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King cobra (Ophiophagus hannah) is a snake widely distributed through southeastern tropical Asia, but 
in two separate subpopulations: one located in the Western Ghats (western Indian Peninsula) and the 
other much more extensive, ranging between the southern slopes of the Himalayas, Assam, Indochina to 
southeastern China. Similarly, it also appears in numerous tropical archipelagos such as Indonesia, the 
Philippines, and the Andaman Islands, but surprisingly it is absent from other large islands like Sri Lanka 
and Taiwan. In this study, we evaluated how climate could be shaping the distribution of this snake and 
estimated the future distribution of the species utilizing ecological niche modelling. To evaluate the effect 
of paleoclimatic conditions on the genetic structure of this species we performed Bayesian phylogenetic 
analysis under a molecular clock using mitochondrial DNA. Our analyses indicated that the current 
distribution of O. hannah is strongly influenced by the availability of humid climate conditions. King cobras 
have a long evolutionary history reflected in the appearance of four main mitochondrial lineages before 
the Pliocene (the Western Ghats, southeastern mainland Asia, Luzon, and Indonesia), congruently with 
paleoclimatic models that indicated the availability of suitable conditions for this species in these refugia 
during the glacial cycles. Climate history could explain the absence of O. hannah in Sri Lanka and Taiwan 
due to the absence of suitable climatic corridors when these islands were connected to the mainland 
(20,000 years ago). Future projections (2050‒2070) did not suggest significant range shifts in the region, 
even considering the worst global warming scenarios.
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BACKGROUND

The king cobra (Ophiophagus hannah) is an iconic 
reptile because it is the largest venomous snake in the 
world, reaching a maximum length of 5.5 m (Charlton 
2018). These snakes are widely distributed throughout 
southeastern tropical Asia, from east Pakistan to Bali, 
reaching northwards the southern foothills of the 
Himalayas and southern coastal China (Fig. 1, Charlton 

2018), along with an elevational range from sea level 
up to 2303 m (Dolia 2018). The species mainly lives 
in primary tropical forests and scrubland, but it is 
adaptable, also penetrating more disturbed habitats like 
cultivated fields and suburban environments (Lim et al. 
2011; Shankar et al. 2013; Marshall et al. 2018).

Despite being widely distributed, this species 
shows an enigmatic distributional pattern, because is 
present in several tropical archipelagos but absent in 
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others, which harbour apparently suitable climatic 
conditions, such as Sri Lanka and Taiwan. This is 
surprising due to the proximity of these islands to the 
mainland and the presence of this snake in some more 
remote archipelagos like the Philippines or the Andaman 
Islands.

Similarly, other biogeographic aspects of this 
species are poorly understood. For example, whether 
the species has a mainland origin and then spread to the 
Indo-Pacific archipelagos or vice versa, or the effect that 
glacial cycles may have had on genetic differentiation 
(Kundu et al. 2020). The effect of the glaciations could 
be twofold, on the one hand facilitating the dispersal 
towards the Indo-Pacific archipelagos using newly 
formed land bridges (Sharma et al. 2018), but also 
reducing the interconnectivity among subpopulations 
in the mainland, caused by a possible collapse on 
the extension of wet forests (Wurster et al. 2010). 
These fluctuations could have left a footprint on the 
phylogenetic structure of this species. In this sense 
the species can be split into four lineages remarkably 
distinct at the morphological and genetic level (Shankar 
et al. 2021), thus supporting that O. hannah is a species 
complex.

King cobras are currently threatened and classified 
as vulnerable with a tendency towards a decreasing  
species range (Stuart et al. 2012). The rapid growth 
of the human population in the region reduces the 
habitat of Ophiophagus hannah displacing this trophic 
specialist to lower quality habitats and putting this 
snake in close contact with humans, thus increasing the 
mortality induced by humans, such as road mortality 
and poaching (Zhou and Jiang 2004; Marshal et al. 
2018; Healey et al. 2020).

Another factor that can threaten their populations 
could be global warming, due to the reductions in forest 
area and prey availability. Thus, the assessment of the 
potential range shifts of this endangered species in the 
next decades can be useful for developing of future 
conservation strategies (Guisan et al. 2013). 

We aimed to analyse the past and future changes 
in the geographic range of the king cobra concerning 
its current distribution, defining which environmental 
condi t ions determine the species  occurrence. 
Specifically, we addressed whether the climatic changes 
combined with the eustatic changes during the last 
glacial maximum episode led to changes in their 
geographic range to the previous interglacial period and 
whether they could have shaped the species’ genetic 
structure. In addition, we tested for congruence between 
niche stability during the last glacial-interglacial cycles, 
middle Pleistocene and Pliocene, and intraspecific 
genetic structure. Finally, we evaluated the possible 
variability in the geographic range caused by global 

warming and evaluated its implications for the 
conservation of the species.

MATERIALS AND METHODS

Ecological niche modelling

First, we collected 493 records based on literature 
sources to model the climatic niche of Ophiophagus 
hannah (Table S1, Fig. 1). The niche models were 
built based on 19 bioclimatic variables provided by the 
WorldClim 2 database (Fick and Hijmans 2017). We 
assessed present, past, and future niche suitability by 
mapping statistical models under current (historical) 
conditions (Hijmans et al. 2005), one entire glacial-
interglacial cycle, mid-Holocene (6000 years), last 
glacial maximum (LGM, 20000 years), and Last 
Interglacial (LIG, 135000 years), and Chibanian age 
(Middle Pleistocene, 787000 years) and Piacenzian age 
(Late Pliocene, 3.3 million years) (Otto-Bliesner et al. 
2006; Dolan et al. 2015; Brown et al. 2018). To evaluate 
the effect of the expected climate change, we used the 
Community Climate System Model (CCSM 4) and two 
climate scenarios: the Representative Concentration 
Pathway (RCP) 4.5 (intermediate scenario) and 8.5 
(worst-case scenario) for 2050 and 2070 (Gent et al. 
2011). 

