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Abstract

Background
The great bustard (Otis tarda) holds the distinction of the heaviest bird to undergo migration as well as
the greatest degree of sexual size dimorphism among living birds. Though the migration of the species
has been widely discussed in the literature, researchers know little about the migration patterns of the
subspecies in Asia (Otis tarda dybowskii), especially the males.

Methods
In 2018 and 2019, we captured six O. t. dybowskii (�ve males and one female) at their breeding sites in
eastern Mongolia and tagged them with GPS-GSM satellite transmitters. This constitutes the �rst time
that male great bustards of the eastern subspecies have been tracked. We combined the tracking data of
our only female with other three females from central Mongolia, which was published in previous study
for analysis.

Results
We found notable differences between the sexes: 1) males started migration later but arrived early than
females in the spring, but not in autumn; 2) males had 1/3 of the migration duration of females (16.44 ± 
14.68 days vs. 49.34 ± 21.28 days); 3) males migrated about 1/2 the distance of females (945.13 ± 79.00
km vs. 1922.88 ± 87.08 km). Additionally, we found bustards exhibited high �delity to their breeding, post-
breeding and wintering sites. Indeed, most of the wintering sites found by GPS tracking in this study were
also utilized 70 years earlier, according to previous work. For conservation, we found only 22.20% of GPS
location �xes of bustards were within protected areas and less than 5.0% for wintering sites and during
migration.

Conclusions
Our �ndings suggest that the migration patterns of eastern great bustards are sex-speci�c and more
conservation effort is needed for the Asian populations of this threatened species.

Introduction
Migratory birds occupy widely separated areas at different seasons, and movement patterns that vary by
species and population [1]. In many bird populations, migratory patterns exhibit marked differences by
sex, such as the proportion of individuals undergoing migration [2], migration distance [3], departure or
arrival dates [4, 5], and stopover duration or frequency [6]. At least nine orders of birds include migratory
species that exhibit sex differentiation, among them passerines, shorebirds, and seabirds [1, 7]. Variation
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in migration patterns by sex is mainly a result of the pressures posed by the relative roles of parental care,
individual tolerance, and intrasexual competition [1]. Sex differences in migratory patterns in species with
sexual size dimorphism (a phenotypic difference between males and females of a species [8]) may be
more obvious because of their highly intersexual selection [9], intrasexual competition [10], environmental
tolerance [11, 12] or energy consumption [13–15] related to their body size [16].

The great bustard (Otis tarda) is one of the heaviest migratory bird species and is listed as Vulnerable
(VU) by the International Union for Conservation of Nature Criteria [17]. The estimated world population of
this globally threatened species is 44,000–57,000 individuals (IUCN 2017). There are two subspecies: the
western subspecies (O. t. tarda) spread widely in Europe with some small and isolated populations in
central Asia [17, 18], with a total estimated population size of 42,647 to 54,495 individuals [19]; the
eastern subspecies (O. t. dybowskii), which mainly breeds in Asian Russia, Mongolia, and China, winters
entirely in China [20], and has an estimated population of only 1,200 to 2,200 individuals [19]. The
species has a great degree of sexual dimorphism: male great bustards weigh 2.4 times more than
females [21], which may be caused by the intense mating competition that occurs within the great
bustard’s dispersed lek mating system [22].

The eastern subspecies have fewer individuals and have suffered a long-term decline [23] because of
human disturbances, including pollution, hunting, and habitat fragmentation [24, 25]. Unfortunately,
conservation efforts face challenges due to a lack of basic information on their life cycle and ecology
compared to the studies of western subspecies [2, 26]. So far, there has only been one migration study of
the eastern subspecies, and it tracked the movement of three females [27]. There remains a knowledge
gap in the male’s migration behaviour and pattern. It is also unclear whether the eastern subspecies has
sex differences in migratory patterns as same as the western subspecies. Further, the distribution of the
eastern subspecies of great bustards is widely in Asia [28]: covering 13 provinces in Mongolia [28, 29]
and 14 provinces in China [25, 30]. With the highest site �delity in this species, the historical distribution
area that was previously thought to no longer exist for the great bustard may still have individuals. And
their habitat sites and migration routes may also be more than we already know.

