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Abstract: Forests, serving as crucial custodians of our planet’s ecological balance, also constitute
a significant source of livelihood for humanity. Karst regions, recognized as some of the world’s
most susceptible landscapes, grapple with the dual predicaments of ecological restoration and
resident impoverishment. To bridge the gap between environmental and economic concerns, this
manuscript employs an amalgamation of remote sensing and socio-economic methodologies to devise
a comprehensive assessment framework, thereby scrutinizing the alterations in forest ecosystems from
2001 to 2020.The investigation reveals that over the past two decades, forest rehabilitation within the
study area has yielded commendable outcomes, substantially mitigating various ecological dilemmas
instigated by rocky desertification in this region. The forested area has increased significantly, and
the ecosystem service value has more than doubled. These improvements are largely attributed
to compulsory forest conservation measures, demonstrating their decisive influence. The study
advocates meticulous management and conservation strategies to safeguard these unique ecosystems
and ensure their sustainability. This research underscores the significance of striking a balance
between maintaining ecological integrity and fostering economic development, thereby contributing
to the broader discourse on sustainable forest management in vulnerable landscapes.
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1. Introduction

Forests, encompassing approximately one-third of Earth’s terrestrial surface [1], serve
as crucial constituents in maintaining our planet’s ecological balance while providing an
array of indispensable ecosystem services vital to human well-being. Forests are geograph-
ically unevenly distributed across the globe. Russia, Brazil, Canada, the United States, and
China collectively account for 54% of the world’s forested areas [2], thereby conferring
upon these nations a heightened responsibility for safeguarding forest ecosystems. More-
over, forests function as crucial components within the Earth’s biosphere, contributing
not only to global energy and material cycles, but also furnishing a variety of direct and
indirect products essential for human life and economic development. Forests represent a
principal source of livelihood for innumerable communities [3], particularly in rural areas.
However, factors such as anthropogenic activities, wildfires, pests, diseases, and other
environmental perturbations can degrade forests, resulting in diminished supply of forest
products and services, biodiversity value, productivity, and health [4]. Forest degradation
can also precipitate other adverse environmental consequences, including deterioration
of downstream water quality and increased greenhouse gas emissions [5,6]. Although a
multitude of measures have been enacted globally to ensure the sustainable utilization
of forest resources, the rate of forest area loss has slowed, yet forested areas continue to
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decrease worldwide. This issue is particularly acute in developing countries, especially in
impoverished regions.

The sustainable use of forests is intimately linked to societal challenges such as erad-
icating poverty and addressing global climate change [7]. To bridge the gap between
environmental and economic concerns, scientists across the world have conducted ex-
tensive research and devised comprehensive frameworks to quantify the myriad bene-
fits of forest ecosystems and account for the stock and flow of forest resources within
the environmental and economic systems [8,9]. The System of Environmental-Economic
Accounting—Ecosystem Accounting (SEEA EA) proffers a systematic approach for measur-
ing and reporting the economic, social, and environmental values of forest ecosystems [10],
predicated on the principles of the System of Environmental-Economic Accounting Central
Framework (SEEA-CF) [11]. Concurrently, it is a spatially based comprehensive statistical
framework [12] employed to organize biophysical information about ecosystems, measure
ecosystem services, monitor changes in ecosystem scope and conditions, evaluate ecosys-
tem services and assets, and integrate this information with measurements of economic
and human activities.

This framework has yielded some noteworthy findings in the appraisal of forest
ecosystem value. Countries such as the UK and the Netherlands have published the most
comprehensive accounting results thus far, and the EU has developed supranational ac-
counting [13]. However, the implementation of SEEA EA typically necessitates detailed
and comprehensive data, which is relatively accessible in developed countries but often
unattainable in remote or economically disadvantaged developing countries. Additionally,
the imperfect national economic accounting systems of developing countries hinder the
integration of data procured from various statistical measurements using unified standards,
precluding comprehensive analysis. Consequently, there remain numerous limitations
and challenges in the promotion and application process. Despite the backing of several
pilot projects by the World Bank and the United Nations [14], such as the Natural Capital
Accounting and Valuation of Ecosystem Services (NCAVES) project [15,16], these con-
straints cannot be entirely surmounted. For instance, in Indonesia, the government favors
planning land use over mapping spatial data on forest scope, conditions, and use [17,18],
thereby rendering it incapable of monitoring forest resource use and fluctuations in forest
ecosystem conditions and values using statistical data. This underscores a pressing gap that
needs to be addressed in developing nations, particularly in economically deprived areas:
how can we employ limited biophysical parameters to rapidly evaluate the ecosystem
changes in the range, quality, and value of these regions, thereby fostering the sustainable
development of the local economy and society? To address these limitations, an increasing
number of geographers have become engaged in this work. Owing to advancements in
remote sensing and geographic information technology, scientists have been able to employ
remote sensing data to monitor forests globally, including their distribution, health status,
and other relevant attributes. Satellite data reveals that China’s net growth in leaf area
between 2000 and 2017 accounted for 25% of the global total, with 42% of this greening
stemming from forests [19,20]. By harnessing remote sensing technology, researchers can
access an abundance of data on forest ecosystems, which can be analyzed in tandem with
socio-economic data to furnish a more comprehensive understanding of the value of forest
ecosystem services and the factors influencing their changes. Integrating remote sensing
data with socio-economic data can yield more accurate and spatially explicit assessments
of forest ecosystem services, as well as their value and temporal changes [21,22]. This
approach holds the potential to surmount the data limitations faced in poverty-stricken
and remote areas, contributing to a more accurate and holistic comprehension of forest
ecosystems and their role in supporting human well-being. Simultaneously, policymakers
and forest managers can acquire a more comprehensive understanding of the implications
of different management options for both ecosystems and human well-being.

