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Abstract Wintering areas affect population processes and
genetic structuring of many bird species. The Asian Great
Bustard (Otis tarda dybowskii) is declining across its range
as its breeding and wintering grounds become more frag-
mented. No genetic information for this vulnerable sub-
species in the wild exists. We used noninvasive fecal
sampling and mitochondrial sequencing to quantify the
level of genetic diversity and the extent of genetic differ-
entiation within and among the wintering populations.
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Bayesian skyline plot (BSP) analysis was conducted to
assess changes in population size over the last several
thousand years. Overall, 17 haplotypes were identified in
101 individuals from six wintering grounds, with mean
haplotype diversity of 0.90 &= 0.02. Significant population
differentiation among wintering grounds was observed
[population pairwise test (Pgt) = 0.13, p < 0.001], with
genetic differentiation associated with geographical dis-
tance (R2 = 0.26, p < 0.05) and pairwise tests consistent
with some degree of population admixture. The BSP
exhibited a gradual increase in effective population size
beginning around 28,000 years ago, but a decrease starting
approximately 4000 years ago. Given that China has the
most important wintering grounds for the Asian Great
Bustard, and that these are becoming increasingly frag-
mented, it is likely necessary to establish more protected
areas to facilitate the protection and monitoring of win-
tering Great Bustards.

Keywords Demography - Admixture - Great Bustard -
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Zusammenfassung

Genetische Struktur und Populationsgeschichte
iiberwinternder asiatischer GroBtrappen (Ofis tarda
dybowskii) in China: Implikationen fiir ihren Schutz

Wintergebiete beeinflussen Populationsprozesse und die
genetische Strukturierung vieler Vogelarten. Die asiatische
GroBtrappe (Otis tarda dybowskii) ist durch zunehmende
Fragmentierung ihrer Lebensrdume im Brut- wie
Uberwinterungsgebiet in ihren Bestinden
riickldaufig. Bisher gibt es keine genetische Information
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fiir diese ,,verwundbare “Unterart von freilebenden Vogeln.
Mittels  Sequenzierung mitochondrialer DNA  aus
Kotproben quantifizierten wir die genetische Vielfalt und
das AusmaB der genetischen Differenzierung innerhalb und
zwischen iiberwinternden Populationen. Wir fiihrten eine
Bayesische Skyline Plot (BSP)-Analyse durch, um
Verdnderungen in der Populationsgrofe in den
vergangenen Jahrtausende zu beurteilen. Insgesamt
wurden 17 Haplotypen von 101 Individuen aus 6
Wintergebieten mit einer mittleren Haplotypenvielfalt

von 090 4+ 0.02 identifiziert. Die verschiedenen
Uberwinterungspopulationen waren signifikant
verschieden (®st = 0.13, p < 0001), wobei die

genetische Differenzierung mit dem geographischen
Abstand (R*> = 0.26, p <0.05) verbunden ist, und
paarweise  Tests  zeigen, dass eine  gewissen
Durchmischung der Populationen besteht. Die BSP ergab
eine allméhliche Zunahme der effektiven Populationsgrofie
beginnend vor etwa 28.000 Jahren bis etwa 4000 Jahren
vor heute. Seither nehmen die Bestinde ab. Angesichts der
Tatsache, dass in China die wichtigsten
Uberwinterungsgebiete fiir die asiatische GroBtrappe
liegen, die aber zunehmend fragmentiert werden, ist die
Einrichtung weitere Schutzgebiete anzustreben, um den
Schutz der Grofitrappe aber auch das Monitoring der
Winterbestdnde zu erleichtern.

Introduction

In response to variable environments across space and time,
birds select different and often widely distributed wintering
sites to gain access to limited resources (Piper 2011; van Wijk
et al. 2016). Avian wintering habitats have generally
decreased and become more concentrated because of severe
human disturbance, decreased food availability and global
climate change, which subsequently can cause declines of
population size (Maclean et al. 2006) and behavioral (i.e.,
differential migration) and physiological responses [i.e., cor-
ticosterone stress (Holberton and Able 2011)]. Many
Holarctic species will summer in the same general area, but
migrate to different winter ranges; in such instances genetic
analyses have revealed panmixia, ring species divergence and
population subdivision among differing wintering groups
(Bensch et al. 2009; Lee et al. 2010; von Ronn et al. 2016). A
multitude of genetic structuring scenarios combined with
growing evidence for limited natal philopatry (Weatherhead
and Forbes 1994) and the effect of winter habitat on popula-
tion processes (Studds and Marra 2005) suggest that wintering
areas are of paramount importance for many species.

