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The death of Lonesome George, the last known purebred individual of Chelonoidis abingdoni native to
Pinta Island, marked the extinction of one of 10 surviving giant tortoise species from the Galápagos Archi-
pelago. Using a DNA reference dataset including historical C. abingdoni and >1600 living Volcano Wolf
tortoise samples, a site on Isabela Island known to harbor hybrid tortoises, we discovered 17 individuals
with ancestry in C. abingdoni. These animals belong to various hybrid categories, including possible first
generation hybrids, and represent multiple, unrelated individuals. Their ages and relative abundance sug-
gest that additional hybrids and conceivably purebred C. abingdoni individuals still occur on Volcano
Wolf. Spatial analyses suggest locations where additional individuals with C. abingdoni ancestry are most
likely to be recovered, consistent with historical records of human movement of tortoises. These results
provide an opportunity for species recovery of Pinta Island tortoises using individuals with C. abingdoni
ancestry.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Prioritizing species for conservation is a process that integrates
social, economic and cultural values with phylogenetic, biogeo-
graphic, ecological and demographic considerations (Arponen,
2012). Galápagos giant tortoises provide an example as they repre-
sent an evolutionary radiation with a diversity of morphotypes
(Fritts, 1984), are top ‘‘mega-herbivores’’ that shape Galápagos
ecosystems (Gibbs et al., 2010), and provide a charismatic draw
for local tourism (Kenchington, 1989). This alignment of biological
variation, ecological importance, and public interest propel giant
tortoises as a major conservation priority in Galápagos (Cayot,
2008).

Perhaps the best-known Galápagos giant tortoise was Lone-
some George, whose death on June 24th 2012 marked the extinc-
tion of Chelonoidis abingdoni, endemic to Pinta Island. His story
exemplifies the plight of many other Galápagos tortoise species,
as historical killing by whalers and buccaneers decimated popula-
ll rights reserved.
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tions across Galápagos (Townsend, 1925; Pritchard, 1996). Four of
the 14 named and taxonomically supported species (Poulakakis
et al., 2012) went extinct over the last 200 years, with most
remaining species considered endangered due to ongoing killing
and introduced pests (Fig. 1a; Pritchard, 1996; Phillips et al., 2012).

As top ‘‘mega-herbivores’’ (Gibbs et al., 2008), seed dispersers
(Blake et al., in press), and ecological engineers (Gibbs et al.,
2010), giant tortoises provide ecosystem services that are critical
to Galápagos ecosystems. As such, the complementarity of tortoise
conservation and ecosystem recovery (Hamann, 1993) has helped
align conservation goals for Galápagos (Jordán, 2009; Stouffer
et al., 2012). Conservation management efforts seeking to recover
and repatriate Galápagos giant tortoises have met with success
using captive breeding programs (Milinkovitch et al., 2004, 2007,
in press; Gibbs et al., 2008). However, the islands of Pinta, Floreana
and Santa Fé remain without the tortoises that once inhabited
them, threatening their ecological balance (Hamann, 1993).

Previous genetic studies reported that Volcano Wolf (VW,
northern Isabela Island – Fig. 1a) hosts hybrid individuals with
ancestry in two extinct tortoise species, C. abingdoni and C. elephan-
topus, the species once endemic to Floreana Island (Fig. 1a; Rus-
sello et al., 2007; Poulakakis et al., 2008). Since original reports
were based on <100 VW samples, a subsequent expedition in
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Fig. 1. (A) Location of the northern Isabela tortoise population on Volcano Wolf (VW) in Galápagos. Islands/Volcanoes with extinct (�) or extant populations are labeled.
Locations with >1 endemic lineage (§) or with inadequate sampling, precluding inclusion in our study, are also marked (�). (B) Density probabilities of individuals with C.
abingdoni ancestry showing the Puerto Bravo (PBR) and Piedras Blancas (PBL) VW tortoise distributions (dotted contours).
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2008 intensively sampled this population (1667 samples), leading
to the discovery of individuals with C. elephantopus ancestry (Gar-
rick et al., 2012). Here we investigate the presence of C. abingdoni
ancestry. Using the 2008 samples augmented by museum speci-
mens and sub-fossil remains from Pinta Island, we report the
detection of 17 individuals with C. abingdoni ancestry on VW.

