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ABSTRACT 

Habitat fragmentation and poaching have resulted in population declines in large mammals 

including tigers (Panthera tigris) and Asian elephants (Elephas maximus) throughout the 

Indochina biogeographic region in Southeast Asia. Tracking changes in demographic and genetic 

parameters of elusive, wide-ranging species remain a serious challenge. This dissertation applies 

noninvasive genetic sampling and phylogeographic and landscape genetic analyses to assess 

spatial genetic patterns and demography in the Indochinese tiger (P. t. corbetti) and elephants in 

Thailand’s Tenasserim Range. In Chapter 1, I describe changes in distribution and numbers of 

tiger and elephant populations in Thailand from 1987-2015. I found that tigers lost a greater 

percentage of their former habitat than elephants as a result of higher poaching intensity and their 

naturally low density.   At both evolutionary and contemporary timescales, I combined mtDNA 

and microsatellite data to assess spatial genetic connectivity and demographic history of the 

Indochinese tiger (P. t. corbetti) in Chapter 2 and elephants in Chapter 3. Phylogeographic 

analyses based on mtDNA indicated that Amur tigers (P. t. altaica) are recently derived from 

Indochinese tigers, which is re-classified as a paraphyletic group by the placement of the newly 

discovered haplotype. Results support the hypothesis of northbound dispersal from Indochina to 

northeast Asia after the Last Glacial Maximum (LGM) 20 thousand years ago. Compared to the 

recent radiation in tigers, elephants have two deeply divergent mtDNA clades, which are highly 

admixed within the Tenasserim landscape. Results support the hypothesis that this landscape was 

the secondary contact zone during the postglacial period. High mtDNA and microsatellite 

diversity of tigers and elephants in Indochina, compared to other regions. is due to maintenance 

of their large and stable long-term effective population sizes. However, as a consequence of 

fragmentation and genetic drift in a recent timeframe, I estimated low gene flow and detected 

genetic differentiation into three clusters in tigers within Indochina and at least two clusters in 
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elephants within the Tenasserim Range. My results highlight advantages of integrating genetic 

with ecological data to quantify impacts of modified landscapes on population dynamics and to 

devise appropriate management strategies for the species recovery. 
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CHAPTER 1 

THE DECLINE IN NUMBER AND DISTRIBUTION OF TIGERS (PANTHERA 

TIGRIS) AND ELEPHANTS (ELEPHAS MAXIMUS) IN THAILAND 

SYNOPSIS 

As a result of oscillating sea levels and climatic dynamics in the last few million years, 

Southeast Asia has become a biologically diverse region. Until World War II, the 

mainland of Southeast Asia was largely forested and supported an assemblage of large 

mammals including Asian elephants (Elephas maximus), tigers (Panthera tigris) and their 

ungulate prey. In the last five decades, however, populations of tigers and elephants have 

steadily declined as a consequence of poaching and conversion of wild lands to 

agriculture and urban development. In this study, I complied data from nationwide 

population surveys to describe changes in numbers and distribution of tiger and elephant 

populations across Thailand from 1987 to 2015. My meta-analysis indicated that tigers 

have lost a greater percentage (40%) of their former habitat than elephants (22%). 

Moreover, only one population in the Western Forest Complex (WEFCOM) remains 

viable (N>100) compared to 10 elephant populations which appear to be sufficiently large 

(N>100) and less vulnerable to demographic and genetic stochasticity. The naturally low 

density and higher poaching intensity of tigers and their prey potentially explain a sharper 

decline in tiger range and number nationwide compared to those of elephants. Finally, I 

highlighted advantages of supplementing ecological monitoring with genetic data at both 
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evolutionary and contemporary timescales to quantify impacts of modified landscapes on 

population dynamics of large mammals. 

INTRODUCTION 

As a result of oscillating sea levels and climatic dynamics in the last few million 

years, Southeast Asia has become a biologically diverse region encompassing 31 

ecoregions distributed within the Indochinese and Sundaic biogeographic regions. Until 

World War II, the mainland of Southeast Asia was largely forested and supported an 

assemblage of large mammals including elephants Elephas maximus (Mouhot 1864; 

Giles 1930a; Leimgruber et al. 2003), tigers Panthera tigris and their ungulate prey 

(Rabinowitz et al. 1999). In the last five decades, however, populations of tigers and 

elephants have steadily declined as a consequence of poaching (Lynam et al. 2001; 

Chapron et al. 2008; Santipillai and Jackson 1990; Underwood et al. 2013; Nijman and 

Shepherd 2015) and conversion of wild lands to agriculture and urban development 

(Pattanavibool and Dearden 2002; Leimgruber et al. 2003; Stibig et al. 2004; Miettinen et 

al. 2011, 2014).  

The subsequent habitat loss and degradation have reduced their once large 

panmictic populations to smaller, more isolated populations (Collins et al. 1991; Corlett 

2007). As the most area-sensitive large mammal, tigers have declined to the point where 

small, disjunct populations are subject to genetic drift and inbreeding depression (Kenney 

et al. 2014). These population collapses deplete genetic variability, reduce fitness and 

population viability not only in elephant and tiger, but in several other mammalian 

species (Hedrick 1994; Frankham et al. 2002; O’grady et al. 2008; Johnson et al. 2010; 
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Frankham 2010; Hedrick et al. 2010). In Thailand, the decline of tigers and elephants has 

generated concern among decision makers and the public for these species and more 

broadly for the loss of biodiversity and the ecosystem services that their decline signals.  

Situated at the crossroad between the Indochinese and Sundaic biogeographic 

regions, Thailand historically supported a variety of birds and mammals (Tougard 2001; 

Woodruff 2003; Hughes 2003; Woodruff and Turner 2009). Naturalists and hunters in the 

late 19th and early 20th century documented abundant tigers, elephants and a variety of 

large-sized ungulates including guar, Bos gaurus; banteng, Bos javanicus; kouprey, Bos 

sauveli; sambar Cervus, unicolor; Schomburgk’s deer, Rucervus schomburgki; and Eld’s 

deer, Rucervus eldii (Mouhot and Mouhot 1864; Bock 1884; Hallett 1890; Smyth 1898; 

McCarthy 1902; Giles 1930; Lekagul and McNeely 1977). Most documents reported 

presence of tigers and elephants in the north and west of Thailand along the Tenasserim 

range bordering with Myanmar, the central river floodplains, the northeastern forested 

areas, and the forests of southern Thailand.  

Habitat loss and fragmentation in Thailand began around 125 years ago when the 

two dominant British companies, the Borneo Company Limited and the Bombay Burmah 

Trading Corporation moved into the northern and western Thailand in the 1890s 

(Gajaseni and Jordan 1990; Laohachaiboon and Takeda 2007). In the 1896 the Royal 

Forest Department oversaw this teak logging, which became the country’s primary source 

of revenue (Chareonmit 1960; Vandergeest 1996; Forsyth and Walker 2008). Several 

hundreds of wild elephants were captured in this period to support timber extraction 

(Giles 1930). In 1897, elephants were frequently translocated from the central region 
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being developed for agriculture and transportation to the northeastern region (Rajanubhab 

1944; Sukmasuang 2013). Large-scale logging and commercial agriculture in Thailand 

followed an advance in machinery after World War II and the first national economic 

development plan in 1961 (Hirsch 1987). The impacts of forest cover loss were not 

publicly realized until 1988 when a catastrophic flood washed thousands of logs into 

villages causing over 300 deaths in southern Thailand. 

The government response to this disaster was a nationwide logging ban in 1989. 

In 1996 in response to an international workshop on ecosystem management (Grumbine 

1994), Thailand’s protected areas were grouped into forest complexes (Prayurasiddhi 

1999). The goal of creating complexes was to create landscapes of protected areas large 

enough to maintain viable populations, ecological processes and evolutionary potential 

while promoting sustainable resource use. Currently there are 17 forest complexes 

(153,780 km2; Prayurasiddhi 1999); the largest of which is the Western Forest Complex 

(WEFCOM; 19,666 km2) situated in the upper Tenasserim range. In 2002 to encourage 

an ecosystem approach to conservation the Royal Forest Department (RFD) was 

reorganized into the original RFD and the Department of National Parks, Wildlife and 

Plant Conservation (DNP).  Despite creation of forest complexes and the new 

conservation-oriented goal, DNP is still administered based on 16 administrative regions 

that originated to manage the timber industry. Consequently, WEFCOM spans three 

administrative regions.  

The lack of coordination extends beyond DNP. These is no practical mechanism 

for coordination with other ministries responsible for new highways, pipelines, 
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hydroelectric dams and rural settlements within forest complexes. Furthermore, Thailand 

lacks a nationwide systematic assessment of the impacts of anthropogenic activities on 

reduction of dispersal and gene flow within complexes. For example, Highway 304 

which bisects the Dong Phrayayen Khao Yai Eastern Forest Complex (EFCOM), has 

been shown to reduce large mammal movement and promote access by poachers, illegal 

timber and forest-product collectors (Lynam et al. 2006). Similarly, agriculture and roads 

have created barriers between WEFCOM and the smaller Kaeng Krachan Forest 

Complex (KKFC; 3,404 km2) on the Thai side, although both complexes appear 

connected via the Myanmar’s side of the Tenasserim landscape. A wildlife corridor 

between the two complexes has been proposed (WCS 2009). However, there is no 

systematic assessment of how the modified landscapes have shaped spatial genetic 

patterns of tigers and elephants within and between WEFCOM and KKFC in Thailand.  

Heterogeneous landscapes have been shown to create patterns of landscape 

resistance to animal movement (McRae et al. 2005; Cushman et al. 2010; Richard and 

Armstrong 2010; Cushman and Lewis 2012). Instead of identifying and predicting 

dynamics of large mammal populations in response to different types of land use/land 

cover, Thailand’s conservation policy has focused on expanding the protected land base 

from 118 reserves (73,463 km2) in 1998 to 215 (98,000 km2) in 2015. However, these 

new reserves are mostly isolated from nearby larger ones and individually are too small 

(100-300 km2) to support viable tiger and elephant populations. Within these reserves, the 

impacts of expanding human enclaves (Hirsh 1993; Tongroj 1990) on genetic 

connectivity of the two species remain unknown. Addressing the degree of isolation of 
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large mammal populations is important because as the population sizes become smaller 

they may lose their evolutionary potential to adapt to changing environment as a result of 

genetic drift and inbreeding. An incomplete understanding of evolutionary and ecological 

mechanisms influencing population dynamics has contributed to their further decline. 

The objectives of this paper are to describe changes in numbers and distribution 

of tiger and elephant populations across Thailand from 1987 to 2015. I then review the 

corresponding government’s conservation intervention to reverse the decline. Finally, I 

discuss advantages of supplementing ecological monitoring with genetic data at both 

phylogeographic and population levels to quantify impacts of modified landscapes on 

population dynamics of large mammal over time. 

 
METHODS 

Data collection 

I conducted a meta-analysis of the trend in numbers and distribution of tigers and 

elephants in Thailand after World War II until 2015. Data included peer-reviewed articles 

from 16 journals and 25 books, unpublished government and non-government reports on 

forest cover and nationwide tiger and elephant surveys conducted from 1989 to 2015. 

Forest cover loss 

I compiled official forest cover statistics from the Ministry of Agriculture, RFD official 

reports of Forestry Statistics of Thailand and the DNP’s reports on forest cover. Estimates 

of forest cover between 1913-1959 were based on educated guesses from the Ministry of 

Agriculture and forest was broadly defined as forest, marsh jungle and pasture (Feeny 

1984; Hirsch 1987, 1988, 1990). Land use/land cover change based on aerial 
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photography were available since 1961. Forest cover between 1961-1998 and 2000-2015 

was estimated using different spatial resolutions of the remote-sensing data from 

LANDSAT imagery, shift from dot-grid sampling to GIS for area calculation, 

enlargement of forest cover definition (Leblond and Pham 2014). Since the 1990s, the 

government has formally defined forest cover as all forest types such as evergreen, mixed 

deciduous, dry dipterocarp, mangrove, scrub, swamp, bamboo and forest plantation in the 

national parks, wildlife sanctuaries, forest reserves and forest concession areas where 

they can be detected by LANDSAT-TM imageries at the scale 1:250,000 until 1998 and 

1:50,000 from 2000 to present (RFD 1996, 1998).  

Population status assessment of tigers 

Each national survey of tigers used different methodology, but all relied primarily on 

interviews and data from a variety of sources and people with different levels of skills 

recognizing tracks and other animal signs.  

 From 1987-1991 Rabinowitz (1993) conducted the first assessment of tiger status 

and threat level based on sign surveys in 38 protected areas (28,886 km2) and interviews 

with the DNP staff across the country (Table 1). Tiger abundance was estimated from a 

simple model that assumed: 1) sites visited were representative of Thailand’s protected 

area, 2) mean density of 1 tiger/100 km2 derived from research in HKK (Rabinowitz 

1989). Tiger densities were then further reduced based on two threat levels. High threat 

level resulting from extensive habitat loss, settlement of >500 people inside reserves, 

reservoirs, cattle grazing and commercial plantation was assumed to reduce tiger number 

by 50%. Reduction of 20% in tiger number was applied to low threat level including 
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poaching of prey and occasional tigers, settlement of <500 people inside reserves, 

encroachment, major roads and human-induced fire. 

 A second assessment in 1995-96 was conducted at the initiation of the Thai 

government’s Saving Thailand’s Tigers Project. The Wildlife Conservation Division held 

a series of 7 regional workshops with staff from 110 protected areas (68,849 km2) (Table 

1) or 52% of forested areas (Smith et al. 1999). A total of 562 rangers were trained in 

map reading, using a GPS and recognizing animal sign. At the workshops, every 

substation at surveyed protected areas was mapped. To hypothesize the extent of discrete 

tiger populations, landscape units of contiguous protected areas were grouped into forest 

complexes. As a part of this survey the Wildlife Research Division also conducted recce 

surveys at four of these forest complexes: Western Forest Complex (WEFCOM), Dong 

Prayayen-Khao Yai Eastern Forest Complex (EFCOM), Khao Ang Rue Nai Eastern 

Forest Complex (KNFC), and Khao Sok - Klong Saeng Forest Complex (KSFC). The 

objectives of this second survey were to 1) assesse the status of tiger by determining tiger 

metapopulation structure and habitat carrying capacity based on prey richness, 2) 

developed ecosystem-based management in each forest complex to reduce threat to tiger 

survival and 3) formulated a Thailand Tiger Action Plan. Tiger density estimates varied 

according to prey richness. Areas with low-level prey richness were characterized by the 

presence of wild boar and barking deer, moderate level by wild boar, barking deer and 

either sambar or bovids, and high level by wild boar, barking deer, sambar and bovid. 

Tigers were assumed to occur at 1 tiger/67 km2 in high prey richness, 1 tiger/100 km2 in 

moderate and 1 tiger/200 km2 in low richness. 
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 A third assessment by Kanchanasaka and colleagues (2010) combined data from 

recce surveys conducted between 2001-2004 with camera trap survey conducted between 

2006 and 2009 to formulate Thailand Tiger Action Plan in 2010. These surveys mapped 

the distribution and estimated relative abundance of 16 large mammals including 

elephants, tigers and their prey across 151 protected areas (90,605 km2) in the previously 

designated 14 forest complexes plus 3 new forest complexes (Table 1).  These recce 

surveys included 11,400-km of likely tiger travel routes including forest trails, ridges and 

stream banks. Animal sign and poaching activities were recorded in each 500 m segment, 

but no effort was made to determine the probability of detecting animal sign. Status of 

large mammals was based on estimates of relative abundance of sign, Shannon-index 

species richness and threat level.  

 A fourth assessment in 2015 was part of my genetic research, which updated the 

distribution of tigers in four forest complexes: the WEFCOM, KKFC and EFCOM and 

KSFC and elsewhere relied on interviews of staff of the Wildlife Research Division. 
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Table 1. Summary of nationwide population status assessment of tigers and elephants 

between 1987-2015. PA denotes protected area. 

 

 

 

 

  

Table 1. Survey method details from 1987 - 2015. TTCP denotes Thailand Tiger Action Plan

Study Year % 
Forest 
Covera

Survey 
area (km 2)

No. PA 
surveyed

No. PA 
where tiger 

present 

PA size where 
tiger present 

(km2)

No. of 
tiger 

population

Survey method

Rabinowitz 
1993

1987 - 
1991

27 28,886 38 22 24,781 8 Expert interviews, recce survey

Smith et al. 
1999

1995 - 
1996

26 68,849 11 46 43,356 14 Expert interviews, rece survey in 
WEFCOM, EFCOM, KNFCOM, 
KSFCOM, 1991 forest cover map

Kanchanasaka 
et al. 2010, 
DNP 2010

2001, 
2004- 
2007

33-31 90,605 151 25 30,584 10 Expert interviews, line transect survey 
12,080 km, camera trap in 2006, the 
2009 DNP report from TL-PSD NP, 

KKNP, OKWS and HBWS 

Our study 2010- 
2015

32 92,862 164 21 23,957 6 Genetic sampling, expert interviews, 
the 2013-2015 DNP report 

Study Year Forest 
Cover

Survey 
area (km 2)

No. PA 
surveyed

No. PA 
where 

elephant 
present 

PA size where 
elephant 

present (km2)

No. of 
elephant 

population

Survey method

Santiapillai 
and Jackson 
1990

1979, 
1985 
1990

27 - - 33 24,913 7 Expert interviews, the 1975 
questionnaire surveys, field 

observation by naturalists, the 1985 
dung survey in KYNP

Srikrachang 
2003

1992- 
2001

26-33 110,318 174 65 54,985 17 Expert interviews 17 FC, line transect 
survey of elephant dung in HKK 
(1992-1993) and KRNWS, sign 
survey in WEFCOM and KKFC, 

unpublished report

Kanchanasaka 
et al. 2010

2001, 
2004- 
2007

33-31 90,605 151 61 44,000 15 Expert interviews, line transect survey 
12,080 km, camera trap in 2006, the 
2009 DNP report from TL-PSD NP, 

KKNP, OKWS and HBWS 

Our study 2012- 
2015

32 92,862 164 62 44,187 16 Genetic sampling, expert interviews, 
the 2013-2015 DNP report 
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Population status assessment of elephants  

I mapped tiger presence/absence data from each of these four surveys and generated 

figures and tables showing changes in tiger distribution and sizes over time. If tigers were 

not found in an earlier survey but occurred in a subsequent survey, I assumed they were 

present in the earlier survey. 

 I synthesized the data from the Asian Elephant Action Plan in 1990 and two 

subsequent elephant surveys to determine the trend of elephant decline in Thailand. I 

included site-specific long-term demographic studies at Khao Ang Rue Nai Wildlife 

Sancuary (Wonghongsa 2003; Wanghongsa and Boonkird 2004; Wanghongsa et al. 

2007) in KNFC, Salak Phra Wildlife Sanctuary (Kongrit et al. 2008; Chaiyarat et al. 

2015) in WEFCOM and Kui Buri National Park (Srikrachang 2003, 2009) in KKFC. 

These site-specific surveys relied on interviews and data based on different 

methodologies.     

 Santiapillai and Jackson (1990) compiled a range-wide assessment of Asian 

elephant from 13 range countries to formulate the first Asian Elephant Action Plan. Data 

on numbers and distribution for Thailand were obtained from direct observation of 

naturalists (Lekagul and Mcneely 1977b) and two questionnaire surveys (Storer 1981; 

Dobias 1987) that included 33 protected areas (24,913 km2) (Table 1). To assess threat to 

elephants, Storer (1981) conducted additional interviews with the DNP staffs and local 

villagers at Erawan National Park, Salak Pra Wildlife Sanctuaries, Huai Kha Khaeng-

Thung Yai wildlife sanctuaries (HKK-TY) in WEFCOM, the Phu Khieo and Nam Nao 



 

 12 

wildlife sanctuaries in Phu Khieo-Nam Nao Forest Complex (PNFC), and Khao Yai 

National Park in EFCOM.  

 In 1992-1993 and 1995-2002, Srikrachang (2003) assessed nationwide status of 

both wild and captive elephants using an expert workshop composed of DNP staff from 

17 forest complexes, local villagers and seven elephant-camp owners (Table 1). 

Additional field surveys based on line transect surveys of elephant dung were conducted 

in Huai Kha Khaeng Wildlife Sanctuary in 1993. Assessment of human-elephant 

conflicts (HEC) intensities were conducted in seven protected areas and mainly focused 

on Kui Buri National Park in the southern KKFC. Details of the 2004-2007 nationwide 

large mammal surveys by Kanchanasaka and colleagues (2010) were previously 

described in the Population status assessment of tigers section.  

 As part of my genetic research, I updated the distribution of elephants by 

sampling in four forest complexes: the WEFCOM, EFCOM, KKFC and KSFC as well as 

interviewing DNP staff from 2012-2015. I mapped the data of elephant presence/absence 

from these four surveys and generated figures and tables showing changes in elephant 

distribution and sizes over time. If elephants were not found in an earlier survey but 

occurred in a subsequent survey, I assumed they were present in the earlier survey.  
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RESULTS 

The forest cover loss in Thailand after World War II to 2015 

Fragmentation and degradation of the contiguous forest in the north and west of Thailand 

began in 1884 when the European timber companies started a concession to harvest teak 

(Seidenfaden 1952; Feeny 1984; Sukumar 2011). By 1910, forests still covered about 

75% of Thailand (Figure 1), however the implementation of the Economic and Social 

Development Plan since 1961 and use of timber harvest machinery in the 1960s – 1980s 

resulted in rapid forest conversion to agricultural lands (Feeny 1984; Hirsch 2000). In this 

period, forests were also cleared to allow large-scale hydropower and transportation 

networks in Thailand and throughout Southeast Asia (Collins et al. 1991; Blasco et al. 

1996). The forest cover in Thailand decreased from 54% in 1961 to 29% in 1985 (RFD 

1985; Arbhabhirama et al. 1987; Feeny 1984; Hirsh 1998). This habitat loss 

predominantly occurred in central region where lowland forests in the Chao Phraya River 

Basin, 160,000 km2 or 30% of total country area, were converted to network of irrigation 

and transportation in response to the global demand for rice (Molle 2005; Bhumpakphan 

2007; Sukmasuang 2013). As a result of Vietnam War and illegal logging, forest cover in 

Cambodia, Lao PDR and Vietnam declined from 73% in 1970s to about 52% in (Dublin 

et al. 2006). In Myanmar, forest cover was reduced from 47% in 1970s to 36% in 1980s 

(Aung 1997; Leimgruber et al. 2003). Similarly, in Xishuangbanna, southern China, 

forest covers declined from 70% in 1950s to 26% in 1980s (Dublin et al. 2006).   

 Thailand is the first country in mainland Southeast Asia to slow the rate of forest 

cover loss. In 1989 the government implemented a logging ban.  A forest cover 
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assessment in 2005, estimated that 31% of Thailand was forested (Kanchanasaka et al. 

2010). Based on satellite imagery analysis (Stibig et al. 2014), forest cover loss between 

1990-2014 was located in areas between 1) WEFCOM and KKFC in the west, 2) Khao 

Yai National Park and the contiguous Thap Lan-Pang Sida-Ta Phraya national parks 

within EFCOM, and 3) Khao Chamao-Khao Wong National Park and Khao Ang Rue Nai 

Wildlife Sanctuary within KNFC in the east.  

 

 

Figure 1. Forest cover changes in Thailand between 1913 – 2015. Forest cover was 

shown in km2 (Y-axis) and percentage (number above the bar graph). Data from 1913-

1959 were derived from educated guess by the Ministry of Agriculture, Feeny (1984) and 

Hirsch (1987b) and from 1961 to 2015 from aerial photography from LANDSAT 

imagery. 
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During this period, rapid human population growth in mainland Southeast Asia 

had an adverse impact on the remaining habitat of elephants and tigers. The period of 

sharp decline in forest cover in Thailand was parallel with high demand in cleared lands 

between 1950 to 1975 when human population size doubled from 21 million to 42 

million (World Population Review 2015). The population continued to grow at a slower 

rate in the last two decades to a current level of 68 million in 2015 (World Population 

Review 2015). Although the predicted human population increase by 2050 in Thailand is 

relatively low (13%), compared to 85-96% in Cambodia and Lao PDR, population 

expansion is speculated to occur mostly in rural areas (Population Reference Bureau 

2005, 2015), creating continued pressure on wild lands.  

The decline of tigers after World War II to 1989   

Historically, tigers were hunted mainly for sport, trophies and as a noble leisure 

activity (Prater 1940; Lekagul and McNeely 1977). In Thailand, tiger numbers declined 

to 400-600 in 1970s (Lekagul and McNeely, 1977; Leng-EE, 1979), most of which were 

restricted along the least fragmented western and eastern border as well as forested areas 

in the northeastern region. In the early 1990s there was a sudden increase in the demand 

for tiger bones from several eastern Asian countries, especially China (Mills and Jackson 

1994; Nowell 2000; Tilson and Nyhus 2009). Since then, tiger poaching has continued 

causing the extirpation of many local populations (Kenney et al. 1995; Nowell and 

Jackson 1996; Seidensticker 1999), which triggered international responses to determine 

the status of tigers in all 13 range countries and reverse the declining trend of tiger 

populations. 
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The decline of tigers from 1990 to 2015   

 The first conservation effort to assess the status of tigers in Thailand was 

conducted by Rabinowitz (1993) in 1987-1991. Despite the lack of rigorous systematic 

survey design, this survey sparked an interest in tiger conservation. Since then three 

additional surveys assessed the nationwide status of tiger (Smith et al. 1999; 

Kanchanasaka et al. 2010; and this study). However, most of these surveys lacked 

statistical rigor and methodology consistency. Despite these biases, my meta-analysis of 

these data demonstrate that tiger distribution and abundance has rapidly declined during 

the past three decades despite the rapid increase in numbers of protected areas.  

Rabinowitz Survey.—The first nationwide tiger survey between 1987-1991 was 

based on expert interviews and recce surveys (Rabinowitz 1993). Tigers occurred only in 

58% or 22 of 38 protected areas that were surveyed (Table 1, Figure 2).  Rabinowitz 

crudely estimated tiger abundance for the country assuming the density of 1 tiger/100 

km2 and then reduced this number for different sites based on expert opinion on the 

degree of human pressure on tigers. His estimate was 144 adults in the surveyed sites 

(28,886 km2) and 250 adults throughout forested areas in Thailand. This survey 

concluded that tigers did not occur unless a protected area or a network of contiguous 

protected areas was > 2,000 km2. He concluded that high levels of poaching and human 

encroachment within protected areas >1,000 km2 resulted in tiger absence.  

Smith Survey.—The next national assessment of tigers in 1995-1997 by Smith and 

colleagues (1999) included 110 protected areas (Table 1). During this survey 15 forest 

complexes or groups of contiguous protected areas were designated using satellite 
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imagery to determine habitat connectivity. These units were deemed sufficiently isolated 

from each other that they constituted discrete habitat units. Based on 7 regional 

workshops as well as recce surveys in 3 protected areas, tigers were documented in all 15 

complexes and 46 of the 110 protected areas (43,356 km2). The five largest complexes 

were all in transboundary areas, three along the Myanmar border, one along the 

Cambodian border and one along the Malaysian border (Figure 3). These transboundary 

populations included an unknown amount of potential, unsurveyed tiger habitat in 

neighboring countries. In contrast, the remaining 10 populations were in complexes 

within Thailand and all were completely isolated from each other by heterogeneous 

matrices of highways, agricultural land and human settlement.  
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Figure 2. Tiger distribution in 1987 Thailand. Tiger present (green) and absent data (red) 

were based on Rabinowitz (1993). Forest complex units with tiger presence are shown in 

orange boxes and absence in purple boxes. Unsurveyed protected areas are shaded in 

grey. 
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Figure 3. Tiger distribution in 1995 Thailand. Tiger present (green) and absent data (red) 

were based on Smith et al. (1999). Forest complex units with tiger presence are shown in 

orange boxes and absence in purple boxes. Unsurveyed protected areas are shaded in 

grey.  
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 To estimate total tiger abundance in these forest complexes each reserve was 

categorized as having high (1 tiger/67 km2), medium (1 tiger/100 km2) or low (1 

tiger/200 km2) tiger density based on prey richness. Abundance estimates (Nc) for 

Thailand was 500 and the five largest populations ranged from Nc=178 (WEFCOM) to Nc 

=38 (PNFC) (Table 2). These five populations accounted for 76% of the total abundance 

estimates. The remaining ten had estimated Nc <20. 

