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Abstract

Illegal trade in leopard tortoises Stigmochelys pardalis is widespread, yet the origins of confiscated S. pardalis are often
unknown. Accurate assignment to source populations is essential for informed conservation management and release. We
expanded and tested a genetic reference database for assigning S. pardalis to their original wild populations in KwaZulu-
Natal Province, South Africa, and Eswatini. We added 50 newly genotyped wild S. pardalis sampled across these regions
to the database and then evaluated the updated database by sampling and assessing 50 S. pardalis of unknown geographic
origin held at a rehabilitation centre in KwaZulu-Natal. Genetic assignment indicated that only a single S. pardalis at the
rehabilitation-centre may have originated from KwaZulu-Natal, highlighting the extent of illegal trade, translocation, and
possession of S. pardalis. Individuals of verified regional origin were subsequently rehabilitated and translocated for soft
release at appropriate sites.
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Introduction

South Africa hosts a rich biodiversity, including reptiles of
which thirteen species are tortoises (Tolley et al. 2023). The
illegal possession of, and trade in, tortoises, particularly the
leopard tortoise Stigmochelys pardalis (Bell, 1828), is a
conservation issue that requires urgent resolution. Although
S. pardalis is currently categorized as Least Concern on the
International Union for Conservation of Nature (IUCN)
Red List of threatened species (Baker et al. 2022), the spe-
cies still faces various threats. Demand from the pet trade,
exploitation for traditional medicine and food, mortality
from electric fences, and ongoing habitat loss collectively
exert substantial pressure on wild populations (Branch
2014; Baker et al. 2022; Hofmeyer and Baard 2023).

Over the previous two decades, the transfer of tortoises to
wildlife rehabilitation centres and zoos resulted in the accu-

P4 Adrian J. Armstrong
Adrian. Armstrong@kznwildlife.com

I Scientific Services, Ezemvelo KZN Wildlife,
Pietermaritzburg, South Africa

Centre for Functional Biodiversity, School of Life Sciences,
University of KwaZulu-Natal, Pietermaritzburg, South Africa

National Zoological Garden, South African National
Biodiversity Institute, Pretoria, South Africa

Genetics Department, University of the Free State,
Bloemfontein, South Africa

5 FreeMe Wildlife, Howick, South Africa

Institute of Environmental Planning, Leibniz University
Hannover, Hannover 30419, Germany

Department of Biological Sciences, University of Eswatini,
Kwaluseni, Eswatini

Mammal Research Institute, Department of Zoology &
Entomology, University of Pretoria, Hatfield, South Africa

Museum of Zoology, Senckenberg, Dresden, Germany

mulation of large numbers of tortoises often of unknown
origin. For example, the FreeMe Wildlife rehabilitation cen-
tre in Howick, KwaZulu-Natal, South Africa, received 101
S. pardalis between early 2016 and mid-2025 and has had
to turn away others because of a lack of space. The Centre
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for the Rehabilitation of Wildlife in Durban, KwaZulu-
Natal, received 314 S. pardalis between early 2006 and mid
2025 (Sue-Ann Shutte, pers. comm. 9 July 2025, Centre for
Rehabilitation of Wildlife, Durban). Owing to the protected
status of S. pardalis in KwaZulu-Natal, South Africa, Ezem-
velo KZN Wildlife, the Provincial Biodiversity Authority,
must make decisions regarding the most appropriate and
feasible management strategy.

The disposal of S. pardalis from captivity, whether they
have been collected or kept illegally, became unwanted
or have escaped from captivity, is controversial (IUCN
2019). The available options for managing such tortoises
are limited to a lifetime in captivity, release to the wild, or
euthanasia (IUCN 2019). With respect to lifelong captivity,
which for S. pardalis could mean many decades, few repu-
table institutions capable of providing suitable long-term
care exist. The species’ natural requirements — including
a diet consisting of a wide variety of foods and sufficient
roaming space (Branch 2008) — are often impractical to
provide in captivity, especially on a limited budget. In
addition, tortoises may acquire diseases and injuries in
captivity (or during commercial trade) that require treat-
ment, if diagnosed. Even if private ownership is permitted,
tortoises may outlive their owners, necessitating a post-
poned decision regarding their eventual disposal. Wildlife
rehabilitation centres reject euthanasia except for tortoises
that are terminally ill or severely injured with no hope
of successful rehabilitation. Therefore, releasing healthy
tortoises may be the most viable option for rehabilitation
centres.

