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ABSTRACT
Anthropogenic global change is precipitating a worldwide biodiversity crisis, with
myriad species teetering on the brink of extinction. The Arctic, a fragile ecosystem
already on the frontline of global change, bears witness to rapid ecological
transformations catalyzed by escalating temperatures. In this context, we explore the
ramifications of global change and interspecies competition on two arctic crane
species: the critically endangered Siberian crane (Leucogeranus leucogeranus) and the
non-threatened sandhill crane (Grus canadensis). How might global climate and
landcover changes affect the range dynamics of Siberian cranes and sandhill cranes in
the Arctic, potentially leading to increased competition and posing a greater threat to
the critically endangered Siberian cranes? To answer these questions, we integrated
ensemble species distribution models (SDMs) to predict breeding distributions,
considering both abiotic and biotic factors. Our results reveal a profound divergence
in how global change impacts these crane species. Siberian cranes are poised to lose a
significant portion of their habitats, while sandhill cranes are projected to experience
substantial range expansion. Furthermore, we identify a growing overlap in breeding
areas, intensifying interspecies competition, which may imperil the Siberian crane.
Notably, we found the Anzhu Islands may become a Siberian crane refuge under
global change, but competition with Sandhill Cranes underscores the need for
enhanced conservation management. Our study underscores the urgency of
considering species responses to global changes and interspecies dynamics in risk
assessments and conservation management. As anthropogenic pressures continue to
mount, such considerations are crucial for the preservation of endangered species in
the face of impending global challenges.

Subjects Biodiversity, Conservation Biology, Ecology, Zoology
Keywords Siberian crane (Leucogeranus leucogeranus), Sandhill crane (Grus canadensis), Global
change, Interspecies competition, IUCN, Arctic

INTRODUCTION
Anthropogenic global change is currently causing widespread biodiversity loss (Barnosky
et al., 2011), placing thousands of species on the brink of extinction (Pimm et al., 2014;
Ceballos et al., 2015). The Arctic, a unique and delicate ecosystem, harbors a diverse array
of wildlife, yet it stands at the forefront of global environmental change, notably climate
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change (Gilg et al., 2012). Recent years have seen a pronounced impact on this region,
marked by temperatures rising at a rate three times higher than the global average over the
past five decades (Parry et al., 2007; AMAP, 2021). This rapid and profound ecological
transformation (Box et al., 2019), has led to the shrinking of sea ice, glacier melt, and
permafrost thaw (Davidson & Ruhs, 2021), consequently reshaping the Arctic landscape
and habitats (Gilg et al., 2012; CAFF, 2013; Kubelka et al., 2022), Furthermore, these
environmental shifts are significantly altering species distributions, interspecific
interactions, community structure, and overall diversity (Harley, 2011).

The Arctic serves as the breeding grounds for only two crane species, the Siberian crane
(Leucogeranus leucogeranus) and the sandhill crane (Grus canadensis). The Siberian crane,
a critically endangered (CR) species according to the International Union for Conservation
of Nature (IUCN, 2021), currently boasts a population of approximately 5,616 individuals
(Wen et al., 2023). These cranes predominantly winter at Poyang Lake (Zhou, Ding &
Wang, 1981; Shan et al., 2012) with recent sightings of wintering populations in the Yellow
River Delta Nature Reserve, China (Huang et al., 2018; Wen et al., 2023). Their survival is
threatened by habitat degradation, loss, human interference, and hunting (Meine &
Archibald, 1996).

In contrast, the sandhill crane is classified as least concern (LC) by the IUCN and boasts
the largest population among the fifteen crane species, estimated at 450,000 to 550,000
individuals, with a population on the rise (Harris & Mirande, 2013; IUCN, 2021). These
cranes have an extensive distribution across North America, with a historical breeding
range encompassing a small population in Chukotka, the northeastern corner of Siberia
(Walkinshaw, 1949; Gao, Mi & Guo, 2019). Since the turn of the twenty-first century, the
breeding population in this region has experienced growth, leading to an expanded
distribution (Johnsgard, 1983; Bysykatova, 2012, 2013).

As the sandhill crane population expanded in the northeastern Siberia, their breeding
areas began to overlap with those of the indigenous Arctic crane species, the Siberian crane.
Observations indicate that when sandhill cranes encroach upon the Siberian crane’s range,
they are met with aggression from the latter (Sleptcov & Vladimirtseva, 2019). Notably, this
incursion of sandhill cranes has intensified in recent years, as they increasingly venture
into Siberian crane territories for foraging, often resulting in confrontations (Sleptcov &
Vladimirtseva, 2019). That suggest the emergence of a competitive relationship between
these two crane species (Watanabe, 2006; Rozenfeld et al., 2023). This situation may
exacerbate further if sandhill crane distributions continue to expand, whether due to
population growth or global change, which in turn could impact the population growth of
the critically endangered Siberian cranes.

Species distribution models (SDMs) have gained increasing importance in the fields of
ecology, biogeography, evolution, and conservation (Guisan et al., 2013; Humphries &
Huettmann, 2014; Mi et al., 2022) These models are widely employed to quantify species
responses to global change, as demonstrated by their applications in studies on species
distribution dynamics (Araújo et al., 2011; Newbold et al., 2020;Mi et al., 2023). SDMs play
a pivotal role in elucidating how environmental changes have and will impact species
ranges (Mi, Huettmann & Guo, 2016; Newbold et al., 2020). For instance, they have proven
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valuable in predicting shifts in the ranges of endangered species due to climate change
(Velásquez-Tibatá, Salaman & Graham, 2013; Mi, Huettmann & Guo, 2016; Riquelme
et al., 2018).

It is important to recognize that species distributions are influenced not only by abiotic
factors, such as environmental variables, but also by biotic factors, including competitive
relationships. Regrettably, many studies tend to neglect the impact of these biotic factors
(Elith & Leathwick, 2009; Wisz et al., 2013). However, a handful of studies have
demonstrated that incorporating interspecific relationships into SDMs can enhance the
models’ predictive accuracy in estimating realistic species distributions (Tikhonov et al.,
2017; Ye et al., 2022).

Rozenfeld et al. (2023) observed a westward shift of 400 km in the center of maximum
sandhill crane density over a 28-year period. This shift coincides with a notable expansion
in the overlapping areas of both crane species. Areas experiencing an increase in sandhill
crane density are concurrently characterized by a corresponding decrease in Siberian crane
density, with instances documented where the latter species has disappeared (Rozenfeld
et al., 2023). How will global changes, encompassing both climate and landcover
transformations, impact the range dynamics of Siberian cranes and sandhill cranes in the
Arctic? Furthermore, is there a likelihood of intensified competition between these two
crane species, potentially heightening the threat to the critically endangered Siberian
cranes? To address these pressing questions, we employed ensemble species distribution
models to forecast the breeding distributions of both crane species under the influence of
global change. Additionally, we assessed the extent of range overlap to elucidate
interspecies relationships, specifically the potential for increased competition. Our study’s
findings hold valuable implications for enhancing the realism of risk assessments and the
development of conservation strategies for this endangered species.