 Smith and colleagues recognized that these estimates were highly generalized in 

that each protected area had an estimated density and tigers did not occur evenly 

throughout each reserve. The use of generalized density likely leads to an overestimation 

of abundance. For example, 1997 recce surveys in Maewong National Park, Umpang 

Wildlife Sanctuary and Khao Ang Rue Nai Wildlife Sanctuary demonstrated that tigers 

avoided human disturbance along protected area boundaries; signs of tigers and ungulate 

prey were observed only in the reserve’s interior. 

Combining the surveys of Rabinowitz 1993 and Smith et al. 1999, tigers occurred 

in 54 protected area (46,300 km2) out of the 117 protected areas (68,500 km2) that were 

surveyed (Figure 4).  

Kanchanasaka Survey.—By 2000, 34 new protected areas had been created for a total of 

151protected areas. Forest complexes were also officially recognized by DNP as 

management units (Prayurasiddhi et al. 1999). A third nationwide survey initiated in 2001 

again combined recce surveys and interviews of protected area staff. This four-year 

survey documented that tigers were declining. The survey found tiger in only 10 forest 

complexes and only 25 (30,584 km2) of the 151 protected areas (90,605 km2) that were 
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surveyed (Figure 5). Subsequently camera trap surveys in 2006-2009 attempted to 

estimate tiger density in HKK-TY Wildlife Sanctuaries (TTAP 2010), Sai Yok National 

Park (TTAP 2010), Kaeng Krachan National Park (Ngoprasert 2004), Thap Lan-Pang 

Sida (TTAP 2010), Kui Buri National Park (Steinmetz et al. 2013), Phu Khieo Wildlife 

Sanctuary (Lynam et al. 2001, DNP 2010), Hala Bala Wildlife Sanctuary and Bang Lang 

National Park (TTAP 2010). Compared to other forest complexes, tigers were more 

commonly observed in WEFCOM. This survey concluded that poaching of tigers and 

their prey was the primary cause of tiger decline, followed by cattle grazing, illegal 

logging, encroachment.  

Using baseline data from Kanchanasaka et al. (2010) the 2010 Thailand Tiger 

Action Plan estimated the nationwide abundance (Nc) of 189-252 tigers based on five 

crude density estimates, three of which were derived from photographic capture recapture 

surveys in the WEFCOM core areas and the remaining two estimates were from educated 

guesses (Table 2).  

  Our 2010-2015 Survey.—The most recent camera trap study (Duangchantrasiri et 

al. 2016), an occupancy survey (Jornburom, in press) and our fecal sampling confirms 

tiger presence only in three forest complexes: WEFCOM, KKFC and EFCOM (Figure 6). 

However, based on interviews with park staff, three additional forest complexes had 

tracks of a large felid, but it was uncertain if those tracks belonged to tiger or leopard 

(Figure 6). Only WEFCOM is considered a viable population and KKFC and EFCOM 

have the potential to support breeding tigers given increased prey population and 

strengthened protection (DNP 2016).
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Table 2. Changes in tiger distribution and numbers from 1987-2010 in 17 forest complex (FC), Thailand. Number of FC 
corresponds to Figure 2, 3, 4, 5 and 6.  
  

Population FC area 
(km2)a 

Area occupied 
1987-1991 

(km2)b 

Area 
occupied 

1995 (km2)a 

Area 
occupied 

2001-2010 
(km2)c 

Nc in 1987-
1993b 

Nc in 
1995-
1996a 

Nc in 2001-
2010d 

1. LSFCe 8913 2551 2466 2173 13 17 7-8 
2. SKFC 6919 1776 - 1499 10 - 5-6 

3. DMFC 10418 - - 583 - - 2 
4. OMFC 4509 1224 2610 1226 6 13 4-5 

5. PTFC 3908 1569 1262 - 8 19 - 

6. PNFC 6856 3722 2526 2546 27 38 9-10 
7. PPFC 2022 - - - - - - 
8. EFCOM 6199 4408 5729 4924 28 80b 18-26 

9. PDFCe 3069 - 899 - - 7 - 
10. KNFC 2182 - 1834 - - 13 - 
11. WEFCOMe 18730 6025 14194 13324 35 178 84-121 
12. KKFCe 4373 2890 3765 3002 14 54 14-29 

13. CPFC 1685 - - - - - - 
14. KSFC 4896 1046 2527 - 5 31 - 
15. KLFC 1448 570 1379 596 5 10 2 
16. KBFC 2143 - 1267 - - 13 - 
17. HBFCe 1750 - 1200 711 - 15 5-7 
Total 90020 24781 43356 30584 250 501 189-252 

a: Smith et al. 1999; b: Raboniwitz 1993; c: Karnchanasaka et al. 2010 and TTAP 2010; d: assumed  density estimate of 2.4 tiger/100 km2 in HKK-
WS, 1.1 tiger/100 km2 in TYW-WS, 0.68 tiger/100 km2 in TYE-WS, 1 tiger/100-150 km2 in areas with moderate abundance and 1 tiger/250-300 km2 in 
areas with low abundance (TTAP 2010), e: Transboundary populations with Myanmar (LSFC, WEFCOM, KKFC), Cambodia (PDFC) and Malaysia 
(HBFC).
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Figure 4. Tiger distribution in 1987-1995 Thailand. Tiger present (green) and absent data 

(red) were based on Rabinowitz (1993) and Smith et al. (1999). Forest complex units 

with tiger presence are shown in orange boxes and absence in purple boxes. Unsurveyed 

protected areas are shaded in grey.  
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Figure 5. Tiger distribution in 2001-2010 Thailand. Tiger present (green) and absent data 

(red) were based on Kanchanasaka et al. (2010) and TTAP 2010. Forest complexes with 

tiger presence are shown in orange boxes, absence in purple boxes and unsurveyed 

protected areas in grey shade
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Figure 6. Tiger distribution in 2010-2015 Thailand. Tiger present from the field surveys 

(light green) and interviews (dark green) were based on our genetic sampling, a camera 

trap survey (Duangchantrasiri et al. 2016) and an occupancy survey (Jornburom, in 

press). Forest complexes with tiger presence are shown in orange boxes, absence in 

purple boxes and unsurveyed protected areas in grey shade. 
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 In summary our meta-analysis showed that tiger distribution and abundance has 

rapidly declined during the past three decades (Figure 7) despite a continued increase in 

numbers of terrestrial protected areas from 105 in 1994 to 164 in 2015.  
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Figure 7. Tiger range contraction between 1987- 2015 Thailand. Tiger present in 1987-

1995, but lost in 2010-2015 (red), tiger present from the 2015 surveys (light green) and 

interviews (dark green) were based on Rabinowitz (1993), Smith et al. (1999), 

Kanchanasaka et al. (2010), Jornburom (in press) and our genetic sampling. Forest 

complexes with tiger presence are shown in orange boxes, absence in purple boxes and 

unsurveyed protected areas in grey shade. 
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The decline of elephants after World War II until 1988 

Live capture and trade of wild elephants between Thailand, Myanmar, Cambodia and 

India have been documented since the 13th century (Srikrachang 2003). The peak of 

elephant capture in Thailand lasted from 1842 until 1960s when elephant were a 

backbone in transportation across the country and in timber industry in northern Thailand 

(Giles 1930; Seidenfaden 1952; Lair 1988; Schliesinger 2015). Elephants were mainly 

captured from the central Chao Phraya River Basin, the western Tenasserim range, and 

the northeastern Petchabun and Dongrak range which extended into Cambodia’s forested 

areas (Lekagul and McNeely 1977; Storer 1981; Chanthavich 1999; Srikrachang 2003). 

Within two decades, at least 500 females were captured from the central plains between 

1734 -1754 (Schliesinger 2015). At the beginning of the 20th century, Thailand had about 

50,000 captive elephants, 20,000 of which were in the north (Giles 1930).  

 As a result of elephant replacement by transportation networks and mechanical 

timber harvesting equipment, the major threat to elephant survival shifted from live 

capture to habitat loss and fragmentation since 1970s (White and Armstrong 1977; 

Olivier 1978; Smyth 1898; Lair 1997; Sukumar 2003). Increased human population 

growth and unplanned land development across 13 range countries decreased elephant 

range from the former 900,000 km2 to less than 490,000 km2 in the early 1990s (Sukumar 

2003; Blake and Hedges 2004). Since then large-scale habitat loss coupled with 

intensified poaching prompted international attention to assess elephant status and 

magnitude of their decline. In Thailand, Lekagul estimated that in 1974 Thailand 

harbored 2,600 – 4,450 elephants in seven key areas based on direct observation of ex-
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hunters (Lekagul and McNeely 1977). The majority of elephant populations (2,200 – 

3,600 individuals) existed in the contiguous Tenasserim range and this number included 

migrants from Myanmar.  

The decline of elephant from 1989 to 2015 

The first effort to assess the status of Asian elephants across 13 range countries was 

compiled by Santiapillai & Jackson (1990) from the IUCN/SSC Asian Elephant 

Specialist Group.  Despite lack of a rigorous survey, they provided crude estimates of 

nationwide abundance and identified landscapes supporting viable elephant populations. 

As the first Action Plan for Conservation of Asian elephants, this survey increased 

awareness and helped the government prioritize conservation efforts to reduce threats 

from ivory poaching and habitat fragmentation. Since then three studies have assessed 

nationwide status of elephants in Thailand (Srikachang 2003; Kanchanasaka et al. 2010; 

and this study).     

Santiapillai and Jackson Survey.—Santiapillai and Jackson (1990) assessed the 

range-wide status of Asian elephants. In Thailand, elephant distribution and crude 

abundance were based on questionnaire surveys, a dung survey in Khao Yai National 

Park and expert interviews between 1979 - 1990 (Storer 1981; Dobias 1987). The 

nationwide estimates of 1,300 – 2,000 individuals were hypothesized to occur in seven 

landscapes covering a total area of 25,500 km2 (Table 1). We added the area where 

elephants were found in the subsequent nationwide survey by Srikrachang (2003) but not 

detected in Santiapillai and Jackson (1990) and estimated that 18 elephant populations 

occurred in 57,138 km2 between 1979-1990 (Figure 8). The Tenasserim landscape from 
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both Thailand and Myanmar side was recognized as one of the three critical landscapes in 

mainland Southeast Asia to have high potential to support a viable population of 1,000-

1,200 elephants. The Tenasserim crudely supported about 625-675 elephants on the 

Thailand side of this landscape and half of the population were in WEFCOM. Santiapillai 

and Jackson (1990) highlighted the need to maintain habitat and population connectivity 

between Thailand and Myanmar. 

Srikrachang Survey.—In response to the conservation issues identified in the 

Asian elephant action plan above, Srikachang (2003) assessed the nationwide status of 

both wild and captive elephants using site-specific line transect surveys of elephant dung 

between 1992-2001, sign surveys in the remaining reserves and expert interviews. 

Srikachang (2003) estimated that 3,000 – 3,500 elephants occupied 65 protected areas 

(54,985 km2) within 17 forest complexes (Figure 9). Increasing population trends were 

observed in four protected areas in western and eastern Thailand: Huai Kha Khaeng 

Wildlife Sanctuary in WEFCOM, Kui Buri and Kaeng Krachan national parks in KKFC, 

and Khao Ang Rue Nai Wildlife Sanctuary in KNFC. The six largest forest complexes 

support the largest elephant populations ranking from Nc=1,000 – 1,200 in WEFCOM to 

Nc =150 in KSFC. In contrast, elephant populations in the other 11 forest complexes were 

small (Nc <100), fragmented, and surrounded by agricultural lands and often in conflict 

with human. 
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Figure 8. Elephant distribution in Thailand between 1979-1990. Data were compiled 

from Santiapillai and Jackson (1990) and Srikrachang (2003). Elephants were assumed to 

be present (green) between 1979-1990 when they were not detected by Santiapillai and 

Jackson (1990), but found in the subsequent survey by Srikrachang (2003). Forest 

complexes with elephant presence are shown in orange boxes. 
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Kanchanasaka Survey.—Using the same method as described in the tiger survey, 

Kanchanasaka and colleagues (2010) documented that elephants occurred in 61 protected 

areas (44,000 km2) within 15 forest complexes in 2001-2010 (Figure. 10). In total, there 

were 16 elephant populations during 2001-2010 because we assumed that they occurred 

in Phu Wua Wildlife Sanctuary (Number 18 in Figure 10) during the 2015 survey, despite 

being undetected by the Kanchanasaka survey. Elephants were estimated to be abundant 

in seven forest complexes identified previously by Srikrachang (2003). Kanchanasaka 

and colleagues (2010) detected the elephant presence in seven additional protected areas 

in the northern and southern regions where elephants were previously not detected 

(Srikrachang 2003). In contrast, elephants were no longer detected in five protected areas 

(2,270 km2) in the north and northeast (Figure 10) where they had been present during 

Srikachang’s (2003) survey. Compared to the two surveys in 1979-2001 (Santiapillai and 

Jackson 1990; Srikrachang 2003), elephants were lost from 10 protected area (4,423 km2) 

in 2001-2010 (Figure 10). Elephant populations in the Lum Num Pai-Salawin Forest 

Complex (Number 1 in Figure 10) experienced the largest decline. Their minimum 

numbers were previously estimated as 70-130 (Srikachang 2003), however, they were 

rarely detected during survey by Kanchanasaka et al. (2010).  
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Figure 9. Elephant distribution in Thailand between 1992-2001. Data were compiled 

from Srikrachang (2003). Elephants that were previously detected in the 1979-1990 

survey (Santiapillai and Jackson 1990), but not found in Srikrachang survey were shown 

in red and elephant presence in 1992-2001 in green. Forest complexes with elephant 

presence are shown in orange boxes and the one without elephants in purple box. 
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Figure 10. Elephant distribution in Thailand between 2001-2010. Data were compiled from 

Kanchanasaka et al. (2010). Elephants that were previously detected in the 1979-1990 survey 

(Santiapillai and Jackson 1990, but not found in surveys by Srikrachang (2003) and Kanchanasaka et 

al. (2010) were shown in red and elephant presence in 2001-2010 in green. Forest complexes with 

elephant presence are shown in orange boxes and those without elephants in purple box. Elephants 

were assumed to be present in Phu Wua WS (Number 18) because they were found in the 2015 

surveys, despite being undetected by the Kanchanasaka survey.  
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This 2010-2015 survey.—Although our research question for elephants focused 

on the connectivity between the WEFCOM and KKFC populations, we combined the 

results from our interviews with a previous DNP staff survey (Sukmasuang et al. 2015) to 

assess the current number and distribution of elephants in Thailand. Consistent with 

Kanchanasaka et al. (2010), we found that elephant populations still occurred within 62 

protected areas (44,187 km2) in 16 forest complexes (Figure 11). 

In summary, there has been no systematic survey that provides statistical rigor for 

population sizes and ranges of elephant populations across Thailand. Instead, abundance 

estimates have been made at specific sites and crude estimates based on a single density 

nationwide (Table 3). In 2001-2004 elephants were confirmed at 7 protected areas where 

they had not previously been surveyed. There appears to be some real loss of elephants in 

northeast Thailand between 2001and 2015 (Figure 11), but overall, in contrast to tigers, 

there has been little decline in elephant distribution and its numbers appear unchanged 

between 3,000-3,500 since 1992. 
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Figure 11. Elephant range contraction between 1979 - 2015 in Thailand. Elephants that 

were previously detected in the 1979-1990 survey (Santiapillai and Jackson 1990), but 

not found in surveys by Srikrachang (2003), Kanchanasaka et al. (2010), Sukmasuang 

(2015) and our genetic survey were shown in red and elephant presence in 2012-2015 in 

green. Forest complexes with elephant presence are shown in orange boxes and those 

without elephants in purple box. 
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Table 3. Current abundance estimates of wild elephants from 15 forest complexes in Thailand. Note that these available 
estimates are based on interview and expert opinions from 48 protected areas (44,000 km2) where elephant Nc > 10 while they 
have occurred in 65 protected areas (54,000 km2). FC denotes Forest Complex. 

Forest Complex Protected Area Area 
(km2) 

Density Population size 
estimate 

Reference 

North      
1.! Sri Lanna-Khun 

Tan FC 
Huai Nam Dung NP 1,078 - 70 Srikrachang 2003  

2.! Doi Phu Car-Mae 
Yom FC 

Doi Phu Car NP 1,704 - 20 Srikrachang 2003 

3.! Om Koi-Mae Tuen 
FC 

Om Koi WS 1,224 - 70 Srikrachang 2003 

 Mae Tuen WS 1,173 - 20 Sukmasuang 2015 
4.! Phu Mieng-Phu 

Thong FC 
Thung Salang Luang NP 1,262  60 Srikrachang 2003 

 Phu Mieng-Phu Thong WS 697 - 10 Srikrachang 2003 
 Total 6 PA 7,138  250  
Northeast      

5.! Phu Wua Phu Wua WS 187 0.2 40 Sukmasuang 2015 
6.! Phu Khieo-Nam 

Nao FC 
Phu Khieo WS 1,560 0.1 160 Sukmasuang 2015 

 Phu Luang WS 897 0.2 150 Sukmasuang 2015 
 Phu Kra Duang NP 348 - 50 Srikrachang 2003 
 Nam Nao NP 699 - 40 Sukmasuang 2015 

7.! EFCOM Khao Yai NP 2,167 - 300 Srikrachang 2003 
 Thap Lan-Pang Sida NP 3,080 - 250 Sukmasuang 2015 
 Dong Yai WS 340 0.1 50 Sukmasuang 2015 

8.! Panom Dongrak 
FC 

Boondarik-Yodmon WS 363 0.1 30 Sukmasuang 2015 

 Total 10 PA 9,641  1,070  
Eastern      

9.! Khao Ang Rue Nai 
Eastern FC 

Khao Ang Rue Nai WS 1,093 0.2 290 Sukmasuang 2015 

 Khao Sip Ha Chun NP 112 0.2 100 Sukmasuang 2015 
 Khao Chamao-Khao Wong NP 84 0.2 30 Sukmasuang 2015 
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Forest Complex Protected Area Area 
(km2) 

Density Population size 
estimate 

Reference 

 Khao Soi Dao WS 745 0.2 20 Sukmasuang 2015 
 Klong Krue Wai Chalerm Prakred 

WS + Nam Tok Klong Kaew NP 
262 0.2 60 Sukmasuang 2015 

 Total 6 Protected areas 2,296  500  
Upper West      

10.! WEFCOM Huai Kha Khaeng WS 2,780 0.3 350 Sukmasuang 2015 
 Salak Pra WS + Sri Nakarin NP + 

Erawan NP 
2,938 0.2 200 Sukmasuang 2015 

 Mae Wong NP 894 - 30 Sukmasuang 2015 
 Thung Yai East WS 1,070 0.1 120 Sukmasuang 2015 
 Um Pang WS 2,516 - 20 Sukmasuang 2015 
 Thung Yai West WS 2,130 - 30 Sukmasuang 2015 
 Sai Yok NP 948 - 40 Sukmasuang 2015 
 Thong Pa Phoom NP 1,120 - 70 Sukmasuang 2015 
 Total 10 PA 14,396  860  
Lower West      

11.! KKFC Kaeng Krachan NP 2,915 - 400 Srikrachang 2003 
 Kui Buri NP 969 - 220 Srikrachang 2003 
 Total 2 PA 3,884  620  
South      

12.! Klong Saeng-Khao 
Sok FC 

Klong Saeng WS + Khao Sao NP 
+ Klong Yan WS + Kaeng Krung 
NP + Kuan Mae Yaimon WS + 
Klong Naka WS + Si Pangnga NP 
+ Klong Panom NP 

4,163 - 150 Sukmasuang 2015 

 Tai Romyen NP 425 - 30 Sukmasuang 2015 
13.! Khao Luang FC Khao Luang NP 570 - 40 Srikrachang 2003 
14.! Hala Bala FC Hala Bala WS + Bang Lang NP 

+Budo Sungi Padi NP + Namtok 
Sipo NP  

1,486 - 120 Srikrachang 2003 

 Total 14 PA 6,644  340  
 Thailand Total 48 PA 43,999  3,640  
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DISCUSSION 

Range and population collapse in tigers and elephants in Thailand 

Our meta-analysis of the decline in range and numbers of tiger and elephant populations 

in Thailand demonstrates that tigers have lost a greater percentage of their former habitat 

than elephants and have been locally extirpated to a single viable population compared to 

10 viable populations of elephants. In 2015 there are only 50% the number of tigers and 

40% the habitat that was estimated between 1987 and 1994 (Rabinowitz 1993; Smith et 

al. 1999; Kanchanasaka et al. 2010; TTAP 2010). In the same period when tigers have 

declined precipitously, elephant range has reduced only 22%, and abundance estimates 

appeared stable around 3,000 – 3,500 (Storer 1981; Santiapillai and Jackson 1990; 

Srikrachang 2003; Kanchanasaka et al. 2010; Sukmasuang 2015). Only six of the 15 tiger 

populations known to occur in 1995 were extant in 2010 and by 2015 only three 

populations were confirmed from surveys. In 2015 the largest was the WEFCOM 

population (Nc=100-150), which is the only one predicted to be viable within the next 

100 years (Kenney et al. 2014). In contrast, 10 of the remaining 16 elephant populations 

appear to be sufficiently large (Nc >100) and less vulnerable to demographic and genetic 

stochasticity. The two major causes of both tiger and elephant decline are poaching, and 

habitat loss and fragmentation.  

Poaching of elephants, tigers and their prey 

The more drastic decline of tigers compared to elephants in Thailand is mostly related to 

their natural lower density as well as poaching of both tigers and their prey. Elephant 
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density can range up to 30-73 individuals/100 km2 in good-quality habitats in the 

WEFCOM core area (Sukmasuang 2003; Srikrachang 2003; Chaiyarat et al. 2015) 

whereas tiger densities range between 1-3 individuals/100 km2 in the same area (DNP 

2010; Simcharoen et al. 2014, Duangchantrasiri et al. 2016). Moreover, recent studies 

show that elephants have tolerated some degree of logging and agricultural practices 

(Sukumar 2011) and their food resources remain abundant and diverse (Seidensticker and 

McNeely 1975; Sukumar 1989; Phuangkam et al. 2005). In contrast, the ungulate prey 

base of tigers has been depressed due to poaching and degradation of habitat in Thailand 

(Nakhasathien and Stewart-Cox 1990; Ngaoprasert et al. 2004; Lynam et al. 2006) and 

throughout mainland Southeast Asia (Desai and Vuthy 1996). There were more than 20 

cases of large ungulate poaching in HKK during 1986-1988 (Nakhasathien and Stewart-

Cox 1990). 

Compared to the widespread poaching of tigers and their prey, there are fewer 

records of poaching for live elephants and ivory in mainland Southeast Asia (Storer 1981; 

Srikrachang 2003; Sukmasuang 2015). Furthermore, live capture of elephants to supply 

Myanmar’s timber industry declined since the second half of the 20th century (Caughley 

1980; Aung 1997) and all legal capture of elephants was halted in Thailand in 1992 

following the Wild Animal Reservation and Protection Act of B.E. 2535 (1992). Unlike 

in southern India where extremely skewed sex ratios were documented (Baskaran & 

Desai 2000; Sukumar 2003), we have not detected impacts of selective removal of male 

tuskers in Thailand. For example, ratios of adult males to adult females in site-specific 

sampling in WEFCOM have ranged from 1:1 (Chaiyarat et al. 2015) to 1:6 (Sukmasuang 
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2003). Recent direct evidence of poaching was discovery of six elephants with bullet 

holes and removed tusks in Huai Kha Khaeng Wildlife Sanctuary between 1997 and 2003 

(Sukmasuang 2003). Across the country, 30 elephants, predominantly from WEFCOM, 

EFCOM and PKFC were killed for ivory and 28 killed in crop raiding conflicts between 

1990-2002 (Srikrachang 2003).  

Tigers, on the other hand, have been hunted more severely in Thailand and other 

Southeast Asian countries (Lynam et al. 2003). Hunters poisoned carcasses of ungulates 

to lure and kill tigers on at least 3 occasions between 2009-2011 (Duangchantrasiri et al. 

2016). Evidence of the intensity of tiger poaching are surveys from 1991-2013 at 

Tachilek on the Myanmar–Thailand border and from 2001-2014 at Mong La on the 

Myanmar-China border; a total of 207 tigers were on display at these two sites (Nijman 

and Shepherd 2015). Although the geographic origins of those tiger parts remain 

unknown, trader interviews indicated that many were from Thailand (Oswell 2010) and 

the remaining were from Myanmar and India (Nijman and Shepherd 2015). Lower 

numbers of shops involved in trade of large felids between Myanmar and Thailand in the 

last decades may be due to increased law-enforcement efforts in Thailand’s protected 

areas (Nijman and Shepherd 2015; Duangchantrasiri et al. 2016), but it is more likely 

based on the decline in numbers reported here that there are simply fewer tigers to poach.  

 Compared to WEFCOM, weaker law enforcement and lower capacity of existing 

personnel have enabled higher poaching levels at all other forest complexes in Thailand. 

Within five years in the late 1970s, 15 elephants were killed in SKFC in the north and 

PPFC, PNFC and EFCOM in the northeast (Storer 1981). We do not have information on 
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tiger poaching from the same areas, but speculate that tigers have been hunted more 

severely because they have disappeared (Figure 7). High value of tiger’s parts and the 

greater ease in killing and transporting their parts (Gratwicke et al. 2008a; Kawanishi et 

al. 2010; Clements et al. 2010; Lynam 2010; Rao et al. 2010; Nijman and Shepherd 2015) 

have also likely led to greater poaching efforts for tigers. Furthermore, killing elephants 

is more dangerous, yet less lucrative than killing tigers. A seizure of one tiger skin and 41 

pieces of bone in Heilongjiang province in China had a value of USD 224,900 (Moyle 

2009), compared to USD 1,340-3,900, or USD 2.15/g, of the trimmed whole elephant 

tusk (Gao and Clark 2014). Each tiger produces between 5-12 kg of dry bone (Ng and 

Nemora 2007) and the estimated price per wild tiger was USD 5,000 (Abbott and van 

Kooten 2010). Also from cultural and religious perspectives, the public reverence of 

elephants is prominent throughout the Thai history, prompting negative public responses 

and immediate persecution of elephant poachers. In contrast, tigers are viewed as 

ferocious and dangerous, and tiger extirpation has not triggered as much public outcry 

overall, compared to elephant deaths.   

