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Abstract
Conservation biologists often deal with species that have small, fragmented populations throughout their range, making it 
necessary to prioritize populations for management. Genetics provides tools to assist with prioritization according to the 
levels and distribution of genetic diversity and evolutionary distinctiveness. Many studies have used nuclear microsatellite 
loci to measure genetic diversity in disparate populations and mitochondrial DNA to assess genetic distinctiveness. However, 
comparing metrics based on microsatellite genotypes ascertained in different laboratories is complicated by the selection of 
different loci with distinct nucleotide repeat motifs. This issue may be resolved by comparing metrics to a well-characterized 
reference population with shared microsatellite markers. The Asian elephant, Elephas maximus, is an endangered species with 
50–60% of populations in India and Sri Lanka, and small, fragmented populations throughout southeast and insular Asia. 
We assessed range-wide genetic diversity of the Asian elephant by directly comparing allelic diversity and heterozygosity 
estimates from 35 populations, overcoming marker selection bias by calibrating metrics to a large population on the Nakai 
Plateau, Lao PDR, genotyped at 25 loci. We coupled these results with mtDNA analysis to evaluate genetic distinctiveness 
and identify potential conservation management units. We found the greatest diversity in the populations of southeast Asia 
and the greatest genetic distinctiveness among the subspecies designations, particularly Borneo and Sumatra, and other 
southeast Asian populations. The populations of southeast Asia, albeit small, fragmented, and at high risk of extirpation, 
contain valuable diversity and distinctiveness and are thus of high priority for the preservation of the Asian elephant.

Keywords Microsatellites · Yardstick calibration · Mitochondrial haplotypes · Population Genetics

Introduction

Conservation biologists often deal with species character-
ized by small, fragmented populations throughout their 
range. Given limited resources, managers must prioritize 
populations and determine the appropriate actions required 
to reduce the rate of further declines and increase the prob-
ability of recovery of the species adaptive potential (Hoban 
2018). Intraspecific genetic variation increases adaptive 
potential under changing environmental conditions (Reed 
and Frankham 2003) and can alleviate the deleterious effects 
of inbreeding depression (Frankham 2005). Quantifying 
genetic diversity and differentiation within and between 
declining populations is therefore a critical component of 
conservation management.

Here, we evaluate the levels of genetic diversity and 
genetic distinctiveness among populations of Asian ele-
phants. Despite being icons among the charismatic mega-
fauna, elephant populations continue to decline across their 
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native range. Conservation efforts generally focus on the 
African savanna elephant (Loxodonta africana), although 
populations of the African forest elephant (L. cyclotis) and 
the Asian elephant (Elephas maximus) each comprise only 
10% the size of the African savanna elephant population 
(Gobush et al. 2021; Williams et al. 2020). Asian elephant 
populations are declining at alarming rates in India, Bang-
ladesh, Bhutan, Cambodia, Lao PDR, Thailand, Vietnam, 
China, Myanmar, Malaysia, Indonesia, and Nepal, largely 
due to habitat degradation, urbanization, and fragmentation 
(Williams et al. 2020). While 50–60% of the total Asian 
elephant population is contained in India and Sri Lanka, 
smaller populations throughout southeast Asia continue to 
decline from habitat loss, with some already extirpated and 
only 16% of suitable habitat under protection (Choudhury 
et al. 2008; Williams et al. 2020).

Until recently, studies of genetic diversity within popu-
lations have been heavily reliant on nuclear microsatellite 
loci. However, common metrics derived from microsatel-
lites, such as allelic diversity, heterozygosity, and fixation 
indices (FIS, FST), are notoriously non-comparable among 
studies (Skrbinsek et al. 2012) due to non-repeatability of 
genotype scoring among researchers, inconsistent sample 
sizes, and differing properties of the microsatellite loci 
selected for the study. Discrepancies in genetic inference 
due to the selection of microsatellite loci (marker bias) were 
clearly demonstrated in studies of isolated Asian elephant 
(Elephas maximus) populations in Borneo, where Fernando 
et al. (2003) found extremely low levels of nuclear genetic 
diversity with an allelic diversity (A) of 1.4 and expected 
heterozygosity (HE) of 0.041, primarily using loci character-
ized by Fernando et al. (2001). In contrast, Goossens et al. 
(2016) found a two-fold increase in A to 2.8 and 30% greater 
HE (0.34) in the same populations using a panel of micro-
satellite loci developed by Kongrit et al. (2008). Although 
few studies have demonstrated such notable differences in 
genetic diversity within the same population, large differ-
ences in genetic diversity between populations are common. 
It is unknown whether these differences are biologically 
important or are artifacts of marker bias. To quantify the 
levels and distribution of genetic diversity within popula-
tions, managers will need methods for direct comparison 
across independent studies.

