clutches 265 21 16 0.018
Mean (SD) 65.0a (20.2) 60.2a (24.0) 78.9b (26.5)
Range 5.3 to 98.8 16.0 to 96.5 15.9 to 100

HP No. of clutches 265 21 16 0.021
(ind. clutch−1) Mean (SD) 78.6a (29.4) 61.3b (33.2) 69.3ab (28.4)

Range 06 to 152 06 to 114 10 to 102

IP (d) No. of clutches 250 12 5
Mean (SD) 50.8a (3.2) 51.3a (2.3) 49.6a (5.2) 0.620
Range 46 to 65 48 to 55 48 to 52

Stable isotopes
δ13C No. of samples 30 11 28

Mean (SD) −14.9a (2.0) −14.4a (1.1) −15.2a (1.1) 0.327
Range −20.6 to −11.8 −17.0 to −13.1 −16.7 to − 13.0

δ15N No. of samples 30 11 28
Mean (SD) 10.1a (1.2) 10.2a (0.9) 10.6a (0.9) 0.227
Range 7.6 to 13.5 8.7 to 11.3 08.5 to 12.5

Table 1. Summary statistics for morphological and reproductive parameters and stable isotope values of loggerhead and olive
ridley sea turtles. CCL: curved carapace length; CS: clutch size; ES: emergence success; HP: hatchling production; IP: incuba-
tion period. Within rows, mean values with different superscripts are significantly different; p-values in bold font are signifi-

cant at p < 0.05, based on GLM (ANOVA)

Fig. 3. Comparison of relationships between curved cara-
pace length (CCL) and curved carapace width (CCW)
among taxonomically identified loggerhead (dark gray),
hybrid (black), and olive ridley (light gray) turtles. The indi-
vidual with a triangle represents the only hybrid with log-
gerhead mtDNA. Lines represent regression slopes. Slopes
are not significantly different, but the intercept of hybrids is
statistically greater than those of olive ridleys and logger-

heads (GLM [ANOVA], p < 0.01)
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In the foraging grounds, hybrid res-
idency was on average 125.8 d before
transmissions ceased, which was not
significantly different from the resi-
dency of olive ridleys (mean = 73.3 d,
p = 0.65). There was a significant dif-
ference in residency time of logger-
heads as they were monitored on
average for 479.4 d (p < 0.01). The
50% kernel home-range estimates
(core foraging area) of hybrids aver-
aged 210.4 km2, which was similar to
that of olive ridleys (mean =
173.8 km2, p = 0.81), but smaller than
that of loggerheads (mean =
962.1 km2, p < 0.01) (Table 2, Fig. 1).
Hybrids migrated an average of
39.6 km from the coast, similar to
olive ridleys at 25.4 km (Table 2; t-
test, t9.42 = 1.37, p = 0.20). The average depth of
water occupied by hybrids was 98.1 m, which was
not significantly different from that occupied by
olive ridleys at 29.8 m (Table 2; t-test, t7.28 = 1.59,
p = 0.15).

3.4.  Stable isotopes

The δ13C values ranged from −20.6 to −11.8‰
(mean ± SD = −14.9 ± 2.0‰, n = 30) for loggerheads,
−17.0 to −13.1‰ (−14.4 ± 1.1‰, n = 11) for hybrids,
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Groups Turtle Foraging Post- Distance Residency 50% kernel Distance (km) Depth (m), 
ID location nesting from nesting (d) density from coast, mean ± SD

migration grounds estimates mean ± SD (range)
(d) (km) (km2) (range)

Hybrids A BA/ES 15 850 215 261.7 81 ± 6 (54−100) 49 ± 2 (35−52)
B PE/PB 8 340 89 112.7 18 ± 8 (5−47) 13 ± 4 (3−28)
C PE/PB 13 358 284 394.1 35 ± 6 (3−69) 361 ± 194 (4−1236)
D CE 15 950 17 253 31 ± 4 (20−44) 17 ± 4 (10−36)
E ES 39 1191 136 179.8 44 ± 5 (19−75) 48 ± 40 (16−360)
F PE 11 318 93 102.2 12 ± 4 (2−23) 19 ± 5 (7−33)
G CE/PI 29 1515 158 145.1 79 ± 7 (45−100) 94 ± 85 (26−880)
H RN 25 646 14 234.5 17 ± 5 (8−31) 184 ± 132 (11−676)

