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Abstract

Background: The boreal forest is one of the largest biomes on earth, supporting thousands of species. The global
climate fluctuations in the Quaternary, especially the ice ages, had a significant influence on the distribution of boreal
forest, as well as the divergence and evolution of species inhabiting this biome. To understand the possible effects of
on-going and future climate change it would be useful to reconstruct past population size changes and relate such
to climatic events in the past. We sequenced the genomes of 32 individuals from two forest inhabiting bird species,
Hazel Grouse (Tetrastes bonasia) and Chinese Grouse (T. sewerzowi) and three representatives of two outgroup species
from Europe and China.

Results: We estimated the divergence time of Chinese Grouse and Hazel Grouse to 1.76 (0.46-3.37) MYA. The demo-
graphic history of different populations in these two sibling species was reconstructed, and showed that peaks and
bottlenecks of effective population size occurred at different times for the two species. The northern Qilian population
of Chinese Grouse became separated from the rest of the species residing in the south approximately 250,000 years
ago and have since then showed consistently lower effective population size than the southern population. The
Chinese Hazel Grouse population had a higher effective population size at the peak of the Last Glacial Period (approx.
300,000 years ago) than the European population. Both species have decreased recently and now have low effective
population sizes.

Conclusions: Combined with the uplift history and reconstructed climate change during the Quaternary, our results
support that cold-adapted grouse species diverged in response to changes in the distribution of palaeo-boreal forest
and the formation of the Loess Plateau. The combined effects of climate change and an increased human pressure
impose major threats to the survival and conservation of both species.
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been used in the past to infer effects of major climatic
events in the evolutionary past of study organisms [1-3].
Here we use whole genome sequences obtained from
individuals belonging to a pair of boreal forest dwell-
ing sibling grouse species: the Chinese Grouse Tetrastes
sewerzowi and Hazel Grouse T. bonasia to infer their
demographic histories and relate the inferred changes to
known past climatic geological events and their climatic
impacts [4]. The demographic history of a species can be
examined through reconstruction of the effective popula-
tion size, using the information embedded in the genome
sequences of a diploid species [1].

The boreal forest, one of the largest biomes on Earth,
is inhabited by a large number of species [5-7]. Most of
the boreal forest is found throughout the high northern
latitudes from about 50°N to 70°N, but boreal forest also
occurs in mountain regions further to the south, such
as at the southeastern edge of the Qinghai-Tibet Pla-
teau (QTP). These forest areas used to be connected to
the more widely distributed boreal forest to the north,
but retracted to present distributions during the uplift-
ing of the plateau [8]. The global climate change and
uplift of QTP had significant influence on divergence and
demographic history of many sibling faunas in Eurasia
and the QTP boreal forest. Hazel Grouse and Chinese
Grouse, the sibling species of concern in this study show
adaptions to cold environments, for example by hav-
ing feathered legs and nostrils [9-11]. The origin of the
cold-adapted Pleistocene species, especially megafauna,
has usually been sought either in the arctic tundra or in
the cool steppes outside the QTP [12, 13]. However, an
alternative scenario, called the “out of Tibet hypothesis’,
has been offered, based on new fossil assemblages [14—
16]. Here it is argued that the evolution of present-day
animals in the Arctic region is intimately connected to
ancestors that first became adapted for life in cold regions
in the high-altitude environments of the QTP (2.6 to 5
Mya), and were thus pre-adapted to cold climates during
the ice age (2.6 to 0.1 Mya) [14-16].

During the Quaternary, vast areas of the boreal forest
were repeatedly affected by major glaciations. Ice sheets
that formed over Scandinavia spread eastwards across
the northwestern Russian plains and southwards across
northern and middle Siberia [17]. However, the ice sheets
did not cover eastern Siberia. This led to a fauna in east-
ern Siberia that is considerably older and richer, with
more endemic species and genera from various taxa, than
that of the western Siberian boreal forest [17-22]. The
historical glacial-interglacial cycles dramatically influ-
enced the fluctuations and long-term declines in effective
population size for some species [2, 23-25]. Therefore,
the glaciations had a significant influence on the present
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genetic structure of populations, species, and communi-
ties [22, 26, 27].

