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Abstract
Wild species living in captivity are subject to loss of genetic diversity, inbreeding depression, and differentiation among 
populations. Only very few species have been under human care for centuries but have not been selectively bred, have 
free-ranging movements most of the time, and retain porous barriers to gene flow between wild and captive populations. 
Such captive populations are expected to retain high levels of genetic diversity and anthropogenic factors should result in 
a limited genetic differentiation from wild populations. Asian elephants have been trained and used by humans for at least 
4000 years as war animals, mounts of kings and draught animals. In Myanmar and Laos, elephants are still being used for 
hauling timber in the forest while retaining traditional management practices including seasonal release, free mating and 
movement. However, habitat fragmentation, isolation and reduced gene flows are threatening both semi-captive and wild 
pools. We genotyped 167 semi-captive elephants from Laos and Myanmar using a panel of 11 microsatellite loci to estimate 
the genetic diversity and population structure. We found that elephants of both countries presented high levels of genetic 
diversity and a low degree of inbreeding, if any. This agrees with the expected high level of genetic diversity in semi-captive 
populations. We found a weak differentiation along a geographical gradient from southern Laos to northern Myanmar but 
no differentiation between wild-caught and captive-born pools. The potential value for conservation of a large population 
of semi-captive elephants has been recognized but the conservation community has yet to fully explore the potential role 
semi-captive elephants could play in maintaining gene flows.
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Introduction

Anthropogenic factors are important drivers of the evolu-
tionary history of species and populations (Miraldo et al. 
2016; Queirós et al. 2020). Among them landscape changes, 
such as habitat loss and fragmentation, connectivity impair-
ment and population isolation have led to decrease in species 

abundance and limited gene flow (Kvie et al. 2019). These 
changes may further lead to depletion of genetic variation 
within populations as well as accelerating differentiation 
among populations (Frankham et al. 2004). Another major 
anthropogenic driver of changes in the genetic structure and 
diversity is the human exploitation of wild species through 
hunting, capture and breeding of wild populations (Barron 
et al. 2022). Genetic adaptation to captivity of wild species 
living under human care includes, among others, loss of 
genetic diversity and inbreeding depression that ultimately 
could further enhance differentiation between captive and 
wild populations (Frankham 2008). One would expect that 
the anthropogenic factors mentioned above might also shape 
the genetic structure and diversity of semi-captive popula-
tions. Only very few species have been under human care for 
centuries but have not been selectively bred, have free-rang-
ing movements most of the time, and retain porous gene flow 
between wild and captive genetic pools through capture, 
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release and/or reproduction. These free-ranging populations 
are usually managed under extensive herding systems that 
have undergone recent large-scale landscape changes, such 
as habitat loss and fragmentation, subdivide wild popula-
tions, reduce their size, and limit gene flow (Forbes et al. 
2009; Kvie et al. 2019; Maurer et al. 2021). Among these 
semi-captive species, reindeer (Rangifer tarandus) has been 
managed under extensive husbandry practices, with capture 
and crosses breeding between wild and herded individuals. 
Both wild and semi-captive reindeer populations retain high 
levels of genetic diversity but the two groups show mild dif-
ferentiation as a result of husbandry practices (Kvie et al. 
2019; Røed et al. 2008).

