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Island species/populations are characterized by evolutionary uniqueness and a high degree of endemism and extinction. The conservation 
and restoration of island species/populations have become the most challenging and urgent issues in biodiversity conservation. Chinese 
pangolin in Taiwan island (Manis pentadactyla pentadactyla) is a well-known, critically endangered, and island-endemic Chinese pangolin 
subspecies, which has been the focus of conservation concern. Here, we first generated large-scale population genomics data for the Chinese 
pangolin in Taiwan to address its population structure, demographic history, the genomic consequences of population declines, and survival 
potential. We revealed that the Chinese pangolin in Taiwan originated in southeast China and was differentiated into Northern and non- 
Northern populations due to the isolation of the Xueshan and Central Mountain Ranges, proposing to treat them as separate conservation 
units. The southeast of Taiwan island acted as a refuge for this Chinese pangolin subspecies during the Last Glacial Maximum. The Northern 
population had experienced a more severe bottleneck and isolation than the non-Northern population, which corresponded to the esti
mated current lower genetic diversity, higher inbreeding, and genetic load of the Northern population. The modeling results revealed that 
the Northern population is more seriously affected by climate change than the non-Northern population, which highlights that climate 
change poses a substantial threat to island biodiversity. The simulation results indicate that the Northern population needs a higher 
population growth rate to achieve evolutionary potential equal to the non-Northern population over the next 100 years, deserving con
servation prioritization. This study enhances the understanding of genetic background, conservation status, and future prospects for 
Chinese pangolin in Taiwan, as well as the genetic consequences of a small and isolated island population. 

pangolins | island population | population genomics | conservation genomics  

INTRODUCTION  

The current rate of species extinction is hundreds or even 
thousands of times faster than in the past, and it has been 
reported that life on Earth is facing the sixth mass extinction 
(Butchart et al., 2010; Ceballos et al., 2015; Ceballos et al., 2017; 
Pimm et al., 2014). Notably, since the 1500 Common Era (CE), 
over 60% of terrestrial extinctions have occurred on islands 
(http://www.iucnredlist.org), and this has exerted a substantial 
and profound impact on the global ecosystem (Matthews et al., 
2021; Tershy et al., 2015). This is due to the fact that island 
species/populations are characterized by a limited distribution 
area, habitat frangibility, and small population size. They are, 
therefore, more vulnerable to environmental change and are 
more likely to suffer a loss of genetic diversity, thus reducing the 
fitness of individuals and increasing the extinction risk of species 

(Crooks et al., 2017; Mayr, 2013; Schrader et al., 2024). 
Meanwhile, factors driven by human activities, such as illegal 
hunting and trade (Holdaway and Jacomb, 2000; Mack and 
Wright, 1998), habitat degradation (Maunder et al., 1999), and 
the introduction of invasive alien species (Cooke et al., 2017), are 
exacerbating the threats to the survival of vulnerable island 
populations. The conservation and restoration of island popula
tions have become the most challenging and urgent issues in 
biodiversity conservation (Heinen et al., 2018; Kier et al., 2009; 
Whittaker et al., 2017). 

Chinese pangolin in Taiwan island (Manis pentadactyla 
pentadactyla Linnaeus, 1758), a well-known Taiwan island- 
endemic Chinese pangolin subspecies (Allen, 1938; Ellerman and 
Morrison-Scott, 1951; Sun et al., 2021; Wu et al., 2007), exists 
as a small and isolated population (Wilson and Reeder, 2005), 
which has been classified as critically endangered on the red list 
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of the International Union for Conservation of Nature (IUCN) 
(http://www.iucnredlist.org). In the 1950s and 1960s, at least 
60,000 Chinese pangolins in Taiwan were killed annually for the 
international leather trade, which caused the population size to 
suffer a severe decrease (Challender et al., 2015; Chao, 1989; 
Willcox et al., 2019). Although the Wildlife Conservation Act has 
been in place since 1989 and the Chinese pangolin in Taiwan has 
recovered to approximately 15,000 individuals in recent times 
(Kao et al., 2020), their evolutionary uniqueness and high 
degree of endemism and extinction risk make this Chinese 
pangolin subspecies in need of urgent conservation action. 

Investigating the population structure, the demographic 
history, and the genomic consequences of population declines, 
as well as survival potential, can provide critical insights into a 
species’/population’s genetic background and conservation 
status, thereby facilitating strategic conservation planning 
(Buckland et al., 2014; Frankham et al., 2002; Funk et al., 
2012; Hohenlohe et al., 2021). Based on the mitochondrial gene 
and microsatellite markers, two (northern and central-southern) 
to four (northern, central, southern, and eastern) genetic 
populations in this Chinese pangolin subspecies (Liu, 2017; 
Wang, 2007) have been found, which has been controversial. 
The demographic history and survival potential analyses based 
on one genome indicated that this Chinese pangolin subspecies 
arrived on Taiwan island via land bridge around 10,000 years 
ago (Hu et al., 2020; Wei et al., 2024) and has lower survival 
potential compared with Chinese pangolin in the Chinese 
mainland (Hu et al., 2020). The low survival potential of Chinese 
pangolin in Taiwan was also supported by the population 
microsatellite marker analyses (Sun et al., 2020). However, all of 
these studies are based on the analyses of either only one genome 
(Choo et al., 2016; Houck et al., 2023; Hu et al., 2020; Wei et al., 
2024) or short gene fragments (Liu, 2017; Sun et al., 2020; 
Wang, 2007). Population genomic analysis is thus essential for 
systematically and comprehensively addressing these issues, 
thereby promoting the development of effective conservation 
strategies for the Chinese pangolin in Taiwan. 

In this study, we generated, for the first time, population 
genomics data for Chinese pangolin in Taiwan covering the 
northern, central, southern, and eastern parts of Taiwan island. 
Our population genomic study enhanced the understanding of 
the genetic background, conservation status, and future pro
spects of this Chinese pangolin subspecies. This study provides 
valuable information concerning the genetic impact of popula
tion size declines and conservation insights into this critically 
endangered island-endemic population. 

RESULTS  

Population genomic dataset  

Whole genome resequencing was conducted on 35 Chinese 
pangolins, including 33 Chinese pangolins in Taiwan (Figure 
1A) and two Chinese pangolins in non-Taiwan island (Table S1), 
yielding an average mapping depth of 10.71-fold (7.77-fold to 
25.18-fold) and an average mapping rate of 99.79% (99.50% to 
99.90%) (Table S2). Concurrently, we downloaded the published 
resequencing data for 95 Chinese pangolins, including two 
Chinese pangolins in Taiwan and 93 Chinese pangolins in non- 
Taiwan island, with an average mapping depth of 17.75-fold 
(5.93-fold to 39.67-fold) and an average mapping rate of 98.88% 

(93.70% to 99.79%) (Table S2). Finally, we constructed a dataset 
encompassing a total of 130 Chinese pangolins, including 35 
Chinese pangolins in Taiwan and 95 Chinese pangolins in non- 
Taiwan island, in order to investigate the phylogenetic relation
ship between population in Taiwan and other Chinese pangolin 
populations. We also constructed a separate dataset of 35 
Chinese pangolins in Taiwan specifically to study their popula
tion structure, demographic history, and evolutionary potential. 
The SNP calling and filtering produced a total of 13,865,554 and 
3,010,865 bp high-quality autosomal SNPs for the two datasets, 
respectively. 