Before the Quaternary Period, the global average tem-
perature in the mid-Pliocene (3.3-3 Mya) was 2-3 C
higher than today, whereas carbon dioxide levels were
the same [28]. The change to a cooler, drier, and more
seasonal climate had considerable impacts on the Plio-
cene vegetation, reducing tropical species worldwide, and
coniferous forests and tundra covered much of the north
[29]. During the Late Miocene and the Pliocene periods,
the QTP had an expanding forest cover (up to between
1000 and 2000 m) [30-33], particularly at its eastern
edge, currently located in the Chinese provinces of Qing-
hai, Sichuan, and Yunnan. During the Quaternary period,
the boreal forest experienced many climate-induced fluc-
tuations [7]. Several glacial and interglacial periods, along
with the uplift of the QTP and accumulation of the Loess
Plateau, promoted the geographic distribution pattern of
boreal forests seen today.

During the Pleistocene-Holocene (1.10-0.60 Ma),
the QTP experienced three rapid uplifting stages when
mountain ranges formed. The climate changed from wet
and warm to dry and cold, with cryosphere (year round
ice) on the plateau and forest receding to the edge. About
0.15 Ma, the climate became colder and drier, and 10 kya
the forests extended even higher [34, 35]. The rise of the
QTP and increase in global ice volume had a great influ-
ence on the interior Asian aridification, especially for the
formation of the Loess Plateau from sediment deposited
by wind-blown dust since 2.40 Ma [36—39]. In the early
Quaternary, the warm and moist forest ecological envi-
ronment found in the Tertiary continued on the Loess
Plateau. During the middle and late Pleistocene, the cli-
mate gradually became drier and the vegetation changed
to an arid grassland. These patterns are not only consist-
ent with the changing characteristics of the fossil assem-
blage, but are also consistent with the formation of the
loess area [40-42].

The Chinese Grouse is an endemic species inhabiting
high mountain coniferous forests in central China [4,
43]. The Hazel Grouse is the sibling species of Chinese
Grouse and occurs within the temperate, boreal, and
subarctic biogeographical zones of the Northern Hemi-
sphere [44, 45]. Studies on speciation of the sibling spe-
cies show conflicting patterns [9, 46, 47], but previous
work support a divergence in the mid-Pleistocene and
the beginning of the Quaternary. Here we used whole
genome resequencing data to estimate the divergence
time and used a pairwise sequentially Markovian coa-
lescent (PSMC) modeling to reconstruct the ancestral
demographic trends in both species. Finally, we used a
multiple sequentially Markovian coalescent (MSMC)
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model to estimate the effective population size of both
species in more recent time.

Results

Phylogenetic relationships

The trees based on the three different methods (Bayes-
ian, Maximum Likelihood and Neighbor Joining) used
to infer the phylogenetic relationships largely concur and
only show minor differences among the different popu-
lations of Hazel Grouse (Fig. 1, Additional file 1: Figs.
S1, S2). In the Bayesian and ML analyses, the China and
GER/POL populations are sister to each other and in the
NJ analyses the GER/POL and SWE populations are sis-
ter to each other. All analyses suggest clear species and
population structure. Using the Bayesian tree, the split
between the Chinese Grouse and Hazel Grouse was
estimated to 1.76 (0.46-3.37) MYA. In all analyses the
three populations of Chinese Grouse were clearly sepa-
rated and the branching patterns was the same among
populations. The Swedish population appeared to be
clearly separated from the populations in Germany and
Poland. Thus the broad phylogenetic relationships among
the sampled species were independent of phylogenetic
reconstruction method, as maximum-likelihood and
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Neighbor joining methods yielded the same topologies
(Fig. 1, Additional file 1: Fig. S1, S2).

