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Abstract: In the last few decades, land use/land cover (LULC) has changed significantly under the
influence of local planning and policy implementation, and this has had a profound impact on the
regional ecological environment. By taking the Hengduan Mountain region as the study area, this
study considered the demands of various commodities and services and applied the CLUMondo
model to predict the trajectory of change in the land system for the years 2010-2030. The results
indicate that the forest system expands significantly in this time, while the grassland and cropland
systems are projected to develop intensively under the three scenarios. The high demand for livestock
products is the main cause of the intensification of the grassland system under the TREND scenario,
the demand for forests leads to the expansion of the forest land system under the FOREST scenario,
and the significant intensification of the cropland system under the CONSERVATION scenario is
closely related to an increase in the area of ecological land. The results of this study can provide a

scientific reference for the optimal management of land systems in other mountainous areas.
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1. Introduction

Land is the spatial carrier of all human activities and the material basis for human
survival [1]. With the increase in population and accelerating urbanization, human activi-
ties have had a profound impact on the global natural environment that has manifested as
a sharp decrease in biodiversity, soil erosion, and environmental pollution [2-5]. A large
number of studies have been carried out on regional ecological conservation. For instance,
researchers have concluded that establishing nature reserves can significantly change the
landscape patterns and curb human pressure on evergreen mountain habitats [6], and the
migration of refugees from the Cox’s Bazar-Teknaf Peninsula of Bangladesh has severely
damaged regional vegetation cover, biomass, and carbon stocks. Conservation-related deci-
sions, priority-based interventions, and public policy are vital for protecting the ecological
environment [7]. Since the late 1970s, China has launched six projects for ecological restora-
tion across the country to restore the degraded ecosystem, and this has yielded positive
results [8-10]. However, the transformation from production space to ecological and living
spaces has led to an increasingly prominent conflict between the limited production of
commodities and services, and growing human demand, especially in ecologically fragile
mountainous areas [11-13].
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The Global Land Project (GLP) has noted that simulations are an important means of
understanding changes in the land system (a spatiotemporal system composed of multiple
elements) as well as the rules governing dynamic changes in it. They can be used to
quantitatively and visually display the land-use characteristics and the process of dynamic
changes in them [2,14]. Different types of dynamic models of land systems have been
used to study changes in land use and their environmental effects. Researchers in different
fields have constructed models of land-use changes using a variety of methods, including
system, statistical, expert, cellular, hybrid, and agent-based models [15,16]. However,
most of these models consider specific types of land use/land cover (LULC) as simulation
units, and ignore the impact of the intensity of land use and the land management policy,
which can better reflect the impact of socioeconomic development and human activities on
land-use patterns [17,18]. In addition, in the context of the construction of an ecological
civilization, changes in land use are no longer driven only by commodities and services,
such as food and timber, but by policies of afforestation and protection of biodiversity,
which have gradually had a growing impact on the LULC. To overcome these limitations, a
land-system-based method of modeling, called the CLUMondo model, has been proposed
that uses the land system, rather than the type of LULC, as the simulation unit [1]. This
model can capture the major ecological and socioeconomic characteristics associated with
land use at the landscape level by considering the requirements of multiple commodities
and services [19]. The CLUMondo model has been widely used at the global, national, and
regional scales [17,20,21], but the relevant studies have paid little attention to changes in
land systems in mountain areas.

Mountainous areas account for about 70% of all land in China, and house more than
40% of its population [22]. These areas are also poverty stricken, ecologically fragile, and
environmentally sensitive [23]. Changes in land-use types in mountainous areas are rela-
tively minor, and the importance of the intensity of land use and land management policies
to the evolution of the land system cannot be underestimated [24,25]. The Hengduan
Mountain region is an important area for ecological functions in China. Its ecological ser-
vices not only support the development of mountain areas but also serve as an important
ecological barrier for regions and countries [26]. With annual erosion of 108 t of soil, the
Hengduan Mountain region is among the most significantly affected areas in China [27].
The intensity of land-use and land management policies are crucial to the effective control
of soil erosion. Given the importance of the Hengduan Mountain region in protecting the
ecological environment, it is important to explore the impact of land-use intensity and
land management policies on the evolution of land systems under different scenarios to
help managers and decision-makers implement appropriate policies. This study evaluated
the characteristics of the evolution of land systems in the Hengduan Mountain region
under different scenarios. The results can provide scientific support for the sustainable
development of land use in mountainous areas.