Our analysis of remote sensing data on global forest change over the past 20 years
indicates that forest change in China is highly significant, with a substantial proportion



Forests 2023, 14, 1534

30f19

of karst mountainous areas in the Southwest experiencing reforestation [23,24]. These
areas serve as vital ecological barriers in the upper reaches of the Yangtze River and
represent ecologically fragile regions characterized by a widespread distribution of karst
landforms. The karst area in southwest China, influenced by both natural and human
factors, underwent severe degradation of karst rocky desertification from the 1950s to the
1990s. The ecosystem in this region is exceptionally fragile, and the poverty rate among
farmers is high, resulting in a pronounced conflict between humans and land [25-27].
For instance, in karst areas where farmland is scarce, numerous impoverished farmers
increase their income by deforesting. However, deforestation leads to a larger scale of rocky
desertification, which further exacerbates the difficulties in agricultural production, creating
a phenomenon of “the more deforestation, the poorer; the poorer, the more deforestation”.
Therefore, the objective of this research is to harness remote sensing and socioeconomic
data to scrutinize changes in the forest ecosystem of the area from 2001 to 2020. By doing
s0, we aim to evaluate the impacts of forest conservation implementations, investigate
the delicate balance between ecosystem protection and economic growth, and thereby
provide guidance to policy makers. This assistance would be instrumental in facilitating
prudent forest management decisions, considering ecosystem functionality and human
welfare considerations.

2. Materials and Methods
2.1. Overview of the Study Area

Nestled within the karst mountainous expanse of southwest China lies the study area,
a unique and intricate ecosystem distinguished by its remarkable topography and diverse
vegetation (Figure 1). This region, predominantly composed of limestone and dolomite
formations [28], stands as a quintessential exemplar of global karst landforms, with an
extensive karst development encompassing over 73.8% of the total area [29-31].
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Figure 1. Location of the study area.

The region’s climate is classified as subtropical monsoon, characterized by high tem-
peratures and abundant rainfall. The average annual temperature ranges from 14 °C to
16 °C, and the annual precipitation averages between 1000 mm and 1300 mm. This cli-
mate, in conjunction with the region’s distinctive karst topography, has catalyzed a rapid
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greening process. The region’s vegetation is as multifaceted as its topography, including a
variety of co-existing forest types. Economically significant and ubiquitously distributed
coniferous forests, primarily composed of Chinese fir (Cunninghamia lanceolata), Mason pine
(Pinus massoniana), Yunnan pine (Pinus yunnanensis), and cypress forests (Cupressus spp.),
intermingle with broad-leaved forests. The latter predominantly comprise species from
the Fagaceae family, including Fagus spp., Lauraceae family with Laurus spp., Magnoli-
aceae family with Magnolia spp., and Camelliaceae family with Camellia spp. [32]. These
forests are interspersed with bamboo forests, shrubs, and swamp and aquatic vegetation,
contributing to the region’s rich biodiversity.

The strata of the research area predominantly consist of sedimentary rocks and slightly
metamorphosed sedimentary rocks, with igneous rocks and highly metamorphosed rocks
being sparse. Among the sedimentary rocks, carbonate rocks are the most developed, with
an accumulated thickness of up to 20,000 m. Due to the restriction of parent-rock properties
in soil formation, the research area exhibits lithogenic soils such as calcareous and purple
soils. Soil types, distributed roughly from south to north, encompass ferruginous tropical
soil, lateritic red soil, yellowish-red soil, yellow soil, yellow-brown soil, and montane
meadow soil. Karst landforms in this region are characterized by a variety of dissolution
features, including sinkholes, caves, and disappearing streams, formed as a consequence
of the dissolution of the underlying soluble rock by slightly acidic water. These areas
typically possess complex subterranean drainage systems, with water infiltrating the
ground through sinkholes and other surface features and coursing through a network of
subterranean channels and caves. This results in sparse surface water, with streams and
rivers often disappearing underground. The soil in this region, often thin and rocky due
to the karst topography, has given rise to unique vegetation patterns [33-35]. Plants must
adapt to the rocky soil and fluctuating water availability [36].