From 2018 to 2019, we tracked 5 males and 1 female O. t. dybowskii, and obtained the migratory data of
other 3 females from Kessler et al. [27]. This constitutes the �rst time that male great bustards of the
eastern subspecies have been tracked. The purpose of this study is: (1) to identify the migratory routes
and patterns of male O. t. dybowskii; (2) to determine if and how the sexes differ in migration patterns of
O. t. dybowskii in Northeast Asia; (3) to identify the protected area status of stopover sites and breeding
and wintering grounds to provide protection advice for this endangered subspecies.

Methods

Satellite tracking
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In June 2018 and 2019, six adult great bustards (�ve males and one female) were safely captured in
Ugtam Nature Reserve in Bayandun and Dashbalbar soums in Dornod province in north-eastern Mongolia
(113.8°E, 49.4°N). After determining the exact location of the great bustards based on night vision and
thermal imaging at midnight, we turned on the �ashlight to cause them visual impairment and captured
them with a powerful hand-holding net (1.5m long, 1.2m deep). Considering females may be egg-laying
during this period, we only caught one female without breeding. Bustards were �tted with backpack solar-
powered GPS-GSM satellite transmitters (models HQBG3621S, Hunan Global Messenger Technology
Company).

Transmitters weigh 24g, corresponding to 0.13–0.57% of the bustards’ body mass. They were released in
less than 15 minutes. We observed tagged bustards for 5 min until they walked away. They were normally
displaying in the lek sites in the next morning and no damage was observed. Tracking data were
transmitted through the Global System for Mobile Communication (GSM) hourly or every two hours,
giving information about the birds’ latitude and longitude, instantaneous speed, course, altitude, along
with additional data on the air temperature, battery voltage, and measurement precision.

Data processing
We obtained data on one full migration at least for all six great bustards, including 15 seasonal routes
from three males (three autumns and two spring migration routes for each bird from autumn 2018 to
autumn 2020), two autumn migration routes (in 2018 and 2019) from two males and four migration
routes of one female (autumn 2018 to spring 2020). In total, we collected 93,095 location readings
(Fig. 1). Each data point was classed into one of �ve levels, A (within 5 m accuracy), B (5–10 m), C (10–
20 m), D (20–100 m) and invalid. In this study, we only preserved A, B, and C to exclude possibly
inaccurate readings. Two of the male bustards and the only female died during the study period. The
causes of death were collisions with agricultural sprinkler irrigation equipment and a power line for the
males and a collision with an agricultural fence for the female.

Migration date and duration
We de�ned the start of migration as an unreversed movement of at least 40 km in 24 hours beginning in
their breeding ground or wintering range for the autumn and spring migrations, respectively, and
determined the end date of migration as the day of arrival at either the wintering and breeding range for
autumn and spring migrations [31]. We calculated the migration duration for each route by subtracting
the start date of migration from the end date of the migration.

Migration distance
To calculate migration distance, we retained just one point from each stopover that a bird took to remove
redundant points. We obtained a �nal step length using the ‘amt’ package [32] in R 3.6.3. Then we
summed up all step lengths between the migration start and end dates.

Flying speed
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We calculated the total speed of migration (km/day) by taking an individual’s total migration distance
(km) and dividing it by total migration duration (days). We calculated the mean �ight speed for each
migratory route by extracting all data points where the instantaneous speed of the bird was over 10 km/h
[33]. Travel speed (km/day) was calculated as total migration distance divided by the difference between
total migration duration and total stopover duration [34].