Like the reindeer, the Asian elephant (Elephas maximus) 
is an iconic species in which captive herds are in close con-
tact with wild individuals (Sukumar 2003; Vidya 2016). 
Asian elephant populations are in overall decline and are 
classified as Endangered by the International Union for 
Conservation of Nature (Williams et al. 2020). The total 
number of elephants has been reduced by at least 50% over 
the past three decades. Populations are affected by habi-
tat fragmentation and loss, human–elephant conflicts, and 
poaching for ivory (Dublin et al. 2006; Hedges et al. 2005; 
Leimgruber et al. 2003; Sukumar 2006). The total popula-
tion is estimated between 30,000 and 50,000 individuals, 
although these figures may be overestimates (Hedges et al. 
2008). An estimated 14.500 to 16.000 elephants live in cap-
tivity or in semi-wild conditions, roaming freely at night or 
during idle periods in the forest (Leimgruber et al. 2008; 
Sukumar 2016). Elephants have been trained and used by 
humans for at least 4000 years as war animals, mounts of 
kings and draught animals for transport and forestry (Trau-
tmann 2015). Nowadays elephants are employed as draught 
animals by the logging industry and by villagers, but also for 
tourism and representation in temples (Maurer 2018; Suku-
mar 2016). Over past centuries, large levels of gene flows 
have been retained between the captive and wild pools as 
most captive elephants were caught in the wild to maintain 
the tamed population (Lair 1997; Leimgruber et al. 2008; 
Sukumar 2016). The conservation value of semi-captive 
elephants is still disputed and could be seen, either as an 
opportunity or a threat for the survival of this endangered 
species (Hedges et al. 2018). For instance, the Myanmar 
Elephant Conservation Action Plan (MECAP) 2018–2027 
(Hedges et al. 2018) recognizes that “the successful conser-
vation of a species with captive relatives—including Asian 
Elephants—requires the captive population to be managed 
in such a manner that it does not constitute a threat to the 
wild population” (MECAP, p. 29). On the one hand, captive 
individuals could serve as a reservoir to support reintroduc-
tion among isolated wild populations (Dublin et al. 2006; 
Hedges et al. 2018). On the other hand, releases of captive 
individuals could favour the transmission of diseases to the 

wild pool (Lassausaie et al. 2015) or could increase crop 
raiding as habituated elephants could be fearless to humans 
(Hedges et al. 2018).

Myanmar and Laos are still using elephants for hauling 
timber in the forest while keeping traditional management 
practices of seasonal release, free mating and movement. 
Myanmar is home to around 2000 wild elephants living in 
large forest areas presenting low human densities (Leimgru-
ber et al. 2011; Sampson et al. 2018; Songer et al. 2016; 
Thant et al. 2022). There are about 5000 captive elephants 
of which 3000 are owned by the government and 2000 are 
privately held (Asian Elephant Range States Meeting report 
2017). These elephants are semi-captive and work for the 
timber industry (Crawley et al. 2020a, b). At night, captive 
elephants forage in the forest without supervision where they 
encounter tame and wild conspecifics (Lahdenperä et al. 
2018). Laos hosts a population of 500–600 wild elephants 
living mostly in small and isolated herds, except for two 
populations of respectively 130 and 60–80 individuals living 
in Nakay and Nam Pouy protected areas (Menon and Tiwari 
2019). Laos also shelters 450 captive elephants employed in 
the logging industry and more recently for tourism (Maurer 
et al. 2017). Most Lao captive elephants live in the northern 
province of Sayaboury.

In Laos and Myanmar, captive elephants share the same 
habitat as their wild conspecifics and interact regularly. In 
Laos, captive females are released part of the year and they 
can mate with wild males from the Nam Pouy protected 
area, thus contributing 80% of captive births in the country 
(Maurer et al. 2017, 2021). Gene flow from captive to wild 
elephants is also present, but to a lesser extent, through the 
release or accidental escape of captive elephants to the wild 
or through captive males mating wild living females (Lair 
1997; Maurer et al. 2021; Thitaram et al. 2010). The cap-
ture of wild elephants was banned in Laos in 1989 (Suter 
et al. 2014). Routine capture has been banned in Myanmar 
for over two decades (Crawley et al. 2020a, b). As the ele-
phant is a long-lived species, wild caught individuals are 
still found in the semi-captive population. Data from the 
Myanmar Timber Enterprise shows that the current popula-
tion includes wild caught individuals and subsequent genera-
tions-F1, F2, F3, F4 and possibly later (Crawley et al. 2020a, 
b). In Laos the number of generations since capture is not 
known. Therefore, the traditional herding system in Laos and 
Myanmar provides an opportunity to investigate the impact 
of both recent and longstanding herding practices on the 
genetic structure and diversity of semi-captive populations.