Habitat loss and fragmentation in elephants and tigers 

Habitat loss and fragmentation are an equally important threat to tigers and elephants 

across their range (Sukumar 1989; Santiapillai and Jackson 1990; Sukumar 2003; 

Leimgruber et al. 2003; Hedges et al. 2005; Fernando and Leimgruber 2011). Except the 

contiguous Tenasserim, habitat of the two species elsewhere in Thailand and mainland 

Southeast Asia has been fragmented as well as degraded from frequent fires and cattle  
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grazing (Blake and Hedges 2004; Dublin et al. 2006). Within small, isolated habitats (80-

130 km2) in Thailand, tigers have become locally extinct whereas small elephant 

populations (Nc<50) still occur, but they are vulnerable to extinction as a consequence of 

demographic, environmental and genetic stochasticity (Gilpin and Soule 1986; Frankham 

2002; Allendorf et al. 2010).   

Small elephant populations are often confined to small habitat patches close to 

agricultural areas and human settlement, contributing to human-elephant conflicts 

(HECs). HECs, occurring since 1970s in the north and northeast, have accelerated to a 

nationwide scale in the early 2000s (Srikrachang 2003; Sukmasuang 2015). Land use 

planning has failed to take into account the extent of the elephant’s seasonal migration. It 

is unclear if increased crop raiding is due to increasing elephant numbers or increased 

human encroachment on elephant habitat. Standardized surveys with statistical rigor to 

determine and predict trends of population sizes and connectivity in these areas are 

therefore needed.  

Given the long generation time (20 years for elephants vs. 7 years for tigers) and 

other life history traits of elephants, the decline of their populations has been more 

gradual. In mainland Southeast Asia only the WEFCOM, KKFC and EFCOM 

populations are estimated to have Nc of 400-500 (Srikrachang 2003; Sukmasuang 2015). 

It is important to be cautious in interpreting these abundance estimates because most are 

based on educated guesses and are not up-to-date. The 2015 population assessment of 

elephants in Thailand (Sukmasuang 2015) did not revise the numbers in most forest 

complexes since the 1993 surveys (Srikrachang 2003) that relied on sampling the core 
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areas of four forest complexes. Despite the loss of elephant habitat over the past three 

decades, elephant numbers in Thailand have remained between (2,500 to 3,500; Table 4). 

These abundance estimates, which derived from non-standardized surveys, do not allow 

rigorous estimation of population trends.  

The need for standardized surveys for population status assessment 

Aerial counts (Jachmann and Bell 1984; Douglas-Hamilton 1996; Mbugua 1996; 

Whitehouse et al. 2001), line transects with direct sighting (Jachmann 1991; Varman and 

Sukumar 1995; Jachmann 1996) and dung counts (Barnes and Jensen 1987; Dawson and 

Dekker 1992; Barnes 1993; White and Walsh 1999) have been applied widely to assess 

population status of the African elephants. However, these approaches are not suitable for 

poor visibility in the dense habitat of Southeast Asia where elephants occur in lower 

abundance compared to their African counterpart (Blakes and Hedges 2004). Although 

the dung-count method overcomes issues of low densities and low sample sizes and 

allows abundance estimation with acceptable precision (Hedges et al. 2005), it is labor 

intensive and difficult to implement in an area >5,000 km2 (Walsh and White 2005; 

Hedges 2012; Hedges et al. 2013).  
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Table 4. Range and population estimates of wild Asian elephants from 13 range countries between 1990 to 2011. SEA represents Southeast Asia.  

Country 
Country area 

(km2) 

Year 1990a Year 1996b Year 2003c Year 2011c 

Range 

(km2) 

Population estimates Range 

(km2) 

Population 

estimates 

Range 

(km2) 

Population 

estimates 

Range (km2) Population estimates 

 Min Max  Min Max  Min Max  Min Max 

Myanmar        678,000 ?   3,000 10,000 ? 4,000 6,000   115,000 4,000 5,000   115,000 4,000 5,000 

Thailand        513,115 ?   1,300   2,000 ? 1,200 1,500     25,500 2,500 3,200     25,500 2,500 3,200 

Indonesia 

   Sumatra 

  

Kalimantan 

    1,919,440 

       524,100 

       550,200 

? 

? 

? 

  2,900 

  2,800 

     100 

  5,500 

  5,000 

     500 

? 

? 

? 

3,500 

3,000 

   500 

5,000 

4,000 

1,000 

  105,000 

>100,000 

    <5,000 

2,400 

2,400 

    ? 

3,400 

3,400 

    ? 

  105,000 

>100,000 

    <5,000 

2,400 

2,400 

    ? 

3,400 

3,400 

   ? 

Malaysia 

  Peninsular 

  Sabah 

       329,750 

       131,598 

         80,520 

? 

? 

? 

  1,300 

     800 

     500 

  3,000 

  1,000 

  2,000 

? 

? 

? 

1,700 

1,200 

   500 

2,300 

1,500 

   800 

    45,000 

  >20,000 

  >25,000 

2,100 

1,000 

1,100 

3,100 

1,500 

1,600 

    45,000 

  >20,000 

  >25,000 

2,100 

1,000 

1,100 

3,100 

1,500 

1,600 

Lao PDR        236,800 ?   2,000   3,000 ?    200    500   >20,000    500 1,000   >20,000    500 1,000 

China     9,579,000 ?      150      300 ?    330    370       2,500    200    250       2,500    200    250 

Cambodia        181,035 ?   2,000 2,000 ?    500 1,000    >40,000    250    600   >40,000    250    600 

Vietnam        340,000 ?   1,500   2,000 ?    300       600        >3,000      70    150     >3,000      70    150 

SEA Total   13,777,140 ? 14,150 45,800 ? 11,730 17,270 >356,000 12,020 16,700 >356,000 12,020 16,700 

a Santiapillai and Jackson 1990      b Lair 1997 
c Sukumar 2003                              d Sukumar 2011 
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Table 4 (Continue). Population estimates of wild Asian elephant from 13 range countries since 1990 to 2011. SA presents South Asia. 

Country 
Country area 

(km2) 

Year 1990a Year 1996b Year 2003c Year 2011c 

Range 

(km2) 

Population 

estimates 

Range 

(km2) 

Population estimates Range 

(km2) 

Population estimates Range 

(km2) 

Population estimates 

 Min Max  Min Max  Min Max  Min Max 

India    3,287,590 ? 17,310 22,120 ? 23,500 27,500   110,000 26,390 30,770 110,000 26,390 30,770 

Sri Lanka         65,610 ?  2,700   3,200 ?   2,000   3,000   >15,000   2,500   4,000   25,500   2,500   5,800 

Bhutan         46,600 ?       60      150 ?        50      100       1,500     250      500     1,500      250      500 

Bangladesh       147,570 ?     200      350 ?      200      250       1,800     150      250       1,800      150      250 

Nepal       181,035 ?       50      90 ?       50       60     >2,500     100      125   >2,500      100      125   

SA Total    3,728,405 ? 20,320 25,910 ? 25,800 30,910 >130,800 29,390 35,645 >130,800 29,390 37,445 

SEA+SA Total  17,505,545 ? 34,470 53,710 ? 37,530 48,180   486,800 41,410  52,345   486,800 41,410 54,145 

 
a Santiapillai and Jackson 1990 
b Lair 1997 
c Sukumar 2003 
d Sukumar 2011 
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The latest techniques using fecal DNA to identify individuals, and capture-

recapture statistics have been shown to yield abundance estimates with greater precision, 

provide additional information on population genetic structure and is more cost-effective 

than previous methods (Hedges et al. 2013; Chakraborty et al. 2014; Moßbrucker et al. 

2015). This technique was first applied to estimate population sizes of the forest 

elephants in Ghana (Eggert et al. 2003), and then to Asian elephants in Lao PDR 

(Ahlering et al. 2011), Cambodia (Gray et al. 2014), India (Chakraborty et al. 2014), 

China (Zhang et al. 2015), and Sumatra (Moßbrucker et al. 2015). Landscape genetic data 

also allow managers to determine to what extent human-made barriers have resulted in 

genetic erosion and reduction of genetic and demographic connectivity as well as the 

evolutionary potential. These data are unavailable from camera trap and radio telemetry 

surveys. Traditional field methods also incur higher cost of equipment and human 

resources whereas advances in genomic technologies have reduced the cost of DNA-

based population estimates (Allendorf et al. 2010). Low detection rates of tigers and 

elephants also makes the photographic-based approach less preferable to fecal sampling 

that often has a higher detection rate of elusive and low-density species. Integrating 

genetic with ongoing ecological monitoring is therefore critical for management decision 

to reverse the trend of declining biodiversity in Thailand and mainland Southeast Asia. 
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CHAPTER 2 

GENETIC DIVERSITY AND POPULATION STRUCTURE OF TIGERS 

(PANTHERA TIGRIS) IN THAILAND AND ITS CONSERVATION 

IMPLICATIONS 

SYNOPSIS 

Habitat fragmentation and poaching have resulted in range contraction and population 

decline of the Indochinese tiger (Panthera tigris corbetti) throughout mainland Southeast 

Asia. The largest tiger population in this region is centered in a complex of reserves, the 

Western Forest Complex (WEFCOM), which is embedded in a greater Tenasserim 

landscape along Thailand-Myanmar border. The impact of genetic stochasticity on this 

tiger population was unknown and limited sampling from the wild populations hampers 

inference of tiger’s evolutionary history and conservation planning. I collected 

noninvasive samples from 30 tigers from WEFCOM and analyzed 4,078-bp mtDNA and 

14 microsatellite markers to determine historical and contemporary spatial genetic 

structure and demography of tigers in WEFCOM and Indochina region. Phylogenetic 

analyses based on mtDNA indicate that the Amur tigers (P. t. altaica) was recently 

derived from P. t. corbetti, supporting the hypothesis of northbound dispersal from 

Indochina to northeast Asia after the Last Glacial Maximum (LGM). MtDNA diversity 

(nucleotide diversity = 0.00071, haplotype diversity = 0.457) and microsatellite diversity 

(expected heterozygosity = 0.751, number of alleles per locus = 7.500, allelic richness = 
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4.037) of P. t. corbetti was high compared to other subspecies. Using Bayesian analysis 

of mtDNA data, I estimated that effective population size was large and stable over the 

past 35,000 years (Nef = 10,000). However, microsatellite data indicates a more recent 

genetic differentiation into three clusters (K =3) within Indochina. In WEFCOM, I 

estimated a low contemporary effective population size of 20 (15-27) and detected a 

signal of recent bottleneck and male biased dispersal. These results serve as baseline data 

to monitor changes in spatial genetic pattern and demography. Thailand tiger action plans 

need to ensure maintenance of genetic diversity and connectivity across the greater 

Tenasserim landscape. 

 

INTRODUCTION 

The Indochinese tiger (Panthera tigris corbetti) was once distributed across the 

Indochina zoogeographic region encompassing southern China to Southeast Asia as far as 

the Thai-Malay Peninsula (Nowell and Jackson 1996). After rapid expansion of 

agriculture and infrastructure development following WWII, most of its populations have 

been profoundly impacted by the loss and fragmentation of once intact forest. The trend 

of land conversion continues; between 1973 and 2009, 424,000 km2 or 30% of the total 

Indochina forest cover was lost as human populations increased from 127 to 220 million 

(WWF 2010).  In Thailand forest loss was even nearly 50% (Charuphat 2000). This 

habitat loss led to a drastic decline of tigers from 1,200 – 1,800 individuals in 1990 across 
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mainland Southeast Asia to 200-300 tigers in 2010, the majority of which are in Thailand 

(Seidensticker et al. 1999). 

In Thailand 63% of the remaining forest cover occurs within 17 forest complexes. 

The largest of these complexes is the 19,666 km2 Western Forest Complex (WEFCOM), 

which is a part of an even larger Tenasserim landscape (62,000 km2) along the Thai-

Myanmar border. WEFCOM is the core of this transboundary landscape which supports 

one of the world’s third largest tiger populations (Kenney et al. 2014). Of the other 16 

forest complexes in Thailand, tigers were present in 14 complexes in 1995 (Smith et al. 

1999) and now only 5 complexes have tigers. The WEFCOM population estimated to be 

185-200 breeding individuals is the only remaining source population in mainland 

Southeast Asia (Smith et al. 1999; Simchareon et al. 2007; Thailand Tiger Action Plan 

2010). Elsewhere across continental Southeast Asia, except the Hukaung Tiger Reserve 

in Myanmar (N~ 7-71; Lynam et al. 2009), there are probably fewer than 10 tiger 

populations with > 10 breeding animals (Lynam 2010; Steinmetz et al. 2013; Lynam et 

al. 2013).  

Tigers in South Asia have faced the same process of rapid extirpation of smaller 

populations that reached a crisis in 2009 when tigers were lost from Panna and Sariska 

national tiger reserves (Tilson and Nyhus 2009; Shahabuddin 2010; Seidensticker 2010). 

There is overwhelming data pointing to poaching, habitat loss and prey depletion as the 

primary causes of tiger’s local extinction. The extent to which inbreeding depression and 

the loss of genetic variation have contributed to the decline in reproductive fitness and 
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extirpation of tiger populations is unknown. However, meta-analysis shows that many 

endangered mammalian species suffer from inbreeding depression (O’Grady et al. 2006). 

Using demographic data from field studies and estimated levels on inbreeding depression, 

individual-based pedigree models show that without appropriate conservation 

interventions, local extinction of almost all of the remaining smaller, isolated populations 

in the region is imminent (Kenney et al. 2010).  

Despite promise of genetic management in bottlenecked populations, genetic 

monitoring of declining tiger populations has been hampered by the difficulty of 

obtaining genetic data from wild populations. Recent genomic advances have increased 

feasibility of genotyping poor-quality scat DNA (Waits and Paetkau 2005; Beja-Pereira 

et al. 2009; Allendorf et al. 2010). Simultaneously, landscape genetic modeling provides 

insights into how ecological parameters at the fine scale have shaped patterns of genetic 

connectivity (Schwartz et al. 2007; Beja-Pereira et al. 2009; Sork and Waits 2010; 

Luikart et al. 2010; Hoban et al. 2014).  These advances have allowed estimation of 

genetic parameters that were impossible to obtain from radio telemetry and camera trap 

studies of individually marked animals. These latter techniques face logistic difficulty in 

covering large spatial extents to locate elusive, low-density tigers with capability of long-

distance dispersal. Moreover, tracking dispersal route alone provide no insight into 

whether the dispersing individuals can colonize and successfully reproduce. In landscape 

genetic surveys, however, genetic variation derived from fecal samples is a useful source 
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to identify migrants and admixed individuals and the degree to which different land cover 

types resist against dispersal.     

Landscape genetics have been applied to assess current connectivity within the 

Amur, Bengal and Sumatran tigers (Sharma et al. 2008; Mondol et al. 2009, 2013; Smith 

2012).  Road networks were identified to be an important barrier limiting gene flow 

between two genetically differentiated populations of the Amur tigers (Henry et al. 2009). 

The result pointed out the importance of restoring genetic linkage to alleviated extinction 

risks in the smaller population. Across the Indian subcontinent, the loss of genetic 

diversity within a hundred year (Mondol et al. 2009, 2013) highlighted impacts of human 

activities on increasing the continent-wide population subdivision. At the regional scale, 

however, forest corridors in central India may have continued to facilitate gene flow and 

maintain tiger metapopulation dynamics (Sharma et al. 2013). Similarly, modified 

landscapes across Sumatra appear to be permeable to gene flow among four tiger 

populations, except the smaller, more isolated southern population that shows significant 

genetic differentiation from others (Smith 2012). In mainland Southeast Asia, these 

genetic data are unavailable, preventing development of appropriate recovery plans that 

ensures viability of the remaining tiger populations. 

In addition to the population level, management-unit designation and captive 

breeding programs are strongly tied to tiger subspecies classification (Maguire and Lacy 

1990; Tilson et al. 1994; Seidensticker et al. 1999). Phylogeographic studies have 

attempted to resolve longstanding debates about taxonomic uncertainty within the tiger. 
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Based on mtDNA and nuclear DNA variation of the voucher samples, six tiger 

subspecies are recognized and traditional Indochinese tigers are divided into the 

Indochinese subspecies north of the Isthmus of Kra and the Malayan subspecies (P. t. 

jacksoni) below (Luo et al. 2004). Restricted gene flow due to high sea level and 

savannah expansion potentially allowed the two populations to accumulate novel 

mutations and eventually evolve into two distinguishable lineages. Many studies provide 

congruent supports for this biogeographic barrier: birds (Hughes et al. 2003) and 

mammals (Corbet and Hill 1992; Tougard 2001; Tosi et al. 2002; Woodruff and Turner 

2009; Luo et al. 2014). However, biogeographical analysis (Kitchener and Dugmore 

2000), and morphological studies (Kitchener 1999; Mazak and Groves 2006; Wilting et 

al. 2015) refuted the split of all mainland subspecies. These studies argue that geographic 

barriers are insufficient to limit continental genetic exchange during the postglacial 

period. Limited sampling from the wild populations has hampered inference of tiger’s 

evolutionary history. By filling in such sampling gap, we can obtain reliable estimates to 

reconstruct phylogenetic relationships among tiger subspecies.  

In addition to challenges in subspecies classification, genetic structure and 

diversity within the Indochinese tigers remain unclear. Bayesian genetic clustering based 

on microsatellite allele variation highly supported three differentiated populations within 

the subspecies: I) China and Vietnam, II) Cambodia, and III) Cambodia and Thailand 

(Luo et al. 2004). Evolutionary and ecological mechanisms underlying the split however 

remain unclear. Despite the expectation of higher polymorphism in the mainland tigers as 
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a result of possibly higher long-term effective population sizes, mtDNA variation in the 

Indochinese tigers were found to be lower than the Sumatran and Malayan tigers (Luo et 

al. 2004). Limited samples from the wild populations including WEFCOM might lead to 

the underestimated genetic diversity of the subspecies. Representative genetic variation 

will enable us to infer demographic history of the subspecies in response to historical 

climatic changes, anthropogenic pressure, or the combination of both. A better 

understanding of past population trends will allow us to predict population trajectory in 

response to future stressors.  

In this study, we: 1) reconstructed evolutionary relationships between the 

Indochinese tiger and other tiger subspecies, 2) determined the region-wide genetic 

structure and inferred demographic history of the Indochinese tiger, 3) assessed genetic 

diversity and infer genetic structure and demography of the WEFCOM population in 

Thailand, and 4) provided guidelines on how to apply landscape genetics to monitor 

population viability across the Southeast Asia landscape. 

METHODS 

Study area 

The Western Forest Complex (WEFCOM) is the largest contiguous forest complex in 

Thailand, covering an area over 19,666 km2 and 17 protected areas (11 national parks and 

6 wildlife sanctuaries) along the Tennaserim range between the Thailand-Myanmar 

border.  The area has regional and global significance for persistence of tigers and other 
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threatened species including the clouded leopard, leopard, Asian elephant, tapir, guar and 

banteng (Figure 1). Huai Kha Khaeng-Thung Yai Naresuan wildlife sanctuary (HKK-

TY), the core area of WEFCOM (Figure 1), is a UNESCO World Heritage, a Tiger 

Conservation Landscape Class I (Sanderson et al. 2006), a source site (Walston et al. 

2010) and a national and regional conservation-priority area for tiger (Thailand Tiger 

Action Plan 2010). Despite a level of high protection, poaching of tigers and their prey 

are detected within this core zone (Duangchantrasiri et al. 2016). The estimated forest 

loss from HKK and TY was 8 ± 2 km2 and 15 ± 4 km2 respectively between 2001 and 

2014 (Joshi et al. 2016). Population size estimated from the camera trap surveys in HKK 

during 2006-2012 varied from 41 (± 1.3) to 58 (± 1.0) (Duangchantrasiri et al. 2016). 

From the same study density estimates within HKK fluctuated between 1.27 – 2.09 

tiger/100 km2 with sex ratio of 1.83 (33 females and 50 males) (Duangchantrasiri et al. 

2016). 

A second tiger population occurs in the Dong Praya Yen-Khao Yai Eastern Forest 

Complex (EFCOM) that covers 6,199 km2; the core area of tiger habitat is situated 

between Thap Lan-Pang Sida National Park (TL-PSD). EFCOM historically supported a 

similar high density of large mammals as WEFCOM.  Currently, however, EFCOM has a 

weaker law enforcement and the consequent higher level of habitat degradation as a 

result of uncontrolled livestock grazing, human-induced fire, commercial agriculture and 

expanding rural areas. These human activities continue to threaten the survival of tigers 

and their prey. Camera trap surveys in 2010 detected 8-10 tigers in the core zone 
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(FREELAND 2010, 2012). Since 2013, however, there is a lack of information on 

distribution and demography of tigers in this area. 

Fecal sample collection and DNA extraction 

With collaboration from the Department of National Parks, Wildlife and Plant 

Conservation (DNP) and Wildlife Conservation Society (WCS) Thailand Program, 70 

felid scats were collected from HKK and TY and three scats from TL-PSD during the dry 

season from November to April each year, 2010-2012 (Figure 1). Our goal was to collect 

fresh dung (<3 days) along trails and near water sources. Dung freshness was indicated 

by a shiny surface and strong scent. The surface of fecal samples (up to 5 grams) was 

store in 50-mL tubes containing the DETs preservative buffer (Frantzen et al. 1998). 

Samples were transferred to laboratory and stored at 4 oC until extraction. DNA was 

extracted twice from each sample using the QIAGEN Stool Mini  
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Figure 1. Sampling localities and spatial distribution of mtDNA haplotypes among the 

Indochinese tigers from Thailand. Fecal samples were collected from the Western Forest 

Complex (WEFCOM) and Eastern Forest Complex (EFCOM). Each circle represents 

tiger individual. The WFC haplotype is color-coded in blue, CORb in orange and COR1 

in yellow and N denotes sample size, F as female and M as male. Protected areas where 

tigers were detected between 2010-2015 from the camera trap survey (Duangchantrasiri 

et al. 2016) and occupancy surveys (Jornburom in press) are shown in green and where 

tigers were not detected by both surveys in red. 
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Kit (QIAGEN Ltd., West Sussex, United Kingdom). A negative control was included to 

each group of extractions to control for contamination. 

mtDNA amplification and sequencing 

We used a panel of 18 cytoplasmic mtDNA-specific markers (Table S1; Luo et al. 2004; 

Driscoll et al. 2009; Mondol et al. 2009) to generate 4 kb of concatenated mtDNA. 

MtDNA fragments longer than 500 bp could be amplified from fresh scat samples, but 

fragments below 250 bp were more reliably amplified from both old and fresh samples. 

The 4,078bp mtDNA included ND5, ND6, CytB, control region, 12S, ND1, ND2, and 

COI. We optimized PCR conditions to amplify poor-quality DNA in a 15-µL reaction 

containing 2.5 µL of extracted DNA (30-40 ng of genomic DNA), 2.0 mM MgCl2, 1.0 

mM dNTPs, 1x PCR buffer II, 0.4 µL each of forward and reverse primer, 1 µL of 1 

µg/µL bovine serum albumin (BSA), and 0.25 units of AmpliTaq Gold DNA polymerase 

(Applied Biosystems). PCR profiles followed Luo et al. 2014; denaturation at 95 oC for 

10 min, a touch-down cycle of 95oC for 15 s, annealing at 60 oC for 30 s and decreased 

by 2 oC every 2 cycles until 50 oC, extension at 72 oC for 45 s, then 38 cycles of 95 oC for 

15 s, 50 oC for 30 s, 72 oC for 45 s, followed by an extension at 72 oC for 10 min. To 

remove excess primers and nitrogenous base, PCR products were incubated with 1.9 units 

of Exonuclease I (Exol, GE Healthcare Ltd.) and 0.37 units of Shrimp Alkaline 

Phosphatase (SAP, GE Healthcare Ltd.) per 10 µL PCR reaction, following the protocol 

in Luo et al. 2014. 
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Table S1. A panel of 18 mtDNA primers used in this study 

 

 

Products were sequenced in both directions on an ABI 3730XL using the previous 

protocol (Luo et al. 2004). Sequences were inspected, aligned and concatenated in 

Sequencher v5.1 (Gene Codes Co.) based on the reported 4,078bp haplotypes (Luo et al. 

2004; Driscoll et al. 2009; Xue et al. 2015). Missing data from the 1,198bp VIR 

haplotype (Driscoll et al. 2009) and the 1,696bp SUMx, and 1,750bp BAL and SON 

haplotypes (Xue et al. 2015) were coded as “N.” 

Microsatellite amplification, genotyping and molecular sexing 

We modified a 22-loci multiplex short tandem repeat (STR) system developed for tiger 

subspecies and individual identification and molecular sexing based on SRY gene (Zou et 

Primer FINAL 

ID Primer Gene/
Seg

Forward Sequence Reverse Sequence Size 
(bp)

Reference

1 C53F1/T598R ND5 CCCAGATCCCTATATTAACCAGT TATATCATTTTGTGTGAGGGCAC 546 Luo et al. 2004

2 C708F/T1300R ND5 CCTTGTCTTCCTGCATATCTG CCATTGGAAAGTACCCGAGGAGGT 593 Luo et al. 2004

3 ND5F/ND5R ND5 AAACGACGAGCAAGATATTCG ATGCGAGGTTCCGATAATA 210 Driscoll et al. 2009

4 TIGND5F1/TIGND5R1 ND5 GCCCCTATATTAACCAGT ATCCTACATCTCCAATAC 195 Mondol et al. 2009

5 C1494F/T1936R ND6 TCTCCTTCATAATCACCCTGA TGGCTGGTGGTGTTGGTTGCGG 443 Luo et al. 2004

6 ND6F/ND6R ND6 TAACTATACAGTGCTGCAATTCCT CTATGGCTACTGAGCCCTACC 210 Driscoll et al. 2009

7 C2339F/T2893R CytB TTGCCGCGACGTAAACCACG GTTGGCGGGGATGTAGTTATC 555 Luo et al. 2004

8 CytbaF/CytbaR CytB TCACCAACCTCCTGTCAGC GTTATTGGATCCTGTTTCGTGA 210 Driscoll et al. 2009

9 CytbbF/CytbbR CytB CCCTCAGGAATGGTGTCC GGCGGGGATGTAGTTATCA 210 Driscoll et al. 2009

10 CR-UPF/CR-R2B CR TCAAAGCTTACACCAGTCTTGTAAACC CGTGTTGTGTGTTCTGTAT 250 Luo et al. 2004

11 C-12S-F/N/C-12S-R 12S AAAGCCACAGTTAACGTAA TACGACTTGTCTCCTCTTGTGG 577 Luo et al. 2004

12 C8276F/T8620R ND1 CGAAGCGAGCTCCATTTGATTTA GTGGAATGCTTGCTGTAATGATGGG 345 Luo et al. 2004

13 T8942F/C9384R ND2 CTTATAGTCTGAATCGGCTTCG AGCTATGATTTTTCGTACCT 443 Luo et al. 2004

14 C9366F/T9882R ND2 GGGGAGTTAACCAAACCGAG CAAGGACGGATAGTATTGGTG 517 Luo et al. 2004

15 ND2aF/ND2aR ND2 GGGGAGTTAACCAAACCGAG TAGGTTTAAAATTATTATTGTGGGGC 210 Driscoll et al. 2009

16 ND2bF/ND2bR ND2 TATCACAAACATGAAACAAAACG GTATAGGTTAAGTAGTGCTGTTATG 210 Driscoll et al. 2009

17 C11020F/T11428R COI CCAGAAGTCTATATCTTAATCCCG GCTCCTATTGACAAGACGTAGTGGA 409 Luo et al. 2004

18 CO1F/CO1R COI GCTGATTGGCCACTCTTCAC ACTCCTATTGACAAGACGTAGTGGA 210 Driscoll et al. 2009
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al. 2015) to improve amplification efficiency when quantity of fecal DNA is limited. We 

developed a multiplex system of 14 loci out of the 22 loci based on level of 

polymorphism and PCR success. Fluorescent-dye primer Panel A included FCA069, 

FCA008, FCA077, FCA105, Panel B: FCA043, FCA091, FCA005, Panel C: FCA126, 

FCA441, FCA161, FCA220, Panel D: FCA211, FCA304, FCA310. PCR conditions are 

modified from Zou et al. 2015: a Qiagen Multiplex PCR Plus Kit (Qiagen) in a 10 µL 

reaction containing 5 µL 2x Multiplex PCR Mastermix, 1µL 10x primer mix (2µM for 

each pair), 1µL Q-solution, and 2µL (15-20 ng) of DNA template, with a thermal cycling 

profile followed Zou et al. 2015. Genotyping protocol on ABI 3730xL followed Zou et 

al. 2015. Genotypes were score using GENEMAPPER v4.0 (Thermo Fisher Scientific 

Inc., USA), and normalized and binned using Allelogram v2.2 (Morin et al. 2009). To 

minimize genotyping error, heterozygotes were score at least twice and homozygotes at 

least three times. We used Microchecker (van Oosterhout et al. 2004) to check for 

evidence of allelic dropout and estimate frequency of null alleles at loci where they were 

detected. Multiplex sexing protocol was modified from Sugimoto et al. 2006 based on a 

system containing short fragment of Y-specific AMEL and DBY7 gene (Pti-AMEL-F/R, 

Pti-DBY7-F/R) and X-specific ZFX gene (Pti-ZFX-F4/R4). 