The most commonly used microsatellite loci in Asian 
elephant studies are those characterized by Fernando et al. 
(2001; the EMX loci) and those by Kongrit et al. (2008; 
the EMU loci). Diversity estimates differ widely across the 
species range (Table 1). However, it is unknown whether 
these differences are biologically important or are artifacts 
of marker bias as estimates within and between popula-
tions may be due to the structure of the microsatellites 
themselves. While the EMX loci contain complex motifs 
of tri- and tetra-nucleotide repeats, the EMU loci consist 

of di-nucleotide repeat regions. Di-nucleotide repeats have 
been shown to accumulate mutations at a rate 1.5–2.0 
times greater than tetra-nucleotides (Chakraborty et al. 
1997). Thus, the choice of loci could substantially affect 
the number of alleles detected per locus and result in sub-
stantially different estimates of diversity.

Skrbinsek et  al. (2012) developed a computational 
method to overcome differences in microsatellite marker 
selection and sample size among studies by calibrating 
independent estimates of allelic diversity and heterozygosity 
against a reference “yardstick” population. To utilize their 
model, the researcher first generates the yardstick population 
by genotyping a large number of samples on a broad array of 
loci, ideally representing all loci that have been previously 
used. For each independent study, the model subsets only 
loci shared with the yardstick population and randomly resa-
mples corresponding yardstick genotypes to match the study 
sample size, and this procedure is repeated over a pre-deter-
mined number of iterations (Leberg 2002). Allelic diversity 
and heterozygosity values, along with their standard errors, 
are calculated for each iteration. Finally, values are aver-
aged over all iterations and the results are compared to the 
original study estimates using simple ratios. The Skrbinsek 
et al. (2012) model was validated by the authors with micro-
satellite data from 10 studies of brown bears that cover 30 
populations of varying sizes from across the species range. 
It was also used to aid in the analysis of genetic diversity in 
water buffalo (Bubalis bubalis and B. carabanensis) based 
on SNP data from 31 populations from across the worldwide 
range of these species (Colli et al. 2018). It has been used to 
study diversity patterns in several other mammals, includ-
ing European brown bears (Ursus arctos; Karamanlidis et al. 
2018) and has been proposed as a potential tool for conserv-
ing black bears (Ursus americanus; Murphy et al. 2018) and 
grey wolves (Canis lupus; de Groot et al. 2016). Hindrikson 
et al. (2016) found that results were in accordance with the 
recorded demography and population history of 10 wolf 
(Canis lupus) populations of various sizes across Europe.

In addition to within-population genetic diversity, it is 
important to consider the presence of genetically distinct 
lineages to identify populations of high conservation pri-
ority. Genetically differentiated, locally adapted groups 
may reflect evolutionary potential and warrant designation 
as evolutionarily significant units or management units 
(Moritiz 1994). Although genetic differentiation among 
populations can be estimated based on microsatellite data, 
the complexities of microsatellite evolution make inter-
pretation of those measures difficult over any but the most 
recent timeframes (Ellegren 2004; Eggert et al. 2009). 
Instead, mitochondrial DNA (mtDNA) control region 
sequences have been used as they are directly comparable 
and can reflect ancestral maternal lineages and recent pat-
terns of population divergence.
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Nearly every population genetic study on the mtDNA of 
Asian elephants has used an approximately 630 bp fragment 
containing a portion of the C terminal of cytochrome b, the 
threonine and proline tRNAs, and the 5’ end of the non-
coding control region (d-loop), described in Fernando et al. 
(2000). Using data from this fragment, studies have found 
deep-rooted mitochondrial clades in Asian elephants, which 
were first suggested by Fernando et al. (2000) and Fleischer 
et al. (2001) and further validated across the species’ range 
by Vidya et al. (2009). These mtDNA clades are described 
as the α-clade, persisting primarily in the north-east areas of 
the range, and the β-clade, primarily found in the south and 
south-west (including the Indonesian and Malaysian islands) 
with the two clades overlapping in Myanmar and Thailand.