Mean 19.4a 771a 125.8a 210.4a 39.6a 98.1a

SD 10.6 438.4 93.3 96.5 25.4 120.4

Olive ridleys N 11 6 6 6 6 6
Mean 39.2b 1172.2a 73.3a 173.8a 25.4a 29.8a

SD 28.3 916.7 43.7 91.9 10.2 14.7
Range 14−89 222−2300 27−135 35.2−273.6 4−72 9−259

Loggerheads N 13 10 15 15 NA NA
Mean 39.2b 1695.8b 479.4b 962.1b NA NA

SD 9.8 362.4 280.0 373.1 NA NA
Range 28−47 1309−2439 66−932 426−1777 11−144.3 NA

Table 2. Post-nesting and foraging data summary for loggerhead × olive ridley hybrids (this study), olive ridleys (da Silva et
al. 2011), and loggerheads (Marcovaldi et al. 2010). Brazilian state abbreviations are as follows: BA: Bahia; ES: Espírito Santo;
PE: Pernambuco; PB: Paraíba; CE: Ceará; PI: Piauí; RN: Rio Grande do Norte. N: total sample size; NA: not available. Data for
olive ridleys and loggerheads are presented as mean, SD, and range of values. Only the range values for distance from the
coast were available for loggerheads, and there were no data on their depth. Within columns, mean values with different
superscripts are significantly different at p < 0.05. Note that residency time, i.e. the number of days spent monitored/satellite-
tracked in a given foraging area, may be biased by the length of time transmitters remain attached to the turtles or by how 

long they are actively transmitting, and should be interpreted with caution

Fig. 4. Graphical summary of the generalized additive model (GAM) analyses
of (a) clutch size and (b) hatchling production of groups (loggerhead, hybrid,
and olive ridley turtles) with curved carapace length (CCL) as a covariate.
Response functions are shown on the y-axis as a centered function scale. 

Error bars represent the 95% confidence limits
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and −16.7 to −13.0‰ (−15.2 ± 1.1‰, n = 28) for olive
ridleys. The δ15N values ranged from 7.6 to 13.5‰
(10.1 ± 1.2‰, n = 30) for loggerheads, 8.7 to 11.3‰
(10.2 ± 0.9‰, n = 11) for hybrids, and 8.5 to 12.5‰
(10.6 ± 0.9‰, n = 28) for olive ridleys. The stable iso-
tope values were not significantly different for either
δ13C or δ15N among groups (Table 1). There was a
broad overlap of standard ellipses, or isotopic niches,
for each group (Fig. 5). However, the standard el lipse
area for loggerheads was significantly larger than
that of the other 2 groups (Fig. 6).

4.  DISCUSSION

This study considers the implications
of hybridization for conservation, ecol-
ogy, and evolutionary bio logy. Hybridi -
zation between threa tened loggerhead
and olive ridley turtles is an ongoing
process in Bahia and Sergipe, the largest
colonies of both species in the South
Atlantic (Marcovaldi & dei Marcovaldi
1999). As noted in Section 1, hybridiza-
tion be tween these species in Brazil is
estimated at 27% (Reis et al. 2010). Al -
though the number of olive ridley fe -
males is significantly greater than that
of loggerhead females in Ser gipe, and
the reverse is true in Bahia (De Castil-
hos et al. 2011, Santos et al. 2011), both

populations are recovering, with in -
creasing trends in numbers of nests (da
Silva et al. 2007, Marcovaldi & Chal -
oupka 2007). Here, morphological CCL
and CCW measurements identified the
study groups with high accuracy, sug-
gesting the promise of this method, al -
though further genetic ground-truthing
is advised. The study hybrids had similar
reproductive output, foraged in the same
areas, and occupied similar ecological
niches as one or both parental taxa.
There was no evidence of fitness de -
clines or loss of rarer groups to genetic
swamping or other processes. Further
research and long-term monitoring are
recommended to determine the poten-
tial for hybrid vigor and changes of
hybrid frequency within the population
as well as the potential risk of the
parental species being outcompeted and
of hybrid populations becoming a con-

servation concern with respect to parental popula-
tions in the future.