Population demographic histories

An analysis of full diploid genomes from the sibling
species using PSMC modelling clearly showed differ-
ent results for the two species (Fig. 2). For the Chi-
nese Grouse, the southern (LHS and ZN) and northern
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populations (QLS) had different demographic histo-
ries. The northern population experienced persistently
low effective population sizes and has declined since
about 0.2 Mya. The demography of the southern Chi-
nese Grouse population showed a drastic decline around
17,000 years ago and population peak at 20-30,000 years
ago (Fig. 2). For the Hazel Grouse, the population peaked
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around 120,000 years ago (Fig. 2). Since 100,000 years
ago the population trends differed between the Chinese
and European Hazel Grouse populations (Fig. 3). All the
European populations appeared to have undergone per-
sistent declines in population size after the peak 0.3 Mya.
In contrast, population size estimates obtained from the
Chinese Hazel Grouse samples showed an increase to
a large effective population size during the Last Glacial
Maximum (LGM) 20,000 years ago. Since then, Hazel
Grouse in China showed consistently higher population
sizes than European Hazel Grouse (Fig. 3).

The MSMC analysis of the demographic history of
the two grouse species from~20,000 years ago to the
present suggested that population sizes have decreased
constantly since then to 2000 years ago with a decline in
Chinese Hazel Grouse starting from higher levels than
the European populations (Fig. 4).

Discussion

We have performed the first population-scale, whole
genome sequencing studies of the sibling species Chinese
Grouse and Hazel Grouse, inhabiting the QTP and Eura-
sian boreal forests, respectively. The analyses presented
here provide insights into the phylogenetic relationships,
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ancestral population demography and recent time popu-
lation decreases in relation to changes in climate and
related factors in different populations of these two spe-
cies. Our PSMC analyses covered a period from 1 Mya to
20,000 years ago (Fig. 2), a period covering the chrono-
logical distribution of four grouse genera (7etrao, Bonasa,
Lagopus and Dendragapus) [44].

Our whole genome data allowed us to estimate rela-
tionships between Chinese Grouse and Hazel Grouse and
among different populations of the two sibling species.
We estimated the divergence time of the two Tetrastes
species to 1.7 (0.46-3.37) Mya using whole genome data,
whereas a previous study estimated the same divergence
to approximately 0.8—2.5 Mya based on ultra-conserved
element sequences [9]. In the Pliocene period (5.33-2.58
Mya), the climate was similar to the present [28]: a cool,
dry, seasonal climate, which had considerable impacts on
the vegetation. All grouse species occur within the tem-
perate, boreal, and Arctic biogeographical zones of the
Northern Hemisphere and are adapted to cold climates
[44]. The extinct Bonasa praebonasia is ancestral to the
sibling species Chinese Grouse and Hazel Grouse [4, 43,
46]. Prior to the Quaternary period it is assumed that, B.
praebonasia populations spread throughout the existing
coniferous forests and crossed into the QTP. In the begin-
ning of the Quaternary, with cyclic growth and decay of
continental ice sheets [48, 49], the distribution patterns
of boreal forests and steppes changed worldwide. The
uplifting of the QTP and the continuous accumulation of
loess in the Loess Plateau was the main driving factor to
limit the distribution of boreal forest in China and divide
the ancestral species in to sibling species.

The conifer-dominated forests with deciduous trees
on the southeastern edge of QTP, in which only the wet-
ter northern slopes have forest vegetation, resulted in
fragmentation of the habitat for Chinese Grouse [43].
It has been shown that large-scale deforestation, inten-
sive livestock grazing, and climate change exacerbates
habitat loss and fragmentation [50-53]. Similar to other
mountainous species [54, 55], the distribution of Chinese
Grouse would likely have shifted in elevation as the conif-
erous forest changed under different climate change sce-
narios [3, 52]. However, unlike species that have greater
dispersal capabilities, the Chinese Grouse has had limited
to no contact with Hazel Grouse [56] and the treeless
Loess Plateau has acted as a barrier to gene flow among
the Northern Taiga and the Northeastern QTP.