The Great Bustard (Otis tarda) is a globally threatened
species, listed as vulnerable worldwide under the current
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International Union for Conservation of Nature criteria
(BirdLife International 2012). There are two recognized
subspecies, the nominal (Otis tarda tarda) and Asian Great
Bustard (Otis tarda dybowskii), that are geographically
isolated and differ significantly in population size. The
population size of the nominal subspecies is estimated to be
50,000, mainly distributed in Spain and mainland Europe
(Alonso 2010; Palacin and Alonso 2008); the Asian sub-
species is estimated to have between 1500 and 2200 indi-
viduals across its range of Russian South Siberia, Mongolia
and China (Mi et al. 2016). While the overall population of
the nominal Great Bustard is considered stable, due to
agricultural intensification, habitat degradation and illegal
hunting, the population of the Asian Great Bustard has
been declining in China (Alonso 2010).

The Asian Great Bustard was widely distributed across
China before 1900. By the end of the twentieth century its
distribution had decreased and its populations had become
isolated due to the loss and fragmentation of breeding and
wintering habitat (BirdLife International 2001; Jiang 2004).
According to the first national terrestrial wildlife survey in
China (State Forestry Administration 2001), the wintering
grounds of the Great Bustard have contracted to three
regions: the middle and lower reaches of the Yellow River
(an estimated 303 wintering individuals), the middle and
lower reaches of the Yangtze River (an estimated 168 win-
tering individuals), and the Songnen Plain of northeast China
[an estimated 145 wintering individuals (Jiang 2004; see
Fig. 1)]. In the last decade, only a fraction of Great Bustards
have been observed wintering in the middle and lower
reaches of the Yangtze River, apparently due to a lack of
suitable wintering habitats (State Forestry Administration
2016). There is growing concern that the remaining winter-
ing grounds will continue to be eroded unless urgent con-
servation measures are taken. The Asian Great Bustard is
also a long-distance migratory bird, with a migration route
twice as long as that reported for its counterpart, the nominal
Great Bustard (Kessler et al. 2013). Because the Asian Great
Bustard spends two-thirds of the year at migratory stopover
sites and wintering grounds it faces various threats in the
migratory period due to its use of human-dominated land-
scapes (Di and Du 2016). Interestingly, evidence of partial
migration, i.e., the stopping of migration by some individu-
als, has recently been reported (Li et al. 2005; Qiao et al.
2008; Yu 2015).

Under the Asian Great Bustard’s current discontinuous
and fragmented distribution, combined with changes of
migratory patterns, identifying geographically restricted
genetic lineages under threat is paramount to conservation
efforts. Genetic information is non-existent for the wild
populations of Asian Great Bustard, largely due to the dif-
ficulty and species sensitivity to sampling (e.g., Anna et al.
2008). Further, the classification of O. tarda tarda and O.
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Fig. 1a, b Study region and median-joining haplotype networks.
a Sampling localities of Asian Great Bustard (Otis tarda dybowskii)
across its wintering distribution range in China. Diamonds represent
samples from the wintering grounds, circles represent the occurrence
of Great Bustards in wintering grounds from the 1960s to 2000,
triangles represent the occurrence of Great Bustards in wintering
grounds from 2000 to the present, dashed circle represents the

tarda dybowskii as distinct subspecies is based primarily on
geopolitical criteria (http://avibase.bsc-eoc.org). The effec-
tive prioritization for conservation to save declining species
depends heavily on taxonomic decisions, and the policy
decisions can be delayed or deferred if the taxonomic status
in question is uncertain (Gamauf et al. 2005; Torstrom et al.
2014). As an important step in accurately and efficiently
deploying conservation efforts and resources, population
and subspecies boundaries should be defined and clarified
(Idaghdour et al. 2004). In this study we used noninvasive
fecal sampling of Asian Great Bustard across their wintering
grounds in China to quantify the genetic diversity and
investigate the extent of genetic differentiation within and
among the wintering populations. Bayesian skyline plot
(BSP) analysis was conducted to assess changes in popula-
tion size over the last several thousand years, and we
examined phylogenetic relationships between the closely
related taxa (O. tarda tarda and O. tarda dybowskii).

