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Abstract

Castanea seguinii Dode is ecologically and economically significant in China, and its potential
as a carbon sink and ability to adapt to varying climates have garnered considerable interest.
In light of global warming, the geographical distribution of Castanea seguinii is experiencing
notable changes. This study employs the Maximum Entropy (MaxEnt) model to forecast
both present and future potential habitats conducive to the survival of Castanea sequinii
across four emission scenarios (SSP126, SSP245, SSP370, and SSP585) and utilizes Fragstats
4.2 to analyze fragmentation in its most suitable regions. Findings reveal that current
habitats that support adaptation are chiefly located in southern China, covering around
12.7% of the total land area of the country. Key factors affecting this distribution are
precipitation levels during the driest month, average temperatures recorded in the driest
quarter, precipitation rates in the wettest quarter, isothermality, and elevation, with climate-
related variables exerting the greatest influence. As carbon emissions vary, a general trend
of habitat contraction is observed for Castanea seguinii, especially in regions that are highly
adaptive. The populations of Castanea seguinii are shifting northwestward into areas at
higher latitudes and altitudes. This upward movement reflects pronounced nonlinear
traits as the intensity of carbon emissions changes. An increase in carbon emissions
leads to greater fragmentation in regions that are most adaptable, with the lowest and
low fragmentation levels falling to a minimum by 2090 under the SSP585 scenario. The
reduction in highly adaptive habitats will contribute to increasing fragmentation. These
results offer vital scientific insights for the conservation and management of Castanea
seguinii forest resources amid climate change and the pursuit of carbon neutrality.

Keywords: climatic factors; Maximum Entropy Model; contraction and expansion of
adaptive distribution; centroid migration; habitat fragmentation

1. Introduction

Forests play a crucial role in terrestrial ecosystems and are vital for carbon storage [1-4].
The warming of the global climate significantly influences the geographical distribution of
forest vegetation [5,6]. For example, certain heat-loving tree species are moving northward,
whereas others are adjusting their adaptive ranges to greater elevations [7,8]. In light
of the challenges presented by climate change, determining the distribution patterns of
adaptive habitats for tree species and enhancing forest carbon sequestration management
have become key concerns in the field of forest ecology research.
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Castanea seguinii Dode (Fagaceae, Castanea) constitutes an essential element of for-
est flora, extensively found in temperate and subtropical forest ecosystems throughout
China [9]. These trees are crucial for preserving biodiversity and improving ecosystem ser-
vices [10,11]. Their nuts hold significant economic importance, while the trees demonstrate
a remarkable ability for carbon sequestration [12]. Additionally, as Castanea seguinii trees
mature, their capacity for carbon storage increases [13], and the biomass along with carbon
levels in various organs shows consistent carbon sequestration across different growth
phases. However, global warming is altering the geographic ranges of species globally,
with many temperate tree species clearly shifting their distribution to higher latitudes
and elevations [14-17]. At present, it is imperative to conduct further research on the
distribution status of Castanea seguinii in light of global climate change.

Species distribution modeling serves as a crucial technique in the field of ecological
research. Among the many methods at researchers’ disposal, the Maximum Entropy Model
(MaxEnt) is frequently employed to forecast the potential geographic distribution of species,
thanks to its impressive predictive accuracy and minimal requirements for sample data [18].
This model relies on statistical principles to combine records of species occurrences with
datasets of environmental variables, which allows for precise simulations of potential
distribution ranges. It has proven effective in predicting the future distributions of tree
species like Pinus massoniana Lamb [19], Platycladus orientalis Franco [20], and Cinnamomum
camphora J. Presl [21] under various climate change scenarios. Additionally, Fragstats 4.2,
a popular software tool for landscape analysis, provides a wide array of indices that can
be examined at three distinct levels of landscape patterns [22,23]. Its integrated moving-
window technique enhances the visualization of landscape indices, allowing for an effective
assessment of spatial variability. This method has been widely applied to analyze landscape
fragmentation [24,25]. The integration of species distribution models and landscape index
calculation software establishes a framework for evaluating the contribution and spread of
potential habitats for species, along with assessing habitat fragmentation.

Drawing on the distribution data of Castanea seguinii throughout China, this research
combines various environmental factors-such as soil characteristics, climatic conditions,
and topographical elements-and utilizes both the Maximum Entropy Model and Fragstats
4.2 to analyze their adaptive distribution patterns and assess fragmentation. The goals of
this study are as follows: (1) to evaluate the existing adaptive distribution characteristics
and pinpoint the primary driving forces affecting Castanea seguinii amidst current climatic
conditions; (2) to explore the dynamics of habitat expansion and contraction in response to
different future climate scenarios; (3) to uncover the trends in the migration of distribution
centroids alongside related altitudinal variation patterns; and (4) to assess the current and
prospective fragmentation levels of the adaptive distribution of Castanea seguinii across
various scenarios. This research intends to offer scientific insights into the conservation
and sustainable use of Castanea sequinii resources, as well as to provide theoretical backing
for enhancing forest ecosystem management and protection.

