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Abstract: Habitat suitability assessment is critical for wildlife population conservation and manage-
ment planning. The MaxEnt model is widely used in species habitat suitability modeling. In order to
investigate the habitat status of the black-necked crane in the Zoige grassland wetland ecological
function area, this study evaluated the habitat suitability of the black-necked crane using the MaxEnt
model with 152 occurrence records and 13 environmental variables. Based on the Akaike information
criterion corrected for the small sample size, the best optimal parameter combination (feature class
LQPHT, regularization multiplier 3.0) was selected. The results show that the Maxent model had
good accuracy with an area under the curve (AUC) value of 0.895. Distance to roads, average summer
precipitation, distance to lakes, and altitude are the dominant environmental variables affecting the
potential distribution of black-necked cranes, with the contribution rates of 31.6%, 29.8%, 14.3%,
and 8.2%, respectively. The suitable habitat area of black-necked cranes is mainly distributed in and
around the Zoige Wetland National Nature Reserve, accounting for 46.49% of the Zoige Grassland
Wetland National Key Ecological Function Zone. The potential distribution area has a tendency to
spread to Hongyuan County in the south of the functional zone, and the unsuitable habitat is mainly
distributed in the high-altitude area in the southwest of the functional zone. This study recommends
focusing on the distribution area of black-necked cranes around Zoige Wetland National Nature
Reserve and Hongyuan County to improve conservation strategies and strengthen protection efforts.

Keywords: Zoige grassland wetland; black-necked crane; species distribution model; MaxEnt; habitat
suitability assessment; model optimization

1. Introduction

Biodiversity refers to the diversity of all living things on earth and is the basis for
human survival and development. Furthermore, biodiversity conservation can enhance
human well-being. Habitat loss and fragmentation are the major cause of biodiversity
loss [1]. Habitats, as places where species can live and reproduce, can provide for individu-
als, populations, and communities to complete their cycle. Habitat suitability assessment
is a critical component of species conservation research and an important indication of
habitat quality [2,3]. The assessment of the habitat suitability of wildlife has become a
hot issue in the study of the changes in the global species spatial pattern [4–7]. Therefore,
understanding the habitat conditions of the studied species, that is, exploring and analyzing
the environmental variables affecting the distribution of species and identifying potential
geographic distribution areas, is required in order to provide scientific theories for effective
species conservation and protected area management planning [8].
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Species distribution models are important tools for studying the habitat suitability
of species, identifying potential species distribution areas, revealing possible influencing
factors, and providing an important scientific basis for biodiversity conservation [9,10].
Currently, there is extensive scientific literature on species distribution models [11]. Based
on whether species occurrence records are necessary when the model is created, habitat
suitability models are classified into three categories: mechanistic models, statistical models,
and niche models [7,10,12–14]. The commonly used model are ecological niche factor
analysis (ENFA) [15], random forest (RF) [16], Maximum Entropy Models (MaxEnt) [9,17],
generalized linear model (GLM) [18], generalized additive model (GAM) [18], and artificial
neural networks (ANN) [19]. Among them, the MaxEnt model relies on species occurrence
records and environmental variables and has broad applicability, allowing for less bias
and more accurate results [20–22]. At the same time, it can still obtain better results
when compared with other species distribution models and is widely used to assess the
distribution of wildlife habitats [17,23].

The black-necked crane (Grus nigricollis) is listed as a national I-class protected animal
by China and a near-threatened species (NT) by the International Union for Conservation
of Nature [24,25]. Only black-necked cranes inhabit the plateau, which is mainly found on
the Qinghai–Tibet Plateau and the Yunnan–Guizhou Plateau. So far, the total number of
black-necked cranes around the globe has reached 10,000–10,200 [26]. The majority of the
black-necked cranes overwinter in the low-altitude areas of the Qinghai–Tibet Plateau, the
Yunnan–Guizhou Plateau, Bhutan, and southern Tibet, and breed in the Zoige wetland at
the northeastern end of the Qinghai–Tibet Plateau [26]. With around 2600 black-necked
cranes [27], the Zoige Wetland is the largest swamp wetland on the Eastern Tibetan Plateau
and one of the most important nesting places for them [28]. The Zoige Wetland National
Nature Reserve was established to protect local biodiversity, while the Zoige Grassland
Wetland Ecological Function Zone was established to provide regional ecological security.
Although the black-necked crane population is increasing, it is also threatened by the
reduction in wetland area during the 21st century, as melting glaciers and permafrost
degradation caused by local economic development, as well as future global climate
change, may negatively affect shallow wetlands [29,30].

Researchers conducted surveys on the population abundance, distribution [31–33],
and migration patterns of black-necked cranes [34,35]. In terms of the behavioral ecology of
black-necked cranes, the feeding time during the overwintering period is mainly regulated
by humidity indirectly [36,37], and the breeding season is mainly distributed in meadows
and marsh meadows [38]. The study of Kong et al. suggested that the impact of predator
threat and human disturbance on black-necked cranes should be considered in future
tourism management, and a safe distance should be planned reasonably [39]. Human
disturbance, food, and water conditions are the key environmental variables impacting
the habitat quality of black-necked cranes in the Napa Sea wetland [40], according to
studies on their habitat choices. Furthermore, land-use change influences the feeding
and nocturnal habitat selection of black-necked cranes [41], and precipitation is another
key factor impacting their habitat [42]. The black-necked cranes distributed in the Zoige
Wetland are mainly influenced by altitude and autumn climate [43]. The distance from
the cultivated land, the distance from the water, and the dominant vegetation are the
main environmental factors affecting the distribution of black-necked cranes in the Caohai
National Nature Reserve, Guizhou, China [44].

Previous studies have mostly focused on the migration routes, population changes,
behavioral ecology, and habitat quality of black-necked cranes. At the spatial scale, the
focus has been on the global distribution of black-necked cranes, especially in China, but
most studies at the regional level have focused on the distribution, influencing factors, and
the conservation status of the wintering areas in Yunnan and Guizhou, with insufficient
attention to the breeding sites in Zoige, Sichuan [31–44]. The Zoige Wetland is the largest
breeding place for black-necked cranes, and it is a key element of their life cycle. To
conserve species and ecosystems, nature reserves are defined and zoned. Therefore, further
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research on the distribution and habitat of black-necked cranes in breeding grounds is
needed to narrow the gap with actual local conservation actions. Thus, in this study, we
selected the Zoige Grassland Wetland Ecological Function Area, which is located in the core
area of the Zoige wetland. The optimized maximum entropy model was used to predict the
distribution of the black-necked cranes, analyze the main environmental factors affecting
the distribution of black-necked cranes and their habitat distribution characteristics, and
provide a scientific basis for the formulation of future measures for the efficient conservation
and management of black-necked cranes.

