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Poyang Lake, China’s largest freshwater lake, is a critical wintering ground for most of the global Siberian Crane
(Grus leucogeranus) population. However, increasingly prolonged dry seasons have degraded the natural wetlands
of Poyang Lake, forcing Siberian Cranes to shift to artificial habitats. From 2015 to 2023, field surveys revealed a
substantial increase in the number of Siberian Cranes in artificial habitats, with peak counts reaching 3000
individuals, accounting for up to 53% of the species’ global population. Satellite telemetry of 13 individuals
further confirmed the spatial use of these habitats, highlighting their consistent reliance on artificial sites over
multiple years. Seven high-use hotspots were identified outside of Poyang Lake, including two artificial provi-
sioning sites that supported dense foraging flocks for extended periods. Satellite telemetry confirmed this trend,
with artificial habitats making up to 64.2% of the occurrence sites in some years. This reliance on artificial
habitats was closely linked to the reduced tuber biomass in natural wetlands and low winter water levels in
Poyang Lake, which collectively explained 83% of the variance in crane abundance in artificial habitats. Arti-
ficial habitat use peaked in December and January, indicating marked seasonal variation. Siberian Cranes also
exhibited a pronounced circadian rhythm, foraging in artificial habitats during the day and returning to natural
wetlands to roost at night. Despite the shift toward artificial habitats, natural wetlands remain critical for
nighttime refuge. The continued dependence on artificial habitats raises concerns about disease transmission
owing to dense congregations. Conservation strategies should prioritize both the careful management of artificial
provisioning sites and the restoration of natural wetlands to improve food and habitat availability within natural
ecosystems, ultimately enabling the return of Siberian Cranes to their traditional natural habitats.

1. Introduction has been recorded wintering along the southern coast of the Caspian Sea

in Iran (Mirande and Ilyashenko, 2019). Today, the entire global pop-

The Siberian Crane (Grus leucogeranus) is a large migratory wading
bird with an estimated global population of approximately 5600 in-
dividuals (Wen et al., 2023). It is classified as a globally Critically En-
dangered (CR) species by the International Union for Conservation of
Nature. The species is divided into two geographically isolated pop-
ulations: eastern Asian and western/central Asian populations. In recent
years, only one individual from the western/central Asian population
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ulation of Siberian Cranes is confined to the East Asian group, making its
conservation critical. This population breeds in the Arctic tundra of
Siberia and migrates to winter at or near Poyang Lake, located in the
middle reaches of the Yangtze River Basin in China (Yi et al., 2022).
Poyang Lake, the largest freshwater lake in China, is an important
global wintering ground for migratory waterbirds. Over 426,000 wa-
terbirds winter here annually, with numbers peaking at a record
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725,760 individuals in one year (Li et al., 2019). Since the 1980s, when
Siberian Crane flocks were first documented at Poyang Lake, the wet-
lands have become crucial habitats for the survival of this critically
endangered species (Wu and Ji, 2002; Li et al., 2012a). Extensive
research and conservation efforts in the Poyang Lake region have greatly
advanced our understanding of the Siberian Crane and have contributed
to its population recovery (Li et al., 2012a; Shan et al., 2012; Burnham
et al., 2017). Over the past two decades, the collapse of the western/-
central Asian population has further underscored the importance of the
eastern population wintering at Poyang Lake, which has become the
species’ final stronghold (Mirande and Ilyashenko, 2019). From a ge-
netic conservation perspective, the eastern population also serves as a
critical source for potential gene rescue efforts aimed at the western/-
central Asian population (Chen et al., 2025). Consequently, Poyang Lake
has emerged as a critical global sanctuary for Siberian Crane
conservation.

Over the past two decades, prolonged dry seasons have severely
degraded the Siberian Crane habitat at Poyang Lake (Li et al., 2020).
Prolonged dry seasons significantly reduce the lake water surface area,
thereby diminishing the availability of suitable habitats for Siberian
Cranes (Jiang et al., 2014; Zhang et al., 2014). Typically, the water level
of Poyang Lake begins to recede in October and enters a dry phase from
November to March, which coincides with the overwintering period of
Siberian Cranes (Wu and Ji, 2002). This reduction in water coverage
exposes extensive mudflats and forms numerous saucer-shaped lakes
that provide critical habitats for cranes (Li et al., 2012a). However, since
2003, low autumn water levels and prolonged dry spells have become
persistent trends, leading to a substantial decline in potential habitat
areas for the Siberian Crane (Li et al., 2023; Xue et al., 2023). During
these dry periods, the lake’s water surface typically ranges from 618.8 to
2498.7 krnz, with an average of 1242.0 km? (Sun et al., 2021). In 2022,
Poyang Lake experienced an extreme drought, with water levels drop-
ping to their lowest recorded levels since the 1950s (Chen et al., 2023;
Zhang et al., 2023). The lake entered a low-water period 105 days earlier
than usual, with its surface area shrinking to a mere 226 km? by
November 18 (Min et al., 2024).

Moreover, Siberian Cranes in the Poyang Lake wetlands have
recently faced severe food shortages. Vallisneria plant tubers, which are a
critical food source for this species in natural wetlands, have been
declining (Jia et al., 2013; Burnham et al., 2017; Hou et al., 2020).
Long-term monitoring data from 1999 to 2017 revealed a significant
linear decline in tuber density, with levels often dropping to critically
low numbers after 2009, averaging approximately one-quarter of the
pre-2009 densities (Li et al., 2020). Further monitoring indicated
continued deterioration in tuber growth, with densities recorded as zero
in 2020, 2021, and 2022 (Xu et al., 2021, 2023, 2024). Tuber biomass
followed a parallel decline, mirroring the trend in tuber density from
1999 to 2016 (Hou et al., 2020). This drastic reduction in Vallisneria
tuber availability has resulted in a persistent food scarcity for over-
wintering Siberian Cranes at Poyang Lake, which has been significantly
correlated with the timing of autumn droughts and summer floods (Li
et al., 2020; Hou et al., 2020).

