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Insights into subspecies 
classification and conservation 
priorities of Central Asian 
lynx populations revealed 
by morphometric and genetic 
analyses
Nazerke Bizhanova 1,2, Olga Nanova 3, Davoud Fadakar 4*, Alexey Grachev 1,2, Zijia Hong 5, 
Shahrul Anuar Mohd Sah 5, Zhansaya Bizhanova 6, Mikhail Sablin 7 & Yuriy Grachev 1

The Eurasian lynx (Lynx lynx) exhibits geographic variability and phylogenetic intraspecific 
relationships. Previous morphological studies have suggested the existence of multiple lynx 
subspecies, but recent genetic research has questioned this classification, particularly in Central 
Asia. In this study, we aimed to analyse the geographic and genetic variation in Central Asian lynx 
populations, particularly the Turkestan lynx and Altai lynx populations, using morphometric data 
and mtDNA sequences to contribute to their taxonomic classification. The comparative analysis of 
morphometric data revealed limited clinal variability between lynx samples from the Altai and Tien 
Shan regions. By examining mtDNA fragments (control region and cytochrome b) obtained from 
Kazakhstani lynx populations, two subspecies were identified: L. l. isabellinus (represented by a 
unique haplotype of the South clade, H46) and L. l. wrangeli (represented by haplotypes H36, H45, 
and H47 of the East clade). L. l. isabellinus was recognized only in Tien Shan Mountain, while Altai 
lynx was likely identical to L. l. wrangeli and found in northern Kazakhstan, Altai Mountain, Saur and 
Tarbagatai Mountains, and Tien Shan Mountain. The morphological and mtDNA evidence presented in 
this study, although limited in sample size and number of genetic markers, renders the differentiation 
of the two subspecies challenging. Further sampling and compilation of whole-genome sequencing 
data are necessary to confirm whether the proposed subspecies warrant taxonomic standing.

The genetic differentiation and phylogeographic structure for subspecies formation in mammalian carnivores of 
the Northern Hemisphere has been shaped by historical climatic and geological events, in addition to contem-
porary human-driven impacts such as habitat destruction, fragmentation, and  modification1,2. The conservation 
and classification of modern large carnivores present significant challenges due to their widespread distribu-
tion, high mobility, and susceptibility to human  activities3. Among these carnivores, the phylogeography of the 
Eurasian lynx (Lynx lynx) is of great interest, as this species represents a suitable model to explore geographic 
variability due to its extensive distribution across diverse landscapes and significant morphological variation 
and specialization in  predation4.

The subspecies delimitation of the Eurasian lynx has historically relied on morphological studies, which 
compared variables such as cranial characteristics, body size, colour and spotting of skins, distribution patterns 
of alleged subspecies, and the presence of geographical barriers (i.e., Heptner &  Sludskiy5,  Wozencraft6, Kitchener 
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et al.7). The mentioned studies recognised five to ten subspecies. However, with the introduction of molecular 
genetic techniques in systematic and phylogeographic studies, the number of proposed subspecies has signifi-
cantly decreased, identifying three to five major clades of lynx  populations8–10. The existence of subspecies has 
been called into question, suggesting that the morphological variability that supported the previous subspecies 
distinctions may be a plastic response to local environmental  changes9. Despite the discrepancy between the 
results of phylogeographic research and the subspecies concept according to the biological species concept, using 
the subspecies concept for conservation and current taxonomic purposes may be justified.

Previous studies based on mitochondrial DNA (mtDNA) sequences and microsatellite markers have rec-
ognised the northern lynx (L. l. lynx), Turkestan or Himalayan lynx (L. l. isabellinus), and Siberian lynx (L. l. 
wrangeli) as the most reliable subspecies, followed by the Caucasian lynx (L. l. dinniki)3, while the subspecies 
status of the Balkan (L. l. balcanicus), Carpathian (L. l. carpathicus), Baikal (L. l. kozlovi), and Altai lynxes (L. l. 
wardi) require further confirmation or  refutation3,5,11,12. Behzadi et al.10 found four clades in the phylogenetic 
analysis: South, East, West 1 and West 2, based on the mitochondrial control region (CR) sequences. By compar-
ing these clades with other CR  clades8 and whole mitochondrial genome  clades9, three subspecies were proposed, 
namely, the Siberian lynx (L. l. wrangeli) corresponding to the East clade, the northern lynx (L. l. lynx), including 
two mitochondrial clades, i.e., clade West 1 and West 2, and all southern localities, including populations in the 
Himalaya region, Tibet, Iran, Iraq, Turkey, and the Caucasus region, correspond with the South clade considered 
as L. l. isabellinus.

The genetic structure of the species has been well studied in Europe, where limited genetic variation and 
pronounced differentiation within northern lynx populations have been found, along with considerable gene 
flow across the subspecies’ central  range13–15. Gugolz et al.16 proposed a scenario of postglacial recolonization of 
the northern lynx within Europe after the Last Glacial Maximum (LGM). Rueness et al.8 utilized mitochondrial 
CR and cytochrome b (cyt b) sequences, along with microsatellites, to reveal that the oldest lynx lineage can be 
traced back to Central Asia, suggesting that the origins of Eurasian lynx populations can be attributed to Central 
Asia, with subsequent expansion towards northwestern Siberia and Scandinavia following the LGM.

In contrast to European populations, the range of the species in Asia has been characterised as uninterrupted, 
with thriving and interconnected  populations8–10. However, few genetic studies have been conducted for Asian 
lynx  populations17,18, and one open question in intraspecific taxonomy pertains to the Central Asian lynx popula-
tions and the potential subspecies inhabiting this region. There has long been debate over the subspecies status 
of the Turkestan lynx and Altai lynx in the northern part of Central Asia, mostly in Kazakhstan, where there 
might be a border between these two  taxa7. While there has not been a comprehensive comparative analysis on 
differentiation between these lynx populations, there is an assumption about the possibility of the Altai lynx 
being identical to or a variation of the Turkestan  lynx5,19. The Altai lynx was initially described as a subspecies 
by  Lydekker20, who highlighted its distinct features, such as its light colouration and specific markings. However, 
 Satunin21 argued that the Altai lynx’s characteristics were similar to those of the northern lynx, leading to its 
classification as such. Ognev’s19 examination of lynx skins from Altai revealed similarities in colouration with the 
Turkestan lynx described in Tibet, causing the systematic position of the Altai lynx to be uncertain. Conversely, 
 Stroganov22, based on his study of lynx skulls (n = 19) and skins (n = 10) from the Russian Altai, strongly advo-
cated for classifying the Altai lynx as a separate subspecies. The author highlighted unique characteristics such 
as pronounced flattening of the skull’s frontal bone and a relatively large size, placing the Altai lynx between the 
smaller northern lynx and the larger Siberian lynx.  Sludskiy23 also initially classified the Altai lynx as the northern 
lynx, but subsequent collaborations with  Heptner5 and further research indicated a potential close relationship 
between the Altai and Turkestan lynxes. This prompted a re-evaluation, with  Sludskiy24 excluding the Altai lynx 
from the list of subspecies and calling for additional research to clarify its classification.

As the Turkestan lynx is rare or endangered throughout almost all countries of its  habitat25,26, compared to 
the more abundant Altai  lynx27, research on defining these two taxa is crucial for reconsidering or reinforcing 
the conservation status of the Turkestan lynx and addressing the intriguing taxonomic question. The taxonomic 
position of the lynx inhabiting the Saur and Tarbagatai Mountains near the Irtysh River (a possible barrier 
between Turkestan lynx and Altai  lynx7), located between the Altai Mountains region and Tien Shan-Zhetisu 
Alatau Mountains region in the northern part of Central Asia, has also never been properly classified to any of 
these  subspecies28.

In this paper, we analysed the geographic variation of the Eurasian lynx in Central Asia using morphometric 
data from osseous specimens and analysed its genetic variation across most of the species’ geographical range 
using mtDNA sequences. Specifically, we examined the phylogeographic structure of the Central Asian lynx 
populations to determine whether subspecies recognition of Altai lynx and Turkestan lynx is warranted. The 
results might help us gain insight into the taxonomic position of the lynxes studied, formulate conservation 
strategies and ensure sustainable management of lynx populations in Asia.

Results
Cranial characteristics
At baseline, the effects of AGE (F = 588.4, p = 0.033, df = 26), SEX (F = 8.5, p = 0.027, df = 78), and LOC (F = 10.5, 
p < 0.001, df = 108) were significant on log-transformed data. On Burnaby-corrected data, the effects of AGE 
(F = 9.0, p = 0.105, df = 25) and SEX (F = 1.7, p = 0.227, df = 75) were not statistically significant, and the effect of 
LOC was reliable (F = 18.4, p = 0.001, df = 108). We conducted a further study of geographic variability on data 
modified using Burnaby’s procedure, from which age and sex variations were excluded. This procedure enabled 
us to employ all measured specimens as a unified sample for geographic variability analysis.