2. Materials and Methods
2.1. Data Screening and Processing

The administrative boundary map data for China used in this research were acquired
from the Resources and Environmental Science Data Center associated with the Chinese
Academy of Sciences (https://www.resdc.cn, accessed in 20 November 2025). The dis-
tribution records for the species Castanea seguinii, which include the Castanea seguinii
Dode-Quercus serrata var. brevipetiolata A. Camus-Platycarya strobilacea Siebold & Zucc forest
and the Castanea sequinii Dode-Quercus fabri Hance shrubland, were collected from the
Vegetation Atlas of China (1:1,000,000 scale). Using ArcGIS 10.8, the distribution data
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underwent processes such as spatial registration, vector digitization, and raster processing,
leading to an initial compilation of 31,570 occurrence points for Castanea seguinii at a spatial
resolution of 1 km. To address issues of bias stemming from redundant and clustered
records, a buffer analysis with a radius of 5 km was performed for spatial filtering. In the
end, 1873 valid occurrence points were retained for the final research dataset (Figure 1).
The latitude and longitude coordinates of these filtered points were then extracted and
saved in CSV format to support subsequent model simulations.
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Figure 1. The distribution of the Castanea sequinii species in China.

In this study, we selected 38 environmental variables, which included 19 climatic
factors, 16 soil characteristics, and three topographical elements. The climatic and elevation
information was obtained from the WorldClim website (https://www.worldclim.org,
accessed in 10 December 2025), featuring a spatial resolution of 5 km. Soil information was
sourced from the HWSD database (https://www.fao.org, accessed in 10 December 2025)
with a resolution of 1 km. Slope and aspect datasets were generated from the elevation
data by employing surface analysis techniques in ArcGIS 10.8.

Future climate projections were sourced from the BCC-CSM2-MR global climate
model, developed independently by the National (Beijing) Climate Center. This model
demonstrates reliable capabilities in simulating patterns of temperature and precipitation
throughout China and has been extensively used for forecasting species distributions
within the country [26]. Four emission scenarios modeled by this system were chosen:
SSP126, SSP245, SSP370, and SSP585. These scenarios represent progressively increasing
greenhouse gas emission levels [27]. Three future time frames were examined: 2041-2060,
2061-2080, and 2081-2100. All data sets were standardized to a spatial resolution of 5 km.

All environmental variables underwent preprocessing with ArcGIS software. A mask
extraction method was employed to trim the datasets to align with the geographic borders
of China. Following this, the resampling tool was used to ensure that all data adhered to a
spatial resolution of 5 km, aligning with the locations where species were observed. This
procedure created a consistent basis for the modeling that followed.
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2.2. Identification of Driving Variables and Calculation of Ranges

To address multicollinearity among the environmental variables, a process for variable
screening was implemented to enhance the model’s accuracy and reliability. Initially, all
38 environmental factors were integrated into the MaxEnt model, with those showing a
contribution rate of zero being eliminated [28]. Following this, ENMTools (version 1.1.2)
was utilized to compute the correlation coefficients between the factors. If the correlation
coefficient between any pair of factors surpassed 0.8, the factor with the lesser contribution
was removed [29]. This screening resulted in the selection of a final set of 10 environmental
variables for model construction, which included seven climatic factors, one topographic
factor, and two soil factors.

The ten environmental factors that were screened, along with the data on community
distribution, were imported back into MaxEnt. To assess the contribution rates of variables
and their permutation importance across various emission scenarios, the jackknife method
was utilized. This approach aided in evaluating the relative significance of each variable.
The five most significant variables, based on both contribution and permutation impor-
tance, were determined to be the main factors driving the distribution of Castanea seguinii.
Response curves were created using the regularized training gain of each specific variable.
The ecological ranges deemed optimal for Castanea seguinii communities were identified as
those ranges leading to a survival probability exceeding 0.5.

2.3. Computational Model

In this research, the Maximum Entropy model (MaxEnt) was employed to simulate
the distribution of the Castanea seguinii tree species. A total of 1873 community distribution
points, along with environmental variables that were pre-processed, were input into the
MaxEnt. For model calibration, 75% of the distribution data was randomly chosen, while the
remaining 25% served for validation. Moreover, pseudo-absence points from the research
area were used as samples for calibration [30-33]. The model was run ten times [34-36].
When predicting future scenarios, it was assumed that topographic and soil conditions
would remain constant and not undergo significant changes due to climate change [37].