Our primary objective was to ascertain populations for 
conservation priority in the Asian elephant by identifying 
lineages with high genetic diversity and genetic distinctive-
ness. We calibrated microsatellite data from previous Asian 
elephant population genetic studies by analyzing shared 
microsatellite markers in a large “yardstick” reference pop-
ulation, allowing direct comparison of allelic diversity and 
heterozygosity despite differing marker selection. Using a 
GIS framework, we then applied Bayesian kriging prediction 
to our calibrated allelic diversity and heterozygosity metrics 
to infer continuous patterns of diversity across the species 
distribution, including unstudied regions. Finally, because 
the yardstick model considers only population level genetic 
diversity estimates based on microsatellite loci, we did not 
use those data to compute genetic distances among popula-
tions. Instead, we evaluated populations using evolutionary 
distinctiveness (ED, Isaac et al. 2007), an index that meas-
ures the relative contribution of a taxon (i.e. population) 
to the phylogenetic diversity of the species. We calculated 
scores of compiled mtDNA sequences spanning the species 
distribution to assess genetic differentiation and subspecies 
designations utilizing evolutionary significant unit and man-
agement unit definitions (Moritiz 1994).

Materials and methods

Yardstick reference population

To generate a reference (i.e., “yardstick”) population, we 
used DNA samples (N = 91) that were confirmed to be 
unique Asian elephants in a previous survey of the Nakai 
Plateau in Lao PDR (Budd 2021). For all individuals, we 
amplified 25 microsatellite loci including EMX and EMU 
loci and four African elephant loci (LA4, Eggert et al. 
2000; FH94, Comstock et al. 2000; LafMS02, LafMS03, 
Nyakaana and Arctander 1998) that have been most often 
used in previous studies. DNA samples were arranged 
into 6 multiplexed panels (Supplementary Table 1). We Ta
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included negative (no DNA) and positive controls in 
each panel for contamination detection and genotype 
standardization.

Polymerase chain reactions (PCRs) were performed in 
8 µl volumes comprised of 2µM primer mix, 0.8mM BSA, 
and Platinum® Multiplex PCR Master Mix (2X Master 
Mix, GC Enhancer; Applied Biosystems, Foster City, CA). 
Thermocycler conditions were as follows: 95 °C for 2-min; 
40 cycles of 94 °C for 30-sec, multiplex-specific annealing 
temperature for 90-sec (Supplementary Table 1), 72 °C for 
1-min; followed by a final extension at 60 °C for 30-min. 
Preparations for all PCRs were conducted in a UV–Steri-
lized hood.

Amplified products were submitted for fragment analy-
sis in an ABI 3730xl DNA analyzer (Thermo Fisher Sci-
entific, Waltham, MA) at the University of Missouri DNA 
Core facility with added 600LIZ size standard. Chroma-
tograms were visualized and individuals were genotyped 
using GeneMarker v.1.97 (SoftGenetics, State College, 
PA; Holland and Parson 2010).

Yardstick calibration model

We used the yardstick genotypes as a reference popula-
tion for comparison of genetic diversity metrics ascer-
tained from multiple Asian elephant populations across 
independent studies. We compiled data from previous 
Asian elephant studies (test populations) that shared loci 
with our yardstick population (avg shared loci 8.5 ± 4.0 
SD (range 4–16; Table 1.). From each test population, we 
used sample size (Ntest), expected heterozygosity (Htest), 
allelic diversity (Atest) and corresponding standard errors 
(HSEtest; ASEtest) for shared loci as inputs for our yardstick 
calibration model.

We developed a yardstick calibration model following 
Skrbinsek et al. (2012) in R v.4.0.3 (R Core Team 2018). For 
each test population, we first subset the yardstick population 
to retain only shared loci using the R package genepopedit 
v.1.0.0.6 (Stanley et al. 2017). Then, for each of 1,000 itera-
tions, we randomly sampled yardstick genotypes, without 
replacement, from individuals matching the number of sam-
ples in the test population (Ntest) and calculated mean and 
standard error values for expected heterozygosity (Hyardstick, 
HSEyardstick) and allelic diversity (Ayardstick,ASEyardstick) using 
the R package adegenet v.2.1.5 (Jombart 2008; Jombart and 
Ahmend 2011).