The vegetation in this region exhibits zonality driven by thermal conditions and water
constraints. The subtropical monsoon climate, in conjunction with the region’s distinctive
karst topography, has catalyzed a rapid greening process, particularly in the Karst Peak-
Cluster Depression and Karst Trough Valley [37]. However, in non-karst areas of the west
highland in the Karst Fault Basin and Karst Plateau, decreasing rainfall has caused recent
degradation. Vertically, a distinct zonal pattern is observable under the comprehensive
influence of water, heat, and other environmental factors [38]. The interplay of these factors
has resulted in a diverse range of forest types, from coniferous and broad-leaved forests to
bamboo forests, shrubs, and swamp and aquatic vegetation.

Simultaneously, as the region embarks on ecological restoration initiatives such as
the reforestation of agricultural land, it is also hosting industries such as distinctive fruit
forestry, under-forest economy, and forest ecotourism. These endeavors aim to augment
the economic value of forestry products, thereby striking a balance between ecological
preservation and economic development.

2.2. Dataset

In this investigation, we utilized both spatial and socio-economic data to evaluate
alterations in forest resources. The spatial data, procured from the Google Earth Engine
Platform, were juxtaposed with socio-economic data, encompassing forest products and
forest-related disasters, sourced from the Guizhou Statistical Yearbook spanning the years
2001 through 2021. We procured land-cover data (the MCD12Q1 V6 product) from 2001 to
2020 with a resolution of 500 m, which derived from supervised classifications of MODIS
Terra and Aqua reflectance data. These land-cover data were generated by a decision-tree
classification algorithm. This algorithm utilizes various data layers, including surface
reflectance, brightness temperature, land-surface temperature, vegetation indices, and
derived-texture metrics. The classification scheme included 5 legacy classification schemes
(IGBP, UMD, LAI, BGC, and PFT). The International Geosphere-Biosphere Programme
(IGBP) scheme is used in this research, which classifies land cover into 17 classes, including
various types of forests, shrublands, savannas, wetlands, and urban areas [39]. The Land-
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sat net primary production CONUS (NPP) was ascertained and the Global Precipitation
Measurement (GPM) data (Monthly Global Precipitation Measurement v6) were utilized to
amend the pre-existing findings pertaining to ecological value. The Global Precipitation
Measurement signifies an international satellite endeavor that furnishes cutting-edge ob-
servations of precipitation in the form of rain and snow on a global scale, with an update
interval of three hours. The Integrated Multi-Satellite Retrievals for GPM (IMERG) repre-
sents a consolidated algorithm that generates rainfall estimates by amalgamating data from
all passive-microwave instruments integrated within the GPM Constellation. Additionally,
we employed a digital elevation model (DEM) with a resolution of 12.5 m to generate the
slope, elevation, and aspect of the study area (Table 1).

Table 1. Data sources for assessing forest resources changes.

Resource Type Data Sources
Digital elevation models (DEM) Google Earth Engine Platform
Spatial Data Land Cover . . (https:/ /developers.google.cn/earth-engine /datasets)
Landsat net primary production (NPP) accessed on 4 December 2022

Socio-economic Data

Global precipitation measurement (GPM)

Forest Products
Forest Fire
Insect pests and rat infestations

Guizhou Statistical Yearbook (2001-2021)
(http:/ /stjj.guizhou.gov.cn/) accessed on 4 December 2022

2.3. Methods
2.3.1. Indicator Framework

This investigation presents an exhaustive and multi-dimensional methodology to scru-
tinize the alterations in forest resources within the karst mountainous expanse of southwest
China. Initially, the remote sensing examination employs land-cover data to delineate
the scope and categorization of forests within the research zone, and a change detection
analysis is executed in Google Earth Engine (GEE) to pinpoint regions of forest augmen-
tation and depletion throughout the investigation years. This necessitates a comparison
of land-cover data (IGBP classification system. Appendix A) across various years and the
identification of pixels that have transitioned from one forest classification to another, or
from forest to non-forest, and vice versa. The Digital Elevation Model (DEM) data are
utilized to generate topographic variables that could potentially impact the distribution of
forests, such as slope, elevation, and aspect.

The statistical analysis incorporates landscape indices to mirror alterations in the
landscape configuration of the research zone. These indices, computable via Python,
provide quantitative assessments of landscape fragmentation, connectivity, diversity, and
other attributes. These indices are computed for each year of the investigation duration,
facilitating a quantitative appraisal of alterations in the landscape configuration over time.

Finally, through the amalgamation of remote sensing data, socio-economic data, field
surveys, and community surveys, this manuscript establishes two accounts (Table 2),
specifically, physical condition and ecosystem services to monitor the spectrum of forest
resources, health status, yield of forest products, and alterations in ecosystem services
within the research zone. The fusion of qualitative and quantitative analysis enables a
comprehensive appraisal of alterations in forest resources. This methodology enhances the
insights derived from the remote sensing and landscape analysis, offering a more intricate
and nuanced comprehension of the complex interplay between natural and human factors
within the research zone.
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Table 2. Indicators for assessing forests.