The receiver operating characteristic (ROC) curve was utilized to evaluate predictive
accuracy, with the area beneath the curve (AUC) acting as the main criterion for assess-
ment [38-40]. AUC values span from 0 to 1, where results closer to 1 indicate a model’s
exceptional performance. Generally, an AUC of 0.9 or higher is considered indicative of
outstanding predictive accuracy [41-44].

2.4. Calculation of the Adaptive Distribution

The MaxEnt model’s output was imported into ArcGIS. Utilizing the reclassification
feature within the spatial analysis module, habitats suitable for the Castanea seguinii species
were classified into four distinct levels based on their habitat suitability values: non-
adaptive distribution (0-0.06), minimally adaptive distribution (0.06-0.22), moderately
adaptive distribution (0.22-0.43), and highly adaptive distribution (0.43-1.00). Following
this classification, a standardized visualization process was implemented. The raster
calculator in ArcGIS was employed to assess the number of raster cells linked to each
suitability level across varying climate scenarios, and the actual area for each category was
then computed.

Current and anticipated habitat distribution layers for the Castanea seguinii species
across different time frames were loaded into ArcGIS. By examining changes in the overall
adaptive habitat area, the spatial evolutionary patterns were categorized into three types:
expansion zones, stable zones, and contraction zones. An overlay analysis was performed
to evaluate the patterns of suitability distribution in the present and future across multiple
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periods. The alterations in habitat distribution, in relation to the baseline scenario, were
measured to clarify the characteristics of expansion [45] and contraction of adaptive habitats
for the Castanea seguinii species amid climate change.

2.5. Calculation of Centroid Migration and Altitude Changes

To examine the migration trends of the adaptive habitats associated with the Castanea
seguinii species, the tools for reclassification and mean centering in ArcGIS were utilized to
determine the centroid locations of these habitats across different emission scenarios [46,47].
By employing the Merge and general data management functions, the centroid information
was transformed into linear features, thereby creating migration paths for the distribution
centroids. A computational geometry tool was then used to calculate the migration dis-
tances for these centroids, based on the geographic coordinates of each raster cell located
within the suitable regions. Simultaneously, spatial analysis tools were applied to obtain
the average elevation for each centroid. By combining the migration pathways of the cen-
troids with trends in elevation variation, the horizontal and vertical distribution patterns of
Castanea seguinii communities were further clarified [48].

2.6. Calculation of Fragmentation for Highly Adaptive Distribution

The distribution area, which is highly adaptable, serves as the most appropriate habitat
for a species; therefore, the degree of habitat fragmentation in this region directly indicates
the species’ living conditions. Important aspects of habitat fragmentation encompass
marginalization, effects of isolation, and variations in patch area. As a result, this research
chose three landscape pattern metrics for quantitative evaluation: Edge Density (ED), Patch
Density (PD), and Mean Patch Area (MPA) [49].

According to forecasts made by the MaxEnt model, this research concentrates on the
highly adaptable habitat of Castanea seguinii. By employing the moving-window technique
in Fragstats 4.2, we assessed the spatial distributions of three landscape indices in these
locations, considering both current and anticipated climate scenarios. To establish a com-
prehensive fragmentation exponent, the three targets were initially normalized using a
dimensionless approach within ArcGIS 10.8. Following this, an extreme deviation normal-
ization method was utilized to depict the spatial characteristics of habitat fragmentation
across various timeframes and climate conditions. Ultimately, the obtained data were
categorized into five fragmentation levels using the equal interval method: 0-0.2 (highest
fragmentation), 0.2-0.4 (high fragmentation), 0.4-0.6 (moderate fragmentation), 0.6-0.8
(low fragmentation), and 0.8-1 (lowest fragmentation).

