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Abstract 

Genetic Diversity of Long-tailed Goral 

(Naemorhedus caudatus) Populations 

in South Korea 

 

Suwon Chun 

College of Veterinary Medicine  

Veterinary Physiology 

The Graduate School 

Seoul National University 

 

Long-tailed goral (Naemorhedus caudatus) is distributed across northeastern 

China, eastern Russia and Korean peninsula. Due to habitat destruction and 

fragmentation along with heavy snow fall, population size has decreased 

dramatically decades ago, and currently unstable. By IUCN and CITES, long-tailed 

goral is listed as vulnerable species and commercial trade has been banned. Thus, a 

good knowledge of its genetic variation is crucial for the implementation of 

effective conservation measures. This study investigated genetic variation in 

control region of mitochondrial DNA, which has relatively fast mutation rate and 

no recombination (Li et al., 2003; Shephard et al., 2005), and allows detection of 

genetic differentiation over relatively small geographic distances (Avise, 1994; 

Frankham et al., 2002). The objective of this study was to aid in restoration and 

conservation management of N. caudatus by evaluation of genetic diversity and 
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differentiation in South Korean populations. We analyzed full control region 

sequences of 66 individuals collected from wild and discovered relatively moderate 

level of haplotype diversity and low nucleotide diversity (0.914 and 0.794%, 

respectively). Phylogenetic trees showed that haplotype distribution has no 

correlation with sampling localities; moreover, moderate values of differentiation 

showed that there is limited gene flow between Northern and Southern populations. 

Climatic and geographic characteristics of Daegwallyeong area between the two 

population ranges formed the barrier inhibiting gene flow between the two 

populations. Flat highland of Daegwallyeong with high snow cover would not be 

suitable for dispersal corridor of long-tailed gorals. Species’ philopatric behavior 

and anthropogenic factors may have also contributed to the population 

differentiation. It is suggested that the two populations need to be managed as 

separate management units.  

 

Keywords : Naemorhedus caudatus, long-tailed goral, endangered, control region, 

genetic diversity 
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Introduction 

 

 

Taxonomy 

 

According to recent taxonomic propositions, the Caprinae subfamily includes 

35 species, which are classified into four tribes and 14 genera (Wilson and Reeder, 

2005; Ropiquet and Hassanin, 2005a, b). The four tribes are Rupicaprini, Ovibovini, 

Caprini, and Pantholopini (Geist, 1987; Gentry, 1992; Hernandez-Fernandez and 

Vrba, 2005). The long-tailed goral (Naemorhedus caudatus) belongs to Rupicaprini, 

which consists of four genera: Naemorhedus, Rupicapra, Capricornis, and 

Oreamnos (Nowak, 1991; Hassanin et al., 1998b). Previous evolutionary molecular 

studies have revealed that Naemorhedus (goral) and Capricornis (serow) represent 

the basal evolutionary lineage among Caprinae (Mucci et al., 1998). Hence, 

phylogenetic analysis of any of these two genera would further provide significant 

understanding of the Caprinae subfamily. 

 

Ecology of Species 

 

The four species of genus Naemorhedus (N. caudautus, N. goral, N. baileyi, 

and N. griseus) (Wilson and Reeder, 2005) are considered the most “primitive” of 

the Caprinae subfamily. (Geist, 1985, 1987). Having a small body size and 

philopatric behavior, long-tailed gorals form small social groups and adult males 

defend territories (Myslenkov and Voloshina, 1978 in Mead 1989). Similar to other 
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ungulate species, N. caudatus form female-basis social system, where the most 

basic demographic unit consists of the female with her offspring (Geist, 1971; 

Schaller, 1977; Greenwood, 1980; Habibi, 1997). They inhabit steep mountainous, 

rocky terrain with highly seasonal food resources at elevation range from 500 to 

2000 m above sea level. 

 

Current Status of Long-tailed Goral Populations in East Asia 

 

Naemorhedus caudatus is distributed throughout eastern Russia (Primorsky 

and Khabarovsk Territories), northeastern China, and the Korean peninsula (Grubb, 

2005; see Figure 1). Some of ecological and molecular studies have been done on 

Russian and South Korean populations while the distribution and diversity status of 

Chinese and North Korean populations remain unknown. Bromley (1977) has 

estimated the total number of Russian population as between 600 and 750 

individuals. Later in 1989, Myslenkov and Voloshina discovered that there is no 

decline in the number of individuals or known populations. However, due to 

persistent overexploitation, goral has been listed as Category I of the Russian Red 

Data Book (Borodin, 1984).  
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Figure 1. World-wide distribution of Naemorhedus caudatus (IUCN, 2008).  

 

In South Korea, goral population has been decreasing due to habitat 

fragmentation, destruction, and poaching (Cultural Heritage Administration, 2011). 

Although there are approximately 21 goral habitats with 690-784 individuals, only 

four of the habitats are known to sufficiently sustain genetic diversity (Ministry of 

Environment of Korea, 2002). Thus, goral is designated as endangered species by 

the South Korean government (Ministry of Environment of Korea, 2004) and also 

as a natural monument (No. 217: Cultural Properties Administration, 1968). 

According to a recent population monitoring survey by Korea National Park 

Service, the identified number of individuals at three mountains are as follows: 155 

at Mt. Seorak-san (2010-2012), 16 at Mt. Odae-san (2010-2012), and 39 at Mt. 

Worak-san (2012). 

Internationally, goral is categorized as vulnerable species by IUCN since 1996 

(Duckworth et al., 2008) and listed on Appendix I of CITES, which prohibited 
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commercial trade of this species (Hutton and Dickson, 2000). Since the genetic 

diversity of Korean population is decreasing (Kim et al., 2004), there is an urgent 

need to develop conservation projects to promote increase in both population size 

and distribution. Knowledge on the species’ taxonomic status and population 

genetic structure is fundamental to develop effective conservation programs 

(Lorenzini et al., 2004). Moreover, inter- and intraspecific phylogenetic knowledge 

also would help understand species biology and resolve conservation and 

management units of the species (An, 2006). 