Account Types First-Level Indicators Second-Level Indicators

Physical Condition Extent Area
Livelihood provision Forest Production

Elevation
Slope
Landscape index NP
PD
LPI
ED
AREA_MN
SHAPE_MN
FRAC_MN
COHESION
DIVISION
Al
Threats Forest Fire
Pests and Rats
Food production
Raw Material Production
Water Supply
Gas Regulation
Climate Regulation
Environmental Purification
Hydrological Regulation
Soil Conservation
Maintenance of Nutrient Cycles
Biodiversity
Aesthetic Landscape

Site conditions

Ecosystem Services Provisioning Services

Regulating Services

Supporting Services

Cultural Services

2.3.2. Landscape Index

The research zone has experienced substantial population migration and adjustments
in land-use policy over the past two decades. The examination of landscape-pattern evo-
lution can elucidate the mechanism of interaction between frequent human disturbances
and the process of forest transformation [40,41]. Consequently, this manuscript has chosen
a suite of indices—Number of Patch (NP), Patch Density (PD), Largest Patch Index (LPI),
Edge Density (ED), Mean Area Index (AREA_MN), Mean Shape Index (SHAPE_MN), Mean
Patch Fractal Dimension (FRAC_MN), Patch Cohesion Index (COHESION), Landscape
Division Index (DIVISION), and Aggregation Index (Al)—to holistically represent the evo-
lution of the landscape pattern within the research zone. The calculation of these landscape
indices involved the use of MCD12Q1 V6 land-cover data. These data were transmuted into
binary maps, facilitating the extraction of four distinct forest cover categories: Evergreen
Needleleaf Forest, Evergreen Broadleaf Forest, Deciduous Broadleaf Forest, and Mixed
Forest. Simultaneously, non-forest background data was assigned a value of 9999. This
process yielded a sequence of landscape indices for the study area, with the computation
method as follows (Table 3):

Table 3. Landscape indexes.

Laﬁ?;:ipe Indicator Description Calculation Formula Reference
Number of Patch (NP) The number of patches, or the number of patches N [42]

of a certain type of landscape
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Table 3. Cont.
La;‘f;:ipe Indicator Description Calculation Formula Reference
PD represents the density of a certain patch in the
landscape, which can reflect the heterogeneity and
Patch Density (PD) fragmentation of the landscape as a whole and the PD = NP [42]
degree of fragmentation of a certain type, as well A
as the heterogeneity of the landscape per unit area.
LPI is the ratio of the largest patch area to the total
area in line, which is a positive correlation .
Largest Patch Index (LP1) indicator of the contiguous situation, reflecting the LPI= Anax/ A (4]
size of the dominant patch in the landscape.
ED is the ratio of the total perimeter to the total
. area of the patch, which is a negative correlation P
Edge Density (ED) indicator of the contiguous situation, reflecting the ED = A (431
degree of fragmentation of the patch.
It represents an average situation, which indicates _
Mean Area (AREA_MN) the degree of fragmentation of the landscape. AREAMy = A/N (431
It is the mean shape index, which reflects the
: it Y ,025P;/ /a;
Mean Shape (SHAPE_MN) degree of disturbance of human activities to the SPIyy = ==L i i [44]
landscape pattern. N
Mean Patch Fractal It indicates the complexity of the plate. If the result ¥ 21 L) /Int [44]
Dimension (FRAC_MN) is 1.0, it indicates the simplest square plate. FRACpN = N
It reflects the aggregation and dispersion of
. . m ..
Patch Cohesion Index patches in the landsc.ape, and the. value is between (1- Z]:1 Pij
(COHESION) —1 and 1. When the index result is —1, the patches > Pij /T [45]
are completely dispersed, and when the resultis 1, C = / 1 x 100
the patches are clustered. 1-—
P ( ﬂ)
o It refers to the separation degree of individual
Landscape Division Index N . . . m o g 2
(DIVISION) distribution of different plates in a certain D=[1- ) (%) ] [45]
landscape type. j=1
Al examined the connectivity between patches of )
Aggregation Index (AI) each landscape type. The smaller the value, the Al = [L] (100) [46]
more discrete the landscape. max — &ii

A is the total area of landscape or patch (hm?). P is the total perimeter of all cropland patches. a; is the patch area.
P; is the perimeter of the patch. g;; is the number of similar adjacent patches of the corresponding landscape type.

2.3.3. Ecosystem Services Value-Equivalent Model

Forests, as an important ecosystem, provide four categories of ecosystem services for
human beings, which are provisioning services (PS), regulating services (RS), supporting
services (SS) and cultural services (CS) [47]. Our investigation employed a revised version
of the ecosystem service value-estimation methodology proposed by Costanza et al. [48,49].
This approach was further refined by Chinese researchers including Xie Gaodi et al. to
accommodate the economic conditions, land usage, and vegetation types particular to
China. The methodology initially calculates the value of various ecosystem services as an
equivalent to the value of food production from farmland, that is, setting the equivalent
value of ecological services for food production in farmland as 1, and calculating the value
of other types of ecosystem services based on the willingness to consume or pay. This
value is the ratio of the welfare obtained from the annual food production of farmland,
forming the equivalent value of various ecosystems. For the study area, the grain crops of
the farmland ecosystem are rice, wheat, and corn, so the output of these three major food
crops is used to measure the value of various ecosystems (58.5 2007$/hm?).