3. Results
3.1. Adaptive Distribution and Driving Variables

In the context of current climate conditions, the Castanea seguinii tree species mainly
finds its adaptive habitats in the southern regions of China, covering about 12.7% of the
nation’s overall land area (Figure 2). Regions with high adaptability are primarily found
in Guizhou Province, northern Chongqing, western Hunan, and western Hubei, which
collectively constitute 3.8% of the country’s land area. Areas deemed moderately adaptive
can be found in Sichuan, Guangxi, Guizhou, Hunan, Hubei, Anhui, Zhejiang, and Jiangxi
provinces, making up approximately 3.3% of the total area. Areas with minimal suitability
are the most widespread, representing approximately 5.6% of the total land area.
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Figure 2. The adaptive distribution of Castanea sequinii species under the current climate conditions.
The primary factors influencing the adaptive habitats of the Castanea seguinii species
are climatic conditions, which contribute a total of 89.1%. Factors related to precipita-
tion account for 76.2% of this contribution, greatly exceeding the 12.9% attributed to
temperature-related elements. The impact of soil factors is relatively minimal, while topo-
graphic elements are mainly associated with elevation, contributing 10.7%. Key driving
factors that determine the adaptive distribution of Castanea sequinii include the precipita-
tion during the driest month, the mean temperature of the driest quarter, isothermality,
precipitation in the wettest quarter, and elevation (Table 1).
Table 1. Contribution rates and permutation importances of environmental variables.
. . . . . P i
Variable Environment Variable Unite Percent Contribute ermutation
Importance
Biol4 Precipitation of the driest month mm 74.4 36.1
Elev Altitude m 10.7 15.8
. f dri
Bio9 Mean temperature of driest °oC 10 15.3
quarter
Bio3 Isothermality - 23 3.9
Biol6 Precipitation of the wettest mm 15 143
quarter
Bio2 Mean diurnal range °C 0.4 4.8
Biol5 Precipitation seasonality % 0.3 6.3
Bio4 Temperature seasonality - 0.2 3.2
Cati h ity of
T_cec_clay ation exchange capactly o cmol/kg 0.1 0.1
cohesive layer soil
T_bs Basic saturation Yo 0.1 0.1
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The optimal ranges of the key driving factors influencing the growth of Castanea
seguinii have been established as follows: precipitation levels in the driest month (Bio14)
vary between 15.63 and 29.38 mm; elevation ranges from 549.25 to 1263.34 m; the mean
temperature during the driest quarter (Bio9) falls between 3.96 and 6.97 °C; isothermality
(Bio3) spans from 24.60 to 27.49; and the precipitation in the wettest quarter (Bio16) ranges
from 497.38 to 660.40 mm (Figure 3).
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Figure 3. Response curves of driving variables.

3.2. Expansion and Contraction of the Adaptive Distribution

Global warming significantly influences the patterns of expansion and contraction
within the adaptive distribution zones of the Castanea sequinii species. Based on four
carbon-emission scenarios (SSP126, SSP245, SSP370, and SSP585), the adaptive habitat
distribution changes to varying degrees. Future adaptive habitats for Castanea sequinii
will predominantly remain in southern China; however, the total adaptive area exhibits a
shrinking trend. Under projected future environmental conditions, the distribution pattern
is expected to remain relatively stable by 2070. Vegetation is anticipated to expand into
Taiwan under SSP245 by 2090, under SSP370 by both 2050 and 2090, and under SSP585
by 2070. The response of adaptive habitats to carbon emissions varies across different
time periods. In 2050, the most significant expansion occurs under SSP585, while the most
pronounced contraction is observed under SSP370. By 2070, the greatest expansion is noted
under SSP126, with the most significant contraction occurring under SSP585. In 2090, the
largest expansion is projected under SSP370, while the most pronounced contraction is
expected under SSP245. As carbon emission intensity increases, contraction areas continue
to expand along the borders between Chongging and Sichuan Province, Hunan and Hubei
Provinces, and Hunan and Jiangxi Provinces, as well as around the Nanling Mountains
and the Wuyi Mountains. Stable areas are primarily concentrated in Chongqing, Guizhou
Province, northwestern Hunan Province, and southwestern Hubei Province. However, this
stable region also shows a shrinking trend with increasing carbon emissions (Figure 4).
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Figure 4. Contraction and expansion of the adaptive distribution of Castanea seguinii.
(@) 2041-2060: ssp126, (b) 2061-2080: ssp126, (c) 2081-2100: ssp126, (d) 2041-2060: ssp245,
(e) 2061-2080: ssp245, (f) 2081-2100: ssp245, (g) 2041-2060: ssp370, (h) 2061-2080: ssp370,
(i) 2081-2100: ssp370, (j) 2041-2060: ssp585, (k) 2061-2080: ssp585, (1) 2081-2100: ssp585.

Under future climate scenarios, climatic factors will remain the primary determinants
of the distribution of Castanea seguinii, contributing between 89.3% and 90.7% to the overall
variance. The areas classified as highly, moderately, and minimally adaptive are projected
to change significantly (Figure 5). By 2050, as carbon emission intensity increases, the total
adaptive area is expected to initially rise, then fall, and subsequently rise again, peaking
under the SSP245 scenario. In comparison to the current period, the highly adaptive areas
are anticipated to contract by 45.87% to 59.80%, with the smallest area observed under
SSP585. By 2070, the total adaptive area will continuously decline with increasing emission
intensity; however, it will expand relative to the present only under the low-carbon SSP126
scenario. The highly adaptive areas will contract by 19.39% to 79.39%, with the most
significant contraction occurring under SSP585. Under SSP126, the total adaptive area
will be the largest, while under SSP585, the highly adaptive areas will be the smallest. In
2090, as emission intensity rises, the total adaptive area will first decline, then increase,
and decline again, resulting in a net contraction of 11.47% to 29.47%. The total adaptive
area will be smallest under SSP245, and the highly adaptive areas will be smallest under
SSP585. By 2090, both the total and highly adaptive areas for Castanea sequinii will reach
their lowest values across all future scenarios (Figure 6).
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Figure 5. Adaptive distribution of Castanea seguinii species under future climate scenarios.
(@) 2041-2060: ssp126, (b) 2061-2080: ssp126, (c) 2081-2100: ssp126, (d) 2041-2060: ssp245,
(e) 2061-2080: ssp245, (f) 2081-2100: ssp245, (g) 2041-2060: ssp370, (h) 2061-2080: ssp370,
(i) 2081-2100: ssp370, (j) 2041-2060: ssp585, (k) 2061-2080: ssp585, (1) 2081-2100: ssp585.
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Figure 6. Adaptive distribution areas of the Castanea seguinii species under different climate scenarios.

