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Abstract: Climate change has become an important cause of the loss of bird habitat and changes in
bird migration and reproduction. The lesser white-fronted goose (Anser erythropus) has a wide range
of migratory habits and is listed as vulnerable on the IUCN (International Union for Conservation
of Nature) Red List. In this study, the distribution of suitable breeding grounds for the lesser
white-fronted goose was assessed in Siberia, Russia, using a combination of satellite tracking and
climate change data. The characteristics of the distribution of suitable breeding sites under different
climate scenarios in the future were predicted using the Maxent model, and protection gaps were
assessed. The analysis showed that under the background of future climate change, temperature and
precipitation will be the main climatic factors affecting the distribution of breeding grounds, and the
area associated with suitable breeding habitats will present a decreasing trend. Areas listed as an
optimal habitat only accounted for 3.22% of the protected distribution; however, 1,029,386.341 km2

of optimal habitat was observed outside the protected area. Obtaining species distribution data is
important for developing habitat protection in remote areas. The results presented here can provide
a basis for developing species-specific habitat management strategies and indicate that additional
attention should be focused on protecting open spaces.

Keywords: climate change; lesser white-fronted goose; breeding sites; conservation gaps; species
habitat conservation

1. Introduction

Bird species’ distribution changes in the context of global climate change are complex
issues that require species-specific analyses [1,2]. Research suggests that global warming
and increased atmospheric CO2 will eventually destroy or completely alter existing habitats
for the world’s waterfowl species [3]. Overall, global warming can lead to a significant
range contraction in bird populations, although some will expand or remain unaffected by
climate change [4]. Nevertheless, studies have shown that range contraction occurs more
commonly than range expansion [5]. By analyzing breeding bird survey data (1971–2000),
Steen et al. [6] predicted that the total range of five common waterbird species in the Prairie
Pothole Region (PPR) of the U.S. will be reduced by 64%. Among these species, Botaurus
lentiginosus would lose 71% of its current range while Porzana carolina would lose a higher
proportion (up to 100%). Specifically, increases in temperature and CO2 concentration
would favor various plant types [7], leading to competition and then a gradual equilib-
rium between plants due to different tolerances, thereby changing the composition and
structure of plant communities [8]. These newly formed plant communities will, in turn,
affect the distribution of waterbirds through a series of chain reactions, thus eventually
reshaping the distribution range of waterbirds. Boerger [9] simulated the distribution shifts
of 14 waterbirds using a spatially explicit model and found that climate change was the
main driver of changes in bird distribution. Stralberg et al. [10] also found that climate
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change might limit forest growth and succession, resulting in dramatic reductions in suit-
able habitats over the next century that would strongly affect the future distribution of
boreal forest birds. Information on new bird records indicates that the range of many birds
has shifted northward during recent decades, both on breeding and wintering sites [11].

In response to climate change, many birds have expanded their breeding range north-
ward [12], although some species have changed their non-breeding range and moved closer
to their breeding sites [13,14]. In Europe, Thomas and Lennon [15] studied changes in
the distribution of bird breeding sites in the UK and found that species in the northern
region had shifted an average of 18.9 km northward. In Finland, some breeding birds have
also shifted their range margins poleward due to global warming [16]. In addition to the
historical evidence, model predictions have indicated similar future habitat changes. Peter-
son [17] predicted changes in the distribution of 26 bird species in the Rocky Mountains of
West-Central North America and 19 species in the Great Plains by 2055, thus showing that
climate change is causing significant changes in the distribution and movement of birds in
the plains. Virkkala et al. [18] projected changes in the distribution of 27 species of land
birds in the boreal zone during the 21st century under two future climate scenarios, A2
and B1 (which represent a global mean temperature increase of 3.8 ◦C and 2.0 ◦C by 2100,
respectively), and found a severe reduction in the range of the birds by 2080 (A2, 83.6%
reduction; B1, 73.6% reduction). The modeling results showed that changes in the distri-
bution of birds were more dependent on the breeding sites than non-breeding sites, and
different outcomes were found for breeding and non-breeding sites. Doswald [19] predicted
changes in the range of breeding and non-breeding sites of European forest warblers and
showed that the range of breeding sites expanded northward, while non-breeding sites did
not present a directional shift. Doswald also found that climate change affects migratory
species more severely than resident birds. Hu et al. [20] predicted changes in the wintering
range of Platalea minor and found that its distribution would expand northward under
the influence of future climate change. For vertical distribution, Maggini et al. [21] found
that 35% of the species distribution would shift toward higher altitudes under a warming
climate. Buermann [22] evaluated changes in five Andean hummingbird species along
an elevational gradient under two climate change scenarios and found that in addition
to habitat loss and fragmentation factors, shifts in bird distribution along an elevational
gradient of 300–700 m are mainly attributed to climate change.