Population structure  

Based on the dataset of 130 Chinese pangolins, we explored the 
relationship between Chinese pangolin in Taiwan and other 
Chinese pangolin populations. Phylogenetic analyses strongly 
support the idea that the Chinese pangolin is divided into five 
genetic populations, among which the subspecies in Taiwan is a 
monophyletic genetic population (Figure 1B). Admixture ana
lyses (Figures S1 and S2) and principal component analyses 
(PCA) (Figure S3) also support the idea that the subspecies in 
Taiwan is an independent genetic component. Furthermore, 
phylogenetic analyses showed that the subspecies in Taiwan 
diverged from the southern China population (MPB2) and had 
the closest relationship with individuals from Zhejiang, Anhui, 
Jiangxi, and Fujian (Figure 1B; Table S2). These individuals also 
showed admixture signals with individuals in Taiwan in 
admixture analyses and had the greatest similarities with 
individuals in Taiwan in PCA (Figures S1 and S3). These results 
suggest that the Chinese pangolin in Taiwan originated from 
southeastern China. 

Phylogenetic analyses supported that Chinese pangolin in the 
four geographic parts (northern, central, southern, and eastern 
parts of Taiwan island) of Taiwan was divided into two main 
distinct populations, i.e., the Northern (the individuals from 
northern Taiwan island) and the non-Northern populations (the 
individuals from central, southern, and eastern Taiwan island) 
(Figure 1C). The admixture analyses and PCA also confirmed the 
separation of the Northern and non-Northern populations by the 
lowest cross-validation (CV) error when K=2 (Figure S4) on the 
basis of the first PCA component (PC1) (Tracy-Widom, P 
value<0.001) (Figure 1D and E). The Weir and Cockerham 
weighted F ST value and the genetic distance between Northern 
and non-Northern populations were 0.16 and 0.21, respectively 
(Figure S5), which further indicated large genetic differentiation 
between these two populations. EEMS analysis also reflected a 
significant differentiation barrier located in the Xueshan 
Mountain Range and Central Mountain Range between North
ern and non-Northern populations (Figure 1F), suggesting that 
the mountain barrier may be responsible for the genetic 
differentiation of Chinese pangolin in Taiwan. 

In addition, admixture analyses and PCA revealed three 
subgroups within the non-Northern population, corresponding 
to central, southern, and eastern geographic parts of Taiwan 
island when K=4 and in the context of the second PCA 
component (PC2) (Tracy-Widom, P value<0.001), which was 
consistent with the clustering of three subgroups in the 
phylogenetic analyses (Figure 1C–E). The Weir and Cockerham 
weighted F ST value and genetic distance between these three 
subgroups were in the ranges of 0.09–0.13 and 0.18–0.20, 
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respectively, indicating moderate degrees of genetic differentia
tion (Figure S5) and supporting the possible existence of 
subpopulations within the non-Northern population. 

Genetic diversity, inbreeding level, and genetic load  

The average genetic diversity (heterozygosity, He) and inbreeding 

coefficient (F ROH>100 kb) for all Chinese pangolins in Taiwan 
were 0.029% and 44.3%, respectively (Figure 2A and B; Table 
S3). The Northern population had significantly lower genetic 
diversity and a significantly higher inbreeding coefficient, i.e., 
more serious inbreeding, than the non-Northern population 
(0.027% vs. 0.031%, Wilcoxon rank-sum test, P value<0.05; 
48.4% vs. 41.9%, Wilcoxon rank-sum test, P value<0.05) 

Figure 1. Sample collection and population structures of Chinese pangolin and subspecies in Taiwan. A, Distribution range and sampling locations of the subspecies in Taiwan. 
The distribution of the Chinese pangolin is shown in the upper left corner and is indicated in yellow (Challender et al., 2019). Current distribution range of the subspecies in 
Taiwan is shaded gray (Chang et al., 2022). Major geographic lineages in the subspecies in Taiwan are indicated as follows: northern (orange), central (purple), southern (pink), 
eastern (red) (Wang, 2007). B, ML phylogenetic tree of Chinese pangolin. MPA, MPB1, MPB2, and MPC represent the four genetic populations of Chinese pangolin in non-Taiwan 
island, which correspond to those from Wei et al. (2024). Nodes with bootstrap support >80% are shown. C, ML phylogenetic tree of Chinese pangolin in Taiwan. Nodes with 
bootstrap support >80% are shown. D, Admixture analysis of Chinese pangolin in Taiwan. The optimal K value was set to 2 (Figure S4). E, Principal component analysis (PCA) 
for Chinese pangolin in Taiwan. F, Model of effective migration rates of Chinese pangolin in Taiwan. Brown, areas of significantly low migration relative to the average; blue, 
areas of significantly higher migration.  
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(Figure 2A and B; Table S3). In addition, the genetic load of 
functional loss mutations, deleterious missense mutations, and 
synonymous mutations for the Northern population were all at 
significantly higher levels than for the non-Northern population 
(0.88 vs. 0.86, Wilcoxon rank-sum test, P value<0.05; 0.88 vs. 
0.85, Wilcoxon rank-sum test, P value<0.05; 0.87 vs. 0.86, 
Wilcoxon rank-sum test, P value<0.01, respectively) (Figure 2C; 
Table S3). These results indicated the lower current evolutionary 
potential of the Northern population than that of the non- 
Northern population. 

Demographic history and historical ecological niche 
simulation  

We inferred the demographic histories (Figure 3A and B) and 
simulated the historical ecological niche changes of Chinese 
pangolin in Taiwan (Figure 3C and D). The demographic history 
inference showed that the Chinese pangolin in Taiwan first 
experienced a population expansion about 8.61 (8.49–8.73) 
thousand years ago (kya), which may have been associated with 
the temperature increasing during the early Holocene (11.70– 
8.20 kya) (Antevs, 1953; Walker et al., 2012). The Northern 
population diverged from the non-Northern population at 
6.40 kya (Figure 3A), corresponding to the warmest period 
(7.70–6.00 kya) of the Mid Holocene (MH) (Antevs, 1953; 
Kaufman and Broadman, 2023). Interestingly, the historical 
ecological niche modeling also suggested that the warmer 
climate during the Mid Holocene led to the suitable habitat 
emergence and expansion in the Northern population, compared 
with the limited distribution of suitable habitat in the southeast of 
Taiwan island during the Last Glacial Maximum (LGM; 
22.00 kya) (Berends et al., 2021; Bintanja et al., 2005) (Figure 
3C and D). This would have promoted the divergence of the 
Northern population from the non-Northern population. More
over, for the non-Northern population, there were significantly 
higher outgroup f3 values (Figure 4A; Table S4), significantly 
more shared haplotypes with the ancestor population (Figure 

4B), more private variants (Figure 4C), and a faster speed of 
decline for the linkage disequilibrium (Figure 4D) than for the 
Northern population, further confirming that the Northern 
population diverged from the non-Northern population. Intrigu
ingly, the Northern/non-Northern population split occurred 
during the Neolithic (about 7.00–6.00 kya) (Qiu et al., 2023), 
when human activities increased and the development of 
production tools drove the exploitation of the plains and hilly 
areas, with the Northern population being the most affected 
(Cruz Berrocal et al., 2018; Zang, 1998). This may have 
interrupted migration routes and promoted the divergence of 
the two populations of Chinese pangolin in Taiwan. 