3.3. Centroid Migration and Altitude Change

The phenomenon of global warming causes a notable northwestward shift in the
distribution centroid of the Castanea seguinii species, along with significant changes in
elevation. At present, this centroid is positioned in Yuanjiang City, Hunan Province. Various
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carbon-emission scenarios predict a continual northwestward shift in the centroid, despite
distinct variations observed between the scenarios (Figure 7a). Under the low-carbon
SSP126 scenario, the centroid ultimately migrates to Taoyuan County, Hunan Province,
with the migration distance first decreasing and then increasing. Under SSP245, the
centroid moves to Laifeng County on the Hunan-Hubei border, with the distance initially
shortening and then lengthening, demonstrating relatively pronounced fluctuations. Under
SSP370, the centroid also ends up in Laifeng County, following a similar trend of first
decreasing and then increasing migration distance. Under the high-carbon SSP585 scenario,
the centroid ultimately migrates to Longshan County, with a continuously decreasing
migration distance.
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Figure 7. (a) Centroid migration. (b) Altitude change.

Under various carbon-emission scenarios, the centroid of adaptive habitats for Castanea
seguinii exhibits an overall increasing trend. Currently, the centroid elevation stands at
31 m, with the elevational changes following a pronounced nonlinear pattern (Figure 7b).
Under SSP126, the centroid elevation continues to rise. In contrast, under SSP245, it first
increases, then decreases, and ultimately rises again. For SSP370, the centroid elevation
initially increases before declining. Under SSP585, the centroid elevation steadily climbs,
reaching a peak of 1350 m by 2090.

3.4. Climate-Change-Driven Fragmentation of High Adaptive Areas

The highly adaptive distribution of Castanea sequinii has been continuously shrinking
in response to climate change. To better assess habitat quality, this study analyzes the frag-
mentation of the species” highly adaptive areas under different climate scenarios (Figure 8).
The spatial results indicate that, under current conditions, significant fragmentation pri-
marily occurs at the edges of the suitable region, while the interior remains relatively stable.
The highest fragmentation accounts for 40.5% of the area, followed by high fragmentation
at 8.9% and moderate fragmentation at 3.4%. These findings suggest a relatively high
degree of overall fragmentation.
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Figure 8. Spatial distribution of fragmentation of highly suitable areas for Castanea seguinii under
current climatic conditions.

Increasing carbon emissions result in a reduction in highly adaptive habitats and a
significant rise in fragmentation (Figure 9). By 2050, fragmentation is most severe under
the SSP245 scenario, where the combined proportions of highest, high, and moderate
fragmentation reach 73.24%, representing an increase of 20.44% compared to current levels.
Under the SSP585 scenario, the area classified as low or lowest fragmentation is the smallest,
contracting by 64.29% relative to current levels. In 2070, the most severe fragmentation
occurs under SSP585, with the total share of highest, high, and moderate fragmentation
reaching 81.34%, an increase of 28.54% from the current proportion. Under the same
scenario, the area of low and lowest fragmentation contracts by 85.26% compared to the
present. By 2090, fragmentation peaks under SSP245, with the combined proportions of
highest, high, and moderate fragmentation reaching 83.39%, an increase of 30.59% from
current levels. Under SSP585, the area of low and lowest fragmentation is again the smallest,
decreasing by 87.93% from current levels (Figure 10). Among the five fragmentation levels,
the highest fragmentation level accounts for the largest proportion, while the moderate
fragmentation level accounts for the smallest proportion. As highly suitable areas shrink,
the degree of fragmentation intensifies.
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Figure 9. Spatial distribution of fragmentation in the highly adaptive area of Castanea seguinii under
different future climate scenarios. (a) 2041-2060: ssp126, (b) 2061-2080: ssp126, (c) 2081-2100: ssp126,
(d) 2041-2060: ssp245, (e) 2061-2080: ssp245, (f) 2081-2100: ssp245, (g) 2041-2060: ssp370,
(h) 2061-2080: ssp370, (i) 2081-2100: ssp370, (j) 2041-2060: ssp585, (k) 2061-2080: ssp585,
(1) 2081-2100: ssp585.
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Figure 10. Percentage of fragmentation at each level under different scenarios.