The niche models were performed after selecting 
a subset of variables for their low correlation and high 
explanatory capacity, based on the variance inflation 
factor (VIF) (Stine 1995). To do this, we generated 500 
random points (background) in a maximum distance of 
200 km from the points of occurrence and we described 
the environmental conditions in these localities (Phillips 
and Elith 2013). These data were used to estimate the 
VIF through a logistic regression model, comparing 
the occurrence data with the background (Phillips 
and Elith 2013). For the subsequent niche models, we 
retained those variables showing a VIF < 10 (Salmerón-
Gómez et al. 2016). Monthly maximum and minimum 
temperatures (2‒7 bioclimatic variables) were not 
included as they were not available in the paleoclimatic 
simulations (Brown et al. 2018). This minimum subset 
was generated to avoid including highly correlated 
variables and reduce the chances to build an overfitted 
model (Peterson and Nakazawa 2008). Spatial thinning 
was used to reduce autocorrelation bias from clustered 
occurrence data (Aiello‐Lammens et al. 2015), removing 
those occurrence records within a specified distance 
of 5 km and generating a new subset of 304 records. 
These calculations were carried out in the R statistical 
programming environment, using the packages dismo 
(Hijmans et al. 2021) and spThin (Aiello‐Lammens et 
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al. 2015).
To visualize niche suitability in south-eastern 

Asia, we used the maximum entropy algorithm (Maxent, 
Phillips et al. 2006), because it is suitable for datasets 
based only on occurrences (Elith et al. 2006). To do this, 
we assessed several combinations of candidate models 
built with different features (L: linear, Q: quadratic, P: 
product, T: threshold, and H: hinge) and regularization 
multipliers (rm; 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0) by 
selecting the optimal model using the Akaike criterion 
adjusted for finite samples AICc (Muscarella et al. 
2014). The final Maxent model was built after running 
30 replicates with 75% of the locations allocated to 
training, using the combination of settings optimal 
for this dataset (Muscarella et al. 2014). The model 
performance was determined using the area under the 
receiver operator curve (AUC). In general, suitable 
models have to exceed a threshold of AUC greater than 
0.75 (Pearce and Ferrier 2000). We also evaluated the 
performance of the calibration model using threshold-

dependent metrics. The threshold was defined as the 
10th percentile of the presence value. The localities of 
absence were restricted as those outside the range of 
distribution of the species, based on the IUCN ESRI 
shapefile (IUCN 2022). This approach allowed us to 
evaluate the model adequacy, but assuming that the 
10% data may suffer from errors, which is particularly 
appropriate if they come from databases where the 
accuracy may vary among observers or over time (Raes 
et al. 2009). This threshold was used to reclassify the 
model and estimate its accuracy (with 95 confidence 
intervals) (Whytock et al. 2021). The models were built 
using all the records for the species, and each genetic 
clade separately, to assess whether there is interclade 
divergence in their environmental responses. The 
effect of the sample size on the performance of these 
models was estimated by evaluating the stability of 
the predictions in several models built with 5,10, 25, 
50 and 75% random samples of the occurrences, with 
threshold-dependent statistics (Hernandez et al. 2006). 

Fig. 1.  Geographic distribution of the king cobra (Ophiophagus hannah). Black dots are the presence localities used for biogeographic analysis.
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The set of ecological niche models were generated using 
MaxEnt 3.4.3 (Phillips et al. 2017) using the ENMval 
(Muscarella et al. 2014) routines in R and accuracy was 
estimated using the caret package (Kuhn 2021).

We estimated the potential distribution of O. 
hannah under changing past and future conditions 
by projecting current species climate relationships to 
these scenarios (Svenning et al. 2008). The resulting 
past and current projections were summed to build 
maps of climate stability, ranging from 0 to 6 (i.e., 
conditions suitable during the six periods). To do this, 
the projections were first transformed into fuzzified 
rasters, assigning values between 0 and 1 and dividing 
the two groups at a midpoint (0.5). Those regions with 
high stability values can be considered potential refugia 
(Devitt et al. 2013). The Maxent projections were 
processed with Quantum-GIS 3.16.0 (Quantum GIS 
Development Team 2021).

Ecological niche divergence 

Niche divergence among the genetic clades of 
O. hannah was evaluated using the blob rangebreak 
test since it provides more reliable results than other 
ecological similarity tests (Glor and Warren 2011). This 
test evaluates the environmental overlap comparing 
the values of two similarity metrics (Schoener’s D and 
Hellinger distance I; Hellinger 1909; Schoener 1968) 
with those generated by pseudoreplicate data (Warren 
et al. 2014). Both metrics range from 0 to 1, with 0 
indicating no niche overlap and 1 indicating identical 
niches. The blob rangebreak test determines whether 
the climate of the regions occupied by two species are 
more different than expected by chance. This test was 
constructed using a binomial generalized linear model 
and replicated 1000 times to assess their statistical 
significance (Warren and Dinnage 2021). These analyses 
were carried out using the ENMTools package (Warren 
and Dinnage 2021) in R.

Phylogenetic analysis

Mitochondrial DNA sequences of the Cytochrome 
b (645 nuc) and ND4 (595 nuc) genes comprising forty-
five O. hannah and nine elapid snakes outgroups were 
gathered from GenBank (Table S2) and aligned using 
Bioedit 7.2. (Hall 1999). We used Bayesian inference as 
implemented in BEAST 2.6.2. (Bouckaert et al. 2014) to 
estimate phylogenetic relationships among populations 
of O. hannah and to determine the time of divergence 
among them. Bayesian analyses were performed by 
running three MCMC chains of 108 iterations, sampling 
them each 104 times using a starting tree generated 
by a Yule model and HKY + gamma model of DNA 

evolution. A relaxed molecular log normal clock was 
implemented using tree calibration points under log-
normal distribution. The oldest fossil record of crown 
elapids (McCartney et al. 2014), dated at 24.9 Mya as 
a mean divergence and the early caenophidian snake 
(37.2 Mya, Head et al. 2005) as a maximum, was used 
to adjust a log-normal distribution with prior mean 
(3.18) and SD (0.27). The split between Hydrophiinae 
and the other Australian elapids dated at a minimum age 
of 16 Mya (Scanlon et al. 2003) and maximum age of 
26 Mya (lack of fossil record in Australia, Travouillon 
et al. 2006) were chosen to set a log-normal distribution 
with prior mean (2.72) and SD (0.33). The third point 
of the calibration was the divergence between Naja 
and Hemachatus cobras using a mean of 18 Mya based 
on the occurrence of Naja romani (Szyndlar and Rage 
1990) and as maximum age of 32 Mya, according to the 
record of undescribed Oligocene elapids (Rage 1988) 
to select prior values of the mean (2.85) and SD (0.31) 
of the log-normal distribution. Runs were checked 
for convergence and effective sampling size (ESS) 
using Tracer 1.7 (Rambaut et al. 2018). After pooling 
the posterior sample of trees, we discarded the 50% 
to compute the maximum credibility tree used in the 
analysis.