 

Molecular Research 

 

In recent years, Naemorhedus caudatus has received some attention in 

molecular studies, such as the species’ phylogenetic status and development of 

various genetic markers. In 2004, Min et al. confirmed the phylogenetic status 

between N. caudatus and Capricornis crispus using partial sequences of 

mitochondrial DNA cytochrome b gene. They confirmed the assignment of long-

tailed goral and Japanese serow in two separate genera; also, discovered 

considerable genetic divergence between Korean goral population and Chinese N. 

caudatus individual, while virtually no genetic divergence was found between 

Korean population and Russian individual.  

In the report by Kim et al. (2004), 34 Bovidae microsatellite loci were 

screened on N. caudatus and 16 (55.2%) were identified polymorphic. This study 

genotyped six Korean N. caudatus individuals and found low genetic diversity – 

actual heterozygosity lower than expected under Hardy-Weinberg equilibrium. In 
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2005, An et al. characterized 15 polymorphic and species-specific microsatellite 

loci from Korean N. caudatus. Besides the 15 loci from 2005, An et al. (2010a) 

tested 8 additional novel loci and affirmed that 11 loci out of 23 qualified as core 

microsatellite markers for N. caudatus. 

Using non-invasive samples, Kim et al. (2008) developed an economical 

PCR-RFLP method for species and sex determination of N. caudatus from five 

Korean ungulate species. Furthermore, Kim et al. (2009) developed multiple 

primer sets to identify species and sex of N. caudatus among five ungulate species 

by multiple PCR amplifications. In 2010, Jang and Hwang sequenced the complete 

mitochondrial genome of N. caudatus and determined the length of control region 

to be 1099 base pair (bp). 

Moreover, An et al (2010b) investigated the organization and variation of 

control region in five Caprinae species. In N. caudatus, three tandem repeats were 

found at nucleotide positions 271-347 (76 bp), 348-424 (76 bp), and 425-500 (75 

bp). While three tandem repeats were also found in Himalayan serow, two repeats 

were found in the Korean native goat, Japanese serow, and one repeat found in 

Formsan serow. This indicated that the divergence time of tandem repeats in the 

Korean and Himalayan goral is possibly longer than that of other compared species. 

The mean genetic distances among Naemorhedus species was 21.0% and 23.3% in 

Capricornis species.  

For an endangered species like N. caudatus, its continued survival is highly 

dependent on effective conservation measures. A good knowledge of the genetic 

variation within and between populations is crucial for the species’ effective 

management (Du et al., 2010). Hence, mitochondrial DNA (mtDNA) is frequently 
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used in phylogenetic and population genetic studies because of its maternal 

inheritance and no recombination (Wilson et al., 1985; Boyce et al., 1999; Li et al., 

2003; Shephard et al., 2005). Moreover, mtDNA has a relatively fast mutation rate, 

which results in significant variation in mtDNA sequences between species and 

comparatively small variance within species (Khan et al., 2008; Wang et al., 2006). 

Of the many genes in mtDNA, control region is known to evolve most rapidly, 

allowing detection of genetic differentiation over relatively small geographic 

distances in many species (Avise, 1994; Frankham et al., 2002). In a Bovidae 

phylogenetic study, the average pair-wise sequence divergence using different 

genetic modes was found to be: control region (0.229) > cytochrome b (0.159) > 

COI or complete mtDNA (0.143) > 12S rRNA (0.094) > 16S rRNA (0.091) (Arif et 

al., 2012). No previous studies have performed control region analysis of N. 

caudatus populations in South Korea. 

Thus, in order to aid in restoration and conservation management of N. 

caudatus, this study used control region as the genetic marker to analyze long-

tailed goral populations in South Korea. The main objectives of this study were to 

determine the genetic diversity and evaluate the genetic differentiation of 

Naemorhedus caudatus populations in South Korea.  
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Materials and Methods 

 

 

Sample Collection 

 

Tissue and skin samples of 51 N. caudatus were collected from nine localities 

during the years from 2000 to 2012. All samples were provided by the 

Conservation Genome Resource Bank for Korean Wildlife (CGRB; www.cgrb.org). 

In addition, 15 N. caudatus sequences were retrieved from GenBank and used in 

analysis. The CGRB ID, NCBI number (for those applicable), collection locality, 

and collection year of each sample are shown in Table 1. 

http://www.cgrb.org/
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Table 1. NCBI number, locality, haplotype number, and year of collection are 

shown according to CGRB ID number.  

 

CGRB ID NCBI No. Locality Haplotype 
Year 

collected 

40  Samcheok Hap08 2000 

41 EU259153 Samcheok Hap08 2000 

65 EU259156 Inje Hap01 2001 

67 EU259160 Goseong Hap04 2001 

73 EU259161 Goseong Hap03 2001 

86 EU259154 Uljin Hap08 2002 

87 EU259162 Yanggu Hap03 2002 

88  Uljin Hap08 2002 

92 EU259169 Yanggu Hap06 2002 

100 EU259165 Yangyang Hap19 2002 

108 EU259158 Goseong Hap01 2003 

109 EU259157 Goseong Hap01 2003 

133 EU259170 Goseong Hap02 2003 

138 EU259171 Inje Hap12 2003 

287  Samcheok Hap07 2003 

1852 EU259174 Inje Hap05 2005 

1853  Inje Hap01 2005 

1870 EU259175 Inje Hap05 2005 

2048 EU259164 Goseong Hap03 2005 

3916  Wonju Hap09 2006 

4207  Inje Hap12 2007 

4278  Hwacheon Hap18 2007 

4279  Hwacheon Hap18 2007 

4280  Hwacheon Hap21 2007 

4281  Yanggu Hap18 2007 

4282  Yanggu Hap18 2007 

4283  Inje Hap17 2007 

5855  Uljin Hap08 2008 

8730  Uljin Hap10 2009 

11080  Uljin Hap10 2010 

11082  Uljin Hap08 2010 



 