Range wide genetic studies on elephants are mostly based 
on mtDNA (Fernando and Lande 2000; Vidya et al. 2009). 
Haplotypes of both α and β clades have been found in Laos 
and Myanmar—see detailed haplotypes and evolution-
ary distinctiveness by country in  Budd et al. (2023a, b). 
Conversely, local population studies have mainly relied on 
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nuclear microsatellites to evaluate nuclear genetic diversity 
and differentiation. Such local studies have been carried out 
in Laos (Ahlering et al. 2011; Budd et al. 2023a, b), Vietnam 
(Vidya et al. 2007), Cambodia (Gray et al. 2014), China 
(Zhang et al. 2015), Myanmar (Budd 2021; Kusza et al. 
2018), Sumatra (Moßbrucker et al. 2015), Nepal (Flagstad 
et al. 2012), or at the country level such as in India (De 
et al. 2021), Thailand (Thitaram et al. 2010) or on Borneo 
(Goossens et al. 2016). Among these studies, the use of dif-
ferent microsatellite markers prevents any comprehensive 
analysis of population genetic parameters and geographic 
structure on wider geographical ranges. However, these stud-
ies agree that Southeast Asian populations of Thailand, Lao 
PDR, Cambodia and Myanmar harbored higher levels of 
allelic diversity and heterozygosity (Budd et al. 2023a, b) in 
accordance with Ahlering et al. (2011) showing high levels 
of diversity found in Nakai Protected Area, Lao PDR.

To investigate the genetic structure and diversity of semi-
captive elephant populations, we conducted a large-scale 
population genetic study across Laos and Myanmar, two 
countries that maintain similar husbandry practices. We used 
blood samples taken by the veterinary medical services in 
the two countries to minimize genotyping errors associated 
with the use of environmental DNA. When known with cer-
tainty, we recorded the origin of the animal, either captured 
from the wild or captive born to study the structure of a large 
scale semi-captive population and investigate potential dif-
ferentiation between wild and semi-captive pools.

Methods

Study sites

Myanmar and Laos represent a main part of the north-
ern Indochina subtropical moist forests, a large ecoregion 
extending across the highlands of northern Myanmar, Laos, 
Vietnam and most of southern Yunnan Province in China. 
Monsoon forests are distributed over a mountainous land-
scape and form a broad range of habitats ranging from 
drought-deciduous savannah woodland to montane ever-
green forests. This ecoregion has the second highest rich-
ness value for mammals in Asia and hosts large populations 
of Asian elephants (Olson and Dinerstein 1998).

Sample collection

Blood samples from 169 semi-captive elephants (Laos—99 
and Myanmar—70) were collected across the two countries 
at the occasion of veterinary controls organized by respec-
tively the Lao Elephant Care and Management Program 
(Department of Livestock) and Myanma Timber Entreprise 

veterinarians (Fig. 1). Among the 70 Myanmar samples, 
48 originated from captive born and 19 from wild caught 
elephants. This information was not available for Lao sam-
ples. Approximatively 2 ml of blood was stored in 5 ml tubes 
filled with approximatively 2 ml of 95% ethanol or on FTA 
cards (Whatman). FTA cards were stored at room tempera-
ture and ethanol tubes at minus 20 °C for several months 
before export.

Export

Sample export was authorized by the Lao Department of 
Livestock and Fisheries (# 1782-30/09/2015) and import 
permit for the biological samples was issued by the French 
veterinary services, ministry of Forest, Agriculture and 
Environment (registration number 2015086, 06/10/2015). 
Export permit was issued by Forest Deparment, MoNREC, 
Myanmar (19 MM 000004/A/FD) and import permit by 
DREAL France (N° FR1903400028-I) under CITES. All 
samples were sent to the Center for Evolutionary and Func-
tional Ecology (CEFE) laboratory, Montpellier, France, for 
DNA extraction and genotyping.

Laboratory

DNA was extracted from blood upon delivery at the CEFE. 
Negative controls were processed in parallel to control for 
potential contamination of reagents. DNA was extracted 
using DNeasy Blood & Tissue kit protocol. Purified DNA 
was eluted into 50 µl of elution buffer and stored at − 20 
°C. We initially test a panel of 29 different microsatellites 
markers from the published literature on Asian elephants. 
We discarded loci with moderate amplification yields (less 
than 60%) and ambiguous scoring from blood samples. We 
finally selected 11 loci based on markers’ polymorphism.