Historically, the release of illegally possessed S. parda-
lis was conducted without appropriate release or monitor-
ing protocols, and without adequate measures to evaluate
the success of these releases (Wimberger et al. 2009). Sev-
eral actual or potential issues were not adequately assessed
before, during, or after the release, including overcrowding
at the release site and subsequent dispersal into unsuitable
habitats, the mixing of distinct genetic lineages, potential
disease transmission to wild tortoises, and the long-term
survival prospect of released individuals. To address these
issues, Ezemvelo KZN Wildlife developed and tested a pro-
tocol for returning tortoises to the wild (Wimberger et al.
2009). The protocol was later expanded to include enhanced
rehabilitation and pre-release procedures (Wimberger et al.
2011; Ezemvelo KZN Wildlife Ezemvelo 2013). The pres-
ent study is intended to further improve the protocol by
including genetic testing with geographical assignment to
ensure that tortoises that are fit-for-release are returned to
the region within their historical range that matches their
genetic lineage.

The genetic tracing of illegally-trafficked wildlife has
been applied to determine the provenances of confiscated
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individuals and inform anti-trafficking measures, as dem-
onstrated for example by a genomic analysis of white-bel-
lied pangolins Phataginus tricuspis that mapped poaching
sources and trafficking routes (Tinsman et al. 2023).
Another study indicated that 12 microsatellite loci could
be applied to assign confiscated Cape parrots Poicephalus
robustus to the correct geographic region (Coetzer et al.
2017). Such approaches could also guide the identifica-
tion of suitable release sites for illegally-possessed live
individuals of other species that have been confiscated or
handed over to law enforcement officials, rehabilitation
centres, zoos, etc., including tortoises. Releasing tortoises
into the wild without accurate knowledge of their geo-
graphic origins raises significant conservation and animal
welfare concerns, particularly regarding the wild popula-
tion’s genetic integrity and adaptability of released tor-
toises (Loope et al. 2025).

Previous work on S. pardalis revealed pronounced
genetic variation with two distinct microsatellite clusters,
one of which was further divided into four subclusters,
across South Africa (Fig. 1a; Spitzweg et al. 2019). Build-
ing on these findings, Daj¢man et al. (2021) established a
genetic reference database, to support informed release and
population reinforcement of S. pardalis. Our research ques-
tion was, can the genetic reference database be used effec-
tively to determine the geographic origin of rehabilitated S.
pardalis individuals?

However, the previously observed unexpectedly
high genetic diversity of S. pardalis in KwaZulu-Natal
including genotypes characteristics of other South
African regions was inconsistent with expectations based
on geographic structuring elsewhere in the species’
range. We therefore hypothesized that the apparently
high genetic diversity was driven by the inclusion of
captive or introduced S. pardalis in the sampling and
that the indigenous genetic cluster in KwaZulu-Natal and
neighbouring Eswatini is the N3 subcluster (Spitzweg
et al. 2019). To test this hypothesis, we genotyped S.
pardalis from populations within protected areas, where
the introduction of non-native tortoises was least likely.
Because S. pardalis has been introduced to areas outside
its natural range (Boycott and Bourquin 2000), we also
genotyped individuals from an isolated population in and
around the Weenen Nature Reserve in central-western
KwaZulu-Natal, which several authors have suggested
is non-native to the region (Greig and Burdett 1976;
Hofmeyer and Baard 2014, 2023).

This study reports on the expansion of the genetic refer-
ence database through the inclusion of additional wild S.
pardalis samples and its first application for assignment
of rehabilitated S. pardalis to geographically-appropriate
release sites.
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Methods
Sampling

In accordance with relevant ethical guidelines (see
Acknowledgements), blood samples (0.1-0.5 ml) were col-
lected from the sub-carapacial sinus using a syringe with a
22- or 24-gauge 5/8” needle of each of 50 rehabilitated adult
S. pardalis held at the FreeMe Wildlife rehabilitation centre
in Howick, KwaZulu-Natal, by a veterinarian using a chain
of custody approach (Kanthaswamy 2024; Rihova et al.
2024). Thirteen of these tortoises were confiscations from
people possessing them illegally, 13 escaped from unknown
captive locations outside their natural range, 16 were sur-
rendered without the requisite permits to FreeMe Wildlife
by people who no longer wanted to keep them as pets, seven
were rescues that were injured or ill and needed treatment
but without proof of legal possession, and one of unknown
provenance was transferred from another facility. Addition-
ally, samples from 50 wild S. pardalis (17 from South Africa
and 33 from Eswatini) were collected as described above to
further enhance the existing reference database of 270 tor-
toises (Fig. 1a - circles with white borders; supplementary
material, Table S3).

