
Citation: Hao, W.; Cao, Z.; Ou, S.;

Qin, Y.; Wang, Z.; Yang, S.; Tiando,

D.S.; Fan, X. A Simulation Analysis of

Land Use Changes in the Yarlung

Zangbo River and Its Two Tributaries

of Tibet Using the Markov–PLUS

Model. Sustainability 2023, 15, 1376.

https://doi.org/10.3390/su15021376

Academic Editor: Anna Podlasek

Received: 21 October 2022

Revised: 27 December 2022

Accepted: 6 January 2023

Published: 11 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

A Simulation Analysis of Land Use Changes in the Yarlung
Zangbo River and Its Two Tributaries of Tibet Using
the Markov–PLUS Model
Wenyuan Hao 1 , Zhenzhu Cao 2,3,*, Shengya Ou 4,5,6, Yi Qin 3,6,7, Zhongbin Wang 1, Shuang Yang 1,
Damien Sinonmatohou Tiando 3,8 and Xin Fan 3,6

1 Resources and Environment College, Tibet Agricultural and Animal Husbandry University,
Nyingchi 860000, China

2 School of Management, Hubei Business College, Wuhan 430069, China
3 School of Public Administration, China University of Geosciences, Wuhan 430074, China
4 State Key Laboratory of Remote Sensing Science, Aerospace Information Research Institute,

Chinese Academy of Sciences, Beijing 100094, China
5 College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 101408, China
6 Center for Turkmenistan Studies, China University of Geosciences, Wuhan 430074, China
7 School of Foreign Languages, China University of Geosciences, Wuhan 430074, China
8 China-Africa Institute (Wuhan), China University of Geosciences, Wuhan 430074, China
* Correspondence: zhenzhucao@cug.edu.cn

Abstract: Since the beginning of the 21st century, the economic development of Tibet has been
accelerating. The Yarlung Zangbo River and its two tributaries, as the region with the largest
population concentration and the fastest economic development in Tibet, has been under the dual
influence of global climate warming and the intensification of human social and economic activities,
where a high number of land types, such as woodland, grassland, and water areas, have been
transformed into other land types, and the residential area has expanded in a disorderly manner.
The ability to maintain sustainable regional development has been severely damaged. To meet the
requirements of different stages of social and economic development and regional social development
goals, in this study, we use the Yarlung Zangbo River and its two tributaries of Tibet as an example.
Based on the Markov–PLUS model and considering the natural, social, and cultural conditions of the
basin, combined with the multi-landscape simulation of land use, we predict the land use situation
of the Yarlung Zangbo River and its two tributaries of Tibet in 2038. We observed the following:
(i) the Markov–PLUS model has a high simulation accuracy for different land types in the study area,
and can sufficiently simulate the changes in different land types in the Yarlung Zangbo River and
its two tributaries of Tibet; and (ii) the simulation settings of the three landscapes basically meet the
different development modes and paths of the basin in the future. There were obvious differences
in the structure of land use in the basin, among which there were obvious differences, especially
agricultural land and water areas. Use of the Markov–PLUS model can provide data support and
references for the implementation in terms of ecological scrutiny, landscape planning, and early
warnings for food production consumption security and unreasonable land use, in order to achieve
the sustainable development of the basin.

Keywords: Markov-PLUS model; landscape simulation; land use changes; landscape types; river
basin; sustainable development; adaptive inertial coefficient

1. Introduction

In recent decades, under the dual influence of global warming and the intensification of
human-engineered development activities, large areas of forest land, grassland, and water
have been utilized. Changed to other types of land use, the disorderly expansion of resi-
dential areas has severely affected the capacity for regional sustainable development [1–3].
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The changed land use methods, such as urbanization, and development of townships and
wet lands, have led to considerable changes in the land use patterns. Consequently, devel-
opment of townships and wet lands has meant a high number of natural lands have been
transformed into artificial land use types. Material flow also has a great impact on this. To
study the dynamic changes occurring in regional land resource utilization and analyze its
spatial relationship with the natural environment and human disturbance, it is important
to understand the ecological and socioeconomic value levels of regional land resources and
reveal the dynamic changes occurring in the land. It is of great significance and value to
realize the sustainable development of regional resources and the environment.