RESULTS

Bayesian phylogenetic  analysis  achieved 
satisfactory convergence in the three runs and ESS 
were in all the cases considerably larger than 200. The 
maximum credibility tree evidenced the monophyly 
of O. hannah and revealed the existence of four 
geographically structured main clades supported by high 
posterior probabilities (Fig. 2). One clade occupies the 
Luzon island in the northern Philippines and another is 
distributed along the Indonesian Archipelago, the island 
of Mindoro in the central Philippines and Malaysia 
(Indomalayan clade). The relationships between these 
two clades and with the others are not well supported. 
In contrast, the other two clades grouped with strong 
support. Thus, one clade is endemic of the Indian 
Western Ghats and the other is widely distributed along 
the north and east India, Nepal, Andaman Islands, and 
Indochina (Indochinese clade) with the only exception 
of Malaysia. Molecular clock analysis dated the 
minimum divergence between the four main clades 
of king cobra at 5.0–3.5 Mya (lower value of the 95% 
interval of confidence), clearly predating Pleistocene 
times. 

A total of six variables were selected for their 
low reciprocal correlation: mean temperature of 
warmest quarter (VIF = 3.379), mean temperature of 
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coldest quarter (VIF = 6.497), annual precipitation 
(VIF = 3.296), precipitation seasonality (VIF = 6.985), 
precipitation of driest quarter (VIF = 5.745), and 
precipitation of warmest quarter (VIF = 1.975). The 
best Maxent model based on AICc was generated with 
LQHPT features and rm = 2. This model showed good 
overall performance (mean AUC = 0.881 ± 0.009 
SD, after 30 replicates). For the threshold of the 10th 
percentile of the presence values, the model showed 
a high accuracy (0.909, 95% CI = 0.888‒0.927), i.e., 
the model adequately discriminated presences from 
absences, although it had a percentage of error. Model 
predictions were stable for variations in sample size 
of 5% accuracy = 0.846 (95% CI = 0.546,0.981), 
10% accuracy = 0.960 (95% CI = 0.797,0.999), 25%, 
accuracy = 0.944 (95% CI = 0.864,0.985), 50% 
accuracy = 0.870 (95% CI = 0.802,0.921) , 75% 
accuracy = 0.885 (95% CI = 0.833,0.926). 

On average, and for the full set of records, 

the  annual  precipi ta t ion showed permutat ion 
importance of 40.8%, mean temperature of the 
coldest quarter of 20.7%, seasonal precipitation of 
13.3%, mean temperature of the warmest quarter of 
13.3%, precipitation of warmest quarter of 8.2%, 
and precipitation of driest quarter of 3.6%. For the 
Indochinese clade, the AUC was 0.904 and the variables 
with higher permutation importance were precipitation 
of driest quarter (49.3%) and annual precipitation 
(35.9%). For the Indomalayan clade, the AUC was 0.917 
and the variables with higher permutation importance 
were mean temperature of coldest quarter (92.9%) and 
precipitation of driest quarter (3.9%). For the Luzon 
clade, the AUC was 0.865 and the variables with 
higher permutation importance were precipitation of 
driest quarter (53.4%) and mean temperature of coldest 
quarter (33.3%). For the Western Ghats clade, the AUC 
was 0.978 and the variables with higher permutation 
importance were precipitation of driest quarter (52.7%) 

Fig. 2.  Bayesian phylogeny of Ophiophagus hannah based on mitochondrial concatenated sequences depicting the main four clades. Nodes marked 
with asterisks are supported by posterior probabilities equal or larger than 0.9.
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and annual precipitation (42.2%).
The results of the Maxent projections indicated 

that the estimated distribution of the species in 
Southeast Asia has been relatively stable in the last 
3.3 Ma (Fig. 3). The models showed greater terrestrial 
connectivity between the islands of the Indonesian 
archipelago during the LGM, which together with 
moderately suitable conditions could have favoured the 
snake dispersion eastwards.

The predicted current distribution indicated that 
large parts of central India and the colder mountain and 
inland climates in the Himalayas and central China are 
potential barriers for the species. However, the model 
predicts the occurrence of Ophiophagus hannah with 
high probability in Sri Lanka, Taiwan and Eastern 
Indonesian islands, where the species is currently 
absent. The stability map reveals that the existence of 
two disconnected refugia in southwestern Asia and 
the southwestern region of the Indian subcontinent 
(Fig. 4), predicting high genetic diversity across the 
subpopulations of O. Hannah. Future projections 
2050‒2070 suggest small niche contractions (e.g., in 
Borneo; Fig. 5), but without losing any of the refugia.

Niche overlap values from niche models 
under current conditions are low to high (Table 1). 
The results of the blob rangebreak test were not 
significantly different from the null distribution, i.e., 
the environmental characteristics did not significantly 
differ among the regions occupied by each clade, except 
when comparing the Indochina with Malaysia-Indonesia 

and Western Ghats niche models (Table 1). Overall 
the results of the blob rangebreak test indicated that 
the environmental niche has been conserved in some 
lineages but not in all.

DISCUSSION

In this study, we provided the first analysis 
of the biogeography of the King Cobra from an 
evolutionary perspective, based on projections of the 
species’ fundamental niche in a series of paleoclimatic 
simulations, spanning up to the late Pliocene (3.3 Mya). 
The models showed good performance and were 
relatively robust to variations in sample size (as 
expected in models generated by Maxent; Wisz et al. 
2008), although they had a small margin of error derived 
from databases built from heterogeneous sources (Raes 
et al. 2009). 