Genotyping and genetic assignment
DNA extraction, PCR and sequencing

Total DNA of 100 S. pardalis (50 wild and 50 from the cap-
tive population at FreeMe Wildlife) was isolated using the
PrepFiler Forensic DNA Extraction Kit (Applied Biosys-
tems, Life Technologies Corporation, Carlsbad, CA, USA)
following the manufacturer’s protocol.

Five multiplex PCRs and one single-locus PCR were per-
formed using a reaction volume of 10 pl containing 10-20
ng of total DNA, 6.25 pul of Taq polymerase (Ampliqon Red)
and 1 pl of each of the specific set of primers for each mul-
tiplex (supplementary material, Table S1). Thermocycling
conditions are summarized in the supplementary material,
Table S2. Fragment lengths were determined using an ABI
3500 DNA Analyzer (Applied Biosystems, Life Technolo-
gies Corporation, Carlsbad, CA, USA). For this purpose,
1 ul of the PCR product was mixed with 8.5 ul Hi-Di For-
mamide (Applied Biosystems) and 0.5 pl GeneScan-600
LIZ Size Standard (Applied Biosystems). Fragment length
scoring was performed with GeneMapper™ Software 6
(Applied Biosystems).
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Fig. 1 (a) Genotypic clustering of Stigmochelys pardalis (for details
see Spitzweg et al. 2019 and Daj¢man et al. 2021), including newly col-
lected samples (circles with white borders). Distinct clusters are colour
coded. Symbol sizes indicate the number of individuals per sampling
site; slices represent the percentages of individuals in each genetic
cluster, including mixed ancestries or conflicting cluster assignments.
The distribution range of S. pardalis (according to Baker et al. 2015) is
shaded beige. White stars represent the release sites (for further details
see Table 1). (b) Extract of genotypic clusters from Fig. 1a overlaid on
a detailed map of Eswatini and KwaZulu-Natal

Data analyses

To account for differences in platforms, reagents, and
microsatellite calling we performed a calibration and
standardization process on the ABI 3500 DNA Analyzer
platform that was used in the current study. We repeated
the genotyping of 10 S. pardalis individuals from the
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reference database following the methods of Dajéman et
al. (2021). Systematic differences in allele sizing and call-
ing were identified using an allelic ladder generated from
known samples as a positive control. Differences were
detected only in microsatellite loci GmuD16 and GAL 94
(corresponding to a mismatch rate of 14%) and were cor-
rected by adjusting the allele identifiers in GeneMapper™
Software 6. This adjustment ensured consistency of results
across the different platforms.

The microsatellite data from 370 leopard tortoises
— including both reference and newly generated data —
were analysed using the unsupervised Bayesian clustering
approach of STRUCTURE v.2.3.4 (Hubisz et al. 2009;
Pritchard et al. 2000) under the admixture model with cor-
related allele frequencies. STRUCTURE uses Hardy—Wein-
berg equilibrium and linkage equilibrium to identify clusters
and an unsupervised analytical approach was used to ensure
individuals are clustered only based on their genetic pro-
files. STRUCTURE analyses were conducted for values
of K ranging from 1 to 10, each with 10 iterations, using
a Markov Chain Monte Carlo (MCMC) chain of 750,000
generations following a burn-in period of 250,000 genera-
tions as described in Dajéman et al. (2021). The AK method
(Evanno et al. 2005) and mean Ln probabilities were used
to determine the most likely number of genetic clusters (K).
Individuals with membership proportion of less than 80%
were considered to have admixed ancestry (Barilani et al.
2007; Randi 2008). STRUCTURE is sensitive to uneven
sample sizes (Puechmaille 2016) and tends to detect only
the uppermost hierarchical level of population differen-
tiation (Evanno et al. 2005). Because of these limitations,
additional STRUCTURE analyses were conducted sepa-
rately for each cluster identified in the initial STRUCTURE
run but excluding the admixed individuals.