2. Materials and Methods
2.1. Study Area

Zoige Grassland Wetland National Key Ecological Function Areas (Figure 1) (31◦51′—
34◦18′ N, 101◦6′—103◦38′ N), located in the center of the Zoige Wetland, the largest marsh
wetland on the Qinghai–Tibet Plateau, is an important part of the conservation land system
of the Qinghai–Tibet Plateau. Meanwhile, the area is one of the world’s most important
alpine marsh wetlands, with a unique role in global climate change and regional ecological
security [28,45]. There are about 2600 black-necked cranes in the entire Zoige wetland,
which has the largest breeding population of black-necked cranes in the world. The re-
gion’s unique geological, climatic, and hydrological natural conditions provide a favorable
environment for black-necked crane survival and reproduction. The functional zone is at
an altitude of 2442–4921 m, including Aba County, Zoige County, and Hongyuan County,
with a total area of about 28,500 km2. It is located in the watershed of the Yellow River and
Yangtze River system, with abundant wetland peat resources, which play an important role
in water conservation, hydrological regulation, and biodiversity maintenance of the Yellow
River basin [27]. The National Main Functional Zone Plan, which defined 25 national
key ecological functional zones, was promulgated and implemented in China in 2010 [46].
Among them, the Zoige Grassland Wetland National Key Ecological Function Zone is an
important water conservation type zone in China, serving as a demonstration environment
for people living in harmony with nature. The Zoige Wetland has an annual average
temperature of 0.7–1.1 ◦C, with January temperatures of −10.5–7.9 ◦C, July temperatures
of 10.9–11.4 ◦C, and annual average precipitation of 650–750 mm [47]. The Zoige wetland
primarily protects rare wild species such as black-necked cranes, white storks (Ciconia
ciconia), and the plateau swamp wetland habitat [48].

Figure 1. The presence data of black-necked crane.
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2.2. Collection and Processing of Sample Data

Species distribution data were obtained from the published literature [49], field survey
sites provided by Li et al. [50], and downloaded from the Global Species Diversity Informa-
tion Database (http://www.gbif.org, accessed on 1 April 2022) and China Citizen Science
Platform (http://www.birdreport.cn, accessed on 5 March 2022) [51,52], with record sites
prior to 2010 removed. To eliminate duplicate, geographically and temporally unclear
black-necked crane occurrence records and prevent covariance in environmental variables
from affecting the model’s accuracy, the SDM Toolbox was used, the GIS toolkit operating
based on Python, version 2.5, developed by the Brown Lab et al., in Durham, America.
Spatial filtering using the tool to ensure that only one point per grid (1 km × 1 km) was
retained, resulting in 152 occurrence records (Figure 1, Table S1).

2.3. Screening and Determination of Environment Variables

Wildlife habitats must have the ability to provide their habitat, water, and food, so
the distribution of wildlife is subject to a combination of climatic factors and human
activities. Based on the principles of habitat suitability evaluation, combined with the
previous studies analyzed above, the characteristics of the study area and the behavioral
and ecological characteristics of black-necked cranes [36–38,40–44], the paper identified
four major categories of factors related to the distribution of suitable habitats for black-
necked cranes: climatic conditions, geomorphic types, foraging conditions, and human
activities. First of all, in terms of climatic conditions, black-necked cranes return from
migration in March and prefer to nest and breed near wetland marshes or in the center of
shallow lakes, followed by a vital period of growth and development from June to August.
The spring and summer precipitation resources are sufficient for vegetation growth as well
as fish and shrimp spawning, which provides abundant food for the black-necked cranes.
Considering the changes in behavioral habits of black-necked cranes in different seasons,
factors such as average temperature and average precipitation from 2015 to 2020 were
selected (bio1–bio10). The data were obtained from the Chinese 1 km resolution monthly
precipitation dataset (1901–2020) of the National Tibetan Plateau Science Data Center [53].
Secondly, the geomorphic types (bio11–bio13) include elevation, slope, and aspect, and
the data were downloaded from the Resource and Environment Science and Data Center
(https://www.resdc.cn/, accessed on 4 March 2022). Thirdly, the foraging conditions
(bio14–bio15, bio19) included the normalized difference vegetation index (NDVI), distance
to rivers, and distance to lakes. The former data were obtained from the 2015–2020 NASA
MODIS product data MODIS09A1 (http://ladsweb.nascom.nasa.gov/, accessed on 3 June
2021), and the latter two data were obtained from the China National Catalogue Service
For Geographic Information (http://www.webmap.cn/, accessed on 22 January 2022).
Finally, human activities (bio16–bio18) include the distance from roads, the distance from
settlements, and land-use types. The first two data come from the National Geographic
Information Resource Catalog Service System (http://www.webmap.cn/, accessed on
22 January 2022), and the latter data come from the Satellite Environment Application
Center of the Ministry of Ecology and Environment of China. The environment variable
details and sources are in Table 1.

Table 1. Variables used for modeling.

Code Environmental Variable Source

Bio1 Average spring precipitation
Bio2 Average summer precipitation
Bio3 Average autumn precipitation
Bio4 Average winter precipitation
Bio5 Average precipitation
Bio6 Average spring temperature
Bio7 Average summer temperature
Bio8 Average autumn temperature

http://www.gbif.org
http://www.birdreport.cn
https://www.resdc.cn/
http://ladsweb.nascom.nasa.gov/
http://www.webmap.cn/
http://www.webmap.cn/
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Table 1. Cont.

Code Environmental Variable Source

Bio9 Average winter temperature

Bio10 Average temperature http://data.tpdc.ac.cn/, accessed on
2 March 2022 (Bio1-Bio10)

Bio11 Aspect (◦)
Bio12 Altitude (m)

Bio13 Slope (◦) https://www.resdc.cn/, accessed on
4 March 2022 (Bio11-Bio13)

Bio14 Distance to lakes (m)
Bio15 Distance to rivers (m)
Bio16 Distance to roads (m)

Bio17 Distance to settlements (m) http://www.webmap.cn/, accessed on
22 January 2022 (Bio14-Bio17)

Bio18 Land use http://www.secmep.cn/, accessed on
11 August 2021

Bio19 Normalized difference
vegetation index

http://ladsweb.nascom.nasa.gov/, accessed on
3 June 2021

Applying all of the environmental factors to the model modeling would result in
overfitting due to the possible correlation between them. Therefore, the study used the
ENMTools, version 1.0.6, developed by Warren et al., an R package for correlation analysis
of each environmental factor, which does not depend on the distribution data and is able
to obtain reliable results [54]. Figure 2 shows the environmental factor correlation heat
map after processing the correlation plot with the corrplot, an R package, version 0.92,
developed by Wei et al.; the minor environmental variables with |R| ≥ 0.9 between the
two environmental factors were excluded. Finally, the Jackknife method was used to
screen again to remove the environmental factors with zero contribution rate, and only
13 environmental factors (bio1–bio4, bio10–bio16, bio18–bio19) were retained.