The change in land resource use is a concrete manifestation formed under the com-
bined action of the natural environment and human activities [4]. With the rapid devel-
opment of the global economy, changes in land resource use and land use cover are more
intense and frequent. The research on the Land-Use and Land-Cover Change (LUCC) at
home and abroad has been a hot research object for a long period of time. Because LUCC
is constrained by both natural and human factors, its formation process and mechanisms
are very complicated. There are four research paradigms in land use change simulation
in academia [5]. It mainly focuses on land use classification, the driving force of land
use change, The relationship between land use change and environment, and simulation
prediction [6]. To study such changes, many simulation models are in use including the
Markov model, CA model, SLEUTH model, SD model, CLUE-S model, FLUS model, ABM
model and PLUS model [7–12]. The change in the demands for watershed development
land is the most important factor affecting the utilization and planning of regional territorial
space. The development status of different watersheds determines the spatial development
orientation of land in different regions. Setting up simulations and predictions of water-
shed development in different landscapes can provide different conditions for watershed
development. It is of great significance for the harmonious and sustainable development of
watershed or regional resources and the environment to assist the region to better predict
the future spatial pattern of land use. However, from the research status at present, the
lack of effective observations and monitoring makes it difficult to detect land use and cover
changes [13–25].

Previous studies have mainly focused on the improvement of technical modeling
procedures, and few studies have focused on advancing the understanding of the under-
lying nonlinear relationships of the Land-Use/Land-Cover (LULC). The lack of ability
to reflect the evolution of patch landscapes also limits the applicability of CA model for
policymaking. The PLUS model is an improved land use simulation prediction model
based on the FLUS model. The PLUS model is different from the previous CA model. It
is based on geographic raster data to explore the contribution of land expansion factors
and limiting factors to land use change [26–30]. Therefore, this study uses the PLUS model
combined with the Markov chain to simulate the land use changes occurring in the Yarlung
Zangbo River and its two tributaries of Tibet. Simulating regional land use patterns under
different development landscapes and exploring regional land use patterns under different
development goals are of great significance for regional sustainable development and the
optimization of the ecological environment.

The Yarlung Zangbo River and its two tributaries of Tibet are an important agricultural
production area on the Qinghai–Tibet Plateau. Its area accounts for 5.48% of the area of
the Tibet Autonomous Region, and its population accounts for more than one-third of the
population of the Tibet Autonomous Region. The natural and geographical conditions have
transitional characteristics. Since the beginning of this century, with the rapid development
of the regional economy and the intensification of human activities, there are considerable
changes evident in land use pattern of the Yarlung Zangbo River and its two tributaries,
and the research on the land use of the region has focused more on the research related
to the ecological environment. Based on LUCC and multi-landscape land use, this study
uses the PLUS model to reveal the land use pattern in the Yarlung Zangbo River and
its two tributaries of Tibet and its relationship with the natural environment and human
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disturbances from 2010 to 2018, and also simulates the future development of the region
under different development landscapes. The land use pattern is expected to provide a
reference for the rational use of land and other, ecological resources in Tibet. Therefore, this
study proposes the following research objectives:

1. On the basis of land use and cover change, propose the regional development goals of
the Yarlung Zangbo River and its two tributaries of Tibet.

2. Analyze the driving mechanism of land use expansion in the Yarlung Zangbo River
and its two tributaries of Tibet, and simulate the land use situation in future landscapes.