Materials and methods
Samples
Fecal sampling was conducted from December 2015 to

March 2016 at six locations separated into three geo-
graphical regions (Fig. 1). Fecal samples (n = 120) were

T
130°0'0"F

Songnen Plain. b Unrooted median-joining network based on
332-base pair sequences of the mitochondrial DNA (mtDNA) control
region for 101 individuals from six wintering populations of Asian
Great Bustard. Haplotype sizes are proportional to their observed
frequencies (see Table 2). Red Kaoshan, yellow Maanshan, green
northern Cangzhou, blue southern Cangzhou, purple northern
Weinan, black southern Weinan (color figure online)

collected at six wintering grounds, specifically, 22 from the
Kaoshan core area of Tumuji Nature Reserve in Inner
Mongolia (KS; 46°29'N, 122°52'E), 23 from Maanshan
military forbidden area in Jilin province (MAS; 46°03'N,
122°36'E), 18 from northern Cangzhou in Hebei province
(NCZ; 38°25'N, 117°16’E), 19 from southern Cangzhou in
Hebei province (SCZ; 38°22'N, 117°0’E), 20 from northern
Weinan in Shaanxi province (NWN; 34°50'N, 110°13’E,),
and 18 from the southern Weinan in Shaanxi province
(SWN; 34°38'N, 110°03'E) (Fig. 1). The overnight roosts
and foraging grounds of the Great Bustard were observed
with telescopes and, once birds flew away, fresh fecal
samples were collected immediately. To minimize the
probability of re-collecting fecal samples from the same
individual, we selected the sampling location where no old
feces were left and only fresh feces were collected. Sam-
ples at each sampling location were collected only once,
with a minimum distance of 2 m between samples. All
fecal samples were stored in a cooler during sample col-
lection, then preserved at —20 °C in a freezer.

DNA extraction, polymerase chain reaction
and sequencing

DNA from fecal samples was extracted using the QIAamp

DNA Stool Mini Kit (QIAGEN, Germany). The fecal
DNA was amplified at the 5’ end partial sequence of the
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mitochondrial DNA (mtDNA) control region, using pri-
mers 5'-CTAACCTATGTATAACTGTGC-3' and 5'- GG
AAAGAATGGGCCTGAAGCTAGT-3' designed using
Primer Premier 6 based on the complete mitochondrial
genome of O. tarda tarda (Genbank accession no.
FJ751803). The targeted polymerase chain reaction (PCR)
fragment size is 452 base pairs (bp). PCR reactions were
performed in a total volume of 25 pL containing 2 x Taq
PCR MasterMix (Biomed, China), 2 pL template DNA,
0.5 pM of each primer, 12.5 pL H,O and 0.05 pL BSA
(10 mg/mL; Takara). PCR amplifications were carried out
using an initial denaturation step at 95 °C for 5 min,
followed by 30 cycles of 95 °C for 1 min, 55.6 °C for
1 min, and 72 °C for 2 min, and a final extension at
72 °C for 10 min. Negative controls were used in the
whole process of DNA extraction and PCR. PCR products
were detected by 1.5% agarose gel electrophoresis. If the
target band was confirmed, PCR products were purified
using QIAquick PCR purification kits (QIAGEN).
Sequence reactions were performed for both DNA strands
by wusing the ABI BigDyeTM Terminator Cycle
Sequencing Kit, and the products were electrophorized on
an ABI Prism3100 sequencer DNA sequencer (PE
Applied Biosystems). The same primers as above were
used for sequencing.