2. Materials and Methods
2.1. Study Area

The Hengduan Mountain region is named for its complex and varied topography.
It refers to the north—south trending mountains in the western part of Sichuan Province,
the northern part of Yunnan Province, and the eastern part of Tibet Autonomous Re-
gion, located between 24°29'-33°43' N and 97°10'-104°25" E (Figure 1). It covers an area
of 450,000 km?, with elevation ranging from 329 to 6304 m, of which the area above
3000 m accounts for 61.18% of the total. The annual average temperature is 5-13 °C,
and the annual total precipitation is 500-1000 mm. Of this, the precipitation from May
to October accounts for 60-90% of the total [28]. The Hengduan Mountain region is an
important soil and water conservation area. By the end of 2015, 24 national nature re-
serves had been established here to protect the forest ecosystem, wetland ecosystem, and
wildlife (http:/ /www.gov.cn/guoqing /2019-04/09 /content_5380702.htm, accessed on 20
July 2020).
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Figure 1. Location and land-use (2015) map of the Hengduan Mountain region.

2.2. Research Framework

This study describes changes in the land system of the Hengduan Mountain region
due to interference by the local natural and socioeconomic environment. First, to jointly
consider different demands for commodities and services, the land-use/land cover data
of the Hengduan Mountain region in 2000 and 2010 were delineated into different land
systems. Second, the logistic regression model between land systems and factors driving
their development in 2000 was established. Once the model parameters had been calibrated,
the land system of the Hengduan Mountain region in 2030 was simulated as driven by
multiple commodities and services under different scenarios. The sources of data for this
study are shown in Table S1, and the research framework is shown in Figure 2.

2.3. Delineation of Land System

According to land-use data for the Hengduan Mountain region in 2015, its main
land-use types were forest land (46%), grassland (41.56%), and cropland (7.52%) and
were closely related to the major commodities and services that the area provided. This
study delineated the cropland, forest land, and grassland of the Hengduan Mountain
region in 2000 and 2010 based on potential cropland production [29], densities of the
forest canopy [30], and vegetation cover [31], respectively. The classification threshold
was determined by natural breaks. The cropland system was divided into extensive
cropland, medium-extensive cropland, and intensive cropland, the forest land system was
divided into sparse forest, medium dense forest, and dense forest, and the grassland system
was divided into low-covered grassland, medium-covered grassland, and high-covered
grassland. The approaches to land system delineation and its results for the Hengduan
Mountain region in 2000 and 2010 are shown in Figures 3 and 4, respectively.
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2.4. Parameter Setting of the CLUMondo Model

The CLUMondo model is a dynamic and spatially intuitive land-use model that
represents the latest developments based on a series of models in the framework for the
Conversion of Land Use and its Effects (CLUE) model. It is designed to simulate changes in
land cover and the degree of land use. The core of the CLUMondo model is a combination
of a land-use simulation based on an empirical analysis of the suitability of the given
location and a dynamic simulation of the competition and interaction between different
land systems. A total of 20 driving factors, including climate, topography, soil attributes,
socioeconomic concerns, and vegetation types, were used as explanatory variables for
changes to the land system in the Hengduan Mountain region. Factors with correlation
coefficients higher than 0.8 were eliminated by multi-collinearity analysis. Logistic re-
gression was then established for each land system and the factors driving it, and the
results of fitting were determined by the level of significance and AUC (area under the
curve), which represent the accuracy of the analysis of regression (Table S2). Resistance
to conversion is a key factor influencing changes to the land system and was assigned
values ranging from 0 (easy conversion) to 1 (irreversible change). In general, types of
land use with high capital investment or an irreversible impact on the environment are
difficult to convert. In this study, the resistance to conversion was set according to changes
in different land systems in the Hengduan Mountain region from 2000 to 2010. The order
of conversion described how the model altered land use to meet external demands. All
land systems that provided commodities or services were assigned a value starting from
1, and systems that did not provide commodities or services were set to 0. The supply of
ecosystem services per pixel was determined by the total supply of regional ecosystem
services, such as crop production, first according to the number of pixels of extensive crop-
land, medium-extensive cropland, and intensive cropland to determine their proportional
areas, and then by calculating the pixel-scale crop production according to the regional
crop production (Table S3). For the detailed information and parameter setting of the
CLUMondo model, refer to http://www.environmentalgeography.nl/site/data-models/
data/clumondo-model/, accessed on 15 November 2020.