 9 

11301  Uljin Hap10 2010 

11303  Uljin Hap11 2010 

11304  Uljin Hap10 2010 

11307  Uljin Hap10 2010 

11319  Uljin Hap10 2010 

11654  Uljin Hap10 2010 

12611  Uljin Hap08 2010 

12612  Uljin Hap08 2010 

12645  Uljin Hap08 2010 

12646  Uljin Hap08 2010 

12647  Uljin Hap08 2010 

12648  Uljin Hap10 2010 

13878  Hwacheon Hap13 2011 

13993  Inje Hap13 2011 

14200  Yanggu Hap13 2012 

14201  Yanggu Hap15 2012 

14202  Yanggu Hap20 2012 

14203  Yanggu Hap22 2012 

14204  Yanggu Hap14 2012 

14205  Yanggu Hap19 2012 

14206  Yanggu Hap03 2012 

14208  Yanggu Hap20 2012 

14209  Yanggu Hap18 2012 

14210  Hwacheon Hap19 2012 

14211  Goseong Hap01 2012 

14212  Goseong Hap01 2012 

14213  Goseong Hap03 2012 

14214  Hwacheon Hap16 2012 

14215  Chuncheon Hap13 2012 

14216  Goseong Hap01 2012 

14217  Goseong Hap03 2012 

14247  Uljin Hap08 2012 

14253  Uljin Hap08 2012 

14254  Uljin Hap08 2012 

14255  Uljin Hap10 2012 
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DNA Extraction and Amplification 

 

DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen Inc., Cat. 

No. 69506, USA) following the manufacturer’s protocol. Complete sequence of 

mitochondrial DNA control region (1,099 bp) was amplified by polymerase chain 

reaction (PCR). A primer set of Cytb up (CAC CCC AGC AAA CCC ACT CAG 

CAC ACC CCC TCA C) and R467 (GAT RCT TGC ATG TGT AAK TYT A) were 

utilized. Total volume of 25 µL reaction mixture contained ~10 ng of template 

DNA, 10X buffer, 0.2 mM dNTPs, 1 µM of each primer, and 1U of Taq 

polymerase (Takara, Cat. No. R001A, Japan). PCR conditions consisted of an 

initial denaturation at 94°C for 5 minutes, followed by 35 cycles of 30 seconds at 

94°C, 30 seconds at 50°C, 40 seconds at 72°C and a final extension at 72°C for 5 

minutes, then stored at 4°C. PCR products were purified using the Zymoclean Gel 

DNA Recovery Kit (Zymo Research, Cat. No. D4001, USA) following the 

manufacturer’s manual. Purified products were then sequenced on ABI3730XL 

DNA Sequencer (Applied Biosystems. USA) at the National Instrumentation 

Center for Environmental Management (NICEM, Korea). 

 

Data Analysis 

 

Sequences were edited and aligned using Geneious 5.3.6 with further manual 

adjustments. Haplotype diversity and nucleotide diversity were calculated by 

DnaSP v.5 (Librado and Rozas, 2009). Tajima’s D test (Tajima, 1989), Fu’s FS test 

(Fu, 1997), F-statistics, corrected average pairwise difference, Harpending’s 
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raggedness index and AMOVA were calculated by Arlequin 3.5.1 (Excoffier and 

Lischer, 2010). 

The evolutionary history of N. caudatus haplotypes was inferred using the 

maximum likelihood (Tamura and Nei, 1993), maximum parsimony, and neighbor-

joining (Saitou and Nei, 1987) methods. These phylogenetic analyses were 

conducted in MEGA software version 5. (Tamura et al., 2011). For neighbor-

joining tree, Kimura-2-parameter model (Kimura, 1980) was used with transitions 

and transversions substitution at uniform rates. For maximum parsimony tree, 

close-neighbor interchange algorithm (Nei and Kumar, 2000) was used and for 

maximum likelihood tree, nearest-neighbor interchange algorithm and Hasegawa-

Kishino-Yano (HKY; Hasegawa et al., 1985) model with gamma distributed rates 

were used. The degree of support for these three phylogenetic trees was estimated 

by 1000 bootstrap replicates (Felsenstein, 1985). Moreover, Bayesian inference 

phylogenetic tree was constructed using Modeltest (Posada and Crandall, 1998, 

2001) and MrBayes version 3 (Ronquist and Huelsenbeck, 2003). For Bayesian 

tree, HKY model with gamma distributed rates was used. For construction of all 

four trees (neighbor-joining, maximum parsimony, maximum likelihood, and 

Bayesian inference) a Capricornis crispus control region sequence was used as 

outgroup (NCBI accession No. AB055685).  

According to a mutation rate of per site per year of mammal control region 

(Pesole et al., 1999), the divergence time between tree groupings was estimated on 

MEGA5 by p-distance method (Tamura et al., 2011). The pattern of sequence 

evolution was also represented using a median-joining network (Bandelt et al., 

1999). Furthermore, GenAlEx 6.5 was used for Principal Coordinates Analysis 



 

 12 

(PCA) using covariance-standardized method based on genetic distance (Peakall 

and Smouse, 2012). 
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Results 

 

 

Molecular diversity  

 

From 66 N. caudatus individuals, 22 haplotypes were detected. There were 45 

polymorphic sites, of which 15 were singleton variable sites and 30 were 

parsimony informative sites (Table 2).   
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Table 2. Nucleotide substitutions in 22 haplotypes in 1099 bp control region sequence.  

Haplotype 

Nucleotide positions 

                                       
1 1 1 1 1 1 1 

  
1 1 2 2 2 2 2 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 5 5 8 8 8 8 9 9 9 9 9 9 9 0 0 0 0 0 0 0 

 
8 1 6 2 4 5 7 9 1 2 2 5 7 7 8 0 1 2 3 4 4 4 6 6 7 1 7 4 5 8 9 0 2 4 6 6 8 8 0 2 6 7 7 8 9 

 
2 8 6 2 3 3 1 2 9 6 9 4 0 4 2 5 6 7 2 0 3 6 2 7 2 9 0 9 3 5 4 6 0 4 3 9 4 9 5 3 5 3 9 0 7 

Hap01 
 

C T C C A C A A A T C C G G T C A C T C T A T C G C C C A A A C T C C C C C C T A A C T A 

Hap02 
 

G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Hap03 
 

. . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . 

Hap04 
 

. C . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . 