The Russian Far East is a globally important breeding site for migratory waterbirds,
including geese, ducks, cranes, and shorebirds [23]. Waterbirds that breed in the region are
numerous and diverse, and many are globally threatened, such as the lesser white-fronted
goose (Anser erythropus), a small-sized bird with an extensive distribution in the north-
ernmost Palearctic. Four sub-populations of A. erythropus are recognized, three of which
remain within its former extensive distribution: the Fennoscandian population (breeds
in the Nordic countries and the Kola Peninsula in Russia); the Western Asian population
(breeds in Northern Russian tundra to the center of the Taimyr Peninsula); and the East-
ern Asian population (breeds in Southern Taimyr and areas north of Eastern Siberia and
Chukotka) [24]. The most recent total population estimate is 24,000–40,000 individuals,
which is decreasing [25]. The population of this species has declined sharply since 1950 [26].
Some of the original breeding habitats of lesser white-fronted geese are gradually disap-
pearing due to climate-change-induced declines in habitat quality and other effects. The
significant uncertainty in the rate, extent, and ensuing ecological implications of climate
change makes it difficult to conserve species. However, habitat areas where species migrate
in regions that are affected by climate change can be prioritized in conservation planning.
Analyses of such changes assume that there will be no change in human activities under
present and future conditions, and they only consider the effects of climate change on the
habitat. Such analyses allow for in-depth evaluations of changes in suitable breeding sites
under the combined effects of climate change, hydrological conditions, plant dynamics,
and human activities. A model analysis by Zöckler [27] showed that the destruction of
breeding sites will continue to affect the population of lesser white-fronted geese.
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This study focuses on the East Asia population of the lesser white-fronted goose,
which winters in the middle to lower Yangtze River region in China, the Korean Peninsula,
and Japan. Recently, studies have focused on the wintering grounds and migratory paths of
the species in Eastern Asia [28–31]. However, due to the remoteness and low accessibility
of their breeding habitats, very few historical observations are available on the summer
range of the eastern population [32–34]. Moreover, systematic survey data are insufficient
to cover the entire geographic area. Therefore, data on the summer distribution and habitat
preferences are very limited [35–37], thus representing a significant knowledge gap that
prevents the effective conservation of this endangered goose.

Built on our previous study that investigated the summer range of the eastern popula-
tion of lesser white-fronted geese [38], this study explores the current conservation gaps
of this species. Additionally, a species distribution model (SDM) is developed to predict
the future breeding range of this goose under climate change scenarios to compare the
potential impacts on breeding habitat distributions in Northeastern Siberia. The findings
of this research could support the development of effective habitat conservation manage-
ment strategies to mitigate the adverse impact of climate change on the survivorship of
waterfowl species.

2. Materials and Methods
2.1. Study Area

The breeding range of the eastern species of lesser white-fronted goose extends from
the Taimyr Peninsula eastward to the Chukotka region [28,33].

The summer activity and distribution area in this study is located in a vast area of
Northeastern Siberia, starting from the Yamal-Nenets Autonomous Okrug and extending
eastward to the Chukotka Autonomous Okrug, including the Tyumen Oblast, Krasnoyarsk
Kray, Yakutia, and Magadan Oblast of the Russian Federation Republic (Figure 1).
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2.2. Data Collection
2.2.1. Species Distribution Data

The distribution data of lesser white-fronted goose used in the present study were
collected and screened by H. Tian et al. [38] in an analysis of potential distribution areas of
summer breeding sites for birds, and the data used in the current analysis are consistent
with predicted future changes in the breeding site distribution and more convincing. The
data used in the analyses were obtained from long-term field surveys, observation records,
and satellite tracking data in Western Chukchi, Russia.

Field investigations: Russian research teams performed long-term population surveys
of breeding and molting lesser white-fronted geese along river and lake habitats in the
Western Chukchi region of Russia [36,38]. Observations related to the summer habitat of
the lesser white-fronted goose date back to 1998. As of August 2019, these field surveys and
observational records cumulatively provided 33 valuable breeding or molt records of the
lesser white-fronted geese. Satellite tracking: Using a previously described technique [28],
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trackers were placed on 88 lesser white-fronted geese (Hunan Global Messenger Technology,
Changsha, China) by experienced hunters in the East Dongting Lake National Nature
Reserve. The transmitters were solar powered and enabled the Global System for Mobile
Communications (GSM) to transmit data via Short Message Service (SMS). The transmitters
were placed in backpacks designed to weigh 22 g, which is approximately 1.6% of the bird’s
body weight; thus, the transmitters did not interfere with the normal movement of the
animals [28]. GPS position and speed data were recorded every 1–3 h, depending on the
battery condition; however, tracking data for 77 birds were lost due to equipment failure or
personal injury. On 27 November 2019, the trackers from a total of 11 small white-fronted
geese were obtained (Table 1). Complete migration data were recorded over the wintering,
summer, and migration periods. The devices sent a total of 90,441 valid positioning records,
with an average of 8222 records per device. From these data, we selected the complete
summer breeding site data of small white-fronted geese for further screening. This study
grouped the birds’ GPS records for all dates into monthly data by filtering the summer
records (accuracy < 1000 m), and only one record was selected for analysis from pixels with
multiple GPS records to avoid false duplication. If the bird stayed at a site for more than
four days, then the site was classified as a suitable breeding site data point. Based on a
review of the literature [35,39,40] that includes historical surveys along the river [36] in
the survey area since 1998, this study extracted a total of 13 historical distribution point
records of breeding or feathered small white-fronted geese for Maxent modeling. Among
them, 11 observation records provided a description of geographical indicators near the
recorded location and an approximate position reference; however, clear geographical
coordinates were not provided. Therefore, this study calibrated the recorded locations
without clear coordinates based on the name of the river provided in the literature and the
distance to the nearest village to determine the distribution. The positions of data points
used during modeling are provided in Supplementary Table S1. Summer breeding area
GPS records (accuracy < 1000 m) were screened to select data that match the number of stay
days, and they were then combined with field survey [41] and literature retrieval data to
obtain a total of 97 lesser white-fronted goose distribution data points for the modeling and
analysis of the summer habitats under Maxent future climate scenarios. The study uses the
same distribution data points for the analyses under future climate change scenarios. The
data used in the current analysis are consistent with the predicted future breeding ground
distribution change data (Supplementary Table S1).

