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Abstract
The distribution of the Asian elephant (Elephas maximus) has been limited to the remaining discontinuous forests,
mainly in the South and Southeast Asia. A global number of wild Asian elephants have been declining due to
habitat loss, forest fragmentation, and anthropogenic disturbance. Acquiring information of wild populations is
important for effective conservation and management plan. This article reviews the applications of noninvasive
genetic method as a tool for studying wild Asian elephants. Noninvasive genetic method has been introduced to
the field of wildlife conservation for more than two decades. The method provides reliable information of a
population and facilitates investigation of genetic effects on small and fragmented populations. Various DNA
markers for the Asian elephant, those include mitochondrial DNA, microsatellite DNA, and sex determination
markers, have been developed and used to study wild elephant populations across the distribution range. Most of
the studies revealed the issues of low genetic diversity in the small populations and interruption of gene flow
among the fragmented populations. Tracking of ivory poaching has not yet been done in the Asian elephant. It
could be carried out if a reference genetic database of the natural populations is available. Noninvasive genetic
method has been proved to be a promising tool for conservation of the wild Asian elephants. Transboundary
collaboration would give hope for a successful long-term conservation of this charismatic species in their natural
habitats.
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1. Introduction
The Asian elephant, Elephas maximus, is an umbrella species in tropical forests. Wild elephants play important
roles in a maintenance of forest dynamics such as opening animal trails in the forests, creating open gaps those
facilitate seed germination (Sukumar, 2003), and acting as a seed disperser for large-seed fruit species (Kitamura,
Yumoto, Poonswad, & Wohandee, 2007). An estimated number of the total population was 39 463−47 427 (Fernando
& Pastorini, 2011). The conservation status of the Asian elephant has been recognized as an endangered species
since 1986 (Choudhury et al., 2008). Wild Asian elephants are currently distributed in 13 countries, mainly in the
South and Southeast Asia (Santiapillai & Jackson, 1990; Sukumar, 1992, 2003, 2006; Fernando & Pastorini, 2011).
India holds the world largest population of wild Asian elephants with an estimated number at 26 000–28 000
elephants (Baskaran, Varma, Sar, & Sukumar, 2011). However, most of these elephants are distributed in
fragmented landscape (Sukumar, 1992, 2003). There are significant numbers of wild Asian elephants of more than
one thousand elephants in Sri Lanka (Fernando, Jayewardene, Prasad, Hendavitharana, & Pastorini, 2011),
Thailand (Srikrachang, 2003), Sumatra Island (Azmi & Gunaryadi, 2011), peninsular Malaysia (Saaban, Othman,
Yasak, Burhanuddin, & Zafir, 2011), Borneo (Alfred, Ambu, Nathan, & Goossens, 2011) and Myanmar
(Leimgruber et al., 2011). Major threats to wild Asian elephants worldwide are habitat loss and fragmentation
(Santiapillai & Jackson, 1990), illegal poaching, and conflicts with human (Sukumar, 1992, 2003, 2006; Fernando
& Pastorini, 2011). These threats resulted in population decline, skewed sex ratio (Ramakrishnan, Santosh,
Ramakrishnan, & Sukumar, 1998; Vidya, Kumar, Arivazhagan, & Sukumar, 2003; Moßbrucker et al., 2015), and
disruption of social organization (Vidya, Varma, Dang, Thanh, & Sukumar, 2007). Intensive studies on biology,
ecology, behavior and genetic diversity of wild Asian elephants have been carried out in India and Sri Lanka,
though such information in other countries is still limited. Fine-scale studies of elephant populations, their
distribution and conservation issues in each country are indeed required for the conservation in a global scale.
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This article reviews the studies of wild Asian elephants in various aspects based on noninvasive genetic method,
the important conservation issues of wild populations in different regions, and suggestions for long-term
conservation of wild Asian elephants in natural habitat.