Stopovers
We de�ned stopovers as events between the start and end of their migration where birds moved less than
20 km in 24 h and showed non-directional movements [35, 36]. We recorded the duration of each of these
events as the stopover duration. We summed the duration of each stopover for each migration route by
each individual to obtain a total stopover duration. We divided stopovers into 'short' and 'long' stopovers
[35], and used a threshold of 10 days to distinguish the two categories following the convention of Lang
[37]. Routes and stopover sites were plotted in QGIS 3.18.1, by distinguishing locations where tracking
points where the speed equal zero [38].

Site �delity
The western subspecies of great bustards exhibit high �delity to breeding sites [2]. We selected the four
individuals that were tracked for two full years (from winter 2018 to summer 2020) and calculated the
overlaps that occurred during non-migration seasons. We resampled the data, drawing one point for every
12 hours to reduce the spatial auto-correlation and used the data to de�ne home ranges based on 95%
KDE (kernel density estimate). Then we calculated the volumetric intersection between the spatial
distributions of each individual’s wintering and breeding/post-breeding home range distributions [39] in
the ‘amt’ package.

Conservation gap analysis
Conservation gap analysis is an e�cient method to examine the characteristics and management needs
of a species [40]. We obtained nature reserves data from the World Database on Protected Areas (WDPA
[41]) and combined it with data from the Ministry of Environment and Tourism (MET;
https://eic.mn/geodata/index.php) to assure the accuracy and completeness of the map. We obtained
conservation gaps by calculating the number of stop points (as de�ned above) in protected areas [33] in
wintering sites, breeding/post-breeding sites, and during migration across the study duration.

Figure 1 Migration routes of six great bustard individuals were tracked using GPS backpacks in north-
eastern China and eastern Mongolia between autumn 2018 and autumn 2020.

Data of three other females
Considering only one female was tracked, we combined our tracking data with three females from
adjacent population in central Mongolia [27] for further analysis, to provide robust evidence on sex
differences of eastern subspecies. All females were breeding in Mongolia and wintering in China.
Although the accuracy of tracking data and the number of valid GPS points from Kessler et al. [27] were
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lower than ours, we considered these minor differences do not affect the analysis results. We obtained
the migratory date, total duration, migratory distance, total speed and �ying speed of three females (see
Additional �le 1: Table S1). For data that were in a range, we took the mean value for statistical analysis.

Statistical analysis
We compared the total duration, migratory distance, total speed and �ying speed by sex and season in R
3.6.3 [42]. We used ANOVA or t-test if the data follows the normal distribution or Mann–Whitney U-tests if
not. The data are reported as mean ± SD.

Results

Arrival and departure dates
On average, male great bustards started their spring migration on March 25th ± 5.71 days from the
wintering sites and arrived at the breeding sites on April 7th ± 6.36 days (Fig. 1; Table 1). Females started
spring migration on March 17th ± 18.19 days and arrived at the breeding site on May 17th ± 19.11 days
(Fig. 1; Table 1). Females in central Mongolia migrated one month later than the female we tracked
(Fig. 1). In autumn, males began their migration on October 7th ± 13.29 days, which was similar to the
female’s departure on October 13th ± 4.17 days. The males arrived at their wintering sites on October
24th ± 11.18 days (Fig. 2; Table 1), while females arrived later, on November 19th ± 21.14 days (Fig. 2;
Table 1).

Figure 2 Migration dates of great bustards for each (a) spring and (b) autumn migration that they were
tracked. The black line represents males and the grey line represents the female. The red line represents
the 3 females from Kessler et al. [27]. The x-axis represents the Julian day of the year.
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Table 1
Summary of migration data of O. t. dybowskii

Bird Body
mass

(kg)

Year Season Start
date

End
date

Duration

(days)

Stopover

Number

Distance

(km)

NO.1
(Female)

4.20 2018 Autumn 8 Oct 30 Oct 22.13 2 1801.61

    2019 Spring 27 Feb 21 Apr 52.67 2 1876.49

      Autumn 9 Oct 23
Nov

44.83 7 1949.19

    2020 Spring 22 Feb 2 May 70.46 3 1903.22

NO.2
(Male)