Table 1. Summary of 11 tagged lesser white-fronted geese used for this study (including the wintering,
summer, and migration periods).

ID Mark Time Receipt Date Terminus ad
Quem

Tracking Time
(Date)

Number of Times of
Summer Observations

BFUL041 20 November 2016 23 November 2016 16 April 2018 509 1
BFUL044 30 November 2016 2 December 2016 9 June 2018 554 1
BFUL050 25 November 2016 27 November 2016 19 May 2018 538 1
BFUL057 30 November 2016 2 December 2016 17 July 2018 592 1
BFUL059 30 November 2016 2 December 2016 29 December 2017 392 1
BFUL065 5 December 2016 7 December 2016 5 September 2017 272 1
BFUL068 15 December 2016 16 December 2016 28 May 2018 528 1
BFUL051 25 November 2016 28 November 2016 25 December2018 757 2
BFUL061 30 November 2016 2 December 2016 12 May 2019 891 2
BFUL074 15 January 2017 19 January 2017 14 May 2019 845 2
BFUL062 8 December 2016 11 December 2016 27 November 2017 1081 3

2.2.2. Boundaries of the Protected Areas

The World Database on Protected Areas (WDPA) has the most comprehensive database
of marine and terrestrial protected areas in the world. Among the data applied to this
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paper is the WDPA released in March 2022, which contains a total of 269,673 protected area
records covering 245 countries and territories.

2.2.3. Climatic Data

Environmental climate variables were obtained from Worldclim, and the data stratum
was computed by inserting the monthly average climate data from the meteorological
stations into a 30 arc-second precision mesh (commonly referred to as “1 km2” resolution).
The analyzed variables included the monthly total precipitation, monthly mean, low, and
high temperatures, and 19 climate-dependent bioclimatic parameters. The model was
constructed by selecting 19 GCM variables for the historical scenario from 1960 to 1990 and
future scenarios in 2050 and 2070. Future climate data were obtained from CMIP5 future
bioclimatic data with a raw data resolution of 2.5 min and CCSM4 climatic system modeling,
and the three representative concentration pathways (RCPs), namely, RCP2.6, RCP4.5, and
RCP8.5, were selected to predict the suitable distribution areas of lesser white-fronted geese
in Siberia in 2050 and 2070.

The IPCC (Intergovernmental Panel on Climate Change, IPCC) Fifth Assessment
Report has introduced a new set of scenarios called RCPs that consider the socio-economic
impacts of national policies on greenhouse gas and aerosol emissions and provide a more
scientific description of the predicted future changes under climate warming. The four
main emission scenarios include RCP2.6, RCP4.5, RCP6.0, and RCP8.5 [42]. The IMAGE
modeling group of the PBL Netherlands Environmental Assessment Agency developed
RCP2.6. This emission pathway exemplifies scenarios described in the literature that result
in extremely low greenhouse gas concentrations. A “peak-and-decline” scenario is included
in this pathway, with the radiative forcing level reaching a value of approximately 3.1 W/m2

by 2050 and decreasing to 2.6 W/m2 by 2100. To achieve these levels of radiative forcing,
greenhouse gas emissions (and consequently air pollution emissions) must be significantly
decreased over time [43]. The GCAM modeling group at the Joint Global Change Research
Institute (JGCRI) of the Pacific Northwest National Laboratory in the U.S. created RCP4.5.
This stabilization scenario prevents the long-term radiative forcing target level from being
exceeded and stabilizes the overall radiative forcing shortly after 2100 [44–46]. The AIM
modeling group of the National Institute for Environmental Studies (NIES) in Japan created
RCP6. It is a normalization scenario in which a variety of technologies and tactics for
lowering greenhouse gas emissions are used to stabilize total radiative forcing shortly after
2100 without overshoot [47,48]. The International Institute for Applied Systems Analysis
(IIASA), Austria, created RCP8.5 utilizing the MESSAGE model and the IIASA integrated
assessment framework. This RCP exhibits rising greenhouse gas emissions over time, which
is typical of literature scenarios that result in high carbon dioxide detection limits [49].

In the RCP2.6 scenario, which assumes more aggressive mitigation of climate change
and negative GHG emissions in the future, global temperatures would increase by 0.3 ◦C
to 1.7 ◦C by the end of this century; in the RCP8.5 scenario, which assumes low social
and technological innovation and a sharp increase in GHG emissions in the future, global
temperatures would increase by 1.4 ◦C to 4.8 ◦C by the end of this century; and in the
RCP4.5 and RCP6.0 scenarios, which assume that GHG emissions fall in between the above
two scenarios, global temperatures would increase from 0.9°C to 2.6°C and from 0.8 ◦C to
3.1 ◦C by the end of this century, respectively.