4.1.  Taxonomic assignment

Although the CCL to CCW ratio was significantly
different among loggerheads, olive ridleys, and
their  hybrids, there was still overlap in the size
ranges of individual turtles be longing to different
groups. Based on the LDA, loggerheads (>96%),
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Fig. 5. Standard ellipses and isotope values for loggerhead (dark gray),
hybrid (black), and olive ridley (light gray) turtles. Circles are values for
individual loggerheads, triangles are hybrids, and crosses are olive rid-
leys. The star references the oceanic olive ridley that was satellite-tracked

Fig. 6. Standard ellipse areas (SEAs) for loggerhead, hybrid, and olive rid-
ley turtles. Black dots represent the mode, and shaded boxes represent 50,
75, and 95 credibility intervals from dark to light grey. Loggerheads have a
significantly larger ellipse, or isotopic niche, area than the other taxa. The
probability that loggerhead SEA is less than hybrid SEA is 0.008, and the
probability that loggerhead SEA is less than olive ridley SEA is 0.000.
However, the niche areas of olive ridleys and hybrids are comparable; 

hybrid SEA and olive ridley SEAs are not significantly different
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olive ridleys (95%), and their hybrids (>86%) could
be discriminated. These results suggest high confi-
dence in as signing the different groups based on
CCL and CCW, especially for loggerheads and olive
ridleys. For animals falling in a possible hybrid cate-
gory based on the LDA results, genetic confirmation
is re commended.

We also observed that the majority of our samples
(23/25) had olive ridley mtDNA, indicating that most
hybrids are a result of mating between a female olive
ridley and a male loggerhead. Similar to loggerhead
× hawksbill hybrids (Vilaça et al. 2012), the nesting
seasons of these 2 species overlap in Sergipe, with
the reproductive peak of loggerheads occurring be -
fore that of olive ridleys (da Silva et al. 2007, Marco-
valdi & Chaloupka 2007, De Castilhos et al. 2011,
Santos et al. 2011). Therefore, there is temporal over-
lap of male loggerheads and female olive ridleys,
which could explain the mating bias. A similar mat-
ing bias due to temporal overlap was observed in
hawksbill × loggerhead hybrids in Bahia (Vilaça et
al. 2012).

4.2.  Reproductive output

Our study shows for the first time that, when
body size is accounted for, loggerhead × olive
ridley hybrid females produce similar numbers of
hatchlings per clutch as parental species, and
therefore do not seem to be at a reproductive dis-
advantage. Soares et al. (2017) similarly found no
evidence of a re productive disadvantage in logger-
head and hawks bill hybrids. These findings suggest
that hybrids could persist in the region despite doc-
umented increases in the nest numbers of both
parental species, and that interspecific mating need
not represent a sink for the reproductive effort of
parental species.

Furthermore, both parental species show increas-
ing population recovery trends (da Silva et al. 2007,
Marcovaldi & Chaloupka 2007). Hybrids might con-
tribute to current parental species’ population esti-
mates due to misidentification. However, the increas-
ing presence of pure individuals may also reduce
hybrid numbers in the future, since population de -
creases, combined with overlapping nesting seasons,
are contributing factors to the high frequency of
hybridization in Brazil (Vilaça et al. 2012). Indeed,
further studies are needed to understand the long-
term effects on hybrids beyond the first filial genera-
tion (F1). It remains unclear, for example, whether
hybridization is a recent event, or if generations be -

yond the F1 were not detected due to factors such as
lower fitness in different life stages.

Hybrid loggerhead × olive ridley turtles showed an
intermediate body size compared to their parental
species (Table 1). CS was also intermediate for these
hybrids (Table 1). However, when body size was ac -
counted for, CS of hybrids and olive ridleys was sim-
ilar, and both were larger than that of loggerheads
(Fig. 4). Thus, on the basis of female body size,
hybrids and olive ridleys laid similar numbers of eggs
per clutch. In contrast, loggerhead × hawksbill hybrids
were larger than either loggerheads or hawksbills
(Soares et al. 2017). CS was also similar between log-
gerhead × hawksbill hybrids and hawksbills, which
both produced larger clutches than loggerheads
when CCL was not a covariate. However, when CCL
was accounted for, CS of loggerhead × hawksbill
hybrids was significantly lower than that of hawks-
bills, but not smaller than that of loggerheads (which
also had significantly lower CS than hawksbills). In
both types of hybrids, after correction for body size,
CS was similar to the parental species with the larger
CS, consistent with no reduction in hybrid fitness for
this measure.