After the split, both the Northern and non-Northern popula
tions experienced an abrupt decline 49 and 63 years ago, 
respectively (Figure 3A), with the effective population size (Ne) 
decreasing by a factor of approximately 103 (from about 5,881 
to 57 individuals) and 45 (from about 10,941 to 243 
individuals). The Ne of the Northern population was found to 
be significantly smaller than that of the non-Northern popula
tion, indicating that the Northern population experienced a 
stronger population bottleneck, which may be associated with 
the population history dynamics and the environmental adapt
ability. In addition, the frequency of gene flow between these two 
populations significantly decreased after the population decline 
(Figure 3A). Moreover, the intensity of gene flow output from the 
Northern population has always been higher than the input from 
the non-Northern population, and the intensity has been 
stronger since the population decline, which is consistent with 
the observed smaller size of the Northern population. Besides the 
significant declines of the two populations in recent decades and 
the steeper decline in the Northern population, the reconstruc
tion of the demographic history of the past 10 years (Figure 3B) 
revealed that the Ne of the Northern population remained very 
small, while the non-Northern population slightly increased (at a 
rate of about 5%), again indicating that the Northern population 
is a smaller population than the non-Northern population, while 
the non-Northern population may be benefiting more from 

Figure 2. The current evolutionary potential of Chinese pangolin in Taiwan. (A) Heterozygosity, (B) inbreeding coefficient, and (C) genetic load for the Northern and non- 
Northern populations of Chinese pangolin in Taiwan, * P<0.05; ** P<0.01.  
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recent conservation efforts. Interestingly, the recent ecological 
observation based on long-term field monitoring records showed 
that the population size of the Northern population remained 
constant, while the non-Northern population increased quickly 
in recent years (Weng et al., 2023), which further supported our 
results. 

Future ecological niche and local genetic offset modeling  

We performed future ecological niche modeling and local genetic 
offset modeling to predict the changes in suitable habitats and 
local climate adaptation of Chinese pangolin in Taiwan in the 
future from 2081 to 2100 under an optimistic scenario of 
greenhouse effect with an average annual temperature increase 
of 0.5–1.5°C (Shared Socioeconomic Pathway, SSP 1-2.6) and a 

worst-case scenario with an average annual temperature 
increase of 2.4–4.8°C (SSP5-8.5). Under the SSP1-2.6 scenario, 
the suitable habitat area for the Northern population was 
predicted to decrease by 9.30% compared with the current area, 
while that for the non-Northern population will increase by 
4.68% (Figure 5A and B). Under the SSP5-8.5 scenario, the 
decrease in suitable habitat area for the Northern population is 
much greater, up to 58.57%, and the suitable habitat area for the 
non-Northern population showed a decrease of 8.74% (Figure 
5A and C). These findings indicate that under the risk of future 
climate warming, especially as the degree of greenhouse effect 
increases to the level of SSP5-8.5, the suitable habitat area of 
Northern and non-Northern populations will shrink, and the 
reduction in area will be more severe for the Northern 
population. Consistently, the local genetic offset analyses based 

Figure 3. Demographic history and historical ecological niche simulation of Chinese pangolin in Taiwan. A, The demographic history of Chinese pangolin in Taiwan. The figure 
on the node indicates the time of historical events, and the number of migrants per year between populations is shown next to the colored arrow. B, The recent demographic 
history of Chinese pangolin in Taiwan. The thick lines represent the average effective population sizes (Ne) over the past 100 years, and the light shaded regions represent the 
95% confidence intervals. C, The suitable habitat for Chinese pangolin in Taiwan during the LGM. D, The suitable habitat for Chinese pangolin in Taiwan in the MH.  
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on 75 climate-associated SNPs (Table S5) suggested that the local 
genetic offset of these two populations under SSP5-8.5 would be 
higher than that under SSP1-2.6 (Figure 5D and E, 61.24% and 
41.95% higher for the Northern and non-Northern populations, 
respectively), indicating that the suitable habitat under SSP5-8.5 
will be smaller than that under SSP1-2.6 and that the predicted 
scenario under SSP5-8.5 will have a more severe impact on the 
survival of Chinese pangolin in Taiwan. Simultaneously, in both 
scenarios, the genetic offset observed in the Northern population 
was significantly higher than that in the non-Northern popula
tion (3.09×10 –2 vs. 1.99×10 –2 under SSP1-2.6, Wilcoxon rank 
sum test, P value<0.001; 4.98×10 –2 vs. 2.85×10 –2 under SSP5- 
8.5, Wilcoxon rank sum test, P value<0.001), suggesting that 
the Northern population has less potential to adapt to the new 
local climate conditions and will be more adversely impacted by 
climate change in the future than the non-Northern population. 

In addition, as the climate warms in the future, suitable 
habitats for both populations will change in order to respond to 
the new conditions. For the Northern population, the center of 
the suitable habitat will move 8.70 and 12.18 km southeast from 
Taoyuan to New Taipei, northern Taiwan island, in the case of 
SSP1-2.6 and SSP5-8.5, respectively (Figure 5B and C). For the 
non-Northern population, the center of the suitable habitat will 
move 21.75 and 60.48 km north from Kaohsiung to Nantou, 
central Taiwan island, in the case of SSP1-2.6 and SSP5-8.5, 
respectively (Figure 5B and C). The distance of this move for the 
Northern population is significantly shorter than that for the 
non-Northern population, indicating that the area suitable for 
the Northern population is narrower and more vulnerable. The 
changes to the centers of suitable habitat provide a scientific basis 
for determining the future key habitats for these two populations 
and formulating targeted conservation measures. 

Evolutionary potential simulation  

We evaluated the future evolutionary potential by calculating 
the number of deleterious mutations, heterozygosity, inbreeding 
level, and fitness of the populations over the next 100 years based 
on their current population sizes (Figure 6A–H). The results 
showed that there was no significant difference in the clearance 
of strong and moderately deleterious mutations between the two 
populations (Figure 6B and C), while the accumulation of weak 
deleterious mutations was significantly higher in the Northern 
than the non-Northern population (Wilcoxon rank sum test, P 
value<0.01) (Figure 6D). Concurrently, compared with the non- 
Northern population, the Northern population had significantly 
more fixed deleterious mutations (Wilcoxon rank sum test, P 
value<0.001) (Figure 6E), decreased heterozygosity, an in
creased inbreeding coefficient and decreased fitness (Wilcoxon 
rank sum test, P value<0.001) (Figure 6F–H). These findings 
suggest that the Northern population will have lower evolu
tionary potential than the non-Northern one over the next 
100 years if a constant population size is maintained. 