The scenarios chosen in this paper, namely, RCP2.6, RCP4.5, and RCP8.5, are called
“typical concentration pathways”. In RCP2.6, the radiative forcing decreases to 2.6 W/m2,
and the comparable concentration of CO2 reaches approximately 490 × 10−6. In RCP4.5,
the radiative forcing stabilizes at 4.5 W/m2, and the CO2 eq concentration reaches roughly
650 × 10−6. In RCP8.5, the CO2 eq concentration increases and remains at approximately
1370 × 10−6, and the radiative forcing reaches 8.5 W/m2.



Land 2022, 11, 1946 6 of 21

2.3. Maxent Modeling and Evaluation
2.3.1. Maximum Entropy

The Maxent model is a general method for making predictions or inferences from in-
complete information, and it is often used to extract potentially suitable habitats for species
and was developed based on statistical mechanics. The model predicts the distribution
of species by finding the probable distribution with the highest entropy value (predicting
the distribution when the mean value of each variable is close to the mean value of the
observed data), although it is subject to the constraint that the actual presence of data must
be available [50]. The Maxent model uses the Jackknife method to analyze the weights of
environmental variables, and the area under the curve (AUC) of the receiver operating char-
acteristic (ROC) curve is used to evaluate the accuracy of the prediction model. The model
overcomes the shortcomings of traditional habitat quality evaluation models by finding the
probability distribution of maximum entropy to estimate the probability distribution of
the target. Moreover, Maxent has good predictive power and higher predictive accuracy
than other ecological niche models and is considered one of the best algorithms in terms
of predictive power, especially for small sample points and occurrence-only data [51]. A
number of scholars have used the Maxent model to conduct analyses of suitable habitats for
species [52], future climate effects on species distribution, and patterns of invasive species.
The model results were evaluated using the AUC values. In testing the simulation effect of
the model, a larger AUC value corresponded to a stronger model prediction ability and
better results. AUC values > 0.7 indicate that the model is credible, AUC values of 0.7~0.8
indicate that the simulation and prediction results are average, AUC values of 0.8~0.9
indicate that the prediction results are good, and AUC values > 0.9 indicate that the model
results are excellent.

2.3.2. Bioclimatic Variables

More biologically significant variables are produced by deriving bioclimatic factors
from monthly temperature and rainfall readings. Bioclimatic variables represent seasonally
extreme or limiting environmental elements, annual trends (e.g., mean annual temperature,
annual precipitation), and annual ranges of temperature and precipitation (e.g., temperature
of the coldest and warmest month, and precipitation of the wet and dry quarters, with
three months (or one-fourth of the year) making up a quarter) (Table 2).

Table 2. Nineteen global climate variables.

Number Type Variable Units

Bio1 Bioclimatic Annual Mean Temperature ◦C
Bio2 Bioclimatic Mean Diurnal Range (mean of monthly (maxtemp-min temp)) ◦C
Bio3 Bioclimatic Isothermality (BIO2/BIO7) (* 100) (“*” is the multiplication sign.) ◦C
Bio4 Bioclimatic Temperature Seasonality (standard deviation * 100) ◦C
Bio5 Bioclimatic Max Temperature of Warmest Month ◦C
Bio6 Bioclimatic Min Temperature of Coldest Month ◦C
Bio7 Bioclimatic Temperature Annual Range (BIO5-BIO6) ◦C
Bio8 Bioclimatic Mean Temperature of Wettest Quarter ◦C
Bio9 Bioclimatic Mean Temperature of Driest Quarter ◦C

Bio10 Bioclimatic Mean Temperature of Warmest Quarter ◦C
Bio11 Bioclimatic Mean Temperature of Coldest Quarter ◦C
Bio12 Bioclimatic Annual Precipitation mm
Bio13 Bioclimatic Precipitation of Wettest Month mm
Bio14 Bioclimatic Precipitation of Driest Month mm
Bio15 Bioclimatic Precipitation Seasonality (Coefficient of Variation) -
Bio16 Bioclimatic Precipitation of Wettest Quarter mm
Bio17 Bioclimatic Precipitation of Driest Quarter mm
Bio18 Bioclimatic Precipitation of Warmest Quarter mm
Bio19 Bioclimatic Precipitation of Coldest Quarter mm
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2.3.3. Conservation Area Gap Analysis

The main methods applied for gap analyses performed at home and abroad were
adopted here [53–55]. In addition, species distribution data were used to establish distribu-
tion scatter plots or distribution models, species distribution patterns were superimposed,
and then these data were combined with protected area data. Layer overlay and vacancy
analyses were based on GIS technology [56].

The ASCII file for the suitable range for lesser white-fronted geese under the current
scenario generated by Maxent analysis was opened in ArcGIS 10.7 and transformed into
raster data. Existing protected area layers were overlaid with suitable habitats to compare
and analyze the conservation gaps of summer breeding sites of lesser white-fronted geese.

2.3.4. Comparison between the Current Distribution and Future Projections

First, the current climate background and suitable distribution area raster layers
under the three RCP scenarios in 2050 and 2070 were loaded in ArcGIS 10.7. The suitable
distribution area raster data were then merged to generate a new raster layer, and the field
calculator function was used to calculate the loss of the current suitable distribution area
under the three scenarios in 2050 and 2070 and the newly obtained suitable distribution
areas in 2050 and 2070. Under various future climate change scenarios, the change trends
of areas with unchanging breeding grounds and those with increases and decreases in
suitable breeding grounds were determined and used to propose methods of protecting
more breeding grounds.