Vi = SriXFri +SwiXFwi +SciXFci

In the formula, V; represents the value of ecosystem services of a standard equivalent
factor ($/hm?); S,i, Swi, Sci, respectively, represent the percentage (%) of the sown area
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of rice, wheat, and corn in the total sown area of the three crops in the i-th year; F,;,
F,i , F.; represent the average net profit per unit area of rice, wheat, and corn in the i-th
year ($/hm?).

Next, given that the ecosystem services such as food supply, climate regulation, and
biodiversity of the ecosystem are generally positively correlated with biomass, and the sup-
ply of water resources and the regulation of water temperature are highly correlated with
changes in precipitation, in conjunction with the research results of other scholars, this study
revised the equivalent values to attain an equivalent that can more accurately reflect spatial
heterogeneity [50]. The specific process is illustrated in the following diagram (Figure 2):

Basic Equivalent

Provisioning Services

Regulating Services

Supporting Services

Cultural

Fi refers to the unit area value equivalent
of the ecological service function for each
year; Pi refers to the NPP regulation factor;
Ri refers to the precipitation regulation
factor; Fn, represents the value equivalent
per unit area of China for gas regulation,
climate regulation, environmental
purification, nutrient conservation and

biodiversity maintenance; Fn, represents Supporting Services Value teptesents the tvpes of cro
the value equivalent of China's unit area of rEducts P P
hydrological regulation function. Cultural Services P ’

Services
Food Raw Material ~ Water Gas Climate Hydrological Environmental Soil Maintenance of Biodi it Aesthetic
Production Production Supply Regulation = Regulation Regulation Purification Conservation = Nutrient Cycles Heae MEEY Landscape
Precipitation NPP Value Equwalent
Py X Fy 1 nomp;q;
E.— iriqi
R; X F, vi =5
i n2 7L4uij=y M

Ey, refers to the economic value
The Income of of an ecological service value
Grain Products for equivalent factors of
cropland resources in each year;
m; refers to the area of crops;
p; refers to the average price of
crops; g; represents the output
of agricultural products; n

Modified Equivalent —

Provisioning Services

Regulating Services
Ecosystem Service

Figure 2. Ecosystem services value-equivalent calculation.

3. Results
3.1. Changes in Physical Condition
3.1.1. Extent Changes and Area Transfer

During this investigation, we discerned that those four types of forests—namely, Ev-
ergreen Needleleaf Forest (ENF), Evergreen Broadleaf Forest (EBF), Deciduous Broadleaf
Forest (DBF), and Mixed Forest (MF)—underwent significant transformations. This was
determined by analyzing the spatial pattern evolution of forest-cover data from 2001 to
2020 and calculating the characteristics of forest augmentation or diminution. It is evident
(Figure 3a) that the distribution of forests within the research zone has conspicuously
expanded and exhibited regional disparities over the past two decades, with the exception
of a partial decline in the southeast region (Figure 3a-3). Owing to the elevated altitude and
low annual average temperature in the western region, the primary increase is observed in
Deciduous Broadleaf Forest (Figure 3a-2), while the southern region, with ample precipita-
tion and heat conditions, predominantly experienced an increase in Evergreen Broadleaf
Forest [51,52] (Figure 3a-5). Moreover, the terrain in the southeast is relatively flat with
inconspicuous karstification, primarily constituting a non-karst area [30,53]. Contrasting
with the relatively dispersed patches in other regions, various types of forests in this region
have expanded over a substantial area. Lastly, in the northern region, characterized by the
most intricate comprehensive effects of altitude, precipitation, and temperature, the four
types of forests have augmented to varying extents.
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Figure 3. Spatial and temporal pattern change of forests. (a) is the increase or loss of forests over the
past 20 years. (b) is a characteristic area of forest increase or loss. (c) is the proportion of transfers
in/out between various forest types. (d) is the transfer area between various land cover types.

Subsequently, the alteration in forest area is concomitant with the conversion of forests
to other land categories and the conversion of other land types into forests. Concurrently,
the four types within forests also undergo conversion between each other (Figure 3c).
As depicted in the figure (Figure 3c), the change in forest area can be approximately
bifurcated into two phases. Prior to 2012, the area transfer between forest and other land
types remained relatively stable, with the ratio of transfer-in to transfer-out approximating
2 (Table 4). “Transferred in” refers to the area increase resulting from the conversion
of various other land categories into forests, while “transferred out” refers to the area
decrease resulting from the transformation of forests into other land categories. Post 2012,
the transformation within the research zone underwent a dramatic shift. The forest area
expanded significantly, with the maximum value of the transfer-in to transfer-out ratio
exceeding 16, and the net increased area escalated from 635.31 km? in 2002 to 2677 km?
in 2020.
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Table 4. Area of forest transferred in/out by year.