MATERIALS AND METHODS
Occurrence records
We compiled a comprehensive dataset of occurrence records spanning from 1980 to 2023.
These records included precise geographic information, such as longitude and latitude.
We sourced this invaluable data from the Global Biodiversity Information Facility (GBIF;
https://www.gbif.org/) for both Siberian cranes (L. leucogeranus, https://doi.org/10.15468/
dl.8jtx8h) and sandhill cranes (G. canadensis, https://doi.org/10.15468/dl.zz7wq3).
To augment our dataset, we also integrated post-1980 records for the endangered Siberian
cranes obtained from the book ‘Threatened Birds of Asia.’ To ensure the reliability and
quality of our dataset, we employed the ‘CoordinateCleaner’ package in R (Zizka et al.,
2019), systematically filtering out records locate in capitals, institutes, and museums.
Subsequently, we applied the ‘spThin’ package in R (Aiello-Lammens et al., 2015) to
mitigate sampling bias, retained only a single distribution point within each square
kilometer grid cell. Finally, 66 and 138 occurrence records were used for Siberian crane and
sandhill crane, respectively (Supplemental 1).
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Study area
We delineated our study area through the following processes: initially, we identified the
geographical scope of sandhill crane breeding records in East Asia, as well as the breeding
records of the eastern population of Siberian cranes (given that the middle and west
populations of Siberian cranes are nearly extinct). Subsequently, we expanded this extent
by 1,000 kilometers in the east, south, west, and north directions, encompassing the
potential distribution range of these two crane species in the future, considering global
changes. The selection of study area is based on cranes possible dispersal as indicated by
prior research and model accuracy (Mi et al., 2017a; Warren, Matzke & Iglesias, 2020;
Smith, Capinha & Kramer, 2022).

Environmental predictors
We obtained 19 climatic variables, representing current conditions (1970–2000) and future
projections (2060–2080), at a 1 km resolution from the WorldClim database 1.4.
We obtained landcover variable from (Chen, Li & Liu, 2022). To assess multicollinearity in
our species distribution models (SDMs), we applied the ‘vif’ function from the ‘usdm’ R
package to eliminate variables with Variance Inflation Factors (VIF) below 10 from the
original set of 20 bioclimatic variables for each species (Naimi & Araújo, 2016; Mi et al.,
2023).

Climate model projections
In consideration of the uncertainty inherent in future climate projections, we examined
three global circulation models (GCMs): BCC-CSM1-1, CNRM-CM5, and MIROC-ESM
(Mi et al., 2023). We assessed four representative concentration pathways (RCPs)–26, 45,
60, and 85–as representing future climate conditions during 2060–2080 (2070). These
scenarios were chosen for their coverage of a wide range of plausible future global change
outcomes and are widely employed in climate model projections (Borzée et al., 2019;
Carlson et al., 2022). To mitigate uncertainties arising from variations in modeling
techniques, we averaged the climate data across the three GCMs for each grid (Hole et al.,
2009;Mi, Huettmann & Guo, 2016;Mi et al., 2023). Subsequently, we projected all climate
and land cover layers to the North Pole Lambert Azimuthal Equal Area projection at a grid
resolution of 1 km × 1 km.

Species distribution models
We employed the ‘sdm’ package (Naimi & Araújo, 2016) in R to implement an ensemble
species distribution model for predicting species distributions. Our input data consisted of
pseudo-absence records generated using the ‘gRandom’ method (Naimi & Araújo, 2016).
We used 1,000 pseudo-absence records for each crane species. These pseudo-absences
were derived within a calibration area surrounding species occurrence records (presence
points) and delimited by a 100 km buffer around these presence records (Barbet-Massin
et al., 2012; de Andrade, Velazco & Júnior, 2020).

To train our models, we utilized a random 70% sample of the initial data (comprising
presence and absence records) and evaluated them against the remaining 30% of the
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samples. This process involved five iterations of split sampling to address data partition
uncertainty (Thuiller, 2003). In summary, we employed four widely recognized SDM
algorithms known for their high model performance in ensemble models: generalized
boosted regression models (Graham et al., 2008), maximum entropy (Elith et al., 2006),
random forest (Mi et al., 2017b) and support vector machines (Drake, Randin & Guisan,
2006).

To assess model performance, we utilized the area under the receiver operating
characteristic curve (AUC) (McPherson, Jetz & Rogers, 2004), and the true skill statistics
(TSS) (Allouche, Tsoar & Kadmon, 2006). We retained only those models with TSS ≥ 0.7
(Gallardo et al., 2017; Wang et al., 2017) and then constructed an ensemble model by
weighting individual models based on their TSS performance for each species (Thuiller
et al., 2009; Gallardo et al., 2017; Wang et al., 2017). Habitat suitability maps were
converted to binary distribution maps (presence/absence) using the threshold that
maximized TSS, a widely adopted method for generating potential species distribution
maps (Barbet-Massin et al., 2012; Mi, Huettmann & Guo, 2016).

RESULTS
Model accuracy
For Siberian crane, our models demonstrated good performance with an AUC of 0.947 ±
0.045 and a TSS of 0.849 ± 0.069. Similarly, for sandhill crane, the models exhibited
excellent performance, with an AUC of 0.982 ± 0.013 and a TSS of 0.910 ± 0.040 (Fig. 1).

Variable importance
Our analysis revealed that precipitation during the wettest month (bio13) emerged as the
most crucial variable influencing the distribution of both Siberian crane and sandhill crane
(Fig. 2). Following this, the second and third most important variables for Siberian crane
were precipitation during the coldest quarter (bio19) and mean temperature during the
driest quarter (bio9). For sandhill crane, these were mean temperature during the coldest
quarter (bio11) and mean diurnal temperature range (bio2). Land cover variables were
comparatively less influential, ranking as the second least important and the least
important factors affecting the distribution of these two crane species.