3. Results
3.1. Distribution of Lesser White-Fronted Goose

According to the satellite tracking results, the main breeding grounds of the lesser
white-fronted goose were obtained, and they were mainly distributed in the central and
northern parts of the Republic of Yakutia, although a small amount was observed in
Krasnoyarsk Kray and Chukotka Autonomous Okrug, and a concentrated distribution
was observed. The findings revealed that the current bird distribution exhibited a banding
region composed of numerous densely populated distribution areas (Figure 2).
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3.2. Model Evaluation

The average AUC of our model was 0.988 (SD = 0.004). The results showed that the
AUC values of the habitat suitability model for the summer breeding grounds of lesser
white-fronted goose exceeded 0.9 for the current scenario. This indicates that the model
simulation accuracy meets the requirements, and the results have high credibility.

3.3. Simulated Suitable Habitats and Associated Shifts under Different Scenarios

The suitable habitat area for summer breeding of lesser white-fronted goose was
calculated, and the results showed that under the RCP2.6, RCP4.5, and RCP8.5 scenarios of
the IPCC-CMIP5 climate emission conditions in 2050, the proportion of suitable habitat
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to the total study area will expand from 14.50% to 15.84% under the current scenario and
then decrease to 14.42%. For RCP8.5, the percentage of appropriate habitat for the entire
study region will decrease from 14.50% to 13.76%. In the 2050 scenario, the suitability of
bird breeding sites will be lower than that of the current scenario (Figure 3).
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In 2070, the ratio of the total study region that will provide appropriate habitat under
the current scenario declined from 14.50% to 13.90% and then increased to 14.41%, while
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that under the RCP8.5 scenario increased to 14.92%. In the 2070 scenario, the suitability of
bird breeding sites will increase (Figure 4).
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3.4. Conservation Gaps

The findings indicate that only 3.22% of the ideal habitat is covered by the existing
protected areas; however, over 1,029,386 km2 of optimal habitat is observed outside the
conservation boundaries and is therefore threatened (Figure 5; Table 3).
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Figure 5. Protection gaps. The existing protected areas are overlaid with the current suitable
distribution areas for the conservation vacancy analysis, and the remaining dark green part represents
areas that are not under conservation management.

Table 3. Summary of currently protected areas and distribution of occupied breeding grounds.

Period Climate Scenario Habitat Area
(km2)

Protected Habitat
Area (km2)

Unprotected Habitat
Area (km2)

Protection Rate
(%)

Current 1,063,667 34,280 1,029,386 3.22%

2050
RCP2.6 1,161,775 34,280 1,127,495 2.95%
RCP4.5 1,057,336 34,280 1,023,056 3.24%
RCP8.5 1,009,603 34,280 975,322 3.40%

2070
RCP2.6 1,019,544 34,280 985,264 3.36%
RCP4.5 1,057,137 34,280 1,022,857 3.24%
RCP8.5 1,094,531 34,280 1,060,250 3.13%

In 2050, the protected area coverage rate for the suitable distribution area of the lesser
white-fronted goose under the different scenarios is ordered as RCP8.5 (3.395%) > RCP4.5
(3.242%) > RCP2.6 (2.951%). The protection gaps are mainly concentrated in the northern
area of Yakutia (Figure 6; Table 3).
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In 2070, the protected area coverage rate for the suitable distribution area of the lesser
white-fronted goose under different scenarios is RCP2.6 (3.362%) > RCP4.5 (3.243%) >
RCP8.5 (3.132%). The protection gaps are mainly concentrated in the northern area of
Yakutia and Magadan Oblast, and effective protection and restoration measures should
be taken during protection gaps to avoid further reductions in the suitable habitat for the
lesser white-fronted goose (Figure 7; Table 3).
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3.5. Comparison between Present and Future Distributions

The findings demonstrate that the entire optimal breeding area for the lesser white-
fronted goose will decrease under future climate change relative to the current climate
conditions, although the center of the high suitability area will present a limited shift.

By 2050, according to the results of the binary classification of habitat suitability for
lesser white-fronted goose, increases in the area of suitable breeding sites for lesser white-
fronted goose will be concentrated in the northern part of the Republic of Yakutia, which is
mainly in the southern former suitable habitat region. The greatest increase is observed
under the RCP2.6 scenario, and the increased area accounts for 2.10% of the study area.
The reduction area is mainly distributed in Krasnoyarsk Kray bordering Yakutia, Russian
Federation, and the reduction mainly occurs in the fragmented part of the suitable habitat
under the current climatic conditions. The largest reduction is observed in the RCP8.5
scenario, with a reduction of 1.03% of the study area. The reduced area is mainly in the
south of the original suitable area; therefore, its future distribution will mainly shift to the
north. Under future climate change in terms of temperature and precipitation, the southern
range may not represent a suitable breeding ground for the lesser white-fronted goose. If
the climate change trend does not change, then the distribution of lesser white-fronted
goose breeding grounds will shift northward (Figure 8).