10.84 2018 Autumn 11 Sep 30 Oct 49.08 2 853.62

    2019 Spring 3 Apr 8 Apr 5.13 0 960.77

      Autumn 19 Oct 25 Oct 6.04 2 900.69

    2020 Spring 24 Mar 31
Mar

7.04 1 874.66

      Autumn 21 Oct 24 Oct 3.96 0 886.38

NO.3
(Male)

10.21 2018 Autumn 17 Oct 27 Oct 10.17 1 956.14

    2019 Spring 27 Mar 2 Apr 6.21 2 1073.20

      Autumn 13 Oct 16 Oct 3.04 0 955.92

    2020 Spring 28 Mar 5 Apr 8.17 1 1088.10

      Autumn 21 Oct 24 Oct 3.04 0 961.09

NO.4
(Male)

11.36 2018 Autumn 21 Sep 24 Oct 33.17 3 911.63

    2019 Spring 18 Mar 15 Apr 28.00 2 955.37

      Autumn 6 Oct 14 Oct 7.75 0 863.16

    2020 Spring 20 Mar 15 Apr 25.96 2 933.91

      Autumn 28 Sep 13 Oct 15.13 3 840.89

NO.5
(Male)

10.98 2018 Autumn 1 Oct 26 Oct 25.29 3 949.98

NO.6
(Male)

17.80 2019 Autumn 13 Oct 24
Nov

42.33 4 1101.77
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Migration duration and distance
Male bustards spent 16.44 ± 14.68 days on migration. The female travelled 49.34 ± 21.28 days on
average, which was three times longer than males and a statistically signi�cant difference (F = 29.224, p 
< 0.001, Fig. 3b). Males travelled 945.13 ± 79.00 km, which was half as long as the 1922.88 ± 87.08 km
travelled by the female (F = 1000.92, p < 0.001, Fig. 3a). Males showed no differences in migration
duration and distance between spring and autumn migrations, but females spent twice the amount of
time undergoing migration in spring compared to the autumn (t = -2.4097, df = 9.42, p = 0.038; Fig. 3; see
Additional �le 1: Table S2).

Figure 3 Migration (a) duration (b) distance for �ve males and four females eastern great bustard (O. t.
dybowskii) in spring (white) and autumn (grey) between 2018 and 2020. The red point represented the
data from Kessler et al. [27]. Error bars represent 95% binomial con�dence intervals.

Migration speed
The male great bustards moved 121.21 ± 96.62 km/day during on average during the migration season,
faster than females, which averaged 49.63 ± 28.48 km/day (Mann–Whitney U-test: W = 56, p = 0.0439;
Fig. 4a). Females migrated faster in the autumn than in the spring (Mann–Whitney U-test: W = 31.5, p = 
0.037). The �ight speed of males was close to that of the female (male: 68.19 ± 8.08 km/h; female: 67.09 
± 10.85 km/h, F = 0.095, p = 0.761; Fig. 4b). The travel speed of males (186.06 ± 102.31 km/day) was
slightly lower than that of the female (201.06 ± 48.25 km/day).

Figure 4 Migration speed of �ve males and four female eastern great bustards (O. t. dybowskii) in spring
(white) and autumn (grey) between 2018 and 2020, broken down by (a) total speed and (b) �ight speed.
The red point represented the data from Kessler et al. [27]. Error bars represent 95% binomial con�dence
intervals.