Current conditions niche models indicated that the 
distribution of this snake is determined, regardless of the 
clade, by the amount of rainfall. This species inhabits 
regions with very high amounts of rainfall, which 
exceeds 1500 mm y-1 in most or all of its distribution 
range (Kriticos et al. 2012). It is possible that these 
environmental requirements could be related to the 
trophic specialization of this snake. Tropical wet areas 
hold the highest species richness of snakes (Terribile 
et al. 2009), containing very species-rich assemblages 
where interspecific competition is reduced by trophic 

Fig. 3.  Ecological niche models built with Maxent based on WorldClim 2 variables, showing a sequence of paleo-climatic projections, mid Holocene (6 
Ka), last glacial maximum (LGM, 20 Ka), and Last Interglacial (LIG, 135 Ka), and Chibanian age (Middle Pleistocene, 787 Ka) and Piacenzian age 
(Late Pliocene, 3.3 Ma) and under present conditions: ka, thousand years ago, ma million years ago.
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partitioning (Andreone and Luiselli 2009; Sampaio 
et al. 2018). Ophiophagy is a trophic specialization 
developed by king cobras and other very large tropical 
snakes that, given their large size, can feed even on 
other snakes, including reticulated pythons (O’Shea 
2018; Guedes 2021). Thus, we suggest that the use of 
very humid habitats for this species could be related to 
greater availability of snake prey.

These relatively strict environmental requirements 
could have influenced the genetic structure and 
morphologic differentiation of Ophiophagus hannah, 
giving place to (Shankar et al. 2021). In this sense, the 
blob rangebreak test indicated an abrupt environmental 
gradient and moderate-low ecological overlap between 
the Indochinese, Western Ghats and Indo-Malayan 
clades, suggesting parapatric speciation. This separation 
could be promoted by climate barriers, particularly 
depending on the longer periods of seasonal drought 
typical of transition between the monsoon and steppe 
climate of the central and southern parts of the Indian 
Peninsula (Kriticos et al. 2012). In the case of the 
transition between Malaysia and Indochina, the 

separation between clades also coincides with a sudden 
change in rainfall regimes, in this case between a highly 
seasonal monsoon to warm rainforest, with rainfall 
more regularly distributed throughout the year (Kriticos 
et al. 2012). 

Projections based on paleoclimatic simulations 
allow us to detect several long-term refugia that 
would explain the preservation of ancient genetic 
differentiation among subpopulations. Our genetic 
analyses revealed that the divergence among the four 
main clades occurred before the Pleistocene and is 
similar to that found in other elapids and particularly 
in cobras (genus Naja; Kazemi et al. 2020). Therefore, 
this genetic structuring must have persisted throughout 
the glacial oscillations. The projections showed a 
high probability of available refugia throughout the 
Pleistocene-Holocene oscillations for the Western 
Ghats and Indo-Chinese and less consistently for the 
Indonesian lineage. The models also corroborated the 
existence of suitable paleoclimatic conditions on the 
island of Luzon (Philippines), where there is an endemic 
lineage that may deserve species status, as it lacks 

Fig. 4.  Model of the niche stability along the paleo-climatic sequence. The region in yellow indicates greater temporal stability and putative refugia 
for each clade of O. hannah.
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nuclear introgression (Shankar et al. 2021). 
Interestingly, other subpopulations of King cobra 

in this archipelago (Mindanao) belong to the Indo-
Malayan lineage. This fact, together with the lower 
probability of available refugia on other islands except 
for Luzon, suggests that the origin of these Philippine 
subpopulations could be attributable to comparatively 
recent colonization from Indonesia. Evidence from 
oxygen isotopic composition showed several events of 
regression of the sea level since early Pleistocene (up 

to -120 m; Chappell and Shackleton 1986; Prentice and 
Denton 1988; Voris 2000) allowing terrestrial dispersal 
from mainland Asia to Indonesia and across short 
marine distances to central and southern Philippines 
(Heaney et al. 2005). However, the split between the 
Luzon and the other lineages predates the Pleistocene, 
suggesting that older transmarine colonization is the 
origin of this lineage. Greater connectivity among 
the large Indonesian islands and favourable climatic 
conditions possibly favoured the eastward expansion 

Fig. 5.  Ecological niche models built with Maxent based on WorldClim 2 variables, evaluating the effect of expected climate change under different 
scenarios. a) RCP4.5 (intermediate scenario); b) RCP8.5 (worst-case scenario).

Table 1.  Climate similarity among the regions occupied by the four clades of Ophiophagus hannah, estimated with 
the blob rangebreak tests. Significant differences at alpha = 0.05 are marked with an asterisk. First value is the D 
Schoener’s index and the second the I, Hellinger distance. In both metrics values close to 1 indicate higher similarity

Indochinese Indo-Malayan Luzon Western Ghats

Indochinese 1/1
Indo-Malayan 0.156*/0.319* 1/1
Luzon 0.339/0.594 0.648/0.852 1/1
Western Ghats 0.203*/0.424* 0.274/0.502 0.372/0.595 1/1
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of the Indo-Malayan clade during the LGM, although 
without surpassing Weber’s line.

Paleoclimatic models also allowed us to answer 
other questions about the biogeographic history of 
O. hannah. Taiwan shares 78% of its snake fauna 
with southern China (Uetz and Hošek 2020‒2015), 
suggesting extensive species exchanges between both 
regions. In this sense, recent phylogenetic studies 
showed that the Chinese cobra (Naja atra) was able to 
spread to Taiwan during the late Pleistocene (Lin et al. 
2014). However, in the case of O. hannah, our models 
indicated that the conditions were not optimal for its 
presence in southern China during the LGM when 
the land bridges connecting Taiwan were available. 
Similarly, Sri Lanka comprises a rich snake fauna, with 
numerous widespread species also shared with mainland 
India, for example, Naja naja, Bungarus caeruleus, 
Ahaetulla nasuta, Ptyas mucosus, and Python molurus 
(Pyron et al. 2013). These exchanges could have been 
favoured by the formation of intermittent land bridges 
throughout the Pleistocene (Chauhan 2008). However, 
the passage of O. hannah from its refugia in the Western 
Ghats and Assam/western Bengal to Sri Lanka has 
never been favoured by the presence of suitable climatic 
corridors. In contrast, habitat suitability for colonization 
of Andaman Islands has been higher for the past 
787,000 years, especially during the LMG when a land 
bridge connected these islands to the mainland.