We also considered the future evolutionary potential of the 
populations under different population growth rates (1%, 3%, 
5%, and 7%). For both populations, the three kinds of deleterious 
mutations (strong, moderate, and weak) exhibited the same 
change trend across different growth rates (Figure 6I–K), and the 
heterozygosity was not predicted to decline and will maintain a 
stable state when the growth rates reach 3% (Figure 6M). 
Notably, fixed deleterious mutations and the inbreeding coeffi

cient were not predicted to continue to increase when the growth 
rate reached 3% for the Northern population, while the growth 
rate reached 1% for the non-Northern population in the same 
case (Figure 6L and N). This indicates that the Northern 
population will need a higher population growth rate to prevent 
fixed deleterious mutations and inbreeding from increasing in the 
future. Consistently, when the growth rate was 1%, 3%, 5%, and 
7%, the fitness of non-Northern population was found to return 
to 92.50%, 95.32%, 96.34% and 97.10% of the pre-bottlenecked 
level, while that of Northern population was only able to return 
to 89.90%, 94.46%, 95.63% and 96.69% of the pre-bottlenecked 
level (Figure 6O), again suggesting that the Northern population 
needs a higher population growth rate to achieve the same level 
of future population recovery as the non-Northern population. 

DISCUSSION  

In this study, we generated, for the first time, population 
genomics data for Chinese pangolin in Taiwan covering the 
northern, central, southern, and eastern parts of Taiwan island. 
This allowed us to examine the population structure, demo
graphic history, and genomic consequences of population 
declines as well as the survival potential, with enhanced 
understanding of the genetic background, conservation status, 
and future prospects for Chinese pangolin in Taiwan. This study 
provides valuable information concerning the genetic impact of 
population size declines and conservation insights into this 
critically endangered island-endemic population. 

Our research identified the Chinese pangolin in Taiwan as a 
separate population that originated in southeast China and most 
likely in Zhejiang, Anhui, Jiangxi, and Fujian, thus pinpointing 
the origin of this subspecies in Taiwan from the previously 
known southeastern China region (Hu et al., 2020) more 
precisely. Furthermore, the current subspecies in Taiwan are 
divided into Northern and non-Northern genetic populations due 
to the isolation by the Xueshan and Central Mountain Ranges, 
thus establishing the need to treat them as separate conservation 
units in the conservation and management. This genetic division 
is consistent with the results based on microsatellite marker 
analyses, which reveal that Chinese pangolin in Taiwan is 
divided into central-southern and northern populations (Liu, 
2017) and does not support the proposal of four populations 
(northern, central, southern and eastern populations) based on 
mitochondrial gene analyses (Wang, 2007). Intriguingly, the 
Xueshan Mountain Range and Central Mountain Range, which 
separate the Northern and non-Northern genetic populations, 
have previously been suggested as the main cause for the 
differentiation of endemic animals in Taiwan distributed on the 
north and south sides of the mountains. Examples include wood 
mouse in Taiwan, which has been characterized by two divergent 
populations in the northern and south-central regions (Hsu et al., 
2001), and Taipei treefrog, which exhibits two genetic lineages in 
the northern and central areas (Yang et al., 1994). It is 
noteworthy that the Central Mountain Range has also been 
reported to have been responsible for the differentiation of the 
small-endemic animals in Taiwan distributed on the western and 
eastern sides, such as the Indian rice frog and gossamer-wing 
damselfly (Huang and Lin, 2011; Toda et al., 1998), due to their 
weak migration ability. However, the western-eastern population 
structure is not apparent in Chinese pangolin in Taiwan, 
suggesting that the Central Mountain Range alone is not as 
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strong a barrier for Chinese pangolin in Taiwan as it is for small- 
endemic animals in Taiwan. In addition, we also found a 
moderate degree of differentiation between individuals from the 
central, eastern, and southern parts of Taiwan island within the 
non-Northern population, which provides genomic evidence to 
support the suggestion that the terrain, rivers, roads, and the 
Coastal Mountain Range have a certain barrier effect on the gene 
flow within non-Northern population (Wang, 2007). 

Our historical ecological niche simulation suggested that the 
southeast of Taiwan island acted as a refuge for Chinese pangolin 
in Taiwan during the Last Glacial Maximum. Interestingly, 
studies of many other endemic Taiwan species, such as the red- 
bellied tree squirrel, ring cupped oak, long leaf evergreen 
chinkapin, and Gokkohu yungai, have also suggested that the 
southeast of Taiwan island was their refuge during this period 
(Chen et al., 2017a; Cheng et al., 2005; Huang et al., 2002; 
Oshida et al., 2006). These results show that many species on 
Taiwan island exhibited similar survival strategies to overcome 
the cold climate of the Last Glacial Maximum. In addition, the 
results of demographic history and historical ecological niche 
simulation revealed that, after the end of the Last Glacial 
Maximum, the warmer climate promoted the expansion of 
Chinese pangolin in Taiwan and the divergence of the Northern 
population from the non-Northern population, a similar pattern 
observed in other endemic species in Taiwan, such as sambar 
deer, torrent carp, and oriental river prawn (Chen et al., 2017b; 
Ju et al., 2018; Li et al., 2023). Our study represents an example 
of how climate change plays an important role in patterns of 
genetic division for Chinese pangolin in Taiwan, which are 
temperature-sensitive medium-sized mammals (Challender et al., 
2020). 

Our recent demographic reconstruction shows that the 
Northern population has experienced a more severe population 
bottleneck and greater isolation compared with the non-North
ern population, which can explain why the Northern population 
has lower current evolutionary potential. The effective popula
tion size has not recovered recently in the Northern population, 
which suggests that the restoration of an effective population size 
is a big challenge. The results of the ecological niche and local 
genetic offset modeling show that the Northern population is 

more vulnerable to future climate changes compared with the 
non-Northern population. In addition, evolutionary potential 
simulation indicates that the Northern population has lower 
evolutionary potential than the non-Northern one over the next 
100 years. These results suggest that the Northern population is 
at greater risk of extinction and that the restoration of the 
effective population size for the Northern population should be a 
priority for future conservation. In contrast, the non-Northern 
population now has a larger effective population size than the 
Northern population. Consistently, the current estimated popu
lation size of the non-Northern population (11,580 individuals) 
has been reported to be larger than that of the Northern 
population (3,202 individuals) (Kao et al., 2019), further 
confirming the higher current evolutionary potential of the 
non-Northern population. Interestingly, our results show that 
the current effective population growth rate of the non-Northern 
population has reached 5%, and the evolutionary potential of the 
non-Northern population can be effectively restored in the future. 
Our study is the first to evaluate the conservation status and 
future prospects of the two genetic populations of Chinese 
pangolin in Taiwan, which suggests that the Northern popula
tion should be the focus of future conservation efforts. 