2. Methods

2.1. Samples and genetic methods

Genetic data were separated into two datasets: a ‘reference data-
set’ with 305 purebred individuals from 14 Galápagos Chelonoidis
lineages (sensu Van Denburgh, 1914), and a ‘test dataset’ with
1667 tortoises of unknown ancestry sampled from VW in 2008
(Garrick et al., 2012). Blood, photos, and GPS coordinates were col-
lected for each individual, which were assayed for variation at 12
dinucleotide microsatellite loci and a�700 bp fragment of the mito-
chondrial (mtDNA) control region (Poulakakis et al., 2008; Bena-
vides et al., 2012). Ancient DNA techniques were used to increase
the C. abingdoni reference dataset from five (Russello et al., 2007)
to twenty individuals (Table S1) using sub-fossil remains and mu-
seum specimens from Pinta Island (Supplementary Material).

2.2. Detecting C. abingdoni ancestry on VW

To establish the number of genetic clusters within the reference
dataset, genotypic clustering analyses were run for K = 9–17, cov-
ering a range of K-values identified in previous studies (Russello
et al., 2007, 2010; Poulakakis et al., 2008; Garrick et al., 2012).
STRUCTURE v2.3.3 (Pritchard et al., 2000) was run for 1 � 106 gen-
erations with a burn-in of 1 � 105 and five replicate runs using a
location prior. Results were processed using structureHarvester.py
(Earl and vonHoldt, 2012), and replicate runs summarized using
CLUMPP (Jakobsson and Rosenberg, 2007). The DK metric (Evanno
et al., 2005) identified an optimal value of K = 12, as previously re-
ported (Garrick et al., 2012). Genetic assignments (Q-values) of the
1667 VW test individuals were then estimated in relation to the 12
reference genetic clusters. Threshold Q-values (QT) for ancestry
established in both simulation (Vaha and Primmer, 2006) and
empirical studies (Lancaster et al., 2006) were used to conserva-
tively establish non-negligible levels of ancestry in C. abingdoni
(QT > 0.1). Levels of relatedness among C. abingdoni hybrids were
assessed using ML-Relate (Kalinowski et al., 2006).

2.3. Characterizing C. abingdoni ancestry on VW

Simulations were used to establish the genetic makeup for each
parent of VW hybrid individuals with ancestry in C. abingdoni. The-
oretical expectations (e.g., F1 hybrids should have Q-values �0.50
in each of two parental clusters) were used to identify the crosses
generating hybrids with C. abingdoni ancestry. Genotypes for 500
individuals were simulated in each hybrid classes using HYBRID-
LAB (Nielsen et al., 2006) and analyzed in STRUCTURE to character-
ize Q-value frequency distributions. The approach of Garrick et al.
(2012) was used to define criteria for hybrid classification. Theoret-
ical predictions suggested five parental crosses were involved in
generating individuals with C. abingdoni ancestry (Table S2). We
implemented strict criteria for pedigree classification requiring
all Q-value ranges and QD (difference between Q-values for each
parental genome contributing to cross) values to fall within the
simulations specified range. Alternatively, we applied a majority-
rule approach that allowed most but not all criteria to be met. In
this latter case, a cross was considered probable if no more than
two Q-value ranges and/or QD values that fell outside of the simu-
lated distribution.

2.4. Age of individuals with C. abingdoni ancestry

Age estimation of VW individuals with C. abingdoni ancestry,
combined with pedigree determination, allowed evaluation of the
likelihood that purebred C. abingdoni individuals still live on VW.
Scute (plate on carapace) growth ring presence and scute smooth-
ness (from photographs – Figs. S1–S14) were used along with cara-
pace length to estimate age (Table S3). For individuals with obvious
scute rings, ring counts could be used to estimate age. With advanc-
ing age, tortoise scutes are worn smooth, suggesting individuals are
older adults. Where no photo was available, we used carapace
length to assign these individuals to broad age categories, as size
and age are correlated. Given the difficulties in rigorously defining
age-related categories using scute counts (Wilson et al., 2003), we
conservatively categorized tortoises only into three biologically
meaningful categories: ‘‘Juvenile’’(<20 years), ‘‘Adult’’ (20–
55 years), and ‘‘Old Adult’’ (>55 years; Tables S5 and S6).
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2.5. Spatial clustering of C. abingdoni ancestry on VW

