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Abstract
The Pleistocene ice age and recent forest fragmentation have both played a significant role in shaping the population genetic 
variation of boreal coniferous species in the Qinghai-Tibet Plateau (QTP) and Eurasian coniferous forests. The Sichuan jay is 
one of the least know endemic bird species in QTP coniferous forests in western China while its sibling species, the Siberian 
Jay, is widespread within the coniferous forests in northern Eurasia. Here we used 11 microsatellite markers to assay genetic 
diversity across 58 Sichuan jay samples from China and 205 Siberian jay samples from Sweden and Russia. Results showed 
three distinct genetic clusters from the Sichuan jay sampling. Furthermore, the pair-wise FST values indicated high genetic 
differentiation not only among the two species but also between Swedish and Russian Siberian jay populations. What is 
more, a pattern of isolation by distance was found among the analyzed populations. Our study suggests that targeted habitat 
restoration in fragmented forests and more genetic work is urgently needed for conservation of the Sichuan jay.
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Introduction

Forest fragmentation has profound and lasting influences 
around the globe, not only on the Earth’s biological diversity, 
but on ecosystem function and numerous ecosystem services 
(Kettle and Koh 2014; Pfeifer et al. 2017). At present, more 
and more large areas of continuous forests of the world are 
rapidly becoming fragmented by human influence, which 
apparently has negative ecological and genetic effects in 
the resulting forest patches for species that dwell in isolated 
forest islands (Haddad et al. 2015; Nason and Hamrick 
1997; Robinson et al. 1995). Moreover, the direct ecological 
consequences of forest fragmentation include changing 
habitat connectivity, reducing species’ richness, availability, 
and specialization (Bregman et al. 2014; Hadley et al. 2018; 
Hernando et al. 2017).

Fragmentation of continuous forests to become isolated 
patches can pose a long-term threat to populations and 
species through genetic bottlenecks, ecological traps, 
changing patterns of selection, inbreeding, drift, and gene 
flow, especially in the smallest and most isolated fragments 
(Bacles et  al. 2005; Gaines et  al. 1997; Höglund 2009; 
Orrock 2005; Templeton et al. 1990; Young et al. 1996). In 
addition to anthropogenic influence, mountain uplifts and 
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past climatic changes have also caused forest fragmentation, 
which have resulted in isolation, divergence, and speciation 
in face of reduced gene flow in populations and species 
inhabiting such areas (Filatov et al. 2016; Rice and Hostert 
1993). For example, the expanding ice sheets directly 
fragmented the boreal forest during recent glacial periods 
(Weir and Schluter 2004).

Speciation and divergence in boreal species promoted 
by natural causes are common in the coniferous forests 
of the Qinghai-Tibet Plateau (QTP), Northern Eurasia 
and North America (Hewitt 1996; Baba et al. 2002; Weir 
and Schluter 2004; Zhan et al. 2011). Although there is 
controversy about the role of the Quaternary ice ages in 
vertebrate speciation across the globe, the geographical 
distributions of some boreal species have indeed been 
fragmented periodically by habitat changes accompanying 
global cooling. This is related to the extent of boreal forest, 
which is a geographically extensive habitat zone and which 
was directly fragmented by advancing glaciers into multiple 
refugia (Avise 1998; Hewitt 2000, 2004; Zink and Slowinski 
1995). There are several studies of genetic patterns in the 
northern boreal forest avifaunas in Europe and North 
America (Corrales et al. 2014; Höglund et al. 2013; Weir 
and Schluter 2004; Zhan et al. 2011). However, few studies 
have been conducted on sibling species in QTP and eastern 
and western Siberia, especially for those species that 
have poor dispersal capability (Lu et al. 2012a; Sun et al. 
2001). Studies of this isolated avifauna should thus yield a 
greater understanding of the speciation into sibling species 
following fragmentation. During Pleistocene, many avian 
species living in boreal forest have evolved into superspecies 

or to different subspecies after they experienced allopatric 
divergence and local adaptation (Davis and Shaw 2001; 
Hewitt 2004; Li et al. 2013; Ren et al. 2017). High altitude 
boreal forests were preserved in the southeast edge of QTP 
by the uplift of QTP which comprise one of the key high-
altitude biodiversity hotspots in the world (Myers et al. 
2000). The evolutionary history and genetic diversity of the 
sibling species in QTP and Siberian boreal forests have not 
yet been fully examined.