The degradation of overwintering habitats has driven significant
adaptive changes in the wintering behavior of Siberian Cranes at Poyang
Lake, including shifts in habitat use and dietary composition. This spe-
cies has increasingly shifted from its preferred shallow-water wetlands
and mudflats to grasslands (Jia et al., 2013; Burnham et al., 2017), and
more recently, to artificial habitats, such as rice fields and lotus ponds,
which have become important foraging areas (Wang et al., 2019).
Concurrently, their diet has shifted from Vallisneria plant tubers in
natural habitats to Potentilla limprichtii in meadows and rice and lotus in
artificial habitats (Jia et al., 2013; Hou et al., 2021). To mitigate food
scarcity, feeding stations have been established in Liyuzhou and Cha-
qizhou by volunteers and local forestry departments. These two stations,
spanning 50-70 ha, provide wintering food for Siberian Cranes through
the cultivation of lotus roots and the maintenance of unharvested rice
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fields. These sites support foraging populations of 1000-3000 Siberian
Cranes, creating a high-density aggregation that persists for nearly two
months (Zhi et al., 2019; Wen et al., 2023).

As prolonged dry seasons become more frequent, the relative
importance of natural wetlands and artificial habitats for overwintering
Siberian Cranes remains unclear. The response of the spatial use patterns
of Siberian Cranes to prolonged dry seasons remains poorly understood.
In this study, we monitored Siberian Crane population dynamics in
artificial habitats through field surveys from 2015 to 2023, and
employed satellite tracking technology to continuously monitor 13 Si-
berian Cranes from 2018 to 2023 at Poyang Lake. We analyzed their
numbers, distribution, and utilization intensity in artificial and natural
habitats at Poyang Lake and the relationship between their spatial dis-
tribution patterns and prolonged dry seasons. The main objectives of this
study were: (1) to assess whether Siberian Cranes have become
increasingly reliant on artificial habitats outside Poyang Lake for over-
wintering, and whether these external habitats have now become pri-
mary overwintering grounds; (2) to analyze the annual and monthly
variation of artificial habitats utilization by Siberian Cranes, compare
the utilization intensity between artificial and natural habitats, and
explore the correlation between utilization intensity of artificial habitats
and food condition and prolonged dry seasons in Poyang Lake; and (3) to
explore whether "artificial feeding sites" established outside Poyang
Lake have influenced the distribution patterns of Siberian Cranes,
potentially transforming these areas into key activity zones for the
species. The findings of this study enhance our understanding of the
dynamic spatial distribution patterns of Siberian Cranes during the
overwintering period and their relationship with prolonged dry seasons
and artificial provisioning, thereby providing valuable scientific insights
into crane conservation and habitat restoration.

2. Materials and methods
2.1. Study area

Poyang Lake, located in northern Jiangxi Province, China (28°11’' N
to 29°51'N, 115°49' E to 116°36’ E), encompasses a drainage basin of
approximately 162,000 km? (Fig. 1). It is naturally connected to the
Yangtze River, and its hydrological regime is primarily governed by the
inflow from five major tributaries and outflow into the Yangtze River.
However, during summer, river-lake flow reversal may occur when the
water level of the Yangtze River exceeds that of Poyang Lake, leading to
a backflow into the lake.

Poyang Lake exhibits pronounced seasonal hydrological variations
that are characteristic of a seasonal lake, with distinct wet and dry pe-
riods. During the wet period (April-October), water levels begin to in-
crease in April, peaking at 18-21 m above mean sea level (m.s.l.) by
July, resulting in extensive floodplain inundation exceeding 3000 km?
(Shankman et al., 2009). In contrast, during the dry period (Novem-
ber-March), water levels decrease to 9-12 m (m.s.l.), causing a sub-
stantial reduction in the lake surface area to less than 1000 km?. This
contraction leads to the formation of narrow sinuous channels and
multiple isolated saucer-shaped sublakes.

Saucer-shaped sublakes are shallow and seasonally inundated sub-
lakes that emerge within Poyang Lake during the dry season. During the
wet season, saucer-shaped sublakes merge into the main lake body. As
the water level drops below 16.4 m, these sublakes gradually become
visible. When it falls to approximately 13.8 m, they become isolated
water bodies with no direct hydrological connection to the main lake. A
total of 102 saucer-shaped sublakes have been identified within Poyang
Lake, covering an area of 816.3 km?, which accounts for 22.3% of the
total area of Poyang Lake, and have become crucial waterbird wintering
grounds, supporting over 80% of the overwintering waterbirds in
Poyang Lake (Hu et al., 2015).

The autumn water level recession at Poyang Lake creates extensive
wetlands, shallow waters, and grassy marshes, providing an ideal
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Fig. 1. Study site at Poyang Lake along with survey transects in artificial
habitats and artificial provisioning sites. The numbers indicate the transect IDs.

= Field survey transect

habitat for cranes. The lake supports four wintering crane species, with
the critically endangered Siberian Crane being the most prominent.
Approximately 86.0% of the global Siberian Crane population winters in
Poyang Lake (Wen et al., 2023). In comparison, the White-naped Crane
(Antigone vipio) and Hooded Crane (Grus monacha) maintain wintering
populations of approximately 300-1000 individuals in the lake, while
the Common Crane (Grus grus) averages around 2300 wintering in-
dividuals, although the numbers exceeded 8000 some years (Li et al.,
2012b). As a globally significant wintering site, the wetland conditions
at Poyang Lake are crucial for the recovery of crane populations,
particularly the critically endangered Siberian Crane.