By 2070, the increased areas of suitable breeding sites for the lesser white-fronted
goose will mainly be concentrated in the northern region of the Republic of Yakutia and
Magadan Oblast around the original suitable habitats. The largest increases are observed in
the RCP8.5 scenario, and they account for 1.20% of the study area. The decreased areas are
mainly distributed along the border between Krasnoyarsk Kray and Yakutia of the Russian
Federation and along the border between Chukotka and Yakutia. The largest reduction is
observed under the RCP2.6 scenario, and they account for 0.91% of the study area. Areas
west and east of the initial appropriate area primarily account for the reduction in suitable
habitat. Therefore, by 2070, the distribution of suitable breeding grounds will continue to
move northward (Figure 9).

Against the backdrop of future climate change, suitable breeding grounds will continue
to move northward. Further comparison of the changes in breeding grounds from 2050
to 2070 shows that under RCP2.6, the suitable distribution area tends to shrink, and the
area in the northwest of the Republic of Yakutia is greatly reduced, while under RCP8.5,
the appropriate distribution region tends to expand, with significant increases in the
northwestern part of the Republic of Yakutia. The reason for these discrepancies may be
that in the case of RCP8.5, the sharp increase in greenhouse gas emissions will lead to
an increase in global temperature from 1.4 ◦C to 4.8 ◦C, and this climate warming will
lead to more suitable temperatures for the reproduction and survival of the lesser white-
fronted goose, which leads to the expansion of its breeding grounds. This change deserves
further attention, especially in the suitable distribution area in the northwestern part of the
Republic of Yakutia (Figure 10).
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Figure 8. Increases and decreases in suitable breeding sites for lesser white-fronted goose under
different climate change scenarios in 2050: (a) 2.10% increase and 0.67% decrease under the RCP2.6
scenario; (b) 0.68% increase and 0.76% decrease under the RCP4.5 scenario; and (c) 0.29% increase and
1.03% decrease under the RCP8.5 scenario. Red indicates the decreased area, and green represents
the increased area.
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Figure 9. Increases and decreases in suitable breeding sites for lesser white-fronted goose under
different climate change scenarios in 2070: (a) 0.31% increase and 0.91% decrease under the RCP2.6
scenario; (b) 0.48% increase and 0.57% decrease under the RCP4.5 scenario; and (c) 1.20% increase and
0.78% decrease under the RCP8.5 scenario. Red represents the decreased area, and green represents
the increased area.
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Figure 10. Increases and decreases in suitable breeding sites for lesser white-fronted goose under
various climate change scenarios between 2050 and 2070: (a) 0.72% increase and 2.66% decrease
under the RCP2.6 scenario; (b) 0.82% increase and 0.83% decrease under the RCP4.5 scenario; and
(c) 1.88% increase and 0.72% decrease under the RCP8.5 scenario. Red represents the decreased area,
and green represents the increased area.
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4. Discussion
4.1. Research Innovation and Limitations

Populations of the lesser white-fronted goose have declined rapidly over the past two
decades, and it has been classified as a globally vulnerable (VU) species by the IUCN since
1994. There are currently three subspecies of this goose: Fennoscandian (Norway–Kola
Peninsula), Mainly Western (Northwestern Russia East White Sea–Tamil Peninsula) and
East (Eastern Tamil–Chukotka). The breeding grounds of these populations may be shared
and could overlap [24]. As the summer habitat of the eastern species of lesser white-fronted
goose is the most remote and has limited accessibility, few historical observations have
been performed for the summer retreats of this population [32], and knowledge about
the reproductive distribution and conservation rates is unknown [35,36]. In 2021, Tian
et al. combined three years of tracking data and historical survey data from 1988 to 2020 to
generate the most comprehensive historical distribution points for the eastern population
of the lesser white-fronted goose (A. erythropus). Data on the breeding range provide a
solid foundation for further studies. Based on the study of Tian et al., we determined
the current summer habitat distribution of the eastern population of lesser white-fronted
goose using long-term survey distribution sites and the Maxent model [38]. Moreover, we
performed a gap analysis to identify habitat change areas and conservation gaps under the
current habitat scenario and future carbon emission scenarios. Our model cross-validation
results show that both the training and testing AUCs are high (i.e., greater than 0.90) and
comparable, indicating that the outputs are highly reliable [57]. Combined with the reliable
Maxent model, we predicted a more comprehensive distribution of breeding grounds for
the eastern lesser white-fronted goose population under different carbon emission scenarios.
Our research indicates that protected area managers should focus on conservation gaps,
identify future changes in suitable habitat distribution, and develop timely and effective
conservation strategies. Previous studies have shown that the main risk factors for the lesser
white-fronted goose include illegal hunting, poisoning, habitat loss, and anthropogenic
impacts. A model analysis by Zöckler et al. [27] indicated that the destruction of breeding
grounds will continue to affect the lesser white-fronted goose. A comprehensive analysis
showed that the contribution of temperature change factors to the distribution of suitable
breeding grounds is larger than that of precipitation change factors, and it indicated that
global warming will further change the existing habitats. Other goose species have a similar
breeding range to the lesser white-fronted goose, including the great white-fronted goose
(albino goose), lesser bean goose (fava bean goose), and brent goose (brant white goose),
as well as other waterfowl (including ducks and tundra swan). Therefore, the method
used in our study can also be generalized to other species and protected areas [58–60].
Due to the difficulty of surveying lesser white-fronted goose in the Arctic Circle and the
limited data obtained by wearable trackers, the distribution points we used may still be
incomplete [35,36]. Future studies should use improved satellite tracking equipment to
obtain more summer breeding and molting sites. In addition, our study only focused on
the habitat change status of the eastern population of lesser white goose. However, three
subspecies of lesser white-fronted goose have been identified, and whether their breeding
grounds overlap and whether they have been affected by global warming and human
disturbance have not been determined. Future studies can distinguish the habitat overlap
and transfer status of the three subspecies under future scenarios.