Hap05 
 

. . . . G . . G . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . 

Hap06 
 

. C T . G . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Hap07 
 

. . T T . . G G . . . . A . . . . T . . . G . . A . . . . . . . . . . . . . . C . C A G . 

Hap08 
 

. . T . . . G G . . . . A . . . . T . . . G . . A . . . . . . . . . . . . . . . . . . . . 

Hap09 
 

. . T . . T G G . . . . A . . . . T . . . G . . A . . . . . . . . . . . . . . . . . . . . 

Hap10 
 

. . T . . . . G . . . . A A . . . T . . . G C . A T . . . . . . . . . . . . . . . . . . . 

Hap11 
 

. . T . . . . G . . . . A A . . . T . . . G C . A T . . C . . . . . . . . . . . . . . . . 

Hap12 
 

. . T . . . . G G C . . A . . . . T . . . G . T A T . . . . . . . . . . . . . . . . . . . 

Hap13 
 

. . T . . . . G G . . . A . . . . T . . . G . T A T . . . . . . . . . . . . . . . . . . . 

Hap14 
 

. . T . . . . G G . . . A . . . . T . . . G . T A T . . . . . . . . . . . T . . . . . . . 

Hap15 
 

. . T . . . . G G . . . A . . . . T . . . G . T A T A T . T T A C A . . . T . . . . . . G 

Hap16 
 

. . T . . . . G G . . . A . . . . T . . . G . T A T . . . T . A . A . G G T . . C . . . . 

Hap17 
 

. . T . . T G G . . . . A . . . . T . . . G . . A . . . . T T A . A T . . T . . . . . . . 

Hap18 
 

. C T . G . . G . C T T A . C T G T C T C G . . A T . . . . . . . . . . . . . . . . . . . 

Hap19 
 

. C T . G . . G . C T T A . C T . T C T C G . . A T . . . . . . . . . . . . . . . . . . . 

Hap20 
 

. C T . G . . G . C T T A . C T . T C T C G . . A T . . . . . . . . . . . . G . . . . . . 

Hap21 
 

. C T . G . . G . C T T A . C T . T C T C G . . A T . . . . . . . A . . . T . . . . . . . 

Hap22 
 

. C T . G . . G . C T T A . C T . T C T C G . . A T . . . T . A . A . . . T . . . . . . . 



 

 15 

Table 3 represents haplotype diversity and nucleotide diversity of two 

populations. Northern population showed higher diversity values than that of 

Southern. Haplotype diversity of the total population was 0.914 and nucleotide 

diversity was 0.794%.  

 

Table 3. Genetic variability observed in mitochondrial DNA control region (1099 

bp) in long-tailed gorals from two populations.  

 

Population h π (%)  

Northern 0.926 0.943 
 

Southern 0.609 0.229 
 

TOTAL 0.914 0.794 
 

h, haplotype diversity; π, nucleotide diversity. 

 

Distribution of Control Region Haplotypes 

 

In consideration of their philopatric behavior and geographical distance, 66 

samples were divided into two populations according to their sampled locality: 

Northern and Southern. Northern populations consisted of Hwacheon (HC), 

Yanggu (YG), Goseong (GS), Chuncheon (CH), Inje (IJ), Yangyang (YY); and 

Southern populations consisted of Wonju (WJ), Samcheok (SC), and Uljin (UJ) 

(Figure 2). 
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Figure 2. Sampling localities of long-tailed goral. See Table 4 for sites 

abbreviation.  

 

In Northern population, 17 haplotypes were found from 40 individuals. The 

most common haplotype was Haplotype01 which was shown in seven individuals; 

however this haplotype was only found in Goseong and Inje. The next most 

frequent haplotype was Haplotype13, found in four individuals from four different 

localities. The most variable location was Yanggu with nine haplotypes. The 

second most was Inje and Hwacheon with five haplotypes each. Goseong had two 

common (01 and 03) and two unique haplotypes (02 and 04) while Hwacheon had 

two common (13 and 19) and three unique (16, 18, and 21). Inje consisted of two 
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common (01 and 13) and three unique (05, 12, and 17). Yanggu, being the most 

variable had three common (03, 13, and 19) and six unique haplotypes (06, 14, 15, 

18, 20, and 22). Both Chuncheon and Yangyang consisted of unique haplotypes (13 

and 19, respectively) (Table 4). 

 In Southern population, five haplotypes were discovered from 26 

individuals. The most common haplotype was Haplotype08 with the frequency of 

14 total. Uljin was the most variable with one common haplotype (08) and two 

unique haplotypes (10 and 11). Samcheok had one common (08) and one unique 

(07) from five individuals and Wonju had only one haplotype (09) from one 

individual (Table 4).  

 Both Northern and Southern populations combined, 22 haplotypes were 

discovered from 66 individuals. There were no shared haplotypes found between 

the two “arbitrary” populations, which may suggest limited gene flow between two 

populations. However, because the size of each population and locality differ, the 

possibility of underestimation or overestimation of haplotypes due to sampling 

error cannot be ruled out. 



 

 18 

Table 4. Sample location and control region haplotype distribution of long-tailed 

goral.  

N, sample size; h, number of haplotypes 

 

 

Genetic Variation and Differentiation 

 

The hierarchical components of mtDNA variation were computed using the 

AMOVA (Analysis of Molecular Variance) analysis implemented in Arlequin 

(Excoffier, and Lischer, 2010). The percentage variation among populations was 

28.20 and percentage variation within populations was 71.80 (Table 5). 