2.2. Field survey

To monitor the population of Siberian Cranes in artificial wetlands,
such as rice paddies and lotus ponds around Poyang Lake, we estab-
lished nine fixed survey transects spanning 258 km (Fig. 1). Transects
eight and nine were added in 2020 to improve the spatial coverage. To
ensure consistency and comparability across years, only data from the
original seven transects (established in 2015) were used for the subse-
quent analyses of population trends and environmental drivers. Surveys
were conducted 1-3 times a month between 2015 and 2023. On week-
ends with favorable weather conditions from October to March each
year, the research team, divided into two groups of 3-4 members,
conducted field surveys along the transects. Due to access restrictions
caused by the COVID-19 outbreak, field surveys during the winter of
2019 were conducted only in November and December, with no data
collected from January to March 2020. Upon encountering waterbirds,
the team recorded the species, population size, and geographical
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coordinates. To ensure data comparability across years and transects,
survey methods, including transect design, observation protocols, and
data recording procedures, were standardized and maintained
throughout the study period. The same core team of trained observers
conducted the surveys using consistent equipment, minimizing inter-
observer and inter-year variability. Besides the logistical disruptions
caused by the COVID-19 pandemic during winter 2019, no major
changes in personnel, equipment, or methodology occurred during the
course of this study.

To account for the variation in survey frequency across months and
enhance interannual comparability, both the annual maximum and
mean counts of Siberian Cranes were calculated. Specifically, the annual
maximum was defined as the highest value among the monthly
maximum counts from November to March, and the annual mean was
calculated as the average monthly mean across the same period.
Furthermore, considering that crane numbers typically stabilize by
December and that the survey effort was most consistent during this
month, we calculated the maximum and mean December counts for each
year and analyzed them separately to assess temporal trends. These
values were then aggregated to facilitate the trend analysis of temporal
changes in crane abundance within the artificial habitats over the study
period. Linear regression was used to assess whether the Siberian Crane
population showed significant temporal variation. To evaluate temporal
trends in Siberian Crane abundance within artificial habitats, simple
linear regression was performed using four abundance metrics: annual
maximum counts, annual mean counts, December maximum counts, and
December mean counts. All linear regression analyses were conducted
using R 4.4.1 (R Core Team, 2024).

2.3. Bird satellite tracking data

Between 2018 and 2024, satellite telemetry was employed to
monitor 13 Siberian Cranes that had sustained injuries in the wild, using
satellite transmitters produced by Hunan Global Messenger Technology
Co., Ltd. and their associated data acquisition platforms. These in-
dividuals were successfully rescued, rehabilitated, fitted with tracking
devices, and reintroduced into their natural habitats. The tracking de-
vices were attached to the legs of the cranes. Each device weighed 27 g
and was solar powered. The weight of the devices accounted for less
than 3% of the cranes’ total body mass, ensuring compliance with the
ethical and practical guidelines for wildlife tracking.

Satellite tracking enables the continuous monitoring of Siberian
Crane movements in the wild, providing data on location coordinates,
time, altitude, and activity levels. Because our study focused on the
spatial patterns of Siberian Cranes during winter, satellite telemetry data
from the winter months (October to March) were specifically analyzed.
An overwintering year was defined as the period from October of one
year to March of the following year. For example, the wintering year of
2018 refers to the period from October 2018 to March 2019 (winter
2018).

In ArcGIS Pro, the locations of the Siberian Cranes were overlaid
with boundary maps of Poyang Lake and its saucer-shaped sublakes to
categorize the points either within or outside the sublakes, as well as in
habitats beyond Poyang Lake. Vector boundary data for the overall
extent of Poyang Lake were obtained from the Jiangxi Provincial
Department of Water Resources, whereas the vector boundaries of the
102 saucer-shaped sublakes were provided by the Jiangxi Forestry Bu-
reau. The habitats outside Poyang Lake primarily consist of rice fields,
lotus ponds, and artificially regulated aquaculture lakes, which are
classified as artificial habitats. Based on this, Siberian Crane habitats
around Poyang Lake were classified into the following three categories:
(1) natural habitats within the saucer-shaped sublakes of Poyang Lake
(NH-in-SSL); (2) natural habitats located outside the saucer-shaped
sublakes but still within the Poyang Lake wetland (NH-out-SSL); and
(3) artificial habitats located outside the Poyang Lake wetland (AH-out-
PYL).
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To investigate temporal variations in habitat use by Siberian Cranes
both within and outside Poyang Lake, the day was divided into 24 one-
hour periods (0-23), with 0 corresponding to 00:00-01:00, 1 to
01:00-02:00, etc., with 23 representing 23:00-00:00. Additionally, time
was categorized into two broad periods: daytime (07:00-17:00) and
nighttime (18:00-23:00 and 00:00-06:00). The percentage of crane
occurrence sites in each period was calculated and visually represented.
To assess the differences in habitat use between daytime and nighttime,
we applied a one-way analysis of variance (ANOVA) to compare the
percentage of Siberian Crane locations outside Poyang Lake between the
two periods. This analysis was conducted using the R software, which is
consistent with the other statistical procedures used in this study. Prior
to ANOVA, assumptions of normality and homoscedasticity were veri-
fied using the Shapiro-Wilk and Levene’s tests, respectively.

2.4. Water level and tuber data

Daily water level data were obtained from the Hydrology Bureau of
Jiangxi Province and recorded at the Xingzi Hydrological Station
(Fig. 2). The monthly average and maximum water levels were calcu-
lated from daily records. Simultaneously, tuber density and biomass
were monitored from 1999 to 2023 in three saucer-shaped lake-
s—Dahuchi, Shahu, and Meixihu—by the Poyang Lake National Nature
Reserve and the International Crane Foundation (Li et al., 2012a, 2020).
These lakes are critical natural habitats for Siberian Cranes within
Poyang Lake.