Genetic diversity and population structure analyses

The sequences were aligned with Mega 5.0 (Tamura
et al. 2011) and the alignments manually verified. The
number of haplotypes (4), haplotype diversity (Hy), and
nucleotide diversity (m) were calculated for all popula-
tions using DnaSP version 5 (Librado and Rozas 2009).
Analyses of molecular variance (AMOVA) implemented
in Arlequin 3.5 (Excoffier and Lischer 2010) were per-
formed to assess the proportion of genetic variance
within and among wintering grounds. Based on the
Tamura—Nei model [as Hasegawa—Kishino—Yano (HKY)
is not implemented in this analysis], genetic distance
(population pairwise test; @gt) was calculated and sig-
nificance was assessed from 10,000 permutations. Sig-
nificance levels were adjusted for multiple testing using
the sequential Bonferroni procedure (Rice 1989). We
tested for an association between ®Pg7/(1 — Pgr) and the
logarithm of geographical distance in kilometers using a
Mantel test implemented in IBD 1.1 (Bohonak 2002)
with 10,000 permutations. To visually inspect genetic
differentiation among regions of genetically related
populations, we performed a multidimensional scaling
(MDS) analysis with estimates of @gr from all possible
pairwise comparisons of populations as a dissimilarity
measure using PRIMER version 7 (Clarke and Gorley
2015).
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Phylogenetic analyses

We constructed unrooted haplotype networks using the
median-joining algorithm to depict the relationships among
haplotypes from different wintering populations (Bandelt
et al. 1999), which was implemented in Network version
4.516 (http://www.fluxus-engineering.com). Phylogenetic
trees of the wintering Asian Great Bustards were con-
structed to assess control region sequence distribution
using Bayesian inference in MrBayes version 3.1.2 (Ron-
quist and Huelsenbeck 2003). The HKY model was
selected as the best-fitting nucleotide substitution model
using the Akaike information criterion in jModelTest ver-
sion 2 (Darriba et al. 2012). Four independent runs with
default heating temperatures were run for two million steps
and sampled every 1000th step. The first 25% of samples
were discarded as burn-in. Convergence of the Markov
chain Monte Carlo (MCMC) chains was assessed using
Tracer version 1.6 (Rambaut et al. 2014). The phylogenetic
tree was rooted using a homologous sequence from the
nominal Great Bustard subspecies (O. tarda tarda; Gen-
Bank accession no. DQ445305).

In order to assess the taxonomic status of the Asian
Bustards, phylogenetic trees were constructed using
available control region sequences of Great Bustard and
Houbara Bustard. Both Bayesian inference and maximum
parsimony (MP) methods were used for phylogenetic
construction. The Bayesian analyses were performed using
MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003).
Markov chains were run for 20 million generations, and
trees were sampled every 1000 generations. Tracer version
1.6 was used to confirm when the log likelihood of sampled
trees reached stationarity, and the remaining samples were
used to generate the consensus tree and the Bayesian
posterior probability (BPP). MP analyses were conducted
using PAUP 4a (Swofford 2003). For nodal support
assessment, a nonparametric bootstrap with 1000 replicates
was used. BPPs greater than 0.95 and BSPs greater than
70% were considered strong support (Erixon et al. 2003).
The timing of divergence between O. tarda dybowskii and
O. tarda tarda was estimated in ARLEQUIN as the cor-
rected pairwise sequence distance between species minus
the corrected pairwise sequence distance within a species,
which we here refer to as the corrected sequence diver-
gence (deor) (Tamura and Nei 1993). Because no fossil
record was available, we assumed a range of substitution
rate (1-1.5%/10° years per lineage) for the control region
fragment (Horreo et al. 2013).

Population demographic history

Two different approaches were applied to elucidate his-
torical demographic events (i.e., recent expansions,
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E:l?:zsl ngi‘;:ﬁfy dt‘evsi?;g’ : Population 7 S h  Hy(SD) 7 (SD) D Fs ssD -

mismatch distribution results for g 20 7 4 070(0.08)  0.007 (0.001) 0.78 242 006 0.8

wintering populations and

geographical wintering regions  MAS 20 9 8 082(0.07) 00090001 074 —076  0.05% 0.10

of the Asian Great Bustard NCZ 15 8 5 081006 0008 (0.001) 054 L1 005 0.09
scz 16 7 7  084(0.06) 0006 (0.001) —028 —181 001 004
NWN 15 9 8 090005 00100.00) 069 —142 002 006
SWN 15 8 7 08004 0007 (0.001) —001 —127 002  0.10
Region 1 40 10 9 081(0.04) 0009 (0.002) 072 —0.17 004  0.09
Region 2 319 10 083 (0.04) 0008 (0.001) 012 237 001 003
Region 3 30 10 9 090(0.02) 0008 (0.001) 059 —069 001 006
Total 101 13 17 090 (0.02) 0009 (0.000) 049  —3.50* 003  0.10