4.2. Distribution of Future Breeding Grounds and Protection Gaps

Our results show that under the RCP2.6, RCP4.5, and RCP8.5 scenarios for 2050, the
proportion of suitable habitats to the total area of the study area expands from 14.50% to
15.84% relative to the current scenario and then decreases to 14.42%. In the case of RCP8.5,
the proportion of habitat in the entire study area decreases from 14.50% to 13.76%. In the
2050 scenario, the suitability of bird breeding grounds is lower than in the current scenario.
In 2050, under the RCP2.6 and RCP4.5 scenarios, the overall longitude trend of the suitable
distribution area moves westward, while under the RCP8.5 scenario, a small eastward
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trend is observed. In terms of latitude, the changes under different emission scenarios are
not consistent, with southward shifts (low latitude) observed under the RCP2.6 and RCP4.5
scenarios and a small northward shift (high latitude) under the RCP8.5 scenario. In 2070, the
proportion of the total area of suitable habitat in the study area decreased from the current
value of 14.50% to 13.90% and then increased to 14.41%. In the case of RCP8.5, the total
area suitable for habitat increased to 14.92%. Thus, in 2070, the suitability of bird breeding
grounds will increase. Under the RCP2.6 and RCP4.5 scenarios, the overall longitude trend
of the suitable distribution area moves eastward, while under the RCP8.5 scenario, a small
westward movement is observed. In terms of latitude, in the RCP2.6 and RCP4.5 scenarios,
a shift to the north (high latitudes) is observed, while under the RCP8.5 scenario, a shift
to the south (low latitude) is observed. From 2050 to 2070, under the RCP2.6 and RCP4.5
scenarios, an overall eastward longitude trend of suitable distribution area is observed,
while under the RCP8.5 scenario, a small trend of westward movement is observed. In
terms of latitude, in RCP2.6 and RCP4.5, a shift to the north (high latitudes) is observed,
while inRCP8.5, a southward shift (low latitude) is observed. Under the background of
future climate change, the different emission scenarios indicate that the small white-fronted
goose will present different strategies in terms of their suitable distribution area. The
possible reasons for these discrepancies are as follows: (1) the suitable distribution area in
the future is relatively fragmented, intermittent, and discontinuous, which increases the
difficulty of identifying the centroid position of the suitable distribution area, resulting in
errors in the analysis of latitude and longitude changes; (2) different emission scenarios
have inconsistent effects on the distribution of lesser white-fronted goose; (3) newly added
suitable areas and locations within the distribution area are not fixed; and (4) changes in
the suitable habitat distribution of lesser white-fronted goose may also be related to the
combined effect of climate and local altitude.

The survey results show that the existing protected areas cover only 3.22% of the ideal
habitat; thus, more than 1,029,386 km2 of the optimal habitat is still outside the conservation
boundary and under threat. There are two main ways in which climate-induced changes in
the habitat area of species occur. First, areas of suitable habitat may shrink within previously
larger areas or expand beyond (but still include) previously smaller areas. In this case, long-
term management actions need to focus on protecting the species’ continued occupation
of habitat by providing climate shelter. Second, even if the size of the habitat remains the
same, the habitat may be partially or completely shifted in location. In this case, long-term
management actions should focus on promoting dispersal to newly suitable habitats [61].
According to the research results, the climate-induced changes in the habitat area of the
lesser white-fronted goose are mainly of the first type; therefore, identifying climate shelters
will be beneficial for the protection of the lesser white-fronted goose. In the context of
climate change, species climate shelters should be predicted based on niche models while
taking into account the scope of existing nature reserves. There is also evidence that
protected areas not only protect biodiversity [62] but also provide ecosystem services, such
as climate change mitigation [63], and enhance existing protected areas around climate
shelters and their linkages to these climate shelters. Thus, regional management can avoid
the mass extinction of species [64].

The Maxent model can provide a more comprehensive distribution of breeding sites,
and this range can be used to further determine habitat suitability, draw attention to
conservation gaps, determine future changes in suitable habitat distribution, and develop
timely and effective conservation strategies. The conservation of the lesser white-fronted
goose, a critically endangered species, was the most important reason for this study.

4.3. Challenges and Conservation Strategies of Lesser White-fronted Goose

Previous studies have found that the main threats to the population size of the
lesser white-fronted goose include the reduction in suitable habitats caused by climate
change, phenological mismatches caused by hydrological changes [65], illegal hunting,
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poisoning, and other disturbances caused by human activities [28], and changes in habitat
landscape configuration.