Previous studies based on interviews have indicated that the 
pangolin leather trade resulted in the over-exploitation of 
Chinese pangolin in Taiwan from 1950 to 1970 (Chao, 1989), 
however, no studies have reported the genetic consequences of 
this. Our study reveals that it led to a considerable decline in the 
effective population of Chinese pangolin in Taiwan and decreased 
gene flow between the Northern and non-Northern populations. 
Given that the current intensification of population isolation may 
be largely caused by human activities, we propose promoting the 
restoration of gene flow between the Northern and non-Northern 
populations through the construction of ecological corridors. A 
recent study of endangered Madagascar island lemurs shows that 
the widespread gene flow between species maintains their 
extraordinarily high genetic diversity (Orkin et al., 2025) and 
high survival potential. The studies of Isle Royale wolf (Robinson 
et al., 2019) and New Zealand kākāpō (Dussex et al., 2021), two 
island species of which underwent population declines and 
lacked gene flow between species, are severely deficient in genetic 

Figure 4. The outgroup f3 statistic, haplotype sharing analysis, private variants, and LD decay rate of Chinese pangolin in Taiwan. A, Outgroup f3 statistic between each 
individual of Chinese pangolin in Taiwan and the ancestral population; the higher the outgroup f3 value, the closer the genetic relatedness. B–D, (B) Number of haplotypes, (C) 
number of private variants, and (D) linkage disequilibrium (LD) for the Northern and non-Northern populations of Chinese pangolin in Taiwan.  
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diversity and survival potential, and thus have a high risk of 
extinction. Therefore, it is essential to restore gene flow between 
different populations to prevent further loss of genetic diversity 

and their capacity to adapt to changing environments. 
Since the implementation of the Wildlife Conservation Act in 

1989, the Chinese pangolin in Taiwan has been protected and 

Figure 5. Future ecological niche modeling and local genetic offset modeling of Chinese pangolin in Taiwan. A–C, Ecological niche modeling for Northern and non-Northern 
populations. (A) Current suitable habitats, (B) suitable habitats under SSP1-2.6 in 2081–2100 and (C) suitable habitats under SSP5-8.5 in 2081–2100. The green and blue dots 
indicate the current and future center of the suitable habitats, respectively. D and E, Local genetic offset (GO) modeling for Northern and non-Northern populations. D, Genetic 
offsets under SSP1-2.6 in 2081–2100. E, Genetic offsets under SSP5-8.5 in 2081–2100. The higher the GO, the harder it is for individuals in the region to adapt to future climate.  
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recovered to approximately 15,000 individuals recently (Kao et 
al., 2020), making it the only recovering population, in stark 
contrast to the severe population declines reported in other 
pangolins around the world. However, the demographic history 
results indicate that the Northern population has not experienced 
a comparable recovery in effective population size as observed in 
the non-Northern population, and both the current and future 
evolutionary potentials of the Northern population are lower. 

Notably, even when population size is recovered in island species, 
the restoration of genetic diversity still needs attention. For 
instance, although the population of Channel Island fox has 
significantly rebounded from the bottleneck experienced in the 
1990s, their genetic diversity did not recover, and they still 
struggle with the long-term environmental adaptation (Adams 
and Edmands, 2023; Robinson et al., 2018). Both Tiburon Island 
sheep (Hedrick et al., 2001) and Isle Royale moose (Kyriazis et al., 

Figure 6. Simulation of the evolution potential for Chinese pangolin in Taiwan. A, The demographic history models used in simulations. B–H, The evolutionary potential under 
scenarios where Northern and non-Northern populations maintain their current small population size over the next 100 years. I–O, The evolutionary potential for Northern and 
non-Northern populations under different growth rates (0%, 1%, 3%, 5%, 7%) over the next 100 years.  
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2023) have thrived over the past decade, but their genetic 
diversity is low and the inbreeding and genetic load levels 
increase, which could eventually threaten ultimate population 
viability. Therefore, long-term assessing and monitoring the 
genetic diversity in endangered island species is critical to provide 
information on their survival status and improve management of 
these populations that are less able to respond to novel challenges 
(Adams and Edmands, 2023). In view of this, we advocate for 
long-term monitoring of indicators such as genetic diversity in 
the Northern population, which will offer critical insights into 
their long-term survival and management. Simultaneously, we 
observed that climate warming would have more impact on the 
Northern population than the non-Northern population, given 
that they cannot adapt to future climate warming by migrating 
northward in the same manner as the non-Northern population. 
These results indicate that different island populations, akin to 
Northern and non-Northern populations of Chinese pangolin in 
Taiwan, are differentially affected by climate warming, and 
highlight the fact that greenhouse effect poses a substantial 
threat to biodiversity in different island populations (Leclerc et al., 
2020; Manes et al., 2021; Waller et al., 2017). Due to the 
vulnerability of island species to climate change, we urge the 
international community to collaborate in addressing this global 
challenge by developing a circular carbon economy (including 
enhancing the efficiency of recycling waste materials, transition 
from fossil fuels to renewable energy sources) and enhancing 
public awareness of climate warming (van Daalen et al., 2024; 
Vidal et al., 2024). 

MATERIALS AND METHODS  

Sample collection  

Thirty-three tissue samples of Chinese pangolin in Taiwan came 
from individuals that had died as a result of road accidents and 
had been taken to a rescue center. These samples represented 10 
of 16 counties/cities covering their most geographic distribution 
area (Chang et al., 2022) and were provided by Taiwan 
University and Pingtung University of Science and Technology. 
These samples were classified into four geographic populations 
based on Wang (2007), including eleven northern, ten central, 
nine southern, and three eastern population individuals. We also 
downloaded the published genome resequencing data for two 
Chinese pangolins in Taiwan from Taipei Zoo (Choo et al., 2016; 
Houck et al., 2023). In addition, published genome resequencing 
data from 93 Chinese pangolins in non-Taiwan island (Hu et al., 
2020; Wang et al., 2022b; Wei et al., 2024) and two Chinese 
pangolins newly sequenced in this study from Ningbo Zoo 
(Zhejiang, China) and Hainan Normal University (Hainan, 
China) were obtained. In total, 35 Chinese pangolins in Taiwan 
from the northern, central, southern, and eastern parts of 
Taiwan island, and 95 Chinese pangolins from non-Taiwan 
island were used for the analyses (Tables S1 and S2). The 
published genome data for the White-bellied pangolin (Gu et al., 
2023) were used as the outgroup. 

Newly generated genomic resequencing data  

For samples of Chinese pangolins in Taiwan, DNA was extracted 
using a QIAGEN DNA purification and recovery kit, and genome 
resequencing was conducted by Yourgene Health in Taiwan, 

China. For samples of Chinese pangolins in non-Taiwan island, 
DNA was extracted using a Magen Hipure DNA micro-kit (Mega, 
China) and genome resequencing was conducted by Berry 
Genomics in Beijing, China. All samples were used to construct 
the 500 bp Illumina sequencing libraries and sequenced on the 
Illumina NovaSeq MT platform with paired end reads of 150 bp 
(NCBI BioProject: PRJNA1144830). For all raw sequencing data, 
reads containing more than 10% ambiguous nucleotides and 
more than 20% low-quality nucleotides (Q≤5) were discarded. 

SNP calling  

We used BWA-MEM v.0.7.12 (Li and Durbin, 2009) to align the 
high-quality genome resequencing data from all samples to the 
chromosome-level reference genome of Chinese pangolin in 
Taiwan (Rhie et al., 2021). We sorted the Bam files generated by 
the alignment using SAMtools v.1.3 (Li et al., 2009) software in 
ascending order. We then used the “indelRealigner” module of 
GATK v.4.1.2.0 (McKenna et al., 2010) to realign the InDels in 
the surrounding regions, and then marked and filtered redun
dant sequences generated during library preparation and 
sequencing using the Picard software v.2.10.3 (https://broad
institute.github.io/picard). We used the “HaplotypeCaller” mod
ule of GATK to generate gVCF files for each sample, and then 
combined all sample gVCF files using the “CombineGVCFs” 
module to obtain a population-level gVCF file. Finally, we 
performed variant detection using the “GenotypeGVCFs” module 
to obtain the original VCF file at the population level. 