In addition to ice ages affecting boreal fragmentation, 
more recent human actions, for instance, heavy 
deforestation, have exacerbated the fragmentation of boreal 
forest (Wallenius et al. 2010). The high-elevation coniferous 
forest, an important and special part of boreal forests, are 
located at the eastern and southern rim of QTP. This forest 
acts as a modern harbour for many rare species because of its 
relatively pristine state (Cincotta et al. 2000; Liu et al. 2009), 
such as Chinese grouse (Tetrastes sewerzowi) (Sun 2000), 
Blood pheasant (Ithaginis cruentus) (Jia et al. 2010) and 
Wild yak (Bos grunniens) (Ceballos et al. 1993). However, 
local species in this montane ecosystems are sensitive to 
the effects of human activity and climate change (Liu et al. 
2009; Lyu and Sun 2014; Pounds et al. 1999).

The Sichuan Jay (Perisoreus internigrans) is one of the 
least known endemic bird species in western China and 
inhabits high mountain coniferous forests at an altitude 
between 2800 and 4500 m. It is a sibling species to the 
Siberian jay (P. infaustus) which inhabits boreal forest from 
Eastern Siberia to Fenno-Scandia in the west. The Sichuan 
jay has been recorded from only 17 locations in Gansu, 
Sichuan, Qinghai and Tibet (Fig. 1) (Jing 2005; Sun et al. 

Fig. 1  Current distribution 
of Sichuan jay (Perisoreus 
internigrans) in southwest 
China (light gray), and Siberian 
jay (Perisoreus infaustus, dark 
gray), and the locations of 
sampling sites (black dots)
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2001). The species is qualified as “Vulnerable” in IUCN’s 
red list as it has a small, declining, severely fragmented 
populations as a result of extensive deforestation throughout 
its range (BirdLife International 2020). Despite the small 
and declining populations, it has not been put on the national 
protection list in China.

The first reliable survey of numbers and distribution was 
conducted from 1999–2004 in the forest areas in Zhuoni, 
Gansu (34° 14′–34° 38′ N 103° 12′–103° 32′ E) and 
Jiuzhaigou, Sichuan (33° 31′–33° 7′ N 103° 39′–103° 46′ E) 
(Yu et al. 2011). The two locations are about 120 km apart, 
and the forest areas are 20,000 and 16,000 ha, respectively. 
At the Zhuoni site, most of the old-growth spruce (Picea 
spp.) and fir (Abies spp.) were removed in selective cuts by 
the government in the 1930s and 1990s. At the Jiuzhaigou 
site, patches of pristine of forest alternate with clear-cut 
replanted areas (Sun et al. 2001). In these areas only a few 
small Sichuan jay populations were found, although the 
exact numbers of individuals were not obtained. Population 
density in Jiuzhaigou was about 1.04 per  km2, and was even 
lower in Zhuoni (Yu et al. 2011). Until now, suitable Sichuan 
Jay habitat became increasingly fragmented from 1950s and 
very little was known regarding the genetics of this globally 
threatened montane bird (Jing et al. 2009; Lu et al. 2012b).

Here we use microsatellite allele frequencies to report: 
(1) genetic variation among endangered Sichuan jay 
populations; (2) compare levels of genetic diversity in the 
Sichuan jay population with Siberian jay populations from 
Siberia and Sweden; (3) estimate the effective population 
size and isolation by distance (IBD) of the Sichuan jay and 
Siberian jay; (4) a better understanding of the history and 
background data of this two sibling species, which could 
be used as a guideline for conservation of the Sichuan jay 
and Siberian jay and for other sibling species with similar 
characteristics.