4. Discussion

In this research, we combined distribution data for the Castanea seguinii tree species
with various environmental factors to forecast their potential distribution regions employ-
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ing the Maximum Entropy (MaxEnt) model. The evaluation of prediction accuracy was
effectively conducted using the Area Under the Curve (AUC) metric. Following this, the
MaxEnt model was utilized to project distribution patterns across four climate scenarios
from 2041 to 2100. The model attained an AUC value exceeding 0.92 [50,51], significantly
surpassing the high-accuracy benchmark of 0.9, which suggests that the predicted suitable
habitats for Castanea seguinii are both precise and dependable. Subsequently, we used
Fragstats 4.2 to perform a fragmentation analysis on the highly suitable distribution of
Castanea seguinii.

The spatial distribution of tree species is greatly affected by climatic conditions [52-54],
which are essential in determining the patterns of forest vegetation [55-57]. In this research,
climatic elements are recognized as the main factors influencing the range of Castanea
seguinii, with an overall contribution rate of 89.1%. Among these climatic conditions, fac-
tors related to precipitation (76.2%) have a significantly greater impact compared to those
related to temperature (12.9%). The suitable habitat of Castanea seguinii is primarily located
in the humid areas south of the Qinling Mountains, indicating that precipitation has a sub-
stantial impact on its distribution. Specifically, the precipitation of the driest month (Bio14,
74.4%) represents the lower limit of water availability during the most water-scarce period
of the year, determining whether the plants can survive the dry season and serving as a
critical threshold for species persistence [58,59]. Conversely, the precipitation of the wettest
quarter (Biol6, 1.5%) reflects water supply during the most abundant period, thereby
influencing the intensity of the growing season and annual productivity [60,61]. Within
the suitable precipitation range, adequate water promotes physiological processes such
as photosynthesis, thereby favoring the growth and range expansion of Castanea seguinii.
However, excessive precipitation can lead to waterlogging and root hypoxia, while insuffi-
cient precipitation restricts water supply—effects that are particularly pronounced during
seedling establishment [62]. Global warming may exacerbate precipitation fluctuations in
the distribution areas of Castanea seguinii [63]; causing precipitation in some regions to fall
outside the suitable range and thereby constraining growth and distribution. The mean
temperature of the driest quarter (Bio9, 10%) reflects the temperature conditions during the
dry season and the combined stress of drought and heat. This metric determines the growth
status of Castanea seguinii—whether it is in dormancy, shedding leaves, or continuing to
grow—during the dry season, significantly influencing its phenological rhythms [64,65].
Isothermality (Bio3, 2.3%) indicates the relative relationship between diurnal and annual
temperature ranges, affecting the balance between photosynthesis and respiration in Cas-
tanea seguinii; thereby constraining its growth and biomass accumulation [66].

In addition to climate, soil and topography significantly influence plant growth and
distribution by regulating moisture, nutrients, temperature, and light [67-69]. Altitude,
contributing 10.7%, is another key factor affecting the distribution of the Castanea seguinii
genus. The suitable altitude range is between 550 and 1264 m, which generally aligns with
the projected future altitudinal distribution of Castanea seguinii. Unlike the suitable altitude
range—which serves as an environmental threshold based on ecological requirements—the
centroid altitude acts as a spatial ‘average point’ rather than an ecological ‘optimum’. It
represents a statistical measure centered on geographic space. The inconsistency between
the two indicates that species distribution is not determined by altitude alone [30]. The
fact that the centroid altitude does not always fall within the suitable range suggests an
asymmetric spatial distribution of adaptive habitats, in which extensive high-altitude areas
elevate the centroid position.

In this study, when predicting the suitable distribution of Castanea seguinii under future
climate scenarios, we assumed that soil and topographic factors remain constant. This
assumption is primarily based on the slower rate of soil change relative to climate change.
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However, the following limitations still exist: (1) Natural soil evolution is ignored. Future
climate change can drive changes in soil properties through feedback mechanisms such as
increased organic matter decomposition due to warming and pH fluctuations caused by pre-
cipitation changes, which cannot be overlooked in long-term simulations. (2) Uncertainty
from human activities. Land use changes, fertilization, acidification amendments, and
other measures can significantly alter key soil limiting factors in the short term, and fixing
soil variables fails to capture these anthropogenic impacts. (3) Lack of interactions. There
are synergistic or antagonistic effects between soil and climate (e.g., drought combined with
soil sandification). Fixing soil variables would underestimate the risk of suitable habitat
contraction under extreme adverse scenarios. Based on the above, this study has certain
limitations. However, because topographic changes are a slow, long-term process, and
the Castanea sequinii populations studied mostly grow in wild areas with limited human
disturbance, we assume that topographic and soil factors remain unchanged under future
climate conditions.