 

Location (Abbr.) 
mtDNA control region 

 
N h Haplotypes 

 
Northern    

 
Inje (IN) 8 5 Hap01 (2), Hap05 (2), Hap12 (2), Hap13 (1), Hap17 (1)  

Goseong (GS) 11 4 Hap01 (5), Hap02 (1), Hap03 (3), Hap04 (1) 
 

Yanggu (YG) 13 9 
Hap03 (2), Hap06 (1), Hap13 (1), Hap14 (1), Hap15 (1), 

Hap18 (3), Hap19 (1), Hap20 (2), Hap22 (1) 
 

Hwacheon (HC) 6 5 Hap13 (1), Hap16 (1), Hap18 (2), Hap19 (1), Hap21 (1) 
 

Chuncheon (CH) 1 1 Hap13 (1) 
 

Yangyang (YY) 1 1 Hap19 (1) 
 

Sub-total 40 17   

Southern     

Samcheok (SC) 3 2 Hap07 (1), Hap08 (2) 
 

Uljin (UJ) 22 3 Hap08 (12), Hap10 (9), Hap11 (1)  

Wonju (WJ) 1 1 Hap09 (1)  

Sub-total 26 5 
  

Total 66 22  
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Table 5. AMOVA of N. caudatus in South Korean geographical ranges. The 

regions were divided into two populations.  

 

Source of variation 

Control Region 

d.f. 
Sum of 

squares 

Variance 

components 

% of 

variation 

Among populations  1 49.202 1.445 28.20 

Within populations 64 235.419 3.678 71.80 

Total 65 284.621 5.123 
 

 

 

Levels of genetic differentiation in each locality of Northern and Southern 

populations are shown in Table 6. FST value between Northern and Southern 

populations was 0.2820 and significant (not shown in table), indicating significant 

differentiation between two populations. Northern population showed both 

significant and variable FST values while Southern population showed relatively 

lower and non-significant values. Moderate differentiation values also revealed that 

there is limited gene flow among sites. Higher FST values were observed in some 

Northern populations because there were no shared haplotypes among them which 

may be due to sampling bias. 
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Table 6. FST (below diagonal) and pairwise genetic difference (corrected pairwise difference) of control region (above diagonal).  

 

 Northern 
 

Southern 

 
IJ GS YG HC CH YY 

 
SC UJ WJ 

IJ  
1.8636* 2.4295* 4.4167* 2.0000 10.500 

 
2.5000* 1.9156* 3.2500 

GS 
0.3478* 

 
6.8718* 10.4849* 8.2727 16.091 

 
7.1818* 6.6387* 8.1818 

YG 
0.1929* 0.5140*  -0.6154 4.3333 2.1795 

 
5.1026* 4.1335* 6.1026 

HC 
0.3429* 0.7390* 0.0000  5.0000* 1.0000* 

 
6.3333* 5.2944* 7.3333* 

CH 
0.0000 0.8958 0.0000 0.0170  12.000 

 
4.0000 2.9610* 5.0000 

YY 
0.4609 0.9451 0.0000 0.0000 1.0000  

 
12.000 10.961* 13.000 

SC 
0.2328* 0.8333* 0.2948* 0.4155* 0.2632 0.6744 

 
 0.7792 1.0000 

UJ 
0.3758* 0.7895* 0.4425* 0.6149* 0.4639* 0.8200* 

 
0.3261  1.7792 

WJ 
0.0000 0.8947 0.0508 0.2055 1.0000 1.0000 

 
0.0000 0.2426  

Corrected pairwise difference PiXY-(PiX+PiY)/2; * denotes significant p-values
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Phylogenetic Trees 

 

Four phylogenetic trees based on 22 long-tailed goral control region 

haplotypes were constructed using different models and methods. Next to each 

haplotype, locality abbreviation and number of individuals were shown. In 

neighbor-joining tree (Figure 3), four haplogroups were found within Northern 

population and two were found in Southern population; all haplogroups were 

irrelevant to sample localities except for one haplogroup containing Hap10 (Uljin) 

and Hap11 (Uljin). In maximum parsimony tree (Figure 4), three haplogroups were 

found within Northern population, also irrelevant to locality. One notable finding is 

that Hap17 of Inje was grouped with haplotypes from Southern population. In 

maximum likelihood and Bayesian trees, three haplogroups were found in Northern 

population and two haplogroups were found in Southern population (Figure 5 and 

6). Haplogroup compositions were irrespective of sampled localities, however, all 

trees showed a grouping trend of two populations into Northern and Southern. 
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Figure 3. Neighbor-joining tree of long-tailed goral using haplotypes of full 

control region (1099 bp), based on Kimura-2-parameter model. Based on 1000 

bootstrap replications, values over 50% are shown.  
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Figure 4. Maximum parsimony tree of control region haplotypes using Hasegawa-

Kishino-Yano model with gamma distributed rates. Based on 1000 bootstrap 

replications, values over 50% are shown.  
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Figure 5. Maximum likelihood model of control region haplotypes using 

Hasegawa-Kishino-Yano model with gamma distributed rates. Based on 1000 

bootstrap replications, values over 50% are shown.  
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Figure 6. Bayesian tree of control region haplotypes using Hasegawa-Kishino-

Yano model with gamma distributed rates. Based on 1000 replications, posterior 

probabilities over 0.50 are shown.  
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Based on the haplogroup formation of Bayesian tree, the divergence time 

between haplogroups were estimated (Table 8). Table 7 shows haplogroup number 

and localities of each haplotype to help the understanding of divergence time.  

 

Table 7. Haplogroup composition showing haplotype number and locality based 

on Bayesian tree (Figure 6). 

 

  Group No. Haplotype Locality 

North 

Gp1 

Hap01 IJ, GS 

Hap02 GS 

Hap03 GS, YG 

Hap04 GS 

Hap05 IJ 

Hap06 YG 

Gp2 

Hap18 YG, HC 

Hap19 YG, HC, YY 

Hap20 YG 

Hap21 HC 

Hap22 YG 

Gp3 

Hap12 IJ 

Hap13 IJ, YG, HC, CC 

Hap14 YG 

Hap15 YG 

Hap16 HC 

Hap17 IJ 

South 

Gp4 

Hap07 SC 

Hap08 UJ, SC 

Hap09 WJ 

Gp5 
Hap10 UJ 

Hap11 UJ 
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The estimated divergence time between Northern and Southern was 398,000 

years, which lies within late Pleistocene. The range of divergence time between 

haplogroups was from 617,000 to 235,000 years ago.  

 

Table 8. Sequence divergence (p-distance) and divergence time between each 

haplogroup and between Northern and Southern. See Table 7 for the composition 

of haplogroups. 