The requirements of hyper-humid environments 
make it challenging for species to persist in the face of 
global warming, as has been postulated for other humid 
tropical species (Alford et al. 2007). Few studies have 
assessed the putative effects of climate warming on 
snake distributions, but they agree that suitable habitats 
are decreasing (e.g., Lourenço-de-Morales et al. 2019; 
Miszei et al. 2021). Our projections did not suggest 
that this may also be the scenario for the King cobra, 
although predictions on the risk of extinction based only 
on climatic variables could be biased in snakes (Cabrielli 
et al. 2014). This may be also the case of a highly 
specialized predator like O. hannah, which depends on 
the high availability of other species of snakes that in 
turn could be adversely affected by environmental stress 
(Reading et al. 2010).

CONCLUSIONS

Molecular phylogenetics combined with climate 
niche analysis gives a well-supported explanation of 
the evolutionary history of Ophiophagus hannah from 
a paleoclimatic and genetic perspective and provide 
evidence that the species’ range and genetic structuring 
may make it resilient to the challenges of climatic 

change.

List of abbreviations

DNA, LGM, LIG, RCP, CCSM 4, VIF, L, Q, P, T, H, 
rm, AICc, AUC, ESS, Ka, Ma.

Acknowledgments: We want to thank all the people 
involved in the conservation of this magnificent snake 
and those who have provided genetic and biogeographic 
data used in our analysis.

Authors’ contributions: Both authors contributed 
equally to the manuscript. 

Competing interests: FA and DE declare that they 
have no conflict of interest.

Availability of data and materials: We agree to 
include supplementary data in order to get accessible to 
other researchers the data used in our analysis. 

Consent for publication: Not applicable.

Ethics approval consent to participate: Not 
applicable.

REFERENCES

Aiello‐Lammens ME, Boria RA, Radosavljevic A, Vilela B, 
Anderson RP. 2015. spThin: an R package for spatial thinning of 
species occurrence records for use in ecological niche models. 
Ecography 38:541‒545. doi:10.1111/ecog.01132.

Alford RA, Bradfield KS, Richards SJ. 2007. Global warming and 
amphibian losses. Nature 447:E3‒4. doi:10.1038/nature05940.

Andreone F, Luiselli L. 2009. Are there shared general patterns 
of specific diversity, abundance, and guild structure in snake 
communities of tropical forests of Madagascar and Continental 
Africa? Terre Vie-Rev Ecol A 55:215‒239.

Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu C-H, Xie D, 
Suchard MA, Rambaut A, Drummond AJ. 2014. BEAST 2: A 
Software Platform for Bayesian Evolutionary Analysis. PLoS 
Comp Biol 10:e1003537. doi:10.1371/journal.pcbi.1003537.

Brown JL, Hill DJ, Dolan AM, Carnaval AC, Haywood AM. 2018. 
PaleoClim, high spatial resolution paleoclimate surfaces for 
global land areas. Sci Data 5:180254. doi:10.1038/sdata.2018. 
254.

Cabrielli AL, Stow AJ, Hughes L. 2014. A framework for assessing 
the vulnerability of species to climate change: a case study of 
the Australian elapid snakes. Biodiver Conserv 23:3019‒3034. 
doi:10.1007/s10531-014-0760-0.

Chappell J, Shackleton NJ. 1986. Oxygen isotopes and sea level. 
Nature 324:137‒140. doi:10.1038/324137a0.

Charlton T. 2018. King cobra. Natural history and captive 
management. Natural History Publications (Borneo). Kota 
Kinabalu, Malaysia.

Chauhan PR. 2008. Large mammal fossil occurrences and associated 
archaeological evidence in Pleistocene contexts of peninsular 

page 9 of 11Zoological Studies 61:28 (2022)

https://onlinelibrary.wiley.com/doi/10.1111/ecog.01132
https://www.nature.com/articles/nature05940
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003537
https://www.nature.com/articles/sdata2018254
https://link.springer.com/article/10.1007/s10531-014-0760-0
https://www.nature.com/articles/324137a0s


© 2022 Academia Sinica, Taiwan

India and Sri Lanka. Quat Internat 192:20‒42. doi:10.1016/
j.quaint.2007.06.034.

Devitt TJ, Devitt SEC, Hollingsworth BD, McGuire JA, Moritz C. 
2013. Montane refugia predict population genetic structure in the 
large-blotched Ensatina salamander. Mol Ecol 22:1650‒1665. 
doi:10.1111/mec.12196.

Dolan AM, Haywood AM, Hunter SJ, Tindall JC, Dowsett HJ, Hill 
DJ, Pickering SJ. 2015. Modelling the enigmatic late Pliocene 
glacial event—Marine Isotope Stage M2. Glob Planet Change 
128:47‒60. doi:10.1016/j.gloplacha.2015.02.001.

Dolia J. 2018. Notes on the distribution and natural history of the 
King Cobra (Ophiophagus hannah) (Cantor, 1836) from the 
Kumaon Hills of Uttarakhand, India. Herp Not 11:217‒222.

Elith J, Graham CH, Anderson RP, Dudík M, Ferrier S, Guisan A et al. 
2006. Novel methods improve prediction of species’ distributions 
from occurrence data. Ecography 29:129‒151. doi:10.1111/
j.2006.0906-7590.04596.x.

Fick SE, Hijmans RJ. 2017. WorldClim 2: new 1‐km spatial 
resolution climate surfaces for global land areas. Int J Climatol 
37:4302‒4315. doi:10.1002/joc.5086.

Gent PR, Danabasoglu G, Donner LJ, Holland MM, Hunke EC, Jayne 
SR, Lawrence DM, Neale RB, Rasch PJ, Vertenstein M, Worley 
PH. 2011. The community climate system model version 4. J 
Climate 24:4973‒4991. doi:10.1175/2011JCLI4083.1.

Glor RE, Warren D. 2011. Testing ecological explanations for 
biogeographic boundaries. Evolution 65:673‒683. doi:10.1111/
j.1558-5646.2010.01177.x.

Guedes TB. 2021. A Matryoshka of scales: a single specimen reveals 
multiple new aspects of diet and distribution of snakes. Herpetol 
Notes 14:385‒390.