For the principal component analysis, a total of 25 major components were identified for the cranium. The 
cranium variability is poorly structured (Supplementary Fig. S1a). The first principal component, PC1, explained 
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17.43% of the total variability. The second principal component (PC2) accounted for 11.88%, and the third 
component (PC3) for 9.95%. The proportion of variability gradually decreased for the subsequent principal 
component. Samples from Altai (number 7) and Tien Shan (number 9) were partly separated by PC1 and to 
a lesser extent by PC3 (Fig. 1a,b). The sample from Saur-Tarbagatai (number 8) was located in the area where 
samples from Altai and Tien Shan overlapped in the PC1-PC2 and PC2-PC3 spaces. In the remaining principal 
components, which represent a smaller proportion of variability, the samples overlapped. The loadings of the 
three major components for the cranium can be found in Supplementary Tables S5, S6.

Based on the cluster analysis, the dendrogram in Fig. 2a illustrates that the sample from Altai (number 7) 
was classified as closest to the sample from the Krasnoyarsk Territory (number 5). The sample from Tien Shan 
(number 9) was located next to this group. The dendrogram was constructed using the Mahalanobis quadratic 
distances matrix with their reliability checked, which can be found in Supplementary Tables S7–S10.

A pairwise comparison of the means for samples 7 and 9 for each of the 27 corrected features using the Bon-
ferroni correction (a Bonferroni-corrected Mann–Whitney U-test) (p < 0.001852) revealed that these samples 
differed in one feature, specifically the zygomatic width. For more details, see Supplementary Table S11.

To assess whether there were variations in cranial dimensions from the northern to southern regions, we 
calculated correlations between the condylobasal length of the cranium and the latitude of specimen capture. 
Calculations were carried out on logarithmic data; only adult animals were included in the analysis, and cor-
relations were calculated separately for males and females. The results indicated that there was no correlation 
between condylobasal cranial length and breadth with latitudinal location for either males (r = 0.3, p = 0.34, 
n = 12) or females (r = -0.07, p = 0.86, n = 9).

Mandibular characteristics
The log-transformed data analysis showed that the effect of age (AGE, F = 2.6, p = 0.025, df = 22) and locality 
(LOC, F = 34.0, p = 0.020, df = 80) on the study were found to be significant, while the effects of sex (SEX, F = 1.6, 
p = 0.051, df = 66) was close to being significant. The effect of LOC was significant. In contrast, when corrected 
using Burnaby’s procedure, the effects of age (F = 0.32, p = 0.99, df = 19), sex (F = 0.79, p = 0.81, df = 57), and locality 
(F = 30.60, p = 0.1, df = 54) were not significant.
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Figure 1.  Plot of the Eurasian lynx (Lynx lynx) specimen on the space of the first three principal components 
(PC): (A) cranium, PC1 vs. PC2, (B) cranium PC2 vs. PC3, (C) mandible, PC1 vs. PC2, (D) mandible PC2 vs. 
PC3. Data adjusted for sex and age variability. The solid line outlines the sample from Altai, while the dotted line 
outlines the sample from Northern Tien Shan. Specimens come from Kazakhstan (KAZ), Russia (RUS), China 
(CHN), Tajikistan (TJK) and Estonia.
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We conducted further analyses of geographic variability on data modified using Burnaby’s procedure, from 
which age and sex variations were excluded. This enabled us to combine sex and age groups into a single sample.

In the principal component analysis for the mandible, a total of 19 major components were identified. The first 
principal component, PC1, explained 18.93% of the total variability, while the second principal component, PC2, 
accounted for 12.24%, and PC3 explained 11.16% (Supplementary Fig. S1b). As seen in Fig. 1c,d, the variability 
was not well structured. Samples from Altai (number 7) and Tien Shan (number 9) were partially separated by 
the PC1 but completely overlapped in the PC2-PC3 space. The Saur-Tarbagatai sample (number 8) was in the 
area where the samples from Altai and Tien Shan overlapped in the PC1-PC2 space (as shown in Fig. 1c,d). The 
loadings of the major components for the mandible are presented in Supplementary Table S6.

The dendrogram (Fig. 2b) from the cluster analysis illustrates that the sample from Tien Shan (number 9) 
clustered with the sample from Pamir and Tajikistan (number 10). Additionally, the sample from Altai (number 
7) was sister to this group. We created the dendrogram using the Mahalanobis quadratic distances and checked 
their reliability, as presented in Supplementary Tables S9 and S10, respectively.

Pairwise comparison of means of the Altai and Northern Tien Shan samples for each of the 21 corrected traits 
using the Bonferroni correction (a Bonferroni-corrected Mann–Whitney U-test) (p < 0.002381) revealed that 
there were no differences in any of the mandible traits analysed. For more details, see Supplementary Table S12.

We calculated correlations between the length of the mandible and the latitude of the specimen capture to 
assess whether there was dimensional variability in the samples from north to south. The analysis included only 
adult specimens, and the correlations were calculated separately for males and females using logarithmic data. 
The results showed no correlation between the mandible length and width with latitudinal location for either 
males (r = − 0.35, p = 0.26, n = 12) or females (r = − 0.36, p = 0.31, n = 10).
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Figure 2.  Branching tree diagram resulting from the morphological congruence analysis based on 
morphological characteristics: (A) 27 cranial characteristics; (B) 21 mandibular characteristics. UPGMA 
method, Mahalanobis quadratic distances. Specimens come from Kazakhstan (KAZ), Russia (RUS) and China 
(CHN).
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Table 1 presents the frequency of dental features for samples from Altai and Northern Tien Shan. Morpho-
type 2 was more frequent in specimens from Tien Shan, while morphotype 3,  M1 with a metaconid, was more 
frequent in the specimens from Altai. Molar with no mesiolingual cusp or inflection was more frequent for the 
samples from the Tien Shan area.

Phylogenetic analysis
In total, the control region (CR) fragment of the seven samples of Eurasian lynx from Kazakhstan (three sam-
ples from the Northern Tien Shan Mountains, two samples from the Saur-Tarbagatai Mountains, one from the 
Altai Mountains, and one from the Akmola region) was successfully amplified. All new mtDNA sequences were 
submitted to GenBank (accession numbers OR837122-OR837135) (Supplementary Table S4). These sequences 
were aligned with 85 published Eurasian lynx CR sequences retrieved from GenBank NCBI (https:// www. ncbi. 
nlm. nih. gov/ genba nk/). The available mtDNA sequences were slightly trimmed to match our sequence length, 
so we added only 38 instead of the 48 haplotypes detected by Rueness et al.8, as well as six haplotypes from 
other  sources10,14,15. See Supplementary Table S4 for the list of mtDNA sequences and corresponding haplotype 
information.

We followed Behzadi et al.10 for the infraspecific classification of L. lynx [proposing three subspecies L. l. 
wrangeli (East clade), L. l. lynx (West 1 and West 2), and L. l. isabellinus (South clade) by comparing CR and the 
whole mitochondrial genome clades] along with haplotype numbers and relative clades of CR. Based on 613 bp 
of CR from 92 mtDNA sequences, 47 unique haplotypes were defined by 61 variable sites. A median-joining 
(MJ) network (Fig. 3) illustrated the relationship between Eurasian lynx haplotypes and the four haplogroups 
of South, West 1, West 2, and East. We identified four haplotypes from seven samples in Kazakhstan, includ-
ing H36 [TIEN3 (Northern Tien Shan Mountains), SAUR1 (Saur Mountains), and AKML1 (Akmola region of 
northern Kazakhstan)], and three new haplotypes of H45 [TIEN1 (Northern Tien Shan Mountains) and SAUR2 
(Tarbagatai Mountains)], H46 [TIEN2 (Northern Tien Shan Mountains)], and H47 [ALTI1 (Altai Mountains)] 
(Table 2). See the description of localities in Supplementary Table S1.

The phylogenetic analysis (Fig. 4 and Supplementary Fig. S2) showed the same groups as Behzadi et al.10, 
including a southern group (posterior probability (PP) = 1 and ultrafast bootstrap support (BS) = 93) (South 
clade) and a northern group comprising samples from Northern Eurasia with one paraphyletic Asian group (East 
clade) and two monophyletic European groups (West 1 and West 2). The new CR sequences from Kazakhstan 
belonged to both the southern and the northern groups. H36, H45, and H47 belonged to the East clade, while 
H46 belongs to the South clade.

In the analysis with the short alignment of cyt b (407 bp), only four variable sites (S = 4) existed between 
trimmed sequences (107 sequences, Figure S7), with two haplotypes (HC2 and HC5) from the southern group 
(including trimmed cyt b sequences of haplogroup 1 and haplogroup 6 based on the complete mitochondrial 
genome) and three others (HC1, HC3, and HC4) from the northern group (including haplogroups 2–5 of the 
complete mitochondrial genome). Only two cyt b haplotypes were recorded for the Kazakhstani samples, includ-
ing HC2 from the TIEN2 (Northern Tien Shan Mountains), and HC1 for the other samples (Northern Tien 
Shan Mountains, Saur-Tarbagatai Mountains, and Akmola region of northern Kazakhstan). HC1 was identical 
to haplogroups 2–5 of Lucena-Perez et al.9 and Bazzicalupo et al.3, but HC2 was identical to haplogroup 1. The 
haplotype from the Balkan region (haplogroup 1 of Lucena-Perez et al.9 and Bazzicalupo et al.3) was the same 
as the South clade haplotype (HC2 haplotype). The four other haplogroups of Lucena-Perez et al.9 (haplogroups 
2–5) were included in the northern group.