The distribution pattern of Siberian Crane occurrence sites was
illustrated using the "Hot Spot Analysis" tool in ArcGIS Pro to identify
areas of high crane activity, or hotspots. Utilization intensity was
defined as the proportion of occurrence sites within a given category,
reflecting the relative degree to which Siberian Cranes used each habitat
type, hotspot, or month. ANOVA was used to assess variation in Siberian
Crane utilization intensity across habitat types and hotspots, as well as
monthly variation within artificial habitats. All variables met the as-
sumptions of normality and homoscedasticity based on Shapiro-Wilk
and Levene’s tests.

To investigate the influence of environmental factors, linear regres-
sion models (LM) were constructed to examine the relationships be-
tween Siberian Crane abundance metrics and key explanatory variables,
including tuber density, tuber biomass, and monthly average water
levels. Diagnostic checks confirmed normally distributed residuals for
all regression models (P > 0.05, Shapiro-Wilk test). Model selection was
based on Akaike’s Information Criterion with small-sample correction
(AICc), and the model with the lowest AICc was selected as optimal.
Following Burnham and Anderson (2002), models with AAICc < 2 were
considered plausible alternative models only if they exhibited a

Year
— 2018
20+ / N 2019

Water level (m)

01:01 0201 03.01 04.01 0501 06.01 07.01 08:01 09-01 10-01 11.01 12.01 01.01
Date (month-day)

Fig. 2. Daily water levels of Poyang Lake from 2018 to 2023, with the bold
black line indicating the median daily water level from 1980 to 2003.
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statistically significant overall fit and all included predictors passed
significance tests. These models were also reported in the regression
results table. All statistical analyses and graphical representations were
performed using R 4.4.1 and ArcGIS Pro.

3. Results
3.1. Significant increase in Siberian Crane number in artificial habitats

Both the annual maximum (R? = 0.74, P = 0.003) and mean (R? =
0.54, P = 0.03) number of Siberian Cranes in artificial habitats showed
statistically significant increasing trends over time. Similarly, the
December maximum (R* = 0.62, P = 0.011) and mean (R? = 0.69, P =
0.005) counts also showed significant upward trends, indicating a
consistent increase in crane use of artificial habitat during the core
wintering period (Fig. 3). Notably, no Siberian Cranes were observed in
artificial habitats during the winter of 2018, and seven individuals were
recorded in 2019. However, the number of Siberian Cranes in artificial
habitats has increased sharply since 2020. The maximum count surged
from 234 + 316 in the winters of 2015-2019 to 3085 + 347 in the
winters of 2020-2023, while the mean count rose from 62 + 81 to 1456
+ 413.

3.2. Artificial habitats emerge as Siberian Crane hotspots

Since the winter of 2018, an average of 42.5 + 22.0% of Siberian
Crane occurrence sites have been recorded outside Poyang Lake each
year (Table 1). In the winter of 2018, the species primarily wintered
within the Poyang Lake, with only 0.2% of occurrence sites occurring
outside the lake. However, this proportion increased significantly to
50.0% in the winter of 2019 and remained above 42.0% in the following
years. The highest proportion of sites outside the lake was recorded in
2022 (64.2%), followed by 51.0% in 2023.

Siberian Cranes were widely distributed across artificial habitats
outside Poyang Lake, with notable concentrations in the southwestern,
southern, and eastern regions (Fig. 4). Heatmap analysis derived from
the satellite tracking data revealed significant hotspots at two artificial
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Fig. 3. Temporal trends in annual and December maximum and average
numbers of Siberian Cranes recorded in artificial habitats around Poyang Lake
(2015-2023). All four abundance metrics exhibited significant increases over
the study period.
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Table 1

Percentage distribution of Siberian Crane occurrence sites among artificial
habitats outside Poyang Lake (AH-out-PYL), natural wetlands within saucer-
shaped lakes (NW-in-SSL), and natural wetlands outside saucer-shaped lakes
(NW-out-SSL).

Year AH-out-PYL (%) NW-in-SSL (%) NW-out-SSL (%)
2018 0.2 49.6 50.2
2019 50.0 30.5 19.5
2020 47.2 24.8 28.0
2021 42.3 37.7 20.0
2022 64.2 23.7 12.1
2023 51.0 37.1 11.9
Average 42.5 33.9 23.6
N
A aoyemigg)

oShahu

GBanghu

 Shuangfengeun

aofenglianwei

A
i

Fig. 4. Siberian Crane activity hotspots derived from satellite tracking loca-
tions, showing widespread distribution within and outside Poyang Lake from
winter 2019 to winter 2023.

provisioning sites located outside the lake (Fig. 4). From winter 2019 to
winter 2023, the annual percentages of crane locations within the
Chaqizhou and Liyuzhou artificial provisioning sites were 10.2 + 8.6%
and 10.2 + 12.4%, respectively, relative to the total number of locations
in artificial habitats. These percentages peaked at 20.3% and 30.4%,
respectively. When considering the total winter locations both inside
and outside Poyang Lake, the percentages were 4.9 + 3.8% and 5.5 +
6.5%, respectively, with peak values of 9.6% and 15.5%.