PCR amplification of 11 microsatellite loci was car-
ried out: EMU03, EMU07, EMU08, EMU11, EMU12, 
EMU14, FH60, FH94, FH103, LafMs05, LA2 (Com-
stock et al. 2000; Eggert et al. 2000; Kongrit et al. 2008; 
Nyakaana and Arctander 1998). Monoplex PCR were car-
ried out for loci FH94, EMU08, EMU12 in 10 µl volumes, 
using 2 µl DNA, 0.2 µM of each primers, Qiagen Taq 1x 
and remaining of water. Multiplex PCRs were carried in 10 
µl volume using DNA 2 µl, 0.2 µM of multiplex primers, 
Qiagen Taq 1x and remaining of water. The PCR consisted 
of an initial denaturation step at 95 °C for 15 min, followed 
by 30 cycles of three steps. These three steps included 
denaturation at 94 °C for 30 s, followed by annealing for 
90 s, and extension at 72 °C for 1 min. A final extension 
was performed for 30 min at 60 °C. PCR products were 
electrophoresed, along with the internal size standard 
GS500LIZ, in ABI 3500XL 24-capillary-array Genetic 
Analyzer (Applied Biosystems) in the Genseq-CEMEB 
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Facility in Montpellier. Genotypes were scored using 
the GeneMapper software version 4.0 (Applied Biosys-
tems). The observations listed by Fernando et al. (2003) 
were followed as guidelines for scoring alleles from 
electropherograms.

Data analysis

We assessed null alleles, scoring errors and allelic dropout in 
the overall microsatellite data set using MICRO-CHECKER 
2.2.3 (Van Oosterhout et al. 2004). The number of alleles per 

Fig. 1   Wild elephant distribution and sampling sites in Laos and 
Myanmar. Number of samples used in the survey are given in brack-
ets for the 5 populations. Nam Pouy and Nakay Protected areas are 
shown in green (wild elephant distribution). The map was drawn 

using QGIS version 2.14.0-Essen (www.​qgis.​org). Protected area 
shape files were downloaded from the World Database on Protected 
Areas (WDPA), IUCN and UNEP-WCMC (2017), available at: www.​
prote​ctedp​lanet.​net

http://www.qgis.org
http://www.protectedplanet.net
http://www.protectedplanet.net
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locus (Na), observed (Ho) and expected (He) heterozygosi-
ties, Fis, pairwise Fst values, analysis of molecular variance 
(AMOVA) and deviations from Hardy–Weinberg (HW) and 
linkage equilibrium (LE) between loci for each population 
were calculated using the R packages Adegenet, Pegas and 
Genepop (Jombart and Bateman 2008; Paradis 2010; R 
Core Team 2017). Evidence in favour of a recent popula-
tion bottleneck was assessed using a test for heterozygosity 
excess (Cornuet and Luikart 1997) and a graphical test to 
detect mode shifts in allele frequency distributions (Luikart 
et al. 1998). Stepwise and two-phase models of mutation 
with 1000 randomizations were implemented in the program 
BOTTLENECK v.1.2.02 (Luikart and Cornuet 1999). Struc-
turing into distinct gene pools across Laos and Myanmar and 
between wild and captive born individuals was investigated 
using Bayesian clustering as implemented in STRU​CTU​
RE v. 2.3.4 without spatial information (Falush et al. 2003). 
STRU​CTU​RE was used under a model assuming admixture 
and allowing for correlation of allele frequencies between 
clusters. Models were run with and without population affili-
ation (Hubisz et al. 2009). We conducted ten runs for each 
value of K = 1–8 and each run consisted of a 10,000 burn-in 
followed by 100,000 iterations. The most likely value of K 
was assessed using Structure harvester (Earl and vonHoldt 
2012). The use of the sampling location as default infor-
mation has been shown to allow the correct inference of 
population clustering and ancestry when the sets of data 
used present weak structure signals that cannot be detected 
by basic models available for STRU​CTU​RE (Hubisz et al. 
2009). Population structure was also analysed using Dis-
criminant Analysis of Principal Components and genetic 
isolation by distance (Jombart 2008; Jombart et al. 2010).