Discussion
We conducted a comprehensive scientific investigation and examined the age, sex, and geographic variability in 
the lynx skull and mandible morphometric traits within the eastern region of its distribution, specifically with 
new data from Kazakhstan. The study involved a meticulous phylogeographic analysis of both the morphological 
characteristics and sequences of mtDNA. These analyses provide valuable insights into the geographic variabil-
ity and phylogenetic relationships of Eurasian lynx populations and their current systematic status. The results 
obtained may help in creating lynx conservation strategies considering their and other mammals’ distribution 
boundaries, migration routes and other features of  ecology26,29 and  biology30.

Variability in morphometric parameters
Our results employing PCA enabled us to suppose that the geographical variations in the cranium of the exam-
ined lynx specimens were more prominent than the variations observed in the mandible. This discrepancy 
in variability between the cranium and mandible has also been observed in other mammalian  species31. To 
understand such morphological variability, conducting further research involving larger sample sizes is needed.

Table 1.  Frequency of morphotypes for Eurasian lynx (Lynx lynx) samples from Altai and Northern Tien 
Shan.

Frequency Morphotype 1 Morphotype 2 Morphotype 3 Total, %

Altai, n = 9 11.1 33.3 55.6 100

Northern Tien Shan, n = 18 16.7 50.0 33.3 100

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
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Figure 3.  Median-joining network based on the CR gene depicting the relationships between the major four 
groups described for Eurasian lynx, including East (purple), South (red), West 1 (blue), and West 2 (turquoise). 
The colours correspond to the respective clades in the phylogenetic tree. Additional details of haplotypes and 
accession numbers are provided in Supplementary Table S4, supporting information. Black small dots represent 
missing haplotypes, circle sizes are proportional to haplotype frequencies, and numbers are haplotype numbers. 
The colours of Kazakhstani haplotypes (H36, H45, H46, and H47) are shown in the legend.

Table 2.  Suggested subspecies of Eurasian lynx (L. lynx) and its haplotype numbers and relative clades of the 
control region (CR).

Subspecies

Rueness et al.8 Lucena-Perez et al.9 Behzadi et al.10 This study

CR Whole mitogenome CR CR Cyt b

L. l. isabellinus South Haplogroup 1 South H46 (TIEN2) HC2 (TIEN2)

L. l. lynx
West Haplogroup 2 West 1 –

Haplogroup 3 West 2 –

L. l. wrangeli Northeast
Haplogroup 4

East
H36 (TIEN3, SAUR1, AKML1)
H45 (TIEN1, SAUR2)
H47 (ALTI1)

HC1 (TIEN1, TIEN3, 
SAUR1, SAUR2, ALTI1, 
AKML1)Haplogroup 5
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Sexual variability
Sexual variation in lynx populations manifests as size disparities, with males exhibiting greater dimensions than 
 females32,33. Skull sexual dimorphism of the lynx can be corrected by Burnaby projection based on simple allom-
etry. Size correction enables us to suggest that differences between males and females in the studied populations 
are consistent in the size and are related to size difference allometry.

Among carnivorous mammals, disparities in physical traits such as skull size, canine and molar dimensions 
are observed, with felids displaying the most prominent sexual  dimorphism34. Pronounced sexual variation 
in large felid species is particularly evident in those with a polygamous social structure and is believed to be 
associated with their reproductive behaviour, specifically competition between males for access to  females35,36. 
Conversely, species that adopt a solitary lifestyle demonstrate less prominent sexual variation, as observed with 
the snow leopard (Panthera uncia)34 and the Eurasian  lynx26.

Genetic variability
It is possible that there are three subspecies of lynx (Turkestan lynx L. l. isabellinus, Altai lynx L. l. wardi, and 
northern lynx L. l. lynx) in  Kazakhstan5. Based on Behzadi et al.10, they include the southern subspecies (South 
clade, L. l. isabellinus), eastern L. l. wrangeli (East clade) and western L. l. lynx (West 1 and West 2 clades). Two 
of these subspecies are distinguished in the studied regions in the south, east and northeast of Kazakhstan as L. 
l. isabellinus (H46) and L. l. wrangeli (H36, H45, and H47). Previous morphometric studies have suggested the 
existence of the Turkestan lynx (Lynx lynx isabellinus, which is smaller in size and rare) and the Altai lynx (Lynx 
lynx wardi, larger in size and more common) in the Tien Shan Mountain and Altai Mountain  regions5,22. Some 
researchers speculate that the Irtysh River potentially acts as a barrier between these  regions7, while others sug-
gest that the Alakol Basin in the south to the Irtysh River and north to the Zhetisu Alatau and Tien Shan is the 
barrier between the ‘southern’ and ‘northern’ (northeastern) lynx  populations28.

Our samples cover both the Altai Mountain region (possible habitat of the Altai lynx) and the Tien Shan 
Mountain region (one of the possible habitats of the Turkestan lynx)27, as well as habitats between the Irtysh 
River and Alakol Lake Valley—the Saur and Tarbagatai Mountains. It appears that the recovered CR haplotypes 
of the Altai lynx are identical to the L. l. wrangeli (H36, H45, and H47) found in northern Kazakhstan, Altai 
Mountain, Saur and Tarbagatai Mountains, and Tien Shan Mountain, while the Turkestan lynx (L. l. isabellinus) 
haplotypes are observed only in the Tien Shan Mountain (H46) and may occur up to the Zhetisu Alatau south of 
the Alakol Lake Valley. Therefore, both subspecies, L. l. wrangeli and L. l. isabellinus, exist in Tien Shan Mountain. 
Furthermore, based on the whole-genome sequencing data of Lucena-Perez et al.9 and Bazzicalupo et al.3, two 
haplogroups [HG4 (‘Eastern 2’ from Primorsky Krai and Yakutia) and HG5 (‘Eastern 1’ from Mongolia, Tuva, 
Primorsky Krai, and Yakutia)] were identified for the distribution area of Siberian lynx and Altai lynx. These 
data also suggested that these two haplogroups, ‘Eastern 1’ and ‘Eastern 2’, are closely related and are the last two 
separated haplogroups of the Eurasian lynx, and there is no strong evidence of a geographical border between 
them, as both haplogroups were identified in Primorsky Krai and Yakutia. If further genomic studies confirm that 
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the Siberian lynx (L. lynx wrangeli Ognev, 1928) and Altai lynx (Lynx lynx wardi Lydekker, 1904) are identical 
and share the same haplotypes, then L. lynx wardi takes priority over L. lynx wrangeli, meaning it may be possible 
to propose using L. lynx wardi for the whole eastern subspecies, i.e., the East clade based on the CR dataset as 
well as both ‘Eastern 1’ (HG5) and ‘Eastern 2’ (HG 4) haplogroups based on the whole-genome sequencing data.

The southern subspecies (L. l. isabellinus) has not significantly expanded its range compared to its historic 
distribution, occurring in the geographic area where it originated in southern  Eurasia10. This is supported by 
the mismatch distribution analysis, which suggested an expansion northwards after the LGM, mostly between 8 
and 4 thousand years ago, following the separation of the southern group (South clade L. l. isabellinus) and the 
northern group (West 1, West 2, and East clades)10. Additionally, it seems that the East clade has extended its 
range to Iran (a common habitat of L. l. isabellinus) with the distribution of its CR haplotype H2 and to eastern 
Europe (a common habitat of L. l. lynx) with haplotype H39.

Gugolz et al.16 proposed a postglacial recolonization scenario for the northern lynx in Europe. Rueness et al.8 
highlighted that the most ancient lineage of lynxes can be traced back to Central Asia, suggesting that the origin 
of Eurasian lynx populations can be attributed to Central Asia, followed by a subsequent expansion towards 
northwestern Siberia and Scandinavia from the Caucasus and towards north-eastern Siberia from an eastern 
refugium after the LGM (within 26.5–19 thousand years ago). The Tien Shan, Altai, Pamirs, and Himalayas likely 
served as the contact zone for the South clade populations in the southern areas with other clades (West 1, West 
2, and East) due to postglacial range expansions (Fig. 5).

Phylogenetic trees generated using the UPGMA method based on morphometric data (Fig. 2) and mtDNA 
sequences (Figs. 4 and 5), calculated through pairwise genetic distance analysis between individuals, have 
unveiled that Altai seems to be the edge of distributional range of the different clades that meet there. Migration 
corridors may have been in the Saur-Tarbagatai region and along the Tien Shan ranges.

Based on the MJ network (Fig. 3) and phylogenetic tree (Fig. 4), the southern group (L. l. isabellinus) is sepa-
rated from the northern group, which includes the East clade to the east and West 1 and West 2 to the western side 
of the Yenisey River. There are some barriers between them, such as mountains in the south between the southern 
group and the northern group, and the Yenisey River between the East and Western clades (West 1 and West 2). 
All these clades are present in Kazakhstan, where the representatives of the three clades reach each other in the 
contact zone. In East Kazakhstan, the Saur-Tarbagatai region and the Tien Shan ranges may act as a corridor to 
exchange haplotypes such as H26 of the South clade in eastern Asia in the main geographic distribution of the 
East clade, as well as the existence of haplotypes of the East clade on the western side of the Yenisey River such 
as H36 and H39 in the geographic distribution areas for L. l. lynx (West 1 and West 2).