A significant hotspot was also identified near Changyishan, where
locations in the artificial habitat accounted for 9.6 + 3.4% of the total
across all artificial habitats, peaking at 13.1%. When considering the
total winter locations both inside and outside Poyang Lake, the pro-
portion of locations near Changyishan was 4.8 + 1.5%, with a maximum
of 6.2%. Heatmap analysis of the Siberian Crane observation frequency
from field surveys revealed three dense hotspots, including habitats near
Changyishan and the artificial provisioning sites at Liyuzhou and Cha-
qizhou, and four less dense hotspots at Yufengnongchang, Dachengwei,
Hongfeng, and Xiadanghu (Fig. 5A). When the heatmap analysis was
weighted by the number of Siberian Cranes, only two primary hotspots
were identified in the artificial provisioning sites (Fig. 5B). Between
2020 and 2023, 13,578 and 16,413 Siberian Cranes were recorded at the
Liyuzhou and Chagqizhou artificial provisioning sites, respectively. The
numbers peaked at these sites at 2500 and 3000 individuals, with mean
counts of 849 + 726 and 821 + 997 per survey, respectively. In contrast,
the Changyishan hotspot exhibited a significantly lower crane abun-
dance (37 + 59 individuals, maximum 257) than both Liyuzhou (F =
27.42, P < 0.001) and Chaqizhou (F = 19.87, P < 0.001). However, no
significant differences in crane numbers were observed between Liyuz-
hou and Chagizhou (F = 0.142, P = 0.709).
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3.3. Monthly and circadian patterns of artificial habitat utilization

The utilization intensity of Siberian Cranes in the artificial habitats of
Poyang Lake exhibited distinct monthly variations during the wintering

A With 2018 data B Without 2018 data
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Fig. 6. Proportion of Siberian Crane occurrence sites outside Poyang Lake
during the wintering period (with 2018 data (A) and without 2018 data (B)),
showing significant monthly variations.
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period (F = 5.31, P = 0.003) (Fig. 6). Upon their arrival in November,
4.2 + 2.6% of their occurrence sites (with 2018 data) were located
outside the lake. This proportion increased to 13.2 + 6.9% in December
and 14.0 + 7.2% in January, before declining to 9.1 + 5.1% in February
and further dropping to 3.2 + 2.5% in March (Fig. 6A, with 2018 data).
Since nearly all occurrence sites were confined to Poyang Lake during
the winter of 2018, excluding the 2018 data, the monthly proportions of
occurrence sites in artificial habitats followed consistent trends, with
peaks in January (16.8 &+ 2.6%) and December (15.8 + 2.8%), followed
by February (10.9 + 2.7%) (Fig. 6B, without 2018 data). The lowest
proportions were observed in November (5.1 + 1.7%) and March (3.8 +
2.2%).

The habitat utilization patterns of Siberian Cranes within and outside
of Poyang Lake exhibited a clear circadian rhythm. Specifically, the
cranes predominantly foraged outside the lake during the day and
roosted inside the lake at night. As shown in Fig. 7, the utilization in-
tensity of artificial habitats remained relatively stable at approximately
40.0% between 6:00 p.m. and 6:00 a.m. but significantly increased to
60.0-70.0% between 8:00 a.m. and 4:00 p.m. In contrast, the utilization
intensity of lake wetlands exhibited a marked increase during nighttime
hours.

3.4. Interannual variation in artificial habitat use linked to food shortage
and prolonged dry season

The abundance of Siberian Cranes in artificial habitats was signifi-
cantly and negatively correlated with food availability in natural habi-
tats. As shown in Fig. 8, the annual maximum count of Siberian Cranes in
artificial habitats was significantly negatively correlated with tuber
density (R? = 0.63, P = 0.011) and tuber biomass (R? = 0.64, P = 0.01),
whereas the annual average count was also negatively correlated with
tuber density (R2 = 0.60, P = 0.015) and tuber biomass (R2 =0.61,P=
0.013). Similarly, the December maximum and mean counts were
negatively correlated with tuber density (R? = 0.70, P = 0.005; R? =
0.66, P = 0.008) and tuber biomass (R* = 0.69, P = 0.006; R* = 0.65, P
= 0.009).

The annual maximum number of Siberian Cranes in artificial habitats
was significantly negatively correlated with the January maximum
water level (R2 =0.63, P = 0.01), and the December maximum number
was also significantly negatively correlated with the January maximum
water level (R? = 0.62, P =0.012) (Fig. 9). The best-fitting linear models
(Table 2) indicated that both January maximum water level and tuber
biomass were significant negative predictors of the annual maximum
number of Siberian Cranes in artificial habitats, jointly explaining 83.0%

Inside Poyang Lake -4 Outside Poyang Lake

0.7

o
Y

Use intensity
o

0.44

0.3

0 2 4 6 s 10 12 14 16 18 20 22
Time of the day
Fig. 7. Temporal variations in the percentage of Siberian Crane locations in

habitats inside and outside Poyang Lake, showing a preference for foraging
outside the lake during the daytime and roosting inside the lake at night.
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(right) of Siberian Cranes (In-transformed) in artificial habitats.

of the variance. For the December maximum number, the optimal model
included the January maximum water level and tuber density as sig-
nificant negative predictors, accounting for 87.0% of the variance. In
addition to the optimal model, candidate models with AAICc < 2 were
also considered. These models, which included alternative combinations
of tuber biomass and density, demonstrated statistically significant ef-
fects for all the included predictors (Table 2). The inclusion of both tuber
biomass and density across the models highlighted the consistent
negative effects of reduced food availability on crane abundance.