We then calculated (1) pairwise heterozygosity ratios 
(HR) of Htest and the corresponding yardstick population 
mean (Hyardstick) and (2) pairwise allelic diversity ratios (AR) 
of Atest and the corresponding yardstick population mean 
(Ayardstick) to assess the relative diversity of each test popula-
tion following Skrbinsek et al. (2012):

Diversity ratios (HR, AR) were therefore relative to the 
yardstick population, where values of 1.000 indicated equal 
diversity between the test and yardstick population, and 
deviations greater or lower than 1.000 indicated higher or 
lower diversity, respectively. We also calculated the stand-
ard error for 3) heterozygosity ratios (HRSE) and 4) allelic 
diversity ratios (ARSE) as in Skrbinsek et al. (2012):

To assess differences in inference that were made possible 
by using the yardstick method, we ranked the populations 
according to the values reported in the original studies  (Htest 
and  ARtest) and the diversity ratios (HR and AR) and com-
pared the rankings in a Spearman’s rank order correlation 
test (Zar 2005) in Statziki (https:// www. statz iki. com/ Spear 
man).

Spatial patterns of genetic diversity

We applied empirical Bayesian kriging prediction in ArcGIS 
Pro (ESRI) to HRSE and ARSE values to predict spatial pat-
terns of genetic diversity across Asian elephant populations. 
For the genetic input, we applied a log-empirical transforma-
tion with a K-Bessel semi-variogram model and used stand-
ard circular neighborhood parameters. For the geographic 
input, we generated the centroid of each population based 
on the source literature indications. The predictive raster 
was then masked using the IUCN Asian elephant shapefile 
(Williams et al. 2020) to the current extent of the Asian ele-
phant distribution. We repeated empirical Bayesian kriging 
using the test population reported values and standardized 
the scale of the test population and the predicted diversity 
ratios to 100 to allow for spatial comparisons.

Evaluation of distinct lineages

We compiled mtDNA sequences from published articles, 
reports, and GENBANK accessions. We continued the 
naming convention set forth by Vidya et al. (2005a) to the 
haplotypes described in these additional studies for clarity 

(1)HR=
Htest

Hyardstick

(2)AR=
Atest

Ayardstick

(3)HRSE =

√

√

√

√HR2
⋅

(

(

HSEtest
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)2

+

(

HSEyardstick

Hyardstick

)2
)

(4)ARSE=

√

√

√
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⋅
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ASEyardstick
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)2
)
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and to avoid name duplicates (such as “New Haplotype”) 
that were frequently encountered in the literature; original 
haplotype names and citations are provided in Supplemen-
tary Table 2. We manually trimmed and aligned sequences 
using ClustalW (Thompson et al. 1994) in Geneious v.8.0.5 
(Kearse et al. 2012). We then collapsed sequences into hap-
lotypes using FaBox v.1.5 (Villesen 2007) and removed 
duplicate haplotypes. We conducted maximum likelihood 
analyses in PAUP* v.4.0a169 (Swofford 2002) with a heu-
ristic search and 1000 bootstrap replicates to assess sup-
port. The DNA substitution model was selected using the 
automated model selection tool and determined using the 
optimal AICc.

For each haplotype, we calculated evolutionary distinc-
tiveness scores using fair proportions (Isaac et al. 2007) 
using Picante (Kembel et al. 2010) in R. Visualization into 
a median joining network (Bandelt et al. 1999) was gener-
ated in POPART (Leigh and Bryant 2015) with individual 
haplotypes colored to signify source country.