Methods

DNA samples

In total, 58 Sichuan jay samples were obtained during 
1999 to 2003 from China and 205 Siberian jay samples 
were collected during 2008 to 2010 from Sweden and 
Russia. For Sichuan jay samples, blood samples (N = 30) 
and feather or muscle samples (N = 28) from 58 captured 
jays and predation remains were collected in Sichuan and 
Gansu, western China (Fig. 1). Blood and muscle samples 
were stored in absolute ethanol in the field, and then stored 
long term at − 20℃ in the lab. Feathers were stored dry at 
room temperature. DNA was extracted using a  DNeasy® 
Tissue kit (QIAGEN, https ://www.qiage n.com/) following 
the manufacturer’s procedures. Siberian jay blood samples 

came from three populations in Russia Siberia (i.e. Burenski; 
Kolyma and Yakutsk) and from two populations in Sweden 
(i.e. Ånnsjön and Vilhelmina). DNA was extracted using a 
standard high salt extraction protocol modified from Paxton 
et al. (1996).

Molecular methods

Twenty one microsatellite loci originally developed for 
Siberian jay were amplified (Jaari et al. 2008) in both our 
Sichuan jay and Siberian jay samples. The microsatellite 
markers were divided into groups according to fluorescent 
dyes, which were FAM (SJ013, SJ014, SJ016, SJ026, SJ046, 
SJ049, SJ059, SJ068, SJ070, SJ078, SJ081, SJ083, SJ092, 
SJ093, SJ095, SJ106, SJ109, SJ116) and NED (SJ058, 
SJ065, SJ099). For the Sichuan jays, PCRs were run in 
10 µL reactions containing 0.20 µL of each primer (10 mM), 
1.00 µL of DNA, 1.00 µL 10 × PCR buffer, 0.50 µL dNTPs 
(2.5 mM), 0.30 µL BSA, 0.45 µL MgCl2 (25 mM), 0.05 µL 
DreamTaq and 6.50  µL water. PCR programs were an 
initial denaturation cycle at 95 °C for 3 min, followed by 
5 cycles at 95 °C for 30 s, annealing at 59 °C to 54 °C for 
30 s and 72 °C for 1 min, then followed by 30 cycles at 
95 °C for 30 s, annealing at 54 °C for 30 s and 72 °C for 
30 s. The PCRs had a final extension at 72 °C for 10 min. 
The PCR products were diluted in water (1.1:10). 1 μl of the 
dilution was mixed with 10 μl formamid/H2O containing 
0.1  µl GeneScanTM 600  LIZ® size standard (Thermo 
Scientific) and run on 3730xl DNA Analyzer (Applied 
Biosystems). Samples were genotyped using  GeneMapper® 
Software 5 (Life Technologies™). For the Siberian Jays, 
we amplified microsatellites makers using Qiagen multiplex 
mix according to the manufacturers’ recommendations. 
Amplified products were diluted 1:100 with Megabace 
ET400-R as size standard prior to analysis on a Megabace 
1000 (GE healthcare/Amersham) and genotyping was 
conducted using Megabace Fragment profiler 1.2 (GE 
healthcare/Amersham).

In total, 21 microsatellite loci amplified a PCR product 
giving genotypes for the 58 Sichuan jay samples. As 
SJ046 was found to be linked to the Z-chromosome, it 
was removed from further analyses. We used the Excel 
add-in Microsatellite toolkit to convert input microsatellite 
data files for different analyses program formats (Park 
2001). All the microsatellite markers were analyzed with 
MICROCHECKER 2.2.3 (Van Oosterhout et  al. 2004) 
to check for null alleles. Six out of 20 microsatellite loci 
(SJ013, SJ026, SJ065, SJ081, SJ083, and SJ092) were 
found to contain null alleles and were thus removed from 
further analyses. SJ014 and SJ059 were not available for 
Siberian jays. We tested for Hardy and Weinberg equilibrium 
and linkage disequilibria between molecular markers. To 
ensure the neutrality and independently segregating markers 

https://www.qiagen.com/
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we discarded SJ016, SJ049 and SJ116. Thus, we used 11 
microsatellite loci to analyze Sichuan jay samples. However, 
we used only 9 of the same microsatellite markers out of the 
previous 11 to analyze the Siberian jay samples due to lack 
of amplification concerning the makers SJ014 and SJ059.