Results and discussion

Using all samples (N=370), STRUCTURE in the first run
identified two clusters (South and North) as the best solu-
tion, supporting the results of Spitzweg et al. (2019) and
Daj¢man et al. (2021). Additional STRUCTURE runs for
each of the two clusters excluding admixed individuals
resulted in K=1 as the best solution for the southern clus-
ter but suggested further structuring for the northern sub-
group (K=4; Fig. 1), as previously shown by Daj¢man et al.
(2021). Sixty-three of the hundred samples analysed in the
current study could be assigned to a specific genetic cluster
or subcluster, whereas thirty-seven could not.

Although there appears to be considerable genetic diver-
sity in S. pardalis in KwaZulu-Natal (Fig. 1; Spitzweg et al.
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2019; Dajéman et al. 2021), this is almost certainly a sam-
pling artifact. With some exceptions — e.g., from an out-of-
range captive population in Ballito near Durban (Greig and
Burdett 1976; Boycott and Bourquin 2000; Hofmeyer and
Baard 2014, 2023) — most samples, especially those from
long-term protected areas in north-eastern KwaZulu-Natal,
were assigned to subcluster N3 if not classified as admixed
(Fig. 1b). This result suggests that the N3 subcluster is the
only one unequivocally native to the province. Twenty-six
of the 33 samples collected from the wild in four areas of
Eswatini were assigned to subcluster N3 (the remaining
seven samples were classified as admixed (6 x N2/N3, 1 x
N3/N4). These findings suggest that subcluster N3 extends
from KwaZulu-Natal northwards into Eswatini, potentially
followed by a natural hybrid zone between subclusters N3
and N2 that extends from northern Eswatini into the adja-
cent Mpumalanga Province in South Africa (supplementary
material, Table S4).

Our results support previous assertions that the iso-
lated S. pardalis population in and around Weenen Nature
Reserve, western KwaZulu-Natal, is likely not indigenous
but instead reflects a “human-assisted” introduction. Four
of the five individuals sampled from this population were
assigned to three different North subclusters and the fifth
was classified as admixed (Fig. 1b; supplementary mate-
rial, Table S3). This pattern is consistent with past releases
of S. pardalis into the area. Several admixed S. pardalis
sampled elsewhere were also likely released animals or
descendants of captive releases (e.g., in Somkhanda Com-
munity Game Reserve; supplementary material, Table
S4).

Only one of the 50 captive S. pardalis sampled at the
FreeMe Wildlife rehabilitation centre was assigned to sub-
cluster N3, matching the genetic profile of wild native
tortoises in KwaZulu-Natal (Table 1). The remaining 49
individuals were assigned to subclusters N1 (n=1), N2
(n=5), N4 (n=15) and the southern cluster (»=10) while 18
tortoises were of an admixed genetic type. These findings
demonstrate that all except one of the tortoises originated
from outside KwaZulu-Natal and were transported from
hundreds or even a thousand or more km away (Fig. 1a; sup-
plementary material, Table S5). Thirty-two tortoises (64%)
could be assigned to specific genetic clusters and thus to suit-
able areas for release within South Africa (Table 1). Deci-
sions concerning appropriate release sites for the 18 tortoises
(36%) identified as hybrids between clusters or subclusters
(Table 1) are currently difficult. Further research is needed to
determine where genetic clusters and subclusters meet and
whether they overlap or form natural hybrid zones. Ideally,
all individuals identified as admixed should remain in captiv-
ity until such comprehensive information is available.
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Table 1 Assignment of the 50 Stigmochelys pardalis rehabilitated at the FreeMe Wildlife rehabilitation centre in Howick, KwaZulu-Natal to
genetic clusters identified by Dajéman et al. (2021), with suggested release areas inferred from the detailed genetic structure characterized for each
tortoise. A ‘?” indicates that the available data are insufficient to confidently assign a potential release site

Assigned genetic Number of S. pardalis  Identification number

Potential release province and Actual release site (number of

cluster region released individuals)

North 1 (N1) 3078 Northern Cape (Western)

North 2 (N2) 5 1820, 3066, 4006, 22 99, Limpopo Entabeni Private Nature
22 208 Reserve (5)