N Number of individuals, S number of polymorphic sites, 2 number of haplotypes, H, haplotype diversity, 7
nucleotide diversity, D Tajima’s D, Fs Fu’s Fg, SSD sum of squares deviation, » Harpending’s raggedness
index, KS Kaoshan, MAS Maanshan, NCZ northern Cangzhou, SCZ southern Cangzhou, NWN northern

Weinan, SWN southern Weinan
*p <0.05

declines, selection). We first used neutrality tests on the
data in a hierarchical manner (wintering ground, region,
entire data set). Tajima’s D (Tajima 1989) and Fu’s Fg
(1997) tests based on the difference between two alterna-
tive estimates of the mutational parameter (0), were esti-
mated in DnaSP (Librado and Rozas 2009). We also
conducted mismatch distribution analyses (Rogers and
Harpending 1992) in ARLEQUIN. Here, unimodal curves
and non-significant values of the raggedness index
(r) indicate that populations have not deviated from the
expected model of rapid expansion (Harpending 1994).
Second, the population history of the Asian Great Bus-
tards was investigated by using the BSP (Heled and
Drummond 2008). The BSP model generates a posterior
distribution of effective population size through time using
MCMC sampling. The MCMC analysis was run for
3 x 107 generations (sampled every 1000 iterations), of
which the first 10% was discarded as burn-in. The substi-
tution model used was informed by prior runs in jMo-
delTest (see above). We assumed a Bayesian skyline tree
prior and a piecewise-constant skyline model (with a ran-
dom starting tree). The mtDNA control region mutation
rate is not known for Asian Great Bustards, so we used a
mutation rate consistent with previous work on the nominal
subspecies [u = 1 x 10~ /site per year (Horreo et al.
2013)]. We conducted two independent MCMC runs to
ensure convergence and congruent effective sample sizes
(>200). Results were visualized and checked using Tracer
version 1.6 (Rambaut et al. 2014). The effective population
size (N,) was calculated from the range of substitution rates
and 0 derived from the mismatch distribution analysis with
the formula 6 = 2N u (Tajima 1989), where N, is the
effective female population size. The range of substitution

rates is 0.10-0.15 substitutions/site per 10° years, where
the generation time of the Great Bustard is estimated at
8.69 years (Horreo et al. 2013).

Results
Sampling and PCR success

A total of 101 samples yielded successful DNA extractions
and sequencing results (Table S1). PCR success rate in KS,
MAS, NCZ, SCA, NSX, SSX was 90.91, 86.96, 83.33,
84.21, 75.00, 83.3%, respectively, with an average of
83.95 £ 5.26%. The differences in PCR success rate
among three sampling populations were not significant
(x> = 0.67, p > 0.05). To maximize the sample number as
some samples yielded shorter reliable sequences, we ana-
lyzed 332 bp of the control region that was present in all
101 samples.

Genetic diversity

The genetic diversity indices for partial mtDNA control
region sequences showed moderate levels of genetic vari-
ation in Asian Great Bustards (Table 1). We detected 13
variable sites and no indels. A total of 17 haplotypes were
observed in the 101 individuals across the six wintering
grounds (GenBank accession nos. KX685501-KX685513,
KX767084-KX767087), with haplotype diversity ranging
from hA = 0.70 to 0.90 (Table 1). Among the haplotypes,
only one (Hapl4) was observed in a single individual (in
the SCZ population) and many were shared across popu-
lations (Table 2).
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Table 3 Hierarchical analysis of molecular variance based on mtDNA control region of the Asian Great Bustard