Statistical analysis

We calculated expected heterozygosity  (He), observed 
heterozygosity  (Ho),  FIS, allelic richness (AR), and effective 
population size  (Ne) in each of the sampled populations. 
The neutral genetic diversity for each locality was calculated 
in FSTAT 2.9.3.2 (Goudet 1995). Effective population size 
was estimated based on two different methods: the linkage 
disequilibrium method and the coancestry method using the 
software Ne estimator (Waples and Do 2008).

To illustrate the multidimensional relationships among 
individual Sichuan jays in a two-dimensional plot, we 
used the R package ADEGENET (Jombart 2008) to create 
discriminant analysis of principal components (DAPC) with 
100,000 iterations and 10,000 burn-in steps. In addition we 
performed Bayesian clustering using STRU CTU RE v.2.3.4 
(Pritchard et al. 2000) to find genetic clusters among the 
all samples and for Sichuan jays excluding Siberian jays. 
The dataset was run ten times per K = 1–10 with an initial 
burn-in of 10,000 followed by 100,000 MCMC iterations 
and 100,000 burn-in followed by 100,000 MCMC iterations 
for Sichuan jays only. Visualization of the runs was done 
using R package POPHELPER v2.2.9 (Francis 2017) after 
averaging over all STRU CTU RE runs for each K using 
CLUMPP (Jakobsson and Rosenberg 2007) included in the 
POPHELPER package.

To calculate population differentiation between the 
sampled locations, we used the data from the 9 microsatellite 
loci common to both species to calculate pair-wise  FST 
(Weir and Cockerham 1984) and Nei’s genetic distance 
using SpaGeDi v1.5 (Hardy and Vekemans 2002). With 
their geographic coordinates, we calculated the Euclidean 
distance as the geographical distances. Then we used the 

geographical distance and  FST/(1 − FST) to calculate the IBD 
in SpaGeDi v 1.5 (Hardy and Vekemans 2002).

Tests of past population bottlenecks were performed 
by calculating the difference between the expected 
heterozygosity under Hardy–Weinberg equilibrium (HE) and 
the heterozygosity expected at mutation-drift equilibrium 
(Heq) assuming three different mutation models, the stepwise 
mutation model (SMM), two-phased models (TPM) and the 
infinite allele model (IAM), as implemented in software 
Bottleneck (Piry et al. 1999). We used Wilcoxon sign rank 
test to obtain P values. The TPM was tested in different 
conditions with respect to the proportion of step-wise 
mutations (70, 60, 50, 40, 30, 20 and 10%).

Results

Genetic variation

In the entire Sichuan jay population, expected heterozygosity 
 (He) was 0.741, observed heterozygosity  (Ho) was 0.815, 
and allelic richness (AR) was 3.25 (Table 1). We calculated 
a reliable value for  Ne by the linkage disequilibrium method 
(Ne (LDNe)) and by the coancestry method (CNe). The 
estimates were: 16.1 (95% CI 9.0 to 25.2) and 39.9 (95% 
CI 31.9 to 51.3), respectively (Table 1).

In Siberian jays,  He within the different populations 
ranged from 0.675 to 0.801,  Ho from 0.627–0.750 and 
allelic richness from 2.91 to 3.48. Observed and expected 
heterozygosity were not significantly different, as would be 
expected of selectively neutral loci. Thus, based on the nine 
common microsatellites makers, we found heterozygosity 
and allelic richness to be of the same magnitude in both 
species. Our estimates of effective population size revealed 
similar values among the sampled populations with the 
exception of the Siberian jays in Kolyma which showed a 
significantly higher estimate (Table 1).