Global climate warming is a key driver of the expansion or contraction of species’
adaptive habitats [70-72]. Affected by global warming, species adapted to cold mountain
climates are expected to face a substantial reduction in their distribution ranges [73-76]. An
assessment of the impacts of climate change on 2632 plant species across all major mountain
ranges in Europe indicates that by 2070-2100, 31%-51% of subalpine species and 19%—46%
of montane species will lose more than 80% of their suitable habitats [77], which aligns with
the findings of this study. In this study, the adaptive habitat area for the Castanea sequinii
genus exhibited an overall contraction trend across various carbon-emission scenarios.
Under the low-emission SSP126 scenario, this contraction is relatively limited. However, as
carbon emission intensity increases, the contraction becomes significantly more pronounced,
particularly in southwestern and northwestern regions, including Sichuan, Hunan, and
Jiangxi provinces. Under SSP126, the total adaptive habitat area for Castanea seguinii peaks
in 2070; nevertheless, the area of highly adaptive habitats declines during the same period.
Under the high-emission SSP585 scenario, the contraction rate of highly adaptive habitats
ranges from 59.80% to 84.69%, reaching its minimum by 2090. These results indicate that
high carbon emissions profoundly affect the highly adaptive habitats of Castanea seguinii
forests. Previous studies have demonstrated that elevated CO, concentrations can enhance
plant carbon sequestration capacity within a certain range [78]. However, the present study
found that under high CO, concentrations, the highly adaptive habitats of Castanea seguinii
were significantly reduced. Given that these areas represent the core regions for biomass
and carbon storage in Castanea seguinii forests [79-81], their reduction is likely to directly
diminish the carbon sequestration capacity of these forests. Furthermore, this reduction
may indirectly affect the carbon sink function of forest ecosystems by altering ecosystem
stability and biodiversity.

Climate change generally prompts tree species to move to higher latitudes and ele-
vations in search of favorable adaptive-habitat conditions [82-84]. This research validates
a widespread trend of northwestward migration for the adaptive habitats of the Castanea
sequinii genus. According to the SSP126 scenario, the centroid of distribution shifts toward
Taoyuan County in Hunan Province, suggesting a relatively short migration distance. Un-
der SSP245, the centroid moves to Laifeng County, located on the border between Hubei
and Hunan provinces. By 2050, the centroid shifts 193.37 km to Cili County; by 2070, it
moves 37.48 km to Taoyuan County; and by 2090, it shifts 202.79 km to Longshan County,
indicating relatively pronounced changes. Under SSP370, the centroid shifts to Laifeng
County. By 2050, it moves 310.47 km to Yongshun County; by 2070, it shifts 82.67 km to
Sangzhi County; and by 2090, it moves 114.19 km back to Laifeng County. Under SSP585,
the centroid shifts to Longshan County. By 2050, the distribution center moves 225.80 km
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to the Yongding District; by 2070, it shifts 88.71 km to Sangzhi County; and by 2090, it
moves 23.97 km back to Longshan County, with migration distances showing a decreasing
trend. Overall, the distribution centroid of the Castanea sequinii genus gradually migrates
northwestward over time, with greater migration distances observed under low-emission
scenarios. The research findings are consistent with the previously mentioned trend of
warm-adapted vegetation migrating to higher altitudes and latitudes.

This study reveals that the altitudinal migration of the Castanea seguinii genus exhibits
significant nonlinear patterns. Under the SSP126 and SSP585 scenarios, altitude shows a
gradual upward trend, with maximum elevations reaching 378 m and 1350 m, respectively.
In contrast, under SSP245, altitude initially increases, then decreases, and rises again,
peaking at 710 m in 2050. Similarly, under SSP370, altitude rises before declining, reaching
a peak of 795 m in 2070, followed by a sharp drop as emissions continue to rise. This
nonlinearity likely results from differences in temperature-precipitation dynamics across
scenarios. While temperature and precipitation remain relatively stable under SSP126 and
SSP585, they fluctuate more markedly under SSP245 and SSP370. In the early stages of
climate change, high-elevation conditions favor the growth of Castanea sequinii. However,
the increasing frequency of extreme climate events leads to persistent declines in regional
water availability, forcing Castanea sequinii to migrate to lower elevations in search of more
stable moisture and temperature conditions [85]. Accordingly, conservation and restoration
efforts for Castanea sequinii forests should account for these nonlinear altitudinal shifts and
develop targeted management strategies.