Source of variation df Sum of squares Variance components Percentage of variation F-statistics
Among regions 2 12.45 0.10 6.61 Fer = 0.07
Among populations within regions 3 8.59 0.09 5.95 Fst = 0.13%
Within populations 95 126.88 1.34 87.44 Fsc = 0.06
Total 100 147.92 1.53
*p <0.01
Table 4 Pairwise estimates of Fg between wintering populations of 040+
the Asian Great Bustard in China; for abbreviations, see Table 1 0 35;
. . .
KS MAS NCZ SCZ NWN SWN 030.] R'=026,p<0.05

= ]
KS - 9,(0 0.25 |

« o
MAS 0.10 - g

£5 0.20 4
NCZ 0.06 0.05 - 8 |
SCZ 0.04 0.13%* -0.02 - g 0154
NWN 0.14% 0.19* 0.07 0.10 - § 0.10 4
SWN 0.25% 0.19* 0.07 0.10* 0.08 - £ 1

S 005
*p <0.05 ©

P 0.00
-0.05 —q——

Population structure and phylogenetic history

The hierarchical AMOVA revealed that 87.44% of the total
genetic variation was partitioned within populations, with
5.95% (p < 0.001) among populations (Table 3). An esti-
mated 6.61% of the variation was distributed among geo-
graphical regions (Fcr = 0.07, p > 0.05; Table 3).
Genetic differentiation among the six wintering popula-
tions had a global @4t of 0.13 (p < 0.05; Table 3). Mul-
tiple population pairwise tests (Pgr) revealed that mtDNA
haplotype frequencies were significantly different in six out
of 15 comparisons (Table 4). The highest genetic distance
was observed for the KS population in comparison to the
SWN population (®st = 0.25, p < 0.01), while the lowest
and non-significant level of differentiation was between the
NCZ and the SCZ population (Table 4). No significant
genetic differentiation between populations within one
region was observed (Psc = 0.06, p > 0.05; Table 3).
The haplotype median-joining network showed a star-
like topology with no clear geographic structures (Fig. 1).
The network was concordant with the Bayesian tree that
was marked by shallow sequence divergence and no well-
supported basal clades (Fig. S1). The MDS analysis based
on Pgr values as a dissimilarity measure revealed no clear
geographical structure among individuals from wintering
grounds. The stress value for the two-dimensional repre-
sentation was 0.03 suggesting high reliability of the MDS
analysis (stress value < 0.05; Fig. S2). Tests for IBD across
these wintering grounds showed an effect of geographic

T T T T T T T T T T T T T T
3.0 3.6 42 48 5.4 6.0 6.6 7.2 7.8
Ln(geographical distance )

Fig. 2 Isolation-by-distance pattern for Asian Great Bustard popu-
lations in China. Each point represents genetic distance [®Pgy/
(1 — @g7)] plotted against log-transformed geographic distance

distance, although this was likely driven by a few data
points (R* = 0.26, p < 0.05; Fig. 2).

The Bayesian and MP analyses produced nearly identi-
cal trees (only the Bayesian tree is presented; Fig. 3). O.
tarda and Chlamydotis undulata formed a well-demarcated
clade with high bootstrap values of 94% and BPP = 1.
Furthermore, haplotypes of O. tarda tarda and O. tarda
dybowskii formed two separate subclades (BPP = (.98,
BSP = 95%), while Chlamydotis undulata fuertaventurae
and Chlamydotis undulata undulata clustered together.
There were substantial differences between the subclades
but relatively few differences among haplotypes within
each subclade (Table 5). Sequence divergence between O.
tarda dybowskii and O. tarda tarda haplotypes
(dcorr = 0.025) suggests that the divergence occurred in the
Early Pleistocene between 1.67 and 2.50 million years ago.
All estimates had relatively large confidence intervals
because we used a range of mutation rates to calibrate the
molecular clock (Horreo et al. 2013).