Spatial distribution changes under global change
Currently, Siberian crane primarily inhabits the northeast coast of Russia. They are
distributed across Chukot, ranging from its central to western coastal areas, and in Sakha,
spanning from the eastern to central coastal regions. Additionally, they primarily occupy
Wrangel Island, covering its central and western sections. Sandhill crane can be found in
the eastern coastal areas of Chukot, especially in the border regions with Yakutia. They also
have a presence in most parts of Wrangel Island, the northern part of Kamchatka, and the
south coastal areas of the Magadan. Both species share suitable habitats in the region
between 160�E and 180�E. Their current suitable distribution areas mainly overlap in the
central to western coastal regions of Chukot, including the border areas with Yakutia, and
most parts of the central and western regions of Wrangel Island.
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Under the influence of global change, the habitat of Siberian crane is significantly
reduced on the north coast of Russia, shifting northward (Fig. 3). Suitable distribution on
the mainland and Wrangel Island has nearly disappeared, with Anzhu Islands in the north
becoming their primary suitable distribution areas. Sandhill crane will experience habitat
loss on the north coast of Russia, particularly in the coastal area near the junction of
Yakutia and Chukot. However, they expand significantly within the original range in
northeast Chukot, north Kamchatka, and along the coast of the Magadan Region. This
expansion also includes Anzhu Islands. Notably. The Anzhu Islands become the central
overlapping area for these two crane species, and these spatial characteristics remain
consistent across all four global change scenarios.
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Figure 1 Model performance for (A) Siberian crane (Leucogeranus leucogeranus) and (B) sandhill
crane (Grus canadensis). The points in the boxplots represent the AUC or TSS values for each model
corresponding to two crane species. Full-size DOI: 10.7717/peerj.17029/fig-1
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Figure 2 Variable Importance in species distribution models for (A) Siberian crane (Leucogeranus
leucogeranus) and (B) sandhill crane (Grus canadensis). Size = original. bio1 = Annual Mean Tem-
perature, bio2 = Mean Diurnal Range, bio3 = Isothermality, bio7 = Temperature Annual Range,
bio8 = Mean Temperature of Wettest Quarter, bio9 = Mean Temperature of Driest Quarter,
bio11 = Mean Temperature of Coldest Quarter, bio13 = Precipitation of Wettest Month, bio15 = Pre-
cipitation Seasonality, bio19 = Precipitation of Coldest Quarter, landcover = land cover. Siberian crane
image source credit: Zhilin Wu. Sandhill crane image source credit: iNaturalist, christian_nunes (https://
www.inaturalist.org/photos/117000514?, CC BY-NC). Full-size DOI: 10.7717/peerj.17029/fig-2
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Full-size DOI: 10.7717/peerj.17029/fig-3
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Area changes under global change
Our analysis reveals contrasting patterns in habitat change for the two crane species under
global change (Table 1 and Fig. 4). Siberian crane is projected to lose a substantial portion
of its habitats, ranging from 85.3% to 92.7%, depending on the greenhouse gas emission
scenarios (from rcp26 to rcp85). In contrast, sandhill crane is expected to experience a
substantial expansion in distribution, ranging from 50.5% to 100.7%. Currently,
approximately 18.7% of Siberian cranes habitats overlap with those of the two crane
species. This overlap is projected to more than double, reaching 39.3% to 65.0% under
different global change scenarios. The extent of habitat loss for Siberian crane and habitat
expansion for sandhill crane intensifies with the magnitude of global change. Likewise, the
proportion of overlapping areas within the two species’ distributions relative to the overall
suitable habitat area for Siberian crane increases with the magnitude of global change.

DISCUSSION
In our study, we have uncovered a stark contrast in the projected impacts of global change
on two Arctic crane species. The nonthreatened sandhill crane (G. canadensis) is expected
to witness a significant expansion of its suitable habitats, while the critically endangered
Siberian crane (L. leucogeranus) faces a grim future with the loss of most of its habitats.
Moreover, a larger proportion of the Siberian crane’s distribution areas will overlap with
those of the sandhill crane, intensifying the risk to the Siberian crane.

Our model found the most important variable affecting the breeding distribution of
both crane species is the Precipitation of the Wettest Month (bio13). Regions with lower
precipitation appear to be more suitable for their distribution (Supplemental 2). Siberian
and sandhill cranes are wader, their breeding success is highly sensitive to hydrological
conditions, while high precipitation regions often with nest flooding (Haverkamp et al.,
2022), that will reduce breeding success. Experiencing increased snowfall, rising
temperatures, warm spells, and augmented warm-season rainfall leads more flooding in
Arctic (Kane et al., 2008; Bintanja & Andry, 2017; McCrystall et al., 2021), which may
highly impact their breeding. Siberian cranes, with a preference for relatively humid areas,
might be more affected.

With only approximately 5,600 individuals remaining (Wen et al., 2023) and a
continuing decline (IUCN, 2021), the Siberian crane is on the brink of extinction.
Our findings indicate that their habitats will face extensive loss due to global change,
further exacerbated by the encroachment of sandhill cranes (see Figs. 3 and 4).
Additionally, the Siberian crane is confronted with competition from other species such as

Table 1 Suitable habitat area under different scenarios for Siberian crane (Leucogeranus
leucogeranus) and sandhill crane (Grus canadensis) and their overlap (km2).

Current rcp26 rcp45 rcp60 rcp85

Siberian crane only 227,393 36,703 23,455 22,869 7,100

Sandhill crane only 135,423 258,784 302,834 339,538 363,719

Overlap 52,337 23,732 17,620 26,837 13,199
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the tundra swan (Cygnus columbianus) and the bean goose (Anser fabalis) for food (grass
and seeds, e.g., Arctophila fulva) and breeding grounds (Sleptcov & Vladimirtseva, 2019).
There is an overlap in the foraging behaviors of the two crane species. Siberian cranes, akin
to sandhill cranes, engage in land hunting before the ice melt, while sandhill cranes
transition to water hunting around mid-June when aquatic food sources become abundant
in wet areas (Watanabe, 2006). Sandhill cranes typically choose nesting locations without
snow cover (Watanabe, 2006). If global changes lead to earlier snowmelt, the low basins
currently frequented by Siberian cranes could potentially transform into suitable nesting
habitats for sandhill cranes. Predators like the wolverine (Gulo gulo) and the Arctic fox
(Vulpes lagopus) pose a threat by damaging Siberian crane nests and consuming eggs,
thereby diminishing their reproductive success (Sleptcov & Vladimirtseva, 2019). In the
future, the considerable habitat loss for Siberian cranes, coupled with an increasing overlap
in habitats with the other crane species, may intensify competition for nesting sites and
food resources (Fig. 3). Furthermore, the significant decrease in Siberian crane habitats
could instigate a corresponding reduction in population size, leading to a decline attributed
to inbreeding (Charlesworth & Charlesworth, 1987). This decline may manifest as
diminished survival rates and reproductive success, ultimately propelling the population
into an extinction vortex (Wright, Tregenza & Hosken, 2007).

In the past, the Siberian crane encountered a multitude of threats outside its breeding
grounds. In recent decades, numerous critical stopover sites (e.g., Songliao Plain, Yellow
River Delta) have been lost due to human overexploitation, wetland degradation,
reclamation, grazing, and poisoning (Jiang, 2016; Li, 2016) The habitat quality of wintering
grounds (e.g., Poyang Lake) has deteriorated due to various factors, including dam
construction, aquaculture, and sand excavation (Buranham et al., 2017; Li et al., 2020).
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Additionally, there has been an increase in bird mortality during migration (Klaassen et al.,
2014).

Compared with the non-breeding areas, the breeding grounds were historically
regarded as secure refuges for the species. However, in the future, the Siberian crane will
face a “double jeopardy” in breeding ground, with a negative impact of global change and
high competition with other species. Which will make the breeding grounds no longer be a
relatively safe place for this threatened species. Notably, in the context of global change, the
Anzhu Islands are poised to serve as a critical refuge for Siberian cranes. However, they will
also encounter heightened competition with Sandhill Cranes in this area. Future efforts
should focus on bolstering conservation management in this region to reduce the risk of
Siberian crane extinction.