Diversity 2022, 14, 579 5 of 14 
 

 

Bio8 Average autumn temperature  
Bio9 Average winter temperature  

Bio10 Average temperature 
http://data.tpdc.ac.cn/, accessed on 2 March 2022 

(Bio1-Bio10) 
Bio11 Aspect (°)  
Bio12 Altitude (m)  

Bio13 Slope (°) 
https://www.resdc.cn/, accessed on 4 March 2022 

(Bio11-Bio13) 
Bio14 Distance to lakes (m)  
Bio15 Distance to rivers (m)  
Bio16 Distance to roads (m)  

Bio17 Distance to settlements (m) 
http://www.webmap.cn/, accessed on 22 January 

2022 (Bio14-Bio17) 
Bio18 Land use http://www.secmep.cn/, accessed on 11 August 2021 

Bio19 Normalized difference vegetation index 
http://ladsweb.nascom.nasa.gov/, accessed on 3 June 

2021  

Applying all of the environmental factors to the model modeling would result in 
overfitting due to the possible correlation between them. Therefore, the study used the 
ENMTools, version 1.0.6, developed by Warren et al., an R package for correlation analysis 
of each environmental factor, which does not depend on the distribution data and is able to 
obtain reliable results [54]. Figure 2 shows the environmental factor correlation heat map 
after processing the correlation plot with the corrplot, an R package, version 0.92, devel-
oped by Wei et al.; the minor environmental variables with |R| ≥ 0.9 between the two 
environmental factors were excluded. Finally, the Jackknife method was used to screen 
again to remove the environmental factors with zero contribution rate, and only 13 envi-
ronmental factors (bio1–bio4, bio10–bio16, bio18–bio19) were retained. 

 
Figure 2. Heat map for correlation analysis of environmental factors. The darker the blue and red 
circles, the greater the correlation between the two environmental factors. 
Figure 2. Heat map for correlation analysis of environmental factors. The darker the blue and red
circles, the greater the correlation between the two environmental factors.

http://data.tpdc.ac.cn/
https://www.resdc.cn/
http://www.webmap.cn/
http://www.secmep.cn/
http://ladsweb.nascom.nasa.gov/


Diversity 2022, 14, 579 6 of 14

2.4. MaxEnt Model Optimization and Selection

The MaxEnt model has strong applicability and can use the area enclosed by the
receiver operating characteristic curve (ROC) and the abscissa, that is, the AUC value, to
evaluate the model prediction accuracy [9,20–22]. Moreover, the MaxEnt model’s predic-
tions based on default parameters are conservative, and the complexity of MaxEnt can be
changed by altering the model parameter settings to predict the potential distribution of
species more reasonably [7,55]. The study utilized the Enmeval, version 2.0.3, developed
by Muscarella et al., an R package in R (v4.0.5) to optimize the MaxEnt model [56], which
contains feature combination (FC) and regularization multiplier (RM). The feature class
included Linear features (L), Quadratic features (Q), Product features (P), Hinge features
(H), and Threshold features (T). The regularization multipliers were set to 1–4 with a 1 in-
terval each, and the six feature combinations offered by the MaxEnt model (L, H, LQ, LQH,
LQHP, and LQHPT) were merged to generate 24 combinations. The Akaike information
criterion corrected for small sample size (AICc) was used as an indicator to determine the
RM and FC of the model [57].

The black-necked crane occurrence records and the above 13 environmental factors
were imported into the MaxEnt model, and the other settings were as follows: RM and FC
values under the optimal parameters were input, 10-fold cross-validation was selected, the
number of repetitions was 10, and the Jackknife method was chosen to test the importance
of each environmental factor, and the output results were Logistic format. The model
prediction results were examined using the area AUC under the ROC curve, and the value
of AUC was taken in the range of 0–1, and the closer the value was to 1, the higher the
model prediction accuracy. The AUC values are 0.5–0.6, unqualified; 0.6–0.7, poor; 0.7–0.8,
fair; 0.8–0.9, good; and 0.9–1.0, excellent.

2.5. Habitat Suitability Classification of Black-Necked Cranes

Species predictive distribution maps show species preferences for habitat as probabil-
ities (0–1), with the closer the value to 1, the more suitable the species distribution. The
selection of thresholds generally follows three principles: objectivity, equivalence, and
discriminative power [58]. The threshold is generally determined based on the omission
error or based on the sensitivity and specificity of the prediction results. The former does
not consider commission error, while the latter comprehensively considers omission error
and commission error. The model maximum training sensitivity plus specificity (MTSS)
belongs to the latter and satisfies the three principles of threshold selection [28]. MTSS and
balance training omission and predicted area and threshold value (TPT) were selected as
classification thresholds for suitable and low suitable habitats, respectively, to reclassify
the MaxEnt model outputs into unsuitable, low suitable, moderately suitable, and highly
suitable habitats [58–60]. Finally, the Reclassify tool of ArcGIS software, version 10.8, devel-
oped by Environmental Systems Research Institute, in RedLands, America, was used to
count and calculate the area of the corresponding distribution area for each class.

3. Results and Analysis
3.1. MaxEnt Optimal Model and Accuracy Evaluation

Based on 152 occurrence records and 13 environmental factors, this study used the
Enmeval package to invoke MaxEnt to predict the potential distribution area of black-
necked cranes. The model with the lowest AICc value (i.e., ∆AICc = 0) is considered the
best model out of the current suite of models [55,56]. When the model was the default
parameter, FC = LQHPT, RM = 1, ∆AICc = 296.00, and when the model parameter was
set to FC = LQHPT, RM = 4, ∆AICc = 0 (Table 2), the AICc value was the smallest and the
model with this parameter was the optimal model. Figure 3 shows the results of comparing
different parameters in the model. When the model parameters are set to FC = LQHPT,
RM = 4, compared with the default parameters, Mean.AUC is nearly the same (decreased
by 4.00%), but the difference between the AUC Values (Auc.diff.avg) decreased by 45.56%
and 10%, and the training omission rate (OR10) decreased by 60.07%, the latter two are



Diversity 2022, 14, 579 7 of 14

lower than the default values, indicating that the optimized model reduced overfitting, so
FC = LQHPT, RM = 4 was set as the modeling parameter. The model was reconstructed
using the optimized parameters to simulate the suitable area for black-necked cranes, and
the model was repeated 10 times, obtaining a mean value of 0.895 for the test AUC (Figure 4),
indicating that the prediction accuracy of the MaxEnt model reached a good level.

Table 2. Evaluation metrics of MaxEnt model generated by Enmeval.

Type Feature Combination Regularization Multiplier ∆AICc Avg.diff.avg

Default LQPHT 1 296.00 0.0413
Optimized LQPHT 4 0 0.0225
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3.2. The Influence of Environmental Factors on the Distribution of Black-Necked Cranes

The research used the Jackknife method to analyze the importance of 13 environmental
factors affecting the habitat selection of black-necked cranes (Figure 5). The results of the
contribution of environmental variables showed (Table 3) that distance to roads, average
summer precipitation, distance to lakes, and elevation may be the major environmental
factors affecting black-necked cranes, where the contribution rates were 31.6%, 29.8%, 14.3%,
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and 8.2%, respectively, with a cumulative contribution rate of 83.9%; the secondary variables
affecting the distribution of black-necked cranes were average summer precipitation, slope
direction, NDVI, and the contribution rates were 5.6%, 2.5%, 2.3%, and 1.9%, respectively;
and the percentages of other environmental factors were around 1%, indicating that the
influence on the habitat suitability of black-necked cranes was small.
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Table 3. Contributions of the environmental variables to the MaxEnt model.