Phylogenetic analysis and coalescence dating 

Phylogenetic relationships among 9 tiger subspecies were reconstructed using maximum 

parsimony (MP), neighbor joining (NJ), and maximum likelihood (ML) approaches 
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implemented in PAUP* v4.0b10 (Swofford 2003). P. pardus (Genbank Accession # 

EF551002) and P. uncia (Genbank Accession # NC_010638) and Neofelis nebuosa 

(Genbank Accession # DQ257669) were used as outgroups in all methods. The MP 

method included a heuristic search, random addition of taxa and tree-bisection-

reconnection branch-swapping (indels are treated as missing data). The NJ tree was 

constructed using the Kimura 2-parameter (K2P) distances. The ML analysis was 

performed in RAxML for 1,000 bootstrap inferences with HKY+G model of rate 

heterogeneity. The best evolutionary model was selected with jMODELTEST v2.1.7 

(Darriba et al. 2012) based on the corrected Akaike information criterion (AICc; Hurvich 

and Tsai 1989) and Bayesian information criterion (BIC). Reliability of each node was 

assessed by 1000 bootstrap iterations for MP and NJ and 100 for ML.   

Phylogenetic relationships based on Bayesian inference was performed in 

MRBAYES v3.2.0 (Ronquist and Huelsenbeck 2003) and the best fitted evolutionary 

model was estimated from jMODELTEST. Four Metropolis coupled Markov chain Monte 

Carlo (MCMC) chains, three heated chains and one cold chain, were run for each tree for 

two million generations with trees sampled every 100 generations We ran four 

simultaneous, independent (MCMC) starting from different random trees, three heated 

chains and one cold chain for each tree, for 1,000,000 generations sampled every 100 

generations. Convergence to stationary distribution was examined in TRACER v1.6 

(Rambaut and Drummond 2009), then 25% of the samples were discarded as burn-ins. 

Moreover, a statistical parsimony network of mtDNA haplotypes with the same sequence 
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length as the phylogenetic method was constructed using TCS v1.21 (Clement et al. 

2000).  

Coalescence dating for the time to the most recent common ancestor (TMRCA) 

for the mtDNA and lineage divergence was estimated in BEAST v1.8.2 (Drummond et al. 

2012). Divergence time between tiger, leopard Panthera pardus, snow leopard Panthera 

uncia, and clouded leopard Neofelis nebulosa was estimated in Johnson et al. (2006). 

Two speciation times were used as calibrations: Neofelis nebulosa vs. Panthera spp (6.37 

MYA, 95% CI 4.47-9.32 MYA), P. pardus vs. P. uncia/P. Tigris (3.72 MYA, 95% CI 

2.44-5.79). The HKY + Gamma substitution and site heterogeneity model (Hasegawa et 

al. 1985; Yang 1994) was estimated as the best fitted model from jMODELTEST. An 

uncorrelated lognormal relaxed clock model, which allows for rate heterogeneity among 

lineages, was selected as a better fitted model than the strict clock based on Bayes Factor 

calculated in TRACER v1.6 (Rambaut and Drummond 2009). A substitution rate of 3.25% 

per site per million years was estimated for tiger mtDNA. Four independent Monte Carlo 

Markov chains (MCMC) were run for 100 million generations, sampling every 10,000 

steps and the first 25% of the posterior samples were discarded as burn-ins. Convergence 

and acceptable mixing suggested by effective sampling size (ESS) were examined in 

TRACER v1.6. Posterior samples from runs with the same parameter distribution and 

ESS>200 were combined using LogCombiner v1.8.2. The coalescent time estimates and 

their 95% highest posterior densities (HPD) were analyzed in TRACER v1.6 and the 

consensus tree were generated in TreeAnnotator v1.8.2.     
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Demographic history inference 

To infer temporal changes in effective population sizes of the P. t. Corbetti, we used a 

coalescent-based approach implemented in BEAST v1.8.2 (Drummond et al. 2012) to 

construct a Bayesian Skyline Plot (Ho and Shapiro 2011) based on 4,078 bp mtDNA of 

63 Indochinese tigers. The HKY was selected as the best fitted substitution model from 

jMODELTEST v2.1.7 (Darriba et al. 2012). Prior for TMRCA of P. t. Corbetti at 35,300 

years ago was obtained from our coalescent dating analyses. To summarize coalescence 

intervals across genealogy and achieve temporal smoothing of Ne trajectories, we set the 

number of groups (m) to two according to pairwise log Bayes factor calculated in 

TRACER v1.6. The piecewise-linear skyline model, random starting trees and a strict-

clock model were selected. Four independent MCMC chains were run for 100 million 

generations, sampling every 10,000 steps, and the first 25% of the samples were 

discarded as burn-ins. To ensure a valid estimate of posterior genealogies and associated 

parameters, we examined convergence in TRACER v.1.6. and runs with good mixing 

(ESS>200) were combined using LogCombiner 1.6. Finally, the Bayesian skyline plot 

was constructed using TRACER v.1.6. To test the hypothesis of population expansion 

under Bayesian skyline against four alternative hypotheses including a constant 

population size, exponential growth, logistic growth and expansion growth, we 

reconstructed genealogy under additional four demographic tree priors above. Path 

sampling and stepping-stone sampling (Baele et al. 2012) were used to calculate marginal 
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likelihoods and test the fit of each models under default parameters in BEAUti v1.8.2 and 

BEAST v1.8.2.  

Genetic differentiation and population assignment 

Slatkin’s distances based on Kimura 2-parameter were used to estimate population 

pairwise FST and RST and assessed the significance of the estimates with 10,000 

permutations implemented in ARLEQUIN v3.5 (Excoffier and Lischer 2010). Exact tests of 

population differentiation (Guo and Thompson 1992) based on haplotype frequencies 

were carried out using 100,000 steps in the Markov chain and 4,000 dememorization 

steps. 

Under two assumptions of random mating within populations and independent 

recombination between loci, individuals are assigned to the most likely genetic cluster, K, 

that minimizes departure from Hardy-Weinberg equilibrium (HWE) and linkage 

equilibrium (LE) within populations in STRUCTURE 2.3.3 (Pritchard et al. 2000). The 100 

voucher samples from Luo et al. (2004) were used as reference samples (POPFLAG=1, 

USEPOPINFO=1) to assign our 30 samples from Thailand to the references. Under the 

Bayesian approach, population assignment uses the highest likelihood from the highest 

posterior probability of the genotype data, P(X/K), to cluster into K=1-9 with 10 

independent runs of 106 MCMC iterations, followed by 105-step burn-in. We used 

admixed ancestry and correlated allele frequency model (Falush et al. 2003). High 

probability of membership (q > 0.80) were used as assignment threshold. The most likely 
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number of cluster was determined using Evanno ΔK method (Evanno et al. 2005) in 

Structure Harvester (Earl and Vonholdt 2012). 

Genetic diversity analysis 

Genetic diversity indices of both mtDNA and microsatellite data were calculated using 

ARLEQUIN v3.5 (Excoffier and Lischer 2010). MtDNA diversity indices including mean 

number of pairwise nucleotide differences, or nucleotide diversity (π), haplotype 

diversity (h) and number of segregating sites (S) were calculated using DnaSP 5.0 

(Librado and Rozas 2009). Microsatellite diversity indices including observed (Ho) and 

expected heterozygosity (He), number of allele per locus (A) for WEFCOM and each five 

extent subspecies excluding P. t. amoyensis were calculated in GenALEx 6.5 (Peakall 

and Smouse 2012). We estimated allelic richness (Ar), which is adjusted for sample size 

differences among population using a rarefaction method, using FSTAT 2.9.3.2 (Goudet 

1995).    

Recent gene flow analysis 

We estimated the level and direction of contemporary gene flow between 29 WEFCOM 

genotypes and 20 Cambodian genotypes within the past 5-7 generations, or 35-49 years 

assuming the generation time of 7 years (Smith and McDougal 1991), using Bayesian 

method implemented in BayesAss 1.3 (Wilson and Rannala 2003). This approach uses a 

MCMC algorithm to estimate posterior probability distribution of the proportion of 
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population consisting of migrants (m) without assuming the population to be in HWE or 

migration-drift equilibrium. To ensure sufficient search across the parameter space 

(Slatkin 1995), MCMC convergence and consistency among runs, we ran the analysis for 

3 x 107 iterations, sampling every 2000, and 1 x 107 iterations of burn-in and started each 

run with different seed numbers and delta values that accepted proposed changes between 

chains (40-60% of total iterations).  

Effective population size estimation 

We estimated recent effective population size (Ne) for WEFCOM population and each 

five tiger subspecies (P. t. altaica, P. t. corbetti, P. t. tigris, P. t. jacksoni, and P. t. 

sumatrae) using linkage disequilibrium approach (Hill 1981; Waples 2006) implemented 

in NeEstimator (Do et al. 2014). This method accounts for missing data following Peel et 

al. 2013 and assumes all loci are physically unlinked then use the observed linkage 

disequilibrium to estimate Ne and 95% confidence interval. We assumed random mating 

model and the cutoff for minimum allele frequency as 0.02, which is shown to provides a 

good balance between precision and bias from rare alleles (England et al. 2010). The 

analysis was repeated after removing rare allele with frequencies < 0.01 and < 0.05.  

Detection of recent population bottleneck 

We used two sets of tests to determine if the WEFCOM population had gone through a 

recent bottleneck. First, using both a two-phase mutation model and a 90% stepwise 
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mutation model, we tested if the expected heterozygosity under Hardy-Weinberg 

equilibrium (He) was significantly higher from expected heterozygosity under a mutation 

drift model (Heq). A loss of rare alleles in a recently bottlenecked population will 

decrease Heq value, which is sensitive to the number of allele, more than He (Nei 1975; 

Cornuet and Luikart 1996; Peery et al. 2012). For these comparisons we used the 

following statistical tests: sign test (Lehmann 1975), Wilcoxon signed-rank test 

(Wilcoxon 1945) and mode-shift test (Luikart 1998). These tests were implemented using 

the program BOTTLENECK (Piry et al. 1999).  

Our second test to assess recent population bottleneck was the M-ratio test (Garza 

and Williamson 2001) implemented in ARLEQUIN 3.5 (Excoffier and Lischer 2010). It 

compares the number of alleles (k) with allele size range (r). It is considered to be a more 

sensitive measure of population bottleneck than heterozygosity excess model. Garza and 

Williamson (2001) determined that a bottleneck occurred when the M ratio was below a 

critical value of 0.68. 

Relatedness and spatial autocorrelation 

To test for male-biased dispersal hypothesis, we used GenAlEx 6.42 (Peakall and Smouse 

2006) to estimate pairwise relatedness (Queller and Goodnight 1989), r, which is the 

proportion of alleles that individuals share by common descent, while taking into account 

the population frequencies of the alleles. We assumed that differences in dispersal rates 

of sexes would affect r between and among sex. Values of r can range from -1 to +1, with 
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positive values indicating more shared alleles than expected and negative values 

indicating fewer shared alleles than expected. Two randomly chosen unrelated 

individuals are expected to have r = 0. The second degree relatives are expected to have r 

= 0.25 and first degree relatives (parent-offspring or full siblings) to have r = 0.5 (Queller 

and Goodnight 1989, Blouin et al. 1996). We estimated r for all dyads (pairs), among and 

between males and females, between males and all individuals and between females and 

all individuals with 95% confidence intervals for all group r values with jackknife 

resampling across loci (Queller and Goodnight 1989). Distribution of pairwise r values 

were tested for deviation from the expected random distribution based on mean and 

standard deviation of r values with the χ2 goodness-of-fit test. 

Spatial autocorrelation 

To test for male-biased dispersal hypothesis, we conduct spatial autocorrelation analysis 

in GenAlEx 6.42 (Peakall and Smouse 2006) separately for males and females using a 

pairwise geographic and pairwise squared genetic distance matrix (Smouse and Peakall 

1999; Peakall et al. 2003; Smouse et al. 2008). Pairwise genetic distance for 

microsatellite loci were calculate based on Peakall et al. (1995) and Smouse and Peakall 

(1999). The autocorrelation coefficient, r, for each distance class, is bounded by [-1, +1] 

and is closely related to Moran’s I. Distance class are bounded by a lower and upper 

distance (e.g. 0-100 m) with all pairs of individuals separated by distances that fall within 

these bounds included in calculate of r for that class (Peakall et al. 2003). To test for 

differences in male and female spatial autocorrelation, we employed 3 statistical tests: 1) 
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bootstrap 95% confidence intervals about the r values (Peakall et al. 2003), 2) 

nonparametric heterogeneity test at the distance class (Smouse et al. 2008; Banks and 

Peakall 2012), and 3) heterogeneity test at the whole correlogram levels (Smouse et al. 

2008; Banks and Peakall 2012). For the bootstrap method, the null hypothesis predicts 

overlap in CI’s between the male and female (rfemale = rmale) while the alternative 

hypothesis predicts nonoverlap of the CI’s with r in the less-dispersing sex significantly 

greater (rfemale > rmale). In the second test, the null hypothesis of no difference between the 

sexes is the pooled autocorrelation across both sexes and distribution of random departure 

from this average is evaluated. The null hypothesis of third test predicts homogeneity 

between spatial correlograms of the two sexes whereas the alternative hypothesis predicts 

heterogeneity. 

 A distance class of 9.2 m is selected because this appeared to be an optimal trade-

off between scale of structure (stronger at finer scales) and the sample size required to 

detect that structure (more samples in larger distance classes). Moreover, this distance 

class closely corresponds to dispersal distance of male tiger whose estimated home range 

sizes from HKK are 267 km2 and 294 km2 based on 95% MCP and 100% MCP, 

respectively (Simcharoen et al. 2014). Setting a distance class to be equivalent to or 

larger than home range size will control for the social effects such as kin preference in 

social interaction or resource sharing that can also influence spatial organization of 

individuals and therefore spatial genetic structure (Banks and Peakall 2012).  
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RESULTS  

Individual identification, genotyping errors, departure from Hardy-Weinberg equilibrium 

and linkage disequilibrium  

We collected 73 felid fecal samples from the core area of WEFCOM (HKK-TYE-

TYW-MW) and EFC (TL-PSD) between 2010-2012. Three of the total samples were 

identified as leopards. Of the 70 tiger samples, we discarded 25 with high amplification 

failure rate, high allelic dropout or false allele amplification. These genotyping errors 

were common among older, degraded dung samples. Of the 45 that were successfully 

genotyped using 14 microsatellite loci (Luo et al. 2004), we identified 29 tiger 

individuals (18 females, 11 males) from WEFCOM and one male from EFCOM (Figure 

1). Our samples represent about 20-27% of the total WEFCOM’s estimated 107-148 

tigers (Thailand Tiger Action Plan 2010). Overall, the discriminatory power of 14 loci to 

identify individuals was high (PID = 1.05E-8 and PID (SIB) = 1.34E-3). Of the uniquely 

identified individuals, average genotyping error rates were low; the probability of false 

alleles was 0.006 ± 0.007, allelic dropout was 0.078 ± 0.010, and scoring error was 0.008 

± 0.007. Short allele dominance and stuttering error were not detected. The 14 loci were 

in linkage equilibrium, indicating that they were physically unlinked. Four of the 14 loci 

deviated from the Hardy-Weinberg equilibrium after the Bonferroni correction for 

multiple tests, suggesting either the presence of null alleles or population substructure. 

We reran the analyses comparing the full set of 14 loci and the 10 loci that were in 
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Hardy-Weinberg equilibrium and found that the reduced datasets did not differ 

significantly from the full ones, so we present results of analyses using all 14 loci. 

 

Phylogenetic relationships among tiger subspecies 

To re-examine evolutionary relationship between P. t. corbetti and other tiger 

subspecies, we combined our mtDNA dataset of 30 P. t. corbetti from WEFCOM and 

EFCOM with 32 P. t. corbetti from elsewhere in Indochina (Luo et al. 2004), and a 

sample of 152 tigers from the remaining eight subspecies that were analyzed using the 

same primers for a total sample of 214 tigers (Luo et al. 2004; Driscoll et al. 2009; Xue et 

al. 2015; Table 1). From the concatenated 4,078-bp mtDNA sequences spanning seven 

genes and the control region, we found 60 variable sites defining 31 haplotypes which do 

not overlap among subspecies (Table 1). Phylogenetic partition reconstructed from all 

MP, ML, NJ and Bayesian methods corresponds to geographic isolation into six extant 

subspecies (Figure 2A, B).  

The AMOVA analysis based on 4,078-bp mtDNA sequences (pairwise FST) and 

14 microsatellite loci (pairwise RST) also supports high genetic differentiation and 

restricted gene flow between extant tiger subspecies (Table 2). Most of the genetic 

variation in extant tigers can be explained by partitions among six geographic groups. 

The high and significant mtDNA-based pairwise FST values (p < 0.0001) between P. t. 

corbetti and other subspecies ranged from 0.686 (P. t. corbetti - P. t. altaica) to 0.915 (P. 

t. corbetti - P. t. tigris). The same trend, but less pronounced differentiation, was 
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observed in the microsatellite-based pairwise RST values between P. t. corbetti and other 

subspecies (RST = 0.146 - 0.402, p < 0.001) (Table 2). 

Based on the estimated mean rate of the relaxed molecular clock of 2.315% 

substitutions per MY, the estimated time to the most recent common ancestor (TMRCA) 

of all tiger subspecies was 91,900 years before present, or 91.9 KYA (95% Highest 

Posterior Density (HPD): 47.9 – 158 KYA) (Figure 2A, Table 3). The postglacial tiger 

radiation of the northern mainland clade appeared to center in the northern Indochina 

refugium. The first population expansion occurred around 70.6 KYA (95% HPD: 35.8-

115.5 KYA) westbound toward South Asia resulting in the P. t. tigris and second 

expansion southbound crossing the Isthmus of Kra resulting in P. t. jacksoni. The most 

common ancestor of the P. t. corbetti, P. t. altaica and P. t. virgata was estimated to have 

existed in mainland Southeast Asia above the Isthmus of Kra around 35.3 KYA 

(95%HPD:15.9 - 57.4 KYA). Note that bootstrap supports from MP, ML and NJ methods 

for divergence of P. t. tigris, P. t. jacksoni were not strong, so scenario of simultaneous 

radiation of the mainland subspecies from 2 - 4 refugia is also possible. P. t. corbetti 

carried 6 haplotypes, three of which were found in the WEFCOM population (Figure 1). 

Two of these three haplotypes were new and exclusively found in WEFCOM: CORb 

(N=2) and WFC (N=11). The third haplotype, COR1, was the most common and 

widespread haplotype shared between the WEFCOM population (N=16), the EFCOM 

population (N=1) and 22 of 32 voucher samples (Luo et al. 2004) from Thailand, 

Cambodia and Vietnam (Figure 1). 
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Haplotypes CORb and COR1 that occur in WEFCOM and the other three 

haplotypes (COR2, COR3 and CORa, see Luo et al. 2004) found elsewhere in mainland 

Southeast Asia have three P. t. corbetti-diagnostic sites: two on the CytB gene and one on 

the control region (Table 1). The CORb haplotype has a signature nucleotide on the ND5 

gene (ND5-13107-G) and differs by a single nucleotide from COR1. In contrast, the 

WFC haplotype has no diagnostic sites common to P. t. corbetti, but shares one (ND6-

14711-A) of the four P. t. altaica-diagnostic sites. The WFC haplotype differs by seven 

to nine nucleotides from the other five P. t. corbetti haplotypes and by only six 

nucleotides from P. t. altaica (Figure 2B). 

This divergence of WFC haplotype from other P. t. corbetti haplotypes in the 

phylogenetic analyses indicates that P. t. corbetti is a paraphyletic haplogroup (Figure 

2A). Based on all phylogenetic approaches, the WFC haplotype is strongly supported to 

be a sister to a clade of P. t. altaica (ALT) and P. t. virgata (VIR). Toward the end of the 

Late Pleistocene around 23 KYA (95%HPD: 8.4 – 39.9 KYA), the northward expansion 

and geographic isolation resulted in allopatric divergence between the WFC lineage in 

northern Indochina and P. t. virgata / P. t. altaica clade in Central Asia and Far East 

Asia. In contrast, the other two haplotypes, CORb and COR1, found in WEFCOM were 

clustered within the strongly supported P. t. corbetti clade (bootstrap values >80%) which 

started to diversify around 15.6 KYA (95% HPD: 6.1 - 27 KYA; Table 3). Statistical 

parsimony network analysis (Figure 2B) supports clustering of the WFC haplotype with 

the P. t. altaica / P. t. virgata group because it is only five mutation steps from the P. t. 
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virgata compared to seven steps from the closest P. t. corbetti haplotype, CORa. In 

contrast, CORb and three other P. t. corbetti haplotypes formed short branches (only a 

single nucleotide difference) to the most widespread COR1 haplotype. This network 

pattern is indicative of recent population expansion in P. t. corbetti.  
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Table 1. Haplotype and variable sites in concatenated 4,078-bp mtDNA sequences of tigers in our study and from previous studies (Luo et 

al. 2004; Driscoll et al. 2009; Xue et al. 2015) 

 

a Nucleotide positions corresponds to the complete Felis catus mtDNA sequence (Genbank Accession # NC_001700) 
b Haplotypes from Luo et al. 2004 and our study span 4,078bp mtDNA sequence whereas the length of the VIR haplotype of  P. t. virgata (Driscoll et al. 
2009) is 1,198 bp, SUMx of P. t. sumatrae is 1,696 bp and P. t. balica and P. t. sondaica are 1,750 bp. 

c Haplotypes found in out study 
d Number of individual tigers carrying the haplotype is listed from our study, Luo et al. 2004, Driscoll et al. 2009 (VIR), and Xue et al. 2015 (SUMx, 
SON, BAL) 

e Of the 38 tigers, 16 individuals are from our study and 22 are from Luo et al. 2004.

  

 
 
 

 

Gene CR
Position 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 6 7 7

3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 6 6 6 4 5 6 7 3 3 4 4 9 0 1 1 3 3 5 5 5 6 6 6 7 7 9 2 3
0 1 1 1 2 3 3 4 7 9 9 9 9 0 0 1 5 6 6 7 7 3 3 3 4 5 5 5 6 6 7 7 3 3 3 2 7 7 1 3 5 0 4 6 5 5 8 3 4 1 1 3 0 7 8 2 3 6 8 0
2 0 3 7 3 1 7 4 2 0 7 8 8 4 8 1 9 1 9 1 8 5 7 9 0 5 8 9 0 9 4 5 1 1 9 0 7 1 2 3 7 6 2 3 0 5 6 2 9 5 8 3 8 4 9 8 7 2 7 4

Haplotype N 9 7 8 3 7 8 7 7 2 8 1 3 6 6 8 8 1 8 8 1 0 6 9 0 3 9 8 5 2 1 3 6 5 9 9

P. t. altaica ALT 13 G A C A T C C G T A C C C C C C T C A A C T T T G C T G G C A C C T C T A T A T A A T G C T A C T A G G C T T G C C C G

P. t. virgata PTV 17 ? ? ? ? ? ? ? ? • ? ? ? ? ? ? ? • • • • ? ? ? ? ? ? • • • • • • ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? • • • • • • • • • • ? T •

P. t. amoyensis AMO1 2 A • • G • • • • C • • T • • • T C • • G • • • • • • • • • • • T • • • • • C • • G • • • • C • T C • A • • C • A • • T •

P. t. corbetti I CORa 1 • • • • • • • • C • • • • • • • • • • G • • • • A • • A • • • • T • • • • • • • • • • • • • • T • • • • • • • • • • T •

COR1 38 • • T • • • • • C • • • • • • • • • • G • • • • A • • A • • • • T • • • • • • • • • • • • • • T • • • • • • • • • • T •

COR2 2 • • T • • • • • C • • • • • • • • • • G • • • • A • • A • • • • T • • • • • • • • • • • • • G T • • • • • • • • • • T •

COR3 7 • • T • • • • • C • • • • • • • • • • G • • • • A • • A • • • • T • • • • • • C • • • • • • • T • • • • • • • • • • T •

CORb 3 • G T • • • • • C • • • • • • • • • • G • • • • A • • A • • • • T • • • • • • • • • • • • • • T • • • • • • • • • • T •

WFC 12 • • • • • • • • C • • • • • • • • • • • • • • • • T • • • • • • • • • • • • • • • • • • • • • T • • • • • • C • • T T •

P. t. corbetti I COR4 11 • • • G • • • • C • • • • • • • • • • G • • • • • • • • A T • T • • T • • C G • • • • • • • • T • • • • • • • • • • T •

COR5 1 • • • G • • • • C • • • • • • • • • • G • • • • • • • • • T • T • • T • • C G • • • • • • • • T • • • • • • • • • • T •

COR6 2 • • • G • T • • C T • • • • • • • • • G • • • • • • • • • • • T • C • • • C • • • • • • • • • T • G • • • • • • • • T •

COR7 5 • • • G • T • • C T • • • • • • • • • G T • • • • • • • • • • T • C • • • C • • • • • • • • • T • G • • • • • • • • T •

COR8 3 • • • G • • • • C T • • • • • • • • • G T • • C • • • • • • • T • C • • • C • • • • • • • • • T • G • • • • • • • • T •

P. t. sumatrae SUM1 4 A • • G • • • • C • • • • • • T • • • G • • • • • • • • • • G T • • • C G C • • • • C • • C • T • • • • T • • • • • T •

SUM2 4 A • • G • • • • C • • • • • • T • • • G • • • • • • • • • • G T • • • • • C • • • • C • • C • T • • • • T • • • • • T •

SUM3 1 A • • G • • • • C • • • • • • T • • • G • • • • • • C • • • G T • • • • • C • • • • C • • C • T • • • • T • • • • • T •

SUM4 1 • • • G • • • • C • • • • • • T • • • G • • • • • • • • • • G T • • • • G C • • • • C • • C • T • • • • T • • • • • T •

SUM5 1 A • • G • • • • C • • • • • • T • • • G • • C • • • • • • • G T • • • • • C • • • • C • • C • T • • • • T • • • • • T •

SUM6 1 A • • G • • • • C • • • • • • T • • • G • C • • • • • • • • G T • • • • • C • • • • C • • C • T • • • • T • • • • • T A

SUM7 3 A • • G • • • • C • • • • • • T • • • G • C • • • • • • • • G T • • • • • C • • • G C • • C • T • • • • T • • • • • T A

SUM8 1 A • • G • • • • C • T • • T T T • • • G • C • • • • • • • • G T • • • • • C • • • G C • • C • T • • • • T • • • • • T A

SUMx 1 • • • G C • • • ? ? ? ? ? ? ? ? • • • G ? ? ? ? ? ? C • • • G T • • • ? ? ? ? ? ? ? ? ? ? ? ? T • • • • ? • • • • ? T •

P. t. sondaica SON 9 A • • • • • • • ? ? ? ? ? ? ? ? • • G G ? ? ? ? ? ? • • • • G T • • • ? ? ? ? ? ? ? ? ? ? ? ? T • • • • T • • • • ? T •

P. t. balica BAL 2 A • • • • • • • ? ? ? ? ? ? ? ? • • • G ? ? ? ? ? ? • • • • G T • • • ? ? ? ? ? ? ? ? ? ? ? ? T • • • • T • • • • ? T •

P. t. tigris TIG1 1 • • • G • • T • C • • • T • • • • T • G • • C • • • • • • • • T • • • • • C • • • • • A T C • T • • • A • • • • T • T •

TIG2 1 • • • G • • • A C • • • • • • • • T • G • • C • • • • • • • • T • • • • • C • • • • C • T C • T • • • A • • • • • • T •

TIG3 1 • • • G • • • • C • • • • • • • • T • G • • • • • • • • • • • T • • • • • C • • • • C • T C • T • • • A • • • • • • T •

TIG4 1 • • • G • • • • C • • • • • • • • T • G • • C • • • • • • • • T • • • • • • • • • • C • T C • T • • • A • • • • • • T •

TIG5 6 • • • G • • • • C • • • • • • • • T • G • • C • • • • • • • • T • • • • • C • • • • C • T C • T • • • A • • • • • • T •

TIG6 5 • • • G • • • • C • • • • • • • • T • G • • C • • • • • • • • T • • • • • C • • • • C • T C • T • • • A • • • • T • T •

Table 1. Haplotype and variable sites in concatenated 4,078-bp mtDNA sequences of tigers in our study and from previous study (Luo et al. 2004; Driscoll et al. 2009; Xue et al. 2015)

ND5 ND6 CytB 12S ND1 CO1

Subspecies

b

a

d

c

c
c

e

ND2
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2A. 