Loggerhead × olive ridley hybrids and loggerhead
turtles had similar ES; both were lower than that of
olive ridleys (Table 1). In comparison, loggerhead ×
hawksbill hybrids had lower ES than either parental
species (Soares et al. 2017). With respect to HP, log-
gerhead × olive ridley hybrids were similar to olive
ridley turtles, but lower than loggerheads, while log-
gerhead × hawksbill hybrids had lower HP than both
parental species. However, when body size was ac -
counted for, both loggerhead × olive ridley and log-
gerhead × hawksbill hybrids produced similar num-
bers of hatchlings as the parental species (Fig. 4),
which is inconsistent with reduced hybrid fitness for
these traits. Our data were collected over a wide tem-
poral scale, and did not allow for analysis of other
important reproductive parameters such as clutch
frequency within a nesting season and breeding fre-
quency, which integrate the contribution of hatch-
ings entering a population over time (see Soares et
al. 2017). Nonetheless, this study reveals that female
loggerhead × olive ridley hybrids are fertile and,
when adjusted for body size, hybrids produce similar
numbers of hatchlings per clutch (HP) as the parental
species. Loggerheads and hawksbills are phyloge-
netically more distant than loggerheads and olive
ridleys (Naro-Maciel et al. 2008). Therefore, logger-
head × hawksbill hybrids could be expected to be
more prone to genetic incompatibilities than logger-
head × olive hybrids. However, based on the results

246



Soares et al.: Characterizing marine turtle hybrids in Brazil

of this study and that of Soares et al. (2017), this pre-
dicted pattern of genetic incompatibilities based on
phylogenetic distance is not reflected in their repro-
ductive success as measured by HP.

Vilaça et al. (2012) showed that most loggerhead ×
olive ridley hybrids analyzed were of the first filial
generation (F1), suggesting that some reproductive
barrier could be affecting progeny fertility. However,
based on the fertility of hybrid loggerhead × olive
ridleys reported here, this does not now seem as
likely. Also, the viability of hybrid loggerhead × olive
ridley progeny (Soares et al. 2018) suggests that at
least for the embryonic life stage, these hybrids have
similar survival as pure species. However, the sur-
vival of loggerhead × olive ridley hybrids at other life
stages could be different and needs to be evaluated.
Failure to observe advanced intercross progeny
could theoretically be attributed to generation time.
If hybridization between loggerheads and olive rid-
leys is more recent than between loggerheads and
hawksbills, we would not expect to see advanced
intercross progeny because hybrids would just now
be reaching reproductive maturity. Still another pos-
sibility, and perhaps the most likely, is that with more
powerful genomic tools and more genetic analyses,
more incidences of multigenerational cross progeny
will be uncovered (Driller et al. preprint https://doi.
org/10.1101/2020.04.03.024331).

4.3.  Migration and movements

The hybrids in this work made similar migrations
as, and foraged in shared areas with, loggerheads
and olive ridleys studied by Marcovaldi et al. (2010)
and da Silva et al. (2011), respectively. Because these
studies are several years apart, it is worth noting that
although the actual overlap among foraging areas
was not observed in the same time periods, we be -
lieve that these spatial preferences are real. These
ecological and be havioral aspects of hybrid biology
suggest that their roles in marine ecosystems are
comparable to those of their parental species. How-
ever, the extent of direct competition between hybrids
and their paren tal species is not yet clear. Differen-
tial selection of microhabitats or prey items within
similar trophic levels may lessen competition, or
hybrids may eventually outcompete one or both
parental species. In contrast, satellite-tracked post-
nesting loggerhead × hawksbill hybrids used logger-
head foraging areas along the coast of Brazil rather
than hawksbill feeding grounds (Marcovaldi et al.
2012).

