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Abstract  

 

Phylogeographic structure was investigated in the blue spotted maskray, Neotrygon hulii, focusing on the 

Coral Triangle region. We used as genetic marker a 519-bp fragment of the cytochrome-oxidase subunit I 

(COI) gene, sequenced in a total of 147 individuals from 26 sampling locations. The parsimony network 

of COI haplotypes was split into seven distinct clades within the Coral Triangle region. Different clades 

had exclusive but contiguous geographic distributions, indicating parapatric-like phylogeographic 

structure. Strong genetic differences were also inferred between local populations within a clade, where 

reciprocal monophyly between geographically adjacent samples was observed on several instances. Nearly 

25 % of the total molecular variance could be ascribed to differences between geographic samples within 

a clade, whereas inter-clade variation accounted for >65 % of the total variance. The strong 

phylogeographic structure observed within a clade can be explained by either sedentarity or female 

philopatry. We interpret the parapatric distribution of clades as the joint result of (1) expansion from 

refuge populations at times of low sea level and (2) possible enhanced competition between individuals 

from different clades, or assortative mating, or hybrid zones, along lines of secondary contact. The 

parapatric-like structure uncovered in the present study parallels regional differences at nuclear marker 

loci, thus pointing to incipient speciation within Coral-Triangle N. kuhlii.   
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The population genetics of stingrays (Myliobatoidei: Aschliman et al. 2012) are among the most poorly 

understood among vertebrates (Beheregaray 2008). Studying patterns and processes of genetic 

differentiation in stingrays is fundamental to understanding speciation is this group. Previous genetic 

surveys in marine stingrays have revealed generally high levels of genetic differentiation between 

populations. These include the phylogeography and systematics of the white-spotted eagle ray, Aetobatus 

narinari (Richards et al. 2009; Schluessel et al. 2010), the population genetic structure of the round 

stingray, Urobatis halleri (Plank et al. 2010), and the Pacific cownose ray, Rhinoptera steindachneri (Sandoval-

Castillo and Rocha-Olivares 2011), the phylogeography of the short-tailed stingray, Dasyatis brevicaudata 

(Le Port and Lavery 2012), and nuclear genetic variation in the white-spotted whipray, Himantura gerrardi, 

the blue-spotted maskray, Neotrygon kuhlii, and the blue-spotted ribbontail ray, Taeniura lymna (Borsa et al. 

2012). Part of the total genetic variation in white-spotted eagle ray and Pacific cownose ray has been 

ascribed to the occurrence of cryptic species (Richards et al 2009; Sandoval-Castillo and Rocha-Olivares 

2011). Low connectivity between populations separated by deep water was suggested as the cause of 

genetic differentiation in the round stingray, short-tailed stingray, and possibly blue-spotted maskray 

(Plank et al. 2010; Le Port and Lavery 2012; Borsa et al. 2012).  

The fish-barcoding project (Ward et al. 2009), based on the systematic sequencing of a portion of 

the cytochrome c-oxidase subunit I (COI) gene has brought additional perspectives to the biodiversity and 

taxonomy of stingrays. In a barcoding study of Australasian Chondrichthyans, Ward et al. (2008) 

identified a few problematic cases relative to the definition of species boundaries, where substantially 

divergent haplotypes were observed within a given nominal species. One of these cases was the blue-

spotted maskray, Neotrygon kuhlii (Müller and Henle 1841). Based on limited geographic sampling, N. 

kuhlii showed unusually high within-species diversity, with distinct lineages characterizing the four 

populations sampled by Ward et al. (2008), i.e. from the Java Sea, Bali, Taiwan, and the Gulf of 

Carpentaria. Average nucleotide distances at the COI locus among and within these four lineages were 

estimated to be 2.80% and 0.18% respectively.  As large ratios of intra- to inter-haplogroup nucleotide 

distances may indicate cryptic species, Ward et al. (2008) suggested N. kuhlii may require additional 

taxonomic scrutiny. Denser sampling of populations, across a broader geographic range, would be 

necessary to further address this issue. The recently published, systematic survey of Elasmobranchs by 