Since the early 1990s, the population and distribution of sandhill cranes in western
Yakutia have been on the rise (Bysykatova, 2013). Over the decade spanning from 1984 to
1994, the sandhill crane population in Yakutia increased by 1.8 times (Degtyarev, 2008).
From 1995 to 2009, the number of sandhill cranes in the tundra near the Indigilka River
surged by an astounding 13.3 times (Bysykatova, 2012). Notably, between 1988 and 2008,
the breeding distribution in Yakut shifted westward by approximately 200–250 km. This
expansion in distribution is likely attributed to population growth, paralleling the pattern
observed in the eastern population,G. canadensis tabida, in the United States. For instance,
the total number of sandhill cranes in the eastern United States grew from 423 in
1965–1966 to 46,194 in 2012–2013, with their range shifting north-northwest (Lacy et al.,
2015). Furthermore, it has been speculated that long-term climate and land-use changes
played a role in altering their distribution area (Lacy et al., 2015). Our study provides
confirmation that climate and landcover changes indeed exert a significant influence on
their westward and northward expansion (Fig. 3).

Numerous studies conducted in the Arctic have demonstrated that the significant
breeding expansion of sandhill cranes in northeastern Russia has already placed
competitive pressure on Siberian cranes (Watanabe, 2006; Germogenov et al., 2015;
Rozenfeld et al., 2023). Our research has further revealed that the expanding habitat of
sandhill cranes under the influence of global change will intensify the competition between
these two crane species (Fig. 4), further escalating the risk of extinction for the Siberian
crane. Moreover, our previous study documented an increase in the distributions and
population of sandhill cranes in East Asia during the nonbreeding season, where they are
becoming regular wintering birds (Gao, Mi & Guo, 2019). During this period, sandhill
cranes coexist with five other crane species in East Asia (Gao, Mi & Guo, 2019). Recognized
as one of the most versatile species (Reinecke & Krapu, 1986) with similar foraging habits
(grains, seeds, tubers) as other crane species, they are likely to share habitats and foraging
areas with these species. Should sandhill cranes continue to expand their range due to
population growth or global change, this could significantly impact crane species that have
long inhabited Asia, particularly the threatened ones such as the Siberian crane,
red-crowned crane (Grus japonensis), hooded crane (Grus monacha), and white-naped
crane (Grus vipio).
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Previous studies focused on species vulnerability have primarily relied on the historical
and current status of species populations and distributions, often using frameworks like
the Red List. However, these assessments have faced criticism for their limited ability to
adequately account for the risks posed to species by forthcoming global changes (Thomas
et al., 2004; Bomhard et al., 2005; Keith et al., 2014). The influence of global change on
animal populations has been widely documented (Alford, Bradfield & Richards, 2007;
McMenamin, Hadly &Wright, 2008). Our study further affirms that global change exerts a
substantial impact on the range dynamics of two crane species (Fig. 4). In addition, the
advent of global change can intensify interspecies competition (Carrete et al., 2010), which
often has severe consequences for threatened species (Bardsley & Beebee, 2001).
Threatened species, characterized by low abundance and limited ranges, are particularly
vulnerable to the adverse effects of heightened competition. This increased competition
can lead to food scarcity, loss of breeding and wintering areas, and consequent reductions
in reproduction and range size (Griffis & Jaeger, 1998; Hamel et al., 2013; Frei, Nocera &
Fyles, 2015). Therefore, it is imperative that future species risk assessments and
conservation planning take into account the responses of species to ongoing global changes
and the potential impacts of interspecies competition (Hamel et al., 2013; Mi et al., 2023;
Peng et al., 2023).

CONCLUSIONS
Our research has illuminated a critical phenomenon—the convergence of global change
and interspecies competition, spelling a “double jeopardy” scenario for the critically
endangered Siberian cranes, while simultaneously fueling the expansion of sandhill cranes
in northeast Asia. This underscores the compelling need to incorporate species’ responses
to environmental transformations and interspecies dynamics into the framework of
species risk assessment and future conservation management. Furthermore, the increasing
frequency of extreme flood events in the Arctic tundra poses a heightened threat to the
reproductive success and long-term survival of cranes (Haverkamp et al., 2022).
We propose the incorporation of climate extreme conditions in species distribution
predictions. To safeguard the Siberian crane population from extinction, it is essential to
undertake continuous monitoring and management. For example, driving sandhill cranes
away from Siberian breeding areas to reduce competition, and constructing artificial nests
for Siberian cranes to counter the effects of climate change or extreme weather, as studies
have shown that such measures can enhance breeding success in other crane species
(Cheng et al., 2022).

ACKNOWLEDGEMENTS
We thank Oleksandra Oskyrko for data collection of the Siberian crane in the book
Threatened Birds of Asia. Special thanks to Zhilin Wu for providing the Siberian crane
photo. We also thank two anonymous reviewers for their valuable and constructive
feedback and suggestions.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 11/18

http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This study is supported by the Young Scientists Fund of the National Natural Science
Foundation of China (Grant No. 32300420). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Young Scientists Fund of the National Natural Science Foundation of China: 32300420.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Linqiang Gao conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

� Chunrong Mi conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data are available in the Supplemental Files.
We sourced this invaluable data from the Global Biodiversity Information Facility

(GBIF; https://www.gbif.org/) for both Siberian cranes (L. leucogeranus, GBIF.org
(12 October 2023) GBIF Occurrence Download https://doi.org/10.15468/dl.8jtx8h) and
sandhill cranes (G. canadensis, GBIF.org (12 October 2023) GBIF Occurrence Download
https://doi.org/10.15468/dl.zz7wq3). To augment our dataset, we also integrated post-1980
records for the endangered Siberian cranes obtained from the book ‘Threatened Birds of
Asia’ (https://www.iucnredlist.org/resources/theatened-birds-asia).

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17029#supplemental-information.

REFERENCES
Aiello-Lammens ME, Boria RA, Radosavljevic A, Vilela B, Anderson RP. 2015. spThin: an R

package for spatial thinning of species occurrence records for use in ecological niche models.
Ecography 38(5):541–545 DOI 10.1111/ecog.01132.

Alford RA, Bradfield KS, Richards SJ. 2007. Global warming and amphibian losses. Nature
447(7144):E3–E4 DOI 10.1038/nature05940.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 12/18

http://dx.doi.org/10.7717/peerj.17029#supplemental-information
https://www.gbif.org/
https://doi.org/10.15468/dl.8jtx8h
https://doi.org/10.15468/dl.zz7wq3
https://www.iucnredlist.org/resources/theatened-birds-asia
http://dx.doi.org/10.7717/peerj.17029#supplemental-information
http://dx.doi.org/10.7717/peerj.17029#supplemental-information
http://dx.doi.org/10.1111/ecog.01132
http://dx.doi.org/10.1038/nature05940
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


Allouche O, Tsoar A, Kadmon R. 2006. Assessing the accuracy of species distribution models:
prevalence, kappa and the true skill statistic (TSS). Journal of Applied Ecology 43(6):1223–1232
DOI 10.1111/j.1365-2664.2006.01214.x.

AMAP. 2021. Arctic climate change update 2021: key trends and impacts: summary for policy-
makers. Tromsø, Norway: AMAP.

Araújo MB, Alagador D, Cabeza M, Nogués-Bravo D, Thuiller W. 2011. Climate change
threatens European conservation areas. Ecology Letters 14(5):484–492
DOI 10.1111/j.1461-0248.2011.01610.x.