Results

Evaluation of the yardstick model

To validate the model, we compared the results to several 
studies that were done in our lab by different researchers. 
Genotyping results for these studies were scored both manu-
ally and electronically and different sequencing platforms 
and sizing standards were used over the 10 year period at 
the University of Missouri DNA Core Facility. The similari-
ties and differences were as expected: the yardstick popu-
lation at Nakai in 2018/2019 was compared to the Nakai 
2011 population (Ahlering et al. 2011) and found to be quite 
similar (Table 1); a genetic MRC survey (Eggert and Ruiz-
Lopez 2012a) found that the Sepon, Lao PDR, population 
was smaller and the yardstick calibration found lower allelic 
diversity but similar heterozygosity; a genetic MRC survey 
(Eggert and Ruiz-Lopez 2011) found that the Seima, Cam-
bodia, population was also smaller and the yardstick model 
found it to have less allelic diversity but similar heterozy-
gosity; the Bago Yoma, Myanmar, population, while simi-
lar in size was more isolated geographically and had much 
lower allelic diversity but similar heterozygosity (Budd et al. 
2021). All these findings were in accordance with expecta-
tions based on the demographic and geographic history of 
the populations.

Population genetic and spatial diversity

We compiled data from 35 test populations from India, 
Lao PDR, Vietnam, Thailand, China, Myanmar, Cambo-
dia, Sumatra, Borneo, peninsular Malaysia and US Zoos 

(Table 1). Among the reference populations, AR ranged 
from 0.241 (ARSE ± 0.032) to 1.715 (± 0.183) and HR 
ranged from 0.325 (HRSE ± 0.082) to 1.178 (± 0.083). 
Rankings of the values from the original studies and the 
ratios of diversity generated under the yardstick model 
differed significantly (Spearman’s rank correlation Atest 
vs. AR = 0.991774, p < 0.05; Htest vs. HR = 0.91911, 
p < 0.05). For both allelic diversity and heterozygosity, 
we found the highest ratios of diversity in populations 
in Thailand, Lao PDR, Cambodia, and Myanmar while 
populations from Borneo and India contained the lowest 
diversity (Table 1). For populations in China, rankings 
were mixed, with Mengyang ranking 10th in Atest and 6th 
in AR but 30th in both Htest and HR, Shangyong ranking 
24th in Atest and 11th in AR but 35th in Htest and 34th in 
HR, and Mengla ranking 16th in Atest and 15th in AR but 
32nd in Htest and 31st in HR. All other Chinese populations 
had diversity ratios in the lowest third of the rankings for 
allelic diversity (Atest and AR) and heterozygosity (Htest 
and HR).

Analysis of genetic diversity based on geographic patterns 
showed hotspots for expected heterozygosity in southeast 
Asia (Myanmar, Thailand, Cambodia, Lao PDR) and south-
ern India (Fig. 1A). Based on allelic diversity, mainland 
southeast Asia was the primary diversity hotspot (Fig. 1B). 
The lowest relative diversity using each metric was seen in 
the small populations of Borneo and China (Fig. 1A, B).

Evolutionary distinctiveness

We compiled mtDNA sequences from populations in 12 
home range countries and North American zoos (Supple-
mental Table 2). We found 69 unique Asian elephant haplo-
types; 31 from the α-clade and 38 from the β-clade. Of these, 
only 19 were shared between two or more range countries, 
allowing for 50 private haplotypes. Additionally, two hap-
lotypes (AO, AP) were found only in zoo populations (Lei 
et al. 2011).

The optimal substitution model for the maximum like-
lihood analysis of evolutionary distinctiveness was deter-
mined to be HKY + I + G. MtDNA haplotypes with the high-
est evolutionary distinctiveness scores were found to be AI 
(0.054; Myanmar), BBG (0.046; peninsular Malaysia), BD 
(0.036; Borneo), BY (0.031; Lao PDR), BR (0.027; Suma-
tra), and AP (0.027; North American Zoos), while the low-
est scores were AH (0.000; multiple countries), AB (0.001; 
multiple countries), AD (0.001; multiple countries), AR 
(0.002; Lao PDR), and BF (0.002; India, North American 
Zoos; Fig. 2). The most widely distributed haplotypes were 
BO, found in 5 range countries and North American Zoos, 
and AD and BP, each of which was found in four range 
countries and North American Zoos.
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Discussion

The Asian elephant is experiencing alarming decreases 
in the number and sizes of populations across its range 
(Blake and Hedges 2004; Hedges 2006). Evaluating the 

levels and distribution of genetic diversity is vital to con-
servation, as it allows managers to infer migratory path-
ways across fragmented landscapes, estimate census and 
effective population sizes and demographic parameters, 
and infer the proximate and ultimate causes of human-ele-
phant conflict. As populations decline in size, a reduction 