 

Figure 2. Phylogenetic tree and haplotype network among Panthera tigris mtDNA sequence. (A) Phylogenetic relationships among tiger mtDNA 
haplotypes from nine subspecies are based on the Bayesian approaches and rooted with P. pardus, P. uncia and Neofelis nebulosa. Fragments obtained 
from Thailand are concatenated into 4,078-bp sequence and jointly analyzed with those of published voucher haplotypes (Luo et al. 2004; Driscoll et al. 
2009; Xue et al. 2015). Haplotypes are color-coded by subspecies. Numbers above branches denote the estimated divergence time in MYA with 95% 
highest posterior density intervals (HPD) gray node bars and below branches are Bayesian posterior probabilities (PP) in percentage (PP>50% are 
shown). The timescale is in MYA.  
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2B. 

 

Figure 2. Phylogenetic tree and haplotype network among Panthera tigris mtDNA sequence. (B) Statistical parsimony network based on 4,078bp 

mtDNA haplotype of nine tiger subspecies. Haplotype size is proportional to the sample size. Subspecies designation is coded in the same color as (a). 

Small circles represent hypothetical haplotypes. Yellow-filled haplotypes include the WFC, COR1 and CORb haplotypes found in WEFCOM, and 

CORa, COR2, COR3 found elsewhere in Southeast Asia.  
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Table 2. Pairwise genetic differentiation based on mtDNA (pairwise FST estimates) and 
microsatellite data (pairwise RST estimates) under five-group scenario. FST values calculated by 
and Kimura two-parameter are below the diagonal and RST are above the diagonal. All 
populations are significantly different (p < 0.001) by FST and RST values. 

 

 

Table 3. Coalescent-based divergence time estimates between tiger subspecies based on 4,078-bp 
mtDNA sequences. Mutation rate estimates for tiger mtDNA was 0.0351 substitutions per site per 
million years. ALT=P. t. altaica, VIR=P. t. virgata, WFC= WFC haplotype of P. t. corbetti, 
COR=P. t. corbetti, JAX=P. t. jacksoni, TIG=P. t. tigris, BAL=P. t. balica, SON=P. t. sondaica, 
SUM=P. t. sumatrae, and AMO=P. t. amoyensis. Divergence time estimates are thousand year 
(KYA) with 95% Highest Posterior Density (HPD). Node a to k correspond to Figure 2A. 
 

 

Table 3 FINAL Pairwise genetic differentiation based on AMOVA with mtDNA (pairwise Fst 
estimates) and microsatellite data (pairwise Rst estimates) under five-group scenario. Fst and 
Kimura two-parameter are below the diagonal and Rst are above the diagonal. All populations 
are significantly different (p < 0.0001) by Fst and Rst values.  

ALT COR JAX SUM TIG

ALT - 0.229 0.360 0.402 0.317

COR 0.686 - 0.146 0.206 0.088

JAX 0.743 0.706 - 0.317 0.247

SUM 0.891 0.862 0.659 - 0.287

TIG 0.943 0.915 0.691 0.786 -

Table 3 FINAL 

Clade - Geographic region Node Date 95% HPD

Modern tiger a 91.9 47.9 - 158.0

Mainland tiger (South + Southeast + East Asia) b 70.6 35.8 - 115.5

Southeast Asia + East Asia c 58.1 35.3 - 105.6

Sundaland + South China d 57.7 25.6 - 93.2

Malay Peninsula e 48.3 21.8 - 77.4

Indochina + East Asia f 35.3 15.9 - 57.4

Sundaland g 29.2 12.4 - 48.8

South Asia h 25.1 8.1 - 46.5

Northern Indochina + East Asia i 23 8.4 - 39.9

Indochina j 15.6 6.1 - 27.0

East Asia k 8.7 1.0 - 16.5
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Region-wide genetic structure and demographic history of the P. t. corbetti  

Within the Indochina region, we detected moderate genetic differentiation between the 

WEFCOM in the west and Cambodia-Vietnam in the east based on pairwise FST (FST = 

0.33, p < 0.001) and pairwise RST (RST = 0.20, p < 0.001). This result is concordant with 

detection of nine private alleles in 21 tigers from WEFCOM, suggesting some degree of 

isolation between WEFCOM population and Cambodia-Vietnam population.  

Similar to the FST/RST results, the Bayesian clustering analyses based on 14 

microsatellite loci and 139 genotypes of five extant subspecies (excluded P. t. amoyensis) 

under the admixed model with correlated allele frequencies, with and without prior 

knowledge on sampling localities clustered individuals according to their putative 

subspecies. In contrast to the mtDNA grouping the WFC haplotype with ALT/VIR clade, 

the Bayesian inference assigned individuals with WFC haplotype to the P. t. corbetti 

cluster with high membership support (q > 0.9). Based on the best model indicated by the 

highest second-order rate of change of likelihood between successive K value (ΔK; 

Evanno et al. 2005), we detected three genetically differentiated groups within Indochina 

(optimal K=3) using other four extant subspecies as outgroups (Figure 3). Three 

population subdivision included 1) WEFCOM (N=29), 2) EFCOM (N=1) and vouchers 

from Cambodia (N=11), Thailand (N=6), Vietnam (N=2), south China (N=2) and 3) 

vouchers from Cambodia (N=9). 

Analysis of diversity indices indicates that P. t. corbetti has moderate nucleotide 

and haplotype diversity (  = 0.00071 0.00012, h = 0.457± 0.067), which is slightly 

lower than P. t. sumatrae and P. t. jacksoni (Table 4). The mtDNA-based Bayesian 
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skyline plot based on 62 P. t. corbetti indicated that it did not experience drastic change 

in population size since the Last Glacial Maximum around 20,000 years ago (Figure 4). 

During this period the Nef was estimate to have been stable at about 10,000 individuals 

throughout the past 35 KYA and may have increased slightly due to expanding habitat 

post glaciation. This demographic result is congruent with the continuous distribution of 

microsatellite allele sizes of P. t. corbetti, which is an indicative of stable historic 

population. P. t. corbetti has higher microsatellite diversity than those of the other four 

subspecies (Luo et al. 2004) based on observed and expected heterozygosity (Ho = 0.552, 

He = 0.751), average allele per locus (A = 7.500) and allelic richness (AR = 4.037) (Table 

5). The wider geographic coverage and higher sample sizes is likely the explanation for 

the observed higher mtDNA diversity in South Asia (Mondol et al. 2009, 2013) than P. t. 

corbetti in our study. Moreover, direct comparison is also hampered by the use of 

different microsatellite panel that has only 3 loci overlapped with ours.   
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Figure 3. Bayesian clustering analysis with the optimal cluster at K = 7 for five extant 

subspecies (K = 3 within Indochina) based on 14 microsatellite loci and 139 genotypes: i) 

P. t. altaica (red, N=34), ii) P. t. corbetti (yellow, N = 29) in WEFCOM, Thailand, iii) P. 

t. corbetti (light yellow, N = 22) in EFCOM, Thailand (N = 1) and voucher samples from 

Vietnam (N = 2), South China (N = 2), Thailand (N = 6), and Cambodia (N = 11), iv) P. t. 

corbetti (dark yellow, N = 9) from Cambodia, v) P. t. jacksoni (orange, N = 22), vi) P. t. 

tigris (blue, N =6), and vii) P. t. sumatrae (green, N = 9). X-axis represents 139 

individuals and Y-axis is the probability of membership q, with q > 0.8 is considered 

strong support for the assignment. Subspecies are color coded in the same pattern as in 

Figure 2A, B. 
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Table 4. Genetic diversity of tiger subspecies based on 4,078-bp mtDNA sequences. N 
represents number of sample size. Numbers in parenthesis indicates standard deviation. 
 

 
 
 
  

Tiger 
Subspecies

Reference N Length 
(bp)

Haplotype #Variable 
Site

#Pop-
specific 

site

Haplotype 
diversity

Nucleotide 
diversity

Tiger Luo et al. 
2004

100 4,078 25 54 - 10.11 
(4.66)

0.00248 
(0.00127)

P. t. amoyensis Luo et al. 
2004

2 4,078 1 0 7 0 0

P. t. altaica Luo et al. 
2004

13 4,078 1 0 4 0 0

P. t. corbetti Luo et al. 
2004

32 4,078 4 3 3 0.591 
(0.058)

0.000132 
(0.000125)

P. t. corbetti This study 63 4,078 6 11 3 0.457 
(0.067)

0.000707 
(0.000150)

    WEFCOM This study 29 4,078 3 9 4 0.594 
(0.049)

0.001269 
(0.000723)

P. t. jacksonii Luo et al. 
2004

22 4,078 5 10 0 0.701 
(0.079)

0.001180 
(0.000670)

P. t. sumatrae Luo et al. 
2004

16 4,078 8 11 2 0.875 
(0.005)

0.007170 
(0.004440)

P. t. tigris Luo et al. 
2004

15 4,078 6 8 3 0.762 
(0.081)

0.000355 
(0.000256)
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Figure 4. Bayesian Skyline Plot of mtDNA sequences of 62 Indochinese tigers. The x-
axis represents timescale in years and y-axis is the effective population size multiplied by 
generation time (Ne* τ), when τ is the generation time of 7 years for tiger (Smith and 
McDougal 1991). The solid black line shows the posterior median estimate and the blue 
shading is the 95% highest posterior density, HPD. Light horizontal grey bar indicates the 
Last Glacial Maximum (LGM) at 20 KYA and horizontal dark grey bar represents the 
glacial period from 12 – 110 KYA.  
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Within Indochina region, contemporary gene flow analysis implemented in 

BAYESASS v. 1.3 (Wilson and Rannala 2003) using 29 WEFCOM genotypes and 20 

Cambodian genotypes suggests that WEFCOM is a regional source population within the 

past 5 – 7 generations or 25-50 years, assuming tiger generation time of 5-7 years (Smith 

and McDougal 1991). Gene flow estimates from WEFCOM to Cambodia population was 

0.0709 (± 0.0324 sd), compared to the lower estimates from Cambodia to WEFCOM 

at 0.0239 (± 0.0163 sd). 

Genetic diversity, genetic connectivity and demography of the WEFCOM population 
 
At the population level, genetic diversity indices based on the number of mtDNA 

haplotype, haplotype diversity (h) and nucleotide diversity (π) indicate that the 

WEFCOM population harbored higher number of haplotype (COR1, CORb, WFC), H 

(0.594 ± 0.001) and π (0.00127 ± 0.00072) than those in Cambodia (COR1, COR3, H = 

0.442 ± 0.087, π = 0.000110 ± 0.00002) and Vietnam (COR1, no polymorphism). The 

microsatellite diversity indices in the WEFCOM population are also higher than those in 

Sikhote-Alin (Henry et al. 2009; Alasaad et al. 2011), southwest Primorye (Henry et al. 

2009), northeast China (Dou et al. 2016) and four populations in the north, east, west and 

south Sumatra (Smith 2012), but lower than the four Indian populations whose sample 

sizes are double or three times more than ours (Sharma et al. 2013) (Table 5). Caution is 

needed in comparing diversity because of the different microsatellite panel. Only the loci 

FCA441, FCA304, FCA161 and FCA069 are widely shared among studies.  
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Maintenance of relatively moderate level of mtDNA and microsatellite diversity in 

WEFCOM could be a consequence of high genetic connectivity within the forest 
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Table 5. Microsatellite diversity in tiger subspecies both at the subspecies and population level. 
Numbers in parenthesis indicate standard deviation. Observe (HO), expected heterozygosity (HE), 
average number of allele per locus (A), allelic richness (AR), inbreeding coefficient (FIS) and effective 
population size estimate (Ne) are shown. Caution is needed in comparing diversity across studies that 
use different microsatellite loci from no shared loci with our study (Henry et al. 2009) to 10 shared 
loci (Smith 2012) (see discussion). 

 

Subspecies N No. 
loci Ho He A AR

Allele size 
range FIS Ne Reference

P. t. altaica 34 14 0.534 
(0.245)

0.486 
(0.248)

3.692 
(1.182)

2.492 
(0.802)

10.308 
(6.316)

0.08 15 
(10-22)

Luo et al. 
2004

P. t. corbetti 60 14 0.552 
(0.142)

0.751 
(0.081)

7.500 
(1.401)

4.037 
(0.570)

15.714 
(5.254)

- 23 
(20-27)

This study 
Luo et al. 

2004P. t. jacksoni 22 14 0.489 
(0.164)

0.531 
(0.144)

3.857 
(1.027)

2.694 
(0.507)

8.571 
(3.631)

- 32 
(17-99)

Luo et al. 
2004

P. t. sumatrae 17 14 0.457 
(0.217)

0.524 
(0.178)

4.500 
(1.401)

2.819 
(0.663)

11.571 
(6.186)

- 5 
(3-8)

Luo et al. 
2004

P. t. sumatrae 25 24 0.610 
(0.080)

0.610 
(0.070)

- - - - 20 
(10-42)

Smith 2012

P. t. tigris 6 14 0.549 
(0.221)

0.629 
(0.159)

3.571 
(0.852)

3.153 
(0.637)

11.714 
(6.414)

- 3 
(2-25)

Luo et al. 
2004

P. t. tigris 
  modern sample

73 5 0.70 
(0.16)

- 12.4 
(3.6)

- 32 
(7.7)

- - Mondol et al. 
2009

P. t. tigris  
  modern sample

109 8 0.53 
(0.08)

0.85 
(0.03)

15.37 
(2.774)

- 37 
(7.17)

- - Mondol et al. 
2013

P. t. tigris 
  historic sample

25 8 0.43 
(0.08)

0.75 
(0.07)

6.25 
(1.66)

- 16.75 
(8.06)

- - Mondol et al. 
2013

Microsatellite diversity at the population level

P. t. corbetti
  WEFCOM 29 14 0.562 

(0.126)
0.724 

(0.096)
6.000 

(1.569)
3.836 

(0.692)
13.143 
(5.749)

0.272 
(0.143)

20 
(15-27)

This study

P. t. altaica
  Sikhote-Alin 81 8 - 0.260 

(0.110)
- 2.600 

(0.490)
- 0.180 

(0.130)
- Henry et al. 

2009
  Sikhote-Alin 15 18 0.540 2.389 

(1.195)
- - - 14 

(12- 25)
Alasaad et al. 

2011
  SW Primorye 14 8 - 0.250 

(0.110)
- 2.000 

(0.570)
- 0.190 

(0.120)
- Henry et al. 

2009
   northeast    
China

11 10 0.49 0.42 2.6 - - - Nc=9 
(9-11)

Dou et al. 
2016

P. t. tigris

  Kanha 89 7 0.670 0.810 7.570 7.100 - 0.160 165 
(126-241)

Sharma et al. 
2013

  Pench 73 7 0.650 0.800 11.000 7.150 - 0.190 93 
(78-112)

Sharma et al. 
2013

  Satpura 42 7 0.610 0.820 9.710 7.420 - 0.250 72 
(52-114)

Sharma et al. 
2013

  Melghat 52 7 0.660 0.810 10.570 7.450 - 0.190 140 
(111-181)

Sharma et al. 
2013

  Overall 273 7 0.650 0.810 12.43 7.76 - 0.180 470 Sharma et al. 
2013

Central India 33 14 0.54 0.81 - - - - Joshi et al. 
2013

P. t. sumatrae

  North 4 24 0.650 
(0.150)

0.430 
(0.100)

- 2.48 
(0.43)

- - - Smith 2012

  East 11 24 0.590 
(0.100)

0.570 
(0.070)

- 2.86 
(0.45)

- - - Smith 2012

  West 5 24 0.580 
(0.140)

0.470 
(0.080)

- 2.34 
(0.39)

- - - Smith 2012

  South 5 24 0.450 
(0.170)

0.320 
(0.110)

- 2.58 
(0.98)

- - - Smith 2012



 

 87 

complex as evident by a very low level of genetic differentiation between Huai Kha 

Khaeng Wildlife Sanctuary, Thung Yai Wildlife Sanctuary and Mae Wong National Park 

(Fst = 0.037-0.021, p > 0.05; Rst = 0.018-0.013, p > 0.05), which is suggestive of an 

absence of barrier to gene flow in this landscape. Bayesian clustering analyses using 

STRUCTURE program (Figure 3) also supported panmictic population within WEFCOM 

(K=1) as the best model indicated by highest ΔK value (Evanno et al. 2005). 

Our spatial autocorrelation analysis support hypothesis of male-biased dispersal 

within WEFCOM. Male tigers did not show any significant positive autocorrelation 

(Figure 5) in any distance classes (p > 0.05). The correlation was positive but non-

significant in the distance classes up to 16.1 kms, or approximately 814 km2. Average 

pairwise relatedness among the male-male group, rm, between 0 to 36.8 km was 0.018 ± 

0.096 (range – 0.124 to 0.306). No first degree relationship (parent-offspring, full sibling, 

r > 0.5) was found in the male-male group up to 36.8 km. First degree relationship (0.304 

< r < 0.736) and the 2nd degree relationship (0.141 < r < 0.304) were detected beyond this 

point i.e. between the male pair in the north and south HKK, east TYE and south HKK 

(spatial distance of 67 km), and the south HKK and south MW (spatial distance of 94 

km). Average pairwise relatedness based on Queller and Goodnight estimator (Queller 

and Goodnight 1989) for 12 males (66 pairs) was -0.097 (-0.485 to 0.736). 

 

  



 

 88 

Figure 5. Correlogram plot of genetic correlation coefficient, r, as a function of distance 

(km) for male tigers (n=12) in HKK-TY, the core area of WEFCOM. The red broken 

lines represent the 95% confidence intervals based on 999 permutations and error bars are 

based on 999 bootstrap itineration. Male did not show any significant positive 

autocorrelation in any distance classes (p > 0.05). The correlation was positive but non-

significant in the distance classes up to 16.1 km, or approximately 814 km2. 

 
 

 

Based on linkage disequilibrium and heterozygote excess analysis, current Ne of 

WEFCOM tigers is estimated to be 20 (95% CI: 15-26) (Table 6). Assuming Nc = 100 in 

the core area (TTCP 2010), we calculated Ne:Nc ratio in WEFCOM to be 0.20. This Ne:Nc 

ratio is consistent with three tests showing that WEFCOM went through a recent 

bottleneck and subsequent expansion. First, regardless of the assumed mutation models, 

we obtained a significance level (P < 0.01) of heterozygote excess from both a sign test 

and Wilcoxon’s signed rank test, which is likely the result of a recent reduction in 

population sizes. Second, the M-ratio test of 0.475 in WEFCOM and 0.483 in Cambodia, 

which is lower than the simulated critical values of 0.680 (Garza and Williamson 2001), 

is further evidence of a recent population contraction in both populations, regardless of 
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the assumed pre-bottleneck Ne values. Third, shifted mode of allele frequency distribution 

also provides support for a recent bottleneck. 
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DISCUSSION 

Phylogeographic structure between the Indochinese tiger and the other subspecies  

We combine two new (WFC, CORb) and one previously identified mtDNA haplotypes 

(COR1) sampled from 30 free ranging tigers in WEFCOM and EFCOM to the previously 

reported 30 haplotypes from the entire geographic range (Luo et al. 2004; Driscoll et al. 

2009; Xue et al. 2015) to re-examine the phylogenetic relationships between the 

Indochinese tiger (P. t. corbetti) and the remaining eight tiger subspecies. The congruent 

tree topology produced from our four phylogenetic analyses support the previously 

reported basal partition (Xue et al. 2015) at 91.9 KYA (95% HPD: 47.9 – 158 KYA; 

Figure 2, Table 3), into a northern mainland clade that subsequently diversified into P. t. 

tigris, P. t. jacksoni, P. t. corbetti, P. t. virgata and P. t. altaica and the southern 

Sundaland clade consisting of P. t. sumatrae, P. t. balica and P. t. sondaica (Figure 2).  

This divergence at the beginning of the Late Pleistocene is likely a consequence of the 

Toba volcanic eruption around 73.5 KYA (Luo et al. 2004) and the last glacial period 

beginning at 110 KYA (Woodruff and Turner 2009). 

The radiation of the northern mainland clade was influenced by shifting landscape 

patterns and geographic isolation associated with repeated climatic fluctuation and sea 

level changes in the last 100 KYA (Luo et al. 2004, 2010). The radiation center appeared 

to be located in northern Indochina. The estimated divergence time for westbound 

dispersal to establish P. t. tigris and southbound to P. t. jacksoni (Figure 2, Table 3) 

coincided with the expansion and contraction of heterogeneous habitats in Indochina 

during 49 – 140 KYA. The shifting dynamics of grassland and forest patches is inferred 
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from the mammalian fossils in the Late Pleistocene sites from Thailand, Cambodia and 

Vietnam (Bacon et al. 2006, 2008b; Louys and Meijaard 2010). The Isthmus of Kra is 

postulated to have been a biogeographic barrier to tigers (Luo et al. 2004) and other felids 

based on genetic differentiation using both mtDNA and nuclear DNA (Luo et al. 2014). 

Diversification within the remaining tigers above the Isthmus of Kra occurred 

between the transition from the Late Pleistocene to the Early Holocene and their spatial 

dynamics are complex. A panmictic population containing the ancestral lineages of P. t. 

corbetti, P. t. altaica and P. t. virgata still thrived in the mainland Southeast Asia north of 

the Isthmus of Kra by 35.3 KYA (95% HPD: 15.9 – 57.4 KYA). The last range 

expansion occurred at about 23 KYA (95% HPD: 8.4 – 39.9 KYA) when a group of 

founders began to migrate northward. This northbound expansion was likely associated 

with the postglacial return of warmer climate and habitat expansion from mainland 

Southeast Asia to northeast Asia (Su et al. 1999; Kitchener and Dugmore 2000; Luo et al. 

2004, 2010; Driscoll et al. 2009; Shi et al. 2013). This northernmost group lastly split into 

P. t. virgata and P. t. altaica and became completely isolated from tigers carrying the 

WFC haplotype which remained in northern Indochina. Fluctuation in monsoon 

seasonality and the habitat expansion and contraction likely influenced diversification 

within the remaining 5 haplotypes of P. t. corbetti between 7.4 - 15.6 KYA (95% HPD: 

1.1- 27.0 KYA). Pollen evidence during the transition from the Late Pleistocene to the 

Early Holocene from south China (Shen et al. 1996), Thailand, Lao PDR and Cambodia 

(Maxwell and Liu 2002) indicated repeated replacement of grassland by broadleaf forest 

between 10 – 13 KYA. 
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In contrast to the mtDNA placement of WFC closer to ALT/VIR, a microsatellite-

based Bayesian clustering assigned individuals carrying the WFC haplotype with the 

remaining P. t. corbetti (Figure 3). An incongruence between mtDNA and nuclear data is 

common for subspecies/species that diverged within the last two million years (see 

review for birds: Zink and Barrowclough 2008; mammals: Yu et al. 2007; Krause et al. 

2008; Nakagome et al. 2008; Pages et al. 2008; Hailer et al. 2013, Miller et al. 2012; 

Cahill et al. 2013; Kutschera et al. 2014). Differences in evolutionary history inferred 

from these two markers can be attributed to incongruence between species tree and 

stochastic lineage sorting of a single gene tree and different mode of inheritance 

associated with male-biased dispersal. In terms of a stochastic sorting process in recently 

diverged P. t. corbetti and P. t altaica, incomplete mtDNA lineage sorting within a short 

time of isolation (< 40 KYA) results in P. t. corbetti being reclassified as a paraphyletic 

haplogroup. Paraphyly is also observed P. t. jacksoni (Luo et al. 2004). Under sufficient 

time, reciprocal monophyly in two sister taxa is achieved when all alleles within a species 

completely sort to a single ancestral allele (Avise 1989; Maddison 1997; Neigel and 

Avise 1986; Pamilo and Nei 1988; Avise 2000). In contrast, the biparental microsatellite 

data suggest recent absence of gene flow between P. t. corbetti in Indochina and P. t. 

altaica in Far East Asia and more genetic exchange among tigers in Indochina. More 

information from a genome-wide data could further elucidate demographic and 

evolutionary history among tiger subspecies. 
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Demographic history and genetic structure of P. t. corbetti  

A large, stable historic population of Nef = 7,100 female P. t. corbetti is supported 

by the Bayesian skyline plot based on mtDNA data (Figure 4), the level of nucleotide and 

haplotype diversity of the P. t. corbetti (Table 4), and the star-like appearance of 

parsimony haplotype network (Figure 2). The estimate from Indochina is lower than Nef = 

23,000 female P. t. tigris based 32 haplotypes sampled from 27 protected areas across 

South Asia (Mondol et al. 2009). The higher Ne estimates in South Asia may be attributed 

to a drier climate supporting grasslands and a higher abundance of both prey compared to 

Southeast Asia (Meijaard and Groves 2006; Basumatary et al. 2015).  Alternatively, the 

lower Nef in Indochina may be a consequence of sampling gaps caused by the recently 

extirpated or unsampled remnant populations. To evaluate these hypotheses, increased 

sampling from the field and historical specimens are needed to assess long-term 

demographic history of tiger in this region.   