3. Provide different decision-making perspectives and a basis for the future spatial
pattern of land use.

2. Study Area and Data
2.1. Study Area

The Yarlung Zangbo River and its two tributaries of Tibet refer to the area between
the Yarlung Zangbo River and the first-class tributaries of the Yarlung Zangbo, Lhasa,
and Nyang Qu Rivers. The administrative division includes the cities of Lhasa, Shannan,
and Shigatse. A total of 18 districts and counties, a geographical range of 87◦10′–92◦38′ E,
28◦18′–30◦37′ N, and an area of 66,700 km2 were also utilized (Figure 1). The basin is
located on the plateau with a temperate, semi-arid climate. The average temperature
is 5–11 ◦C, the average annual rainfall is between 200–550 mm, and the average annual
relative humidity is between 40–50%. The terrain in the basin is highly undulating, and
the terrain is relatively high in the north and south, with the middle relatively flat. Both
sides of the river are mostly developed into alluvial terraces, floodplains, and alluvial
fans. The precipitation has a typical seasonality, and the rainy season occurs between
June and September. It is the most important planting base in Tibet, with an area of
1229 km2 of arable land; the population in the basin is relatively dense, with a population of
1128,500 (2018), accounting for about one-third of the total population of Tibet, with a
relatively high number of towns and a relatively developed economy. The road network
density is high, and the GDP in 2018 reached CNY 69.475 billion; the vegetation is mainly
alpine meadows, the soil type is mainly sandy loam, and the soil organic matter content
is low. In recent years, with the continuous acceleration of the development intensity of
the watershed, the population in the region has rapidly increased, resulting in increased
tension in the relationship between people and land in the region [31–36].
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2.2. Data and Preprocessing

LUCC is a complex dynamic change process occurring under the dual driving forces
of human action and the natural environment. Referring to previous scholars’ relevant
results of land use simulation and the actual development of plateau regions, we focused
on two aspects: human and natural factors. Considering the actual development of the
Yarlung Zangbo River and its two tributaries of Tibet, we then selected 17 driving factors
as well as the elevation, temperature, and ecological function zoning as the limiting factors
for regional development [37].

The land use data was adopted from the Resource and Environmental Science and
Data Center of the Chinese Academy of Sciences (https://www.resdc.cn, accessed on
28 March 2022), the spatial resolution of the data was 30 m × 30 m, and the data years
were 1990, 1995, 2000, 2005, 2010, 2015, 2018, and 2020. The land types were divided
into six categories: forest land, grassland, agricultural land, water area, unused land, and
residential area according to the land cover situation in the Yarlung Zangbo River and its
two tributaries of Tibet. The results we re-evaluated, and the final overall classification
accuracy attained a result higher than 90% [38]. The DEM data adopted the data from
Geospatial Data Cloud (https://www.gscloud.cn, accessed on 28 March 2022). The slope
extraction was completed on the basis of the DEM data. The resolution was 30 m× 30 m; the
basic data, such as temperature, precipitation, and dryness, were obtained from the Tibet
Autonomous Region Meteorological Bureau; the spatial resolution was 30 m × 30 m; and
the soil data was obtained from the Institude of Tibetan Plateau Research, Chinese Academy
of Sciences (https://www.tpdc.ac.cn, accessed on 28 March 2022). Distance values obtained
from the government, highways, and railways were calculated using Euclidean distance;
the grazing data in the Yarlung Zangbo River and its two tributaries of Tibet were adopted
from the grid livestock density dataset of the FAO (https://data.apps.fao.org/, accessed on
28 March 2022), and the data were revised based on the actual surveys that were conducted.
The night-light data were adopted from the data of the Institude of Tibetan Plateau Research,
Chinese Academy of Sciences (https://www.tpdc.ac.cn, accessed on 28 March 2022); the
ecological function zoning data was obtained from the Natural Resources Department of
the Tibet Autonomous Region (Table 1).

Table 1. Data sources and technical information.