Table 1  Genetic variation in endangered P. internigrans (11 microsatellites) and non-threatened P. infaustus (9 microsatellites) populations

n, number of individuals;  He, expected heterozygosity,  Ho, observed heterozygosity;  Fis, inbreeding coefficient in populations; AR, allelic 
richness;  Ne, effective population size by coancestry method (Ne  (CNe)) and by linkagedisequilibrium method  (LDNe)

Species Location n He Ho Fis AR Ne  (CNe, 95%CI) Ne  (LDNe, 95%CI)

Sichuan jay Sichuan, China 58 0.741 0.815  − 0.101 3.25 16.1 (9.0–25.2) 39.9 (31.9–53.3)
Siberian jay Ånnsjön, Sweden 37 0.731 0.750  − 0.026 3.09 14.4 (4.7–29.5) 31.6 (22.6–47.6)

Vilhelmina, Sweden 41 0.737 0.733 0.006 3.15 Inf (Inf–Inf) 64.9 (42.0–123.3)
Burenski, Russia 31 0.759 0.711 0.064 3.28 21.7 (3.6–55.7) 42.5 (29.6–69.3)
Kolyma, Russia 18 0.675 0.627 0.075 2.91 1517.6 (1.5–7615.3) 14.3 (9.2–24.6)
Yakutsk, Russia 78 0.801 0.740 0.076 3.48 28.8 (10.0–57.4) 110.7 (84.2–155.5)
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Population differentiation

Geographic structure and separation among the sampled 
Sichuan jay was supported by the discriminant analysis 
of principle components (DAPC) (Fig. 2) which shows 
three main clusters among the Chinese samples based on 
the Bayesian Information Criterion. These results were 
confirmed by STRU CTU RE analyses which support three 
weakly differentiated clusters when sorted by assignment 
probability (Q) (Suppl. Fig. 1). For all jay samples, three 
distinct clusters was found in the STRU CTU RE analysis 
(Suppl. Fig. 2), supported by the Evanno method (Evanno 
et al. 2005) that gave the highest support for K = 3 (delta − K) 
(Suppl. Fig.  3). The three clusters followed country of 
sampling.

Pair-wise FST values ranged between 0.026 and 0.52 
when all populations and both species were included in the 
analysis (Table 2). As expected, the highest FST values were 
found between Sichuan jays and Siberian jay populations as 
they belong to different species. With the exception of the 

Kolyma–Sichuan comparison the overall FST were not much 
higher than the comparison between Swedish and Russian 
Siberian jay populations. In contrast, the within region 
comparisons in Sweden and Russia had the lowest values 
and comparisons between these regions had the highest FST 
values respectively. Nei’s genetic distance values had the 
same trend as the FST values (Table 2). The lowest values 
were found between the two sampled locations from Sweden 
and three sampled locations from Russia. The highest 
values were found between Sichuan jays and Siberian jays 
(Table 2).

A highly significant correlation was found between 
genetic differentiation and geographic distance of 
populations when all populations were included in the IBD 
analyses  (r2 = 0.5113, P < 0.001; Fig. 3). When IBD analysis 
was run only on Siberian jay populations, the correlation 
was also highly significant  (r2 = 0.8568, P < 0.001; Fig. 3).

Fig. 2  Discriminant analysis 
of principle components 
(DAPC) scatterplot. The three 
DAPC clusters are based on 11 
microsatellite makers from 58 P. 
infaustus from Sichuan, China

Table 2  Location pairwise FST 
values (below the diagonal) 
and Nei’s genetic distance (Ds) 
(above the diagonal) for P. 
internigrans and P. infaustus 

ALL LOCI Sichuan Ånnsjön Vilhelmina Burenski Kolyma Yakutsk

Sichuan 2.212 2.146 1.768 1.872 2.031
Ånnsjön 0.240 0.088 0.705 0.734 0.586
Vilhelmina 0.238 0.030 0.718 0.714 0.599
Burenski 0.214 0.148 0.147 0.293 0.102
Kolyma 0.52 0.178 0.173 0.090 0.161
Yakutsk 0.201 0.119 0.118 0.026 0.052
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Analyses of population bottlenecks

We found evidence of mutation-drift heterozygote 
excess (Heq) according to a one-tailed Wilcoxson test 
for heterozygote excess in all populations, except when 
assuming a strict SMM (Table 3). We therefore conclude that 
there is a strong indication of past population bottlenecks in 
both species.