The sequenced QLS birds were from the Qilian Moun-
tains, which are situated on the northeastern edge of
the QTP; the coniferous forests there are isolated from
the southern QTP. Several rare and endemic gallina-
ceous bird species are found in the Qilian Mountains [57,
58]. Our results show that the northern population of
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Chinese Grouse (QLS) has a demographic history differ-
ent from those in the south, probably as a consequence
of isolation and small effective population sizes through-
out their history. This patterns is especially visible during
the Last Glacial Period (LGP, 115,000-11,700 years ago),
where the pattern between the northern QLS popula-
tion and the two southern populations (LHS and ZN) are
different (Figs. 1 and 2). Based on our data, these popu-
lations have been split for a long time. Thus, gene flow
among the southern populations and northern popula-
tion is extremely unlikely.

The Qilian Mountains has served as a refuge, not only
for the Chinese Grouse, but also for other gallinaceaous
birds during the Pleistocene glaciations, such as the
Blood Pheasant (Ithaginis cruentus), Chukar Partridge
(Alectoris chukar), and Tibetan Partridge (Perdix hodgso-
niae). These forest specialist gallinaceaous birds gradually
withdrew from large parts of northern China as a conse-
quence of the plateau uplift, the formation of the Loess
Plateau, and loss of forest in these areas. Populations
remained in isolated refugia (e.g. QLS) during the glacia-
tions that occurred during the Quaternary glacial period
[59]. In contrast to the Chinese Grouse from the Qilian
Mountains, the two southern populations have similar
PSMC profiles and are more closely related (Fig. 2). The
effective population size in these two populations showed
a peak during the LGM and then decreased. This sup-
ports the notion that the LGM had a less dramatic effect
on these populations than on forest species in Europe
and North America and is a distinct regional feature [60].

The Hazel Grouse inhabits dense coniferous forest,
preferably with spruces (Abies) mixed with deciduous
trees like Alnus, Betula, and Salix, and has limited dis-
persal capability and narrow habitat requirements [4]. It
is a sedentary species and its distribution range is contin-
uous across northern Eurasia from Hokkaido in the east
to Western Europe in the west. It is classified as Lower
Risk (least concern) by the IUCN [53], but red-listed in
some central and southern European countries [4]. Many
remaining Hazel Grouse populations are scattered and
small, because of forest fragmentation and limited disper-
sal [61]. Our population sampling of this species includes
samples from China, Sweden, and central Europe (Fig. 5).
Our results suggest that the Chinese population is geneti-
cally distinct from the Swedish and the Central European
populations, probably as a result of isolation by distance
and accelerated genetic drift in smaller and more isolated
populations in Europe [62].

The Pleistocene environment and vegetation in Eurasia
are important factors to take into account when discuss-
ing molecular divergence among Hazel Grouse [27, 63].
The PSMC results show that population size of European
Hazel Grouse populations decreased since 120,000 years
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ago and the population was constantly at low num-
bers until 12,000 years ago, a time period which also
coincides with the LGP. During the LGP, the ice sheet
stretched from the northern parts of the British Isles,
Germany, Poland, and the Taymyr Peninsula in western
Siberia, with the deepest ice sheet over Scandinavia [64].
In contrast, northeastern Siberia was not covered by a
continental-scale ice sheet [65] and may have served as
a refugium for Hazel Grouse and other forest species.
Thus, Chinese populations of Hazel Grouse remained rel-
atively large during the LGP. Our results on Hazel Grouse
are supported by studies showing that the fauna in the
eastern Siberian boreal taiga is older and richer than that
in western Siberia [18-21].

Our MSMC results suggest that after the LGP, N,
decreased dramatically from 10,000 years ago to the pre-
sent for both sibling species. Additionally, the MSMC
analysis of the sibling grouse species from ~ 20,000 years
ago to the present suggested that population sizes have
decreased constantly from 20,000 years ago to 200 years
ago. The dramatic decreases in N, from 10,000 years
ago to the present, coincide with the climate change in

the Holocene (10,000 years ago to 5000 years ago) and
increasing human forest exploitation from 8500 years
ago [66]. In the early Holocene, around 10,000 years ago,
the interglacial period was firmly established, exhibiting
a warmer and moister climate than today. The ice cover
regressed and trees were able to re-colonize the northern
taiga. However, at the beginning of the Neolithic Revolu-
tion (8500 years ago), humans started to exploit forests,
not only for wood and food, but also for space [67, 68].
Nowadays, boreal ecosystems world-wide are threatened
by direct human activity and climate change [7].