Stopovers
We found that the bustards in this study had 39 stopovers (11 long stopovers and 28 short stopovers) in
total, scattered between 40°N-50°N and 112°E – 118°E (Fig. 5). Male great bustards stopped on average
1.53 ± 1.28 times per migration, less than the 3.50 ± 2.38 times of the female (Fig. 6a). For each stopover
site, males stayed for shorter periods than the female (male: 5.84 ± 5.49 days; female: 10.90 ± 12.16 days;
Fig. 6b). Males stopped 25 times in total, with 5 long stopovers in Choibalsan and Bulgan soum in
Dornod province in eastern Mongolia and Inner Mongolia in China (Fig. 5). In some cases, males stopped
for less than 24h along their whole migration route (Table 1). The lone female stopped 14 times,
including 6 long stopovers in Tianjin, Hebei and Inner Mongolia in China (Fig. 5). The female stop
frequency was higher in autumn than in spring (see Additional �le 1: Table S2). Both males and the
female stopped for longer durations during the spring migration than during the autumn migration (see
Additional �le 1: Table S2).
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Figure 5 Breeding, wintering, and stopover sites for six eastern great bustards (O. t. dybowskii) between
2018 and 2020.

Figure 6 (a) Stopover numbers and (b) stopover duration of six eastern great bustards (O. t. dybowskii) in
spring (white) and autumn (grey) between 2018 and 2020. Error bars represent 95% binomial con�dence
intervals.

Habitat �delity and conservation gap analysis
We found that there were 59.16% and 66.06% average overlaps of summer ranges and a 53.28% overlap
in winter ranges (Fig. 7; Table 2). In total, 22.20% (20,668/93,095) of location �xes of the study subjects
occurred in protected areas (PAs), with 49.50% (19,135/38,660) of breeding and post-breeding sites,
3.42% (1,094/32,005) of wintering sites and 4.02% (439/10,919) of migration �xes occurring in protected
areas. These PAs include eight in Mongolia and three in China. Breeding sites overlapped with Ugtam Uul
Nature Reserve and Mongol Daguur Strictly PA and Landscape of Dauria (Fig. 5). For wintering, only the
female bustard had �xes that were inside a PA (Huanghegudao Wetland).

Figure 7A map showing the overlaps of breeding and post-breeding sites of four individuals in the
summers of 2019 and 2020, in Dornod province, Mongolia.

Table 2
Overlaps of 95% KDE home ranges (proportion)

ID 2019–2020 summer 2018–2019 winter

NO.1 0.774 0.214

NO.2 0.705 0.699

NO.3 0.520 0.486

NO.4 0.643 0.692

Discussion
In this study, we used precise tracking data to elucidate the migration patterns of the eastern great
bustard and found clear sex-dependent differences. Males started migration later but arrived earlier than
females in spring; males migrated for half as long a distance as females and spent one-third times of
females in transit. Additionally, we found that the eastern great bustard had high site �delity outside of
migration season but that their habitats are not well protected.

Migration patterns
We found male great bustard arrived at breeding sites earlier, which may be explained by the higher
intrasexual competition for a mating that occurs among males. Generally, males end their migration
earlier than females to acquire better breeding territories or maximize their mating opportunities [4, 10, 16,
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26, 43, 44], as also known as the arrival-time hypothesis [16]. This mechanism has been convincingly
shown to be at play for O. t. tarda, the western subspecies [2, 26]. We also found that males left wintering
sites later than female. To our knowledge, this phenomenon hasn’t been reported in other protandrous
species before, because males generally initiate migration earlier or at the same time as females [4, 10,
43]. We speculate that this phenomenon occurs because of the shorter migration distance of the males,
and the long stopovers time of the females during the spring migration. Considering the sex-based
differences in migration distance, the early departure of the females may be to compensate for the longer
transit.

Great bustards showed sex-dependence in their migration distances: males migrated nearly 1000 km per
route, which is about half the distance of females. Their wintering site was latitudinally separated by over
6° (Fig. 1), with the males wintering farther north. This pattern is also found in other species such as
Dark-Eyed Juncos (Junco Hyemalis) [11], Yellow-bellied Sapsucker (Sphyrapicus varius) and other birds
[45]. Males wintered closer to their breeding sites, which contributed to bustard’s ability to return to the
breeding site in a shorter amount of time, no doubt helping them cope with the intrasexual competition
[44]. Besides, high sexual size dimorphism in�uences their tolerance to environmental conditions, such as
cold weather. Ketterson (1976) found that larger birds can remain in harsher environments closer to the
breeding grounds, whereas smaller individuals are constrained by winter chills and need to migrate
farther. In our study, male O. t. dybowskii weighed 12.24 ± 3.14 kg on average, which is approximately 2.9
times that of the female (Table 1). The maximum weight we recorded was 17.8 kg, which is close to the
maximum weight ever recorded for European great bustards [21, 46, 47].