Naylor et al. (2012) using the fast-evolving nicotinamide-adenine dinucleotide dehydrogenase subunit 2 

gene reached similar conclusions. Thus, the hypothesis that N. kuhlii may consist of a complex of 

multiple species has been raised repeatedly (Last et al. 2010; Naylor et al. 2012; Puckridge et al. 2013), 

apparently based on the sole observation of relatively high nucleotide distances between mitochondrial 

haplogroups (Ward et al. 2008; Naylor et al. 2012; Puckridge et al. 2013). Given that geographic sampling 

in the foregoing studies only represented patches of the geographic range of N. kuhlii, these findings 

might as well merely reflect high intra-specific diversity in a species with low gene flow, but without 

reproductive barriers between populations. A nuclear-marker based diversity study in three stingray 

species from the Coral Triangle, including N. kuhlii, confirmed the remarkably high degree of genetic 
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intertidal zone to 90 m (Last and Compagno 1999). Given these habitat preferences, populations from 

different sea basins would have been likely, repeatedly isolated through the Pleistocene, retreating towards 

the deeper interior of the sea basins during periods of low sea level. During this time habitat suitable to 

blue-spotted maskray was considerably restricted (Voris 2000) and it is possible that small populations 

would have persisted only in a limited number of refuges. When the sea level rose again, the formerly 

isolated refuge populations would have been able to expand their range, mostly on the Sunda and Sahul 

shelves where increasingly large surfaces of suitable habitat became available once again (Voris 2000). 

Parapatry is the term used to describe a situation where pairs of taxa present separate but 

contiguous geographic distributions (Bull 1991). The geographic distributions of the seven clades 

observed over the Coral Triangle were mutually exclusive and it is sensible to describe them as contiguous 

at the geographic scale considered here, thus parapatric. Given the context of relative sedentarity or 

philopatry, we have to explain why the different clades of N. kuhlii are geographically distributed in a 

parapatric fashion. For this, we hypothesize that a clade expanded as far as to colonize suitable habitat 

still unoccupied by conspecifics from another population. When secondary contact occurred, the 

expansion was stopped, leading to the current distribution. The persistence of parapatry thus may be 

explained either by the occurrence of a hybrid zone, or by competition between individuals from 

genetically differentiated populations, or by assortative mating. In all cases, the parapatric-like population 

structure uncovered in this study points to incipient speciation, where some degree of reproductive 

isolation has been achieved but ecological compatibility has not yet been reached (Bull 1991). 

Investigating the fine-grain genetic structure of N. kuhlii populations at the boundaries between clades 

will be necessary to assess whether genetically differentiated populations interbreed and if so, how narrow 

the hybrid zone is.  

 

Supplementary Material 

 

Supplementary material can be found at http://www.jhered.oxfordjournals.org/. 
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Table 2 

 

Source of variation d.f. Sum of squares Variance  
components 

% variation P-value 
Among clades     6     880.3 Va = 7.61     65.5 <0.001 
Among populations within clades   16     214.7 Vb = 2.87     24.7 <0.001 
Within populations 120     104.9 Vc = 1.14       9.8 <0.001 
Total 142   1274.0        11.62     
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�6�X�S�S�O�H�P�H�Q�W�D�U�\���P�D�W�H�U�L�D�O���W�R���´Mitochondrial haplotypes indicate parapatric-like phylogeographic structure in blue-spotted maskray 
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Fig. S1 and Tables S1-S3 here appended 
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Fig. S1  Phylogenetic trees of Neotrygon kuhlii haplotypes rooted by its sister-species N. trigonoides (GenBank JQ765533-JQ765535, JX263420, 

JX304916, and JX304916). Clades / haplogroups are indicated on the right-hand side of each tree, using the same colour codes as in Figs. 1 

and 2. Numbers at nodes are bootstrap scores (1000 bootstraps).  A  Maximum-Parsimony tree (MEGA5; Tamura et al. 2011).  B  Neighbour-

Joining tree (based on Kimura-2 parameter distances; MEGA5).  C  Maximum-likelihood tree (HKY+G mutation model; MEGA5).  