Barbet-Massin M, Jiguet F, Albert CH, Thuiller W. 2012. Selecting pseudo-absences for species
distribution models: how, where and how many?: how to use pseudo-absences in niche
modelling? Methods in Ecology and Evolution 3(2):327–338
DOI 10.1111/j.2041-210X.2011.00172.x.

Bardsley L, Beebee TJC. 2001. Strength and mechanisms of competition between common and
endangered anurans. Ecological Applications 11(2):453–463
DOI 10.1890/1051-0761(2001)011[0453:SAMOCB]2.0.CO;2.

Barnosky AD, Matzke N, Tomiya S, Wogan GOU, Swartz B, Quental TB, Marshall C,
McGuire JL, Lindsey EL, Maguire KC, Mersey B, Ferrer EA. 2011. Has the earth’s sixth mass
extinction already arrived? Nature 471(7336):51–57 DOI 10.1038/nature09678.

Bintanja R, Andry O. 2017. Towards a rain-dominated Arctic. Nature Climate Change
7(4):263–267 DOI 10.1038/nclimate3240.

Bomhard B, Richardson DM, Donaldson JS, Hughes GO, Midgley GF, Raimondo DC,
Rebelo AG, Rouget M, Thuiller W. 2005. Potential impacts of future land use and climate
change on the Red List status of the Proteaceae in the Cape Floristic Region, South Africa. Global
Change Biology 11(9):1452–1468 DOI 10.1111/j.1365-2486.2005.00997.x.

Borzée A, Andersen D, Groffen J, Kim H-T, Bae Y, Jang Y. 2019. Climate change-based models
predict range shifts in the distribution of the only Asian plethodontid salamander: Karsenia
koreana. Scientific Reports 9(1):11838 DOI 10.1038/s41598-019-48310-1.

Box JE, Colgan WT, Christensen TR, Schmidt NM, Lund M, Parmentier F-JW, Brown R,
Bhatt US, Euskirchen ES, Romanovsky VE, Walsh JE, Overland JE, Wang M, Corell RW,
Meier WN, Wouters B, Mernild S, Mård J, Pawlak J, Olsen MS. 2019. Key indicators of Arctic
climate change: 1971-2017. Environmental Research Letters 14(4):045010
DOI 10.1088/1748-9326/aafc1b.

Buranham J, Barzen J, Pidgeon AM, Sun B, Wu J, Liu G, Jiang H. 2017. Novel foraging by
wintering Siberian Cranes Leucogeranus leucogeranus at China’s Poyang Lake indicates broader
changes in the ecosystem and raises new challenges for a critically endangered species. Bird
Conservation International 27(2):204–223 DOI 10.1017/s0959270916000150.

Bysykatova I. 2012. Current status of Yakutian populations of the Siberian Crane Grus leucogeranus
(Pallas, 1773) and the Lesser Sandhill Crane Grus canadensis canadensis (Linnaeus, 1758). Ulitsa
Smolina: Buryat State University.

Bysykatova I. 2013. Distribution of the Sandhill Cranes (G. canadensis canadensis) in Northeast
Asia. In: Proceedings of 2nd International Conference “Global Warming and the Human-Nature
Dimension in Siberia: Social Adaptation to the Changes of the Terrestrial Ecosystem, with an
Emphasis on Water Environments” and the 7th Annual International Workshop “C/H2O/Energy
Balance and Climate Over Boreal and Arctic Regions with Special Emphasis on Eastern Eurasia”.
158–159.

CAFF. 2013. Arctic biodiversity assessment. Status and trends in Arctic biodiversity. Akureyri:
Conservation of Arctic Flora and Fauna.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 13/18

http://dx.doi.org/10.1111/j.1365-2664.2006.01214.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01610.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00172.x
http://dx.doi.org/10.1890/1051-0761(2001)011[0453:SAMOCB]2.0.CO;2
http://dx.doi.org/10.1038/nature09678
http://dx.doi.org/10.1038/nclimate3240
http://dx.doi.org/10.1111/j.1365-2486.2005.00997.x
http://dx.doi.org/10.1038/s41598-019-48310-1
http://dx.doi.org/10.1088/1748-9326/aafc1b
http://dx.doi.org/10.1017/s0959270916000150
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


Carlson CJ, Albery GF, Merow C, Trisos CH, Zipfel CM, Eskew EA, Olival KJ, Ross N, Bansal S.
2022. Climate change increases cross-species viral transmission risk. Nature 607(7919):555–562
DOI 10.1038/s41586-022-04788-w.

Carrete M, Lambertucci SA, Speziale K, Ceballos O, Travaini A, Delibes M, Hiraldo F,
Donázar JA. 2010. Winners and losers in human-made habitats: interspecific competition
outcomes in two Neotropical vultures: interspecific competition between Neotropical vultures.
Animal Conservation 13(4):390–398 DOI 10.1111/j.1469-1795.2010.00352.x.

Ceballos G, Ehrlich PR, Barnosky AD, García A, Pringle RM, Palmer TM. 2015. Accelerated
modern human-induced species losses: entering the sixth mass extinction. Science Advances
1(5):e1400253 DOI 10.1126/sciadv.1400253.

Charlesworth D, Charlesworth B. 1987. Inbreeding depression and its evolutionary consequences.
Annual Review of Ecology and Systematics 18(1):237–268
DOI 10.1146/annurev.es.18.110187.001321.

Chen G, Li X, Liu X. 2022. Global land projection based on plant functional types with a 1-km
resolution under socio-climatic scenarios. Scientific Data 9:125
DOI 10.1038/s41597-022-01208-6.

Cheng C, Yu F, Han X, Li Q, Guo Y. 2022. Artificial nests as a tool to maintain nest success rate of
black-necked Cranes (Grus nigricollis) at Qinghai Lake, China. The Wilson Journal of
Ornithology 133(4):623–628 DOI 10.1676/19-00093.

Davidson SC, Ruhs EC. 2021. Understanding the dynamics of Arctic animal migrations in a
changing world. Animal Migration 8(1):56–64 DOI 10.1515/ami-2020-0114.

de Andrade AFA, Velazco SJE, Júnior PDM. 2020. ENMTML: an R package for a straightforward
construction of complex ecological niche models. Environmental Modelling & Software
125(6):104615 DOI 10.1016/j.envsoft.2019.104615.

Degtyarev A. 2008.Dynamic of the distribution range and number of the sandhill crane in Yakutia.
In: lyashenko E, Kovshar A, Winte S, eds. Proceedings of the International Conference ‘Cranes of
Palearctic: Biology and Conservation’ Workshop. Russia: Rostov Region.

Drake JM, Randin C, Guisan A. 2006.Modelling ecological niches with support vector machines.
Journal of Applied Ecology 43(3):424–432 DOI 10.1111/j.1365-2664.2006.01141.x.

Elith J, Graham CH, Anderson RP, Dudík M, Ferrier S, Guisan A, Hijmans RJ, Huettmann F,
Leathwick JR, Lehmann A, Li J, Lohmann LG, Loiselle BA, Manion G, Moritz C,
Nakamura M, Nakazawa Y, Overton JMCCM, Peterson AT, Phillips SJ, Richardson K,
Scachetti-Pereira R, Schapire RE, Soberón J, Williams S, Wisz MS, Zimmermann NE. 2006.
Novel methods improve prediction of species’ distributions from occurrence data. Ecography
29(2):129–151 DOI 10.1111/j.2006.0906-7590.04596.x.