Further, males may winter in Mongolia for some years, depending on weather conditions and snow cover.
For example, Mongolian researchers have observed four over-wintering male great bustards near the
croplands in northern central Mongolia, on January 15th, 2005 (Batsaikhan, N. personal communication)
and 17 great bustards in Western Mongolia, on January 31th, 2004 (Batdemberel, D. personal
communication). Natsagdorj [48] also notes great bustards as being present in Mongolia in winter. These
observations likely underscore the physiological limitations of body size and the reason for the different
migration distances of the two sexes.

The migration distance of the great bustard also varies in subspecies. We found males migrated over 10
times longer than males in Spain [2]. The male and female great bustards in this study moved up to 540
km and 594 km in one day, respectively, which was longer than the maximum distance per day reported
for the western subspecies recorded in Russia (maximum 325 km per day) [49]. Kessler et al. [27]
considered that migratory distances increase longitudinally from west to east across the range of this
species because of the harsh environmental conditions in Asia. Our results were in line with this
suspicion.

Besides, we found females spent more days in spring than autumn during migration, which may be
caused by the long stopover duration in spring [27]. Temperature and wind support mainly trigger the
migration movement of the great bustard [50, 51]. In northern China and Mongolia, weather condition
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remains harsh and unstable in March. Thus, females may wait at stopovers until the environmental
conditions become more comfortable [50, 52]. Further, female great bustards incubate eggs and raise
chicks singly in summer [50], so a long stopover duration provided enough time for energy replenishment
for egg production in the breeding season [53].

We also found great bustards exhibited occasional nocturnal movement during migration. Great bustard
usually roosts when darkness falls, but occasionally conducts nocturnal activity in spring or winter [46].
However, few studies described the nocturnal migratory behaviours of great bustards to our knowledge
[54]. Diurnal species have �exibility in circadian timing strategies during migration [1] when they are
crossing the inhospitable terrain or with comfortable atmospheric conditions [55]. Besides, feeding is the
most time-consuming activity for great bustards [56]. Thus, another possibility for the nocturnal
migration is that migratory �ights at night do not interfere with foraging during the days [57, 58].

Habitat �delity and distribution
We found that all four individuals showed strong site �delity (over 50%) during both wintering and
breeding seasons. Understandably, both females and males gathered in the breeding season, given the
breeding displays and mating behaviour of the species. Males �rst aggregate, showing ground-displaying
behaviour in a high visibility area to attract females [59], and then form dispersed leks [46]. This high lek
site �delity was also found in the western subspecies [60, 61].

Our tracking data revealed that eastern great bustards have three different wintering sites including
Xinxiang, Henan, Xilingol, Inner Mongolia and a previously unknown wintering site in Datong, Shanxi; two
breeding sites in Bayandun and Dashbalbar in Dornod province; and one newly found post-breeding sites
in Choibalsan Soum in Dornod Province (Fig. 1 and Fig. 5). The stopover sites during the migration for
each individual were random and scattered, similar to what has been observed for the population in
central Mongolia [50]. Newly migration stopover sites were found in Choibalsan and Bulgan Soums in
Dornod Province in eastern Mongolia, and Tianjin, Zhangjiakou, Hebei and Xilingol, in Inner Mongolia in
China. Given that this was determined from tracking just six individuals, we strongly suspect that the
distribution of eastern great bustards may be more widespread than was previously believed and that
they are diffusely scattered throughout the east of Asia.