Population history

Neither Tajima’s D or Fu’s Fg showed significant devia-
tions from null expectations of selective neutrality for
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Fig. 3 Phylogenetic tree of the
mitochondrial control region
haplotypes inferred from a
Bayesian analysis. Numbers
above or beside nodes are
Bayesian posterior probabilities
(BPPs) and maximum
likelihood bootstrap proportions
(BSPs) in the format of BPP/
BSP. The outgroup is Afrotis
afra (Genbank accession no.
AF328840). Sequences in this
tree include the following: the
17 haplotypes identified in O.
tarda dybowskii in the present
study; 35 sequences of three
Houbara subspecies [four
Chlamydotis undulata
fuertaventurae (AJ544565-
AJ544568), seven Chlamydotis
undulata macqueenii
(AJ544569-A1544575), 24
Chlamydotis undulata undulata
(AJ544541-AJ544564)], and 53
sequences of O. tarda tarda
(AF537990-AF538022,
EU232174-EU232175,
DQ445296-DQ445305,
AF422092-AF422093,
AF422095-AF422100,
AF422104, AF422106)
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Table 5 The corrected pairwise sequence distance between species (below the diagonal); SE estimates are shown above the diagonal, and

corrected pairwise sequence distance within a species on the diagonal

O. tarda O. tarda Chlamydotis undulata Chlamydotis undulata Chlamydotis undulata
dybowskii tarda fuertaventurae macqueenii undulata

O. tarda dybowskii 0.010 0.012 0.029 0.029 0.028
O. tarda tarda 0.048 0.013 0.029 0.028 0.029
C. undulata 0.176 0.175 0.005 0.009 0.003

fuertaventurae
C. undulata 0.177 0.164 0.026 0.003 0.008

macqueeniti
C. undulata undulata 0.173 0.171 0.007 0.025 0.009

. 060 Discussion

£ 0551

_g 0.50 Fecal DNA as a tool for Great Bustard conservation

“é 0.45

i g';gz Molecular scatology has facilitated the study of genetic
x 0:30_- diversity in endangered species. We present the first large-
Z 5951 scale study to quantify genetic variability of the vulnerable
S 0204 Asian Great Bustard. We observed a moderate level of
g 0_15-: mtDNA genetic diversity across sampling areas (h = 17,
F 0.101 /—\ Hy = 0.90, © = 0.009), which is greater than that previ-
§- 0.05 ously described for this subspecies in 47 captive individ-
g 0.00 ——— uals (Liu 2006). By comparing the corrected pairwise
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Fig. 4 Bayesian skyline plots (BSPs) for a mutation rate of
1.0 x 107 /site per year of the Asian Great Bustard. Population size
is the product of the effective size and generation time. Solid lines
represent median BSP plot values, with the 95% highest probablity
density interval shown in gray. The y-axis values are scaled by
mutation rate

either wintering populations or region (Table 1). However,
Fu’s Fg-test, which has been devised specifically to detect
population expansion, showed a significant negative value
for the whole dataset (Fs = —3.50; p < 0.05). The mis-
match distribution revealed a smooth and unimodal curve,
which was consistent with historical population growth
(Fig. S3). The non-significant Harpending’s r = 0.10
(p = 0.07) suggested a good fit of the empirical data to a
sudden expansion model for the total sample. The BSP,
albeit with wide confidence intervals, exhibited a gradual
increase in population size beginning at around
28,000 years before present (BP), but a recent decrease
beginning around 4000 BP (Fig. 4). The 0 estimated from
the best-fit model for the mismatch distribution was
0.00114, and the N, value ranged from 437 to 656
(Fig. S4).

sequence distance within a species based on the same
fragments (309 bp), the Asian Great Bustard showed lower
levels of nucleotide diversity than its conspecific the
nominal Great Bustard, but higher than any Houbara
Bustard subspecies (Table 5). Based on the corrected p-
distance of 0.048 % 0.012,0our analyses support the sub-
species status of O. tarda dybowskii, based on the >0.06
threshold often used (Torstrom et al. 2014) and the fact that
no nuclear markers were examined. Great Bustards,
regardless of their taxonomic status, are facing different
threats and clearly require different management strategies
in order to secure their persistence (Broders et al. 2003).
The migratory routes and breeding grounds selected by
migratory birds will influence the haplotype distribution
and frequency of a species (Kraus et al. 2016; Rolshausen
et al. 2013). Breeding populations in KS and MAS have
recently become sedentary as a result of conservation
strategies initiated by Tumuji Nature Reserve, which
includes artificial feeding, increased protection from
poaching, and prohibited grazing (Li et al. 2005; Yu 2015),
and a changing climate (Mi et al. 2016). This migratory
switch might have contributed to the genetic structure
observed in these two populations (see also Lundberg
2013; Wilson et al. 2011). In addition, the declines of
population size, habitat fragmentation, human interference
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and a contracted wintering area can result in population
differentiation (Kekkonen et al. 2011; Pitra et al. 2011).