2. Noninvasive Genetic Method for Wildlife Study
Noninvasive genetic method has been developed and applied for wildlife studies for over two decades. Genetic
materials of animals can be obtained from the samples that the animals deposit, such as feces, hair, and feather.
The genetic method facilitates data obtaining that will be useful for management and conservation plan such as
individual and sex identification, population size estimation, population sex ratio, genetic diversity, relatedness
among individuals in a population, gene flow among populations, detection of bottleneck event, phylogeography
of particular species, detection of hybridization, providing evidence of illegal wildlife poaching, including being
a tool for genetic management of a population and a long-term monitoring of the managed population.
Study of wild elephants in tropical forests by a direct observation could be difficult due to dense vegetation.
Alternative methods such as dung count (Hedges et al., 2005) and noninvasive genetic method (Ahlering et al., 2011;
Hedges, Johnson, Ahlering, Tyson, & Eggert, 2013; Gray, Vidya, Potdar, Bharti, & Sovanna, 2014; Moßbrucker et
al., 2015) have been applied to obtain data of wild elephant populations in such habitats. One of the advantages of
noninvasive genetic method over the dung count method is that the genetic method provides genetic information of
the populations that could not be obtained from field data collection alone. The genetic method also produced precise
population size estimation with reasonable costs and time consumed (Hedges et al., 2013). However, it is important
to note that in order to obtain reliable genetic results, fresh dung samples are required.
3. Molecular Markers for the Asian Elephant
3.1 Mitochondrial DNA
Various molecular markers have been specifically developed for the Asian elephant. Mitochondrial DNA is
maternally inherited. It is a suitable DNA marker to refer genetics of maternal lineage and to study a population in
evolutionary aspects such as evolutionary phylogeny and phylogeography (Fleischer, Perry, Muralidharan,
Stevens, & Wemmer, 2001; Fernando et al., 2003; Vidya, Sukumar, & Melnick, 2009). DNA primers for
amplification of the mitochondrial DNA fragment of the Asian elephant have been designed (Fernando & Lande,
2000) and used to study mitochondrial haplotype distribution of wild populations across their range (Fleischer et
al., 2001; Vidya et al., 2009), and in particular populations in Sri Lanka (Fernando, Pfrender, Encalada, & Lande,
2000), India (Vidya, Fernando, Melnick, & Sukumar, 2005b), Vietnam (Vidya et al., 2007), Laos (Ahlering et al.,
2011), peninsular Malaysia (Elliza, Shukor, Othman, & Md-Zain, 2015), Sumatra (Moßbrucker et al., 2015), and
Borneo (Goossens et al., 2016). The primer pair designed by Fernando and Lande (2000) has been used in most of
the studies, thus the variation of mitochondrial DNA of different populations could be directly compared.
3.2 Microsatellite DNA
Microsatellite DNA is a hypervariable, neutral and biparental inheritance markers. The marker is suitable for
individual identification, parentage assignment and genetic analyses under Hardy-Weinberg assumptions in which
a large and close population with a random mating system and no natural selection is assumed. Di-, tri- and
tetranucleotide microsatellite DNA for the Asian elephant have been developed (Fernando, Vidya, & Melnick,
2001; Kongrit et al., 2008). Multilocus microsatellite genotyping together with mark-recapture analyses allows
researchers to reliably estimate population size (Hedges et al., 2013; Gray et al., 2014; Moßbrucker et al., 2015).
Cross specific microsatellite primers developed for the African elephant (Loxodonta africana) have also been
commonly applied to the Asian elephant populations (Vidya et al., 2007; Flagstad, Pradhan, Kvernstuen, & Wegge,
2012; Moßbrucker et al., 2015). Note that null allele should be under concerned when cross specific primers are
used. The presence of null alleles can be statistically estimated (van Oosterhout, Hutchinson, Wills, & Shipley,
2004; Kalinowski & Taper, 2006; Kalinowski, Taper, & Marshall, 2007; Rousset, 2008).