Two-dimensional density kernel estimation (Venables and Rip-
ley, 2002) was employed to identify areas on VW with the highest
probability of containing individuals with C. abingdoni ancestry.
Density probability estimates were calculated using GPS coordi-
nates (Table S4) of individuals with C. abingdoni ancestry using
the ke2d function of the MASS package (Venables and Ripley,
2002) in the R statistical software package (http://www.r-pro-
ject.org/). These density estimates were then plotted on a digital
elevation model for northern Isabela Island.
3. Results

We identified 17 hybrids with non-negligible levels of C. abing-
doni ancestry (Q > QT), including nine females, three males, and five
juveniles. Some, but not all, individuals are related (Table S5),
being either full or half siblings. No parent-offspring relationships
were detected and none were inferred as close-relatives of Lone-
some George. Under strict criteria for pedigree assignment, two hy-
brids could be unambiguously assigned to a specific parental cross,
whereas an additional four individuals were considered probable
using the majority-rule approach (Tables S6–7). Of these individu-
als, one was considered an F1 hybrid with a purebred C. abingdoni
parent under strict assignment while another three were identified
in this hybrid category under majority-rule assignment. It should
be noted here that STRUCTURE has statistical limitations in distin-
guishing between F1 and F2 hybrids in this system (see Russello
et al., 2007). Thus, given that potential F1 individuals contain three
or more parental gene pools (Table S6), these individuals could
either be F1 hybrids or F2 hybrids between two Pinta F1 hybrids
with different ancestries. Regardless, these individuals contain a
significant proportion of Pinta ancestry. The parental crosses in-
volved in generating the other 11 C. abingdoni hybrids were ambig-
uous. The detected hybrid individuals contain ancestries in eight
additional species, including those from Pinzón, Northern Isabela
(Volcano Wolf both PBL and PBR), Santa Cruz, Española, Santiago,
Southern Isabela and Floreana Islands (Fig. 1a). The estimated
age of the 17 hybrids ranged from juvenile to old adult, with four
juveniles, five adults, five old adults and three individuals of uncer-
tain age.

We found four mtDNA haplotypes in the 17 C. abingdoni hybrids
(Table S7), none shared Lonesome George’s haplotype, while 75%
had a C. hoodensis-like haplotype (Russello et al., 2007). This haplo-
type is close (three substitutions away) to the single haplotype rep-
resented in living C. hoodensis tortoises from Española Island and
quite distant from the closest C. abingdoni haplotype (P16 substi-
tutions away: Poulakakis et al., 2008). Two of the remaining three
haplotypes had previously been detected in native VW tortoises (C.
becki) and its sister taxon from Santiago island (C. darwini), possi-
bly due to hybridization between C. becki and C. abingdoni tor-
toises. The fourth haplotype was previously found in C.
elephantopus (Floreana Island), likely the result of hybridization
on VW between C. abingdoni and C. elephantopus individuals.

Spatial analysis revealed a concentration of C. abingdoni (Fig. 1b)
hybrids near Banks Bay around the VW Puerto Bravo (PBR) popula-
tion of tortoises; however, hybrid individuals were also found on
the northern slopes of VW near Piedras Blancas (PBL).
4. Discussion

Here we report the discovery of 17 individuals living on VW
that have genetic ancestry in Lonesome George’s species, C. abing-
doni. The majority of individuals have mtDNA more closely related
to C. hoodensis than to other C. abingdoni mtDNA, consistent with
previous studies (Russello et al., 2007). Historically, this pattern
suggests that this mtDNA haplotype may have once been shared
by both species, as C. abingdoni and C. hoodensis are sister taxa
(Caccone et al., 2002; Poulakakis et al., 2008). On a finer-scale,
these findings indicate that the majority of hybrids on VW ac-
quired C. abingdoni ancestry from their mothers.