Overall, phylogenetic analysis identified the Altai samples as distinct haplotypes, coinciding with the Siberian 
lynx. As haplotypes of the West 1 clade (H5 and H7) and West 2 (H14, H20, and H21) from the western area of 
Altai Republic and Krasnoyarsk Krai were previously identified in the Western clades (Supplementary Table S4), 
the distribution border of the northern lynx also reaches these areas (Fig. 5). The proximity to northeastern 
populations by the Altai population may be attributed to the range expansion. In contrast, the Turkestan lynx, 
based on sample TIEN2 from the Northern Tien Shan, is recognized as an isolated subspecies. Consequently, 
the Tien Shan and Altai regions may be considered a contact zone for subspecies, particularly the southern (L. 
l. isabellinus) and eastern (proposed here as L. l. wardi) subspecies. The border between the southern subspe-
cies (L. l. isabellinus) and the northern ones, namely, the northern (L. l. lynx) and Altai (L. l. wardi) lynxes, lies 
within this contact zone.

Clade
East
South
West 1
West 2

Subspecies based on 
the morphological data

L. l. dinniki
L. l. isabellinus
L. l. balcanicus
L. l. wrangeli
L. l. lynx
L. l. carpathicus

0         1,000 km

Figure 5.  Distribution of subspecies of L. lynx based on the morphological data and CR sequences. Yellow (L. 
l. wrangeli), pink (L. l. lynx), green (L. l. carpathicus), light blue (L. l. isabellinus), blue (L. l. dinniki), and dotted 
light blue (L. l. balcanicus) polygons correspond to the distribution based on the six subspecies suggested by the 
IUCN Cat Specialist  Group7, which are modified from the distribution map of L. lynx10,25. Circles and triangles 
represent samples sequenced for the relative clades of the control region (CR). Different shades of grey represent 
different altitudes. The background hillshade was made using the Shuttle Radar Topography Mission (SRTM) 
elevation model (http:// srtm. csi. cgiar. org) in QGIS v.3.10; country boundaries were downloaded from the 
DIVA-GIS dataset (http:// www. diva- gis. org/ Data), and the layout was made in QGIS v.3.10.

http://srtm.csi.cgiar.org
http://www.diva-gis.org/Data
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Geographic variability
The expression of clinal geographic morphological variation within the examined region is relatively weak. Our 
investigation did not reveal a notable size gradient in lynxes from north to south, which is commonly observed 
in other mammalian species, such as  foxes37 and  wolves38.

Furthermore, the structuring of skull shape variability was poor. Nevertheless, we identified some distinctions 
in cranial morphology between the Altai and Tien Shan populations. Specifically, the samples exhibited signifi-
cant differences in the breadth of the zygomatic bone, one of the key indicators of subspecies differentiation in 
 mammals39–41. Positioned geographically between the Altai and Tien Shan regions, the Saur-Tarbagatai popula-
tion also displayed intermediate cranial characteristics, aligning with its transitional location. As expected, there 
was minimal discernible variation between the Altai and Tien Shan populations in terms of mandible features.

The interesting findings of our study were the distinctions in qualitative characteristics between the Altai 
and Tien Shan populations. Specifically, within the examined samples of Altai lynxes, we observed a metaconid 
(morphotype 3), which is a tubercle on the lower teeth row molar  (M1), in 55.6% of cases. Intriguingly, the 
metaconid was absent in 66.7% of samples from the Northern Tien Shan, aligning closely with the findings of 
Kitchener et al.7, who reported the absence of metaconid in 75% of Turkestan lynxes. This suggested that the 
presence or absence of metaconids in lynxes is a variable trait with inconsistent  occurrence42,43. Over the Middle 
Pleistocene period, lynxes exhibited a gradual decline in this  structure44, and  Bonifay45 and  Testu46 hypothesized 
that this gradual reduction may be linked to the development of sharper dentition among lynxes. In our samples, 
we observed a gradual decline in metaconid presence from the north to the south (Altai—Tien Shan—Pamir). In 
particular, 50.0% of our Tien Shan lynx samples have an inflection of the paraconid enamel (morphotype 2, which 
is one step away from the metaconid structure). Lynx lynx is the only species in the Lynx genus that occasionally 
has a second lower molar  (M2) (from 3 up to 27% of individuals depending on the region), while the metaconid 
within the species is well  developed47. As other lynx species have less developed  M1 structures (morphotypes 1 
or 2), it is hypothesized that the selection pressure during the Pleistocene acted directly on the phenotype, i.e., 
the decline of this dentition trait among northern lynxes and the widespread appearance of metaconids in L. l. 
lynx populations could be the result of selection pressure and reversal of dental  structure47,48. More research is 
needed to understand the role of dentition traits in lynx phylogeny.

The presence of skull shape variations and a distinct qualitative trait suggests that the studied populations dis-
play partial isolation from one another. However, the results obtained from comparative morphometric analysis 
do not support the classification of Altai lynx populations as a separate subspecies but indicate that the cranial 
and mandibular characteristics of Altai lynx overlap with those of the Turkestan lynx specimens (Fig. 1). None-
theless, it is important to highlight the presence of a unique set of morphological characteristics specific to each 
population, which may reflect ecological peculiarities associated with their respective  habitats9, which requires 
further studies including larger sampling.

Consequently, the populations inhabiting the Tien Shan and Altai regions exhibit distinctive morphological 
traits. The Altai lynx population exhibits morphological similarities with samples from the northeastern region 
of the Eurasian lynx population, specifically the Krasnoyarsk Krai and Novosibirsk Region, while also displaying 
some overlap with samples from the Northern Tien Shan.

To preserve the remarkable morphological and ecological diversity observed, it is crucial to establish protec-
tive measures for the lynx populations in the eastern distribution range, especially in the Tien Shan Mountain 
region, where the lynx is vulnerable, as well as Altai lynx populations and the transitional Saur-Tarbagatai 
Mountain region. A continued comprehensive and in-depth examination of the morphological characteristics 
of the animals occupying the study area is warranted to further enhance our understanding.

Conclusion
Our comprehensive study of lynx populations in Central Asia, including new data from Kazakhstan, has provided 
valuable insights into their geographic variability, genetic diversity, and phylogeographic structure. Through 
morphological analysis, we determined that there are minimal geographical variations in the cranium from 
north to south Kazakhstan, but some distinctions in cranial morphology are present in the Turkestan and Altai 
lynx populations.

Skull size and dimension gradient were more prominent than those observed in the mandible. Sexual varia-
tion was also observed, with males exhibiting greater dimensions than females, although the relative proportions 
of the cranium remained consistent between the sexes. Additionally, qualitative traits such as the presence or 
absence of specific dental structures differed between these populations. Further studies involving larger sample 
sizes are necessary to understand these qualitative and quantitative morphological characteristics.

In terms of genetic variability, distinct haplotypes were identified, with the Northern Tien Shan population 
(CR haplotype H46) showing haplotypes of the southern Turkestan lynx. Three other CR haplotypes (H47, 
H45, and H36) correspond to the East clade and suggest minor genetic variations within the lynx populations 
in Kazakhstan and eastern Asia. The interconnectivity between populations in Central Asia, as evidenced by the 
presence of two different clades in Kazakhstani lynx populations, highlights the continuity and genetic exchange 
within the region, including the Tien Shan mountainous area.

Our findings of Kazakhstani haplotypes support the classification of Altai lynx (L. l. wardi) as a separate 
subspecies from Turkestan lynx (L. l. isabellinus). Genetic analyses based on mtDNA sequences have revealed 
shared haplotypes between Altai and Siberian lynxes, suggesting that these two belong to the same East clade. 
Geographic territories, such as mountains (Altai and Saur-Tarbagatai Mountains), rivers (Yenisey and Irtysh 
Rivers) and lakes (Alakol Lake Valley), influence population dispersion and may serve as partial barriers to 
dispersal. To gain a comprehensive understanding of the phylogeography and systematics of lynxes in Central 
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Asia and Eurasia as a whole, further investigations incorporating the complete genome and larger morphological 
sample sizes of these populations are needed.

Materials and methods
Data acquisition
Our materials consisted of 40 cranium and 42 mandibular samples from 10 and 11 localities, respectively, for 
morphometric analyses (Fig. 6). For phylogenetic analysis, we collected seven tissue samples from dead animals 
of different Eurasian lynx populations in Kazakhstan between 2016 and 2021 (Fig. 6). These samples were legally 
collected from dead animals during expeditions and from the collection fund of the Institute of Zoology (Almaty, 
Kazakhstan). For details on the tissue sample localities and types, see Supplementary Table S1.

For morphometric analyses, we studied osseous samples from various zoological collections, including the 
Institute of Zoology (Kazakhstan), the Biological Museum of al-Farabi Kazakh National University (Kazakhstan), 
the Research Zoological Museum at Lomonosov Moscow State University (Russia), and the Zoological Institute 
of the Russian Academy of Science (Russia). We also included samples from private collections of taxidermists. 
Descriptions of the skulls analysed are provided in Supplementary Table S2.

Cranial measurements
We measured 27 cranial characteristics (Supplementary Fig. S3) and 21 mandibular characteristics (Supple-
mentary Fig. S4), including 17 dental measurements from the upper and lower teeth rows, following standard 
 methodology49–51. The measurements were recorded using a Vernier calliper with a precision of 0.1 mm. The 
descriptions and acronyms for these measurements are listed in Supplementary Table S3.