North 3 (N3) 1 22 122 KwaZulu-Natal (North-eastern) Greater Ukuwela Nature

Reserve (1)

North 4 (N4) 12 1788, 1936, 2853, 3336, North West (Southern) Mattanu Private Game
3552, 3906, 20-509, Reserve (11)
20 929,20 1020,
21 515,21 721,22 81

3 22 158,22 94,22 280  North West, Free State, Northern Plaas Prospek, Koppies (2)
Cape

South (S) 10 1739, 2481, 2594, Eastern Cape Kwandwe Private Game
20-580,21-53,21-1194, Reserve (10)
21-1195,22 98,22 264,
22 334,

NI1/N2 hybrid 1 21-509 ?

N2/N3 hybrid 4 2480, 2569, 21-91, ?
22 46

N2/N4 hybrid 5 1387, 3467, 20-724, ?
20 793,21 248

N hybrid 1 4233 ?

N/S hybrid 7 1819, 1906, 2854, ?

20-581, 20-831,
21-1196, 22-215

To date, 27 of the 50 illegally possessed S. pardalis have
been released to the wild (Fig. 1a — white stars; Table 1). All
except one individual underwent a six-month soft release in
escape-proof enclosures situated in the natural environment
at the respective release sites to monitor their adaptation to
the local environment prior to full release, as recommended
by Tuberville et al. (2005) and Attum et al. (2010). These
enclosures were repurposed large mammal bomas or fenced
areas, measuring at least 0.16 ha for a group of up to ten
adult tortoises of both sexes. Where possible, the S. pardalis
were released into the enclosures before or during winter
(April to September) as this is when they brumate, a situ-
ation conducive to reducing dispersal from the release site
(Attum et al. 2011). The ten S. pardalis of the southern clus-
ter were released at the Kwandwe Private Game Reserve,
Eastern Cape Province (released into the enclosure on
23.01.2023), eleven of subcluster N4 were released at the
Mattanu Private Game Reserve, Northern Cape Province
(10.08.2023), two of subcluster N4 were released at Plaas
Prospek, Free State Province (07.05.2024), five of subclus-
ter N2 were released at the Entabeni Private Nature Reserve,
Limpopo Province (30.04.2024), and one of subcluster N3
was released immediately in the Greater Ukuwela Nature
Reserve (Fig. 1a; Table 1).

Conservation and policy implications

Our results demonstrate that the expanded genetic refer-
ence database enables the reliable assignment of individual
S. pardalis to their original wild populations within South
Africa, aiding release and conservation reinforcement.
Releases of tortoises of unknown or foreign genetic prov-
enance, especially to formally protected areas, should not
be permitted. The inclusion of genetic maps in the develop-
ment of species-specific rehabilitation and release protocols
for species of tortoise that accumulate in captivity, particu-
larly for those species with relatively wide distributions that
span international boundaries (such as S. pardalis), would
be very helpful in deciding where to place the tortoises.
The high proportion of S. pardalis originating from dis-
tant genetic clusters and subclusters highlights the need
for coordinated conservation management across South
Africa—and potentially the species’ full range—to effec-
tively address illegal possession, transport, rehabilitation,
and release. Strengthening partnerships between provin-
cial conservation agencies, wildlife rehabilitation centres,
and institutions with genetic analysis capacity to develop a
South Africa-wide, or even southern Africa-wide, network
will be essential. Because tortoises from southern Africa
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are frequently moved across international boundaries (Shi-
vambu et al. 2024; Vitale et al. 2025), cooperation between
countries in repatriating illegally held tortoises to their places
of origin under international wildlife agreements would be
greatly facilitated by genetic maps. Such maps have already
proven valuable for tracing the provenance of species in the
illegal wildlife trade, including African pangolins trafficked
to Asian markets (Tinsman et al. 2023), and could similarly
support the informed repatriation and release of tortoises. In
addition, individual genetic heterozygosity has been shown
to predict translocation success in Mojave desert tortoises
Gopherus agassizii (Cooper 1861; Scott et al. 2020), sug-
gesting that incorporating heterozygosity assessments into
the selection of S. pardalis for release could further improve
outcomes and ensure that rehabilitation resources are used
most effectively.

Together, these measures would improve the feasibility,
success and suitability of reintroducing confiscated and cap-
tive tortoises to the wild.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10592-0
26-01773-y.
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