Guisan A, Tingley R, Baumgartner JB, Naujokaitis-Lewis I, Sutcliffe 
PR, Tulloch AIT. 2013. Predicting species distributions for 
conservation decisions. Ecol Lett 16:1424‒1435. doi:10.1111/ele. 
12189.

Hall TA. 1999. BioEdit: A User-Friendly Biological Sequence 
Alignment Editor and Analysis Program for Windows 95/98/NT. 
Nuc Acid Symp Ser 41:95‒98.

Head JJ, Holroyd PA, Hutchison JH, Ciochon RL. 2005. First report 
of snakes (Serpentes) from the late middle Eocene Pondaung 
Formation, Myanmar. J Vertebr Paleontol 25:246‒250. 
doi:10.1671/0272-4634(2005)025[0246:FROSSF]2.0.CO;2.

Healey RM, Atutubo JR, Kusrini M, Howard L, Page F, Hallisey N, 
Karraker NE. 2020. Road mortality threatens endemic species 
in a national park in Sulawesi, Indonesia. Global Ecol Cons 
2020:e01281. doi:10.1016/j.gecco.2020.e01281.

Heaney LR, Walsh Jr JS, Townsend Peterson A. 2005. The roles 
of geological history and colonization abilities in genetic 
differentiation between mammalian populations in the Philippine 
archipelago. J Biogeogr 32:229‒247. doi:10.1111/j.1365-2699. 
2004.01120.x.

Hellinger E. 1909. Neue begründung der theorie quadratischer formen 
von unendlichvielen veränderlichen. J Reine Angew Math 
1909:210‒271. doi:10.1515/crll.1909.136.210.

Hernandez PA, Graham CH, Master LL, Albert DL. 2006. The effect 
of sample size and species characteristics on performance of 
different species distribution modeling methods. Ecography 
29:773‒785. doi:10.1111/j.0906-7590.2006.04700.x.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very 
high resolution interpolated climate surfaces for global land 
areas. Int J Climatol 25:1965–1978. doi:10.1002/joc.1276.

Hijmans RJ, Phillips S, Leathwick J, Elith J. 2021. dismo: Species 
Distribution Modeling. R package version 1.3-5. Available at: 
https://CRAN.R-project.org/package=dismo.

IUCN (International Union for Conservation of Nature). 2022. The 

IUCN Red List of Threatened Species. Available at: http://www.
iucnredlist.org. Accessed March 2022.

Kazemi E, Nazarizadeh M, Fatemizadeh F, Khani A, Kaboli M. 2020. 
The phylogeny, phylogeography, and diversification history 
of the westernmost Asian cobra (Serpentes: Elapidae: Naja 
oxiana) in the Trans-Caspian region. Ecol Evol 11:2024‒2039. 
doi:10.1002/ece3.7144.

Kriticos DJ, Webber BL, Leriche A, Ota N, Macadam I, Bathols 
J, Scott JK. 2012. CliMond: global high‐resolution historical 
and future scenario climate surfaces for bioclimatic modelling. 
Methods Ecol Evol 3:53‒64. doi:10.1111/j.2041-210X.2011. 
00134.x.

Kundu S, Lalremsanga HT, Tyagi K, Biakzuala L, Kumar V, Chandra 
K. 2020. Mitochondrial DNA discriminates distinct populations 
of two deadly snakes (Reptilia: Elapidae) in Northeast India. 
Mitochondr DNA Part B 5:1530–1534. doi:10.1080/23802359.2
020.1742210.

Kuhn M. 2021. caret: Classification and Regression Training. R 
package version 6.0-90. Available at: https://CRAN.R-project.
org/package=caret.

Lin L-H, Hua L, Qu Y-F, Gao J-F, Ji X. 2014. The phylogeographical 
pattern and conservation of the Chinese Cobra (Naja atra) across 
its range based on mitochondrial control region sequences. PLoS 
ONE 9:e106944. doi:10.1371/journal.pone.0106944.

Lim KK, Leong TM, Lim FL. 2011. The king cobra, Ophiophagus 
hannah (Cantor) in Singapore (Reptilia: Squamata: Elapidae). 
Nat Sing 4:143‒156.

Lourenço-de-Moraes R, Lansac-Toha FM, Schwind LTF et al. 2019. 
Climate change will decrease the range size of snake species 
under negligible protection in the Brazilian Atlantic Forest 
hotspot. Sci Rep 9:1‒14. doi:10.1038/s41598-019-44732-z.

Marshall BM, Strine CT, Jones MD, Theodoru A, Amber E, 
Waengsothorn S, Suwanwaree P, Goode M. 2018. Hits close 
to home: repeated persecution of King Cobras (Ophiophagus 
hannah) in Northeastern Thailand. Trop Conserv Sci 11:1‒14. 
doi:10.1177/1940082918818401.

McCartney JA, Stevens NJ, O’Connor PM. 2014. The earliest 
colubroid-dominated snake Fauna from Africa: Perspectives 
from the Late Oligocene Nsungwe formation of Southwestern 
Tanzania. PLoS ONE 9:e90415. doi:10.1371/journal.pone. 
0090415.

Miszei E, Szabolcs M, Szabó L, Boros Z, Mersini K, Roussos SA, 
Dimaki M, Ioannidis Y, Végvári Z, Lengyel S. 2021. Determining 
priority areas for an endangered cold-adapted snake on warming 
mountaintops. Oryx 55:334‒343. doi:10.1017/S0030605319000 
322.

Muscarella R, Galante PJ, Soley‐Guardia M, Boria RA, Kass JM, 
Uriarte M, Anderson RP. 2014. ENMeval: An R package for 
conducting spatially independent evaluations and estimating 
optimal model complexity for Maxent ecological niche models. 
Method Ecol Evol 5:1198‒205. doi:10.1111/2041-210X.12261.

O’Shea M. 2018. The Book of Snakes. University of Chicago Press, 
Chicago, USA.

Otto-Bliesner BL, Marshall SJ, Overpeck JT, Miller GH, Hu A. 2006. 
Simulating Arctic climate warmth and icefield retreat in the last 
interglaciation. Science 311:1751‒1753. doi:10.1126/science. 
1120808.

Pearce J, Ferrier S. 2000. An evaluation of alternative algorithms for 
fitting species distribution models using logistic regression. J 
Ecol Mod 128:147–127. doi:10.1016/S0304-3800(99)00227-6.