 
Divergence point   

(Gp) 

Estimated seq. divergence 

(K ± SE, %) 

Estimated time of 

divergence (T, 103 years)   

between 

haplogroups 

1 vs 2 1.556 ± 0.338 617  

1 vs 3 1.168 ± 0.270 463  

1 vs 4 0.895 ± 0.246 355  

1 vs 5 0.850 ± 0.262 337  

2 vs 3 1.465 ± 0.328 581  

2 vs 4 1.421 ± 0.321 564  

2 vs 5 1.284 ± 0.316 509  

3 vs 4 0.855 ± 0.190 339  

3 vs 5 0.789 ± 0.198 313  

4 vs 5 0.592 ± 0.202 235  

between          

North and South 
1,2,3 vs 4,5 1.004 ± 0.166 398  

* The following equation was used for estimation (T = K / 2r; where r is the substitution rate). For r, 

mammal control region rate was used; r = 12.6 ± 3.2% (Pesole et al, 1999). 
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In median-joining network tree, three haplogroups in Northern and two 

haplogroups in Southern were found (Figure 7), similar to the results of maximum 

likelihood and Bayesian tree. Although there are some missing haplotypes, it can 

inferred that no shared haplotypes are present between Northern and Southern 

populations. 

 

 

Figure 7. Median-joining network of control region haplotypes. The size of the 

circles indicate frequency of haplotypes and red dots indicate missing haplotypes. 

 



 

 29 

Principal Coordinates Analysis (PCA) illustrated three groupings in haplotype 

distribution, which had no correlation with locality and geographical distance 

(Figure 8). Three localities of southern population were grouped together with Inje, 

Yanggu, Hwacheon, and Chuncheon. Haplotypes from Yanggu, Hwacheon, and 

Chuncheon were grouped together and other haplotypes of Inje, Goseong, Yanggu 

were grouped together. The intent of this analysis was rather to confirm that 

haplotype distribution has indirect relationship to geographic distance, than to 

resolve lineages. 

 

 

Figure 8. PCA using covariance-standardized method based on genetic distance. 

Color shapes represent each locality (1=IJ, 2=GS, 3=YG, 4=HC, 5=CH, 6=YY, 

7=SC, 8=UJ, 9=WJ). 

 

Since preceding analyses showed that South Korean goral population is 

geographically not distinguished, we performed two neutrality tests and mismatch 

distribution plot using all of the individuals as a whole. The non-significant p-

values of Tajima’s D and Fu’s FS tests (Table 9) may suggest that goral population 

as a whole is under the neutral evolution. Moreover, the seemingly multimodal 



 

 30 

form of frequency distribution plot (Figure 9) and non-significant p-value of 

Harpending’s raggedness index (R; Table 9) do not support the null hypothesis of 

population expansion. 

 

Table 9. Results of neutrality tests and Harpending’s raggedness in mitochondrial 

DNA control region (1099 bp) of all long-tailed gorals used in this study.   

 

Tajima's D  Fu's FS R 

(p-value) (p-value) (p-value) 

-0.2653 -1.1349 0.0363 

(0.484) (0.414) (0.286) 

 

 

 

Figure 9. Frequency distribution plot of all samples as a whole. 
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Discussion 

 

Overall Genetic Diversity 

 

Comparison with other species 

Because mtDNA is very sensitive to population bottleneck, comparing 

haplotype diversity and nucleotide diversity can illustrate patterns of historical 

demography (O’Brien, 1994). This paper assessed full length control region (1099 

bp) and discovered haplotype diversity of 0.914 and nucleotide diversity of 0.794% 

among 66 N. caudatus individuals in South Korea. It was not possible to compare 

these numbers with those of other N. caudatus populations due to the difficulty in 

sample collection and unavailability of existing data. Thus, the values of present 

study will be compared to the molecular diversity analyses of five species from the 

same tribe as N. caudatus, Rupicaprini; two species from different tribes, Caprini 

and Pantholopini; and one species from different family Cervidae (Table 10). 

Overall, compared to other species in Rupicaprini, N. caudatus showed relatively 

lower or similar level of haplotype diversity and much lower level of nucleotide 

diversity.  

The range of haplotype diversity varied from 0.670 to 0.983 (Cervus elaphus 

and C. crispus respectively; Table 10). The nucleotide diversity ranged from as low 

as 0.350% to 3.70% (C. elaphus and Oreamnos americanus respectively). 

Comparison with various species revealed that genetic diversity of Korean goral 

population is at intermediate level. However, the Southern population alone shows 
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the lowest values of haplotype diversity and nucleotide diversity (0.609 and 

0.229% respectively; Table 3). According to Lowe et al. (2004), haplotype diversity 

higher than 0.5 and nucleotide diversity lower than 0.5% may represent population 

bottleneck followed by rapid population growth and mutation accumulation. This 

indicates that the southern population may have experienced population bottleneck 

in the past.
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Table 10. Control region molecular indices from various population genetic studies of other Bovidae and Cervidae species. 

Tribe name Genus name Species name 
Common 

name 

No. of 

samples 

d-loop 

length 

(bp) 

Number of 

haplotypes 

Haplotype 

diversity 

(h) 

Nucleotide 

diversity 

(π %) 

Reference 

Rupicaprini 

Naemorhedus caudatus long-tailed goral 66 1099 22 0.914 0.794 this study 

Oreamnos americanus 
American 

mountain goat 
200 699 99 0.980 3.70 Shafer et al., 2010 

Capricornis crisupus Japanese serow 22 1022 20 0.983 1.76 Liu et al., 2013 

Capricornis swinhoei Formosan serow 19 1094 11 0.930 2.83 Liu et al., 2013 

Capricornis sumatraensis Sumatran serow 19 1014 10 0.895 2.49 Liu et al., 2013 

Rupicapra rupicapra Alpine chamois 239 1091 54 0.945 2.40 Crestanello et al., 2009 

Caprini 

Pseudois nayaur blue sheep 71 554 15 0.792 0.392 Wang et al., 2006 

Pseudois 
nayaur 

szechuanensis 
blue sheep 81 554 20 0.811 0.900 Zeng et al., 2008 

Capra aegagrus hircus domestic goat 93 463 54 0.963 2.01 Amills et al., 2008 

Pantholopini Pantholops hodgsoni chiru 312 383 232 0.997 2.65 Du et al., 2010 

(family) 