We detected genetic differentiation between western and eastern P. t. corbetti 

based on pairwise FST/RST and Bayesian-based genetic subdivision of K=2 into 

Thailand/Cambodia/ Vietnam and Cambodia (Figure 3). Of the 6 haplotypes detected in 

P. t. corbetti, the COR1 is shared between WEFCOM, EFCOM in Thailand, Cambodia, 

and Vietnam, suggesting that historically P. t. corbetti was panmictic across Indochina. 

However, the close relationship of WFC to P. t. altaica and P. t. virgata is indicative of a 

period of semi-isolation, possibly into at least two refugia in the northwestern (northern 

Myanmar, northeastern India) and northeastern Indochina (Yunnan, China and northern 

Vietnam). A similar pattern of genetic divergence into two refugia is postulated in 
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primates (Brandon-Jones 1996), rodents (Shimada et al. 2007), birds (Fuchs et al. 2008) 

and insects (Morgan et al. 2010, 2011). During post-glacial periods tigers are likely to 

have rejoined, which is consistent with the hypothesized secondary contact zone in 

eastern Myanmar and western Thailand (Iyengar et al. 2005; Fuchs et al. 2008; Vidya et 

al. 2009; Morgan et al. 2010, 2011). Tigers are known to disperse a great distance 

through different types of habitats (Seidensticker 1986; Heptner and Sludskii 1992; Smith 

1993; Sunquist 2010; Simcharoen et al. 2014; Hernandez-Blanco et al. 2015; Sorokin et 

al. 2015; Wang et al. 2015).  

The observed genetic structure in mainland is more likely due to recent disruption 

of gene flow induced by land use changes over the past 50 years.  The recent 

asymmetrical migration rate, which is low from WEFCOM to Cambodia (m = 0.071) and 

nearly absent from Cambodia to WEFCOM (m = 0.024) supports a more recent break in 

connective and WEFCOM has a current source population. In the central Indian 

landscape, estimated recent gene flow among 4 populations are higher than our estimates 

indicating that there are still functional corridors of patchy forest there (Sharma et al. 

2013; Yunnam et al. 2014). 

Our measured weak structure between WEFCOM and eastern Southeast Asia may 

under-estimate the actual genetic subdivision due to time lag for detection genetic 

consequences of recent human-made barriers (Keyghobadi et al. 2005; Holzhauer et al. 

2006; Landguth et al. 2010). Our FST/RST –based genetic differentiation and recent gene 

flow using the disequilibrium method reflects the pattern and magnitude of gene flow 

prior to 1960s. At that time forest cover in Thailand was approximately 53%; whereas, in 
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2016 it is about 26% (Hirsch 1988). The nearly treeless agricultural and urbanized 

landscape between WEFCOM and the Tenasserim in the west and EFCOM 180 km to the 

east is a strong dispersal barrier (Smith 1993). Despite being highly mobile, the rates of 

gene flow within P. t. corbetti and P. t. altaica populations (Henry et al. 2009; Alasaard 

et al. 2011; Sorokin et al. 2016) are insufficient to limit accumulation of genetic 

differentiation in the face of drastic loss of habitat connectivity.  

Compared to the substructure detected within P. t. corbetti and P. t. altaica, 

populations of P. t. jacksoni and P. t. sumatrae are more connected via habitat corridors. 

We did not detect substructuring within P. t. jacksoni (Figure 3). However, the 22 

voucher samples are of unknown geographic origin and might have come from 

neighboring populations. More systematic sampling is needed to asses fine-scale 

population structure of this subspecies. A landscape genetic study in P. t. sumatrae found 

no significant genetic structure and identified the western population as a source 

population to the northern, eastern and southern populations (Smith 2012). However, the 

southern population, which is smaller and more isolated, starts to differentiate (FST = 

0.15) from the remaining populations.  

Temporal sampling prior to and after human impacts has been applied to assess 

the influence of historical and contemporary barriers on changes in genetic diversity, 

population structure and effective population size in large carnivores: Bengal tiger P. t. 

tigris (Mondol et al. 2013), lion Panthera leo (Barnett et al. 2006), mountain lion Puma 

concolor (McRae et al. 2005; Holbrook et al. 2012), grey wolf Canis lupus (Vonholdt et 

al. 2008). The lack of such data in P. t. corbetti may have delayed wildlife managers from 



 

 96 

implementing appropriate conservation intervention. We therefore need multilocus data 

which allow statistical testing of alternative demographic hypotheses and account for 

variance of gene tree coalescence (Knowles 2004; Hickerson et al. 2006, 2007; Nielson 

and Beaumont 2009). As tiger populations in Cambodia, Lao and Vietnam have been 

extirpated, genetic data from the captive samples with definitive known population origin 

and natural history specimen collected before and after habitat modification will elucidate 

the timing and pattern of genetic subdivision. In addition, comparative genetic study of 

multiple large mammal taxa will provide information about the barrier strength in 

disrupting gene flow. This multiple-taxa approach has been implemented and informed 

conservation priorities of the Neotropical felids (Wultsch et al. 2016).  

Genetic diversity, demography and connectivity in the WEFCOM population  

The patterns of genetic diversity and connectivity within landscapes in Southeast Asia, 

compared to South Asia and Northeast Asia, provides inferences on the historic and 

current demography and can guide current conservation efforts. Numbers of haplotype 

per population are similar between central India and WEFCOM (Table S2).  

The analysis of microsatellite diversity supports a greater reduction of population 

size in Southeast Asia compared to South Asia. The number of allele per locus (A) and 

allelic richness (Ar) in WEFCOM is significantly lower than populations in central India, 

but expected heterozygosity (He) is not significantly different (Table 5). This pattern is 

expected as A and Ar are more sensitive to both sample size and recent population size 

reduction compared to He (Nei 1987; Smith 2012). Our WEFCOM sample was 29  
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compared to 42-89 samples/population in central India. The lower A and Ar in 

WEFCOM, northeast China (Dou et al. 2016) and four Sumatran populations (Smith 

2012) could also indicate a recent population bottleneck. Three tests (heterozygote 

excess, M-ratio and shifted mode in allele distribution) support a recent bottleneck in 

WEFCOM. A similar set of analyses in Sikhote-Alin and southwest Primorye 

populations, also concluded that these populations experienced a recent bottleneck 

(Alasaard et al. 2011 Dou et al. 2016). However, in central India a M-ratio test (M-ratio = 

0.73) did not detect a bottleneck signal, suggesting that the Indian populations experience 

lower magnitude and duration of bottleneck than WEFCOM, northeast Asia and Sumatra.  

Our estimate of effective population size (Ne = 20) in WEFCOM is low and 

sensitive to demographic and genetic stochasticity. The Ne estimate is an indicative of the 

impact of genetic drift and therefore managers need a strategy to prevent further 

inbreeding and potential inbreeding depression. This low Ne is consistent with low and 

varying census sizes of 41 – 58 estimated from the 2006-2012 camera trap surveys in 

HKK (Duangchantrasiri et al. 2016). In 2011, Duangchantrasiri et al. (2016) showed the 

sharpest decline to 35 individuals and the recovery with recruitment of 24 tigers in the 

next year. The increased levels of organized poaching of tiger and its prey are likely 

responsible for the population size reduction (Lynam et al. 2010; Duangchantrasiri et al. 

2016). Our estimate of Ne:Nc ratio of 0.20 is within the range of 0.1-0.2 estimated from 

tigers (Kenney et al. 2010), and 0.1-0.3 from large mammals (Harris and Allendorf 1989; 

Frankham 2002, 2007). It is also similar to estimates from the Sumatran populations 

(Smith 2012) and Sikhote-Alin population (Alasaard et al. 2011), but three to eight times 
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Table S2. Comparative population-level mtDNA diversity between tigers in South and 
Southeast Asia based on numbers of haplotype. NP denotes National Park, TR for Tiger 
Reserve and WS for Wildlife Sanctuary. Careful interpretation of mtDNA diversity is 
needed when using different mtDNA length and segments with different mutation rates. 
    

 
  

Table 7. Comparative population-level mtDNA diversity between tigers in South and Southeast 
Asia based on numbers of haplotype. NP denotes National Park, TR for Tiger Reserve and WS 
for Wildlife Sanctuary. 

a: Mondol et al. 2009, b: Sharma et al. 2013, c: Luo et al. 2004, d: Sharma et al. 2008, e: Sharma 
et al. 2011, f: this study 

Population MtDNA segment Concatenated 
segment length (bp)

# 
Haplotype

Ne

Kanha NP ND2, ND5, CytB, CR 1,263 7a 165b

Nagarjunsagar- 
Srisailam TR

ND2, ND5, CytB, CR 1,263 5a -

Bandipur NP ND2, ND5, CytB, CR 1,263 3a -

Tadoba NP ND2, ND5, CytB, CR 1,263 3a -

Chitwan NP ND5, ND6, CytB, CR, 12S, 
ND1, ND2, COI

4,079 3c -

Chitwan NP ND2, ND5, CytB, 12S, CR 902 2d -

Dudhawa NP ND2, ND5, CytB, 12S, CR 741 3e -

Sundarbans NP ND2, ND5, CytB, CR 1,263 2a -

Nagarhole NP ND5, ND6, CytB, CR, 12S, 
ND1, ND2, COI

4,079 2c -

Nagarhole NP ND2, ND5, CytB, CR 1,263 2a -

Kalakkad 
Mundanthurai TR

ND2, ND5, CytB, CR 1,263 2a -

Bhadra WS ND2, ND5, CytB, CR 1,263 2a -

Melghat TR ND2, ND5, CytB, CR 1,263 2a 140b

Rathambore TR ND2, ND5, CytB, 12S, CR 902 2d -

Sariska TR ND2, ND5, CytB, 12S, CR 902 2d -

Rajaji NP ND2, ND5, CytB, 12S, CR 902 2d -

Panna TR ND2, ND5, CytB, 12S, CR 902 2d -

Pench NP ND2, ND5, CytB, CR 1,263 1a 93b

Corbett TR ND2, ND5, CytB, 12S, CR 741 2e -

WEFCOM ND5, ND6, CytB, CR, 12S, 
ND1, ND2, COI

4,079 3f 20f
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lower than those of the central India populations (Sharma et al. 2013) (Table 5). 

However, a range-wide comparison of genetic and demographic estimates in tigers is 

hampered by the lack of standardized panel of microsatellite markers (Schwartz and 

McKelvey 2009; Landguth et al. 2012; Perry et al. 2012). Although Ne comparisons are 

problematic between sites, this is a useful measure of the degree of inbreeding within a 

population that is monitored over time with the same markers. 

The maintenance of high mtDNA and microsatellite diversity (Table 4, 5), 

Bayesian assignment (Figure 3), genetic relatedness and spatial correlation analysis 

(Figure 5) all support the lack of genetic substructure in WEFCOM. Results on male-

biased dispersal and female relatedness between northeast HKK and south MW and 

camera trap studies (WWF 2012; ZSL 2015; Duangchantrasiri et al. 2016) indicate that 

HKK is the source population to support reestablishment of tiger in the remaining 16 

protected areas in WEFCOM. For example, camera trap studies detected northward 

dispersal from HKK to MW in 2012 (WWF 2012) and southward dispersal of a female 

from HKK to Salakpra Wildlife Sanctuary in 2014 and one female and one male to 

Chalerm Rattanakosin National Park in 2015 (ZSL 2014, Duangchantrasiri, personal 

comm.). In 2016 a male tiger originated from HKK was killed in western Myanmar, 160 

km away from HKK (Thailand GTRP 2016).  

Our inferred spatial genetic structure is consistent with the contiguous forest 

across 17 protected areas in WEFCOM. The forest extends beyond WEFCOM to a larger 

Tenasserim landscape. If we extend sampling coverage to Myanmar’s Tanintharyi 

National Park and Thailand’s Kaeng Krachan Forest Complex, we may likely expect an 
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absence of substructure within this contiguous 160,000-km2 Tenasserim landscape. 

Despite the lack of explicit barrier, recent occupancy survey in WEFCOM (Jormburom et 

al. in press) indicated that tigers predominantly occupied northern WEFCOM as a result 

of higher prey abundance and fewer human activities. The Tenasserim landscape has lost 

7,914 km2, or 5%, of forest cover between 2001-2014 based on satellite data (Joshi et al. 

2016). The proposed Mae Wong dam in northeastern WEFCOM and Myanmar-Thailand 

superhighways will further decrease the extent and quality of habitats needed for tiger 

persistence. 
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CHAPTER 3 

PHYLOGEOGRAPHY, DEMOGRAPHIC HISTORY AND LANDSCAPE 

GENETIC CONNECTIVITY OF ASIAN ELEPHANTS (ELEPHAS MAXIMUS) IN 

THE TENASSERIM RANGE, THAILAND 

SYNOPSIS 

As a result of habitat fragmentation and conflicts with human, distribution and numbers 

of Asian elephant (Elephas maximus) has declined throughout mainland Southeast Asia. 

The Tenasserim Range along Thailand-Myanmar border supports the largest elephant 

population (N > 1,000) in Southeast Asia. However, the impact of habitat fragmentation 

on genetic diversity and connectivity between the two core habitats in Thailand, the 

Western Forest Complex (WEFCOM) in the north and the Kaeng Krachan Forest 

Complex (KKFC) in the south, are unknown. I applied noninvasive sampling, 

phylogeographic and landscape genetic analyses to infer evolutionary and demographic 

history of elephants in the Indochina region using 600-bp mtDNA sequences and 

determine contemporary spatial genetic structure between WEFCOM and KKFC using 

10 microsatellite loci. From 39 variable sites of 167 samples from the Tenasserim, I 

detected 13 haplotypes: six haplotypes from the α clade and seven haplotypes from the β 

clade, which  supports the hypothesis that the Tenasserim is the admixed secondary 

contact zone of individuals previously isolated in at least two refugia. Four α and one β 

haplotype are unique to the Tenasserim. The Bayesian Skyline plot of the α haplotypes 

indicated a large, stable effective population size of females (Nef =13,000) in Indochina 



 

 102 

since 600 000 years ago. However, across the Tenasserim range, changing land use and 

the resultant reduced gene flow within a century (5 generations) was insufficient to 

prevent genetic differentiation between WEFCOM and KKFC. Land use planning that 

restore dispersal between the fragmented populations is urgently needed to ensure 

viability of elephant populations in the Tenasserim landscape. 

INTRODUCTION 

As large mammals with large area requirements, Asian elephants (Elephas 

maximus) are among the first herbivores to decline as a consequence of habitat loss and 

fragmentation.  Elephants have declined from more than 100,000 before the World War 

II to the current 41,000-52,000 that range across 13 countries in South and Southeast Asia 

(Sukumar 2003, 2011). Their current distribution is < 500,000 km2, or less than six 

percent of their pre-historic distribution (1,100 BCE), which extended from the Tigris and 

Euphrates river valleys in West Asia across the southern slopes of the Himalayas to 

central China and Southeast Asia (Olivier 1978; McKay 1973; Dobias 1987; Lair 1988; 

Sukumar 1989; Trautmann 2015).  

From the 16th to 19th centuries elephants were abundant throughout the Thailand 

and during this period as many as 20,000 elephants were captured for use in the timber 

industry and military or as draught animals (Seidenfaden 1976; Ringis 1996; Chularat 

2004). With the advent of intensive logging in the 1890s forest habitat of elephants 

declined (Sukmasuang 2013), and after World War II the loss of habitat accelerated as 

forests were converted to agricultural land (Leimgruber et al. 2003). Elephants were 

extirpated from Thailand’s central floodplains, which were cleared to establish human 
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settlements and an extensive canal system to provide an irrigation and transportation 

network. By the 1970s the once wide distribution of elephants contracted into smaller, 

fragmented elephant populations confined to the rugged mountain ranges across 

Thailand. Currently, crude population estimates across all of Thailand’s forest complexes 

range from 2,500 to 3,200 (Srikachang 2003; Sukmasuang 2015).  

The Tenasserim range along Thailand-Myanmar border is the largest elephant 

landscape in Southeast Asia and one of only four landscapes supporting > 1,000 

elephants (Leimgruber et al. 2003).  Although the Tenasserim range is considered a 

global and regional priority landscape for the recovery of elephants (Kanchanasaka et al. 

2010), there is no reliable estimates of elephant numbers or population connectivity 

within the Tenasserim. The highest density of elephants, an estimated 250-300 animals 

(Srikrachang 2003; Sukmasuang 2015), occurs in Huai Kha Khaeng Wildlife Sanctuary, 

the core area of the Western Forest Complex (WEFCOM) in the northern Tenasserim. 

The Khaeng Krachan Forest Complex (KKFC) occurs approximately 75 km south of 

WEFCOM. Satellite images from 1990-2010 showed habitat loss and fragmentation that 

may have reduce gene flow between WEFCOM and KKFC (Stibig et al. 2014). These 

complexes may still be linked through forest habitat in Myanmar, but there are no 

estimates of genetic diversity within or gene flow between these two complexes.  

As human pressure increases and continues to reduce habitat for elephant and 

other large mammal populations, it is important to track sizes and degree of connectivity 

among populations to ensure population viability. Landscape genetics is a cost effective 

approach to modeling size and connectivity among populations and is an important tool 
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to evaluate current conservation strategies and design habitat corridors and multiple-use 

areas (Manel et al. 2003; Manel and Holderegger 2013). It estimates the extent to which 

various ecological land use patterns and human activities create resistance to genetic 

exchange among populations (Keller and Largiader 2003; Epps et al. 2005; Storfer et al. 

2010; Segelbacher et al. 2010; Zeller et al. 2012). It is a better metric of population 

structure than measures of dispersal derived from camera trapping or radio telemetry 

because it reflects not only dispersal, but also subsequent successful breeding. 

Landscape genetic analysis has been applied to study Asian elephant population 

dynamics in southern China (Zhang et al. 2015), Lao PDR (Ahlering et al. 2011), 

Cambodia (Pollard et al. 2008; Gray et al. 2014), southern India (Fernando et al. 2000; 

Vidya et al. 2005) and Borneo (Goossens et al. 2016). These studies have demonstrated 

genetic subdivisions among populations isolated by agriculture and human settlements. 

Similar studies in Thailand are lacking, but important to regional conservation planning 

because Thailand is at the cross roads of southern, eastern and western Southeast Asia 

(Frankham et al. 2002, Manel et al. 2003).  

Previous range-wide phylogeographic studies of elephants have delineated 

elephant subspecies boundaries and elucidate their evolutionary history. Based on 

mtDNA and nuclear loci, deep genetic divergence of the lineage of the Borneo population 

(> 1 MYA) support its reclassification as a distinct subspecies, E. m. borneensis 

(Fernando et al. 2003). In contrast, elephants in Sri Lanka, although isolated for the past 

10,000 years, have only a slight degree of genetic divergence from mainland South Asian 

elephants (Shoshani and Eisenberg 1982, Fernando et al. 2000. These early 
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phylogeographic studies relied on captive samples whose geographic origins were 

sometimes obscure (Hartl et al. 1996; Fernando et al. 2000; Fleischer et al. 2001), but 

from these range wide mtDNA analyses it is estimated that over the past 3,000-4,000 

years there has been a gradual contraction of the elephant’s range (Fleischer et al. 2001). 

Vidya et al. (2009) conducted the first range-wide mtDNA study using data from 

wild populations from 11 countries, but not Thailand and China. Their data support an 

evolutionary scenario of population contraction and subsequent expansion induced by 

climatic oscillations in the Late Pleistocene. They found two highly divergent mtDNA 

clades (>2.5-3.5 MYA) that occur at several localities. This spatial pattern could be a 

consequence of contraction into two isolated Pleistocene refugia during glacial maximum 

at 20 KYA: 1) Myanmar/Southeast Asia, or the α clade and 2) southern India-Sri Lanka, 

or the β clade (Fleischer et al. 2001; Vidya et al. 2009) that later had secondary admixture 

at multiple locations.  However, these studies lack samples from the Tenasserim Range, 

which is at the approximate geographic center of the α clade and near the mid-point of 

the β clade. Range-wide studies of dhole (Cuon alpinus) and Anopheles spp. support the 

Tenasserim Range as a Pleistocene refugia for these species (Iyengar et al. 2005, Morgan 

et al. 2011).  

In this study, we employ noninvasive sampling and landscape genetics based on 

mtDNA and microsatellite markers to: 1) re-examine evolutionary relationships and 

demographic history of Asian elephants by incorporating data from the Tenasserim 

Thailand and Pu’er, China into previous phylogeographic studies, and 2) assess 



 

 106 

population genetic structure and gene flow between elephant populations along the 

Tenasserim range. 

 

METHODS 

Study area 

 We sampled three parts of the Tenasserim landscape to assess both the 

phylogeographic- and landscape-level genetic diversity and connectivity among the 

elephant populations within the Thai portion of the Tenasserim landscape (62,399 km2). 

In the northern portion of the landscape, the 19,666-km2 Western Forest Complex 

includes 17 protected areas (Figure 1). WEFCOM is connected to Myanmar’s 

Tanintharyi Nature Reserve to the southwest which is in turn contiguous to the Kaeng 

Krachan Forest Complex (KKFC). Huai Kha Khaeng (HKK) and Thung Yai Naresuan 

(TY) wildlife sanctuaries are the strongly protected core area. The southern part of the 

Tenasserim is composed of the 4,822-km2 KKFC which includes four protected areas. 

The two largest protected areas in KKFC, Kaeng Krachan National Park (KKNP) and 

Kui Buri National Park (KBNP), are separated from WEFCOM by a 70-km gap of non-

forest in Thailand, but linked via Myanmar’s Tanintharyi Nature Reserve. Lastly, the 

Khao Sok-Khlong Sang Forest complex (KSFC, 5,312 km2) is further south, below the 

Isthmus of Kra. While WEFCOM and KKFC belong to the Indochinese biogeographic 

region, KSFC is in Sundaic bioregion. We used the Pu’er elephants in Yunnan, southern 

China as an outgroup in the analysis of elephant genetic structure.  
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Genetic sampling 

With collaboration from the Department of National Parks, Wildlife and Plant 

Conservation (DNP) and Wildlife Conservation Society (WCS) Thailand Program, 

elephant dung samples (n=336) were collected from WEFCOM (n=135), KKFC (n=110), 

KSFC (n=25) from Thailand (Figure 1). In Simao District, Pu’er Prefecture, Yunnan 

Province in southern China, samples were collected by Fan Yang as part of a school 

project.  Geo-referenced samples were obtained during the dry season from November 

2011 to April 2013 to avoid exposure to UV light and moisture. Our goal was to collect 

fresh dung (<3 d) along trails and near water sources. Dung freshness was indicated by a 

shiny surface and strong scent. Dung circumference was measured to approximate age 

classes: baby (<5 y), sub-adult (5-15 y), adult (>15 y)(Sukumar 2003, Eggert et al. 2003) 

and to improve accuracy in identifying individuals. The surface of fecal samples (up to 5 

grams) was stored in 50-mL tubes containing the DETs preservative buffer (Frantzen et 

al. 1998), which has been reported with higher PCR success rate relative to 95% or 99% 

ethanol.  

DNA extraction and individual identification  

Fecal DNA was extracted twice for mtDNA and microsatellite markers using both 

the QIAGEN Stool Mini Kit (QIAGEN Ltd., West Sussex, United Kingdom) and the 

newly developed, cost-effective protocol based on silica-phenol/chloroform DNA 

extraction and purification (Klinsawat unpublished).  
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To genotype samples, we selected 10 highly polymorphic microsatellite loci 

isolated by Kongrit et al. (2008) and previously used in Lao (Ahlering et al. 2011) and 

Cambodia (Gray et al. 2014). Forward primers for all loci were fluorescently labeled and 

mixed in multiplexed PCR (Table S1, EMU14, EMU03, EMU10, EMU07, EMU13, 

EMU 12, EMU04, FH94, EMU17, and EMU15). In 10 uL of the PCR reaction, we used 

Multiplex PCR Kit (QIAGEN) containing 5 uL of Multiplex Mix, 1 uL of 10X primer 

mix, 1 uL of Q buffer, 1 uL of distilled water, and 2 uL of DNA template. Amplifications 

were repeated three times to achieve genotype reliability using 45 cycles: initial 

denaturation at 95 oC for 10 min; denaturation at 95 oC for 45 s; annealing at 58 oC for 45 

s, extension at 72 oC for 1 min and final extension at 72 oC for 10 min. Blank samples 

were included to control for contamination and a positive control was used to standardize 

allele size. Genotyping was conducted at Peking University using Applied Biosystem 

3730. If allele size per locus were not conclusive, we performed three additional PCRs to 

reduce errors in individual identification (Taberlet et al. 1996; Taberlet and Luikart 

1999). We used the program GeneMapper 4.0 (Applied Biosystems) for peak 

identification, fragment sizing, and construction of consensus genotypes. We followed 

the protocol in Ahlering et al. (2011) for molecular sexing.  

To examine whether the observed heterozygote deficits were the consequences of 

departure of the Hardy Weinberg Equilibrium (HWE) or the presence of the null alleles, 

we estimated genotyping errors associated with stuttering and large allele dropout using 

the software GIMLET v.1.3.3 (Valiere 2002) and used MICROCHECKER (Van 

Oosterhout et al. 2004) for evidence of null alleles. Departure from HWE due to 
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inbreeding or population substructure will result in heterozygote deficits across most or 

all microsatellite loci. However, null alleles would contribute to heterozygote deficits that 

are variable across loci and populations.  

MtDNA amplification and diversity  

We used a MDL primer (Fernando and Lande 2000) to amplify and sequence 

600-bp fragments of partial mtDNA cytochrome b gene (109 bp), tRNAthr, tRNApro (135 

bp) and the hypervariable left domain (386 bp) of the noncoding control region. 

Sequences were aligned and inspected in Sequencher v5.0 (Gene Codes Co.). We used 

these sequences to calculate mtDNA diversity of elephant populations in Thailand and 

compared our result to the range-wide diversity (Fernando et al. 2003: GenBank 

accession numbers AY245536, AY245802 to AY245827; Vidya et al. 2009: GenBank 

accession numbers AY255812 to AY255826).  

Phylogenetic analyses 

We reconstructed mtDNA-based phylogenetic relationships between elephants in 

western Thailand and across range countries (Fernando et al. 2000, 2003; Vidya et al. 

2009). Phylogenetic trees were reconstructed using maximum parsimony (MP), neighbor-

joining (NJ), maximum likelihood (ML) approaches implemented in PAUP 4.0 

(Swofford 2003) and Bayesian inference implemented in MrBayes v3.2.0 (Ronquist and 

Huelsenbeck 2003). For a MP analysis, we employed heuristic search with random 

additions of sequences and tree-bisection-reconnection branch swapping procedure. The 

HKY distances (Hasegawa et al. 1985) and a proportion of invariable sites (I = 0.830),  
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the HKY+I model, was selected as the best-fitted nucleotide substitution model according 

to the Bayesian Information Criterion (BIC) and the corrected AIC (AICc, Hurvich and 

Tsai 1989) implemented in jModelTest v2.1.4 (Darriba et al. 2012). We applied this 

model to the NJ, ML and Bayesian analyses. Support for tree topologies was estimated 

using 2,000 bootstrap iterations for the MP and NJ and 100 iterations for ML. For the 

Bayesian analysis in MrBayes v3.2.0, we performed two independent MCMC runs 

starting from different random trees, each with three heated chains and one cold chain for 

1,000,000 generations, sampled trees every 100 generations and discarded the first 25% 

as burn-in. From all methods, tree topologies visualized in FigTree v1.3.1 were congruent 

and therefore only the MP and Bayesian approaches are shown. To further examine 

matrilineal evolutionary relationships between elephants, we used TCS v1.1.3 (Clement 

et al. 2000) to create a statistical parsimony network of mtDNA haplotypes. 