The utilization intensity of Siberian Cranes in artificial habitats was
significantly negatively correlated with average water levels in
December (R* = 0.71, P = 0.036), January (R = 0.92, P = 0.002), and
March (R? = 0.78, P = 0.019). However, no significant correlations were
observed between November (R? = 0.138, P = 0.468) and February (R?
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Table 2
Summary of optimal and candidate linear regression models predicting the (In-transformed) annual and December maximum numbers of Siberian Cranes in artificial
habitats.
Dependent variable (In-transformed) Predictors Coefficient t-value Pr (>[t)) Fit AICc
Optimal Annual maximum number Intercept 18.45 4.34 0.005 R?=0.83 46.74
Jan. max. water level -1.17 —2.58 0.042 F=14.58
Tuber biomass —16.43 —2.64 0.039 P =0.005
Candidate Annual maximum number Intercept 18.61 4.32 0.005 R%=10.82 47.05
Jan. max. water level -1.18 —2.58 0.042 F=13.99
Tuber density -1.02 —2.55 0.043 P =0.006
Optimal December maximum number Intercept 17.69 4.57 0.004 R%=0.87 45.12
Jan. max. water level -1.11 -2.71 0.035 F=19.47
Tuber density -1.20 -3.33 0.016 P =0.002
Candidate December maximum number Intercept 17.75 4.34 0.005 R?>=0.85 46.05
Jan. max. water level -1.13 —2.60 0.041 F=17.26
Tuber biomass —18.42 -3.07 0.022 P =0.003

Both January maximum water level and tuber variables (biomass and density) were included as significant negative predictors in the best-fitting models. Candidate

models (AAICc < 2) that met significance criteria are also reported.
= 0.138, P = 0.468) (Fig. 10).

3.5. Natural wetlands within Poyang Lake remain crucial habitats of
Siberian Cranes

As shown in Fig. 4, the heatmap generated from the satellite tracking
data of the Siberian Cranes revealed over ten occurrence hotspots
distributed across Poyang Lake. From 2018 to 2023, the mean annual
percentage of Siberian Crane occurrence sites in natural wetlands within
Poyang Lake was 57.5 + 22.0%, reaching the highest percentage of
99.8% in 2018. Occurrence sites within the saucer-shaped lakes inside
Poyang Lake accounted for an average of 33.9 & 9.7%, while occurrence
sites in natural wetlands outside the saucer-shaped lakes were 23.6 +
14.3%. Because Siberian Cranes were predominantly confined to Poyang
Lake in 2018, we compared the percentage of occurrence sites across the
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Fig. 10. Percentage of Siberian Crane locations outside Poyang Lake, showing

significant negative correlations with average water levels in December (A),
January (B), and March (D) but not in February (C).

three habitat types from 2019 to 2023 and found significant differences
among the three habitat types (F = 21.35, P < 0.001) (Fig. 11A). Spe-
cifically, the percentage of occurrence sites in habitats within saucer-
shaped lakes (NH-in-SSL) was significantly higher than that in habitats
outside the saucer-shaped lakes within Poyang Lake (NH-out-SSL) (F =
8.83, P = 0.018) but significantly lower than that in artificial habitats
outside Poyang Lake (F = 18.55, P = 0.003). Furthermore, the per-
centage of occurrence sites in habitats outside the saucer-shaped lakes
within Poyang Lake was significantly lower than in artificial habitats
outside Poyang Lake (F = 42.70, P = 0.000).

Asillustrated in Fig. 11B, the proportions of Siberian Crane locations
are ranked as follows: within Poyang Lake during the nighttime (35.6 +
4.0%), outside Poyang Lake during the daytime (27.9 + 4.8%), outside
Poyang Lake during the nighttime (23.0 + 4.2%), and within Poyang
Lake during the daytime (13.5 + 4.9%). Overall, significant differences
were observed among the four categories (F = 4.67, P < 0.05). Specif-
ically, during the daytime, the proportion of locations outside Poyang
Lake was significantly higher than that inside Poyang Lake. Addition-
ally, during the nighttime, the proportion of locations within Poyang
Lake was significantly higher than that outside the lake. Furthermore,
the proportion of locations inside Poyang Lake during the nighttime was
significantly higher than that outside Poyang Lake during the daytime.

4. Discussion
4.1. Artificial habitat utilization

As natural wetlands continue to decline globally, artificial wetlands
are becoming increasingly important as essential habitats for waterbirds
(Elphick et al., 2010; Ma et al., 2010; Rajpar et al., 2022). This decline is
primarily driven by climate change and anthropogenic activities such as
dam construction, agriculture, and aquaculture, which have led to the
degradation of natural wetland ecosystems (Ma et al., 2019; Rajpar
et al., 2022). Consequently, the capacity of these habitats to support
waterbird populations has been severely reduced. Researchers and
conservationists have increasingly documented the use of artificial
habitats by Siberian Cranes, raising significant concerns regarding the
ecological implications of this shift (Wang et al., 2019).

This study, based on field monitoring over nine years, revealed a
growing dependence of the critically endangered Siberian Crane on
artificial habitats around Poyang Lake. The number of Siberian Cranes in
artificial habitats showed a significant increasing trend. Specifically, the
annual maximum count of Siberian Cranes in artificial habitats rose
from fewer than 100 individuals in the winter of 2015 to over 3000 in
the winters of 2022 and 2023, representing more than 53% of the global
population. Similarly, the average number of cranes in these habitats has
increased from fewer than 10 to over 1500, accounting for up to 26.8%
of the global population.
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Satellite tracking data further underscores the significant reliance of
Siberian Cranes on artificial habitats. From winter 2018 to winter 2023,
an average of 42.5 + 22.0% of Siberian Crane occurrence sites were
recorded annually outside Poyang Lake. The winter of 2018 was an
exception, with nearly all (98.2%) sites occurring in natural wetlands
within Poyang Lake. Excluding 2018, the average annual percentage of
occurrence sites outside Poyang Lake increased to 50.9 + 8.1%, indi-
cating that nearly half of the wintering occurrence sites were in artificial
habitats outside Poyang Lake over the past five years. Notably, in the
winter of 2022, this percentage peaked at 64.2%. These findings high-
light the critical role of artificial habitats in supporting the winter sur-
vival of Siberian Cranes.