Cervidae 

Cervus elaphus red deer 625 821 74 0.670 0.350 Perez-Espona et al., 2008 

Capreolus pygargus Siberian roe deer 9 679 6 0.930 1.20 Randi et al., 1998 

Capreolus capreolus European roe deer 21 679 15 0.930 1.10 Randi et al., 1998 
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Other molecular marker analyses 

To compare the molecular diversity between different genetic markers, 

complete cytochrome b sequences of 25 long-tailed gorals were used (Jung-hwa An, 

personal communication). Out of 25 individuals, six haplotypes were found among 

seven localities. Lower haplotype diversity and lower nucleotide diversity (0.600, 

0.109%, respectively; not shown in table) were found compared to that of control 

region (0.914, 0.794%, respectively). This is in accordance with the known fact 

that the mutation rate of control region is faster than that of cytochrome b (Arif et 

al., 2012). The neighbor-joining tree (not shown) of six cytochrome b haplotypes 

also showed no association between geographic locality and haplotypes.  

In a population genetic study of N. caudatus in South Korea, 12 microsatellite 

loci were assessed on 68 individuals of Korean gorals, where they found moderate 

level of genetic diversity (Choi et al., 2015). Similar to present study, gorals from 

the lower South region (Uljin and Samcheok) were distinctly structured to the 

Northern population. Choi et al. (2015) discovered moderate level of 

heterozygosity in both Northern and Southern populations proposing that the 

current level of genetic diversity of N. caudatus population in South Korea may not 

be at immediate risk. 

Compared to other species, Naemorhedus caudatus has shown moderate level 

of haplotype diversity but relatively lower nucleotide diversity. High haplotype 

diversity but low nucleotide diversity may imply that several maternal lineages 

have evolved through single nucleotide substitutions or that the South Korean 

population is recovering from recent population bottleneck. Several plausible 

causes for low nucleotide diversity may be assumed: ecological factors such as 
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species’ behavior and habitat suitability or decreasing population size due to habitat 

destruction such as continual poaching and human disturbances on goral habitats.  

 

Population Structure and Differentiation 

 

Natural factors 

Two populations of N. caudatus, Northern and Southern populations have 

shown significant and moderate level of differentiation (FST = 0.2820). In addition, 

phylogenetic trees and haplotype distribution by network analysis revealed two 

distinct populations. The reason behind moderate differentiation between localities 

and limited gene flow may be due to certain ecological factors. One is that N. 

caudatus, like many other ungulate species, exhibit philopatric behavior and 

limited dispersal. Many studies have found that high altitude animals often show 

high levels of differentiation over relatively short distances (Forbes and Hogg, 

1999; Perez et al., 2002; Worley et al., 2004) because mountains represent islands 

with specific environmental conditions isolated by various migration filters 

(Crestanello et al., 2009). N. caudatus is also a resident of the rocky, steep, cliff-

ridden mountainous habitats and tends to live in limited range, thus leading to high 

level of population differentiation.  

Although no profound research has been performed on the species’ dispersal 

distance or philopatric behavior, some papers show limited movement range of N. 

caudatus. In Russian population, the observed home range of female was 

0.05~0.16 km2 and for male, it was 0.22~0.55 km2 during the year of 1976 

(Myslenkov and Voloshina, 2012). Using a GPS collar on a recently translocated 
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female individual in Mt. Worak-san, Lee et al. (2011) observed the annual home 

range for two years. During the first year of release, annual home range was 2.055 

km2 of MCP 95% and during the second year, it was reduced to 1.449 km2 of MCP 

95%. In 2014, two adult females and one juvenile male in Mt. Seorak-san were 

also tracked by GPS collar (Cho et al., 2014). During one year of tracking, the 

mean female home range of MCP 95% was 1.04 km2 and male home range was 

0.58 km2. Although the sample sizes from both studies are inadequate for 

comprehensive comparison, Cho et al. (2014) concluded that Mt. Worak-san allows 

greater home range because it has less snow cover than that of Mt. Seorak-san. In 

comparison, the movement range of Naemorhedus griseus was 0.29 km2 for male 

and 0.22 km2 for female (Piao, 2013); in Capricornis crispus, the range was 0.13 

km2 and 0.09 km2 for male and female, respectively (Jass and Mead, 2004).  

Another ecological factor is the amount of snow cover acting as a dispersal 

barrier, providing harsh environments for N. caudatus to live in. In N. griseus, 

whose home range is as restricted as N. caudatus, snow depth, vegetation cover, 

and human disturbance are reported to affect its habitat selection (Chen et al., 

2012). Nonetheless, Myslenkov and Voloshina (2012) stated that snow cover is the 

most critical factor affecting N. caudatus behavior as snow hinders foraging 

activity and movement, and also increases energy consumption. Because N. 

caudatus only feed on ground level plants and have relatively short snout, they 

cannot penetrate into snow depth greater than 10 cm (Myslenkov and Voloshina, 

2012). In 2011, there was a case of group mortality of 25 N. caudatus individuals 

found in Uljin due to heavy snow fall (Ministry of Environment of Korea, 2011). 

According to snow frequency map (Lee et al., 2007), Daegwallyeong has been 
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reported one of the greatest amount of snow cover throughout South Korea (>920 

mm) which suggests a possible barrier that limit movement across the Northern and 

Southern populations. In addition, Daegwallyeong is geographically an 

inappropriate habitat or movement passage for long-tailed gorals due to its large 

plateau area and vast openness with the absence of rocky terrain (Figure 10).  

Mammal species adapted to patchy alpine habitats do not routinely disperse 

across large distances (Lomolino and Davis, 1997). Thus, isolation may result in 

reduced gene flow between populations (Brown, 2011). These fragmented and 

fragile habitats are heavily impacted by human activities, which are considered to 

be one of the most important factors for habitat selection (Beniston, 2006). In N. 

caudatus, limited movement range and amount of snow cover may have restricted 

gene flow between the sampling localities of Northern and Southern populations, 

thus resulting in moderate differentiation. 
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Figure 10. Map of probable snowfall depth in Korea with 5 year recurrence 

interval (Lee et al., 2007). Circular lines indicate snow coverage in which the 

numbers represent depth of snow cover in mm and colored triangle denotes 

Daegwallyeong. Dark-shaded area represents Northern population and lightly-

shaded area represents Southern population. 