Table S1  Pairwise estimates of Fst [�:�H�L�U���D�Q�G���&�R�F�N�H�U�K�D�P�·�V (1984 ) � ]̈ (below diagonal) and associated probabilities (P) under the null hypothesis of no difference (above diagonal), computed from haplotype 
frequencies by ARLEQUIN (Excoffier and Lischer 2010). Java S. sample comprises Java, bat and KAR; VN  sample comprises VN  and bei; Queensl. Queensland sample; ns P > 0.05; * P < 0.05; ** P < 0.01; *** P < 
0.001.  
     
 

Sample Sample (clade)                      
(clade) Bali bre meu sib pad PAG Java S. sel VN  Taiwan pao tar ton cag lap Japan BO sin Queensl. NR amb ara bia 
 (VI) (II) (II) (II) (II) (III ) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (V) (V) (V) (VII)  (VII)  (VIII)  
Bali (VI) - ***  * ***  ns ***  ***  ***  * ** * ** ***  ***  ** ns ** * ns * ***  ***  ***  
bre (II) 0.530 - * * ns * * ns ns * ns ns ** ***  ns ns ns * ns * ns ** * 
meu (II) 1 0.268 - * ns * ** * ns ns ns ns * * ns ns ns ns ns ns ns * * 
sib (II) 0.693 0.263 0.562 - ns ***  ***  ***  * ***  ns ** ***  ***  * ns * * ns * ** ** ***  
pad (II) 1 0 1 0.467 - ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
PAG (III ) 0.591 0.181 0.447 0.389 0.318 - ***  ** * ** ns * ***  ***  ns ns * * ns * ** ***  ***  
Java S. (IV) 0.457 0.117 0.343 0.304 0.196 0.248 - ns ** ** ns ** ***  ***  * ns * ***  ns ** * ***  ***  
sel (IV) 0.549 0.075 0.342 0.314 0.143 0.238 -0.003 - ns ns ns ns ***  ***  ns ns ns ns ns ns * ***  ***  
VN  (IV) 0.816 0.130 0.571 0.428 0.333 0.323  0.234 0.140 - ns ns ns * ***  ns ns ns ns ns ns ns * * 
Taiwan (IV) 0.824 0.218 0.642 0.478 0.500 0.379  0.289 0.213 -0.153 - ns * ** ***  ns ns ns ns ns * * ** ** 
pao (IV) 0.831 0 0.500 0.367 0 0.246  0.152 0.104  0.208 0.344 - ns ns * ns ns ns ns ns ns ns ns ns 
tar (IV) 0.616 0.048 0.350 0.319 0.100 0.231  0.160 0.124  0.194 0.284 0.069 - * ***  ns ns ns ns ns ns ns * ** 
ton (IV) 1 0.464 1 0.656 1 0.552  0.431 0.496  0.764 0.781 0.773 0.550 - ***  ** ns * * ns ns ***  ***  ***  
cag (IV) 1 0.635 1 0.755 1 0.659  0.503 0.639  0.881 0.881 0.897 0.716 1 - ** ns ** ** ns ** ***  ***  ***  
lap (IV) 0.627 0 0.314 0.294 0 0.200  0.127 0.083  0.148 0.250 0 0.053 0.552 0.733 - ns ns ns ns ns ns * * 
Japan (IV) 1 0 1 0.467 1 0.318  0.196 0.143  0.333 0.500 0 0.100 1 1 0 - ns ns ns ns ns ns ns 
BO (IV) 0.695 0.075 0.420 0.359 0.167 0.264  0.186 0.125  0.089 0.179 0.111 0.131 0.630 0.786 0.083 0.167 - ns ns ns ns * * 
sin (V) 1 0.268 1 0.562 1 0.447  0.343 0.342  0.571 0.642 0.500 0.350 1 1 0.314 1 0.420 - ns ns ns * ** 
Queensl. (V) 1 0 1 0.467 1 0.318  0.196 0.143  0.333 0.500 0 0.100 1 1 0 1 0.167 1 - ns ns ns ns 
NR (V) 1 0.268 1 0.562 1 0.447  0.343 0.342  0.571 0.642 0.500 0.350 1 1 0.314 1 0.420 1 1 - ns * ** 
amb (VII ) 0.563 0.033 0.311 0.294 0.067 0.211  0.145 0.107  0.169 0.254 0.047 0.083 0.499 0.663 0.037 0.067 0.111 0.311 0.067 0.311 - ** ** 
ara (VII ) 0.753 0.289 0.623 0.499 0.536 0.414  0.323 0.339  0.473 0.523 0.418 0.350 0.717 0.812 0.328 0.536 0.396 0.623 0.536 0.623 0.321 - ***  
bia (VIII ) 0.693 0.263 0.562 0.467 0.467 0.389  0.304 0.314  0.428 0.478 0.367 0.319 0.656 0.755 0.294 0.467 0.359 0.562 0.467 0.562 0.294 0.499 - 