01-02

02-03

03-04

04-05 05-06 06-07 07-08 08-09 09-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20

Trans-in Area (km2)  833.88
Trans-out Area (kmz) 198.56

646.88
248.63
Ratio 42 2.6

605.63
270.19
22

590.69 639.13 800.50 865.00 777.63 874.94 972.25 1339.13  1806.31  2786.44  2510.38  1548.19  3554.63  3708.44 3791.50  3895.06
337.75 266.44 317.25 363.38 361.44 372.06 423.06 327.88 216.75 172.00 154.06 288.56 129094  1382.88 1001.75  1218.06
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The primary catalyst for the augmentation of forest within the research zone is sub-
stantiated to be the consistent transformation of grassland into forest over the past two
decades (Figure 3d), encompassing a total area of 16,108.28 square kilometers. The alter-
ation in Mixed Forest is the most conspicuous, with an increase of 8456 km? and a decrease
of 682 km?, succeeded by Deciduous Broadleaf Forest (an increase of 4508.69 km? and
a decrease of 261.94 km?). In contrast to other types, the transformation of Evergreen
Coniferous Forest is a bit less.

3.1.2. Forest Products

The hydrothermal conditions within the research zone are highly favorable for plant
growth. The primary economic forests encompass fruit trees (Rosaceae), tea trees (Camellia
sinensis), woody oil plants (Euphorbiaceae), lacquer plants (Toxicodendron vernicifluum), and
Chinese medicinal herbs. As depicted (Figure 4a), the yield of forest products in this region
prior to 2006 was exceedingly low, with minimal annual fluctuations. From 2007 to 2013, it
transitioned into a phase of gradual growth, after which the yield of various forest products
commenced a rapid escalation. Among these, tea and its subsidiary products, walnuts
(Juglans regia) and chestnuts (Castanea sativa) emerged as the primary forest products,
with the output amplifying 11-fold. Regarding the yield of fruit (Figure 4b), the output
of citrus (Citrus spp.) significantly surpasses that of other fruits, thereby conferring a
distinct advantage in the region. Additionally, the local area is abundant in a variety of
prickly pear (Opuntia spp.), which yielded more than 440,000 tons in 2020. Another notable
transformation is that post-2014, the yield of apple (Malus domestica) (from 0.79 million tons
to 34.46 million tons) and kiwi (Actinidia deliciosa) (0.99 million tons to 26.01 million tons)
also escalated significantly, increasing by over 25-fold.
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Figure 4. Changes of main forest products in the study area. (a) is the yield of forest products. (b) is
the economic fruit yield.

3.1.3. Changes in Landscape

Through the analysis of landscape indexes, we can discern the differentiation regularity
of the landscape pattern within the research zone (Figure 5). According to the NP, LPI, and
Area-MN indices, the number of patches of Evergreen Coniferous Forest (Pinaceae) and
Deciduous Coniferous Forest (Larix decidua) within the region is relatively minimal and
essentially stable, while the patches of Evergreen Broadleaf Forest (Fagaceae) and Mixed
Forest are on the rise. LPI indicates that the Mixed Forest is the dominant landscape type
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here, but its maximum patch area exhibits a downward trend, and the DIVISION degree is
ascending. By integrating ED, PD, and Area-MN indices, it becomes evident that the forest
landscape in this area is relatively fragmented due to the karst topography, particularly the

coniferous forest.
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Figure 5. Temporal series diagram of landscape index.

From the perspective of various indices, the Mixed Forest, Deciduous Broadleaf
Forest (Fagaceae), Evergreen Broadleaf Forest, and Evergreen Coniferous Forest cluster
significantly, and the landscape pattern is stable. However, in certain years, Closed Shrub
Forest and Deciduous Coniferous Forest were not monitored, resulting in discontinuity in
the distribution of the index. The ED, LPI, PD, and other indices have undergone abrupt
changes in certain years, primarily affecting the Mixed Forest and Deciduous Broadleaf
Forest. This indicates that the natural state of the forest has been severely disrupted during

this period.
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3.1.4. Slope and Elevation Changes

This study conducted statistics on the slope and elevation of forests at five-year
intervals (Figure 6). The results revealed that the distribution of Mixed Forest and De-
ciduous Broadleaf Forest (Fagaceae) is essentially unrestricted by slope, while Evergreen
Broadleaf Forest (Fagaceae) and Evergreen Coniferous Forest (Pinaceae) are more prevalently
distributed in hilly regions with relatively gentle slopes. Concurrently, post-2015, the
distribution proportion of Mixed Forests on all slopes has diminished, as the proportion
of other Broadleaf Forests has escalated. Furthermore, through observing the elevation
changes of various forests, it is discerned that Evergreen Broadleaf Forest and Mixed Forest
tend to proliferate in low-altitude areas, constituting more than 90% of the forest types
in areas below 500 m above sea level. However, Deciduous Broadleaf Forest is primarily
distributed in the mid-altitude area. In the elevation range of 1500 m to 2500 m, the area
of Deciduous Broadleaf Forest comprises more than half, and the high-altitude area is
dominated by Coniferous Forest.
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Figure 6. Slope and elevation distribution of forests.

3.1.5. Threats

Mountain fires and insect pests pose significant threats to the vitality of forest ecosys-
tems, potentially instigating drastic transformations in forest ecosystems and diminishing
their ecological and economic functions. In alignment with the classification system pro-
vided by the International Union for Conservation of Nature (IUCN), wildfires fall under
the broad category of “Changes to Natural Systems”, specifically as a threat pertaining to
“Fire & Fire Suppression”. Concurrently, diseases and pest infestations can be classified
within the sphere of “Invasive Species & Diseases” [54]. In addressing these menaces, it is
paramount to diligently monitor and manage the distribution of pests and diseases as well
as the impacts of wildfires. Furthermore, proactive measures should be implemented for
prevention [55].