Initially, we grouped the specimens by age (juvenile, subadult, adult) and sex (male, female) (Supplementary 
Fig. S5). Juvenile lynx are individuals in the first year of life (0–1 year old); subadults are females in their second 
(1–2 years old) and males in their second and third years (1–3 years old); adults are all older lynx (over 2 years 
old females and over 3 years old males)52.
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= Akmola region, Northern Kazakhstan

= Novosibirsk region, Russia

= Krasnoyarsk Krai, Russia
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Figure 6.  Sample collection regions for morphometric analysis (osseous samples) and phylogenetic analysis 
(tissue samples) in Central Asia and distribution limits in Kazakhstan. Additionally, an osseous sample 
from Estonia was used for morphometric analysis as a representative of a typical northern lynx specimen. 
The distribution border between L. l. isabellinus and L. l. wardi is located around the Alakol Lake Valley and 
the Irtysh River. The background hillshade was made using the Shuttle Radar Topography Mission (SRTM) 
elevation model (http:// srtm. csi. cgiar. org) in QGIS v.3.10; country boundaries were downloaded from the 
DIVA-GIS dataset (http:// www. diva- gis. org/ Data), and the layout was made in QGIS v.3.10.

http://srtm.csi.cgiar.org
http://www.diva-gis.org/Data
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To identify the age and sex of specimens that were not labelled in the collection records, we relied on the 
criteria outlined by Garcia-Perea et al.53 and  Klevezal54. Juveniles (due to underdeveloped skulls) and specimens 
with cranium or mandible fractures were excluded from statistical data processing.

From all specimens considered, the age of 29 was indicated in the collection records. For the remaining 
specimens, we estimated their approximate age based on the closure of the coronal suture and the development 
of the sagittal and occipital crests. The juveniles were identified by the open apical foramen in the canine  root55, 
the presence of forming third premolar  (P3) and molar  (M1) in the lower teeth row, and underdeveloped sagittal 
and occipital crests. The coronal suture was open in juveniles, partially closed in subadults, and fully closed in 
older adults. The sagittal crest in males of the subadult group was also comparably not developed, which was a 
characteristic of female adult specimens used for  analysis50,56. Sexual dimorphism in the cranial structure became 
apparent through the progressive formation of ridges over time (see Supplementary Fig. S5 for more details). 
These age-related alterations aligned with patterns observed in other species within the same genus, where there 
was a relative augmentation in the facial region of the skull alongside the emergence of postorbital  compression5. 
In adult males, sagittal and occipital crests  develop50, and the coronal suture is closed in both males and females. 
Based on these age criteria, we assigned 9 specimens to the juvenile group, 13 to the subadult group (up to 2 years 
for females and 3 years for  males5), and 32 to the adult group.

Similarly, 28 adult and subadult specimens were of known sex (16 males and 12 females), while the rest were 
analysed based on a comparison of sagittal and occipital crest  characteristics54, total skull length, and zygomatic 
width between the two  sexes53. Thus, excluding juveniles, we analysed the other specimens and assumed 6 of 
them to be males and 11 to be females; in total, there were 22 males and 23 females.

The analysis of cranial and mandibular measurements was conducted separately to optimize the ratio of 
the number of measurements to the number of specimens and to maximize the number of specimens included 
in the analysis. All analyses were based on log-transformed data to linearize allometric relationships between 
linear  measurements57–59.

Statistical analysis of morphological variables
To correct the effect of age and sex variation, Burnaby’s  method60 was employed. This procedure eliminates the 
effects of growth allometry from multivariate data by projecting data points onto a subspace that is orthogonal 
to the age and sex  vectors58,59,61–66. The new subspace has two dimensions less than the original space. The age 
and sex vectors were derived as the first eigenvector of the covariance matrix for the age and sex  effect59,67–69. In 
other words, the Burnaby projection has allowed for the elimination of sexual dimorphism and age differences 
by calculating the data as vectors that connect centroids between female and male samples, as well as adult and 
subadult samples.

We estimated the effects of age, sex, and geographical variation with multivariate analysis of variance (general 
linear model, GLM) on both log-transformed and Burnaby-transformed data using age (AGE), sex (SEX) and 
locality (LOC) as categorical predictors.

We applied principal component analysis (PCA) and the unweighted pair group method with arithmetic 
mean (UPGMA) cluster analysis with Burnaby-transformed data to examine the pattern of variation between 
individual specimens and between groups of individuals from the same sampling localities, respectively. UPGMA 
was performed using the matrix of Mahalanobis quadratic distances between group centroids. We included 
samples with at least 2 specimens in this analysis. A total of 7 localities were included in the cluster analysis 
for both cranium and mandible samples. For cranium data, the following localities were used: Tobolsk, Rus-
sia; Akmola region, Kazakhstan; Krasnoyarsk Krai, Russia; Altai Kazakhstan and Russia; Northern Tien Shan, 
Kazakhstan and China; Irkutsk region, Russia; Saur-Tarbagatai, Kazakhstan. For mandible data, the following 
localities were used: Tobolsk, Russia; Akmola region, Kazakhstan; Krasnoyarsk Krai, Russia; Altai Kazakhstan 
and Russia; Northern Tien Shan, Kazakhstan and China; Irkutsk region, Russia; and Pamir, Tajikistan (Fig. 6).

Two localities of interest (Altai (sample number 7) and Northern Tien Shan (sample number 9)) were com-
pared with individual sex- and age-adjusted traits using a Bonferroni-adjusted t test for pairwise comparisons. 
Cluster means were compared for individual characteristics using the Mann–Whitney U test with Bonferroni 
 correction70.

To test for size variation in cranium and mandibular dimensions based on latitude, we analysed the correla-
tion between the condylobasal length of the cranium and the latitude where the specimen was first found, as 
well as the correlation between the mandible length and the latitude. The condylobasal length and mandible 
length approximate body size variation  well71–73. For the analysis, we used logarithmic data and included only 
adult specimens, and the analysis was performed separately for males and females to avoid a sexual dimorphism 
impact on the results.

We analysed the dental features of mandibles, specifically comparing three morphotypes of lower first molar 
 M1

53. Type 1  M1 did not have a mesiolingual cusp (metaconid), type 2 had an inflection in the paraconid enamel, 
and type 3 had the metaconid present on the cingulum (as shown in Supplementary Fig. S6). We estimated the 
frequency of occurrence in samples 7 and 9, Altai and Northern Tien Shan.

DNA extraction, amplification and sequencing
We obtained seven tissue samples (hair epithelium, muscle and tooth tissues), preserved them in 96% ethanol 
and stored them at − 20 °C before DNA extraction. Supplementary Table S1 lists the tissue type and localities 
relevant to osseous sample types and localities, while Supplementary Table S4 lists all the ID, source and reference 
numbers of tissue samples obtained in this study and downloaded from NCBI GenBank and contains information 
about year and geographical origin, as well as the possible clades of the samples analysed.
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Whole genomic DNA was extracted from tissue samples using the DNeasy Blood & Tissue Kit (QIAGEN) 
following the manufacturer’s instructions with a slightly modified  protocol8. Polymerase chain reaction was 
performed to amplify a 613 base pair (bp) fragment of the control region (CR) using mtU (5´-CTT TGG TCT 
TGT AAA CCA AAAAA-3´) and R3 (5´-TAA GAA CCA GAT GCC AGG TA-3´) primers, as well as 376 bp of cyt b 
using Cytb-1 (CCA ATG ATA TGA AAA ACC ATC GTT ) and Cytb-2 (GCC CCT CAG AAT GAT ATT TGT CCT C) 
 primers74. Amplifications were performed in 50 μl volumes containing 2 μl of genomic DNA, 2 μl of forward 
primer, 2 μl of reverse primer, 25 μl of NEXpro™ qPCR Master Mix (SYBR), and 19 μl of  ddH2O.

Thermocycling was performed in a Biometra TAdvanced PCR (Analytik Jena) thermocycler using initial 
denaturing at 95 °C for 4 min followed by 40 cycles of 30 s at 94 °C, 35 s at 55 °C, and 50 s at 72 °C and a final 
extension at 72 °C for 5 min. Sanger sequencing was performed using the BigDye Terminator Cycle Sequenc-
ing kit v.3.1 (Applied BioSystems), and electrophoresis of the purified sequencing product was carried out on a 
Maxicell Primo EC340 on a gel electrophoresis system.

Phylogenetic analysis
The mtDNA sequences were edited with SeqScape v.2.6 (Applied Biosystems) and aligned with 85 previously pub-
lished mtDNA sequences from GenBank using the Clustal W  algorithm75, implemented in Mega v.576, checked 
visually and trimmed to match the sequence length of our sequences.