Peterson AT, Nakazawa Y. 2008. Environmental data sets matter in 
ecological niche modelling: an example with Solenopsis invicta 
and Solenopsis richteri. Glob Ecol Biogeogr 17:135‒144. 
doi:10.1111/j.1466-8238.2007.00347.x.

page 10 of 11Zoological Studies 61:28 (2022)

https://www.sciencedirect.com/science/article/abs/pii/S1040618207002078?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/mec.12196
https://www.sciencedirect.com/science/article/pii/S0921818115000399?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/j.2006.0906-7590.04596.x
https://rmets.onlinelibrary.wiley.com/doi/10.1002/joc.5086s
https://journals.ametsoc.org/view/journals/clim/24/19/2011jcli4083.1.xml
https://onlinelibrary.wiley.com/doi/10.1111/j.1558-5646.2010.01177.x
https://onlinelibrary.wiley.com/doi/10.1111/ele.12189
https://www.tandfonline.com/doi/abs/10.1671/0272-4634%282005%29025%5B0246%3AFROSSF%5D2.0.CO%3B2
https://www.sciencedirect.com/science/article/pii/S2351989420308222?via%3Dihub
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2699.2004.01120.x
https://www.degruyter.com/document/doi/10.1515/crll.1909.136.210/html
https://onlinelibrary.wiley.com/doi/10.1111/j.0906-7590.2006.04700.x
https://rmets.onlinelibrary.wiley.com/doi/10.1002/joc.1276
https://onlinelibrary.wiley.com/doi/10.1002/ece3.7144
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/j.2041-210X.2011.00134.x
https://www.tandfonline.com/doi/full/10.1080/23802359.2020.1742210
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0106944
https://www.nature.com/articles/s41598-019-44732-z
https://journals.sagepub.com/doi/10.1177/1940082918818401
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0090415
https://www.cambridge.org/core/journals/oryx/article/determining-priority-areas-for-an-endangered-coldadapted-snake-on-warming-mountaintops/4A1AD6097F5263707CE72C228B2543B4
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.12261
https://www.science.org/doi/10.1126/science.1120808
https://www.sciencedirect.com/science/article/abs/pii/S0304380099002276?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/j.1466-8238.2007.00347.x


© 2022 Academia Sinica, Taiwan

Phillips SJ, Anderson RP, Schapired RE. 2006. Maximum entropy 
modeling of species geographic distributions. Ecol Modell 
190:231–259. doi:10.1016/j.ecolmodel.2005.03.026.

Phillips SJ, Elith J. 2013. On estimating probability of presence 
from use-availability or presence-background data. Ecology 
94:1409‒1419. doi:10.1890/12-1520.1.

Phillips SJ, Anderson RP, Dudík M, Schapire RE, Blair ME. 2017. 
Opening the black box: an open‐source release of Maxent. 
Ecography 40:887‒893. doi:10.1111/ecog.03049.

Prentice ML, Denton GH. 1988. Depp-sea oxygen isotope record, the 
global ice sheet system, and hominid evolution. In: Grine F (ed) 
The Evolutionary History of the Robust Australopithecines, pp. 
383‒403.

Pyron RA, Dushantha Kandambi HK, Hendry CR, Pushpamal V, 
Burbrink FT, Somaweera R. 2013. Genus-level phylogeny of 
snakes reveals the origins of species richness in Sri Lanka. Mol 
Phyl Evol 66:969‒978. doi:10.1016/j.ympev.2012.12.004.

Quantum GIS Development Team. 2021. QGIS (Version 3.18-Zurich). 
Open Source Geospatial Foundation Project.

Raes N, Roos MC, Slik JF, Van Loon EE, Steege HT. 2009. Botanical 
richness and endemicity patterns of Borneo derived from species 
distribution models. Ecography 32:180‒192. doi:10.1111/j.1600-
0587.2009.05800.x.

Rage JC. 1988. The oldest known colubrid snakes. The state of the art. 
Acta Zool Cracov 31:457‒474. 

Rambaut A, Drummond AJ, Xie D, Suchard MA. 2018. Posterior 
summarization in Bayesian phylogenetics using Tracer 1.7. Syst 
Biol 67:901‒904. doi:10.1093/sysbio/syy032.

Reading CJ, Luiselli LM, Akani GC, Bonnet X, Amori G, Ballouard 
JM, Filippi E, Naulleau G, Pearson D, Rugiero L. 2010. Are 
snake populations in widespread decline? Biol Lett 6:777‒780. 
doi:10.1098/rsbl.2010.0373.

Salmerón-Gómez R, García Pérez J, López Martín MDM, García CG. 
2016. Collinearity diagnostic applied in ridge estimation through 
the variance inflation factor. J Appli Stat 43:1831‒1849. doi:10.1
080/02664763.2015.1120712.

Sampaio ILR, Santos CP, França RC, Pedrosa IMMC, Solé M, França 
FRG. 2018. Ecological diversity of a snake assemblage from the 
Atlantic Forest at the south coast of Paraíba, northeast Brazil. 
ZooKeys 787:107‒125. doi:10.3897/zookeys.787.26946.

Scanlon JD, Archer M, Lee MSY. 2003. Mid-Tertiary elapid snakes 
from northern Australia: early steps in a continent-wide 
adaptive radiation. Geobios 36:573‒601. doi:10.1016/S0016-
6995(03)00056-1.

Schoener TW. 1968. The Anolis lizards of Bimini: resource 
partitioning in a complex fauna. Ecology 49:704‒726. 
doi:10.2307/1935534.

Shankar PG, Ganesh SR, Whitaker RE, Prashanth P. 2013. King cobra 
Ophiophagus hannah encounters in human-modified rainforest 
of the Western Ghats, India. Hamadryad 36:62‒68.

Shankar PG, Swamy P, Williams RC, Ganesh SR, Mosse M, Höglund 
J, Das I, Sahooh G, Vijayakumar SP, Shanker K, Wüster W, 
Duttaa SK. 2021. King or royal family? Testing for species 
boundaries in the King Cobra, Ophiophagus hannah (Cantor, 
1836), using morphology and multilocus DNA analyses. Mol 
Phyl Evol 165:107300. doi:10.1016/j.ympev.2021.107300.