Results

Genetic diversity

We obtained 167 genotypes out of the 169 blood samples 
with 154 full genotypes, 12 genotypes with data missing 
for one locus and one genotype with data missing at 2 loci. 
Two samples with missing data at 8 loci were excluded from 
further analysis. Both the Lao and Myanmar samples pre-
sented high levels of genetic diversity with a mean number 
of alleles per locus of respectively 5.8 (SE 0.72) and 6.2 (SE 
0.76) over the 11 loci (Table 1). The mean number of alleles 
is similar to previous results from a study on wild elephants 
in Cambodia (Gray et al. 2014) and captive elephants in 
Thailand (Thitaram et al. 2010), but lower than the 8.1 aver-
age allelic richness found in dung in a Lao wild population 
(Ahlering et al. 2011). We found moderate to high levels of 
observed heterozygosity depending on locus, ranging from 
0.39 to 0.84 in Laos and 0.41 to 0.81 in Myanmar, consist-
ent with studies using blood samples from Asian elephants 
in Thailand (Thitaram et al. 2010) and Myanmar (Kusza 
et al. 2018). There was no evidence for allele dropout. No 
significant deviation from Hardy Weinberg equilibrium was 
detected in sampling location. Null allele presence was only 
detected at locus FH60 in the Lao-north population. Null 
allele presence has been previously reported for loci FH94 
and LA2 in dung samples (Gray et al. 2014).

No significant linkage disequilibrium (Fisher’s method) 
was observed between pairs of loci across all populations 
(see Supp mat. 1) with the exception of FH60/FH94 (Chi2 
16.9, df 8, P-value 0.03).

Table 1   Basic parameters of genetic diversity in the Asian elephant population of Laos (N = 97) and Myanmar (N = 70)

Na number of alleles, Ho observed heterozygosity, He expected heterozygosity, HW estimation of exact P-values for deviation from Hardy 
Weinberg equilibrium (Fisher’s method)

Laos Myanmar

Locus Na Ho He HW Lao south HW Lao north Na Ho He HW Myan. east HW Myan. west HW Myan. north
EMU08 4 0.392 0.425 0.682 0.216 4 0.414 0.380 0.289 0.791 0.995
FH60 5 0.660 0.747 0.414 0.142 6 0.771 0.771 0.262 0.422 0.854
FH94 7 0.722 0.796 0.548 0.252 5 0.681 0.754 0.813 0.001 0.132
LafMs05 6 0.588 0.570 0.653 0.899 7 0.571 0.603 0.675 0.257 0.564
EMU07 11 0.835 0.822 0.649 0.419 12 0.812 0.835 0.686 0.982 0.293
EMU14 6 0.804 0.768 0.613 0.282 9 0.701 0.756 0.001 0.751 0.604
FH103 3 0.515 0.514 0.624 0.884 4 0.629 0.593 0.772 0.543 0.325
LA2 5 0.649 0.608 0.330 0.950 4 0.443 0.449 0.550 0.908 0.881
EMU03 4 0.639 0.653 0.632 0.837 5 0.667 0.624 0.918 0.698 0.421
EMU11 4 0.649 0.596 0.264 0.337 5 0.671 0.627 0.507 0.473 0.308
EMU12 9 0.526 0.592 0.944 0.000 8 0.758 0.717 0.227 0.882 0.466
Mean 5.818 0.634 0.645 6.273 0.647 0.646
SE 0.724 0.039 0.038 0.764 0.038 0.042
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The BOTTLENECK analysis (see Supp mat. 3) based 
on the stepwise mutation model did not evidence any sig-
nificant signature of ongoing bottlenecks while the two 
phase mutation model supported a single case of ongoing 
bottleneck. However, that single case corresponded to the 
Lao-south sample, i.e. a location for which sample size 
was below the threshold for reliable results. The tests did 
not detect any deviation from the L-shaped distribution 
of allele frequencies predicted in the absence of popula-
tion bottlenecks. The panmixia hypothesis and an appar-
ent absence of selection are therefore supported by our 
analyses among and within populations.