3.3 Sex Determination Markers
Individual sex can be determined by amplification of sex determination regions on sex chromosomes (Fernando
& Melnick, 2001; Gupta, Thangaraj, & Singh, 2006; Vidya et al., 2007; Munshi-South et al., 2008; Ahlering et
al., 2011; Chakraborty, Boominathan, Desai, & Vidya, 2014), thus the population sex ratio can be estimated (Vidya
et al., 2003; Vidya et al., 2007; Ahlering et al., 2011; Flagstad et al., 2012; Chakraborty et al., 2014; Moßbrucker
et al., 2015).
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3.4 Single Nucleotide Polymorphisms (SNPs)
Recently, the single nucleotide polymorphisms (SNPs) maker has been applied for evaluation and comparison of
genetic diversity in the two populations of Bornean elephants (Goossens et al., 2016). The SNP loci used in the study
were polymorphic and showed similar patterns of genetic diversity as those obtained from the microsatellite loci.
Combining different types of DNA markers allows researchers to investigate a population in fine-scale, such as
relatedness among individuals within and between groups, social structure and genetic structure of the populations
(Vidya et al., 2005b; Vidya et al., 2007; Goossens et al., 2016).
3.5 Genotyping Errors Due to Noninvasive Sample Sources
Most of the genetic studies of wild Asian elephants relied on elephant dung sample as a source of genetic material.
Although noninvasive genetic technique provides a powerful method for wildlife study, this technique must be
carried out with care. Degraded DNA may cause allelic dropout in which only one allele of a heterozygote is
amplified. A heterozygote might be misinterpreted as a false homozygote. The “multiple tubes approach” (Taberlet
et al., 1996) has been suggested to obtain true genotypes of the samples by separately re-extracting DNA and reamplifying microsatellite regions before combining the results. The “comparative approach” (Frantz et al., 2003)
has been proposed and commonly used by repeating amplification of the microsatellite fragments and scoring the
consensus genotypes (e.g. Ahlering et al., 2011; Flagstad et al., 2012; Gray et al., 2014). The analytic software has
been developed to examine allelic dropout and null alleles, or to determine problematic loci (Valière, 2002; van
Oosterhout et al., 2004; Mckelvey & Schwartz, 2005; Rousset, 2008).
4. Investigating Effects of Small Population Size, Habitat Fragmentation, and Anthropogenic Disturbance
Habitat loss and fragmentation, anthropogenic disturbance, poaching and conflicts with human have been
considered as important threats to the Asian elephants, resulting in population decline and fragmentation. Genetic
diversity is an important factor for the evolution of populations in response to environmental change (Frankham,
Briscoe, & Ballou, 2002). Genetic analysis of wild populations revealed a positive correlation between genetic
diversity and population size (Frankham, 1996). Although wild elephants could adapt to environmental disturbance
and many populations are likely to be increasing, this does not guarantee long-term survival of the populations.
Analyses of genetic diversity and gene flow among populations could help investigate the effects of habitat
fragmentation and small population size, thus, guidelines for conservation could be designed based on the
empirical information.
4.1 Low Genetic Diversity in the Small Populations
A small number of elephants were determined in Cat Tien National Park based on noninvasive genetic method
(Vidya et al., 2007). Low mitochondrial and microsatellite diversity was observed in this population. The study
also revealed disruption of social organization and biased sex ratio toward females. More than one mitochondrial
haplotype was detected in a single elephant group which indicated that the members were not maternally related.
Genetic relatedness among individuals of the same mitochondrial haplotype was much lower than expected
relatedness among members of the same family. The authors suggested that anthropogenic disturbance in the past
has affected their social organization. The elephants have formed a group and traveled together although they are
not relatives. Integration of non-kin elephants from different social groups has also been reported in the African
elephant populations in which more than one mitochondrial haplotypes was found in family units (Nyakaana, Abe,
Arctander, & Siegismund, 2001; Archie, Moss, & Alberts, 2006; Wittemyer et al., 2009), possibly as a result of
severe poaching. Analysis of genetic diversity revealed a history of the population in the Phnom Prich Wildlife
Sanctuary, Cambodia. The population contained moderate to high microsatellite diversity, though deviation from
Hardy-Weinberg equilibrium was detected, which is possibly due to population decline and fragmentation in the
past (Gray et al., 2014).