Fig. 1  Spatial distribution of genetic diversity values for Asian elephants following empirical Bayesian kriging of (A) pairwise heterozygosity 
ratios (HR) and (B) allelic diversity ratios (AR)

Fig. 2  Haplotype network for 69 Asian elephant mtDNA haplotypes with evolutionary distinctiveness scores shown and colors indicating source 
country. Grey circles indicate missing haplotypes that are presumed to exist but were not sampled
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in allelic diversity due to genetic drift is predicted to occur 
before the loss of heterozygosity (Nei et al. 1975; Cornuet 
and Luikart 1996). Thus, monitoring levels of both meas-
ures of genetic diversity is essential to allow managers to 
detect genetic erosion and, to the extent possible, avoid 
the deleterious effects of inbreeding depression (Hoban 
et al. 2021).

In their study of isolated populations of elephants on 
Goossens et al. (2016) suggested that using highly polymor-
phic markers, such as the microsatellite loci developed by 
Kongrit et al. (2008), rather than randomly selected mark-
ers to estimate genetic diversity likely produced overesti-
mated values. Specifically, they suggested that although both 
their Bornean values and the values reported by Ahlering 
et al. (2011) for the Nakai population were similar to values 
reported for populations of other rare or endangered species, 
they were likely overestimates. Their study did not suggest 
a remedy for such over- or underestimation, presumably 
caused by the use of different loci. The yardstick method 
we used in this study allows for direct comparison of studies 
after calibration. While it does not produce “corrected” val-
ues for allelic diversity and heterozygosity, it does produce 
ratios that managers can use to compare populations.

Although the largest Asian elephant populations are 
found in India, we found that the Southeast Asian popula-
tions of Thailand, Lao PDR, Cambodia and Myanmar har-
bored higher levels of allelic diversity and heterozygosity. 
The higher levels of diversity are in accordance with the 
results of Ahlering et al. (2011), who suggested that the 
high levels of diversity found in the Nakai Plateau, Lao PDR 
population underscored its importance for the conservation 
of the species. As has been shown previously, we found that 
studies of Chinese and Bornean populations consistently 
reveal low diversity, which is especially notable after the 
data are corrected for marker bias.

In addition to monitoring levels of diversity, managers 
must also consider genetic differentiation among popula-
tions. Many studies of Asian elephants have used mtDNA 
to estimate levels of differentiation due the relative ease of 
amplifying it from non-invasively collected dung samples, 
its higher mutation rate than nuclear DNA which enables 
studies within and among populations, and its maternal 
mode of inheritance in a largely matrilineally structured 
species. Ballard and Whitlock (2004) argued that mtDNA 
should not be used for this purpose as it may be subject to 
natural selection, Galtier et al. (2009) argued that mtDNA 
mutation rates differ among species and do not exhibit 
“molecular clock-like” behavior, and Toews and Brelsford 
(2012) cite instances of mito-nuclear discordance that could 
be problematic in biogeographic studies. While we do not 
disagree with these limitations, our study used mtDNA to 
document and compare levels of genetic differentiation. 
The action of natural selection on mtDNA would enhance 

differentiation, which would suggest that managers should 
use caution when managing highly divergent populations 
as a single unit. We do not attempt to date population 
divergences, thus no molecular clock was applied. While 
mito-nuclear discordance has been documented in African 
elephants (Roca et al. 2005), we are unaware of such find-
ings in Asian elephants. In any case, our study did not reveal 
surprising asssociations among populations that might sug-
gest the presence of discordance.

He et al. (2020) suggested that inbreeding in Chinese 
populations might be alleviated by establishing connectiv-
ity among remnant Chinese populations and with regions 
such as Lao PDR or by initiating further actions such as 
translocations to facilitate genetic rescue. However, prior to 
taking such actions managers should evaluate genetic dif-
ferentiation between potential donor and recipient popula-
tions. For example, despite their findings of low diversity 
in Bornean elephants, Goossens et al. (2016) expressed 
concerns with the potential for outbreeding depression if 
gene flow was established between Bornean and mainland 
elephant populations.