During the winter of 2019, field surveys recorded fewer than 100
Siberian Cranes, likely underestimating the actual population in artifi-
cial habitats owing to restricted access caused by the COVID-19
outbreak between January and March 2020. In contrast, satellite
monitoring revealed that 50% of the Siberian Crane occurrence sites
during the same period were in artificial habitats outside Poyang Lake, a
proportion only surpassed in the winter of 2022 and 2023. This suggests
that the population in these habitats was substantially larger than that
reported in the ground surveys. This discrepancy highlights the critical
need to integrate ground surveys with satellite remote sensing for a more
accurate and comprehensive monitoring of Siberian Cranes.

4.2. Drivers of artificial habitat utilization

Waterbird reliance on artificial wetlands is driven by the degradation
of natural wetlands (Czech and Parsons, 2002; Sebastian-Gonzalez et al.,
2010). Similarly, our results suggest that the increasing dependence of
Siberian Cranes on artificial habitats is a direct result of the ongoing
degradation of natural wetlands within Poyang Lake. Our results
showed a significant negative correlation between Siberian Crane
numbers in artificial habitats and tuber abundance. From 1997 to 2023,
the tuber abundance in Poyang Lake steadily declined, with no detection
reported in 2022 and 2023 (Li et al., 2020; Xu et al., 2023, 2024). This
decline indicates a severe food scarcity for Siberian Cranes within the
lake, which corresponds to the increasing reliance of these cranes on
artificial wetlands for wintering.

In addition to tuber abundance, we propose that the water level is a
critical factor influencing the utilization of artificial habitats by Siberian
Cranes. The number of cranes in these habitats was significantly corre-
lated with the average water level in January, whereas the percentage of
crane locations in artificial habitats was significantly associated with the
average water levels in December, January, and February. We suggest

that winter water levels primarily affect the crane distribution by
altering the availability of natural wetland habitats. The prolonged dry
season and extremely low water levels in Poyang Lake have led to sig-
nificant habitat loss in natural wetlands. Over the past 20 years, the
duration of the dry season (defined by lake levels <12 m) in Poyang Lake
has increased by 39.5% compared to the period from 1953 to 2002 (Xue
et al., 2023). This trend has led to prolonged dry seasons and low winter
water levels, which are the new normal for the lake. Siberian Crane
habitats, particularly mudflats and shallow waters, are typically most
extensive when water levels range from 11 to 13 m, with an optimal
habitat size of approximately 12 m (Xia et al., 2010; Jiang et al., 2014;
Hu et al., 2022). The average water levels in November, December, and
January during the winters of 1980-2003 were 12.3 m, 10.9 m, and 9.5
m, respectively, providing extensive suitable habitats for Siberian
Cranes. In contrast, during winter from 2015 to 2023, the water levels
declined to an average of 10.6 m in November, 9.1 m in December, and
9.0 m in January. According to the habitat suitability model proposed by
Hu et al. (2022), water level conditions from 2015 to 2023 led to re-
ductions in suitable habitat areas by 24.7% in October, 20.7% in
November, and 8.2% in January relative to the baseline period of
1980-2003. Notably, when the same model was applied to the
extremely low water levels recorded in the winter of 2022, the estimated
habitat loss increased substantially, reaching 36.5% in October, 60.7%
in November, and 39.0% in January. The maximum water level in
January and tuber biomass accounted for 83.0% of the variance in the
maximum number of cranes in artificial habitats. This underscores the
growing reliance of Siberian Cranes on artificial wetlands because of
diminishing natural habitat availability.

Food scarcity and habitat loss are not isolated factors. Their com-
bined effects substantially exacerbate the degradation of Siberian Crane
wintering habitats, with the cumulative impact being more pronounced
than that of either factor alone. Food shortages and habitat loss are
significantly correlated with prolonged dry seasons in Poyang Lake.
Autumn is a critical period for Vallisneria plants, as it produces fully
mature seeds and forms tubers (Xiong and Li, 2000). A shorter inunda-
tion period in autumn can lead to a significant reduction in tuber
biomass (Fox et al., 2014). In addition, larger tubers have been shown to
exhibit better survival and growth than smaller tubers (Doyle and Smart,
2001). Therefore, maintaining moderately high water levels in autumn
can benefit Vallisneria species by promoting tuber production and
increasing tuber size. Li et al. (2020) demonstrated that the average
water level in October had a significant positive effect on tuber density
in the following year, suggesting that higher autumn water levels extend
the growing season for submerged plants, enhance biomass
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accumulation, and contribute to the establishment of future populations
of these plants. The relationship between habitat area and water level
has been well documented but has not been addressed further. None-
theless, the combined effects of food scarcity and habitat loss, driven by
changing water levels, highlight the pressing need for comprehensive
management strategies to mitigate these challenges and support the
survival of wintering Siberian Cranes.

4.3. Risk of artificial habitat utilization

Artificial habitats often function as alternative foraging grounds for
waterbirds (Rajpar et al., 2022). In the present study, we found that
artificial habitats around Poyang Lake serve as important foraging sites
for Siberian Cranes, with cranes foraging in rice fields and lotus ponds
during the day and roosting in natural wetlands at night (Fig. 8). As
alternative habitats, artificial environments, particularly feeding sites,
provide reliable food resources that partially mitigate the effects of
natural wetland degradation. These artificial habitats help alleviate the
impacts of adverse environmental conditions, delivering critical
short-term conservation benefits that enhance the overwinter survival of
Siberian Cranes during harsh winters. Artificial provisioning sites are
powerful tools for public engagement in conservation. Managed feeding
programs create accessible wildlife-viewing opportunities that foster
environmental awareness, strengthen community stewardship, and
generate ecotourism revenue, all of which are essential for sustaining
long-term conservation initiatives in Poyang Lake. Simultaneously, the
sites reduce the reliance of cranes on other human-modified habitats,
such as agricultural areas, minimize agricultural damage, and foster
greater local support for crane conservation.