Although significant population differentiation was
detected for several wintering populations, the median-
joining haplotype network and Bayesian phylogeny
showed minimal grouping by geography, suggesting win-
tering admixture exists among populations (Table 4).
Moreover, the IBD plots support this (Fig. 2). The mixing
of distinct breeding populations in wintering grounds, or
individuals of the same breeding population migrating to
different places in winter, is a common phenomenon in
birds, especially for long-distance migratory species
(Chabot et al. 2012; Liu et al. 2012). For example, two
rescued Bustards fitted with global positioning system
transmitters in Cangzhou flew to the breeding sites in
Mongolia, while another rescued Bustard migrated to the
breeding grounds near MAS in Inner Mongolia (Fig. 1).
Winter ground fidelity was only observed at a regional
scale for Asian Great Bustard, and winter home ranges
occupied a series of locations across 30-95 km (Kessler
et al. 2013). Compared with the nominal subspecies, Asian
Great Bustards are highly mobile even within the migration
season, and move between different feeding sites in winter.

How a species responds to climate changes depends
strongly on its ecological and environmental tolerances
(Parmesan 2006). The divergence between O. tarda tarda
and O. tarda dybowskii occurred in the Early Pleistocene
between 1.67 and 2.50 million years ago, indicating inde-
pendent demographical patterns affected by historical
vicariant events, that we hypothesize are climate related
(Hewitt 2000). Our demographic analysis further suggested
a more recent impact of the last glacial maximum. During
the last glacial maximum 10,000-30,000 BP, climatic
conditions were favorable for the survival of Great Bus-
tards throughout the Iberian Peninsula during the Holocene
and Late Pleistocene (Sanchez et al. 2004). As suggested
by Horreo et al. (2013), human activities (agricultural and
urban development, hunting pressure) likely drove histor-
ical population declines of the nominal Great Bustard (Pitra
et al. 2000), and our data support the intensification of
human factors since the Neolithic (from 5000 BC onwards)
as one of the most important factors influencing the current
demographic trend of Asian Great Bustards.

Implication for conservation

Our results showed evidence of population admixture of
Asian Great Bustards, but some degree of substructure
among wintering grounds is detectable. The current low
population size of Asian Great Bustards, and their geo-
graphic isolation, makes them more vulnerable to
stochastic events that may cause local extirpation. The
female effective size ranges between 437 and 656, and we

@ Springer

estimate a population size for O. tarda dybowskii of around
1456-2187 assuming that 30% of the census population is
breeding females (Idaghdour et al. 2004). This is concor-
dant with contemporary population size estimates
[1500-2200 (Mi et al. 2016)], and supports the critical
conservation status of the subspecies. Habitat and breeding
ground protection—and at the very least long-term moni-
toring—are likely needed to ensure long-term subspecies
persistence. Changes to, and lack of, wintering grounds
will lead to shifts in food availability, thus affecting the
Great Bustard migration routes and population dynamics.
Therefore, based on precautionary principles, we propose
that the Chinese government consider establishing pro-
tected areas in Cangzhou, Hebei province, and Weinan,
Shaanxi province, which would facilitate the protection and
monitoring of wintering Great Bustards.

The population demographic analysis of the Asian Great
Bustard in China suggests a continuous decline since
4000 years ago. We hypothesize that this is related to
human factors, such as an increase of human population
density, agricultural development, poaching pressure and
industrial infrastructure. Importantly, genomic data are
being generated from non-invasive samples (Russello et al.
2015) opening the door to analytical frameworks that
predict demographic and evolutionary responses of natural
populations to disturbance (e.g., Shafer et al. 2016) or to
the identification of key landscape or habitat features
shaping genomic diversity (Benestan et al. 2016). Future
efforts to combine genomic data with satellite tracking
technology (Shafer et al. 2016) will greatly aid in our
understanding of the migratory patterns and population
dynamics of the Asian Great Bustard and will provide vital
information for its conservation and management.
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