Variable Contribution/% Variable Contribution/%

Distance to roads (m) 31.6 Distance to rivers (m) 1.9
Average summer precipitation 29.8 Average winter precipitation 1.1

Distance to lakes (m) 14.3 Slope (◦) 1.1
Altitude (m) 8.2 Average autumn precipitation 0.8

Average spring precipitation 5.6 Land use 0.4
Aspect (◦) 2.5 Average temperature 0.3

Normalized difference vegetation index 2.3

3.3. Habitat Suitability Distribution of Black-Necked Cranes in Zoige Grassland Wetland
Ecological Function Zone

In the MaxEnt model results, MTSS = 0.304 and TPT = 0.0623, so the thresholds for
classifying more suitable and less suitable habitats for black-necked cranes are 0.304 and
0.0623, that is. 1–0.5 is the highly suitable habitat, 0.5–0.304 is the moderately suitable
habitat, 0.304–0.0623 is the low suitable habitat, and 0.0623–0 is an unsuitable habitat. To
obtain the suitable habitat distribution map of black-necked cranes in the functional zone
(Figure 6), the above thresholds were applied to reclassify the model outputs into different
habitat classes, and the area of each suitable distribution area was calculated separately.
The statistics reveal that the highly suitable habitat for black-necked cranes in the Zoige
grassland wetland ecological function zone is about 2356.17 km2, accounting for 8.27% of
the total function area, mainly in the Zoige National Nature Reserve in the northern part
of the function zone. Low suitable habitat covers approximately 7899.43 km2, accounting
for 27.72% of the total functional zone, mainly in Zoige country and Hongyuan country;
unsuitable habitat covers about 0.98 km2, accounting for 53.51% of the total functional zone,
mainly in Aba County, a high-altitude area in the southwest. Moreover, the study indicated
that the highly suitable habitat for black-necked cranes in the Zoige National Nature
Reserve was nearly 668.70 km2, accounting for 39.22% of the whole nature reserve area and
28.38% of the highly suitable habitat area in the total functional zone. The highly suitable
habitat is mainly in the Zoige National Nature Reserve, which is primarily composed
of marshes, wetlands, grasslands, lakes, and rivers. The reserve has abundant summer
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rainfall and is covered with small lakes, creating good foraging conditions for black-necked
cranes. Black-necked cranes prefer to be distributed close to water sources, which can
provide good nesting conditions. The moderately suitable habitat was approximately
475.04 km2, accounting for 27.86% of the whole nature reserve area and 15.87% of the
moderately suitable habitat area in the total functional zone. The moderately suitable
habitat was distributed in and around the nature reserve area, where there are undulating
hills that cause differences in precipitation and temperature. All suitable habitats for
black-necked cranes took up 97.48% of the whole nature reserve area and 46.49% of the
total functional zone. In contrast to the nature reserve, the land use types of Aba County
are mostly woodland and grassland in the southwest of the functional zone, which does
not meet the demands of black-necked cranes for foraging and breeding. The spatial
distribution of environmental variables affecting the distribution of black-necked cranes is
more concentrated in the nature reserve but is not consistent in the entire functional zone.
Therefore, the suitable distribution area of black-necked cranes is largely distributed in the
nature reserve area.

Diversity 2022, 14, 579 9 of 14 
 

 

zone, mainly in Aba County, a high-altitude area in the southwest. Moreover, the study 
indicated that the highly suitable habitat for black-necked cranes in the Zoige National 
Nature Reserve was nearly 668.70 km2, accounting for 39.22% of the whole nature reserve 
area and 28.38% of the highly suitable habitat area in the total functional zone. The highly 
suitable habitat is mainly in the Zoige National Nature Reserve, which is primarily com-
posed of marshes, wetlands, grasslands, lakes, and rivers. The reserve has abundant sum-
mer rainfall and is covered with small lakes, creating good foraging conditions for black-
necked cranes. Black-necked cranes prefer to be distributed close to water sources, which 
can provide good nesting conditions. The moderately suitable habitat was approximately 
475.04 km2, accounting for 27.86% of the whole nature reserve area and 15.87% of the 
moderately suitable habitat area in the total functional zone. The moderately suitable hab-
itat was distributed in and around the nature reserve area, where there are undulating 
hills that cause differences in precipitation and temperature. All suitable habitats for 
black-necked cranes took up 97.48% of the whole nature reserve area and 46.49% of the 
total functional zone. In contrast to the nature reserve, the land use types of Aba County 
are mostly woodland and grassland in the southwest of the functional zone, which does 
not meet the demands of black-necked cranes for foraging and breeding. The spatial dis-
tribution of environmental variables affecting the distribution of black-necked cranes is 
more concentrated in the nature reserve but is not consistent in the entire functional zone. 
Therefore, the suitable distribution area of black-necked cranes is largely distributed in 
the nature reserve area. 

 
Figure 6. Map of the habitat suitability of black-necked crane in the Zoige Grassland Wetland Na-
tional Key Ecological Function Zone (I. Zoige Wetland National Nature Reserve). 

4. Discussion 
MaxEnt model optimization generally includes correction of sampling bias, selection 

of environmental factors closely related to species distribution, and the optimization of 
model parameters [55,59,61–63]. Firstly, for the correction of sampling bias, the spatial 
filtering method used in this research ensures only one occurrence record in every 1 km × 
1 km grid to reduce the overfitting phenomenon existing in model modeling [22], but this 
method may also overlook the ecological value of high-density areas of species distribu-
tion. 

Second, habitat selection determinants for black-necked cranes may differ by region; 
thus, we recommend choosing environmental factors that are closely related to the spe-
cies’ distribution. Previous studies on the habitat selection of black-necked cranes show 
that human disturbance, food, and water conditions are the significant environmental 

Figure 6. Map of the habitat suitability of black-necked crane in the Zoige Grassland Wetland
National Key Ecological Function Zone (I. Zoige Wetland National Nature Reserve).

4. Discussion

MaxEnt model optimization generally includes correction of sampling bias, selection of
environmental factors closely related to species distribution, and the optimization of model
parameters [55,59,61–63]. Firstly, for the correction of sampling bias, the spatial filtering
method used in this research ensures only one occurrence record in every 1 km × 1 km grid
to reduce the overfitting phenomenon existing in model modeling [22], but this method
may also overlook the ecological value of high-density areas of species distribution.