Data Sources Technical Information

Land use and land cover (1990 to 2020) Resource and Environment Science and Data Center of China
(https://www.resdc.cn/, accessed on 28 March 2022). Raster, 30 m × 30 m

Digital elevation model (DEM) Geospatial Data Cloud (China)
(https://www.giscloud.cn/, accessed on 28 March 2022). Raster, 30 m × 30 m

Night-time lights National Tibetan Plateau Data Center of China
(https://www.tpdc.ac.cn, accessed on 28 March 2022) Raster, 1 km ×1 km

Aridity, precipitation, temperature Tibet Meteorological Bureau (http://xz.cma.gov.cn/, accessed on
28 March 2022) Vector

Gross domestic product (GDP) Resource and Environment Science and Data Center of China
(https://www.resdc.cn/, accessed on 28 March 2022). Raster, 1 km ×1 km

Population density World Pop Country Datasets
(https://www.worldpop.org/, accessed on 28 March 2022). Raster, 1 km ×1 km

Livestock World Food and Agriculture Organization (FAO)
(https://data.apps.fao.org/, accessed on 28 March 2022) Raster, 1 km ×1 km

Soil denudation National Tibetan Plateau Data Center of China
(https://www.tpdc.ac.cn, accessed on 28 March 2022) Raster, 1 km ×1 km

Main roads, town, and water Open Street Map (http://www.openstreetmap.org/, accessed on
28 March 2022) Vector

Ecological function area Tibet natural resources bureau Vector

3. Methods

The PLUS model adopts the cellular automata (CA) model based on the deep mining
technology of land expansion rules and multiple types of random patch seeds. The CA
model can better represent the complex land use/land cover (LULC) system. This study

https://www.resdc.cn
https://www.gscloud.cn
https://www.tpdc.ac.cn
https://data.apps.fao.org/
https://www.tpdc.ac.cn
https://www.resdc.cn/
https://www.giscloud.cn/
https://www.tpdc.ac.cn
http://xz.cma.gov.cn/
https://www.resdc.cn/
https://www.worldpop.org/
https://data.apps.fao.org/
https://www.tpdc.ac.cn
http://www.openstreetmap.org/
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utilized the rule mining framework of the Land Expansion Analysis Strategy (LEAS) and
a multi-type random seed (CARS)-based CA model, which can mine the drivers of land
expansion and landscape change. Compared to the other models, the PLUS model (Figure 2)
can achieve greater simulation accuracy and more similar landscapes, and LEAS can help
researchers to investigate potential land use-conversion rules [28,39,40].
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3.1. Landscape Presets

Three landscapes were set up for the study of future land use changes of the Yarlung
Zangbo River and its two tributaries of Tibet; the periodic land use change landscape, the
agricultural land conservation landscape, and the ecological conservation landscape, and
the land expansion probability under each landscape was projected following a land use
adaptation probability matrix which considered the following factors:

(1) Periodic land use change landscape. In total, 17 driving factors were selected based on
the past land use changes and regional land expansion factors (GDP, population, night
lights, etc.) and natural factors (precipitation, dryness, elevation, rivers, etc.). In the
actual development of the two rivers region, elevation, temperature, and ecological
function were selected as the restrictive factors of regional development, and the
Markov model was used to predict the scale of various types of land in the future
without considering the restrictions of major policies.

(2) Agricultural land conservation landscape. In the Markov model, the transfer ma-
trix is modified to strictly control the conversion of agricultural land to residen-
tial areas, while reducing the conversion probability by 60% to strictly conserve
agricultural land.

(3) Ecological conservation landscape. Ecological restoration and ecological conservation
have become an important part of regional and watershed developments. The eco-
logical conservation landscape adds ecological function zoning; severely restricts the
transformation of ecological conservation red line areas; and reduces the probability
of converting waters (natural and artificial waters) to 30%, grassland and forest land
to 50%, and agricultural land to residential areas to 30%. The reduced agricultural
land is further converted into forest land, and making provisions for water systems
and 100 m buffer zones also reduces the probability of land use changes.
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3.2. Land Use Multi-Landscape Simulation Parameter Setting

(1) Forecast of Land use change

The PLUS model needs to determine the scale of various types of land in the future and
use this as an input parameter. It will affect the final results obtained due to the differences
in various land use types in the region in different landscapes. Therefore, we used the
Markov model to predict the scale of land use changes in different landscapes considering
these differences [41–43].

(2) Spatial Neighborhood Weight Calculation

The spatial neighborhood weight indicates the difficulty of conversion between differ-
ent land use types in the region. The parameter range was between 0 and 1. The closer the
value to 1, the stronger the expansion ability. With reference to the existing research [38]
and the actual situation of the Yarlung Zangbo River and its two tributaries of Tibet, the
neighborhood weights that were in line with the actual region were set (Table 2).