DnaSP77 was used to find the number of haplotypes, and the distribution map of haplotypes was made in 
QGIS v.3.10. An MJ network was constructed using PopART v.1.778 with the default settings (Fig. 3 for CR and 
Supplementary Fig. S7 for cyt b). For the phylogenetic analysis, we included only one representative of each 
haplotype. The Hasegawa-Kishino-Yano substitution model (HKY)79 was selected as the best model of nucleotide 
substitution based on the Bayesian Information Criterion (BIC) scores using jModelTest v.0.1.180. A Bayesian 
phylogenetic tree was constructed in MrBayes v.3.2.7a81 using two independent runs of four Markov chain Monte 
Carlo (MCMC) runs that were run simultaneously for 10,000,000 generations and sampling every 1,000 gen-
erations. The first 25% of the sampled trees and estimated parameters were discarded as burn-in. Convergence 
of the model parameters was monitored using the program Tracer v.1.7.182. The consensus phylogenetic tree 
was then edited in FigTree v.1.4.4 (http:// tree. bio. ed. ac. uk/ softw are/ figtr ee/). For the maximum-likelihood tree 
reconstruction, we obtained branch supports with ultrafast  bootstrapping83 with 2000 replicates implemented 
in IQ-TREE software v.2.2.084, and the consensus phylogenetic tree was edited in FigTree v.1.4.4 (http:// tree. bio. 
ed. ac. uk/ softw are/ figtr ee/).

Data availability
The control region and cytochrome b dataset generated and/or analysed during the current study are available 
in the GenBank repository (https:// www. ncbi. nlm. nih. gov/ genba nk/) under accession numbers: MK229198–
MK229293. All morphological data generated or analysed during this study are included in this published article 
and its Supplementary Information files.

Received: 13 August 2023; Accepted: 28 February 2024

References
 1. Avise, J. C. et al. Intraspecific phylogeography: The mitochondrial DNA bridge between population genetics and systematics. Annu. 

Rev. Ecol. Syst. 18, 489–522. https:// doi. org/ 10. 1146/ annur ev. es. 18. 110187. 002421 (1987).
 2. Avise, J. C. Phylogeography: The History and Formation of Species (Harvard University Press, 2000). https:// doi. org/ 10. 1146/ annur 

ev. es. 18. 110187. 002421.
 3. Bazzicalupo, E. et al. History, demography and genetic status of Balkan and Caucasian Lynx lynx (Linnaeus, 1758) populations 

revealed by genome-wide variation. Divers. Distrib. 28, 65–82. https:// doi. org/ 10. 1111/ ddi. 13439 (2022).
 4. Matyushkin, Ye. N. Lynx in the World fauna: Biological diversity, geography and evolution of the group. In The Lynx: Regional 

Features of Ecology, Use and Protection (eds Matyushkin, Y. & Vaysfeld, M.) 12–30 (Nauka, 2003).
 5. Heptner, V. G. & Sludskiy, A. A. Mlekopitayuschie Sovetskogo Soyuza: posobie dlya universitetov: uchebnoe posobie [Mammals of 

the Soviet Union: a manual for universities: textbook]. vol. 2 (Vysshaya shkola, 1972).
 6. Wozencraft, W. C. Order carnivora. In Mammal Species of the World: A Taxonomic and Geographic Reference Vol. 1 (ed. Wozencraft, 

W. C.) 532–628 (Johns Hopkins University Press, 2005).
 7. Kitchener, A. C. et al. A revised taxonomy of the Felidae: The final report of the Cat Classification Task Force of the IUCN Cat 

Specialist Group. Cat News 80, (2017).
 8. Rueness, E. K., Naidenko, S., Trosvik, P. & Stenseth, N. C. Large-scale genetic structuring of a widely distributed carnivore-the 

Eurasian lynx (Lynx lynx). PLoS ONE 9, e93675. https:// doi. org/ 10. 1371/ journ al. pone. 00936 75 (2014).
 9. Lucena-Perez, M. et al. Genomic patterns in the widespread Eurasian lynx shaped by Late Quaternary climatic fluctuations and 

anthropogenic impacts. Mol. Ecol. 29, 812–828. https:// doi. org/ 10. 1111/ mec. 15366 (2020).
 10. Behzadi, F., Malekian, M., Fadakar, D., Adibi, M. A. & Bärmann, E. V. Phylogenetic analyses of Eurasian lynx (Lynx lynx Linnaeus, 

1758) including new mitochondrial DNA sequences from Iran. Sci. Rep 12, 3293. https:// doi. org/ 10. 1038/ s41598- 022- 07369-z 
(2022).

 11. Cömert, N., Carlı, O. & Dinçtürk, H. B. The missing lynx of Eurasia at its Southern edge: A connection to the critically endangered 
Balkan lynx. Mitochondrial DNA A 29, 1269–1275. https:// doi. org/ 10. 1080/ 24701 394. 2018. 14452 40 (2018).

 12. İbİş, O., Özcan, S., Kırmanoğlu, C., Keten, A. & Tez, C. Genetic analysis of Turkish lynx (Lynx lynx) based on mitochondrial DNA 
sequences. Russ. J. Genet. 55, 1426–1437. https:// doi. org/ 10. 1134/ S1022 79541 91100 61 (2019).

 13. Hellborg, L. et al. Differentiation and levels of genetic variation in northern European lynx (Lynx lynx) populations revealed by 
microsatellites and mitochondrial DNA analysis. Conserv. Genet. 3, 97–111. https:// doi. org/ 10. 1023/A: 10152 17723 287 (2002).

 14. Ratkiewicz, M. et al. High levels of population differentiation in Eurasian lynx at the edge of the species’ western range in Europe 
revealed by mitochondrial DNA analyses. Anim. Conserv. 15, 603–612. https:// doi. org/ 10. 1111/j. 1469- 1795. 2012. 00556.x (2012).

 15. Ratkiewicz, M. et al. Long-range gene flow and the effects of climatic and ecological factors on genetic structuring in a large, 
solitary carnivore: The Eurasian lynx. PloS One 9, e115160. https:// doi. org/ 10. 1371/ journ al. pone. 01151 60 (2014).

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://www.ncbi.nlm.nih.gov/genbank/
https://doi.org/10.1146/annurev.es.18.110187.002421
https://doi.org/10.1146/annurev.es.18.110187.002421
https://doi.org/10.1146/annurev.es.18.110187.002421
https://doi.org/10.1111/ddi.13439
https://doi.org/10.1371/journal.pone.0093675
https://doi.org/10.1111/mec.15366
https://doi.org/10.1038/s41598-022-07369-z
https://doi.org/10.1080/24701394.2018.1445240
https://doi.org/10.1134/S1022795419110061
https://doi.org/10.1023/A:1015217723287
https://doi.org/10.1111/j.1469-1795.2012.00556.x
https://doi.org/10.1371/journal.pone.0115160


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5186  | https://doi.org/10.1038/s41598-024-55807-x

www.nature.com/scientificreports/

 16. Gugolz, D., Bernasconi, M. V., Breitenmoser-Würsten, C. & Wandeler, P. Historical DNA reveals the phylogenetic position of the 
extinct Alpine lynx. J. Zool. 275, 201–208. https:// doi. org/ 10. 1111/j. 1469- 7998. 2008. 00428.x (2008).

 17. Wu, Y. et al. Complete mitochondrial genome and phylogenetic analysis of a Chinese Eurasian lynx (Lynx lynx). Mitochondrial 
DNA B 3, 1174–1175. https:// doi. org/ 10. 1080/ 23802 359. 2018. 15242 80 (2018).

 18. Ning, Y., Liu, H., Jiang, G. & Ma, J. Phylogenetic relationship of Eurasian lynx (Lynx lynx) revealed by complete mitochondrial 
genome. Mitochondrial DNA A 27, 3477–3478. https:// doi. org/ 10. 3109/ 19401 736. 2015. 10663 56 (2016).

 19. Ognev, S. Zveri SSSR i prilegayuschikh stran [Animals of URRS and adjasent Countries Vol. 3 (Publishing of biological and medical 
literature, 1935).

 20. Lydekker, R. The coloration of the lynxes. Field 104, 576 (1904).
 21. Satunin, K. A. Key to mammals of the Russian Empire. Chiroptera, Insectivora and Carnivora. (1914).
 22. Stroganov, S. U. Zveri Siberii [Animals of Siberia]. vol. 2. Carnivores (Publishing House of the Academy of Sciences of the USSR, 

1962).
 23. Sludskiy, A. A. Otryad Khischnye [Order Carnivora]. In Animals of Kazakhstan (eds Afanasiev, A. et al.) 303–449 (Publishing 

house of AS of KazSSR, 1953).
 24. Sludskiy, A. A. Rasprostraneniye i chislennost’ dikikh koshek v SSSR [Distribution and number of wild cats in the USSR]. in Com-

mercial mammals of Kazakhstan. Proceedings of the Institute of Zoology vol. Vol. 34 5–106 (Publishing house ‘Nauka’ of KazSSR, 
1973).

 25. Breitenmoser, U. et al. Lynx lynx (errata version published in 2017). in The IUCN Red List of Threatened Species 2015 (2015).
 26. Bizhanova, N. et al. The elusive Turkestan lynx at the northwestern edge of geographic range: Current suitable habitats and distri-

bution forecast in the climate change. Sustainability 14, 9491. https:// doi. org/ 10. 3390/ su141 59491 (2022).
 27. Fedosenko, A. Rys’ [Lynx]. In Mammals of Kazakhstan Vol. 3 (ed. Fedosenko, A.) 194–203 (Nauka, 1982).
 28. Zhiryakov, V. & Baidavletov, R. Kazakhstan. In: Lynx: Regional features of ecology, use and protection 365–367 (2003).
 29. Rametov, N. M. et al. Mapping plague risk using super species distribution models and forecasts for rodents in the Zhambyl Region, 

Kazakhstan. GeoHealth 7, e2023GH000853. https:// doi. org/ 10. 1029/ 2023G H0008 53 (2023).
 30. Xie, Y. et al. Dysregulation of YAP by ARF stimulated with tea-derived carbon Nanodots. Sci. Rep. 7, 16577. https:// doi. org/ 10. 