2.5. Scenario Setting

Based on the different goals of ecological protection as well as regional policies and
plans, the TREND, FOREST, and CONSERVATION scenarios were designed to identify
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the trajectories of evolution of land systems in the Hengduan Mountain region. Crop
production, livestock numbers, area of built-up land, and area of forested land were set as
the constraints on the evolution of the land system under the different scenarios (Table 1).
To ensure consistency among the different datasets, 2010-2030 was selected as the study
period for the simulation. By considering the small area of cropland in the study area and
the gradual increase in the demand for food, this study set the same growth rate of crop
production in all three scenarios.

Table 1. Growth rates of demands for land use under different scenarios (%/year).

Scenarios Crop Production Livestock Built-Up Land Forest Land Ecological Land Restricted Areas
) Numbers (h) (km?) (km?) (km?)
TREND 1.00% 0.30% 4.00% 0.20% - -
FOREST 1.00% 0.15% 4.00% 0.25% - -
CONSERVATION 1.00% 0.15% 4.00% 0.20% 0.05% nature reserves

The historical trend scenario (TREND) followed the rule of changes to different kinds
of demands in the Hengduan Mountain region over the past decade. Based on the county
statistical yearbook data from 2000 to 2010, the annual growth rates of demands for different
materials of living, services, and commodities were calculated. The growth rates of crop
production, livestock, built-up land, and forest land were set to 1%, 0.3%, 4%, and 0.2%,
respectively. Crop production, livestock, and demand for built-up land and forest land
over the next 20 years were predicted by using these growth rates.

The implementation of afforestation projects has significantly improved the status
of vegetation in the Hengduan Mountain region, and these include the Yangtze River
Shelter Forest Project (initiated in 1989), Natural Forest Protection Project (initiated in 1998),
and Grain for Green Project (initiated in 2000). The scenario of demand for forest land
(FOREST) focused on the role of forests in environmental protection and was based on
the TREND scenario with more stringent constraints on the demand for forest land. The
growth rate of forest land for this scenario was set at 0.25% instead of 0.2%. Based on
the Yangtze River Shelterbelt System Construction Project, Phase III (2011-2020), and the
General Land-use Planning of Sichuan Province, Yunnan Province, and Tibet Autonomous
Region (2006-2020), the annual demand was obtained by the linear interpolation of crop
production, livestock, and areas of built-up land and forest land.

The unique natural environment of mountainous areas provides a strong guarantee
for the protection of regional biodiversity. The scenario with strong conservation targets
(CONSERVATION) was designed to protect the natural habitat and prevent the loss of
biodiversity. Therefore, in addition to setting the growth rates of crop production, livestock,
built-up land, and forest land, this study considered nature reserves and the growth rate
of ecological land as constraints. In the CONSERVATION scenario, the authors regarded
nature reserves as areas of restricted development and set the annual growth rate of
ecological land (sparse forest, medium dense forest, dense forest, low-covered grassland,
medium-covered grassland, high-covered grassland, and water) to 0.05%.

2.6. Model Validation

The accuracy of the CLUMondo model was validated by comparing the map of the
simulated land system with its actual map in 2010. Conventional methods to verify the
accuracy of models include cell-by-cell comparisons of simulated land-use maps and actual
land-use areas, such as by using the kappa coefficient. However, the absolute value of
this statistic depends largely on the magnitude of land-use changes during the simulation
period, and better results are usually obtained by modeling areas with fewer changes.
Given that the land system in the Hengduan Mountain region was relatively stable from
2000 to 2010, this study used the kappa simulation, kappa transition, and kappa coefficient
of transition in location to account for the magnitude of land-use changes and validate the
accuracy of simulations of the CLUMondo model.
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3. Results
3.1. Results of Model Validation

In general, the overall accuracy of the model simulation was 0.835, where the coeffi-
cients of kappa transition and kappa location transition were 0.89 and 0.938, respectively.
For different land systems, the coefficients of the kappa simulation, kappa transition, and
kappa location transition were all greater than 0.75. This indicates that the CLUMondo
model was highly accurate in simulating changes to the land system in the Hengduan
Mountain region. The statistical accuracies of different land systems in the region are
shown in Table S4.