 

Anthropogenic factors 

Other than natural ecological factors, artificial factors such as human 

disturbances on goral habitats may also act as barriers between Northern and 

Southern populations.  

Slash-and-burn farming had been prevalent in the mountains of Gangwon 

province, especially around Daegwallyeong area from the 19th century to the 1960s, 

which led to deforestation and habitat loss (Yoon, 2009). This historic agricultural 
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practice might have also augmented the unsuitability of Daegwallyeong area as a 

dispersal corridor between the Northern and Southern goral populations in South 

Korea.  

Due to traffic noise, visual disturbance and pollutants, all roads serve as 

barriers or filters to some animal movements. In general, road surfaces and 

adjacent areas are little used as movement passages for animals (Forman and 

Alexander, 1998); few movements were observed in radiotracking studies of 

wildlife across the landscape besides roads (Feldhamer et al., 1986; Forman, 1995; 

Paquet and Callaghan, 1996). Also in South Korea, N. caudatus is known to be 

extremely sensitive to human interference and to road disturbances (Choi, 2002). 

Yeongdong Expressway, highways, many ski resorts and golf ranges are present 

between Northern and Southern populations. The Yeongdong Expressway was 

constructed in 1970s, and national highways #36 and #88 that lie in between goral 

habitats were built in mid 1960s and 1970s. According to a microsatellite analysis 

on long-tailed gorals within this area, slight gene flow was detected across the 

national highways #36 and #88 (Ministry of Environment of Korea et al., 2011). 

Although roads certainly would disturb natural movement of gorals, roads may not 

be an absolute genetic barrier to this species. Thus, the anthropogenic factors may 

have exacerbated the effects of natural factors on the limited genetic exchange 

between N. caudatus populations in South Korea. 

 

Peripheral isolation 

Compared to Northern population, Southern population showed much lower 

haplotype and nucleotide diversity (0.609 and 0.229% compared to 0.926 and 
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0.943% of North population) which may be due to smaller sample size (26 and 40, 

respectively) or peripheral isolation. The Southern population is distinguished as 

the southernmost distribution of N. caudatus in East Asia which may represent the 

poorest conditions for species habitat where population size is usually small.  

Peripheral populations are predicted to show less genetic diversity than those 

in the center (Eckert et al., 2008; Ethier et al., 2012) because peripheral populations 

are thought to have suffered from environmental stochasticity, founder effects, 

genetic drift and inbreeding, thus leading to smaller and less reproductively 

successful populations (Lessica and Allendorf, 1995; Hutchinson, 2003). Moreover, 

small populations are more susceptible to environmental changes, population 

decline, and local extirpation (Frankham, 1997; Forman and Alexander, 1998; 

Hanski, 1999).  

However, it is probable that Southern population may be of particular 

evolutionary importance as it may have unique genetic traits that represent local 

adaptation. In support of the maintenance of biodiversity, conservation 

management should focus on preserving unique ecological and evolutionary 

attributes.   

 

Conservation Implications 

 

I believe that it is crucial to maintain the current distribution of genetic 

diversity for the long-term conservation of endangered long-tailed goral 

populations in Korea. Thus, conservation management policy should give high 
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priority to preserving maximal evolutionary and adaptive potential for goral 

populations, both within and among different localities.  

Haplotype distribution and phylogenetic trees revealed that there is limited 

gene flow between Northern and Southern populations. It is more likely that this 

was a natural process rather than artificial. Roads seem to have insignificant effect 

on species’ movement but its sedentary behavior and amount of snow cover may 

have led to population differentiation. Based on two different genetic markers – 

mtDNA analysis from this study and microsatellite analysis (Choi et al., 2015) – 

there were two differentiated populations; even though there is not yet any strong 

evidences of ecological, morphological, or environmental differentiation between 

the two populations. Since Northern and Southern populations might have evolved 

in their specific environments, it is advised to consider them as two separate 

management units, and the genetic diversity and structure of Northern and 

Southern populations monitored closely.  

When compared among other Bovidae species, the Korean long-tailed goral 

population as a whole showed intermediate level of genetic diversity. However, 

Southern population alone displayed the lowest haplotype and nucleotide 

diversities. Nonetheless, in microsatellite analysis (Choi et al., 2015), in which 

more recent population history can be revealed (while mtDNA reveals longer 

evolutionary history), Southern population also displayed moderate level of 

diversity. Thus, it appears that immediate population management interference like 

translocation project may be unnecessary; but it is desirable that close genetic 

monitoring of both Northern and Southern populations are continued. 
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A reintroduction project has been initiated by the Species Restoration 

Technology Institute to restore long-tailed goral population in a former range area 

(Ministry of Environment of Korea, 2013). Individuals from Northern population 

have been translocated to Mt. Worak-san, which is geographically closer to 

Southern population and directly connected by mountain ranges than to Northern 

population. The principles of wildlife reintroduction emphasize the importance of 

genetically matching translocations. Source populations must be ‘genetically 

matched’ to recipient sites to ensure that genotypes are adapted to local conditions 

at the recipient site (Weeks et al., 2011). If more translocation projects to Mt. 

Worak-san are necessary, I suggest to use individuals from Southern population, 

where gorals are genetically closer to the original Worak-san population than to 

Northern population. This will aid in preserving the local adaptive genetic diversity 

and also reduce the risks of outbreeding depression, replacement of genetic 

background, and disease transmission (Weeks et al., 2011). 

Overall phylogeography and genetic structure of long-tailed gorals in East 

Asia including Far Eastern Russia, North Korea, South Korea and Northeastern 

China would be required to reveal evolutionary history of the species and genetic 

relationships among regional populations. This will aid to establish international 

cooperation to conserve this precious natural heritage species and maintain alpine 

ecosystem health in East Asia. 
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