We filtered the original VCF file with the following parameters: 
“QUAL<30.0 || QD<2.0 || MQ<40.0 || FS>60.0 || 
SOR>3.0|| MQRankSum<–12.5 || ReadPosRankSum<–8.0 
|| SB≥–1.0 || DP<3 ||MQ0≥4 & MQ0/DP≥0.1”. Based on 
the chromosome-level reference genome, we retained SNPs on 
19 autosomes. We removed SNPs with minor allele frequencies 
less than 0.05 to reduce potential false-positive sites in the 
sequencing. We also excluded SNPs with missing site coverage 
greater than 20% of samples at the population level and ensured 
a diploid count of two alleles within the population. In addition, 
we removed SNPs with sequencing depth distribution below 
2.5% or above 97.5% across all sites. 

Kinship analysis  

Because duplicate individuals may lead to biased results in the 
analyses, we conducted a kinship analysis based on a genome- 
wide association study (KING) (Manichaikul et al., 2010) on the 
35 samples collected in this study. We used the “make-king” 
command in PLINK v.2.0 (Purcell et al., 2007) to calculate the 
KING-robust coefficients between individuals, which reflects the 
proportion of identical SNPs between individuals. Individuals 
with KING-robust coefficients greater than 0.354 are considered 
to be identical individuals (Manichaikul et al., 2010). No 
identical individuals were found. 

Population structure and admixture analysis  

The autosomal chromosome SNPs were thinned using VCFtools 
v.0.1.13 (Danecek et al., 2011) based on randomly extracting a 
site from every 10 kb length window size to avoid the influence of 
linkage disequilibrium (LD) between loci, resulting in datasets of 
~0.22 and ~0.01 Mb SNPs for phylogenetic analyses of Chinese 
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pangolin and Chinese pangolin in Taiwan, respectively. We used 
RAxML v.8.2.12 (Stamatakis, 2014) to build ML trees based on a 
GTRGAMMA model with 1,000 bootstraps. The input files used 
Python script vcf2phylip v.2.8 (Ortiz, 2019) to convert VCF files 
to PLYLIP files. 

The datasets of autosomal SNPs without an outgroup were 
used to conduct admixture and principal component analysis 
(PCA) using Admixture v.1.2.3 (Alexander et al., 2009) and the 
smartPCA program from the Eigensoft v.4.2 package (Patterson 
et al., 2006), respectively. The number of ancestral clusters (K) 
from one to ten and the optimal K value were determined using 
cross-validation (Alexander et al., 2009). The PCA plots were 
created based on the two principal components PC1 and PC2, 
with the largest contributions, and the Tracy-Widom test was 
conducted. 

Population differentiation index and migration analysis  

We used a sliding-window method (50 kb window size with 25 
kb window steps) to calculate the genome-wide Weir and 
Cockerham weighted F ST value (Weir and Cockerham, 1984) 
to generate the differentiation index between different geographic 
populations of Chinese pangolin in Taiwan with VCFtools 
v.0.1.13 (Danecek et al., 2011). Weighted F ST value ranges 
from 0 to 0.05, indicating that genetic differentiation between 
populations is too small to be considered; ranges from 0.05 to 
0.15 indicate that there is a moderate degree of genetic 
differentiation between the populations; ranges from 0.15 to 
0.25 indicate that genetic differentiation between populations is 
relatively large; values above 0.25 indicate that there is 
significant genetic differentiation between the populations 
(Wright, 1984). In addition, PLINK v.2.0 software (Purcell et 
al., 2007) was used to calculate the pairwise identity by state 
(IBS), which represents the consistent DNA segments within two 
individuals. IBS values range from 0 to 1. The lower the IBS 
value, the closer the relationship, and D IBS (1–IBS) represents the 
genetic distance. 

We performed a migration discontinuity test using Estimated 
Effective migration Surfaces (EEMS) v.0.0.0.9000 (Petkova et al., 
2016) for the distribution range of Chinese pangolin in Taiwan. 
Based on the geographic distance and genetic distance matrix, 
the method identifies geographic regions where genetic similarity 
decays faster than expected to identify areas that have poor 
connectivity. We converted the SNP data for 28 out of 35 
individuals with recorded geographic information into an 
average inverse genetic difference matrix using the bed2diffs 
program in EEMS. We used ArcGIS v.10.6 (https://desktop. 
arcgis.com/) to obtain the external coordinate file for Taiwan 
island. The burn-in was 2,000,000, the MCMC length was 
6,000,000 iterations, and the number of grids was 500. We used 
the R package rEESplots v.0.0.1 (Petkova et al., 2016) for 
visualization. 

Genetic diversity, inbreeding level, and genetic load  

We assessed the genetic diversity of Chinese pangolin in Taiwan 
by calculating the heterozygosity (He) of all individuals. The 
heterozygosity for each individual was calculated based on 
autosomal SNPs as the ratio of the number of heterozygous sites 
to the number of all callable sites (Gu et al., 2023). 

We evaluated the inbreeding level of Chinese pangolin in 

Taiwan by calculating the inbreeding coefficient (F ROH) of 
individuals. We used PLINK v.2.0 (Purcell et al., 2007) to 
identify runs of homozygosity (ROHs) longer than 1 kb for each 
individual. The window size was set to 20 SNPs, one SNP site in 
the window was allowed to be a hybrid, and the number of 
missing sites in the window could not exceed 20%. F ROH was 
calculated by dividing the total length of the ROHs by the total 
length of the autosomes covered by the SNPs (McQuillan et al., 
2008). Using the physical distance of ROHs as an approximation 
of the genetic distance (van der Valk et al., 2019), ROHs longer 
than 1 Mb (g=100/2×ROH length, g is the number of generations 
and ROH length is the length of ROHs) indicated that inbreeding 
occurred within the last 50 years (Kardos et al., 2018). 

Deleterious mutations mainly include deleterious missense 
mutations, loss of function (LOF) mutations, and synonymous 
mutations. These mutations are expected to reduce the ability to 
survive by disrupting gene function and are therefore considered 
assessment indicators of genetic load (Mattila et al., 2012). We 
used SnpEff v.4.3t (Cingolani et al., 2012) to classify the derived 
allele mutations in coding regions of each individual into LOF, 
missense, and synonymous mutations. We established the 
database based on annotation and reference genome sequences 
of Chinese pangolin in Taiwan (Rhie et al., 2021). The genotypes 
of dominant alleles in all individuals (i.e., alleles in which more 
than 50% of individuals are homozygous) were defined as 
ancestral genotypes (Feng et al., 2019). We judged whether a 
missense mutation was harmful based on the Grantham Score 
(GS) (Grantham, 1974). GS measures the physical/chemical 
consequences of amino acid changes. A missense mutation with 
GS≥150 was considered as a deleterious missense mutation (Li 
et al., 1984). We estimated genetic load for each individual by 
calculating the ratio of the number of homozygous sites to both 
the homozygous and heterozygous sites for each deleterious 
mutation (Robinson et al., 2016). 