Conclusions

In conclusion, our analyses provided insights into diver-
gence and demographic history of a sibling species pair
both residing in cold boreal forest habitats in Eurasia and
the QTP. Combined with the uplift history and recon-
structed climate change during the Quaternary, our
results support that cold-adapted grouse species diverged
in response to changes in the distribution of palaeo-
boreal forest and the formation of the Loess Plateau.
Our analyses also provide insights in to how these sibling
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species have responded to changes in climate through-
out their evolutionary history. In a recent study [3] we
were able to show how the changes in population size of
Chinese Grouse were related to climate induced shifts in
the distribution of available habitat. Combined with the
results of this study, they provide evidence of population
resilience in the face of dramatic climatic fluctuations.
However, smaller and fragmented populations are facing
higher risks of loss of genetic diversity and extinction as
exemplified by the Qilian population of Chinese Grouse.
Our results also hint at anthropogenic induced stress in
recent times, and thus unrelated to major climatic shifts,
has reinforced the population declines of both species.
The combined effects of climate change an increased
human pressure thus impose major threats to the sur-
vival and conservation of both species.

Methods

Sampling and data collection

A total of 29 samples from the two sibling grouse species
were collected from 8 locations; 16 Chinese Grouse sam-
ples from three populations from Gansu, China (3 from
Beishan in the Qilian Mountains (QLS); 3 from Zhuoni
County (ZN); 10 from the Lihanhuashan National Nature
Reserve (LHS)) along with 13 Hazel Grouse samples from
five populations (1 from Northeastern Poland (NEP); 1
from the Austrian Alps; 3 from the Bavarian forest, Ger-
many (GER); 3 from Jamtland, Sweden (SWE); and 5
from Northeastern China (XL])) (Fig. 5, Additional file 1:
Table S1). All the Chinese Grouse samples and the blood
samples of Hazel Grouse from the XL] population were
collected in the field. The Hazel Grouse samples labeled
F3 (with ancestry in NE Poland) and MR (with ancestry
from the Austrian Alps) came from a captive stock at a
breeding station in Germany. All other Hazel Grouse
were obtained as muscle tissue from hunted individuals.
We also used 3 Lagopus samples as an outgroup (2 Rock
Ptarmigan L. muta and 1 Willow Grouse L. lagopus). All
samples were collected and preserved in 99% ethanol and
stored at —20 °C.

Resequenced genomes

All samples were sequenced using the Illumina sequenc-
ing platform (Illumina PE 150, Hi-Seq 4000) at Annoroad
Gene Technology (Beijing, China). We used a Gentra
Puregene Blood kit (Qiagen) to extract the genomic
DNA from all samples according to the manufacturer’s
(Ilumina) Instructions. Then we assessed the quality of
DNA by electrophoresis on 1% agarose gel and the quan-
tity of DNA by a BioDrop mLITE spectrophotometer (a
total of 15 mg of DNA was quantified using the spectro-
photometer). Our analyses were based on cleaned reads,
which were filtered following a three-step procedure: (1)
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removal adapter polluted reads>5 bp, (2) removing low-
quality reads with quality score<19, and (3) sequence
reads where Ns comprised > 5% were removed (additional
file 2 Data filter summary and distribution). After filter-
ing, a total of 686.04 Gb (97%, of 705.13 Gb) high-quality
paired reads remained for further analysis.