Discussion

The results of this study show that the Sichuan jay, which 
inhabit a narrow band of fragmented high-elevation 
coniferous forests, has similar levels of genetic variability 
as compared to the Siberian jay since estimates of genetic 
diversity were similar when comparing values of AR, 
Ho and He. These sister species formed after the rise of 
QTP during the Quaternary Period (Cheng 1981) as some 

other sibling species pairs which like jays have a similar 
distribution pattern, such as the Chinese grouse and hazel 
grouse (T. bonasia). That estimates of genetic diversity 
in Sichuan and Siberian jay populations are similar is 
somewhat surprising as we would have expected lower 
diversity in the more range restricted Sichuan jay.

The distribution and genetic diversity of species are 
important for their conservation, especially for relict 
populations in isolated refugia (Höglund 2009). As the 
first study describing the genetic diversity of Sichuan jay, 
the discriminant analysis revealed genetic differentiation 
among Sichuan jay samples (Fig. 2). Unfortunately the 
x–y coordinates of the Sichuan jay samples have been lost 
since the date of capture and we can thus not test if the 
detected substructure is due to geographically separated 
populations. However, as a proxy of gene flow rupture, 
the observed genetic differentiation confirm previous 
results showing that remaining Sichuan jay habitats are 
at present isolated and fragmented because of intensive 

Fig. 3  Isolation by distance 
plots (IBD) for microsatellite 
data. FST/(1 − FST) is a function 
of distance (km). Black squares: 
IBD for pair-wise population 
comparisons of 263 individuals 
of P. internigrans and P. 
infaustus. Black circles: IBD 
based on 205 individuals of P. 
infaustus. The  r2 represents the 
coefficient of determination and 
P the probability value. The 
dashed line: the trend curve for 
all jays; The dots line: the trend 
curve for Siberian jays

R² = 0.5113

R² = 0.8568

0

0.1

0.2

0.3

0.4

0 1000 2000 3000 4000 5000 6000 7000 8000

Fs
t/

(1
-F

st
)

sutsuafni.P
&snarginretni.P

Geohraphic distance (km)

P < 0.001

Table 3  Results of the test for a population bottleneck

SMM stepwise mutation model, TPM two-phased model, IAM infinite allele model
NS  not significant; *0.01 < P < 0.05; ** 0.001 < P < 0.01

Mutation Model Proportion of 
SMM (%)

One-tailed Wilcoxson test for heterozygote excess

Sichuan Ånnsjön Vilhelmina Burenski Kolyma Yakutsk

SMM P = 0.051NS P = 0.285 NS P = 0.102 NS P = 0.180 NS P = 0.010 P = 0.715 NS

TPM 70 (default) P = 0.005** P = 0.010* P = 0.002** P = 0.003** P = 0.001** P = 0.024*
TPM 60 P = 0.002** P = 0.005** P = 0.001** P = 0.002** P = 0.001** P = 0.005**
TPM 50 P = 0.002** P = 0.005** P = 0.001** P = 0.002** P = 0.001** P = 0.003**
TPM 40 P = 0.001** P = 0.003** P = 0.001** P = 0.001** P = 0.001** P = 0.002**
TPM 30 P = 0.001** P = 0.003** P = 0.001** P = 0.001** P = 0.001** P = 0.002**
TPM 20 P = 0.001** P = 0.003** P = 0.001** P = 0.001** P = 0.001** P = 0.002**
TPM 10 P = 0.001** P = 0.003** P = 0.001** P = 0.001** P = 0.001** P = 0.002**
IAM P = 0.001** P = 0.002** P = 0.001** P = 0.001** P = 0.001** P = 0.002**
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forest cutting of the virgin forest during the past decades 
(Lu et al. 2012b; Sun 2000).