Elith J, Leathwick JR. 2009. Species distribution models: ecological explanation and prediction
across space and time. Annual Review of Ecology, Evolution, and Systematics 40(1):677–697
DOI 10.1146/annurev.ecolsys.110308.120159.

Frei B, Nocera JJ, Fyles JW. 2015. Interspecific competition and nest survival of the threatened
red-headed woodpecker. Journal of Ornithology 156(3):743–753
DOI 10.1007/s10336-015-1177-6.

Gallardo B, Aldridge DC, González-Moreno P, Pergl J, Pizarro M, Pyšek P, Thuiller W,
Yesson C, Vilà M. 2017. Protected areas offer refuge from invasive species spreading under
climate change. Global Change Biology 23(12):5331–5343 DOI 10.1111/gcb.13798.

Gao L, Mi C, Guo Y. 2019. Expansion of sandhill cranes (Grus canadensis) in east Asia during the
non-breeding period. PeerJ 7(1):e7545 DOI 10.7717/peerj.7545.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 14/18

http://dx.doi.org/10.1038/s41586-022-04788-w
http://dx.doi.org/10.1111/j.1469-1795.2010.00352.x
http://dx.doi.org/10.1126/sciadv.1400253
http://dx.doi.org/10.1146/annurev.es.18.110187.001321
http://dx.doi.org/10.1038/s41597-022-01208-6
http://dx.doi.org/10.1676/19-00093
http://dx.doi.org/10.1515/ami-2020-0114
http://dx.doi.org/10.1016/j.envsoft.2019.104615
http://dx.doi.org/10.1111/j.1365-2664.2006.01141.x
http://dx.doi.org/10.1111/j.2006.0906-7590.04596.x
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120159
http://dx.doi.org/10.1007/s10336-015-1177-6
http://dx.doi.org/10.1111/gcb.13798
http://dx.doi.org/10.7717/peerj.7545
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


Germogenov N, Sleptsov S, Bysykatova I, Vladimirtseva M. 2015. Potential threats of eastern
population of the Siberian crane in breeding area in Yakutia. In: B P., ed. Proceedings of the IV
International Scientific Conference ‘Cranes of Palearctic: Biology, Conservation, Management’
Workshop. Russia: Daursky State Nature Biosphere Reserve, Zabaikalsky Krai, 431–439.

Gilg O, Kovacs KM, Aars J, Fort J, Gauthier G, Grémillet D, Ims RA, Meltofte H, Moreau J,
Post E, Schmidt NM, Yannic G, Bollache L. 2012. Climate change and the ecology and
evolution of Arctic vertebrates. Annals of the New York Academy of Sciences 1249(1):166–190
DOI 10.1111/j.1749-6632.2011.06412.x.

Graham CH, Elith J, Hijmans RJ, Guisan A, Townsend Peterson A, Loiselle BA, Group
TNPSDW. 2008. The influence of spatial errors in species occurrence data used in distribution
models. Journal of Applied Ecology 45(1):239–247 DOI 10.1111/j.1365-2664.2007.01408.x.

Griffis MR, Jaeger RG. 1998. Competition leads to an extinction-prone species of salamander:
interspecific territoriality in a metapopulation. Ecology 79:2494–2502
DOI 10.1890/0012-9658(1998)079[2494:cltaep]2.0.co;2.

Guisan A, Tingley R, Baumgartner JB, Naujokaitis-Lewis I, Sutcliffe PR, Tulloch AIT,
Regan TJ, Brotons L, Mcdonald-Madden E, Mantyka-Pringle C. 2013. Predicting species
distributions for conservation decisions. Ecology Letters 16:1424–1435 DOI 10.1111/ele.12189.

Hamel S, Killengreen ST, Henden J-A, Yoccoz NG, Ims RA. 2013. Disentangling the importance
of interspecific competition, food availability, and habitat in species occupancy: recolonization of
the endangered Fennoscandian arctic fox. Biological Conservation 160:114–120
DOI 10.1016/j.biocon.2013.01.011.

Harley CDG. 2011. Climate change, keystone predation, and biodiversity loss. Science
334(6059):1124–1127 DOI 10.1126/science.1210199.

Harris J, Mirande C. 2013. A global overview of cranes: status, threats and conservation priorities.
Chinese Birds 4(3):189–209 DOI 10.5122/cbirds.2013.0025.

Haverkamp PJ, Bysykatova-Harmey I, Germogenov N, Schaepman-Strub G. 2022. Increasing
Arctic Tundra flooding threatens wildlife habitat and survival: impacts on the critically
endangered siberian crane (Grus leucogeranus). Frontiers in Conservation Science 3:799998
DOI 10.3389/fcosc.2022.799998.

Hole DG, Willis SG, Pain DJ, Fishpool LD, Butchart SHM, Collingham YC, Rahbek C,
Huntley B. 2009. Projected impacts of climate change on a continent-wide protected area
network. Ecology Letters 12(5):420–431 DOI 10.1111/j.1461-0248.2009.01297.x.

Huang Z, Che C, Tan H, Bi Z, Liu W, Zhang X, Zhang S, Li D. 2018. Investigation on the diversity
and population of waterbird in the Yellow River Delta nature reserve. Shandong, China:
Shandong Forestry Science and Technology, 41–45.

Humphries GRW, Huettmann F. 2014. Putting models to a good use: a rapid assessment of Arctic
seabird biodiversity indicates potential conflicts with shipping lanes and human activity.
Diversity and Distributions 20(4):478–490 DOI 10.1111/ddi.12177.

IUCN. 2021. The IUCN red list of threatened species. Available at http://www.iucnredlist.org/
(accessed 25 March 2021).

Jiang H. 2016. Study on the conservation and restoration of the habitat for migratory Siberian crane
(Scirpus planiculmis) eastern population in Momoge National Nature Reserve, China.
Changchun: Northeast Normal University.

Johnsgard PA. 1983. Cranes of the world. Bloomington, Indiana: Indiana University Press.

Kane DL, Hinzman LD, Gieck RE, McNamara JP, Youcha EK, Oatley JA. 2008. Contrasting
extreme runoff events in areas of continuous permafrost, Arctic Alaska. Hydrology Research
39(4):287–298 DOI 10.2166/nh.2008.005.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 15/18

http://dx.doi.org/10.1111/j.1749-6632.2011.06412.x
http://dx.doi.org/10.1111/j.1365-2664.2007.01408.x
http://dx.doi.org/10.1890/0012-9658(1998)079[2494:cltaep]2.0.co;2
http://dx.doi.org/10.1111/ele.12189
http://dx.doi.org/10.1016/j.biocon.2013.01.011
http://dx.doi.org/10.1126/science.1210199
http://dx.doi.org/10.5122/cbirds.2013.0025
http://dx.doi.org/10.3389/fcosc.2022.799998
http://dx.doi.org/10.1111/j.1461-0248.2009.01297.x
http://dx.doi.org/10.1111/ddi.12177
http://www.iucnredlist.org/
http://dx.doi.org/10.2166/nh.2008.005
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


Keith DA, Mahony M, Hines H, Elith J, Regan TJ, Baumgartner JB, Hunter D, Heard GW,
Mitchell NJ, Parris KM, Penman T, Scheele BEN, Simpson CC, Tingley R, Tracy CR,
West M, AkÇAkaya HR. 2014. Detecting extinction risk from climate change by IUCN red list
criteria. Conservation Biology 28(3):810–819 DOI 10.1111/cobi.12234.