Conservation recommendations
Existing reserve systems are a cornerstone of efforts to protect biodiversity [62]. Our results have revealed
that only one breeding site and one wintering site are inside a protected area and that there is generally a
low overlap between their home ranges and PAs, with large numbers of stopover habitats occurring far
outside existing nature reserves (Fig. 6). During winter and migration season, great bustards spend less
than 5% of their overall time in the protected areas. Half of the great bustards we tracked died in their
wintering sites or during migration, indicating the protection of the great bustard's habitat is inadequate
and this subspecies is at risk of disappearing. In addition, it may be di�cult for this species to adapt to a
changing environment given its high site �delity More research is urgently required to assess habitat
quality for great bustards and develop e�cient plans to provide suitable habitat for the species.
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Great bustards are threatened by predators and sensitive to human disturbance [46], suffering rapid
population reductions across most of their range owing to hunting, powerline collisions or degradation
and fragmentation of their habitat [17]. The deaths we observed demonstrate the high mortality risk
faced by this species. Bustard NO.1, the only female, died during the autumn migration on November 27,
2020 in Xilingol, Inner Mongolia because of a collision with an agricultural fence. Individual NO.5 died on
March 3, 2019, in his wintering site because of a collision with agricultural sprinkler irrigation equipment.
Bustard NO.6 died at midnight on March 29, 2020 in Xilingol due to a collision with a power line. This was
the largest individual in our study (NO.6, 17.80 kg; see Additional �le 1: Figure S1) and since dying, no
young male has yet taken over his lek site. The great bustard is thought to be a “poor” �ier and has
experienced record numbers of powerline collision casualties in recent years [63]. We suggested that
conspicuous marking should be considered where birds are highly concentrated to reduce those
collisions [64, 65], and international cooperation is also needed to protect this endangered species
effectively.

Some constraints exist for our study. First, we tracked six adult bustards with one female, which may limit
our analysis. However, we found similar trends after adding migratory data of three females from Kessler
et al. [27]. Second, environmental factors [12] or refuelling patterns [66] may also affect animals’
migration rhythm. We cannot exclude the effect of the above factors on sex differences in these
subspecies. Besides, the great bustard is distributed widely in Mongolia, and the migration routes vary
among populations. However, we only tracked one of those populations. Thus, future studies will need to
be conducted in more areas to completely reveal the migration patterns of great bustards and provide a
more generalisable insight for comprehensive conservation.
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Figure 1

Migration routes of six great bustard individuals were tracked using GPS backpacks in north-eastern
China and eastern Mongolia between autumn 2018 and autumn 2020.
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Figure 2

Migration dates of great bustards for each (a) spring and (b) autumn migration that they were tracked.
The black line represents males and the grey line represents the female. The red line represents the 3
females from Kessler et al. [27]. The x-axis represents the Julian day of the year.

Figure 3

Migration (a) duration (b) distance for �ve males and four females eastern great bustard (O. t. dybowskii)
in spring (white) and autumn (grey) between 2018 and 2020. The red point represented the data from
Kessler et al. [27]. Error bars represent 95% binomial confidence intervals.
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Figure 4

Migration speed of �ve males and four female eastern great bustards (O. t. dybowskii) in spring (white)
and autumn (grey) between 2018 and 2020, broken down by (a) total speed and (b) �ight speed. The red
point represented the data from Kessler et al. [27]. Error bars represent 95% binomial confidence intervals.
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Figure 5

Breeding, wintering, and stopover sites for six eastern great bustards (O. t. dybowskii) between 2018 and
2020.
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Figure 6

(a) Stopover numbers and (b) stopover duration of six eastern great bustards (O. t. dybowskii) in spring
(white) and autumn (grey) between 2018 and 2020. Error bars represent 95% binomial confidence
intervals. 
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Figure 7

A map showing the overlaps of breeding and post-breeding sites of four individuals in the summers of
2019 and 2020, in Dornod province, Mongolia.
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