At the dawn of the 21st century, due to the obsolescence of forest management method-
ologies and awareness, the incidence rate of mountain fires remained elevated (Figure 7).
For example, local funeral customs, such as the burning of incense, candles, and joss paper,
can readily lead to forest fires. Moreover, due to the forest monitoring measures being
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limited to sporadic cameras and periodic drone inspections, it is challenging to detect
fires promptly, resulting in the spread of wildfires [56]. There were 2154 forest fires in
2003 and 2612 in 2008. Although the scale of the fires was minimal and the proportion of
affected forests was low, the local forest pattern would undergo alterations. Conversely,
with the implementation of the disease and pest control project, the affected forests within
the research zone have been promptly managed, and the prevention rate has exceeded 90%
in the period from 2017 to 2020.
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Figure 7. Forest-fire and insect-pest situation in the study area.

3.2. Changes in Ecosystem Services
3.2.1. Changes of Spatial-Temporal Pattern

In this investigation, we employed the value-equivalent model to compute the value
of ecosystem services within the research zone [57,58]. We spatialized the calculation
results of Provisioning Services Value (PSV), Regulating Services Value (RSV), Supporting
Services Value (SSV), and Cultural Services Value (CSV) through the method of Geographic
Information System (GIS), allowing for an intuitive representation of the spatial distribution
of PS in the study area on the map (Figure 8). The study discovered that the high-value
areas of forest ecosystem services were distributed in Zunyi City in the north, Tongren City
in the east, and Qiandongnan Autonomous Prefecture in the southeast. Among these three
cities, there are Alsophila spinulosa (Cyatheaceae) National Nature Reserve in the north,
Fanjing Mountain National Nature Reserve in the east, and Leigong Mountain Nature
Reserve in the southeast, thereby forming a forest cluster with high ecosystem service
value. By comparing the ecosystem services value (ESV) data at five-year intervals, the
service capacity of PSV and CSV remained nearly unchanged, and SSV improved in 2010
compared to 2005. Subsequently, compared to 2010, the maximum value of ESV in 2015
experienced a slight decline, but the distribution area of middle and low values significantly
expanded, and a new high value-gathering area emerged. In 2020, the service value of
the four ecosystems improved. Specifically, the high-value gathering area in the southeast
expanded significantly, the low-value area in the southwest evolved into a median area,
while the high-altitude area in the northwest formed a new ESV cluster.
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Figure 8. Spatial-temporal changes of ecosystem services.

3.2.2. Changes of Ecosystem Services Value

The value of ecosystem services within the research zone ranks foremost in terms
of Regulating Services (RS), succeeded by Supporting Services (SS). This indicates that,
compared to the circulation value of forest products as commodities in human society, the
forest ecological utility in this area is more pronounced. Furthermore, the value of the
four ecosystem services has amplified by 2.3-2.5 times over the past two decades (Table 5).
However, the total regional ESV reached 7.25 billion dollars in 2020, of which 4.74 billion
dollars is the contribution of RS. This implies that the value of RS surpasses the sum of
the other three values, which is markedly unbalanced. It appears that a more effective
forest policy is required to balance the ecological functions and the provision functions of

forest products, thereby enabling forest resources to provide more sustainable support for
local development.
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Table 5. Forest ecosystem services value of Guizhou Province. (Unit: 100 million dollars).

Year PSV RSV SSvV CSv Total
2001 1.78 19.77 7.29 1.47 30.31
2002 1.85 20.48 7.55 1.52 31.39
2003 1.88 20.79 7.66 1.54 31.87
2004 1.90 21.10 7.77 1.56 32.33
2005 191 21.19 7.80 1.57 32.47
2006 1.94 21.56 7.93 1.59 33.03
2007 1.99 22.07 8.12 1.63 33.80
2008 2.03 22.55 8.30 1.67 34.54
2009 2.07 2291 8.43 1.69 35.11
2010 2.11 23.47 8.63 1.73 35.94
2011 2.16 24.00 8.81 1.77 36.75
2012 2.28 25.43 9.32 1.87 38.91
2013 2.49 27.71 10.15 2.04 42.38
2014 2.85 31.78 11.62 2.34 48.59
2015 3.19 35.59 13.00 2.61 54.39
2016 3.35 37.48 13.69 2.75 57.27
2017 3.56 39.81 14.52 2.92 60.80
2018 3.77 42.18 15.38 3.09 64.41
2019 4.00 44.70 16.34 3.29 68.33
2020 4.25 47.44 17.35 3.49 72.53

4. Discussion
4.1. The Framework Design

The present study proposes an ecosystem service-evaluation method based on remote
sensing data and socio-economic data. This approach, to a certain extent, alleviates the
dilemma of inadequate on-site survey data in underdeveloped areas, enables GIS analysis,
and facilitates swift and continuous monitoring of ecosystem changes, providing assistance
to decision-makers. However, the improvement of this framework is an ongoing process.