Population structure

The Analysis of Molecular Variance (Table 2) indicated that 
most of the variance is found within individuals (95.9%) 
with limited differentiation between the two countries 
(2.4%). The highest but moderate pairwise Fst value of 0.06 
is observed between the southern Lao population and the 
northern Myanmar one (Fig. 2). No statistically significant 
Fis value was found within population (See Supp mat. 2).

Pairwise Fst for the 5 sampling locations

Bayesian clustering analysis of microsatellite genotypes 
using STRU​CTU​RE with no prior information did not evi-
dence any marked structure (Fig. 3a). Ln P (X|K) and Delta 
K values both suggest K = 2 (Supp mat. 4), a result which 
indicates that there is a single or two genetic clusters. How-
ever, when using the 5 sampling locations as priors, STRU​
CTU​RE segregated the three Myanmar locations from the 
two Lao ones, confirming the presence of some genetic dif-
ferentiation into a Lao and a Myanmar gene pool as sug-
gested by pairwise Fst analysis (Fig. 3b). Furthermore, we 
tested if Myanmar elephants born in captivity and wild 
born ones belonged to a same or different gene pools. Wild 

Table 2   Analysis of molecular variance

Sigma %

Variations between country 0.1758 2.37
Variations between population Within country 0.0420 0.57
Variations between samples Within population 0.0862 1.16
Variations within samples 7.1195 95.90
Total variations 7.4236 100

Fig. 2   Population pairwise Fst 
matrix
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born individuals (MWC in Fig. 3c) were assigned to the 
same cluster as captive born ones within Myanmar (MCB 
in Fig. 3c), while retaining together a weak differentiation 
comparatively to the Lao populations.

Discriminant Analysis of Principal Components (DACP) 
and Genetic isolation by distance analyses further evidenced 
some limited differentiation between populations along a 
geographic gradient (Fig. 4a and b). These results support 
the absence of a marked population structure but a weak 
differentiation among sampling locations found in Bayesian 
clustering. DACP analysis also confirmed that wild caught 
elephants are not differentiated from captive born elephants 
(Fig. 4c) as shown in STRU​CTU​RE (Fig. 3b). 

Discussion

We genotyped 167 semi-captive elephants from Laos and 
Myanmar using a panel of 11 microsatellite loci. Elephants 
of both countries presented high levels of genetic diversity 
with an observed heterozygosity per locus ranging from 0.48 
to 0.84 and a low degree of inbreeding, if any. This is in 

agreement with the expected high level of genetic diversity 
in semi-captive populations of wild species.

Our mean observed and expected heterozygosity (0.65) 
are similar to the mean observed heterozygosity found in 
wild elephants in central Laos (0.67; Ahlering et al. 2011) 
using non-invasive samples but slightly lower than their 
estimate of expected heterozygosity under Hardy Weinberg 
equilibrium (0.74). Fernando et al. (2003) found a much 
lower expected heterozygosity across Laos (0.43) using dif-
ferent microsatellite markers. The 5 loci shared between our 
study and the Ahlering study (EMU03, EMU07, EMU12, 
EMU14, FH94) presented higher numbers of alleles in dung 
samples than in our blood samples from the semi-captive 
population in central Laos based on similar numbers of indi-
viduals. Locus EMU07 presented the largest deviation with 
Ahlering scoring 15 different alleles, while we found only 11 
alleles throughout Laos and 12 when considering the whole 
dataset from both countries. This was the locus presenting 
the highest number of alleles in our data set and was hence 
the most difficult to score. The lower allelic richness found in 
the semi-captive population may be the result of a decrease 
in diversity compared to the wild pool. Alternatively, it may 
be the intrinsic result of the legitimate selection of the most 

Fig. 3   Individual assignment 
probabilities of Asian elephants 
to genetic clusters using the 
model-based program STRU​
CTU​RE. A Model-based 
structuring of Lao-Myanmar 
populations without prior; B 
with location prior; C Captive 
born and wild caught popula-
tions in Myanmar with priors. 
Red and green colours show 
the assignment probability for 
each individual to one of the 
two putative ancestor popula-
tion. Individuals are grouped by 
populations: Laos south (LS), 
Laos north (LN), Myanmar east 
(ME), Myanmar west (MW), 
Myanmar north (MN). C: 
Myanmar captive born (MCB), 
Myanmar wild caught (MWC)
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polymorphic loci for the investigation of social structure 
despite of the occurrence of some genotyping errors due to 
degraded DNA. The expected lack of differentiation between 
wild and semi-captive pool in Laos suggests the possibility 
that genotyping errors explain the very high level of alleles 
and heterozygosity found in Nakay wild elephants.