Demographic history analyses  

To infer the demographic history of Chinese pangolin in Taiwan, 
we used fastsimcoal2 v.2.7 (Excoffier et al., 2013) based on the 
joint site frequency spectrum (SFS) to evaluate the optimal 
population history model. We assumed that the alleles of the 
White-bellied pangolin outgroup were ancestral alleles and 
removed the heterozygote locus from the outgroup (Hu et al., 
2020). We selected SNPs from a non-coding region and sites 
without LD affected. The final dataset of Chinese pangolin in 
Taiwan consists of 144,326 SNPs. EasySFS (Coffman et al., 
2016) was used to obtain unfolded joint SFS from different 
populations. We set the mutation rate per generation to 
1.47×10 –8 (Choo et al., 2016) and the generation time to one 
year (Zhang et al., 2016). To identify the most suitable model, 
we set demographic history models with varying levels of 
complexity based on the number and period of different 
demographic historical events (Figure S6). We used 500,000 
coalescent simulations and 50 optimization (ECM) cycles to run 
each model. To avoid local maxima, we ran 100 repetitions 
independently and calculated the 95% confidence intervals. We 
compared the fit of different models on the basis of Akaike 
information criterion (AIC) values (Akaike, 1974) and con
sidered the model with the smallest AIC value to be optimal 
(Tables S6 and S7). 

We also used GONE (Santiago et al., 2020) software, which 
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estimates the recent effective population size (Ne) based on LD, to 
estimate the recent Ne of each population of Chinese pangolin in 
Taiwan. GONE has been shown not to be affected by natural 
selection (Novo et al., 2022), and Ne can be estimated for small 
sample size populations (Santiago et al., 2020). Pairs of sites 
within 2 cM (parameter hc was set to 0.02) were used to reduce 
bias arising from recent population substructure (Santiago et al., 
2020). The generation time was set to one year (Zhang et al., 
2016), and other parameters used the default values. We 
randomly sampled 50,000 SNPs from each chromosome of each 
population to estimate LD, performing 40 bootstrapping itera
tions and calculating geometric mean values each time. The 
analysis was repeated 100 times for each population, and 95% 
confidence intervals were calculated. Finally, Ne values from the 
most recent 100 generations were estimated. 

Outgroup f3 statistic, haplotype sharing analysis, private 
variants, and LD decay rate  

The higher the outgroup f3 value, the closer the genetic 
relatedness. To infer the origin population of Chinese pangolin 
in Taiwan, we used AdmixTools v.7.0.2 (Patterson et al., 2012) 
to calculate the value of outgroup f3 between A and B (outgroup; 
A, B), where the outgroup is White-bellied pangolin, A is the 
ancestral population, and B is each individual of 35 Chinese 
pangolins in Taiwan. 

Furthermore, we evaluated the number of haplotypes shared 
between different populations of Chinese pangolin in Taiwan and 
the ancestor population using methods described by vonHoldt et 
al. (2010). Haplotype typing of SNP sites was conducted using 
SHAPEIT software v.5.1.0 (Delaneau et al., 2012). We selected 
the same number of samples for the ancestor population and 
each population to remove the influence of sample size. Following 
the recommendations associated with the software, we parti
tioned the genome into 20 kb non-overlapping windows and 
ensured that the number of SNPs in each window was equal to 
five (for windows with more than five SNPs, a random subset of 
five SNPs was chosen; windows with fewer than five SNPs were 
excluded). The number of shared haplotypes was denoted by the 
count of haplotypes present in the ancestral and each population, 
respectively. 

We counted private variants in each population of Chinese 
pangolin in Taiwan using the same number of samples. Between 
the A and B populations, if a site was only polymorphic in the A 
but not in the B population, we defined it as a private variant in 
the A population, and vice versa. We also performed LD analysis 
for each population of Chinese pangolin in Taiwan using 
PopLDdecay v.3.40 (Zhang et al., 2019). We plotted the decay 
curve of the r-squared statistic (r 2), which is the correlation 
coefficient between two focal loci of interest. 

Ecological niche modeling  

We obtained 2034 distribution records for Chinese pangolin in 
Taiwan, including 28 records collected in this study and 2,008 
records from the Taiwan Biodiversity Network (https://www.tbn. 
org.tw/) between 1910 and 2022. To ensure the accuracy of the 
results and avoid overfitting, we removed any records with 
unclear locations or obvious positioning errors (such as locations 
in the ocean), and kept only one record within every 1 km 2 

(Boria et al., 2014; Lin, 2011) using the R package ENMwizard 

(https://github.com/HemingNM/ENMwizard/). We finally re
tained 390 distribution records. 

To model the possible influence of historic, current, and future 
climatic changes on the distribution of Chinese pangolin in 
Taiwan, we downloaded 19 bioclimatic layers from historic 
periods (the LGM, approximately 22.00 kya and the MH, 7.7–6.0 
kya), the current period (1970–2000), and the future period 
(2081–2100) with a resolution of 2.5 min (~10 km) from the 
WorldClim database (http://www.worldclim.org/) (Hijmans et 
al., 2005). We chose the farthest future climate data compared 
with current situation (2081 to 2100) from Worldclim to 
simulate future climate changes as much as possible. To avoid 
multicollinearity, we selected bioclimatic layers with correlations 
less than 0.8 (|r|<0.8) based on Pearson’s rank correlation 
analyses, and the eigenvalues of PCA with a contribution of more 
than 10%. The results showed that three bioclimatic layers, BIO3 
(Isothermality), BIO11 (Mean Temperature of Coldest Quarter), 
and BIO12 (Annual Precipitation), had lower correlations and 
could explain more than 90% of the data selected for ecological 
niche modeling (Table S8 and Figure S7). 

We conducted ecological niche modeling in Maxent v.3.3.3e 
(Phillips et al., 2006). We randomly selected 80% of the 
distribution points to generate the training set and used the 
remaining 20% of the distribution points to test the effectiveness 
of the model. To optimize the options and settings of Maxent 
model and improve the accuracy of the prediction model for 
historical and future distributions, we investigated suitable 
combinations of Feature Classes (FC), which influence the shape 
of the response curves and Regularization Multipliers (RM), 
which impose penalties for the inclusion of additional parameters 
in the model. This evaluation was based on model performance 
metrics, specifically the delta value in the Akaike minimum 
information criterion (delta.AICc) (Zhu and Qiao, 2016). We 
identified the best model using the R package ENMeval v.2.0.4 
(https://cran.r-project.org/web/packages/ENMeval/index.html/) 
(Muscarella et al., 2014) with the “ENMevaluate” function. The 
FC used was “L”, “H”, “LQ”, “LQH”, “LQHP”, “LQHTP” (where 
L=linear, Q=quadratic, H=hinge, P=product and T=threshold), 
and the RM values (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4). The result 
showed that the combination of H (FC) and 1 (RM) was the best 
(Figure S8). We then used the optimal combination of FC and RM 
with the rest of the default parameters for ecological niche 
modeling (Phillips and Dudík, 2008). Each model was indepen
dently run 20 times. We used the maximum training sensitivity 
plus specificity threshold (MaxSS) to translate continuous 
ecological niche modeling into predictions of species presence 
(1) and absence (0) (Liu et al., 2013). We used ArcGIS 10.6 to 
visualize the output models. 