Klaassen RH, Hake M, Strandberg R, Koks BJ, Trierweiler C, Exo KM, Bairlein F, Alerstam T.
2014.When and where does mortality occur in migratory birds? Direct evidence from long-term
satellite tracking of raptors. Journal of Animal Ecology 83(1):176–184
DOI 10.1111/1365-2656.12135.

Kubelka V, Sandercock BK, Székely T, Freckleton RP. 2022. Animal migration to northern
latitudes: environmental changes and increasing threats. Trends in Ecology & Evolution
37(1):30–41 DOI 10.1016/j.tree.2021.08.010.

Lacy AE, Barzen JA, Moore DM, Norris KE. 2015. Changes in the number and distribution of
greater Sandhill cranes in the eastern population: number and distribution of eastern Sandhill
cranes. Journal of Field Ornithology 86(4):317–325 DOI 10.1111/jofo.12124.

Li X. 2016. Analysis of migration route and stopover sites of Siberian crane (Grus leucogranus) by
satellite tracking. Beijing, China: Chinese Academy of Forestry.

Li Y, Zhong Y, Shao R, Yan C, Jin J, Shan J, Li F, Ji W, Bin L, Zhang X, Cao K, Shen J. 2020.
Modified hydrological regime from the three gorges dam increases the risk of food shortages for
wintering waterbirds in Poyang Lake. Global Ecology and Conservation 24(3):e01286
DOI 10.1016/j.gecco.2020.e01286.

McCrystall MR, Stroeve J, Serreze M, Forbes BC, Screen JA. 2021. New climate models reveal
faster and larger increases in Arctic precipitation than previously projected. Nature
Communications 12(1):6765 DOI 10.1038/s41467-021-27031-y.

McMenamin SK, Hadly EA, Wright CK. 2008. Climatic change and wetland desiccation cause
amphibian decline in Yellowstone National Park. Proceedings of the National Academy of
Sciences 105(44):16988–16993 DOI 10.1073/pnas.0809090105.

McPherson J, Jetz W, Rogers DJ. 2004. The effects of species’ range sizes on the accuracy of
distribution models: ecological phenomenon or statistical artefact? Journal of applied Ecology
41(5):811–823 DOI 10.1111/j.0021-8901.2004.00943.x.

Meine C, Archibald G. 1996. The cranes: status survey and conservation action plan. Gland: IUCN.

Mi C, Guo Y, Huettmann F, Han X. 2017a. Species distribution model sampling contributes to the
identification of target species: take black-necked crane and hooded crane as two cases the
modelbased sampling approach could help to reduce areas to be investigated and it can find
target species more effectively re. cost and effort. Acta Ecologica Sinica 37(13):4476–4482.

Mi C, Huettmann F, Guo Y. 2016. Climate envelope predictions indicate an enlarged suitable
wintering distribution for Great Bustards (Otis tarda dybowskii) in China for the 21st century.
PeerJ 4(2):e1630 DOI 10.7717/peerj.1630.

Mi C, Huettmann F, Guo Y, Han X, Wen L. 2017b. Why choose random forest to predict rare
species distribution with few samples in large undersampled areas? Three Asian crane species
models provide supporting evidence. PeerJ 5(6):e2849 DOI 10.7717/peerj.2849.

Mi C, Huettmann F, Li X, Jiang Z, Du W, Sun B. 2022. Effects of climate and human activity on
the current distribution of amphibians in China. Conservation Biology 36(6):e13964
DOI 10.1111/cobi.13964.

Mi C, Ma L, Yang M, Li X, Meiri S, Roll U, Oskyrko O, Pincheira-Donoso D, Harvey LP,
Jablonski D, Safaei-Mahroo B, Ghaffari H, Smid J, Jarvie S, Kimani RM, Masroor R,
Kazemi SM, Nneji LM, Fokoua AMT, Taboue GCT, Bauer A, Nogueira C, Meirte D,
Chapple DG, Das I, Grismer L, Avila LJ, Júnior MAR, Tallowin OJS, Torres-Carvajal O,

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 16/18

http://dx.doi.org/10.1111/cobi.12234
http://dx.doi.org/10.1111/1365-2656.12135
http://dx.doi.org/10.1016/j.tree.2021.08.010
http://dx.doi.org/10.1111/jofo.12124
http://dx.doi.org/10.1016/j.gecco.2020.e01286
http://dx.doi.org/10.1038/s41467-021-27031-y
http://dx.doi.org/10.1073/pnas.0809090105
http://dx.doi.org/10.1111/j.0021-8901.2004.00943.x
http://dx.doi.org/10.7717/peerj.1630
http://dx.doi.org/10.7717/peerj.2849
http://dx.doi.org/10.1111/cobi.13964
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


Wagner P, Ron SR, Wang Y, Itescu Y, Nagy ZT, Wilcove DS, Liu X, Du W. 2023. Global
protected areas as refuges for amphibians and reptiles under climate change. Nature
Communications 14(1):1389 DOI 10.1038/s41467-023-36987-y.

Naimi B, Araújo MB. 2016. sdm: a reproducible and extensible R platform for species distribution
modelling. Ecography 39(4):368–375 DOI 10.1111/ecog.01881.

Newbold T, Oppenheimer P, Etard A,Williams JJ. 2020. Tropical and mediterranean biodiversity
is disproportionately sensitive to land-use and climate change. Nature Ecology & Evolution
4(12):1630–1638 DOI 10.1038/s41559-020-01303-0.

Parry M, Parry ML, Canziani O, Palutikof J, der Linden PV, Hanson C. 2007. Climate change
2007-impacts, adaptation and vulnerability: working group II contribution to the fourth
assessment report of the IPCC. Cambridge, England: Cambridge University Press.

Peng S, Shrestha N, Luo Y, Li Y, Cai H, Qin H, Ma K,Wang Z. 2023. Incorporating global change
reveals extinction risk beyond the current red list. Current Biology 33(17):3669–3678.e4
DOI 10.1016/j.cub.2023.07.047.

Pimm SL, Jenkins CN, Abell R, Brooks TM, Gittleman JL, Joppa LN, Raven PH, Roberts CM,
Sexton JO. 2014. The biodiversity of species and their rates of extinction, distribution, and
protection. Science 344(6187):1246752 DOI 10.1126/science.1246752.

Reinecke KJ, Krapu GL. 1986. Feeding ecology of sandhill cranes during spring migration in
Nebraska. The Journal of Wildlife Management 50(1):71–79 DOI 10.2307/3801490.