Table 2. The neighborhood factor parameters.

Type of Land Use Woodland Grassland Agricultural Land Waters Residential Area Unused Land

Neighborhood factor
parameters 0.01 0.3 0.2 0.4 1 0.5

(3) Numerical calculation of adaptive inertial coefficient

The adaptive inertia is based on the difference between the predicted demand value
of different types of local land use and the actual value of different land use types to adjust
adaptively, which is close to the expected target [28], and its calculation format is as follows:

Yt
d =


Yt−1

d (
∣∣∣Xt−1

d

∣∣∣ ≤ ∣∣∣Xt−2
d

∣∣∣)
Yt−1

d × Xt−2
d

Xt−1
d

(
∣∣∣Xt−1

d < Xt−2
d < 0

∣∣∣)
Yt−1

d × Xt−1
d

Xt−1
d

(
∣∣∣0 < Xt−2

d < Xt−1
d

∣∣∣)
(1)

Yt
d represents the inertia coefficient value of land use type d at time t; Yt−1

d represents
the difference between land use changes for land use type and actual land use type land
value at time t− 1 [29,44].

(4) Restricted area setting and cost transfer matrix

The cost transfer matrix represents whether different land types in a region or water-
shed can be converted. A total of 0 means that different land types in a region or watershed
cannot be converted, and 1 means that different land types in a region or watershed can
be converted. With the formulation of regional ecological environment policies and the
improvement of environmental conservation awareness, the possibility of the conversion
of residential areas into other land types is very unlikely. Therefore, in all three landscapes,
it is determined that a residential area cannot be converted into other land types [45–47].
The conversion between them needs to be considered in relation to the specific application
of the landscape. For periodic land use changes, other land types can be converted; in
the agricultural land conservation landscape, all other land types can be converted into
agricultural land, but agricultural land cannot be converted; in an ecological conservation
landscape; forest land and water areas cannot be converted into other land types. See
Table 3 for details.
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Table 3. Cost transfer matrix of each landscape.

Landscape Settings Periodic Land Use Change Landscape
Woodland Grassland Agricultural Land Waters Residential Area Unused Land

Woodland 1 1 1 1 1 1
Grassland 1 1 1 1 1 1
Agricultural land 1 1 1 1 1 1
Waters 1 1 1 1 1 1
Residential area 0 0 0 0 1 0
Unused land 1 1 1 1 1 1

Landscape Settings Agricultural Land Conservation Landscape
Woodland Grassland Agricultural Land Waters Residential Area Unused Land

Woodland 1 1 1 0 1 1
Grassland 1 1 1 1 1 1
Agricultural land 0 0 1 0 0 0
Waters 0 1 1 1 1 1
Residential area 0 0 0 0 1 0
Unused land 1 1 1 1 1 1

Landscape Settings Ecological Conservation Landscape
Woodland Grassland Agricultural Land Waters Residential Area Unused Land

Woodland 1 0 0 0 0 0
Grassland 1 1 0 1 0 0
Agricultural land 1 1 1 1 1 1
Waters 0 0 0 1 0 0
Residential area 0 0 0 0 1 0
Unused land 1 1 1 1 1 1

Considering Tibet’s special ecological environment status and ecological value [38], in
the spatial pattern of regional land use, the natural reserves, ecological function zoning,
restricted development areas, prohibited development areas, and national parks cannot
be transformed into three landscapes. Converting it into a restricted area, its grid value is
represented by 0, which is used as a restriction factor in the model [48–50].

4. Results

A cross-validation of the various types of periodic land use changes in the Yarlung
Zangbo River and its two tributaries of Tibet in 2018 simulated by the Markov–PLUS model
and the actual land use data of various types in the region in 2018 could be obtained. The
kappa value was 0.93, indicating that the statistical precision reached a high level.