Telemetry studies of morphologically assigned post-
nesting loggerheads from Bahia and olive ridleys
from Sergipe revealed the foraging areas and migra-
tory patterns of each species (Marcovaldi et al. 2010,
da Silva et al. 2011, Santos et al. 2019). Tag returns
and stranding data from morphologically assigned
adult loggerheads in Brazil have shown connectivity
with areas in the southernmost part of the country
(Monteiro et al. 2016). In contrast, stranding data
indicate that morphologically assigned adult and
juvenile olive ridleys apparently occur only in very
low numbers in southernmost Brazil and adjacent
Uruguayan waters (Monteiro et al. 2016, González-
Paredes et al. 2017), although Santos et al. (2019)
showed that olive ridleys migrated to the southern
Brazilian coast. Post-nesting loggerhead × olive rid-
ley turtles showed similar migration patterns to those
of loggerheads and most olive ridleys, re maining in
neritic habitats throughout their migrations until
reaching foraging grounds. Some olive ridleys dis-
played this behavior, but others made oceanic migra-
tions (da Silva et al. 2011, Santos et al. 2019), even
crossing the Atlantic to feed along the African west
coast (Santos et al. 2019). Loggerhead turtles had
longer migration durations than hybrids when migrat-
ing to a common foraging area, because loggerheads
traveled longer distances from their nesting beaches
in the southern state of Bahia to the feeding ground.
Olive ridleys and hybrids leaving the state of Sergipe
to a common foraging site had similar migration dis-
tances and durations.

Core feeding grounds (50% KHREs) were similar
for hybrids and olive ridleys, and smaller than those
of loggerheads. Residency times varied among
groups, with loggerheads, in some cases, satellite-
tracked for over 2 yr in the same foraging areas.
There were no significant differences in the resi-
dency periods for hybrids and olive ridleys. However,
residency times may be greatly biased by the length
of time transmitters remain attached to the turtles, or
by how long they are actively transmitting, and
should be interpreted with caution. Distance from
the coast and water depth were also not significantly
different between hybrids and olive ridleys that re -
mained neritic, but summarized loggerhead data
were not available for comparison (Marcovaldi et al.
2012; Table 2). Although all of the satellite data re -
ported to date show loggerheads migrating only to
the northern part of Brazil (Marcovaldi et al. 2012),
there is an important foraging area for morphologi-
cally identified large juvenile and adult loggerheads
along the southernmost coast of Brazil (Monteiro et
al. 2016, Santos et al. 2019). Both loggerheads and
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olive ridleys are exposed to the threat of incidental
capture in several fisheries (e.g. fish corrals, shrimp
trawlers, longline fisheries) throughout their migra-
tory routes and foraging grounds (Sales et al. 2008,
da Silva et al. 2011, Marcovaldi et al. 2012, Santos et
al. 2019), and hybrids are almost certainly subjected
to these threats as well.

4.4.  Stable isotopes and ecological niches

The niche concept is central to ecological thinking
and is used to evaluate a variety of parameters in -
cluding resource use, geographic diversity, and ma ny
aspects of community composition and structure
(McGill et al. 2006). The ecological niche is repre-
sented as an n-dimensional hypervolume, partitioned
into scenopoetic axes (characterized primarily by
where the focal organisms live) and bionomic axes
(characterized primarily by consumption patterns)
(Hutchinson 1957, 1978). It has been argued that
location on these axes may be quantified using stable
isotopic ratios (Bearhop et al. 2004), and the concept
of the isotopic niche as an equivalent to the ecologi-
cal niche has been formalized (Newsome et al. 2007).

Values of δ13C and δ15N from hybrids and parental
species were similar, and the ellipse areas, which are
used to define isotopic niches and thus ecological
niches, overlap (Table 1, Fig. 5). Even though the iso-
topic signatures were comparable among groups,
loggerheads had a significantly larger ellipse, or iso-
topic niche (Fig. 6). Previous research showed that
loggerheads and olive ridleys have similar diets in
Brazil, consisting mainly of crustaceans (Colman et
al. 2014, Di Beneditto et al. 2015), although they dif-
fer in some prey items and foraging behavior (Bjorn-
dal 1997). The greater size of the loggerhead trophic
niche may reflect the substantial numbers of these
turtles using foraging areas in the southernmost part
of Brazil. This great geographic distance could be
sufficient to encompass a greater diversity of prey
items, leading to a broader range of δ13C values.