Trimmomatic v0.33 was used to trim the Illumina
fastq files and remove adapters, based on manufactur-
er’s adapter sequences. Raw data of fastq format were
then processed with in-house perl scripts. In this step,
clean data were obtained by removing reads containing
adapter, reads containing poly-N, and low-quality reads
from raw data. At the same time, Q20, Q30, and GC
content of the clean data was calculated. All the down-
stream analyses were based on the clean data with high
quality (Q30). The clean reads were mapped to the Chi-
nese Grouse reference genome that we assembled [3]
by BWA 0.7.5a [69], with parameters: aln -0 1 -e 10 -t
4 -132 -i 15 -q 10, and reads having a mean of approxi-
mately 15 x depth for each individual and >90% coverage
of the Chinese Grouse genome were retained for SNP
calling. We employed a Bayesian algorithm in Samtools
0.1.19 [70] to call SNPs using the command ‘mpileup’
with parameters as ‘-q 1 -C 50 -S -D -m 2 -F 0.002 -u’
We calculated the genotype likelihoods from reads for
each individual at every genomic location and estimated
the allele frequencies. We used GATK version 3.2-2 [71]
to call variations including SNPs and indels. We filtered
SNPs using VCFtools v0.1.11 [72] and by following the
criteria: coverage depth>4 and <1000 (which nearly
twice of the average sequencing depth 16 x 32 sample);
root mean square (RMS) mapping quality > 20; the dis-
tance of adjacent SNPs>5 bp (this will exclude poten-
tial misaligned nucleotides); the distance to a gap>5 bp;
reads mapping quality value>30 (this will exclude the
reads misallocated to different site over the genome).
SNPs with minor allele frequency (MAF) value under
0.05 were excluded with vcftools -maf 0.05 (this help
us to exclude the SNPs of low frequency in the popula-
tion for the common procedure of population genetics
research). Haplotype missing call rate>0.05 were also
excluded by in-house perl script (to get high call rate of
SNPs among each individuals).

Phylogenetic trees construction

To estimate phylogenetic relationships, all SNPs were
used to calculate the pairwise genetic distances among
all samples. A neighbor-joining (NJ) tree with 100 boot-
strap replicates was inferred using TreeBeST 1.9.2 [73]
using all samples. Whole genome sequences from one
Willow Ptarmigan from Newfoundland, Canada, and
two Rock Ptarmigan from western Greenland were
included as an outgroup. RAxML version 8.2.10 was
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used to infer phylogenetic trees with the maximum likeli-
hood (ML) method based on the same dataset. MrBayes
3.2.7a x 86_64 was used to perform Bayesian inference of
phylogeny with the parameters: Iset nst==6 rates =gamma,
Ngen=2800,000 Samplefreq=10 Printfreq=100, sump
burninfrac=0.2, sumt burninfrac=0.2. A MrBayes con-
sensus tree was extracted with posterior probability sup-
porting rates. MCMCtree contained in the PAML software
provided Bayesian methods to estimate divergence times
of genomic-sized sequences between populations and spe-
cies [74]. When the average standard deviation of split fre-
quencies went under 0.01 which means convergence, the
burnin was set to (ngen/samplefreq) * 0.25 and then sumt
was used to get the convergence tree.

Demographic history inferred from PSMC and MSMC
Demographic history reconstruction using a PSMC
model can estimate changes in effective population size
between 20 kya and 3 Mya [1]. Because the power of
PSMC is quite limited for predictions more recent than
20 kya, MSMC analyses can be performed to recover
more recent trends in effective population using mul-
tiple genome sequences [1, 75]. The demographic his-
tory of the two grouse species was inferred using PSMC
modelling, as described in Li and Durbin [1], and MSMC
analyses [75]. To run PSMC and MSMC, we assumed
two parameters: the generation time (2.5 years) [43] and
the mutation rate per generation (0.3 x 10~8 per nucleo-
tide per year) [76]. The mutation rate (per nucleotide
per year, p) was selected from studies of Willow Grouse
(0.299 x 107%) and Rock ptarmigan (0.310 x 10-8) [76, 77].
PSMC was run for 100 iterations using an initial h=q
ratio of 5 and the default time patterning. Bootstrapping
was performed according to Li and Durbin [1] by resam-
pling 500,000 bp chunks of the genome with replacement
to perform 100 bootstrap replicates.
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