 

  



Table S2  Pairwise estimates of �–�V�W (ARLEQUIN: Excoffier and Lischer 2010) (below diagonal) and associated probabilities (P) under the null hypothesis of no difference (above diagonal), computed using Kimura 2-
parameter nucleotide distances. Java S. sample comprises Java, bat and KAR; VN  sample comprises VN  and bei;  Queensl. Queensland sample; ns P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001.  
     
 

Sample Sample (clade)                      
 Bali bre meu sib pad PAG Java S. sel VN  Taiwan pao tar ton cag lap Japan BO sin Queensl. NR amb ara bia 
 (VI) (II) (II) (II) (II) (III ) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (V) (V) (V) (VII)  (VII)  (VIII)  
Bali (VI) - ** * ***  ns ***  ***  ***  * ** * ** ***  ***  ** ns ** * ns * ***  ***  ***  
Bre (II) 0.781 - ns ***  ns ***  ***  ***  * ** * ** ***  ***  ** ns ** * ns * ***  ***  ***  
meu(II) 1 -0.004 - ** ns ** ***  * ns ns ns ns * ** ns ns ns ns ns ns * * * 
sib (II) 0.966  0.564 0.914 - ns ***  ***  ***  ** ** * ***  ***  ***  ** ns ***  * ns * ***  ***  ***  
pad (II) 1  0.106 1 0.327 - ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
PAG (III ) 0.936  0.738 0.910 0.908 0.900 - ***  ***  ** ***  * ***  ***  ***  ***  ns ***  * ns ** ***  ***  ***  
Java S. (IV) 0.896  0.864 0.897 0.905 0.891 0.874 - ns ***  ***  * ***  ***  ***  ***  ns ***  ** ns ** ***  ***  ***  
sel (IV) 0.914  0.809 0.886 0.917 0.864 0.889 0.060 - * * ns ***  ***  ***  ** ns * * ns ** ***  ***  ***  
VN  (IV) 0.993  0.808 0.985 0.965 0.973 0.953 0.781 0.724 - ns ns * * ***  * ns ns ns ns ns * ** ** 
Taiwan (IV) 0.993  0.828 0.987 0.967 0.980 0.955 0.787 0.746 0.021 - ns ** ** ***  * ns ns ns ns ns ** ***  ***  
pao (IV) 0.960  0.675 0.902 0.940 0.803 0.890 0.382 0.328 0.809 0.848 - ns * * ns ns ns ns ns ns * * * 
tar (IV) 0.915  0.754 0.865 0.917 0.822 0.876 0.439 0.414 0.760 0.788 -0.061 - * ***  ** ns ns * ns * ** ** ***  
ton (IV) 1  0.818 1 0.974 1 0.943 0.732 0.747 0.978 0.978  0.774 0.712 - ***  ** ns ** ns ns * ** ** ***  
cag (IV) 1  0.879 1 0.983 1 0.960 0.774 0.840 0.992 0.992  0.898 0.799 1 - ***  ns ***  ** ns ** ***  ***  ***  
lap (IV) 0.941  0.750 0.893 0.933 0.856 0.892 0.671 0.627 0.816 0.842  0.375 0.426 0.788 0.885 - ns * ns ns ns ** ** ***  
Japan (IV) 1  0.651 1 0.956 1 0.947 0.839 0.803 0.967 0.975  0.697 0.743 1 1 0.785 - ns ns ns ns ns ns ns 
BO (IV) 0.866  0.694 0.768 0.876 0.666 0.845 0.430 0.286 0.438 0.502 -0.166 0.114 0.533 0.700 0.348 0.526 - ns ns ns ** ** ***  
sin (V) 1  0.713 1 0.963 1 0.933 0.884 0.872 0.983 0.986  0.888 0.849 1 1 0.880 1 0.739 - ns ns * * * 
Queensl. (V) 1  0.666 1 0.962 1 0.932 0.887 0.857 0.971 0.979  0.777 0.810 1 1 0.852 1 0.656 1 - ns ns ns ns 
NR (V) 1  0.709 1 0.963 1 0.933 0.884 0.866 0.979 0.983  0.888 0.849 1 1 0.880 1 0.726 1 1 - * * * 
amb (VII ) 0.949  0.796 0.923 0.943 0.904 0.927 0.906 0.898 0.941 0.946  0.885 0.872 0.948 0.956 0.894 0.922 0.789 0.914 0.904 0.914 - ***  ***  
ara (VII ) 0.958  0.808 0.945 0.945 0.936 0.924 0.889 0.895 0.955 0.958  0.907 0.877 0.960 0.969 0.894 0.948 0.816 0.938 0.935 0.938 0.714 - ***  
bia (VIII ) 0.945  0.798 0.947 0.946 0.940 0.926 0.912 0.921 0.964 0.966  0.931 0.909 0.966 0.973 0.928 0.951 0.869 0.940 0.939 0.940 0.911 0.928 - 