In Asian elephants, three subspecies are currently rec-
ognized: the Asian mainland elephant or Indian elephant, 
E. m. indicus, the Sri Lankan elephant, E. m. maximus, and 
the Sumatran elephant, E. m. sumatranus. Additionally, the 
Bornean elephant, E. m. borneensis, has been supported by 
genetic studies (Fernando et al. 2003; Sharma et al. 2018) 
but awaits further range-wide assessment prior to designa-
tion (Williams et al. 2020). Our mtDNA results support the 
evolutionary distinctiveness of the Sumatran elephant sub-
species (E. m. sumatranus; 5 haplotypes BP, BR, BS, BT, 
BU with evolutionary distinctiveness values from 0.009 to 
0.027) and the proposed Bornean elephant subspecies (E. 
m. borneensis; single haplotype BD with high evolutionary 
distinctiveness 0.036). In our haplotype network, the Suma-
tran haplotypes group together with multiple steps between 
them and other β clade haplotypes. Thus, they meet the cri-
teria of evolutionary significant units, or lineages of popu-
lations that maintain their identity from other such lineages 
and demonstrate independent historical fates (Wiley 1978); 
management units that demonstrate reciprocal monophyly 
at mtDNA (Mortiz 1994); and/or phylogenetic species that 
possess a combination of derived traits and a unique evolu-
tionary history (Cracraft 1982). Regardless of taxonomic 
classification, the present study underscores Goossens et al. 
(2016) concerns for the potential of outbreeding depression 
if translocations are used to enhance genetic variability, 
especially for insular populations.

We also found evolutionary distinctiveness among 
Indian elephant (aka mainland elephant, E. m. indicus) 
populations, particularly among peninsular Malaysia and 
Myanmar populations. Although the largest populations 
of Asian elephants are found in India, we found lower 
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regions of diversity and distinction in these populations 
than in the small, fragmented populations of southeast and 
insular Asia. The largest Asian elephant population, Nil-
giris, is characterized by a single mtDNA haplotype (BN; 
Vidya et al. 2005a) that is of low evolutionary distinctive-
ness. Nilgiris is also among the populations with levels of 
nuclear diversity lower than those in Thailand, Lao PDR, 
Cambodia, and Myanmar. The lower diversity found in this 
large population underscores the importance of conserva-
tion efforts focusing not only on the large populations of 
India, but also on the smaller populations of southeast and 
insular Asia for the preservation of diversity and distinc-
tive lineages within the species.

Across southeast Asia, surveys have produced vary-
ing estimates of population sizes, especially in Lao PDR 
(ranging from 500 to 1000; Duckworth and Hedges 1998; 
Choudhury et  al. 2008; Khounboline 2011), Vietnam 
(100–130 elephants; Williams et al. 2020) and Cambodia 
(250 to 2000 elephants; Kemf and Jackson 1995; Osborn 
and Vinton 1999; Murdoch 2008). In Myanmar, where 
more potential elephant habitat exists than in any other 
country in the species’ range, the total population is esti-
mated at approximately 2,000 individuals, but the coun-
try’s recent and extreme poaching climate may drastically 
reduce those numbers in coming years (Leimgruber et al. 
2011; Sampson et al. 2018). The small populations, such 
as those in southeast Asia that harbor the highest diversity, 
are also among those with the highest rates of habitat loss 
and fragmentation (Williams et al. 2020) and are therefore 
at high risk for local extirpation. The loss of diversity in 
southeast Asia is likely to be directly detrimental to the 
long-term preservation of the species.

Conservation management aims to reduce the rate 
of population declines and increase the probability of 
recovery of a species adaptive potential under changing 
environmental conditions; thus, methods for quantifying 
genetic diversity and differentiation within and between 
declining populations are essential tools. The issue of 
marker selection bias in the comparison of genetic diver-
sity across a species range is not unique to elephants as 
yardstick calibration models have also been used in stud-
ies of brown bears (Skrbinsek et al. 2012) and water buf-
falo (Colli et al. 2018) and European wolves (Hindrikson 
et al. 2016). Despite the overwhelming evidence of marker 
selection bias using microsatellites, few studies address it. 
One important limitation of yardstick calibration modeling 
is the need to create a large, well-studied population that 
is amplified at all microsatellites in the comparison, which 
may be costly and time-consuming. However, for study 
species such as Asian elephants, where separate incompa-
rable panels have dominated the literature, yardstick cali-
bration modeling can be an important tool for identifying 
patterns of diversity to aid in conservation management.
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