1038/ s41598- 017- 16441-y (2017).
 31. Lopez-Aguirre, C., Pérez-Torres, J. & Wilson, L. A. Cranial and mandibular shape variation in the genus Carollia (Mammalia: 

Chiroptera) from Colombia: Biogeographic patterns and morphological modularity. PeerJ 3, e1197. https:// doi. org/ 10. 7717/ peerj. 
1197 (2015).

 32. Heptner, V.G. & Naumov, N.P. Mammals of USSR. vol. 2, part 2. (High school, 1967).
 33. Wilson, D.E. & Mittermeier, R.A. Handbook of the Mammals of the World. vol. 1. Carnivores (Lynx Edicions, 2009).
 34. Christiansen, P. & Harris, J. M. Variation in craniomandibular morphology and sexual dimorphism in pantherines and the sabercat 

Smilodon fatalis. PloS One 7, e48352. https:// doi. org/ 10. 1371/ journ al. pone. 00483 52 (2012).
 35. Gittleman, J. & Valkenburgh, B. V. Sexual dimorphism in the canines and skulls of carnivores: Effects of size, phylogency, and 

behavioural ecology. J. Zool. 242, 97–117. https:// doi. org/ 10. 1111/j. 1469- 7998. 1997. tb029 32.x (1997).
 36. Van Valkenburgh, B. & Sacco, T. Sexual dimorphism, social behavior, and intrasexual competition in large pleistocene carnivorans. 

J. Vertebr. Paleontol. 22, 164–169. https:// doi. org/ 10. 1671/ 0272- 4634(2002) 022[0164: SDSBAI] 2.0. CO;2 (2002).
 37. Nanova, O. G. The Structure of the Morphological Diversity of the Features of the Skull and Teeth of Three Species of Carnivorous 

Mammals (Mammalia: Carnivora) (Lomonosov Moscow State University, 2009).
 38. O’Keefe, F. R., Meachen, J., Fet, E. V. & Brannick, A. Ecological determinants of clinal morphological variation in the cranium of 

the North American gray wolf. J. Mammal. 94, 1223–1236. https:// doi. org/ 10. 1644/ 13- MAMM-A- 069 (2013).
 39. Puzachenko, A. Yu. Izmenchivost’ cherepa u malykh (sredizemnomorskikh) slepyshey Nannospalax [Variability of the skull in 

small (Mediterranean) mole rats Nannospalax]. In: Systematics, paleontology and phylogeny of rodents vol. 306, 142–179 (Proceed-
ings of the Zoological Institute of the Russian Academy of Sciences, 2006).

 40. Sheremetyeva, I. N. & Sheremetyev, I. S. Skull variation in the Siberian roe deer Capreolus pygargus from the Far East: A revision 
of the distribution of the subspecies. Eur. J. Wildl. Res. 54, 557–569. https:// doi. org/ 10. 1007/ s10344- 008- 0180-0 (2008).

 41. Guskov, VYu. K voprosu o granitsakh rasprostraneniya podvidov burogo medvedya na yuge Dal’nego Vostoka [On the issue of 
the boundaries of distribution of brown bear subspecies in the south of the Far East]. Regional’nye problemy (Regional problems) 
22, 26–33 (2019).

 42. Viret, J. Le lœss à bancs durcis de Saint-Vallier (Drôme), et sa faune de mammifères villafranchiens [The loess with hardened banks 
of Saint-Vallier (Drôme), and its fauna of Villafranchian mammals]. Publications du musée des Confluences 4, 3–67 (1954).

 43. Kurtén, B. Return of a lost structure in the evolution of the felid dentition. Soc. Sci. Fenn. Comment. Biol. 26, 3–11 (1963).
 44. Ghezzo, E., Boscaini, A., Madurell-Malapeira, J. & Rook, L. Lynx remains from the Pleistocene of Valdemino cave (Savona, North-

western Italy), and the oldest occurrence of Lynx spelaeus (Carnivora, Felidae). Rendiconti Lincei 26, 87–95. https:// doi. org/ 10. 
1007/ s12210- 014- 0363-4 (2015).

 45. Bonifay, M. F. Carnivores quaternaires du Sud-Est de la France [Quaternary carnivores from the South-East of France]. Mém. Mus. 
Nat. Hist. Nat. Paris Sér. C 21, 43–377 (1971).

 46. Testu, A. Paleontological and biostratigraphic study of Pleistocene Felidae and Hyaenidae of Mediterranean Europe (Universitè de 
Perpignan, 2006).

 47. Werdelin, L. Supernumerary teeth in Lynx lynx and the irreversibility of evolution. Journal of Zoology 211(2), 259–266 (1987).
 48. Kvam, T. Supernumerary teeth in the European lynx, Lynx lynx lynx, and their evolutionary significance. J. Zool. 206(1), 17–22 

(1985).
 49. Kuznetsov, B. A. Opredelitel’ pozvonochnykh zhivotnykh fauny SSSR. Mlekopitayushchiye [Key to Vertebrate Animals of the Fauna 

of the USSR. Mammals] (Prosveshcheniye, 1975).
 50. Gomerčić, T. et al. Cranial morphometry of the Eurasian lynx (Lynx lynx L.) from Croatia. Veterinarski Arhiv 80, 393–410 (2010).
 51. Sicuro, F. L. & Oliveira, L. F. B. Skull morphology and functionality of extant Felidae (Mammalia: Carnivora): A phylogenetic and 

evolutionary perspective. Zool. J. Linn. Soc. 161, 414–462. https:// doi. org/ 10. 1111/j. 1096- 3642. 2010. 00636.x (2011).
 52. Marti, I. A. & Ryser-Degiorgis, M.-P. Morphometric characteristics of free-ranging Eurasian lynx Lynx lynx in Switzerland and 

their suitability for age estimation. Wildl. Biol. 2018, 1–10. https:// doi. org/ 10. 2981/ wlb. 00432 (2018).
 53. Garcia-Perea, R., Gisbert, J. & Palacios, F. Review of the biometrical and morphological features of the skull of the Iberian lynx, 

Lynx pardina (Temminck, 1824). Säugetierkundliche Mitteilungen 32, 249–259 (1985).
 54. Klevezal, G. A. Printsipy i metody opredeleniya vozrasta mlekopitayuschikh [Principles and methods of age determination of mam-

mals] (Press Ltd, 2007).
 55. Crowe, D. M. Aspects of ageing, growth, and reproduction of bobcats from Wyoming. J. Mammal. 56, 177–198. https:// doi. org/ 

10. 2307/ 13796 15 (1975).
 56. Kvam, T. Age determination in European lynx Lynx lynx lynx (L.) based on cranial development. Fauna Norv. Ser. A 4, 31–36 

(1983).
 57. Pimentel, R. A. Morphometrics: The multivariate Analysis of Biological Data (Kendall/Hunt Publishing Company, 1979).
 58. Reyment, R. A. Multidimensional Palaeobiology (Pergamon Press, 1991).
 59. Klingenberg, C. P. Multivariate allometry. In Advances in Morphometrics Vol. 284 (eds Marcus, L. F. et al.) 23–49 (Springer, 1996).

https://doi.org/10.1111/j.1469-7998.2008.00428.x
https://doi.org/10.1080/23802359.2018.1524280
https://doi.org/10.3109/19401736.2015.1066356
https://doi.org/10.3390/su14159491
https://doi.org/10.1029/2023GH000853
https://doi.org/10.1038/s41598-017-16441-y
https://doi.org/10.1038/s41598-017-16441-y
https://doi.org/10.7717/peerj.1197
https://doi.org/10.7717/peerj.1197
https://doi.org/10.1371/journal.pone.0048352
https://doi.org/10.1111/j.1469-7998.1997.tb02932.x
https://doi.org/10.1671/0272-4634(2002)022[0164:SDSBAI]2.0.CO;2
https://doi.org/10.1644/13-MAMM-A-069
https://doi.org/10.1007/s10344-008-0180-0
https://doi.org/10.1007/s12210-014-0363-4
https://doi.org/10.1007/s12210-014-0363-4
https://doi.org/10.1111/j.1096-3642.2010.00636.x
https://doi.org/10.2981/wlb.00432
https://doi.org/10.2307/1379615
https://doi.org/10.2307/1379615


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5186  | https://doi.org/10.1038/s41598-024-55807-x

www.nature.com/scientificreports/

 60. Burnaby, T. Growth-invariant discriminant functions and generalized distances. Biometrics 22, 96–110. https:// doi. org/ 10. 2307/ 
25282 17 (1966).

 61. Gower, J. C. Growth-free canonical variates and generalized inverses. Bull. Geol. Instit. Univ. Uppsala, N. S. 1–10 (1976).
 62. Rohlf, F. J. & Bookstein, F. L. A comment on shearing as a method for “size correction”. Syst. Zool. 36, 356–367. https:// doi. org/ 10. 