In the North Atlantic, carbon and nitrogen isotopes
have been successfully used to assign foraging areas
to nesting loggerheads (Ceriani et al. 2012, Pajuelo et
al. 2012) and explore the plasticity of their resource
use (Vander Zanden et al. 2010), although possible
differences between years and foraging strategies
(Hawkes et al. 2006) also need to be considered.
Unlike in the North Atlantic, here it was not possible
to define either a latitudinal gradient, or specific for-
aging areas, based on stable isotope values with
respect to satellite telemetry patterns. In Brazil, 2

studies evaluated the stable isotopic compositions of
δ13C and δ15N in morphologically assigned logger-
heads (Medeiros et al. 2015, 2019) and olive ridleys
(Petitet & Bugoni 2017). The former study used bone
collagen as the tissue source, but unfortunately, no
correlation between this and other tissues is possible
at this time. The latter study analyzed multiple tis-
sues and showed the plasticity of olive ridley diets
and foraging habitats, with lipid-extracted values
from skin samples of δ13C (n = 43, mean ± SD = –16.56
± 0.74‰, range = –17.90 to –14.86‰), and δ15N (n =
43, mean = 10.83 ± 1.27‰, range = 6.41 to 13.67‰).
These values are similar to those we report for olive
ridley turtles identified here (Table 1).

4.5.  Conservation applications and 
future research directions

Understanding movement patterns between nesting
and foraging grounds is essential for the con servation
of endangered sea turtles and other organisms, and
key for developing management strategies. In sea tur-
tles particularly, knowledge of movement patterns is
important so that the impacts of fisheries, dredging,
and other anthropogenic disturban ces can be evalu-
ated accordingly. Conservation stra tegies de signed to
protect the parental species by mitigating threats will
also protect hybrids. The re sults of our study show
that hybrids are apparently exposed to similar threats
on nesting beaches as parental species, as they share
areas of coastal development alongside loggerheads
and olive ridleys in Bahia and Sergipe. On their mi-
grations and at their foraging grounds, hybrids are
also exposed to fisheries that potentially interact with
both loggerheads and olive ridleys.

Many knowledge gaps must be filled to fully com-
prehend the biology of hybrid sea turtles. The poten-
tial for hybrid vigor, the potential risk of the parental
species being outcompeted by hybrids, and the con-
sequent  hybrid populations becoming a conserva-
tion concern with respect to parental populations in
the future is beyond the scope of this study, and
demands further attention and monitoring. More
research is needed to elucidate the remarkable phe-
nomenon observed among the 3 hybridizing species
of sea turtles in Brazil, its consequences to each spe-
cies, changes in frequency of hybrids in the coming
years, and how the hybrids and parental species
interact with their habitats. Genome-wide surveys
should be conducted with a focus on nuclear genes
under strong selective pressure, to evaluate potential
incompatible alleles. Re cent studies have shown that
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introgression is negligible in Brazilian sea turtle pop-
ulations (Arantes et al. 2020, Brito et al. 2020), and
that nesting females are first-generation hybrids (F1).
The absence of >F2 fe male adults in samples from the
past 15−20 yr shows that Brazilian sea turtle popula-
tions are not being significantly impacted genetically
by hybridization, and that genetic integrity of each
species may be kept given the high presence of pure
individuals relative to hybrids. Nonetheless, analyses
to evaluate the fitness costs for hybrids are needed at
different life stages for several demographic parame-
ters such as age at maturity, growth rates, and long-
term survivorship. Based on what we have learned so
far, any sea turtle population within the Cheloniidae
family may be capable of hybridizing given the
 ap propriate temporal and geographical overlap
(Bowen & Karl 2007). We recommend that popula-
tions for which this scenario is possible be genetically
screened with ap propriate genome-wide markers. In
conclusion, this study on the abundance, reproduc-
tive output, fitness, and ecology of loggerhead × olive
ridley hybrid sea turtles suggests that these hybrids
may persist along with other sea turtle nesting popu-
lations in the region, with research and conservation
applications.
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