4.2 Population Fragmentation in Human-Dominated Areas
Most of the elephant populations in Southeast Asia have been suffered from habitat conversion and disturbance
by human activities. The habitat of the Bornean elephants those are distributed only in Borneo Island and
considered as an evolutionarily significant unit (Fernando et al., 2003), was highly fragmented due to land
conversion to palm oil plantations and human settlement. Genetic analysis of the Bornean elephants revealed low
genetic diversity compared to that of other mainland Asian elephant populations (Goossens et al., 2016) such as
populations in Laos (Ahlering et al., 2011) and Cambodia (Gray et al., 2014). Only one mitochondrial haplotype
was found in the studied populations (Fernando et al., 2003; Goossens et al., 2016). A low but significant level of
genetic differentiation was detected, possibly due to the existence of gene flow between populations within the
region or recent fragmentation (Goossens et al., 2016). The Sumatran elephant (E. maximus sumatranus) is one of
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the three subspecies of the Asian elephant (Shoshani & Eisenberg, 1982). Sumatran elephants are critically
endangered and have received high priority for conservation due to a rapid decline in numbers. The largest known
population of Sumatran in Bukit Tigapuluh landscape was genetically differentiated with two subpopulations
determined in the landscape, and no observation of elephant traveling between subpopulations (Moßbrucker et al.,
2015). The dominance of subadults age-class and strong biased sex ratio toward females might be a result of a
long-time illegal killing of crop raid elephants and/or for ivory poaching (Moßbrucker et al., 2015).
Intensive studies in various aspects of the Asian elephant have been carried out in India. A total of eight
mitochondrial haplotypes were detected across the populations in India, though the haplotype diversity in each
region was very low with only 1–3 haplotypes found (Vidya et al., 2005b). Surprisingly, only one mitochondrial
haplotype was fixed in Nilgiris (Vidya, Fernando, Melnick, & Sukumar, 2005a, Vidya et al., 2005b, Vidya et al.,
2009) which is the world’s largest population of at least 9,000 free-ranging elephants. Fixed haplotype could
possibly be due to elephant social structure in which maternally related groups formed clans over decades or
centuries, or due to past bottlenecks (Vidya et al., 2005b). Biased sex ratio toward female suggested severe poaching
for tuskers (Vidya et al., 2003). Fragmented populations in central and southern India were significantly
differentiated (Vidya et al., 2005a). A gap between the mountain range and the river could be a biogeographic
barrier to elephant movement in southern India (Vidya et al., 2005a). The genetic studies of elephant populations
in India revealed the effects of habitat fragmentation on genetic diversity loss and interruption of gene flow within
and among populations (Vidya et al., 2005a).
4.3 Migration Facilitates Maintenance of Genetic Diversity
In contrast to the large populations in India, smaller populations of mainland elephants in Nakai-Nam Theun
National Protected area, Lao PDR, and peninsular Malaysia showed higher level of haplotype diversity than that
of the populations in India with six (Ahlerling et al., 2011) and ten mitochondrial haplotypes determined (Elliza et
al., 2015), respectively. Elliza et al. (2015) suggested that high level of haplotype diversity in peninsular Malaysia
was possibly due to gene flow among populations in the peninsula. Although a small isolated population is
generally prone to extinction, migrants from other population could help recover genetic diversity and growth of
the population (Vilà et al., 2003; Madsen, Ujvari, & Olsson, 2004). A nearly extinct elephant population in Bardia
National Park, Nepal, has been reestablished by immigrants into the population (Flagstad et al., 2012). The study
revealed biased sex ratio toward male in sub-adult age-class, and the analysis indicated immigration of sub-adult
males into the population. The migrants were possibly from the Katarniaghat Wildlife Sanctuary or the Dudhwa
National Park in India. Although the reestablished population was quite small with the estimated population size
at 57 elephants, genetic diversity was fairly high (Flagstad et al., 2012).