 



 
Table S3 Distribution of haplotypes among samples and parameters of genetic diversity. N sample size; n number of haplotypes; h genetic diversity 
estimate (Nei 1987); d average nucleotide distance between haplotypes (Kimura-2 parameter model with gamma-distributed mutation rates), estimated 
using MEGA5 (Tamura et al. 2011). Java S. sample comprises Java, bat and KAR; VN  sample comprises VN  and bei;  Queensl. Queensland sample   
                     
Haplotype  Sample (clade)                      
no. Bali bre meu sib pad PAG Java S. sel VN  Taiwan pao tar ton cag lap Japan BO sin Queensl. NR amb ara bia 
 (VI) (II) (II) (II) (II) (III)  (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (IV) (V) (V) (V) (VII) (VII) (VIII)  
VIa  7                       
IIa   1                      
IIb   1                      
IIc   1                      
IId   1                      
IIe   1                      
IIf    2                     
IIg     7                    
IIh     1                    
IIi      1                    
IIj     1                    
IIk       1                   
IIIa       7                  
IIIb       1                  
IIIc       1                  
IIId       1                  
IIIe       1                  
IIIf        1                  
IVa        11  3                
IVb          6                 
IVc          3  2                
IVd          2                   
IVe          1                 
IVf           1                 
IVg          1                 
IVh          1                 
IVi           1                 
IVj           1                 
IVk             1  2  3        1       
IVl          1                
IVm         1                
IVn           1               
IVo           1              
IVp            1   5           
IVq            1             
IVr              2            
IVs             1            
IVt              1            
IVu             1            
IVv                12          
IVw                1         
IVx                 1         
IVy                1         
IVz                1         
IVaa                  1        
IVab                  2       
IVac                  1       
Va                   2      
Vb                    1     
Vc                     2    
VIIa                      2   
VIIb                        1   
VIIc                       1   
VIId                      1   
VIIe                       6  
VIIf                         1  
VIIg                        1  
VIIIa                           7 
VIIIb                           1 
VIIIc                          1 
VIIId                           1 
(N) (7) (5) (2) (10) (1)  (12)  (28)  (8)  (3)  (4) (2) (5) (5) (12) (4) (1)  (4) (2) (1)  (2) (5) (8) (10) 
n  1  5  1    4  1    6  10  5  2  2  2  4  1    1  4  1  3  1  1  1  4  3    4 
h 0 1 0 0.533 - 0.682 0.804 0.857 0.667 0.500 1 0.900  0    0    1        -  0.833  0  -  0  0.933  0.464 0.533 
d 0 0.015 0 0.002 - 0.003 0.006 0.006 0.001 0.001 0.008 0.008  0    0    0.007  -  0.014  0   -  0  0.005  0.002  0.002 
±SD 0 0.004 0 0.001 - 0.001 0.002 0.002 0.001 0.001 0.004 0.003  0    0    0.003  -  0.004  0   -  0  0.002  0.001  0.001 
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