However, the high-density aggregation of Siberian Cranes at the two
artificial feeding sites presents a significant risk of disease transmission.
The artificial provisioning sites encompassed approximately 70 ha in
Liyuzhou and 60 ha in Chagizhou. Siberian Cranes formed dense flocks
at each site, often numbering between 1000 and 3000 individuals,
foraging within a confined area of approximately 20 ha, such as a single
rice field or a lotus pond. This high-density foraging behavior typically
persists for approximately two months. Such high-density aggregates,
particularly those under prolonged exposure, are associated with an
elevated risk of disease transmission, including avian influenza (Fu
et al., 2020; Wang et al., 2023).

The traditional practice of free-range duck farming in the rice fields
surrounding Poyang Lake, combined with the frequent presence of Si-
berian Cranes in these agricultural areas, increases the likelihood of
interactions between wild cranes and domestic poultry, further exacer-
bating the risk of disease transmission (Wang et al., 2023). Given the
critically endangered status of the Siberian Crane and its small global
population, the congregation of up to 3000 individuals at a single
feeding site poses a significant threat in the event of a disease outbreak,
which could have catastrophic consequences. Excessive reliance on
artificial feeding may weaken the natural foraging abilities of cranes and
reduce their adaptability to fluctuating environmental conditions (Fu
et al., 2020). These concerns highlight the urgent need for improved
management protocols and rigorous disease monitoring in artificial
feeding sites.

4.4. Natural habitat utilization

Before 2012, the Siberian Crane exclusively wintered in the natural
wetlands of Poyang Lake, with the Poyang Lake National Nature Reserve
serving as its core habitat (Kanai et al., 2002; Li et al., 2012a). The
highest recorded count reached 2958 individuals when the global pop-
ulation was estimated to be approximately 3000 (Wu and Ji, 2002). Key
wintering habitats within the reserve include saucer-shaped lakes, such
as Dahuchi, Shanhu, Banghu, Meixihu, and Dachahu (Shan et al., 2012).
In the winter of 1995, satellite telemetry tracking of six Siberian Cranes
indicated that their occurrence sites were entirely confined to the
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natural wetlands of Poyang Lake, during both the day and night (Li et al.,
2012a). Notably, no Siberian Cranes were recorded in artificial habitats
until the winter of 2011 (Wang et al., 2019).

Although both field surveys and satellite tracking data have indi-
cated that Siberian Cranes have extensively utilized artificial habitats
outside Poyang Lake over the past decade, natural habitats remain
essential for their survival. Overall, 49.1% of the recorded occurrence
sites were within Poyang Lake, including 13.5% during the day and
35.6% at night. The proportion of crane locations inside Poyang Lake
was significantly higher at night than during the day. Additionally, there
was a significant increase in the proportion of night-time locations
within Poyang Lake, whereas daytime locations within the lake
decreased (Fig. 6). These findings suggest that natural wetlands continue
to serve as crucial resting habitats for Siberian Cranes and as food
resources.

The winter of 2018 was an exception, as all Siberian Cranes over-
wintered exclusively in the natural wetlands. In winter 2018, particu-
larly in November and December, water levels were close to or slightly
higher than the 1980-2003 median, creating favorable conditions for
maintaining extensive suitable habitats for Siberian Cranes. Addition-
ally, summer water levels averaged below 17.5 m, which is lower than
the historical median, promoting the growth of submerged vegetation
and increasing food availability (Li et al., 2020). These optimal envi-
ronmental conditions underscore the strong preference of cranes for
natural wetlands when the habitat quality and food resources are suf-
ficient, thereby relegating artificial wetlands to a supplementary role.

4.5. Conservation implications

As prolonged dry seasons and artificial provisioning have become the
prevailing norm in Poyang Lake, an increasing number of Siberian
Cranes are expected to rely on the surrounding artificial habitats. A
scientifically informed food supply strategy for these artificial habitats is
essential to balance emergency food provisioning with the mitigation of
disease risks associated with high-density congregations. Establishing
multiple spatially dispersed food reserves, such as unharvested rice
fields, would ensure a more evenly distributed food supply, reducing
reliance on and overcrowding at individual feeding sites, particularly
during years of severe wetland degradation. Ultimately, the primary
objective is to restore and enhance the natural wetland habitat quality to
encourage the return of Siberian Cranes. The key strategies include
reinforcing water retention in saucer-shaped lakes by restoring em-
bankments and water control structures. During drought years, water
gates should be closed in late summer and early autumn to maximize
water storage, followed by a science-based water-level regulation
strategy that gradually lowers water levels after the arrival of cranes to
ensure optimal wintering conditions.

5. Conclusions

From 2015 to 2023, field surveys and satellite telemetry jointly
revealed a substantial increase in Siberian Crane numbers utilizing
artificial habitats around Poyang Lake, with peak counts (more than
3000 individuals) exceeding 53% of the species’ global population. Key
provisioning sites, such as Chaqgizhou and Liyuzhou, supported persis-
tent high-density foraging flocks for nearly two months, raising disease
transmission concerns. The intensity of artificial habitat use was
strongly negatively correlated with tuber abundance and winter water
levels in Poyang Lake, with these factors collectively explaining 83.0%
of the variation in crane numbers. In years with favorable hydrological
conditions (e.g., 2018), cranes reverted to natural wetlands, under-
scoring the role of food availability and habitat conditions as primary
drivers. Despite the heavy daytime use of artificial habitats, natural
wetlands remain essential for night-time roosting, reflecting a clear
circadian rhythm. In light of the prolonged dry seasons, conservation
strategies must simultaneously enhance the management of artificial
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habitats and prioritize the restoration of natural wetlands to promote the
return of Siberian Cranes to their traditional natural habitats.
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