Second, habitat selection determinants for black-necked cranes may differ by region;
thus, we recommend choosing environmental factors that are closely related to the species’
distribution. Previous studies on the habitat selection of black-necked cranes show that
human disturbance, food, and water conditions are the significant environmental vari-
ables determining the habitat quality of black-necked cranes [40]. Black-necked cranes
distributed in the Zoige wetlands are mainly affected by altitude and autumn climate [43].
Distance to cultivated land, distance to water, and dominant vegetation are the impacting
environmental factors affecting the distribution of black-necked cranes in the Caohai Na-
tional Nature Reserve [44]. As a result, the research on black-necked crane habitat selection
should be adapted to the study area’s conservation situation and needs. After correlation
and Jackknife analysis, only 13 environmental components were maintained in this study
to reduce model overfitting. The results of the MaxEnt model prediction showed that the
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habitat distribution of black-necked cranes was mainly influenced by distance to roads,
summer precipitation, distance to lakes, and elevation. The distance to roads is closely
related to the distribution of black-necked cranes, and by observing the occurrence records
of black-necked cranes, their collection routes may be mostly distributed along the road,
resulting in a strong contribution of the distance to roads factor, so the prediction results
may be biased. The distribution of black-necked cranes is also mainly affected by spring
precipitation, summer precipitation, and the distance to lakes, indicating that water and
food are considered to be the main environmental factors, which is consistent with the
results of previous investigations [40,42]. Black-necked cranes return from migration in
March, preferring to nest and breed near wetlands and swamps or in the center of shallow
lakes. After that, June-August is a critical period for the growth and development of black-
necked cranes. The precipitation resources in spring and summer just provide sufficient
conditions for vegetation growth and fish and shrimp reproduction and provide a rich
food source for black-necked cranes [64]. However, the distance to cultivated land was
discovered to be the primary determinant for the distribution of black-necked cranes in
Dashanbao, Yunnan, and Caohai, Guizhou, China, because it makes up a significant portion
of these research areas and offers more food than other environmental factors [41,44]. The
majority of the swamp and lakes in our study region can offer the optimal environment
for black-necked cranes to breed. From previous studies on the habitat of black-necked
cranes, it can also be found that for other similar waterfowl, such as red-crowned cranes,
Cao et al. used the MaxEnt model to reveal that the distance to roads, fishponds, and
smooth cordgrass (Spartina alterniflora), and the distance to reed shoals and seepweed
shoals, as well, were the main factors that influenced the selection of a wintering habitat
by red-crowned cranes in the Yancheng Nature Reserve [65]. Na et al. found that habitat
composition, water depth, and distance to roads and ditches were the most important
habitat features for Red-crowned cranes in the Zhalong National Nature Reserve during the
breeding season [66]. This also demonstrates that water and food are considered to be the
main environmental factors in the distribution of waterfowl species. Black-necked cranes
are the only cranes that live on plateaus among the 15 species of cranes in the world, mainly
distributed in the Qinghai–Tibet Plateau and the Yunnan–Guizhou Plateau [26]. There-
fore, compared with other cranes, Black-necked cranes have evolved good physiological
adaptation characteristics and perfectly adapted to the living environment of high altitude
and low temperature, which can explain that altitude is the main environmental factor for
black-necked cranes distribution. In reality, the Zoige National Nature Reserve, the core
area of the high suitable distribution of black-necked cranes, is strictly controlled, while the
functional zone outside the nature reserve is a bit weaker and more vulnerable to human
activities. For a more targeted analysis of the suitable distribution of black-necked cranes,
it might be useful to further distinguish in detail the environmental variables affecting
the distribution of black-necked cranes in the nature reserve and in the functional zone
outside of the nature reserve, i.e., to select environmental factors separately for the nature
reserve and functional zone, and then to superimpose these two results. In the future, we
also need to supplement black-necked crane occurrence records to reduce data sampling
bias and simulate the real black-necked crane distribution to provide a more scientific and
theoretical basis for the nature reserve and functional zone planning and management.

Finally, in order to make the model findings more ecologically interpretable, a balance
of model complexity is required for optimizing the model parameters [22]. Adjusting
model complexity through FC and RM settings is a hot area in MaxEnt model research.
With different sample sizes and feature combinations, the results of FC selection will be
reflected in response curve plotting, making simple linear correlations or complex nonlinear
correlations between environmental variables and distribution, which can have an impact
on model fitting and prediction. Generally, simple models are simpler to understand
ecologically, but if too few features are selected, such as selecting only the L function, as the
sample size increases, the sampling bias will increase, resulting in a lower AUC value [67].
It is also argued that FC has little effect on the predictive ability of the model and that a
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complex model will only slightly increase the AUC value [63]. The setting of RM is in order
to balance the model fitting degree and extrapolation ability. When the RM value is set too
low, the model is more likely to overfit and raise the omission error; when the RM value
is set too high, the model becomes smooth, increases the misjudgment error, and loses
its ability to discriminate in unsuitable areas. In this paper, the AUC values after model
optimization are approximate to the default case, but the response curves obtained for
some environmental factors are not particularly flat. Moreover, the increase in RM expands
the error boundary range compared to the default setting. In practice, the selection of both
FC and RM needs further judgment, and more studies are needed to show the relationship
between the model parameter optimization results, sample size, and study subjects.

5. Conclusions

This study evaluated the habitat suitability of black-necked cranes in the Zoige grass-
land wetland ecological function area based on the optimized MaxEnt model and investi-
gated the key environmental factors and suitable ranges affecting their distribution. The
complexity and overfitting of the optimized model were minimized compared to the de-
fault parameters by optimizing two MaxEnt model parameters: FC and RM, establishing
24 combinations, and utilizing Akaike’s small sample corrected information criterion (AICc)
as an indication. The AUC value was 0.895, and the prediction results reached a good
level. MaxEnt model prediction results show that the habitat distribution of black-necked
cranes may be mainly influenced by distance to roads, summer precipitation, distance to
lakes, and elevation. The suitable habitat area for black-necked cranes accounts for 46.49%
of the total functional zone; with the suitable distribution area for black-necked cranes
mainly located in the Zoige National Nature Reserve in the functional zone’s north, the
potential distribution area tends to spread to Hongyuan County in the functional zone’s
south, and the unsuitable habitat is mainly distributed in the high-altitude area in the
southwest of the functional zone. The core distribution area is located in Zoige National
Nature Reserve, so the delineation of the nature reserve can better protect black-necked
cranes to some extent. The results of this study indicate that the summer precipitation
and the spatial distribution of water resources have a major impact on black-necked crane
distribution. It is recommended to strengthen the management of river and lake shorelines,
protect the water ecological environment, actively communicate with local residents to
raise their awareness of protection, and reasonably formulate the summer grazing intensity
standards for grasslands to ensure the energy required by the black-necked cranes dur-
ing the breeding and growth periods. In view of the impact of future climate change on
wetland ecosystems and biodiversity, it is also necessary to strengthen the assessment and
construction of protected area management capacity and to design evaluation indicators
and management effectiveness assessment tools [68]. It is suggested to regularly monitor
the population size of black-necked cranes and other wildlife, changes in the wetland area
and human disturbance, assess changes in habitat quality of black-necked cranes, and
adjust management activities in time to achieve conservation goals. At the same time, the
contradiction between protection and development is still prominent, so the study recom-
mends that attention be paid to the suitable distribution range of black-necked cranes on
the vulnerable edge of the Zoige National Nature Reserve and Hongyuan County, as well
as the impact of human activities on the distribution of black-necked cranes in these areas.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d14070579/s1, Table S1: Occurrence records used for MaxEnt Model of
black-necked crane in Zoige Grassland Wetland Ecological Function Zone.