3.2. Characteristics of Changes in Land System under Different Scenarios

The different demands for commodities and services led to different trajectories of
change in the land systems in the different scenarios considered (Figure S1). In general,
the pattern of distribution of each land system in the Hengduan Mountain region did not
change; the southern region was dominated by forest land, the north by grassland, and
croplands and built-up land were mainly distributed in low-lying valley areas (Figure 5).
The changes in the land system in the Hengduan Mountain region under different scenarios
were mainly manifested as the expansion of forest land and the intensification of cropland
and grassland. In addition, although the built-up land area in the Hengduan Mountain
region was small compared with other land systems, it showed a significant trend of
increase under all three scenarios. Furthermore, the area occupied by water and unused
land remained relatively stable under all three scenarios (Figure 6).
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Figure 5. Spatial distribution of the land system in 2010 and different scenarios.
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To meet the growing demand for food, the cropland system underwent a significant
increase in area in all three scenarios. A large number of extensive croplands were converted
into medium-intensive croplands and intensive croplands, mainly due to the scarcity of
croplands in the Hengduan Mountain region. Only intensive development was found
to be suitable to meet the increasing demand for food caused by population growth. In
general, owing to the rapid increase in ecological land, the intensity of increase in the
cropland system was the highest under the CONSERVATION scenario. Although there
were differences in the area of land intensification among the scenarios, there was no
significant difference in its location, and it was mainly distributed in the low-lying dry—hot
valleys in the south (Figure 7).
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Figure 7. Spatial distribution of changes to the land system under different scenarios.

The implementation of ecological restoration projects is the main cause of the expan-
sion of forest land in the Hengduan Mountain region. Forest land expanded along the
Nu River, Lancang River, Jinsha River, and Dadu River south of the Hengduan Mountain
region (Figure 7). Of the three scenarios, the area occupied by forests expanded by the most
in the FOREST scenario, followed by the TREND and CONSERVATION scenarios.

Affected by the expansion of regional forests and an increase in livestock, the area
occupied by grassland systems decreased gradually in all three scenarios, but the trend of
intensification was significant, and a large area of low-covered grassland was gradually
replaced by high-covered grassland. The intensification in the grassland system was most
prominent under the TREND scenario and was closely related to the significant increase
in livestock. Figure 7 shows that the intensification of grassland systems was mostly
distributed in the northern part of the Hengduan Mountain region and a small part in the
southeast. Changes in the locations of such regions were slightly different under different
scenarios and might have been related to differences in increases in livestock and certain
constraints. For example, the intensification of the grassland systems in nature reserves
was not significant under the CONSERVATION scenario.

4. Discussion
4.1. Rationality of Land System Delineation

Using the results of classification of land systems in 2000 as an example, statistical
data and NDVI data on crop production were used in this study to validate the accuracy of
classification of cropland systems, forest land systems, and grassland systems. For cropland
systems, this study selected 30 counties with the highest crop production; calculated their
ratios of extensive cropland, medium-extensive cropland, and intensive cropland; and
used Pearson’s correlation analysis to assess the relationship between types of cropland
and crop production (Figure 8). The results showed that with a decrease in the area of
intensive cropland and increase in that of extensive cropland, crop production decreased
significantly (r = 0.72, p < 0.01). Moreover, the normalized difference vegetation index
(NDVI) was used to evaluate the reasonableness of the classification of the forest land and
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grassland systems. A one-way analysis of variance and multiple comparison tests using
Tukey’s least significant difference method were used to analyze the differences between
the forest land and the grassland system, as well as those between forest land (sparse
forest, medium dense forest, and dense forest) and the grassland system (low-covered
grassland, medium-covered grassland, and high-covered grassland). The results showed
significant difference between the mean NDVI between the forest land system and the
grassland system (p < 0.05). The results of multiple comparison tests by using Tukey’s
least significant difference of the mean NDVI were also significantly different (p < 0.01)
(Figure 9). Therefore, the method used to classify land systems based on potential cropland
production and the densities of the forest canopy and vegetation cover could be used to
distinguish among land systems and reflect the unique land-use status of the Hengduan
Mountain region.
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4.2. Land Systems under Different Scenarios

The simulation of land systems was intended to clarify the characteristics of their
evolution under different policies and measures and to aid understanding of their ecological
and environmental effects. In general, the evolutionary characteristics of a land system
under the three scenarios in the Hengduan Mountain region involved the expansion of
forest land in the south and the grassland in the north during 2000-2010 (Figure S2). The
significant difference was that the forest land in the northeastern part of the Hengduan
Mountain region expanded significantly from 2000 to 2010, and this might have been
related to large-scale afforestation after the Wenchuan earthquake in 2008 [32,33].