Inference of divergence times and ancestral areas 

The time to the most recent common ancestor (TMRCA) for the mtDNA haplotypes were 

estimated in BEAST v1.8.2 (Drummond et al. 2012) based on extended Bayesian skyline 

plot coalescence model, an uncorrelated relaxed lognormal molecular clock, and the 

HKY+I substitution models estimated as best-fitted from jModelTest v2.1.4 (Darriba et 

al. 2012). This relaxed clock, which allows for rate heterogeneity among lineages, was 

selected as a better-fitted model than a strict-clock model based on the marginal 

likelihood estimated from path sampling and stepping-stone sampling which were shown 

to provide more accurate model selection than the posterior-based estimators including 

harmonic mean estimator (HME and sHME) (Baele et al. 2012, 2016). A normal prior 
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was applied to three calibration nodes: 1) speciation times for Loxodonta vs. 

Mammuthus-Elephas (7.6 MYA, 95% CI = 6.6-8.8 MYA; Rohland et al. 2007), 2) for 

Mammuthus vs. Elephas (6.7 MYA, 95% CI = 5.8-7.7 MYA; Rohland et al. 2007), 3) 

divergence times for the α and β clades (1.85, 95% CI = 1.6-2.1 MYA; Vidya et al. 

2009). Lognormal priors were used for HKY kappa (the corrected transition/transversion 

rate ratio), uniform prior from 0.7 to 1 for the proportion of invariant sites (I), and 

uniform prior from 100 to 107 for the coalescent population size parameter. Linear model 

type was selected for the tree prior with mitochondrial ploidy and randomly generated 

starting trees. Four independent MCMC chains were run for 108 generations, sampled 

every 103 steps and the first 25% of the samples were discard as burn-in. Input files were 

generated in BEAUTi v1.8.2 (Drummond et al. 2012) and Tracer v1.6 was used to check 

for convergence and validity of each estimate based on sufficient effective sample sizes 

(ESS>200). Four runs with the same posterior distribution of the parameters were 

combined in LogCombiner v1.8.2. The maximum clade credibility tree with median node 

heights and the mean and 95% of the highest posterior densities (HPD) of the TMRCA 

estimates were generated in TreeAnnotator v1.8.2 and visualized in FigTree.  

Genetic diversity and population genetic structure analyses 

Haplotype diversity (h, Nei and Tajima 1981) and nucleotide diversity (!, Nei and Li 

1979) of the Tenasserim populations were estimated using DnaSP v.5.10.01 (Librado and 

Rozas 2009). We analyzed our data in relation to the published diversity indices (Table 

3). To test for selection on the mtDNA markers, we performed the McDonald–Kreitman 
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test (MK test; McDonald and Kreitman 1991) using DnaSP 5.10 (Librado and Rozas 

2009). The MK test compares the ratios of nonsynonymous and synonymous mutation 

(Pn and Ps) between the α and β clades within E. maximus and between E. maximus-M. 

primigenius, E. maximus-L. Africana, and E. maximus-L. cyclotis over the CytB 

sequence. The neutrality index (NI = DsPn/ DnPs) measures the direction and level of 

departure from neutral evolution. Statistical significance was tested by Fisher’s Exact 

Test. To estimate the extent of geographic subdivision based on the Fst between 

WEFCOM and KKFC populations within the Tenasserim, we used an Analysis of 

Molecular Variance (AMOVA) implemented in Arlequin v3.5 (Excoffier and Lischer 

2010) and tested the statistical significance of the pairwise Fst using 10,000 permutations. 

We compared mtDNA genetic diversity between Thailand populations and the range-

wide populations which were sampled from 11 countries and sequenced from the same 

markers (Vidya et al. 2009). 

We calculated microsatellite allele frequencies, average number of alleles across 

loci (A), observed heterozygosity (Ho), expected heterozygosity (He) (Nei 1978) in 

GenAlEx 6.1 (Peakall and Smouse 2006) and allelic richness (AR), which was adjusted 

for sample-size differences in Fstat 2.9.3.2 (Goudet 1995). 

To assess genetic structure between the WEFCOM and KKFC population in the 

Tenasserim, we performed a hierarchical Analysis of Molecular Variance (AMOVA; 

Excoffier et al. 1992) in Arlequin 3.5.1 (Excoffier and Lischer 2010). We calculated 

Wright’s F-statistics (Fst and Rst; Weir and Cockerham 1984) for mtDNA and 

microsatellite and data, respectively. The significance values of Fst/Rst were tested with 
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10,000 permutations using GENETIX 4.01 (Belkhir et al. 2000) and Arlequin 3.5 

(Excoffier and Lischer 2010). 

Bayesian clustering implemented in STRUCTURE v. 2.3.3 with and without 

information on localities (Pritchard et al. 2000) was used to determine population genetic 

structure across the Tenasserim and Yunnan populations. We applied an admixture 

ancestry model and allowed for correlation of allele frequencies (Falush et al. 2003) 

between identified clusters, K. We conducted 10 independent runs each value of K, for K 

ranging from 2 to 9. To assess the most likely value of K, for each run, we used a 50,000 

burn-in followed by 250,000 iterations and compared 1) the likelihood of data for 

different K values, and 2) the rate of change in the log likelihood of the data between 

successive K values (Delta K, Evanno et al. 2005). Structure analyses were repeated after 

removing individuals from the same family unit as identified by high pairwise relatedness 

(r) estimated using the maximum likelihood method in ML-Relate (Kalinoski et al. 

2006). To calculate and plot Delta K, we used the Structure Harvester online website 

(Earl and vonHoldt 2011). Assignment of individuals to the most likely K cluster was 

validated using q value, the probability of membership (Pritchard et al. 2000). 

We incorporated spatial coordinates of samples to infer genetic structure of 

elephants in WEFCOM and KKFC that best corresponds to Hardy Weinberg Equilibrium 

identified with a MCMC procedure and Bayesian clustering in GENELAND (Guillot et 

al. 2005). Following Guillot et al. (2005), we inferred K in the first run and then run the 

algorithm with K fixed at the previously inferred value to estimate parameters including 

the assignment of individuals to the inferred populations. We ran five independent 
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MCMC to verify the result consistency and allowed K to vary from K=1 to K=9. For 

each run, we specified 1,000,000 iterations, uncertainty attached to spatial coordinates 

fixed to 1km, maximum rate of Poisson process fixed to 500, maximum number of nuclei 

in the Poisson-Voronoi tessellation fixed to 200, Dirichlet model for uncorrelated allele 

frequency as it has been demonstrated to perform better than the correlated model 

(Guillot et al. 2005).  

Once the optimal K was determined from the previous five runs with varying K, 

we re-ran 20 MCMC with the fixed number of K and other parameters remained the 

same. We calculated the mean logarithm of posterior probability for each run and 

selected 10 runs with highest values. The posterior probability of population membership 

for each pixel of the spatial domain was computed for each of these 10 runs using 20% 

burn-ins. The number of pixels along the X axis was set to 140 and Y axis to 460 

corresponding to width and height of WEFCOM-KKFC area. We checked the 

consistency across 10 runs.  

Population bottleneck detection 

We used BOTTLENECK version 1.2.0.2 (Cornuet and Luikart 1996; Piry et al. 

1999) to detect recent bottleneck by testing for a departure from mutation-drift 

equilibrium in the microsatellite data under three mutation models: the infinite alleles 

(IAM), two-phased (TPM), and stepwise mutation (SMM). The TPM model was set at 

95% stepwise mutation model and 5% multi-step mutations as recommended by Piry et 

al. (1999). Significant deviation can be a consequence of changes in population sizes  
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including expansions or contraction under the assumption that samples are obtained from 

a random mating and no migration. Bottlenecked populations will show an excess of 

heterozygotes relative to that expected at equilibrium from observed allelic diversity. 

Wilcoxon signed-rank tests (Cornuet and Luikart 1996) were used to assess the 

significance of heterozygosity excess.  

RESULTS  

Individual identification and sex identification  

We analyzed 336 DNA samples; 270 were from the Thailand portion of the 

Tenasserim landscape and 66 were from Pu’er in Yunnan, China. All microsatellite loci 

were successfully amplified and polymorphic. Of the 336 samples genotyped, 30 samples 

were not reliable and discarded due to high percentage of allelic dropout and more than 4 

loci could not be amplified. Of the remaining, 195 unique genotypes were identified: 

Thailand (N=167) including WEFCOM (N=91), KKFC (N=71), KSFC (N=5), and 

China, YN (N=28) (Figure 1, Table 1). The male to female ratio ranged from 1:1.5 in 

WEFCOM and to 1:1.8 in KKFC (Table 1). Our samples from Thailand represented 

approximately 17 % of the estimated population of 1,000 individuals in the WEFCOM, 

KKFC, and KSFC. Our selected 10 microsatellite loci were sufficient for individual 

identification based on the low PID = 1 x 10-5. 
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Table 1. Individual and sex identification in each protected area: HKK-TY-SLP are 

within  

WEFCOM, KKNP-KBNP are in KKFC and KSWS is in KSFC in Thailand. 

 

MtDNA phylogenetic and divergence dating 

In the analyzes of phylogenetic relationship, divergence dating and mtDNA 

spatial distribution, we identified 39 variable sites (Table 2) from a 600bp mtDNA 

fragment spanning the Cytb gene, tRNAthr, tRNApro and the hypervariable left domain of 

the control region (CR) and defined 5 new and 38 previously published haplotypes 

(Fernando et al. 2000, 2003; Vidya et al. 2009; Thongbai et al. 2011; Ahlering et al. 

2011; Goossens et al. 2016). Of these 43 haplotypes, 13 haplotypes from Thailand and 

one haplotype from Pu’er province in Yunnan, China (Figure 2, Table 2) are grouped into 

two highly divergent α and β clade previously identified from range-wide studies 

(Fernando et al. 2000, 2003; Vidya et al. 2009). There were seven α haplotypes and 

seven β haplotypes; four α haplotypes and one β haplotypes were newly discovered and 

unique to the Tenasserim population. 

Maximum parsimony (MP), neighbor-joining (NJ), maximum likelihood (ML) 

and Bayesian approaches all produced congruent tree topologies corresponding to a 

Forest 
Complex WEFCOM   KKFC   KSFC 

Sex HKK TY SLP Total  KKNP KBNP Total  KSWS 
Female 28 21 5 54  30 16 46  3 
Male 21 15 1 37  14 11 25  2 
Total 49 36 6 91  44 27 71  5 
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geographic partition into Indochina, Sundaland and South Asia and the MP tree is shown 

in Figure 2. The α clade is the predominant haplotype in the mainland Indochina and 

northeast India whereas the β clade is mainly found in central and south India, Sundaland 

and Sri Lanka (Figure 3). There is no phylogeographic partition detected within the α 

clade, but there are two β subclades; a Sri Lanka clade (β1) and the Sundaland clade (β2). 

The β1 clade had 60%< bootstrap support from all four phylogenetic methods and the β2 

clade had 50%< bootstrap support from all analyses (Figure 2). The β2 subclade and the 

BD haplotype from Borneo were consistently basal to the β1 subclade in all of our 

analyses. 
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Figure 1. Sampling localities (purple dots), sample size (Ns), and number of individuals 

identified from 10 microsatellite loci (Ni) from the Thai portion of the Tenasserim 

landscape. The red line represents straight-line distance of approximately 70 km between 

the Western Forest Complex (WEFCOM) and the Kaeng Krachan Forest Complex 

(KKFC). The Khao Sok-Khlong Sang Forest complex (KSFC) is the southernmost 

population shown on the right. Protected areas in Thailand where elephants were detected 

between 2012-2015 during genetic sampling and rapid field assessment (Wonghongsa et 

al. 2015) were shown in green on the right.   
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Table 2. Haplotypes (17 α and 26 β) and 39 variable sites from 600 bp mtDNA of elephants. The fragment comprises C-terminal of the gene 

CytB, tRNAThr, tRNAPro and the hypervariable left domain of the control region (CR). Sample size from the Tenasserim, western Thailand (NW-

TH), from range wide elsewhere (NRW) and entire range (NTOTAL) are listed. Nucleotides identical to the AF haplotype are indicated by circles.  

 

a Nucleotide positions correspond to the complete Asian elephant mtDNA sequence with Genbank accession # NC_005129 (Rogaev et al. 2006). 

b Geographic origins by countries in Southeast Asia are shown in orange: TH, Thailand; MM, Myanmar; LO, Lao; CB, Cambodia; VT, Vietnam; CN, 

south China; ML, Peninsular Malaysia; SM, Sumatra; BN, Borneo, and in South Asia in blue: SL, Sri Lanka; ID, India; and BT, Bhutan.   

Gene CytB tRNA Thr tRNA Pro CR

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
1 1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 7 7 7 7
8 9 9 9 3 4 5 2 3 9 2 4 7 1 6 7 7 7 8 8 9 9 0 1 1 1 1 2 3 3 3 4 6 8 8 0 1 4 4

Haplotype 0 0 2 7 9 0 1 0 3 6 7 2 0 8 5 2 3 4 4 5 5 6 4 0 2 3 8 2 4 7 8 1 4 2 7 9 8 5 9

AF 0 3 3 MM, SL C T A C T T C G A A C C C T T T A G C A T G C G T A C T G C A T A A G C T T A
AA 0 1 1 VT • • • • • • • • • • • T • C • • • • • • • • • • C • • • • • • • • • • T • • •
AB 0 10 10 LO, VT, CB • • • • • • • • • • • • • C • • • • • • • • • • C • • • • • • • • • • T • • •
AC/LaoD 0 74 74 ID, BT • • • • • • • • • • • • • C • • • • • • • • • • • • • • • • • • • • A T • • •
AD/LaoB 10 28 38 TH, LO, VT • • • • • • • • • • • • • C • • • • • • • • • • • • • • • • • • • • • T • • •
AE 0 145 145 LO, SL, BT A • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T • • •
AG 0 8 8 SL • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • G • • • • • • • •
AH/LaoA 36 63 99 TH, MM, CN,  ID • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T • • •
AI 0 1 1 MM • • • • • • • • • • • • • C C • • • • • • • T • C • • • • • • • • • A • • • •
AJ 0 5 5 VT • • • • • • • • • • • • • C • • • • • • • • • • C • • • • • • • • • A T • • •
AK 0 7 7 VT • • • • • • • • • • • • • • • • • • • • • • • • C • • • • • • • • • • T • • •
AL 23 0 23 TH • • • • • • • • • • • • • • • • • A • • • • • • • • • • • • • • • • • T • • •
AM 1 0 1 TH • • G • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T • • •
AN 2 0 2 TH • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • A T • • •
AO 1 0 1 TH • • • • • • • • • • • • • • • • • • • • • • T • • • • • • • • • • • • T • • •
LaoC 0 1 1 LO • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • C • • • T • • •
newA 0 1 1 TH • • • • • • • • • • • • • • • • G • • • • • • • • • • • • • • • • • • T • • •

BA 0 4 4 ID T C • T • • T • G G T • • • C • • A T G C T T • • • • C • • • • • • • • • • •
BB 0 1 1 ID T C • T • • T • G G T • • • C • • A T G C T T • • • T C A • • • • • • • • • •
BC 0 3 3 ID T C • T • • T • G G T • • • C • • A T G C T T • • • T C A • • • • • A • • • •
BD 0 224 224 BN T C • • • • T • • • • • • • • • • • • • • • • • • • • • • • • • • • • T • • •
BE 0 16 16 LO T C • • • • T A G G T • • • C C • • T • C T T • C • T C A • • • • G A • C • •
BF 0 60 60 ID T C • T • • T • G G T • • • C • • A T G C T T • • • T C • • • • • • • • • • •
BG 0 7 7 SL T C • T • • T • G G T • • • C • • A T G C T T • • • T C A • • • G • • • • C •
BH 43 12 55 TH, MM, SL T C • T • • T • G G T • • • C • • A T G C T T • • • T C A • • • • • • • • C •
BI 0 3 3 SL T C • T C • T • G G T T • • C • • A T G C T T • • • T C A • • • • • • • • C •
BJ 0 3 3 SL T C • T • • T • G G T • • • C • • A T G C T T • C • T • A • • • • • • • • C •
BK 0 1 1 SL T C • T • • T • G G T • • • C • • A T G C T T A C • T • A • • • • • • • • C •
BL 3 40 43 TH, MM, SL, ID, BT T C • T • • T • G G T • • • C • • A T G C T T • • • T C A • • • • • • • • • •
BM 0 1 1 SL T C • T • • T • G G T • • • C • • A T G C T T • • • T C A • • • • • A • • C •
BN 36 161 197 TH, SL, ID T C • • • • T • • G T • • • C • • • T G C T T • • • T C A • • • • • A • • • •
BO 14 12 26 TH, VT, SL T C • • • • T • G G T • • • C • • • T G C T T • • • T C A • • • • • A • • • •
BP 2 12 14 TH, ML, SM, SL T C • • • C T • G G T • • • • • • A T • C T T • • • T C A • • • • • • • • C •
BQ 21 15 36 TH, MM, LO, ML T C • • • • T • G G T • • • C • • A • • C C T • • • T • • • • • • • • • • C •
BR 0 6 6 SM T C • • • • T A G • T • • • • • • • T • C T T • • • T • A • G • • • • • • C •
BS 0 6 6 SM T C • • • • T A G G T • • • • • • A T • C T T • • • T • A T • • • • • • • C •
BT 0 15 15 SM T C • • • • T A G G T • • • C • • A T • C T T • • • T • A T • • • • • • • C •
BU 0 6 6 SM, ML T C • • • • T A G G T • • • C • • A T • C T T • • • T • A T • • • • • • • • •
BV 0 1 1 ML T C • • • • T • G G T • • • C • • A • • C C T • • • T • • • • • • • • • • C C
BW 0 1 1 MM T C • T • • T • G G T • • • C • • A T • C T T • • • T C A • • • • • A • • • •
BX 2 0 2 TH T C • T • • T • G G T • T • C • • A T G C T T • • • T C A • • • • • • • • C •
LaoF 0 1 1 LO T C • • • • • A G G T • • • C C • • T • C T T • C • • C A • • • • G A • C • •
newB 0 20 20 TH T C • • • • T A G G T • • • • C • • T • C T • • C • T C A • • • • G • • C • •

Alpha clade

Beta clade

Nucleotide 
Positiona             

NW-TH NRW NTOTAL Country originb
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Divergence time estimation was based on a lognormal relaxed molecular clock 

model. Variation in the substitution rates across branches, average ucld.stdev, was 1.028 

for four independent MCMC runs, indicating among-lineage rate heterogeneity within the 

data. The ucld.mean, estimated substitution rate of the lognormal relaxed clock, of 0.95% 

substitutions per site per MY is similar to the estimated 0.91% substitutions per site per 

MY based on 15 published mitogenomes within Elephantoidae (Debruyne et al. 2008). 

The estimated divergence between the α and β clade was 2.15 MYA (95%HPD: 1.61-

2.69). The estimates of the time to the most recent common ancestor (TMRCA) of 0.58 

MYA (95%HPD: 0.28-0.98) for the α clade was more recent than the TMRCA of 1.33 

MYA (95%HPD: 0.80-1.94) for the β clade. Our divergence time estimates between the 

α and β clade supported previous studies (Fernando and Lande 2000, Fernando et al. 

2003; Vidya et al. 2005, 2009) that estimated the deep divergence (1.6-2.1 MYA) 

between the two clades as the species retreated into two isolated refugia and subsequently 

admixed in the western mainland Indochina around the Tenasserim landscape. 

Spatial mtDNA diversity in the Tenasserim 

HKK and TY had the highest number of haplotypes from both the α and β clade 

(11 haplotypes, 85 individuals), followed by KKNP, KBNP, and KSFC (Table 3). Five 

haplotypes were shared between WEFCOM and KKFC and BH was the most common 

haplotypes shared by elephants in five protected areas in WEFCOM and KKFC. In 

contrast, BN was the only haplotype shared between WEFCOM and KSFC. The BP 

haplotype in the KSFC population is only found below the Isthmus of Kra (Figure 3).  
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Figure 2A) Phylogenetic relationships of Asian elephant mtDNA sequences based on Bayesian 
approach and the HKY+I substitution model. Five haplotypes unique to the Tenasserim are indicated 
by light orange (α clade) and light blue dots (β clade) and eight haplotypes shared between the 
Tenasserim and other regions are dark orange and dark blue. Numbers above branches show estimated 
divergence time in MYA with 95% highest posterior density intervals (HPD) in grey node bars. 
Numbers below represent >50% bootstrap supports from the MP/ML/NJ/and posterior probabilities in 
percentage >50% from Bayesian analyses. Three species were used as outgroups: forest elephant 
Loxodonta cyclotis (LCyclo1, LCyclo2), African elephant L. Africana (LAfri1, LAfri2), and Wooly 
mammoth Mammuthus primigenius (MPrim1, MPrim2). Fill circles indicate nodes with >50% 
supports from all four methods and fill squares represent nodes used for calibration. Time scale in 
MYA is shown at the bottom.  
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2B. 

 

 
Figure 2B) Statistical parsimony network of 43 haplotypes represented by circles from range-
wide elephants. Circle size is proportional to the number of samples. Sample size from  The β 
haplotypes are indicated in light blue, the β haplotypes found in the Tenasserim in dark 
blue. The α haplotype found in other countries are in light orange and dark orange in the 
Tenasserim. Black circles represent hypothetical haplotypes. 
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Figure 3. Spatial distribution of elephant haplotypes from all 13 range countries. 32 haplotypes (11 from α clade and 21 from β clade) 

from 534 samples in Vidya et al. (2009) were combined with our data highlighted in blue shade:13 haplotypes from Thailand and a single 

haplotype from Yunnan, China. Four α haplotypes indicated by the orange circles and one β haplotype are exclusively found in the 

Tenasserim landscape.  
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Haplotype diversity (h = 0.842 ± 0.013) and nucleotide diversity (! = 0.015 ± 0.008) in 

the Tenasserim population (Table 4) were compatible to the reported Sri Lanka 

population which was previously identified to have the highest mtDNA diversity among 

11 countries (Vidya et al. 2009). Haplotype diversity (h=0.842) and nucleotide diversity 

(π =0.015) of elephants in the Tenasserim is high and similar to in the diversity in Sri 

Lanka, Myanmar, Vietnam and Peninsular Malaysia, but higher than Lao PDR, southern 

and central India and China (Table 4). The Bayesian skyline plot of the mtDNA 

sequences from the 421 individuals from the α clade provides support for a stable and 

large effective population size of elephants in Southeast Asia and northeast region of 

South Asia since 600 KYA (Figure 4). 

 The McDonald-Kreitman test did not support the excess of replacement changes 

at non-synonymous sites during the divergence of CytB sequence of E. maximus alpha 

and beta clades, indicating the data fit the neutral expectations (NI = 0.833, P=1). 

 

Microsatellite genetic diversity  

Similar to the mtDNA genetic diversity, microsatellite diversity in WEFCOM was higher 

than in KKFC and YN based on the average number of microsatellite allele per locus (A), 

allelic richness (AR), observed heterozygosity (HO), and expected heterozygosity (HE) 

(Table 5). The average number of alleles per locus ranged from A=7.30 in the HKK 

population to A=3.60 in the YN population. KSFC has the lowest A but this may be an 

artifact of limited samples (N=5). Observed and expected heterozygosity in HKK was the 

highest (HO = 0.602, HE = 0.703), follow by TYE and KKNP (Table 5). 



 

 125 

Figure 4. Bayesian Skyline Plot of mtDNA sequences of 421 Indochinese elephants from 

the α clade. The x-axis represents timescale in KYA and y-axis is the effective population 

size multiplied by generation time (Ne* τ), when τ is the generation time of 20 years for 

tiger (Vidya et al. 2009).  
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Table 3. Haplotype frequency, haplotype diversity (h) and nucleotide diversity (π) in 

each protected areas in the Tenasserim, Thailand. The protected areas HKK-TY-SNR-

SLP are within WEFCOM, KKNP-KBNP within KKFC and KSWS within KSFC. 

 
Haplotype HKK TY SNR SLP KKNP KBNP KSWS 

AD 0.106 0.056 - - 0.068 - - 
AH 0.170 - - - - - - 
AL 0.319 0.194 0.333 - - - - 
AM - - - - 0.068 - - 
AN 0.021 - 0.333 - - - - 
AO 0.021 - - - - - - 
BH 0.255 0.361 - 0.200 0.295 0.148 - 
BL 0.043 - - - 0.023 - - 
BN - - 0.333 - 0.227 0.852 0.500 
BO 0.064 0.306 - - - - - 
BP - - - - - - 0.500 
BQ - 0.803 - 0.800 0.318 - - 
BX 0.021 0.028 - - - - - 
h 

(± SD) 
0.811 

(0.031) 
0.763 

(0.038) 
1.000 

(0.272) 
0.400 

(0.237) 
0.767 

(0.030) 
0.262 

(0.097) 
0.667 

(0.204) 
π 

(± SD) 
0.016 

(0.008) 
0.014 

(0.007) 
0.019 

(0.015) 
0.004 

(0.003) 
0.013 

(0.007) 
0.002 

(0.002) 
0.008 

(0.006) 
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Table 4. Genetic diversity indices of Asian elephants based on 600-bp mtDNA 
sequences. S denotes sample size, Hn = the number of haplotypes, Hnα = number of α 
haplotype, HnB =number of β haplotype, π = nucleotide diversity, h = haplotype diversity, 
and Refs. = references.  
 

Geographical unit Estimated 
population 

size 

S Hn H 
nα 

H 
nB 

π h Refs. 

Southeast Asia         
Mainland SE Asia          N/A   37    0.00489 0.758 B 
Thailand         
  Tenasserim +  
  KSFC 

  1,000 – 1,200 166 13 7 6 0.015 ± 0.008 0.842 ± 0.013 This 
study 

 WEFCOM         >1000   91 11 6 5 0.014 ± 0.007 0.809 ± 0.017 This 
study 

  KKFC           >600   71  6 3 3 0.009 ± 0.005 0.731 ± 0.021 This 
study 

  N, C, W, E 
captive 

         3,000   78 20*  9 11 0.01585 0.897 I 

Myanmar   4,000 – 5,000   24 7 3  4 0.014 ± 0.0074 0.823 ± 0.0458 H 
Lao PDR      780 – 1,200   14 4 3 1 0.00471 ± 0.0033 0.692 ± 0.0942 A, H 
Lao PDR (Nakai 
3,532 km2) 

          132     
    (120 – 

149)K 

102 6 4 2 0.011 ± 0.006 0.741 ± 0.020 E 

Vietnam        70 – 100    25 6 5 1 0.006 ± 0.0037 0.813 ± 0.0389 H 
Vietnam  
(Cat Tien NP) 

       11 – 15      23 3 2 1 0.00160 ± 0.00130 0.699 ± 0.049 G 

Lao PDR-
Vietnam 

      570 – 
1,250 

  18    0.00431 0.745 B 

Cambodia       250 – 600     1 1 1 0 0 0 H 
China      178 – 192 178    0.00726 ± 0.00190 0.579 ± 0.043 F 
   Shangyong        60 – 68    59 7 7 0 0.00140 ± 0.00023 0.528 ± 0.075 F 
   Mengyang        50 – 82    55 7 7 0 0.00134 ± 0.00061 0.414 ± 0.083 F 
   Mengla        25 – 32   32 7 7 0 0.00126 ± 0.00052 0.337 ± 0.103 F 
   Xishuangbanna          N/A 154 3 3 0 0.00136 ± 0.00038 0.447 ± 0.050 F 
   Nangunhe        18 – 23  24 7 2 5 0.00826 ± 0.00206 0.551 ± 0.114 F 
   Simao/Pu’er        28 – 30     8 3 4 0 0.00091 ± 0.00036 0.464 ± 0.180  F 
   Pu’er             –  28 1 1 0 0 0 This 

study 
Malaysia-  
4,343 km2 

           631  17 10 ? ? 0.0055 0.830 ± 0.085 J 

Malaysia 2,500 – 3,100  14 4 0 4 0.003 ± 0.0021 0.396 ± 0.1588 H 
Sumatra, 
Indonesia 

2,400 – 3,400  34 5 0 5 0.004 ± 0.0025 0.740 ± 0.0522 H 

Borneo         2,000 
(1,184 – 
3,652) 

 20 1 0 1 0 0 H 

A=Fernando et al. 2000, B=Fernando et al. 2003b, C=Vidya et al. 2005a, D=Vidya et al. 2005b, 
E=Ahlering et al. 2011, F=Zhang et al. 2015, G=Vidya et al. 2007, H=Vidya et al. 2009, 
I=Fickel et al. 2007 *411-bp control region, J=Elliza et al. 2015, K=Hedges et al. 2013 
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Table 4 (continued). 