We used three general circulation models (GCMs) (MPI-ESM- 
P, CCSM4, and MIROC-ESM) for both the MH and LGM climate 
scenarios. The highest value of area under the receiver 
operating characteristic curve (AUC, 0.7–0.8 indicates accep
table performance, 0.8–0.9 indicates excellent performance, 
and >0.9 indicates outstanding performance (Phillips et al., 
2006)) was used to evaluate the best model (Table S9). When 
estimating the future distribution, we also included land cover 
factors that may directly or indirectly affect species distribution 
by affecting food availability (Wisz et al., 2013). Land cover data 
were obtained from the Land Use Harmonization2 project 
(http://luh.umd.edu/) at a resolution of 2.5 min to match the 
bioclimatic layers. Two types of land cover, grassland, and 
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forest, were selected for ecological niche modeling as well as 
bioclimatic layers (Table S10 and Figure S9). We selected model 
INM-CM5-0 of the CMIP6 climate model with two different 
shared socioeconomic pathway scenarios (SSP1-2.6 and SSP5- 
8.5) (Riahi et al., 2017) for future distribution projections of 
each population (Table S8), respectively. The INM-CM5-0 model 
performs well in predicting precipitation (Wang et al., 2022a), 
which was the bioclimatic layer (BIO12, 49.74%) that 
contributed most in the PCA. SSP5-8.5 represents the worst- 
case greenhouse effect with an increased average annual 
temperature of 2.4–4.8°C above the current level in 2081– 
2100. SSP1-2.6 is a more optimistic scenario, with average 
annual temperature only increasing by 0.5–1.5°C compared 
with the current level in 2081–2100 (Intergovernmental Panel 
on Climate Change (IPCC), 2023). 

Identification of SNPs associated with climate adaptation  

To control the high false positive rate in the identification of the 
climate-associated SNPs (Rellstab et al., 2015), we used both 
LFMM (Frichot et al., 2013) and RDA (Forester et al., 2016) 
approaches to identify SNPs that were significantly associated 
with BIO3, BIO11, and BIO12. We first used the R package lfmm 
v.1.1 (https://CRAN.R-project.org/package=lfmm), with the 
latent factor K set to the number of genetic populations and the 
remaining parameters set to the defaults. We retained SNPs with 
P values less than 0.05 for all three environmental variables. 
Then we carried out RDA analyses with the R package vegan 
v.2.6-4 (https://CRAN.R-project.org/package=vegan), with the 
constrained axes K also set to the number of genetic populations. 
We retained SNPs with P values and Q values less than 0.05. We 
identified the SNPs that were significant in both methods as 
climate-associated SNPs. 

Genetic offset modeling  

For the identified climate-associated SNPs, we used GF v.0.1.37 
(https://r-forge.r-project.org/projects/gradientforest/) (Ellis et al., 
2012) to estimate the genetic offsets for Chinese pangolin in 
Taiwan in response to future climate changes. We used 500 
regression trees to build a function for each SNP for each climatic 
variable and set the correlation threshold to 0.5. To explore 
future climate impacts on Chinese pangolin in Taiwan, we used 
two shared socioeconomic pathway scenarios (SSP1-2.6 and 
SSP5-8.5) in the INM-CM5-0 climate model to predict genetic 
offsets in 2081–2100. We assessed the geographical areas in 
which the relationship between genotype and climate is likely to 
be most significantly altered in the context of future climatic 
conditions using local genetic offsets (Fitzpatrick and Keller, 
2015). In this analysis, local genetic offsets were determined by 
forecasting genetic differentiation for climate-associated SNPs 
between present and anticipated future climates at identical 
locations. This calculation employed multidimensional Euclidean 
distance for genetic factors, under the assumption of no dispersal 
or gene flow. 

Future evolutionary potential simulation  

We used the SLiM v.3.6 software (Haller and Messer, 2019) to 
simulate the future evolutionary potential (e.g., deleterious 
mutations, inbreeding coefficient, heterozygosity, fitness) for 

each population under a Wright-Fisher model. We set the 
effective population sizes (Ne) of our simulations according to the 
best demographic model for each population (Figure 5A) and 
used different models to simulate the evolutionary potential 
under different growth rates of Ne (1%, 3%, 5%, and 7%) in the 
next century. Based on the genome characteristics of the Chinese 
pangolin in Taiwan, we simulated a genome containing 19 
chromosomes and 20,000 genes, the length for each gene was 
1,500 bp (Xie et al., 2022), and the number of genes was 
proportional to the length of the chromosome (Xie et al., 2022). 
The mutation rate was 1.47×10 –8 per site per generation (Choo 
et al., 2016), the generation time was one year (Zhang et al., 
2016), the genetic recombination rate was 1×10 –3 per site per 
generation, and the ratio of deleterious (non-synonymous) 
mutations to neutral (synonymous) mutations was set to 
2.31:1 (Huber et al., 2017). The dominance coefficient (h) and 
the selection coefficient (s) were set to be inversely related, given 
that highly deleterious mutations tend to be highly recessive. 
Specifically, we assumed h=0.01 (s<–0.01) for strong deleterious 
mutations; h=0.1 (–0.01≤s<–0.001) for medium deleterious 
mutations; h=0.4 (s>–0.001) for weak deleterious mutations 
(Dussex et al., 2021). For all simulated scenarios, we conducted 
25 runs, outputting results every 10 generations. We calculated 
the average and 95% confidence interval for the results of all 
runs. The mean heterozygosity, F ROH (calculated using 
ROHs>100 kb to monitor recent inbreeding), genetic load, and 
population fitness were also calculated. 

Data and code availability  

The resequencing short-read Fastq files generated in this study 
have been deposited to the NCBI (https://www.ncbi.nlm.nih.gov/) 
archive under project PRJNA1144830. The reference genome of 
Chinese pangolin in Taiwan (PRJNA924339) was downloaded 
from https://www.ncbi.nlm.nih.gov/bioproject/PRJNA924339 
(Rhie et al., 2021). Previously published data used for this work 
(PRJNA20331, PRJNA512907, PRJNA529540, CNP0001723 
and PRJNA962256) were downloaded from https://www.ncbi. 
nlm.nih.gov/bioproject/PRJNA20331 (Choo et al., 2016), 
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA512907 
(Houck et al., 2023), https://www.ncbi.nlm.nih.gov/bioproject/ 
PRJNA529540 (Hu et al., 2020), https://db.cngb.org/search/ 
project/CNP0001723 (Wang et al., 2022b; Wei et al., 2024) and 
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA962256 (Gu et 
al., 2023). Tissue samples in this study were obtained from 
individuals involved in road accidents and stored in absolute 
ethanol or as material stored at –20°C. Code for data processing 
and analysis, and simulations used in this study have been 
deposited in GitHub (https://github.com/Zhaitianya428/Chine
se_pangolin_in_Taiwan). 
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