For the cropland system, although the General Land-use Planning of Sichuan Province,
Yunnan Province, and Tibet Autonomous Region (2006-2020) clearly required strict protec-
tion of cropland, this study found that a small number of croplands were still occupied by
forest land systems, grassland systems, and built-up land. In addition, extensive cropland
had gradually been transformed into medium-intensive cropland and intensive cropland
under the three future scenarios, which means that the intensity of land use was expected
to gradually increase. Given that the cropland consisted of mainly sloping farmland, and
the increased intensity of land use might aggravate soil erosion [34-36], stringent measures
are needed to protect such areas and reduce the negative ecological effects of an increase in
the intensity of land use.

The implementation of ecological restoration projects has caused the area of forest land
in the Hengduan Mountain region to expand and soil erosion to reduce, but it has also led to
a series of inevitable problems. On the one hand, the expansion of ecological land enhances
the regional capacity for water and soil conservation but leads to a decline in the regional
water yield [27,37] that exacerbates water shortage in the lower reaches of the Yangtze
River. On the other hand, studies have shown that although ecological restoration projects
have increased regional forest cover by 32%, native forests have suffered a net loss of 6.6%
in Southwestern China from 2000 to 2015 [38]. It is thus clear that forest restoration projects
in this area did not help restore the local forest landscape and yield the corresponding
environmental benefits. Therefore, land managers need to strengthen the protection of
forests and avoid expanding the planting area for them without due consideration.

The grassland system showed a trend of reduction in area and intensification in all
three scenarios, especially in the TREND and FOREST scenarios. Although some studies
have shown that a moderate increase in the intensity of grazing is beneficial for the quality
of grasslands and vegetation coverage [39—41], this study found that under constraints
related to crop production, intensity of grazing, and area of forest land, low-covered
grassland decreased sharply in the area in all scenarios, and long-term high-intensity
grazing might cause grassland systems to degrade further. In addition, with reference to
the “Hu line,” the population distribution in the Hengduan Mountain region was extremely
uneven, and the demand for products of animal husbandry in the southeast was high. This
was not matched by the rich grassland resources in the north [42]. It is important for the
government to balance the use of grassland resources in different parts of the study area.

An examination of the rule of changes to land systems under the TREND, FOREST, and
CONSERVATION scenarios shows that overemphasizing the role of forest land in ecological
protection increases the intensity of grassland systems while reducing the area occupied
by them. With increasing livestock numbers, this increases the pressure on the grassland
system. Therefore, future work on afforestation should seek to strengthen field research
and accurately carry out regional afforestation projects. In addition, the implementation of
measures for land system management can limit changes in the regional land system, such
as in terms of natural habitat and protection of biodiversity, through the establishment of
nature reserves under the CONSERVATION scenario. Given the small area of cropland
in the study area and the importance of food for regional food security, croplands should
protect through spatial planning and stricter policies for cropland protection [43—45].
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5. Conclusions

Changes in land systems are closely related to regional socioeconomic development,
land-use planning, and management policies. Based on the land system as the simulation
unit, and by considering multiple demands for commodities and services, this study used
the CLUMondo model to simulate the land system in the Hengduan Mountain region under
the TREND, FOREST, and CONSERVATION scenarios. In general, cropland and grassland
systems in the Hengduan Mountain region were projected to develop intensively while
the forest land system was predicted to expand significantly under different scenarios.
The rapid increase in livestock was the main cause of the significant intensification of
grassland under the TREND scenario, with low-covered grassland decreasing rapidly and
high-covered grassland increasing significantly. Under the FOREST scenario, the expansion
of forest land came at the cost of a decrease in grassland, while the expansion of ecological
land under the CONSERVATION scenario led to a decline in the area of croplands and
increase in the intensity of their use. The results here can provide scientific reference for
land planning and sustainable management for the Hengduan Mountain region.
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