We carefully selected 11 loci after testing an initial panel 
of 29 different markers based on their polymorphism, ampli-
fication yields and unambiguous reading from blood sam-
ples. Based on these observations, we may add some rec-
ommendations to the detailed protocols previously defined. 
Amplification success rates should be systematically men-
tioned in any study, as a prior indicative of the genotyping 
quality of the samples. Markers should be tested beforehand 
on a large panel of blood/dung samples, taking advantage of 
the large and genetically similar captive population across 
the region. Any marker showing null alleles, possible slip-
page, allelic dropouts or somewhat ambiguously scoring 
markers in blood samples should be avoided in non-invasive 

genotyping studies. While some highly polymorphic markers 
could be useful within the framework of CMR protocols, this 
high polymorphism potentially biases genetic diversity esti-
mators. Further, genetic diversity inferred from these stud-
ies should be assessed using a restricted panel of markers 
chosen for their reliability and representativeness of Asian 
elephant genetic diversity across the region.

Semi-captive reindeers share management similarities 
with the Asian elephant. A study based on 12 microsatellites 
shown a mild differentiation between wild and semi-captive 
populations of Norwegian reindeers using Fst and Bayesian 
hierarchical clustering (Kvie et al. 2019). We also analyzed 
the population structure of semi-captive elephants from Laos 
and Myanmar but did not find mild differentiation between 
the wild and semi-captive pools. Pairwise Fst values and 
Bayesian clustering showed a weak differentiation between 
a Lao and a Myanmar gene pool but not between populations 
within each country. Our study confirmed that population 
differentiation was weak using nuclear DNA over 1500 km 

Fig. 4   Population structure. A Discriminant Analysis of Principal Components (DCAP) by sampling locations. B Genetic Isolation by distance. 
C DCAP by origin: Wild caught (WC) or Captive Born (CB) elephants
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from south Laos to northern Myanmar. Wild caught and 
captive born elephants from Myanmar did not differ signifi-
cantly, suggesting that the captive and wild populations in 
Myanmar are homogenous, as is probably also the case in 
Laos. Similarly Thitaram et al. (2010) concluded that the 
captive pool is genetically representative of the wild one in 
Thailand. Male and/or anthropic-mediated gene flow allow 
such high levels of diversity and heterozygosity within the 
wild and the captive pools. Like Myanmar and Thailand, 
Laos has always based its traditional elephant rearing system 
on capture and cross-breeding between wild males and cap-
tive females (Maurer et al. 2021; Thitaram et al. 2010). This 
continuous gene flow induced a lack of genetic differentia-
tion between wild and semi-captive populations.

As the elephant is a long-lived species, with a genera-
tion time of two decades, the population is slow to show 
genetic changes. However, the anthropogenic factors that 
have allowed the preservation of the genetic diversity and 
population structure of the wild and semi-captive popula-
tions in these two countries are shifting rapidly. Over the 
past decades, habitat loss and fragmentation have broken 
many of the larger habitat patches into smaller patches that 
now support small isolated wild elephant populations (Dub-
lin et al. 2006) especially in Thailand and Indochina (Hedges 
et al. 2008). Wild elephant populations are affected by popu-
lation size reduction, fragmentation and gene flows disrup-
tion leading to high risks of diversity loss and inbreeding. 
Similarly, the semi-captive population shares similar threats. 
The traditional extensive form of elephant management is 
disappearing. Seasonal release of captive elephants that has 
allowed cross-breeding between captive and wild mates is 
restricted because of agricultural land expansion and access 
ban in protected areas (Maurer et al. 2021). Captive ele-
phants are increasingly kept in suburban areas isolated from 
their wild conspecifics. Fecundity is also impeded by the 
limited availability of captive breeders (Maurer et al. 2017).