2307/ 24134 00 (1987).
 63. Klingenberg, C. P. Heterochrony and allometry: The analysis of evolutionary change in ontogeny. Biol. Rev. 73, 79–123. https:// 

doi. org/ 10. 1017/ s0006 32319 80051 2x (1998).
 64. Duarte, L. C., Von Zuben, F. J. & dos Reis, S. F. Orthogonal projections and bootstrap resampling procedures in the study of 

infraspecific variation. Genet. Mol. Biol. 21, 479–486. https:// doi. org/ 10. 1590/ S1415- 47571 99800 04000 13 (1998).
 65. Rohlf, F. J. On the use of shape spaces to compare morphometric methods. Hystrix Ital. J. Mammal. 11, 9–25. https:// doi. org/ 10. 

4404/ hystr ix- 11.1- 4134 (2000).
 66. McCoy, M. W., Bolker, B. M., Osenberg, C. W., Miner, B. G. & Vonesh, J. R. Size correction: Comparing morphological traits among 

populations and environments. Oecologia 148, 547–554. https:// doi. org/ 10. 1007/ s00442- 006- 0403-6 (2006).
 67. Blackith, R. E. & Reyment, R. A. Multivariate morphometrics. (1971).
 68. Nanova, O. Vozrastnaya izmenchivost’ morfometricheskikh priznakov cherepa materikovogo pestsa (Alopex lagopus lagopus) 

i pestsov Komandorskikh ostravov (A. l. beringensis, A. l. semenovi) [Age variability of morphometrics features in skulls of the 
mainland arctic fox (Alopex lagopus lagopus) and the Commander arctic fox (A. l. beringensis, A. l. semenovi)]. Russ. J. Zool. 89, 
871–881 (2010).

 69. Nanova, O. Geographical variation in the cranial measurements of the midday jird Meriones meridianus (Rodentia: Muridae) and 
its taxonomic implications. J. Zoolog. Syst. Evol. Res. 52, 75–85. https:// doi. org/ 10. 1111/ jzs. 12032 (2014).

 70. Bonferroni, C. E. Il calcolo delle assicurazioni su gruppi di teste [The Calculation of Insurance on Groups of Heads]. Studi in onore 
del professore salvatore ortu carboni 13–60 (1935).

 71. Gould, S. J. Allometry and size in ontogeny and phylogeny. Biol. Rev. 41, 587–640 (1966).
 72. Emerson, S. B. & Bramble, D. M. Scaling, allometry and skull design. In The Skull: Functional and Evolutionary Mechanisms (eds 

Hanken, J. & Hall, B. K.) 386–393 (University of Chicago Press, 1993).
 73. Fitch, W. T. Skull dimensions in relation to body size in nonhuman mammals: The causal bases for acoustic allometry. Zoology 

103, 40–58 (2000).
 74. Rueness, E. K. et al. Ecological and genetic spatial structuring in the Canadian lynx. Nature 425, 69–72. https:// doi. org/ 10. 1038/ 

natur e01942 (2003).
 75. Thompson, J. D., Higgins, D. G. & Gibson, T. J. CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment 

through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680. https:// 
doi. org/ 10. 1093/ nar/ 22. 22. 4673 (1994).

 76. Tamura, K. et al. MEGA5: Molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maxi-
mum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. https:// doi. org/ 10. 1093/ molbev/ msr121 (2011).

 77. Librado, P. & Rozas, J. DnaSP v5: A software for comprehensive analysis of DNA polymorphism data. Bioinformatics 25, 1451–1452. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btp187 (2009).

 78. Leigh, J. W. & Bryant, D. POPART: Full-feature software for haplotype network construction. Methods Ecol. Evol. 6, 1110–1116. 
https:// doi. org/ 10. 1111/ 2041- 210X. 12410 (2015).

 79. Hasegawa, M., Kishino, H. & Yano, T. Dating of the human-ape splitting by a molecular clock of mitochondrial DNA. J. Mol. Evol. 
22, 160–174. https:// doi. org/ 10. 1007/ BF021 01694 (1985).

 80. Posada, D. jModelTest: Phylogenetic model averaging. Mol. Biol. Evol. 25, 1253–1256. https:// doi. org/ 10. 1093/ molbev/ msn083 
(2008).

 81. Ronquist, F. et al. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 
61, 539–542. https:// doi. org/ 10. 1093/ sysbio/ sys029 (2012).

 82. Rambaut, A., Drummond, A. J., Xie, D., Baele, G. & Suchard, M. A. Posterior summarization in Bayesian phylogenetics using 
Tracer 1.7. Syst. Biol. 67, 901–904. https:// doi. org/ 10. 1093/ sysbio/ syy032 (2018).

 83. Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q. & Vinh, L. S. UFBoot2: Improving the ultrafast bootstrap approxima-
tion. Mol. Biol. Evol. 35, 518–522. https:// doi. org/ 10. 1093/ molbev/ msx281 (2018).

 84. Nguyen, L. T., Schmidt, H. A., Haeseler, A. V. & Minh, B. Q. IQ-TREE: A fast and effective stochastic algorithm for estimating 
maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. https:// doi. org/ 10. 1093/ molbev/ msu300 (2015).

 85. Bizhanova, N. A. & Grachev, Y. A. Morfometricheskaya kharakteristika i zametki po polovomu dimorfizmu po cherepam oby-
knovennoy rysi (Lynx lynx Linnaeus, 1758) [Morphometric characteristics and notes on sexual dimorphism of the skulls of the 
Eurasian lynx (Lynx lynx Linnaeus, 1758)]. KazNU Bull. Exp. Biol. 91, 110–118 (2022).

Acknowledgements
This research was funded by the Institute of Zoology of the Ministry of Science and Higher Education of the 
Republic of Kazakhstan, Program numbers BR18574058 “Development of the Red Data Book of Animals of 
Kazakhstan and an electronic database of rare and endangered animals”, 2023-2025; BR18574062—“Assessment 
of biological resources of the Kazakh part of the transboundary Irtysh basin in the context of climate change”, 
2023-2024; BR10965224—“Working out the cadastre of the animal world of the Northern Tien Shan to preserve 
their genetic diversity”, 2021-2023; and by the Scientific-research Zoological Museum at Lomonosov Moscow 
State University, Project number RSCF 23-24-00013—“Patterns of Carnivora mammals morphological vari-
ation in island isolation”, 2022. The participation of ZIN RAS (state assignment No. 122031100282-2) in this 
research is also acknowledged. We express our sincerest gratitude to Mr. Saltore Saparbayev, Maxim Bespalov, 
Sergey Bespalov, Erlik Baidavletov, Sanzhar Kantarbayev, and Dr. Marina Chirikova from the Institute of Zool-
ogy (Kazakhstan), Mr. Zhomart Arkhabayev from the East Kazakhstan regional public association of hunters 
and fishermen (Kazakhstan), and Mr. Ivan Aksenov from the Zaisan hunting grounds (Kazakhstan) for their 
invaluable contributions and logistical support during field work in Kazakhstan. We are grateful to Dr. Vladimir 
Lebedev and Dr. Sergey Kruskop from the Scientific-research Zoological Museum at Lomonosov Moscow State 
University (Russia), to Dr. Boris Zhuyko from the Biological Museum et al.-Farabi Kazakh National University 
(Kazakhstan), to Ms. Yulia Shemyakina from the Zoological Institute of the Russian Academy of Sciences (Rus-
sia), and Mr. Safronov Sergey (Kazakhstan) for providing access to most of the lynx skulls for morphometric 
studies, and Ms. Saltanat Abdikerim from the Institute of General Genetics and Cytology (Kazakhstan) for her 
useful advice during laboratory work for phylogenetic analysis.

https://doi.org/10.2307/2528217
https://doi.org/10.2307/2528217
https://doi.org/10.2307/2413400
https://doi.org/10.2307/2413400
https://doi.org/10.1017/s000632319800512x
https://doi.org/10.1017/s000632319800512x
https://doi.org/10.1590/S1415-47571998000400013
https://doi.org/10.4404/hystrix-11.1-4134
https://doi.org/10.4404/hystrix-11.1-4134
https://doi.org/10.1007/s00442-006-0403-6
https://doi.org/10.1111/jzs.12032
https://doi.org/10.1038/nature01942
https://doi.org/10.1038/nature01942
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1007/BF02101694
https://doi.org/10.1093/molbev/msn083
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msu300


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5186  | https://doi.org/10.1038/s41598-024-55807-x

www.nature.com/scientificreports/

Author contributions
N.B., O.N., and D.F. conceived and designed the study. N.B. and A.G. collected samples. N.B. and Z.H. performed 
the experiments. O.N., D.F., and N.B. analyzed the data. N.B., A.G., S.A.M.S., and M.S. contributed reagents/
materials/tools. N.B., O.N., and D.F. wrote the main manuscript text. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 55807-x.

Correspondence and requests for materials should be addressed to D.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-55807-x
https://doi.org/10.1038/s41598-024-55807-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Insights into subspecies classification and conservation priorities of Central Asian lynx populations revealed by morphometric and genetic analyses
	Results
	Cranial characteristics
	Mandibular characteristics
	Phylogenetic analysis

	Discussion
	Variability in morphometric parameters
	Sexual variability
	Genetic variability
	Geographic variability

	Conclusion
	Materials and methods
	Data acquisition
	Cranial measurements
	Statistical analysis of morphological variables
	DNA extraction, amplification and sequencing
	Phylogenetic analysis

	References
	Acknowledgements