Geographical 
unit 

Estimated 
population size 

S Hn H 
nα 

H 
nB 

π h Refs. 

South Asia         
India 22,800 – 32,400  307 8 2 6 ? ? H 
India 22,800 – 32,400     6 1 1 0 0.012 ± 0.0062 0.667 ± 0.0222 A 
   N India            -     6 1 1 0 0 0 H 
   NE India            -   63 3 2 1 0.003 ± 0.0020 0.479 ± 0.0435 H 
   N, NE India 

- Bhutan 
           -     -    0.004 ± 0.0024 0.527 ± 0.0474 A 

   C India            -   12 2 2 0 0.00100 ± 0.0008 0.409 ± 0.1333 H 
   S India 
(Nilgiris) 

       9,400 159 1 1 0 0 0 H 

   S India 
(Anamalai-
Periyar) 

       3,300   67 4 4 0 <0.000 0.196 ± 0.0637 H 

   S India 
(Nilgiris-
Anamalai-
Periyar) 

10,300 – 17,400  226 5 5 0 0.00360 ± 0.0022 0.436 ± 0.0289 A, C, 
D, H 

Sri Lanka   2,100 – 3,000    82   12 3 9 0.01643 ± 0.0083 0.853 ± 0.0190 B, H 
   N Sri Lanka            -   18  5 0 5 0.00403 0.758 B 
   M Sri Lanka            -   25  6 0 6 0.00453 0.764 B 
   S Sri Lanka            -   38 5 3 2 0.01289 0.687 B 
Bhutan      250 – 500    13 3 2 1 0.00652 ± 0.0043 0.603 ± 0.0885 B, H 
Bhutan-India 26,640 – 31,370   19 3 2 1 0.00476 0.486 A 
Asia 35,000 – 50,000  118 17 7 10 0.01760 0.873 A 

 

A=Fernando et al. 2000, B=Fernando et al. 2003b, C=Vidya et al. 2005a, D=Vidya et al. 2005b, 
E=Ahlering et al. 2011, F=Zhang et al. 2015, G=Vidya et al. 2007, H=Vidya et al. 2009, 
I=Fickel et al. 2007 *411-bp control region, J=Elliza et al. 2015, K=Hedges et al. 2013 
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Table 5. Microsatellite diversity indices of the WEFCOM (HKK, TYE, SLP), KKFC 
(KKNP, KBNP) populations in Thailand (Ns=167) and Pu’er, Yunnan (Ns =28) based on 
10 microsatellite loci, compared to range-wide diversity. Caution is needed when 
interpreting microsatellite diversity due to different marker panel. However, direct 
comparison using the same panel can be made between our study, Lao (Ahlering et al. 
2011) and Cambodia (Gray et al. 2014). Values are shown for the number of elephant 
individuals (S), expected (HE) and observed heterozygosity (HO), average number of 
alleles per locus (A), and averaged allele size range per locus (AS), significant p value (P 
< 0.01) (S) and non-significant (NS) level of departure from Hardy-Weinberg 
equilibrium. 
 

Locality NS HE HO A AS Refs 
Thailand       
Tenasserim 162 0.702 ± 0.163 0.598 ± 0.175S 6.55 ± 2.62 8.60   This 

Study 
   HKK 49 0.730 ± 0.124 0.602 ± 0.121NS 7.30 ± 2.31 9.30 This Study 

   TYE 36 0.711 ± 0.115 0.549 ± 0.161NS 6.80 ± 1.62 8.50 This Study 

   SLP 6 0.643 ± 0.170 0.520 ± 0.152 S 3.50 ± 0.97 4.90 This Study 

   KKNP 44 0.699 ± 0.091 0.600 ± 0.104 NS 6.10 ± 1.10 8.40 This Study 

   KBNP 27 0.687 ± 0.128 0.643 ± 0.178 NS 6.00 ± 1.05 8.20 This Study 

KSFC 5 0.494 ± 0.192 0.331 ± 0.194 S 3.10 ± 1.27 3.90 This Study 

South China       
  Pu’er (YN) 28 0.586 ± 0.185 0.584 ± 0.187 NS 3.60 ± 1.35 4.10 This Study 

  Pu’er/Simao 8 0.3167  0.3889 2.3333 - A 

  Nangunhe 24 0.3299  0.3565 3.2222 - A 

  Mengla 32 0.4198  0.4132 3.6667 - A 

  Shangyong 59 0.3252  0.4011 3.2222 - A 

  Mengyang 55 0.3210  0.3596  3.6667 - A 

Lao PDR       

  Nakai 102 0.750 ± 0.083 0.711 ± 0.072 NS 8.00 ± 3.30 - B 

Cambodia       

  Phnom Prich 78 0.668 ± 0.101 0.577 ± 0.179 NS 6.00 ± 

0.866 

12.56 C 

Vietnam       

  Cat Tien 11 0.437 ± 0.158 0.356 ± 0.142 NS 2.33 ± 

0.516 

13.83 D 

 
A=Zhang et al. 2015, B=Ahlering et al. 2011, C=Gray et al. 2014, D=Vidya et al. 2007 
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Population genetic structure 

We estimated the level of female population differentiation based on mtDNA and the 

AMOVA analysis. All pairwise FST values (among protected areas within WEFCOM and 

KKFC and between WEFCOM and KKFC) were low (FST=0.03-0.09) and did not 

indicate significant genetic subdivision (P >0.05). 

Ten microsatellite loci were used to assess population genetic structure and gene 

flow between the WEFCOM and KKFC populations. Genetic subdivision was detected 

within the Tenasserim landscape. The optimal value of K =3 (Figure 5) was suggested in 

the STRUCTURE program as the most likely number of genetic clusters based on the log 

likelihood of K and delta K. These three clusters corresponded to WEFCOM (HKK, TY, 

SLP), KKFC (KKNP, KBNP), and YN. Population admixture was observed in both 

complex, but a more genetic homogeneity was observed in the YN population. Nine 

individuals in WEFCOM and ten in KKFC were admixed with probability of 

membership (q <0.60). 

Bayesian clustering method in GENELAND that incorporated spatial data supported 

K=3 within the Tenasserim using uncorrelated allele frequency model (Figure 6). Under 

correlated allele frequency, however, K=8 was inferred when varying K from 1 to 9. As 

GENELAND sometimes detects ghost population, or population to which no individuals 

are assigned (Guillot et al. 2005a). To estimate other parameters including posterior 

probability of membership, we fixed the number of populations to the minimum number 

of 3. The selected five runs out of the processed 20 runs based on their mean logarithm of  
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Figure 5. Population genetic structure of elephants in the WEFCOM population (HKK, TY, 

SLP), the KKFC population (KKNP, KB) in Thailand, and Yunnan, China. The most likely 

number of genetic clusters (K) at K=3 were estimated by the STRUCTURE program and 

indicated by different colors: 1) WEFCOM (blue), 2) KKFC (green), and 3) YN (red). Each 

vertical bar, which represents individual elephants along the x-axis, was partitioned into segments 

corresponding to the probability of membership in each K as shown by the percentage (50 to 

100%) at the y axis. 
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posterior probability showed assignment of elephant individuals to three populations: 1) 

northern WEFCOM (HKK-TY), 2) southern WEFCOM (SLP) and 3) KKFC. Therefore, 

the other five populations were ghost populations corresponding to the study area where 

there was no sampled individual (not shown). The difference between the inferred K from 

STRUCTURE and GENELAND is the inferred third population of six individuals from 

Salakpra Wildlife Sanctuary in southern WEFCOM from GENELAND.     

Analyses of population subdivision (pairwise RST) based on microsatellite data 

also supported genetic clusters at K=3 between WEFCOM, KKFC and Yunnan. In 

contrast to non-genetic partitioning inferred from the mtDNA data, we detected moderate 

level of population subdivision (RST = 0.110, P<0.05) between the WEFCOM and KKFC 

populations based on the microsatellite data, suggesting some degree of restricted gene 

flow in the recent time. In contrast, genetic differentiation within the forest complex was 

low and insignificant (P > 0.05); pairwise RST was 0.0088 between HKK-TY in 

WEFCOM and 0.0234 between KKNP-KBNP in KKFC, suggesting sufficient amount of 

gene flow within both forest complexes. The Yunnan population was significantly 

differentiated (P > 0.05) from Thailand populations with pairwise RST ranging 0.132 

between Yunnan-HKK and 0.192 between Yunnan-KBNP. 
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Figure 6. Genetic assignment of elephant individuals in the Tenasserim to genetic cluster 

of K=3 based on GENELAND.   
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DISCUSSION 

Our mtDNA and microsatellite data from the Tenasserim landscape extend results of 

previous phylogeographic studies to infer evolutionary history of the Asian elephants and 

assess a genetic connectivity within and between forest complexes in the Tenasserim 

range. 

Phylogeographic inference and demographic history  

After the estimated split between Loxondonta and Elephas-Mammuthus lineage in 

Africa (Figure 2A), fossil data supports that during the Pleistocene (1.8 – 2.6 MYA) 

Elephas dispersed in several waves into Eurasia and diversified into at least 11 species 

(Osborn, 1942; Hooijer, 1955; Maglio, 1973). This was the period when South and 

Southeast Asia experienced monsoon intensification and an associated vegetational shift 

from evergreen forest to grassland and deciduous forest (Barry et al. 2002; Badgley et al. 

2008). In Southeast Asia, fossil evidence indicated that E. maximus expanded throughout 

the Indochinese region during the middle Pleistocene and by the late Pleistoceneit 

occurred across southern Asia from Sri Lanka to Sundaland while the rest of the Elephas 

spp. and other megaherbivores (>1,000 kg) went extinct (Maglio 1973; Louys and Turner 

2012). 

Our mtDNA data shows that E. maximus diversified into an α and β clades since 

about 2.15 MYA (95% HPD: 1.61 – 2.69 MYA) in the early Pleistocene. This divergence 

time is consistent with previous estimates that ranged from 1.2 – 3.5 MYA (Fernando et 

al. 2000; Fleischer et al. 2001; Fernando et al. 2003; Vidya et al. 2009). This divergence 
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time estimate coincided with a prolonged aridity and cooling climate during the glacial 

advance. These glaciation cycles lasting between 40,000 to 100,000 years (Huybers 

2006) and over the past 2 MYA they provided both sufficient time and geographic 

isolation to form the distinct α and β clades.  

The β clade.— β1-Sri Lanka and β2-Sundaland refugia. The β clade began to 

diversify approximately at 1.33 MYA (95% HPD: 0.80 – 1.94 MYA) with the first split 

of the BD haplotype exclusively found in Borneo (Figure 2A). Through several periods 

of glaciation, by 0.78 MYA (95% HPD: 0.29-1.24), the ancestral population of the β2 

clade still thrived within Sundaland. The likely explanation is that repeated geographic 

isolation (Woodruff and Turner 2009) and genetic drift in the late Pleistocene have 

resulted in genetic differentiation between Sundaland and mainland Asia. Low sea level 

associated with Pleistocene glaciation and the resultant exposed corridor between 

Indochina and Sundaland (Tougard 2001; Woodruff and Turner 2009, Woodruff 2010) 

resulting in elephants occupying Sundaland. When high sea level returned during an 

interglacial period the corridor between Sundaland and mainland Southeast Asia may 

have submerged geographically, isolating the β2 subclade long enough for allopatric 

divergence to occur. Our inferred ancient colonization of Sundaland from Indochina is 

consistent with the basal placement of β2 subclade in phylogenetic analysis (Figure 2A) 

and at the internal node in haplotype analysis (Figure 2B). Our result is also consistent 

with estimates that Bornean elephants, E. m. borneensis, have been isolated  > 300,000 

years (Fernando et al. 2003). Their prolonged isolation and small effective population 
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size may explain the detection of a single mtDNA haplotype and low microsatellite 

diversity across the Bornean populations (Fernando et al. 2003; Goossens et al. 2016). 

Similar scenario of repeated geographic isolation also applied to the β1 subclade. 

Vidya et al. (2009) used concordance between fossil data, nested clade analysis and seven 

private β haplotypes to infer South India- Sri Lanka as the ancestral area of the β1 

subclade. 

The α clade.— Indochina refugium. Our estimated TMRCA of the α clade is 0.58 

MYA, (95% HPD: 0.28-0.98 MYA), which is younger than the TMRCA of the β clade. It 

is possible that the α clade was confined to the smaller refugia, or alternatively, limited 

geographic sampling within mainland Southeast Asia.  

Recent genetic studies with dense sampling from south China identified 15 new α 

haplotypes from four elephant populations (Zhang et al. 2015). These results further 

support the northern Indochinese region as the center of postglacial radiation of the α 

clade. Additional sampling of remnant populations in mainland Southeast Asia is needed 

to elucidate evolutionary history within this clade. The northern Indochina is also 

postulated to be a refugium for other species distributed from South and Southeast Asia 

(e.g. dhole Cuon alpinus (Iyengar et al. 2005), rhesus macaque Macaca mulatta (Melnick 

et al. 1993) and Anopheles mosquito (Morgan et al. 2011). 

In contrast to the phylogeographic partition observed in the β clade, explicit 

genetic subdivision is not detected in the α clade. We identified nine α haplotypes in the 

Tenasserim-Myanmar landscape and previous studies detected seven haplotypes from the 

eastern part of this region (Lao/Cambodia/Vietnam) (Figure 3, Table 4). This high 
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haplotype diversity in Indochina suggests that the α clade originated there or the 

postglacial bottlenecked α population later expanded from this ancestral area across 

central Indochina and into the Himalaya foothills (Vidya et al. 2009) and northward into 

central China as far north as Beijing (Li et al. 2015).  

 There is an anomaly in the distribution of the α clade; there are three closely 

related α haplotypes in Sri Lanka despite no α haplotypes in southern and central India 

(Figure 3). Vidya and colleagues (2009) suggested that these α haplotypes in Sri Lanka 

could have been the result of past elephant trade. Elephants were traded from Southeast 

Asia to China during the Ming Dynasty in the 15th -17th century (Trautmann 2015). 

Elephant trade was common during the Ayutthaya Kingdom (1351-1767) in Thailand 

(Trautmann 2015) and elephant trade from Southeast Asia to Sri Lanka was documented 

up until the 17th century (Olivier 1978).  

Admixture of the α and β clades. .— Indochina admixture zone. The current 

admixture of the α-β clades extends across Indochina and northeastern India-Bhutan 

region but not to the south in Sundaland or central and southern India (Figure 3, Table 4). 

The β2 clade in the Sundaland intermittently dispersed northward into Indochina as 

recently as 10 KYA during the presence of land bridge (Meijaard 2003) and around 20 

KYA during the last glacial maximum. An earlier wave of expansion was proposed to be 

after the Toba Volcanic eruption on Sumatra approximately 73.5 KYA (Vidya et al. 

2009). 

For the β1 clade, Sri Lanka was intermittently connected to the Western Ghats in 

southern India during the low sea level and form the Western Ghats-Sri Lanka 
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biogeographic region (Myers et al. 2000). The land bridge of >100 km wide (Bossuyt et 

al. 2004) likely promoted northward expansion of the β1 subclade into the continental 

South Asia. This habitat corridor was permanently disrupted around 10 KYA (Vaz 2000). 

The β1 clade dispersed eastward into Indochina and became admixed with α-clade 

residents in Indochina. A similar admixture zone is proposed by phylogeographic study 

of dhole Cuon alpinus (Igenyar et al. 2005), rhesus macaque Macaca mulatta (Melnick et 

al. 1993) and Anopheles mosquito (Morgan et al. 2010, 2011). 

Genetic diversity 

The mtDNA diversity based on the 600bp mtDNA fragments (h = 0.842, π = 

0.015) in the Tenasserim population is high and similar to levels based on the same 

fragments in Sri Lanka, Myanmar, Lao, and Peninsular Malaysia, but higher than those in 

Vietnam (Table 3). High genetic diversity is either indicative of large population size or a 

group of highly structured smaller population (Birky et al. 1989; Avise 2000). We did not 

detect physical barriers within the Tenasserim landscape and low mtDNA FST is evidence 

of genetic continuity across the region. Further evidence of a large, stable population 

since 600 KYA is shown in the Bayesian Skyline Plot of temporal changes in effective 

population sizes (Figure 4). Our genetic evidence of large population size is supported by 

Leimgruber et al. (2003), who identified the Tenasserim landscape as one of the four 

contiguous habitats supporting a population of N > 1000 (Table 4).  

Within the Tenasserim, the haplotype diversity in WEFCOM was significantly 

higher than in KKFC (Mann-Whitney U-test, P<0.05). Several evolutionary and 
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ecological processes could contribute to differences between the two complexes. Physical 

barrier subdividing the landscape could increase mtDNA diversity, but we could identify 

no physical barriers and a low FST within the complex and a single genetic cluster 

inferred from a Bayesian assignment (Figure 5) further indicate no population 

substructuring within WEFCOM. A more likely explanation for higher mtDNA diversity 

is that it has a larger population size (NWEFCOM > 1,000 vs. NKKFC>500; Srikrachang 2003) 

occupying a larger area (18,000-km2 WEFCOM vs. 4,800-km2 KKFC). The KKFC also 

has a greater perimeter to area ratio so it is subject to higher human pressure e.g. 

agriculture and livestock encroachment, poaching, road construction (Ngoprasert et al. 

2007; Kanwatanakid-Savini et al. 2012). 

We could make direct comparisons in microsatellite diversity with results from 

Lao (Ahlering et al. 2011; Hedges et al. 2013) and Cambodia (Gray et al. 2014), which 

used the same set of markers. Microsatellite diversity indices in the Tenasserim 

population were high (Table 5) and similar to the Nakai in Lao PDR (Ahlering et al. 

2011), and the Phnom Prich in Cambodia (Grey et al. 2014). An explanation for the 

similarity in microsatellite level between the Tenasserim, Lao and Cambodia populations 

in Indochina region is that prior to WWII elephant habitat in these countries was 

extensive and elephant numbers have remained high.  

Future study of region-wide genetic sampling should use the same set of 

microsatellite panel that have been used across the region to provide continued reliable 

monitoring of demographic history and population structure of elephants in Southeast 
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Asia. Luo et al. (2010) has stressed the importance of using the same set of markers for 

conserving tigers, Panthera tigris, and jaguars, Panthera onca.  

Caution in interpreting mtDNA and microsatellite data related to recent timeframe 

We must be cautious in interpreting the observed genetic patterns because 

signature of population bottleneck and the loss of genetic diversity might not be detected 

given elephant’s life history traits. Generation time of elephant lasts about 15-27 years 

(Sukumar 1989; Vidya et al. 2005; Goossens et al. 2016). In a stable population, elephant 

has late age of sexual maturity (10-15 years old), low reproductive rate, long inter-birth 

interval of four to six years and low juvenile (5-15% per year) and adult female mortality 

(2-3% per year) (Field and Ross 1976; Sukumar 1989). These intrinsic factor allows 

maintenance of large historic Ne and the associated loss of heterozygosity after 

population bottleneck occurs on a time scale of 2Ne generations in a panmictic population 

(Wright 1969). In most cases, the decline in Asian elephant numbers in the last 100-150 

years is too recent for detection of decreased heterozygosity and population bottleneck 

signal except in severe demographic reduction in Vietnam.  

It is therefore possible that the elephant populations in WEFCOM and KKFC 

might already experience population size reduction which we failed to detect. A more 

direct approach to determine the loss of genetic diversity is to incorporate museum 

specimens, preferably sampled from the historic time before habitat modification and 

compare the diversity from samples from current timeframe. This approach is used in the 

Bengal tiger Panthera tigris tigris (Mondol et al. 2013), lion Panthera leo (Barnett et al. 

2009), but has yet to be applied to Southeast Asia region. Additional five haplotypes 
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presented in the domestic individuals, that claimed to have the wild origin or parents with 

wild origin in Thailand (Thitaram et al. 2010) might serve as an indicator of mtDNA 

genetic depletion in Thailand elephants. However, elephant trade across Indochina often 

obscures geographic origin of the domestic individuals, so they might not be as reliable 

as historic specimens.  

Population genetic structure within the Tenasserim landscape  

Three rare haplotypes (AM, BX, AO), each of which carried by an adult male, in 

both complexes also lends support to male-biased dispersal and to the hypothesis that this 

region may be part of a larger metapopulation across Thailand and MYAnnmar and 

therefore has positive implications for high population viability within the next 100 years. 

Further sample from the Tanintharyi Nature Reserve is needed to determine population 

dynamics in the entire Tenasserim landscape. 

 We did not detect any mtDNA-based genetic subdivision between complexes, but 

weak, yet significant genetic discontinuity based on microsatellite data. Female social 

behavior to occupy habitats around natal areas can result in restricted gene flow and 

expected matrilineal subdivision. However we did not detect significant mtDNA 

differentiation between the WEFCOM and KKFC populations. Although this AMOVA 

results suggested moderate to high gene flow between WEFCOM and KKFC, this pattern 

might be reflective of the historic rather than current gene flow. Several studies have 

shown that the number of migrants based on mtDNA-based FST are often over-estimated 

and infer the past (> 5 generations ago) pattern rather than the present (Meirmans and  
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Hedrick 2011; Edelaar et al. 2011; Edellar and Bjorklund 2011). Given generation of 15-

20 years for Asian elephants (Fernando et al. 2003, Vidya et al. 2009), high mtDNA 

connectivity between WEFCOM and KKFC is in the timeframe of a century. Therefore, 

the mtDNA results do not reflect the consequence of human activities, which have 

intensified within the last 50 years, on genetic structure. 

 In contrast to past matrilineal connectivity inferred from mtDNA data, there is a 

moderate level of recent genetic subdivision between the complexes based on bi-parental 

microsatellite data (Figure 5). In addition to differences in the effective population size 

assessed by two types of markers, differences in the inferred timeframe of genetic 

structure and social system in elephants could explain the observed genetic partitioning in 

microsatellite loci incongruent with that inferred from mtDNA. We propose two 

movement scenario contributing to the observed genetic structure.  

The first scenario is that the genetic discontinuity between the WEFCOM and 

KKFC populations can be attributed to the absence of gene flow within the past century, 

or 5 generations and geographic isolation in the form of human settlement and agriculture 

in the Thailand portion of the Tenasserim landscape. The observed migrants potentially 

dispersed from WEFCOM to KKFC and vice versa within the past 60-70 years, which is 

an upper bound of an elephant’s longevity and those migrants still persist there. This 

scenario of recent genetic isolation is congruent with the low, but significant 

microsatellite genetic differentiation between WEFCOM and KKFC (RST= 0.11, 

P<0.01).  
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The second scenario is that elephant populations can still maintain low level of 

recent gene flow between WEFCOM and KKFC via Tanintharyi Nature Reserve on the 

Myanmar side. Although male-biased dispersal has been shown to maintain genetic 

connectivity between populations in African elephants (Nyakaana and Arctander 1999; 

Archie et al. 2008; Okello et al. 2008b; Ahlering et al. 2012a) and Asian elephants 

(Fernando and Lande 2000; Vidya et al. 2005; Ahlering et al. 2011), the low level of gene 

flow between WEFCOM and KKFC populations appeared to be insufficient to prevent 

genetic differentiation induced by genetic drift. As pipelines and highways are being 

constructed across the border, transboundary population dynamics will be continued to be 

disrupted and genetic erosion will become more apparent as a result of genetic drift and 

inbreeding.  

Landscape genetics is applying new techniques to understand how landscape 

patterns impact evolutionary processes. It has become an important tool in conservation 

on endangered species to help managers improve habitat connectivity of endangered 

species. How animals respond to land cover and land use informs managers attempting to 

curb the loss of biodiversity.  

The negative impact of dams, roads, urban and agricultural development create genetic 

and demographic barriers that has the greater impacts on large mammals.  

Managers need reliable estimates of effective population sizes and the probability 

of successful dispersal and gene flow to better manage these endangered populations and 

ensure that they remain resilient. Information on basic population dynamics including 

population size, survival and recruitment are essential to managing endangered 
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populations, but given that many populations are already small, landscape genetics is 

needed to manage human dominated habitat to ensure that small population can coalesce 

into larger more resilient populations. 

Landscape genetic analysis provides a scientific approach to maximize population 

size and connectivity given the constraints of competing land use objectives. For 

example, we provide baseline genetic data characterizing the spatial structure and genetic 

diversity of elephants in the Tenasserim which can serve to monitor changes in 

population size and loss of genetic variation. Our structure analyses suggest that 

elephants in the WEFCOM and KKFC have begun to differentiate into separate groups as 

a result of genetic drift acting on small population size. These data serve as a warning to 

managers and policy makers that collaborative management is needed to restore gene 

flow between these forest complexes. Revising the administrative structure of DNP to 

allow ecosystem level management would be a major policy shift that would require 

cabinet approval. The Greater Yellowstone Coalition is an alternative model that might 

serve as an informal first step to ecosystem management. It created an informal 

government and non-government stakeholders. For the Tennaserim landscape 

stakeholders could be modeled after Provincial Conservation Forum that were composed 

of provincial governors, concerned stakeholders and protected area chiefs (Emphandhu 

and Chettamart 2003).  

Our study also has the potential to assist law enforcement investigation of the 

ivory trade and illegal capture of wild elephants. By combining mtDNA haplotypes with 

microsatellite allele frequency data, we create a reference forensic database similar to one 
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developed for the African elephant (Wasser et al. 2015) to identify geographic origin of 

the seized individuals or elephant parts. We used the same mtDNA and microsatellite 

panels as used in previous studies in Lao PDR (Ahlering et al. 2010) and Cambodia 

(Pollard et al. 2008; Gray et al. 2014). The database would facilitate law enforcement and 

identify proper conservation intervention to restore or maintain ecological and 

evolutionary processes across Southeast Asia region. 

Genetic monitoring is also a useful tool for estimating population size, sex ratios 

and dispersal patterns. The DNA-based mark recapture estimation (Kohn and Wayne 

1997; Kohn et al. 1999; Mill et al. 2000) can replace the dung count methods (Desai and 

Lic Vuthy 1996; Duckworth and Hedges 1998; Timmins and Ou-Ratanak 2001), which 

require more intensive sampling and are criticized for the lack of precision (Walston et al. 

2001; Blake and Hedges 2004; Hedges et al. 2013). DNA-based mark recapture has 

already been applied to estimate the size of elephant population in the Seima Biodiversity 

Conservation Area, Cambodia (Gray et al. 2014) and Nam Et-Phou Loey in Lao PDR 

(Hedges et al. 2013). We therefore advocate landscape genetics for the conservation of 

large mammals in Southeast Asia. 
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