We did not observe any evidence of local genetic drift, 
but the small population sizes at local level and habitat 
fragmentation (Budd et al. 2023a, b; Songer et al. 2016) 
will mechanically lead to loss of genetic diversity as current 
levels of heterozygosity could not be upheld on the long 
term. Unlike the Bornean population that viably sustains 
high level of inbreeding (Goossens et al. 2016), wild and 
captive populations from the Indochina-Myanmar complex 
have never been selected on their resistance to inbreed-
ing. Inbreeding has been revealed in a small and declin-
ing population in Vietnam showing low mitochondrial and 
microsatellite diversity and the signature of a recent popu-
lation bottleneck (Vidya et al. 2007). Small populations, 
such as those in Southeast Asia, which harbour the great-
est diversity, are also among those with the highest rates of 
habitat loss and fragmentation (Williams et al. 2020). They 
are therefore exposed to a high risk of extinction at local 

level. Consequently, the maintenance of gene flows is of 
paramount importance for the conservation of these isolated 
populations. Further research is needed to confirm whether 
the weak genetic differentiation, if any, and the similarity in 
alleles frequencies at nuclear loci found in our study, could 
justify considering the Lao and Myanmar semi-captive 
and wild pools as a homogenous Management Unit (MU) 
(Moritz 1994). The geographical demarcation of this MU 
should be further investigated by adding samples originating 
from neighbouring countries to check whether or not these 
populations show substantial divergence in allele frequen-
cies with a potential maximum area ranging from peninsular 
Malaysia, Vietnam up to northern India.

The potential value for conservation of a large popula-
tion of captive elephants has been recognized (Dublin et al. 
2006). If captive populations are to form reservoirs or insur-
ance populations to support the survival of isolated wild 
populations, then it is important that their genetic diversity 
is representative of extant diversity in the wild (Sato et al. 
2017). There will likely be more translocation of elephants 
in the future as moving elephants, especially small pocketed 
herds, will become a necessity as part of meta-population 
management programs (Asian Elephant Range States Meet-
ing report 2017). However, translocating wild elephants has 
proved to be risky as it often creates Human Elephant Con-
flicts (HEC). This technique, while solving the inbreeding 
problem, will increase HEC (Asian Elephant Range States 
Meeting report 2017). Semi-captive elephants that are used 
to forage in their natural habitat can ultimately play the role 
of ‘temporary’ migrants into inbred wild populations avoid-
ing the risks associated with translocating wild individu-
als. In this context, the captive elephant diversity should be 
actively managed over the long term. However, current con-
servation strategies in Laos tend to restrain the interactions 
between the wild and captive pools (Maurer et al. 2021). In 
Myanmar, the 2018–2027 Conservation and Management 
plan recommendations regarding the captive population 
rather focus on population management and monitoring 
(Dublin et al. 2006; Hedges et al. 2018). Elephant conser-
vationists cannot afford to ignore semi-captive populations 
in conservation planning for the long-term genetic sustain-
ability of the species.

Conclusion

Our study showed that the population of semi-captive 
Asian elephants from Laos and Myanmar has high levels 
of genetic diversity and cannot be differentiated from the 
wild pool. Wild and semi-captive populations of Asian 
elephants have been closely interconnected for millennia. 
Today both pools are exposed to similar threats such as 
poaching, habitat destruction, isolation and potential loss 
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of diversity. Governments, managers and conservationists 
should favour cooperation and a global approach consider-
ing the potential of a unique MU extending from Laos to 
Myanmar and probably even on a larger scale. Semi-captive 
and wild pools should also be managed with an inclusive 
and global approach to maintain the species’ abundance and 
genetic diversity. Finally, researchers should further investi-
gate the structure and range of MU using methodologies that 
will allow better cooperation and exchange of data between 
them. Within this scope, the use of SNPs and genetic mark-
ers associated with next-generation sequencing should be 
developed as they can facilitate the comparison of results 
between studies and laboratories and as they are less sensi-
tive to DNA degradation (Prado et al. 2023).
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