Although we identified no parent-offspring relationships among
the 17 hybrid individuals, some individuals were inferred to be full
or half-siblings and many were inferred to have different ances-
tries to eight other species with up to four parental species in-
volved in any one cross (Table S7). This precludes the use of
more sensitive methods of hybrid assignment that are limited to
the inclusion of only two parental genomes (e.g., Anderson and
Thompson, 2002). Hybrid assignment is also difficult with only
12 loci (Vaha and Primmer, 2006). Due to these limitations, we
were able to identify the genetic crosses accounting for the ances-
try of only six individuals (Table S7). However, the genetic contri-
bution of a C. abingdoni animal to the 17 hybrids was clear
regardless of the hybrid category, as we found four tortoises may
have had a purebred C. abingdoni as a parent, and 13 tortoises
are likely to have one F1 C. abingdoni parent. These individuals
may be valuable to future captive breeding strategies. Moreover,
the ongoing development of SNP markers for these species should
improve diagnostic abilities.

The ages of C. abingdoni hybrids range from juvenile to old adult
(Table S7). Since these species live for >100 years and reproduce
throughout their lives (Paré and Lentini, 2010), our results suggest
that purebred parents may still be alive and in breeding condition
on VW. Interestingly, a C. abingdoni F1 parent appears to be in-
volved in the cross that produced hybrid individuals in all age clas-
ses, including juveniles. Such individuals with high levels of Pinta
ancestry can provide avenues for reestablishing the C. abingdoni
lineage. Moreover, given current VW sampling represents �20%
of the population (Garrick et al., 2012) and a detection rate of
�1.02% (17/1667), it is likely that an additional �60–70 C. abing-
doni hybrids are yet to be discovered on VW.

The geographic clustering of C. abingdoni hybrids in Banks Bay
has implications for the origin of C. abingdoni alleles on VW. With
prevailing northwesterly ocean currents (Chelton et al., 2004) and
assuming a passive overwater dispersal scenario (Parent et al.,
2008), spatial distribution of C. abingdoni ancestry should be con-
centrated on the eastern coast of VW near PBL rather PBR
(Fig. 1b). Interestingly, PBR is proximate to Banks Bay, a natural
harbor for naval and whaling vessels (Porter, 1822; Townsend,
1925), where tortoises were thrown overboard when no longer
needed (Porter, 1822). This historical scenario is also consistent
with previous results showing the genetic contribution of multiple
non-native species to the VW tortoises (Russello et al. 2007; Gar-
rick et al. 2012).

Whereas hybridization and human-mediated dispersal are re-
garded as threats to biodiversity (Allendorf et al., 2001), we high-
light potential unforeseen conservation benefits from such events
for Galápagos giant tortoises. Given the ecological importance of
these species (Hamann, 1993; Gibbs et al., 2008), the use of hybrids
in captive breeding programs may be the only option to re-intro-
duce a key ecosystem engineer while preserving the evolutionary
legacy of extinct endemics. Here, we have shown that individuals
carrying C. abingdoni alleles are still alive on VW and speculate that
as-yet undetected individuals, possibly purebreds, can be found
around Banks Bay (Fig. 1b).

The next step will be to further sample the VW tortoise popula-
tion to recover these individuals of conservation importance and
possibly find new ones. Hybrid removal would also benefit the ge-
netic integrity of the native VW lineages while enabling the inclu-
sion of greater numbers of hybrid individuals in recovery efforts,
thus mitigating inbreeding impacts. Moreover, the identification
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of additional individuals with higher levels of Pinta ancestry may
allow for tiered management programs permitting immediate re-
lease for ecological restoration of ‘‘lower’’ quality hybrids onto Pin-
ta, and retaining ‘‘higher’’ quality hybrids for captive breeding
followed by offspring release, as for the C. hoodensis recovery pro-
gram (Milinkovitch et al., 2004, 2007, in press). This strategy could
enhance the retention of endemic species’ genes in the restored
population, while kick-starting the ecological recovery of the is-
land. Its success, however, will be contingent on the reproductive
viability, diversity, and familial relationships of the recovered
hybrids.

Driven by our findings for C. abingdoni and the previous detec-
tion of C. elephantopus (Poulakakis et al., 2008; Garrick et al. 2012)
ancestry on VW, planning is now underway for an expedition to re-
cover these individuals of conservation importance and identify
new ones. The outcomes from the spatial analysis provide a focus
for these efforts: the western slopes of VW (Fig. 1b). Our discovery
lends considerable hope and practical guidance for conservation
efforts aiming to reestablish a tortoise population on Pinta Island
with close genetic affinity to C. abingdoni despite the recent death
of Lonesome George.
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