Habitat fragmentation serves as a critical factor contributing to the decline in biodiver-
sity [86]. As human activities continue to exert pressure on natural ecosystems and climate
change modifies the environments where species reside, the issue of habitat fragmenta-
tion becomes increasingly evident. Nevertheless, many of the existing studies evaluate
fragmentation primarily through landscape types, whereas research concentrating on the
morphological attributes of species habitats is still limited [87]. In this research, we utilized
a moving window approach to combine various landscape metrics and analyze the spatial
fragmentation of habitats that are highly adaptable to Castanea seguinii. This method offers a
more precise representation of true habitat fragmentation compared to evaluations that rely
on a single metric. The findings suggest that, even in the present circumstances, the highly
adaptable regions for Castanea seguinii already display a considerable level of fragmenta-
tion [49]. Highly fragmented areas are primarily located at the edges of the adaptive range,
whereas low-fragmentation areas are found in the interior. As carbon emissions increase,
previously continuous distribution areas become fragmented due to the loss of suitability
in certain regions, further intensifying the fragmentation of highly adaptive areas. Under
the SSP126 scenario, the highly adaptive distribution of Castanea sequinii remains relatively
stable until 2070; under the SSP245, SSP370, and SSP585 scenarios, it remains stable by 2050.
However, with rising carbon emissions, the highly adaptive area undergoes significant
changes. Studies have shown that high carbon emissions can lead to climate instability,
which in turn affects the stability of vegetation habitats [88]. Under the SSP585 scenario in
2090, the highly adaptive area reaches its minimum, as does the combined area of low and
lowest fragmentation, indicating that habitat contraction leads to increased fragmentation
and that the edges of the adaptive range are more strongly affected by climate change [89].
Analysis of the fragmentation of highly suitable areas reveals that under future climate
scenarios, the highly suitable areas for Castanea seguinii not only contract severely but also
become significantly more fragmented. This underscores the urgent need for action to
prevent this trend and secure a stable habitat for the species.

In the coming years, it is anticipated that suitable adaptive environments for the species
Castanea seguinii will be chiefly found in northern and high-altitude areas. Moreover, four
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prospective locations have been recognized within the western and southeastern parts of
the Tibet Autonomous Region, as well as eastern Shandong Province and northwestern
Yunnan Province, where current populations of Castanea seguinii are lacking. The lack
of Castanea sequinii in these areas is likely attributable to limited seed dispersal capacity,
whether by wind or animals, which hinders the species from colonizing these potential
habitats. Proactive planning and conservation efforts should be implemented in these
regions, including human-assisted interventions to optimize community structure, facilitate
natural range expansion, and enhance carbon sink capacity. During the declining phase
of altitudinal migration, particular attention should be directed to areas experiencing
habitat contraction. Establishing ecological protection buffer zones is essential to reduce
human disturbance, strengthen pest and disease control, and mitigate further habitat loss.
Furthermore, as an economically significant forest tree species in China, Castanea seguinii
produces nuts with high edible value. Ensuring the long-term stability and sustainable
development of Castanea seguinii forest resources through scientific planning and efficient
management will not only improve forest ecosystem services but also help alleviate pressure
on China’s food supply.

5. Conclusions

Castanea seguinii exhibits robust natural regeneration capacity and significant potential
as a carbon sink; however, its suitable distribution areas are markedly influenced by global
climate warming. This study integrates multi-source data, including climate, soil, and
topography, and employs the maximum entropy (MaxEnt) model to analyze the current
and future distributions and trends of suitable habitats for Castanea seguinii communi-
ties. Additionally, it assesses the ecological fragmentation of the species using landscape
fragmentation indices. The main conclusions are as follows: (1) The contribution rate of
precipitation factors to Castanea seguinii is greater than that of temperature factors, with
Bio14 identified as the most critical factor. (2) Currently, Castanea seguinii is predominantly
distributed in southern China, where its total suitable area constitutes approximately 12.7%
of the national land area. Potential suitable areas for this tree species include the eastern
part of Shandong, western and southeastern Tibet, northwestern Yunnan, and central Tai-
wan. (3) Under future climate scenarios, the suitable area for Castanea segquinii is anticipated
to contract overall and shift northwestward, with a particularly pronounced reduction
in highly suitable areas. (4) An assessment of habitat fragmentation in highly suitable
areas for Castanea seguinii reveals that the degree of habitat fragmentation intensifies with
increasing carbon emissions.

This study elucidates the dynamic variations in the adaptive distributions of the
Chinese Castanea seguinii species in the context of global warming. The findings provide
reliable data support and theoretical references for targeted conservation, scientific man-
agement, and climate-adaptive governance of Castanea seguinii forest resources. Future
research should integrate the physiological and ecological traits of Castanea seguinii through
field-controlled experiments to further validate model predictions, thereby formulating
more precise strategies to enhance the climate resilience of Castanea sequinii forests.
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