The current framework has a limited selection of indicators. For example, only two
categories of threats were selected, which might result in less accurate assessment results.
Secondly, we found that, with the current framework, it is possible only to perform analysis
and calculations on an annual basis. A smaller time interval of the research area would not
allow for the collection of remote-sensing and socio-economic data to achieve variations.

Furthermore, this framework only conducts an evaluation from the overall perspective
of the ecosystem. However, more detailed features, such as individual situations in the
forest (crown width, diameter at breast height, plant height, age group), are overlooked,
which may result in limited application scenarios of the evaluation results.

4.2. Insufficiency of the Value-Equivalent Model

While the value-equivalent model employed in this study provides an intuitive re-
flection of ecosystem value and is straightforward to calculate, it primarily focuses on the
feedback of macro patterns and phenomena, thereby circumventing the mechanisms at
play when the ecosystem performs its ecological functions.

Meanwhile, we also noticed that the unit value in this model is calculated through
the willingness-to-pay method [59]; thus, the result depends heavily on the personal
willingness of the respondents selected in the survey. Moreover, such willingness can
change with the development of the economy and the guidance of public opinion. For
instance, when people tend to choose virtual entertainment rather than getting close to
nature, their willingness to pay for tourism will decline, and the corresponding value will
change accordingly. However, since it is impossible to conduct the willingness-to-pay
survey annually, this study used a fixed unit price for the calculation, which might cause
some bias in the results.
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Another point worth noting is that, although we attempted to make the value-
equivalence factor more accurate and made some adjustments, our current adjustment
method ignores the spatial heterogeneity of the entire research area. We simply treated
the research area, taking the annual average precipitation, among other averages, for
adjustment. However, due to the significant differences in area, altitude, and climatic
conditions across the research area, it is still challenging to obtain accurate results even
after adjustment.

5. Conclusions

Utilizing remote sensing images and socio-economic data, this study maps the transfor-
mations of the forest ecosystem in the core area of the karst mountain regions in southwest
China from 2001 to 2020. Based on the analysis of alterations in the forest’s physical con-
ditions and the calculation of the evolution pattern of its ecosystem service value, the
following conclusions can be drawn:

1. Over the past two decades, forest rehabilitation within the study area has yielded com-
mendable outcomes, substantially mitigating various ecological dilemmas instigated
by rocky desertification in this region. The forested area has increased significantly,
and the ecosystem service value has more than doubled.

2. The restoration of the forest ecosystem in the research area has clear stages. The
physical accounts and ecosystem service accounts of the forest ecosystem in the second
stage show more significant changes in terms of range expansion, area increase, and
value enhancement compared to the first stage. The main reason is that a number of
ecological restoration policies were implemented locally during this stage, including
the conversion of farmland to forests, migration and relocation, and the promotion of
the development of the forestry industry.

3. Human intervention has a significant impact on the changes in the ecosystem, and
reasonable forestry management policies can effectively and quickly enhance the
service value of the forest ecosystem. By establishing an evaluation system that
combines remote-sensing data and socio-economic data, we can provide excellent
technical support for finding a balance between the sustainable development of forests
and human life.
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Appendix A

Table Al. International Geosphere-Biosphere Programme (IGBP) legend and class descriptions.

Name

Description

Cropland /Natural Vegetation Mosaics

Evergreen Needleleaf Forests

Evergreen Broadleaf Forests

Deciduous Needleleaf Forests

Deciduous Broadleaf Forests

Dominated by evergreen conifer trees (canopy >2 m). Tree cover >60%.
Dominated by evergreen broadleaf and palmate trees (canopy >2 m).

Tree cover >60%.

Dominated by deciduous needleleaf (larch) trees (canopy >2 m).

Tree cover >60%.

Dominated by deciduous broadleaf trees (canopy >2 m). Tree cover >60%.
Dominated by neither deciduous nor evergreen (40-60% of each) tree type

Mixed Forests (canopy >2 m). Tree cover >60%.
Closed Shrublands Dominated by woody perennials (1-2 m height) >60% cover.
Open Shrublands Dominated by woody perennials (1-2 m height) 10-60% cover.

Woody Savannas Tree cover 30-60% (canopy >2 m).

Savannas Tree cover 10-30% (canopy >2 m).
Grasslands Dominated by herbaceous annuals (<2 m)

Permanent Wetlands Permanently inundated lands with 30-60% water cover and >10% vegetated cover.

Croplands At least 60% of area is cultivated cropland.

Urban and Built-up Lands At least 30% impervious surface area including building materials, asphalt, and vehicles.
Mosaics of small-scale cultivation 40-60% with natural tree, shrub, or

herbaceous vegetation.

At least 60% of area is covered by snow and ice for at least 10 months of the year.

At least 60% of area is non-vegetated barren (sand, rock, soil) areas with less than

10% vegetation.

At least 60% of area is covered by permanent water bodies. Unclassified 255 Has not

received a map label because of missing inputs.

Permanent Snow and Ice

Barren

Water Bodies
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