Riquelme C, Estay SA, López R, Pastore H, Soto-Gamboa M, Corti P. 2018. Protected areas’
effectiveness under climate change: a latitudinal distribution projection of an endangered
mountain ungulate along the andes range. PeerJ 6(6):e5222 DOI 10.7717/peerj.5222.

Rozenfeld S, Bysykatova-Harmey I, Barykina D, Kirtaev G, Solovyeva D. 2023.Modern rends in
the populations of the Siberian crane (Grus leucogeranus) and the sandhill crane (Grus
canadensis) (Gruidae, Gruiformes) in the tundra of Yakutia and Chukotka, based on aerial
surveys. Biology Bulletin 50:1977–1989 DOI 10.1134/s106235902308023x.

Shan J, Ma J, Li Y, Qian F, Tu X. 2012. Population and distribution of the Siberian crane (Grus
leucogeranus) wintering in the Poyang lakes over the past decade. Zoological Research
33(4):355–361 DOI 10.3724/sp.j.1141.2012.04355.

Sleptcov S, Vladimirtseva M. 2019. Siberian crane (Grus leucogeranus) breeding ground
encounters danger. Man and the Biosphere (120):24–25 (In Chinese).

Smith AM, Capinha C, Kramer AM. 2022. Predicting species distributions with environmental
time series data and deep learning. bioRxiv DOI 10.1101/2022.10.26.513922.

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, Collingham YC, Erasmus BFN,
de Siqueira MF, Grainger A, Hannah L, Hughes L, Huntley B, van Jaarsveld AS, Midgley GF,
Miles L, Ortega-Huerta MA, Townsend Peterson A, Phillips OL, Williams SE. 2004.
Extinction risk from climate change. Nature 427(6970):145–148 DOI 10.1038/nature02121.

Thuiller W. 2003. BIOMOD-optimizing predictions of species distributions and projecting
potential future shifts under global change. Global Change Biology 9(10):1353–1362
DOI 10.1046/j.1365-2486.2003.00666.x.

Thuiller W, Lafourcade B, Engler R, Araújo MB. 2009. BIOMOD—a platform for ensemble
forecasting of species distributions. Ecography 32(3):369–373
DOI 10.1111/j.1600-0587.2008.05742.x.

Tikhonov G, Abrego N, Dunson D, Ovaskainen O, Warton D. 2017. Using joint species
distribution models for evaluating how species-to-species associations depend on the
environmental context. Methods in Ecology & Evolution 8(4):443–452
DOI 10.1111/2041-210X.12723.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 17/18

http://dx.doi.org/10.1038/s41467-023-36987-y
http://dx.doi.org/10.1111/ecog.01881
http://dx.doi.org/10.1038/s41559-020-01303-0
http://dx.doi.org/10.1016/j.cub.2023.07.047
http://dx.doi.org/10.1126/science.1246752
http://dx.doi.org/10.2307/3801490
http://dx.doi.org/10.7717/peerj.5222
http://dx.doi.org/10.1134/s106235902308023x
http://dx.doi.org/10.3724/sp.j.1141.2012.04355
http://dx.doi.org/10.1101/2022.10.26.513922
http://dx.doi.org/10.1038/nature02121
http://dx.doi.org/10.1046/j.1365-2486.2003.00666.x
http://dx.doi.org/10.1111/j.1600-0587.2008.05742.x
http://dx.doi.org/10.1111/2041-210X.12723
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/


Velásquez-Tibatá J, Salaman P, Graham CH. 2013. Effects of climate change on species
distribution, community structure, and conservation of birds in protected areas in Colombia.
Regional Environmental Change 13(2):235–248 DOI 10.1007/s10113-012-0329-y.

Walkinshaw LH. 1949. The sandhill cranes. USA: Cranbrook Institute of Science.

Wang B, Liu DL, O’Leary GJ, Asseng S, Macadam I, Lines-Kelly R, Yang X, Clark A, Crean J,
Sides T, Xing H, Mi C, Yu Q. 2017. Australian wheat production expected to decrease by the
late 21st century. Global Change Biology 24(6):2403–2415 DOI 10.1111/gcb.14034.

Warren DL, Matzke NJ, Iglesias TL. 2020. Evaluating presence-only species distribution models
with discrimination accuracy is uninformative for many applications. Journal of Biogeography
47(1):167–180 DOI 10.1111/jbi.13705.

Watanabe T. 2006. Comparative breeding ecology of lesser sandhill cranes (Grus canadensis
canadensis) and Siberian cranes (G. leucogeranus) in eastern Siberia. College Station: Texas
A&M University.

Wen L, Wang L, Ding H, Li J, Guo Y. 2023. Using unmanned aerial vehicle for a population and
wintering distribution survey of Siberian crane (leucogeranus leucogeranus). Acta Ecologica
Sinica 43(18):7693–7700 DOI 10.20103/j.stxb.202205041234.

Wisz MS, Pottier J, Kissling WD, Pellissier L, Lenoir J, Damgaard CF, Dormann CF,
Forchhammer MC, Grytnes J, Guisan A, Heikkinen RK, Høye TT, Kühn I, Luoto M,
Maiorano L, Nilsson M, Normand S, Öckinger E, Schmidt NM, Termansen M,
Timmermann A, Wardle DA, Aastrup P, Svenning J. 2013. The role of biotic interactions in
shaping distributions and realised assemblages of species: implications for species distribution
modelling. Biological Reviews 88(1):15–30 DOI 10.1111/j.1469-185X.2012.00235.x.

Wright LI, Tregenza T, Hosken DJ. 2007. Inbreeding, inbreeding depression and extinction.
Conservation Genetics 9(4):833–843 DOI 10.1007/s10592-007-9405-0.

Ye X, Wu Q, Li X, Zhao X. 2022. Incorporating interspecific relationships into species distribution
models can better assess the response of species to climate change, a case study of two Chinese
primates. Ecological Indicators 142(4):109255 DOI 10.1016/j.ecolind.2022.109255.

Zhou F, Ding W, Wang Z. 1981. A large flock of white cranes (Grus leucogeranus) wintering in
China. Acta Zoologica Sinica 27(2):179.

Zizka A, Silvestro D, Andermann T, Azevedo J, Ritter CD, Edler D, Farooq H, Herdean A,
Ariza M, Scharn R, Svantesson S, Wengström N, Zizka V, Antonelli A. 2019.
CoordinateCleaner: standardized cleaning of occurrence records from biological collection
databases. Methods in Ecology and Evolution 10(5):744–751 DOI 10.1111/2041-210x.13152.

Gao and Mi (2024), PeerJ, DOI 10.7717/peerj.17029 18/18

http://dx.doi.org/10.1007/s10113-012-0329-y
http://dx.doi.org/10.1111/gcb.14034
http://dx.doi.org/10.1111/jbi.13705
http://dx.doi.org/10.20103/j.stxb.202205041234
http://dx.doi.org/10.1111/j.1469-185X.2012.00235.x
http://dx.doi.org/10.1007/s10592-007-9405-0
http://dx.doi.org/10.1016/j.ecolind.2022.109255
http://dx.doi.org/10.1111/2041-210x.13152
http://dx.doi.org/10.7717/peerj.17029
https://peerj.com/

	Double jeopardy: global change and interspecies competition threaten Siberian cranes
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