Author Contributions: P.H., D.J., J.Z. (Jun Zhai), Y.M., J.Z. (Jiajun Zhao) and J.B. all contributed to
the data analyses; J.B. performed analyses and led the writing; P.H. assisted with collect and check
the data, and provided valuable comments in the paper writing. All authors have read and agreed to
the published version of the manuscript.

https://www.mdpi.com/article/10.3390/d14070579/s1
https://www.mdpi.com/article/10.3390/d14070579/s1


Diversity 2022, 14, 579 12 of 14

Funding: This research was funded by National Key R&D Program of China (grant number
2021YFF0703903) and Major Projects of High-Resolution Earth Observation Systems of National
Science and Technology (grant number 05-Y30B01-9001-19/20-4).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All occurrence records and environmental variables used in the
manuscript are already publicly accessible, and we provided the download address in the manuscript.

Acknowledgments: Thanks to the Zoige National Nature Reserve Administration of Sichuan
Province for providing data support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pereira, H.M.; Navarro, L.M.; Martins, I.S. Global Biodiversity Change: The Bad, the Good, and the Unknown. Annu. Rev. Environ.

Resour. 2012, 37, 25–50. [CrossRef]
2. Grinnell, J. The niche-relationships of the California Thrasher. Auk 1917, 34, 427–433. [CrossRef]
3. OuYang, Z.Y.; Liu, J.G.; Xiao, H.; Tan, Y.C.; Zhang, H.M. An assessment of giant panda habitat in Wolong Nature Reserve. Acta

Ecol. Sin. 2001, 21, 1869–1874.
4. Gurnell, J.; Clark, M.J.; Lurz, P.W.; Shirley, M.D.; Rushton, S.P. Conserving red squirrels (Sciurus vulgaris): Mapping and forecasting

habitat suitability using a Geographic Information Systems Approach. Biol. Conserv. 2002, 105, 53–64. [CrossRef]
5. Peterson, A.T. Uses and requirements of ecological niche models and related distributional models. Biodivers. Inform. 2006, 3,

59–72. [CrossRef]
6. Hooper, D.U.; Adair, E.C.; Cardinale, B.J.; Byrnes, J.E.K.; Hungate, B.A.; Matulich, K.L.; Gonzalez, A.; Duffy, J.E.; Gamfeldt, L.;

O’Connor, M.I. A global synthesis reveals biodiversity loss as a major driver of ecosystem change. Nature 2012, 486, 105–129.
[CrossRef] [PubMed]

7. Qiao, H.J.; Hu, H.J.; Huang, J.H. Theoretical Basis, Future Directions, and Challenges for Ecological Niche Models. Sci. Sin. Vitae
2013, 43, 915–927. [CrossRef]

8. Hou, P.; Gao, J.X.; Wan, H.W.; Shi, P.R.; Wang, Y.C.; Sun, C.X. Progress and some scientific issues on effectiveness assessment of
terrestrial ecosystem conservation and restoration. Environ. Ecol. 2021, 3, 1–7.

9. Phillips, S.J.; Anderson, R.P.; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 2006,
190, 231–259. [CrossRef]

10. Elith, J.; Leathwick, J.R. Species Distribution Models: Ecological Explanation and Prediction Across Space and Time. Annu. Rev.
Ecol. Evol. Syst. 2009, 40, 677–697. [CrossRef]

11. Norberg, A.; Abrego, N.; Blanchet, F.G.; Adler, F.R.; Anderson, B.J.; Anttila, J.; Araujo, M.B.; Dallas, T.; Dunson, D.; Elith, J.; et al.
A comprehensive evaluation of predictive performance of 33 species distribution models at species and community levels. Ecol.
Monogr. 2019, 89, e01370. [CrossRef]

12. Liu, C.; White, M.; Newell, G. Measuring and comparing the accuracy of species distribution models with presence-absence data.
Ecography 2010, 34, 232–243. [CrossRef]

13. Liu, F.; Li, S.; Li, D.Q. The Review of Methods for Mapping Species Spatial Distribution Using Presence/Absence Data. Acta Ecol.
Sin. 2013, 33, 7047–7057. [CrossRef]

14. Bai, J.J.; Hou, P.; Zhao, Y.H.; Xu, H.T.; Zhang, B. The main research progress of species habitat suitability models and verification.
Chin. J. Ecol. 2022, 41, 1423–1432. [CrossRef]

15. Hirzel, A.H.; Hausser, J.; Chessel, D.; Perrin, N. Ecological-niche factor analysis: How to compute habitat-suitability maps
without absence data? Ecology 2002, 83, 2027–2036. [CrossRef]

16. Breiman, L. Random forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
17. Elith, J.; Graham, C.H.; Anderson, R.P.; Dudík, M.; Ferrier, S.; Guisan, A.; Hijmans, R.J.; Huettmann, F.; Leathwick, J.R.; Lehmann,

A. Novel methods improve prediction of species’ distributions from occurrence data. Ecography 2006, 29, 129–151. [CrossRef]
18. Guisan, A.; Edwards, T.C.; Hastie, T. Generalized linear and generalized additive models in studies of species distributions:

Setting the scene. Ecol. Model. 2002, 157, 89–100. [CrossRef]
19. Olden, J.D.; Jackson, D.A. Illuminating the “black box”: A randomization approach for understanding variable contributions in

artificial neural networks. Ecol. Model. 2002, 154, 135–150. [CrossRef]
20. Phillips, S.J.; Dudík, M. Modeling of species distributions with Maxent: New extensions and a comprehensive evaluation.

Ecography 2008, 31, 161–175. [CrossRef]
21. Merow, C.; Smith, M.J.; Silander, J.A., Jr. A practical guide to MaxEnt for modeling species’ distributions: What it does, and why

inputs and settings matter. Ecography 2013, 36, 1058–1069. [CrossRef]
22. Radosavljevic, A.; Anderson, R.P. Making better MAXENT models of species distributions: Complexity, overfitting and evaluation.