5. Tracking Illegal Hunting and Ivory Trade
Ivory trade is a major conservation issue for both of the African and Asian elephant. Severe poaching for largesized tusks of the African elephant resulted in disruption of social organization (Nyakaana et al., 2001) while
poachers targeted only male Asian elephants for their tusks, resulting in skewed sex ratio toward females in the
populations (Vidya et al., 2003; Moßbrucker et al., 2015). Ivory poaching directly affects survivorship of tuskers.
It was estimated that more than a hundred tuskers were killed every year during 1980s (Sukumar, 1992). Although
mortality and survivorship of females and tuskless males are not directly affected by ivory poaching, selective
killing of tuskers affects the demographic structure of elephant populations. The adult sex ratio of the population
in Periyar Tiger Reserve, India, was highly skewed with 1 male: 100 females (Ramakrishnan et al., 1998). The sex
ratios of wild elephants in Nagarahole and Mudumalai–Bandipur reserves in 2001 were biased toward females, 1
male: 3.1 females, and 1 male: 9.4 females, respectively (Vidya et al., 2003). Selective killing of tuskers may lead
to inbreeding and loss of genes in the population.
Genetic tools can provide information on species identification and origin populations of the seized ivory. A quality
of genomic DNA obtained from tusk samples was sufficient for amplification of mitochondrial and microsatellite
DNA fragments (Comstock, Ostrander, & Wasser, 2003; Wasser et al., 2008). A reference database of
mitochondrial haplotype and microsatellite diversity of the known geographic origin of 399 elephant samples has
been constructed (Wasser et al., 2004). Ivory seized during shipment has been species identified and assigned for
their origins (Wasser et al., 2007; Wasser et al., 2008).
Assignment of seized Asian elephant ivory to its origin populations has not yet been carried out. A reference
database of known location samples and hypervariable DNA markers is required. Since Asian elephants have a
long-time history close to human culture and have been transported throughout the range, a challenge to create
such reference database is obtaining certainly known origin samples. To achieve this goal, international
collaboration among 13 countries of their distribution range is required.
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6. Summary and the Next Challenges for the Conservation of Wild Asian Elephants
Genetic tools and noninvasive approaches have been proved to be useful for wildlife research and conservation,
especially for obtaining genetic information of individuals and populations. Genetic studies of wild Asian
elephants revealed effects of small population size, population fragmentation, sex-biased poaching of male Asian
elephants, and anthropogenic disturbance of the habitats that is likely to increase a risk of population decline and
extinction. Habitat management to facilitate gene flow among fragmented populations and introduction of migrants
into a small population could increase genetic diversity of the population, lower risk of inbreeding and promote
population growth (Vilà et al., 2003; Madsen et al., 2004). Although the remaining habitats are fragmented and
have been disturbed, wild elephants quite tolerate to habitat disturbance. They can adapt and live in disturbed
habitats as long as there is enough food and water available for living. Management of the fragmented populations
as metapopulation has been purposed for the conservation of African elephants (van Aarde & Jackson, 2007). This
approach would be a good strategy to conserve fragmented populations of wild Asian elephants.
Population structure and genetic database of the wild populations need to be established for long-term monitoring
of changes in population structure and genetic diversity. If the same set of DNA markers can be used for the
construction of the reference database, comparison of genetic diversity among different populations and
assignment of the confiscated samples to the origin populations would be practical. The next challenges for
conservation of wild Asian elephants would be the management to maintain wild elephants in the remaining natural
habitats, protection of wild elephants from illegal poaching and establishment of collaboration for elephant
conservation in regional scale.
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