Ne is one of the most important parameters in conservation 
genetics and could be regarded as an estimate of genetic 
diversity since it corresponds to the heterozygosity in an 
ideal randomly mating population with the estimated size. 
A low  Ne value is also associated with accelerated depletion 
of genetic variability (Hájková et al. 2007). In all these six 
populations, including both sub species, our estimates of 
 Ne from two methods provided reliable values except for 
Kolyma which had a value reaching infinity using the CNe 
method, which is indicative of a too small sample size. The 
 Ne/N ratio in wild populations is approximately estimated 
to be in the range of 0.10 (Frankham 1995). This estimate 
would for Sichuan jay in Sichuan give a population size of 
162 and 399 individuals which is close to the range of 132 to 
374 given by our census data from 2000 to 2004 (Jing 2005).

The pairwise FST and Nei’s genetic distance (Ds) analyses 
showed the highest FST values and Ds values between 
Sichuan and Siberian jay populations, and also showed 
high values when comparing populations from Sweden 
with Russia. Nei’s genetic distance analysis showed a 
strong divergence among the two species. The Sichuan jay 
population was separated from the five Siberian populations. 
Correspondingly there were high FST values among Swedish 
and Russian populations. Such genetic differentiation 
between QTP coniferous forest species and sister taxa 
residing in coniferous forest in northern Eurasia are common 
in other animals and insects confined to boreal forest (Baba 
et  al. 2002; Johansson et  al. 2017). For a conservation 
perspective, preserving boreal forest surrounding the QTP 
would also benefit the QTP-residing species of avina genera 
such as: Tetrastes, Strix, Aegolius and Picoides.

Our results indicate that IBD pattern was found not only 
in the total locations of Sichuan jay and Siberian jay, but 
also among Swedish and Russian locations of the Siberian 
jay (Fig. 3). This IBD pattern may be influenced by the 
fragmentation of boreal forest which was affected by the 
last ice age and recent human actions (Wallenius et al. 2010). 
The described situation should be similar in other boreal 
birds in Siberia and the QTP. Some studies have suggested 
that many of these populations, like hazel grouse, might 
come from one or a few refugial lineages from central and 
western coniferous forest in Eurasia, which might have been 
almost completely eradicated during the major glaciations 
(Baba et al. 2002; Englbrecht et al. 2000). The divergence 
and speciation in the boreal avifauna during this period 
resulted in some becoming sister-species, like the two jays 
studied here and some becoming subspecies like in boreal 
owl Aegolius funereus (Weir and Schluter 2004). Their 
dispersal abilities and response to the ice age and subsequent 
warming correspond to their divergence and speciation 
(Barluenga and Meyer 2005; Hewitt 1999). Large-scale 

comparative population genetic studies of sister-species, 
like Sichuan jay and Siberian jay, of boreal coniferous 
forest would provide a comprehensive view of the genetic 
consequences of the glaciation events on species with 
different life histories, and their effect on the current genetic 
diversity and geographical distribution patterns. Due to the 
glaciation events in the ancient and recent human actions, 
boreal forests became fragmented and isolated (Wallenius 
et al. 2010). Thus, we hypothesize that the jay populations of 
Sichuan and Siberia have experienced bottleneck as a result 
of habitat loss that likely occurred during glacial period and/
or more recently as a result human disturbances.

Habitat loss is the most important cause of species 
extinction (IUCN 2020). In order to maintain healthy 
populations of Sichuan jay in western China, targeted habitat 
restoration is important which can reduce extinction rates in 
fragmented forests (Newmark et al. 2017). To prevent nest 
predation, that is the most common cause of nest failure 
in Siberian jays, they need to nest in virgin conifer forest 
for sucessful breeding (Eggers et al. 2005; Griesser and 
Nystrand 2009). As both species are expected to have similar 
breeding ecology and need prestine forest for sucessful 
breeding, it is of utter importance for the recrutiment of 
new individuals to the population, we therefore suggest that 
more attention should be paid to the protection of virgin 
conifer forest in western China. This will benefit not only the 
Sichuan jay, but also many other rare species distributed in 
the same area, such as Chinese grouse, Boreal owl, Sichuan 
Wood Owl, and blood pheasant. There is also an urgent 
need to study other populations of Sichuan jay in China and 
central Russian populations of Siberian jay not included in 
this study, to better understand the conservation value, needs 
and importance of each population.
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