Early studies have shown that climate change is one of the most important factors
affecting species distributions in summer habitats, with the most significant effects being
changes in temperature and rainfall [66–68]. During the wettest season in continental or
high-latitude arctic regions, the optimal habitat suitability may be reached when the average
summer temperature is 9–14 ◦C, which represents an important result of earlier studies on
the distribution of breeding grounds for lesser white-fronted goose [38]. Our study shows
that under a climate scenario with continued carbon emissions in the future (RCP8.5),
summer habitat temperatures will increase, and the proportion of suitable habitats for
the entire study area in 2050 will decrease from 14.50% to 13.76%. However, the status of
summer habitats may be more complicated in the context of climate change.

Many climate models predict higher spring temperatures and earlier snowmelt [69],
which will lead to a range of changes, such as flooding and loss of coastal wetlands [70],
which will affect breeding grounds. As summer habitats are expected to be concentrated
in the lowland coastal zone of the Laptov Sea and East Siberian Sea, the projected sea
level rise [69,71] and increased river flow [72] may lead to substantial habitat loss [73]. In
addition, tundra plants are an important food source for the lesser white goose, and studies
have shown that these birds tend to forage on fresh and tender plants [26]. The changes in
plant phenology caused by climate change will lead to mismatches between the arrival time
of the lesser white-fronted goose at the breeding grounds and plant growth, which will
also affect the individual reproductive success rate and population size of this species [74].
Such issues will affect other migratory waterbirds with a similar breeding range and diet
as the lesser white-fronted goose, such as white-fronted, grey, and swan geese and the
tundra swan.

Our results also show that in 2070, under the RCP8.5 scenario, the suitability of bird
breeding grounds will increase, with the proportion of total area of suitable habitats in the
study area increasing to 14.92%. However, this may not be a cause for optimism. Under
the continued climate warming scenario, the summer habitat of the eastern population of
lesser white goose may face more human disturbance. Russia has established 13,000 nature
reserves of various types that cover an area of 600,000 square kilometers, accounting for
2.91% of Russia’s total land area. The land area is approximately 1.96 million square
kilometers, accounting for 11.4% of the total land area of Russia. However, according to the
current protected area plan, the existing protected area only covers 0.467% of the suitable
habitat area of lesser white-fronted goose, while more than 1,058,695 km2 of optimal habitat
remains outside the protection boundary and is threatened. Shipping and port development
in the tundra habitat could further devastate the habitat of the lesser white-fronted goose
in the Arctic Circle.

The coverage of protected areas is insufficient, and Russian protected areas are also
faced with overlapping protected areas and overlapping functions. Among the various
nature reserves that have been established in Russia, there are 301 special nature reserves at
the federal level, including 103 national nature reserves, 50 national parks, and 64 national
reserves [75]. Russia has 10 World Natural Heritage Sites, 44 Biosphere Reserves, and
35 Wetlands of International Importance. However, these protected areas established under
international conventions have not been established independently but rather overlap
and intersect with various existing nature reserves [76], which may lead to insufficient
management and protection allocation. Therefore, in the future, according to the suitable
distribution areas of some important protected species, the protection range can be appro-
priately increased to reduce the threat of human interference to endangered species and
complete the development of nature reserves. The task of conserving biodiversity and
maintaining the natural state of natural ecosystems and their targets must be emphasized.
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5. Conclusions

In this paper, climate data and satellite tracking data were input into the Maxent model
to forecast the habitat suitability of lesser white-fronted goose in the Siberian region using
associated occurrence records and environmental factors. Under the future climate emission
scenario, the suitable habitat area will be reduced, compared with the current conditions
and concentrated in the core area. These findings may worsen if urban expansion and
frequent human activities are not given sufficient attention.

The study’s findings show that the suitable distribution area covered by existing
protected areas is small, thus indicating that the conservation gap is still large. To achieve
certain conservation goals, protected areas need to be increased from the original base.
The land use types in the preferred area are mainly forest land, arable land, and water
bodies, and relatively few buildings are observed; therefore, the cost of establishing nature
reserves will be relatively low. Combined with the current nature reserves, the protection of
migratory birds requires the establishment of additional nature reserves and must consider
the species and growth cycle of plants in the reserve to establish a scientific and optimal
protection system.

Our findings help provide a better understanding of the distribution of lesser white-
fronted goose and the future conservation of this bird. Conservation planning should
be based on specific ecological information [77]. The results suggest that the risk of
habitat degradation and decline may increase under climate change scenarios because
future climate may present rapid warming and disruptive events [78]. The results of
various observations and model projections confirm that climate change has an important
influence on the distribution of birds, which is shifting to higher heights or latitudes, and
the range of most birds will be further reduced. On this basis, targeted conservation plans
should be developed to reduce the possibility of climate-change-induced decreases in the
population of lesser white-fronted goose, which show a greater preference for natural
habitats to agricultural lands compared to other waterbirds. Therefore, management for
reasonable plant abundance and proper land use will lower the possibility of changes in
plant distribution and permit the steady long-term growth of lesser white-fronted goose
in the face of climate change. Our predictions can help protect the summer habitat of the
lesser white-fronted goose in the future and could be used to assess the ecological impact
of global warming on polar breeding species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11111946/s1, Table S1: Datapoints for the modelling of
the summer range of East Asian lesser white-fronted goose. References [79–81] are cited in the
supplementary materials.
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