Sharma R, Goossens B, Heller R, Rasteiro R, Othman N, Bruford 
MW, Chikhi L. 2018. Genetic analyses favour an ancient 
and natural origin of elephants on Borneo. Sci Rep 8:1‒11. 
doi:10.1038/s41598-017-17042-5.

Stine RA. 1995. Graphical interpretation of variance inflation factors. 
Amer Stat 49:53‒56.

Stuart B, Wogan G, Grismer L, Auliya M, Inger RF, Lilley R, Chan-
Ard T, Thy N, Nguyen TQ, Srinivasulu C, Jelić D. 2012. 
Ophiophagus hannah. The IUCN Red List of Threatened Species 
2012: e.T177540A1491874. 

Svenning JC, Normand S, Kageyama M. 2008. Glacial refugia of 
temperate trees in Europe: insights from species distribution 
modelling. J Ecol 96:1117‒1127. doi:10.1111/j.1365-2745.2008. 
01422.x.

Szyndlar Z, Rage JC. 1990. West Paleartic cobras of the genus 
Naja  (Sepentes:  Elapidae):  interrelat ionships among 
extinct and extant species. Amphib-Reptil 11:385‒400. 
doi:10.1163/156853890X00078.

Terribile LC, Olalla-Tárraga MA, Morales-Castilla I, Rueda M, 
Vidanes RM, Rodríguez MA, Felizola Diniz-Filho JA. 2009. 
Global richness patterns of venomous snakes reveal contrasting 
influences of ecology and history in two different clades. 
Oecologia 159:617‒626. doi:10.1007/s00442-008-1244-2.

Travouillon KJ, Archer M, Hand SJ, Godthelp H. 2006. Multivariate 
analyses of Cenozoic mammalian faunas from Riversleigh, 
north-western Queensland. Alcheringa Spec Issue 1:323‒349. 
doi:10.1080/03115510609506871.

Uetz P, Hošek J. 2020‒2015. The Reptile Database. Available at:  
http://www.reptile-database.org. Accessed 5 April 2020.

Voris HK. 2000. Maps of Pleistocene sea levels in Southeast 
Asia: shorelines, river system and time durations. J Biogeogr 
27:1153‒1167. doi:10.1046/j.1365-2699.2000.00489.x.

Warren D, Dinnage R. 2021. ENMTools: Analysis of Niche Evolution 
using Niche and Distribution Models. R package version 1.0.4. 
Available at: https://cran.r-project.org/web/packages/ENMTools. 
Accessed 1 October 2021.

Warren DL, Cardillo M, Rosauer DF, Bolnick DI. 2014. Mistaking 
geography for biology: inferring processes from species 
distributions. Trends Ecol Evol 29:572‒580. doi:10.1016/j.tree. 
2014.08.003.

Whytock RC, Świeżewski J, Zwerts JA, Bara‐Słupski T, Koumba 
Pambo AF, Rogala M, Bahaa‐el‐din L, Boekee K, Brittain S, 
Cardoso AW, Henschel P. 2021. Robust ecological analysis of 
camera trap data labelled by a machine learning model. Methods 
Ecol Evol 12:1080‒1092. doi:10.1111/2041-210X.13576.

Wisz MS, Hijmans RJ, Li J, Peterson AT, Graham CH, Guisan A, 
NCEAS Predicting Species Distributions Working Group. 2008. 
Effects of sample size on the performance of species distribution 
models. Divers Distrib 14:763‒773. doi:10.1111/j.1472-4642. 
2008.00482.x.

Wurster CM, Bird MI, Bull ID, Creed F, Bryant C, Dungait JA, Paz 
V. 2010. Forest contraction in north equatorial Southeast Asia 
during the last glacial period. PNAS USA 107:15508‒15511. 
doi:10.1073/pnas.1005507107.

Zhou Z, Jaing Z. 2004. International trade status and crisis for snake 
species in China. Conserv Biol 18:1386‒1394.

Suplementary materials 

Table S1.  Data on king cobra occurences. (download)

Table S2.  GeneBank sequences. (download)

page 11 of 11Zoological Studies 61:28 (2022)

https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/12-1520.1
https://www.sciencedirect.com/science/article/abs/pii/S030438000500267X?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/ecog.03049
https://www.sciencedirect.com/science/article/abs/pii/S1055790312004824?via%3Dihub
https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1600-0587.2009.05800.x
https://academic.oup.com/sysbio/article/67/5/901/4989127?login=false
https://royalsocietypublishing.org/doi/10.1098/rsbl.2010.0373
https://www.tandfonline.com/doi/abs/10.1080/02664763.2015.1120712?journalCode=cjas20
https://zookeys.pensoft.net/articles.php?id=26946
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.2307/1935534
https://www.sciencedirect.com/science/article/abs/pii/S1055790321002335?via%3Dihub
https://www.nature.com/articles/s41598-017-17042-5
https://www.sciencedirect.com/science/article/abs/pii/S0016699503000561?via%3Dihub
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/j.1365-2745.2008.01422.x
https://brill.com/view/journals/amre/11/4/article-p385_7.xml
https://link.springer.com/article/10.1007/s00442-008-1244-2
https://www.tandfonline.com/doi/abs/10.1080/03115510609506871
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1365-2699.2000.00489.x
https://www.cell.com/trends/ecology-evolution/fulltext/S0169-5347(14)00177-3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0169534714001773%3Fshowall%3Dtrue
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.13576
https://onlinelibrary.wiley.com/doi/10.1111/j.1472-4642.2008.00482.x
https://www.pnas.org/doi/full/10.1073/pnas.1005507107
https://zoolstud.sinica.edu.tw/Journals/61/61/61-28.TableS1.docx
https://zoolstud.sinica.edu.tw/Journals/61/61/61-28.TableS2.docx

	BACKGROUND
	MATERIALS AND METHODS
	Ecological niche modelling
	Ecological niche divergence
	Phylogenetic analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	List of abbreviations

	Acknowledgments
	Authors’ contributions
	Competing interests
	Availability of data and materials
	Consent for publication
	Ethics approval consent to participate
	REFERENCES
	Suplementary materials
	Table S1
	Table S2