J. Biogeogr. 2014, 41, 629–643. [CrossRef]
23. Hernandez, P.A.; Graham, C.H.; Master, L.L.; Albert, D.L. The effect of sample size and species characteristics on performance of

different species distribution modeling methods. Ecography 2006, 29, 773–785. [CrossRef]

http://doi.org/10.1146/annurev-environ-042911-093511
http://doi.org/10.2307/4072271
http://doi.org/10.1016/S0006-3207(01)00179-3
http://doi.org/10.17161/bi.v3i0.29
http://doi.org/10.1038/nature11118
http://www.ncbi.nlm.nih.gov/pubmed/22678289
http://doi.org/10.1360/052013-192
http://doi.org/10.1016/j.ecolmodel.2005.03.026
http://doi.org/10.1146/annurev.ecolsys.110308.120159
http://doi.org/10.1002/ecm.1370
http://doi.org/10.1111/j.1600-0587.2010.06354.x
http://doi.org/10.5846/stxb201207171015
http://doi.org/10.13292/j.1000-4890.202209.009
http://doi.org/10.1890/0012-9658(2002)083[2027:ENFAHT]2.0.CO;2
http://doi.org/10.1023/A:1010933404324
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1016/S0304-3800(02)00204-1
http://doi.org/10.1016/S0304-3800(02)00064-9
http://doi.org/10.1111/j.0906-7590.2008.5203.x
http://doi.org/10.1111/j.1600-0587.2013.07872.x
http://doi.org/10.1111/jbi.12227
http://doi.org/10.1111/j.0906-7590.2006.04700.x


Diversity 2022, 14, 579 13 of 14

24. Wang, S.; Zheng, G.M.; Wang, Q.S. China Red Data Book of Endangered Animals; Science Press: Beijing, China, 1998.
25. BirdLife International. Grus nigricollis. The IUCN Red List of Threatened Species 2020: e.T22692162A180030167. 2020. Available

online: https://dx.doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22692162A180030167.en (accessed on 1 April 2022).
26. Li, F.S. IUCN black-necked crane (Grus nigricollis) conservation plan. Zool. Res. 2014, 35, 7. [CrossRef]
27. Liu, Q.; Wang, K.; Li, F.S.; Kong, D.J.; Yang, X.J. Numbers and distribution of Black-necked Cranes (Grus nigricollis) at Ruoergai

Wetland on the Eastern Qinghai-Tibet Plateau. Zool. Res. 2014, 35, 134. [CrossRef]
28. Chai, Y. The Swamps of the Zoige Plateau; Science Press: Beijing, China, 1965.
29. Qiu, J. Thawing permafrost reduces river runoff. Nature 2012, 6. [CrossRef]
30. Li, F. Species review: Black-necked Crane. In Crane Conservation Strategy; Mirande, C.M., Harris, J.T., Eds.; International Crane

Foundation: Baraboo, WI, USA, 2002.
31. Meine, C.; Archibald, G. The Cranes: Status Survey and Conservation Action Plan; World Conservation Union: Gland, Switzerland;

Cambridge, UK„ 1996.
32. Dou, L.; Li, H.; Li, F.S.; Zhang, M.; Zheng, Z.R.; Ran, H.J. Survey on the black-necked cranes during the breeding jperiod at

Sichuan Ruoergai Wetland National Nature Reserve. Sichuan J. Zool. 2013, 32, 770–773.
33. Mi, C.R.; Guo, M.Y.; Falk, H.; Han, X.S. 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 Ecol. Sin. 2017, 037, 4476–4482. [CrossRef]

34. Wu, Z.K.; Li, Z.M.; Wang, Y.H.; Jiang, Y.M.; Li, R.X.; Li, D.H.; Zhou, Z.J.; Li, L.X. Migration of black-necked crane in China. Curr.
Zool. 1993, 39, 105–106.

35. Jiang, Z.Q.; Li, F.S.; Ran, J.H.; Tang, T.; Zhang, B.; Wang, B.; Li, H. Survey on the population and breeding conditions of
black-necked crane (Grus nigricollis) in Ruoergai international important wetland. In Proceedings of the Abstract Collection of
Papers of the 3rd Western China Zoology Symposium, Xining, China, 3 July 2014.

36. Kong, D.J.; Yang, X.Y.; Zhong, X.Y.; Dao, M.B.; Zhu, Y. Diurnal time budget and behavior rhythm of wintering black-necked crane
(Grus nigricollis) at Dashanbao in Yunnan. Zool. Res. 2008, 29, 195–202. [CrossRef]

37. Zhang, Y.N. How Wintering Habitat Structure Affects Number and Distribution of Black-Necked Cranes (Grus nigricollis): A Case in
Xundian Mountains; Yunnan University: Kunming, China, 2019.

38. Liu, W.; Jin, Y.; Wu, Y.; Zhao, C.; He, X.; Wang, B.; Ran, J. Home range and habitat use of breeding black-necked cranes. Animals
2020, 10, 1975. [CrossRef]

39. Kong, D.; Møller, A.P.; Zhang, Y. Disturbance and predation risk influence vigilance synchrony of black-necked cranes (Grus
nigricollis), but not as strongly as expected. Ecol. Evol. 2021, 11, 2289–2298. [CrossRef] [PubMed]

40. Wang, L. Landscape Dynamics and It Is Impacts on the Habitat of Black-Necked Crane in Napa Wetland in the Last two Decades; Yunnan
University: Kunming, China, 2015.

41. Yang, Y.X.; Bai, H.T.; Wei, F.; Peng, M.C.; Zhao, Z.J.; Wu, T.P.; Ran, Q.Y.; Wu, Z.L. Bird diversity and its correlation with the habitat
structure in Dashanbao Black-necked Cranes Nature Reserve. Chin. J. Ecol. 2018, 37, 147–156. [CrossRef]

42. Yan, R.Q.; Shen, W.S.; Zhao, W.; Ou Yang, Y. Dynamics of suitability and conservation of the black-necked crane habitats in the
midstream of the Yarlung Zangbo River. J. Ecol. Rual Environ. 2018, 34, 146–152. [CrossRef]

43. Fang, Y.; Zhang, X.X.; Guo, C.Q. Habitat suitability of black-necked cranes (Grus nigricollis) in Zoige wetland. Chin. J. Ecol. 2020,
39, 203–213. [CrossRef]

44. Ruan, O.; Liu, S.H.; Chen, F.; Luo, J.; Hu, H.T. Habitat suitability evaluation of black-necked based on multi-source remote in
Caohai National Nature Reserve, Guizhou. Acta Ecol. Sin. 2022, 42, 1947–1957. [CrossRef]

45. Zhao, Z.L.; Zhang, Y.L.; Liu, L.S.; Liu, F.G.; Zhang, H.F. Recent changes in wetlands on the Tibetan Plateau: A review. J. Geogr. Sci.
2015, 25, 879–896. [CrossRef]

46. Circular of the State Council on Printing and Distributing the National Main Function Zone Planning. Available online:
http://www.gov.cn/zhengce/content/2011-06/08/content_1441.htm (accessed on 1 December 2021).

47. Bai, J.H.; OuYang, H.; Cui, B.S.; Wang, Q.G.; Chen, H. Changes in landscape pattern of alpine wetlands on the Zoihe Plateau in th
past four decades. Acta Ecol. Sin. 2008, 28, 2245–2252.

48. Chengdu Institute of Biology, Chinese Academy of Sciences. A Survey Report on Animal Diversity in Sichuan Ruoergai Wetland
National Nature Reserve; Chengdu Institute of Biology: Chengdu, China, 2016.

49. Mi, C.; Huettmann, F.; Guo, Y.; Han, X.; Wen, L. 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 2017, 5, e2849. [CrossRef]

50. Li, F.S.; Suo Lang, D.E.J.; Brian, B.; Dorn, M.; Ran, H.J.; Jiang, Z.Q.; Phoebe, K. Monitoring of Blacke-Necked Canes of Ruoergai in
2016–2020, 2020.

51. The Global Biodiversity Information Facility. Occurrence Download. Available online: https://www.gbif.org/occurrence/
download/0201219-210914110416597 (accessed on 1 April 2022).

52. China Citizen Science. Available online: http://www.birdreport.cn/home/search/page.html (accessed on 5 March 2022).
53. Peng, S.Z. 1-km Monthly Precipitation Dataset for China (1901–2020). Available online: https://doi.org/10.5281/zenodo.3185722

(accessed on 1 January 2021). [CrossRef]
54. Warren, D.L.; Matzke, N.J.; Cardillo, M.; Baumgartner, J.B.; Beaumont, L.J.; Turelli, M.; Glor, R.E.; Huron, N.A.; Simões, M.;

Iglesias, T.L. ENMTools 1.0: An R package for comparative ecological biogeography. Ecography 2021, 44, 504–511. [CrossRef]

https://dx.doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22692162A180030167.en
http://doi.org/10.11813/j.issn.2095-8137.2014.s1.0003
http://doi.org/10.11813/j.issn.2095-8137.2014.s1.0134
http://doi.org/10.1038/nature.2012.9749
http://doi.org/10.5846/stxb201602020243
http://doi.org/10.3724/SP.J.1141.2008.00195
http://doi.org/10.3390/ani10111975
http://doi.org/10.1002/ece3.7196
http://www.ncbi.nlm.nih.gov/pubmed/33717455
http://doi.org/10.13292/j.1000-4890.201801.022
http://doi.org/10.11934/j.issn.1673-4831.2018.02.007
http://doi.org/10.13292/j.1000-4890.202009.020
http://doi.org/10.5846/stxb202010282765
http://doi.org/10.1007/s11442-015-1208-5
http://www.gov.cn/zhengce/content/2011-06/08/content_1441.htm
http://doi.org/10.7717/peerj.2849
https://www.gbif.org/occurrence/download/0201219-210914110416597
https://www.gbif.org/occurrence/download/0201219-210914110416597
http://www.birdreport.cn/home/search/page.html
https://doi.org/10.5281/zenodo.3185722
http://doi.org/10.5281/zenodo.3185722
http://doi.org/10.1111/ecog.05485


Diversity 2022, 14, 579 14 of 14

55. Warren, D.L.; Seifert, S.N. Ecological niche modeling in Maxent: The importance of model complexity and the performance of
model selection criteria. Ecol. Appl. 2011, 21, 335–342. [CrossRef] [PubMed]

56. Muscarella, R.; Galante, P.J.; Soley-Guardia, M.; Boria, R.A.; Kass, J.M.; Uriarte, M.; Anderson, R.P. ENM eval: An R package for
conducting spatially independent evaluations and estimating optimal model complexity for Maxent ecological niche models.
Methods. Ecol. Evol. 2014, 5, 1198–1205. [CrossRef]

57. Phillips, S.J.; Anderson, R.P.; Dudík, M.; Schapire, R.E.; Blair, M.E. Opening the black box: An open-source release of Maxent.
Ecography 2017, 40, 887–893. [CrossRef]

58. Liu, C.; White, M.; Newell, G. Selecting thresholds for the prediction of species occurrence with presence-only data. J. Biogeogr.
2013, 40, 778–789. [CrossRef]

59. Kong, W.Y.; Li, X.H.; Zhou, H.F. Optimizing MaxEnt model in the prediction of species distribution. J. Appl. Ecol. 2019, 30,
2116–2128.

60. Liu, H.C.; Zhao, N.X.; Zhuang, Y.Q.; Yang, M.L.; Zhao, H.R.; Ye, X.P. Assessment of habitat suitability for Naemorhedusn grieus in
the Qinling Mountains with MaxEnt model. Acta Ecol. Sin. 2022, 42, 1–8. [CrossRef]

61. Zadrozny, B. Learning and evaluating classifiers under sample selection bias. In Proceedings of the Twenty-First International
Conference on Machine Learning, Banff, AB, Canada, 4 July 2004. [CrossRef]

62. Phillips, S.J.; Dudik, M.; Elith, J.; Graham, C.H.; Lehmann, A.; Leathwick, J.; Ferrier, S. Sample selection bias and presence-only
distribution models: Implications for background and pseudo-absence data. Ecol. Appl. 2009, 19, 181–197. [CrossRef]

63. Syfert, M.M.; Smith, M.J.; Coomes, D.A. The Effects of Sampling Bias and Model Complexity on the Predictive Performance of
MaxEnt Species Distribution Models. PLoS ONE 2013, 8, e55158. [CrossRef]

64. Li, Z.M.; Li, F.S. Black-Necked Crane Research; Shanghai Scientific & Technological Education Publishing House: Shanghai,
China, 2005.

65. Cao, M.C.; Sun, X.P.; Le, Z.F.; Cui, P.; Gong, X.; Xu, H.G. Analysis of Changes in Wintering Habitat of Red-Crowned Cranes Based
on MaxEnt Model: A Case Study ofYancheng Nature Reserve. J. Ecol. Rural Environ. 2016, 32, 964–970. [CrossRef]

66. Na, X.D.; Zhou, H.T.; Zang, S.Y.; Wu, C.S.; Li, W.L.; Li, M. Maximum Entropy modeling for habitat suitability assessment of
Red-crowned crane. Ecol. Indic. 2018, 91, 439–446. [CrossRef]

67. Anderson, R.P.; Gonzalez, I., Jr. Species-specific tuning increases robustness to sampling bias in models of species distributions:
An implementation with Maxent. Ecol. Modell. 2011, 222, 2796–2811. [CrossRef]

68. Hockings, M.; Stolton, S.; Leverington, F.; Dudley, N.; Courrau, J. Evaluating Effectiveness: A Framework for Assessing Management
Effectiveness of Protected Areas, 2nd ed.; World Conservation Union: Gland, Switzerland, 2006.

http://doi.org/10.1890/10-1171.1
http://www.ncbi.nlm.nih.gov/pubmed/21563566
http://doi.org/10.1111/2041-210X.12261
http://doi.org/10.1111/ecog.03049
http://doi.org/10.1111/jbi.12058
http://doi.org/10.5846/stxb202009062314
http://doi.org/10.1145/1015330.1015425
http://doi.org/10.1890/07-2153.1
http://doi.org/10.1371/journal.pone.0055158
http://doi.org/10.11934/j.issn.1673-4831.2016.06.015
http://doi.org/10.1016/j.ecolind.2018.04.013
http://doi.org/10.1016/j.ecolmodel.2011.04.011

	Introduction 
	Materials and Methods 
	Study Area 
	Collection and Processing of Sample Data 
	Screening and Determination of Environment Variables 
	MaxEnt Model Optimization and Selection 
	Habitat Suitability Classification of Black-Necked Cranes 

	Results and Analysis 
	MaxEnt Optimal Model and Accuracy Evaluation 
	The Influence of Environmental Factors on the Distribution of Black-Necked Cranes 
	Habitat Suitability Distribution of Black-Necked Cranes in Zoige Grassland Wetland Ecological Function Zone 

	Discussion 
	Conclusions 
	References