(1) Quantity accuracy check

It can be observed from Table 4 that the simulation accuracy is generally at a high level,
with an average of 95.867%. Except for the water area, which is 86.512%, the simulation
accuracy of the rest of the land types exceeds 90%. Therefore, it can be determined that the
accuracy of the different land types simulated by the Markov–PLUS model is high, and it
can simulate well the land use changes in different land types in the Yarlung Zangbo River
and its two tributaries of Tibet. Since there are many small rivers and mountain lakes in
the Yarlung Zangbo River and its two tributaries of Tibet, they are easily replaced by other
land types in the transformation of land type simulations. Therefore, this is also one of the
reasons for the low accuracy of a water-land-type simulation.
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Table 4. Comparison between simulated and actual land use grids of the Yarlung Zangbo River and
its two tributaries of Tibet in 2018.

Type of Land Use Actual in 2018 Forecast in 2018 Accuracy Rating

Agricultural land 2,478,882 2,459,652 99.224%
Woodland 11,458,724 11,414,959 99.618%
Grassland 35,106,464 35,830,173 97.980%

Waters 1,939,357 2,241,711 86.512%
Residential area 192,692 195,781 98.422%

Unused land 14,743,646 13,777,489 93.447%

(2) Spatial matching accuracy

By comparing the actual land use data of the Yarlung Zangbo River and its two
tributaries of Tibet in 2018 with the simulated land use data of the region in 2018, it
was observed that the land use data presented a high degree of similarity in space. By
constructing the confusion transition matrix of the land use simulation, the kappa value
was calculated to be 0.93, which further shows that the model can simulate well the state of
regional land use changes.

4.1. The Overall Change of the Landscape Pattern in the Study Area

In 1990, the main land types in the districts and counties in the Yarlung Zangbo
River and its two tributaries of Tibet were agricultural land, grassland, and unused land,
with areas of 259,717.77 hm2, 5,267,936.7 hm2, and 784,635.57 hm2, respectively. The
categories were grassland, woodland, and unused land, with areas of 3,159,581.76 hm2,
1,031,285.16 hm2, and 1,326,928.14 hm2, respectively. These three land use types accounted
for 90% of the total area of the watershed. In the past 30 years, due to the intensification
of regional development and human activities, the residential area had a high expansion
capacity, reaching figures of 32.4%, 29.57%, and 26.17% for the periodic land use change
landscape, the agricultural land conservation landscape, and the ecological conservation
landscape, respectively.

From the perspective of landscape ecology and the overall landscape pattern, the
Shannon diversity and Shannon evenness indices both showed a fluctuating trend from
1990 to 2005, were in a state of rapid increase from 2005 to 2010, and have continued to
increase in a fluctuating manner since then (Figure 3a). This indicates that the types of
landscape patches increase or that each patch type presents a balanced trend distribution
in the landscape, and the influence of the dominant components in the landscape structure
on the overall landscape pattern is weakened, the fragmentation degree of the overall
landscape is gradually increasing, and the dominant or dominant types of landscapes
appear evenly distributed in the region as a whole [51,52].

From the perspective of a single land use type, the dynamic changes in the landscape
pattern present their own characteristics. (1) The agglomeration degree of agricultural
land was at the middle level throughout the study period (Figure 3b), showing a contin-
uous patchy distribution in general, but its shape index (Figure 3c) was at the middle
level and declined in recent years. The development of large-scale standardized farm-
land construction, the conservation of basic farmland, and the occupation of fragmented
farmland by residential area tend to make the farmland relatively concentrated. (2) After
1995, the agglomeration degree of the residential area rapidly increased, the patch density
and landscape shape index were in an oscillating state, and the patch size and landscape
connectivity steadily increased. After 1998, the aggregation degree of the residential area
(Figure 3b) significantly increased. (3) The aggregation degree of grassland as a whole
slightly decreased, and the shape index slightly increased. The average patch area de-
creased, and the patch density increased. Although it tended to be stable after 2010, there
was a trend towards morphological complexity and fragmentation. (4) The forest land
indices fluctuated considerably in the early stage of the study, and after 2010. The various
landscape indices maintained a relatively stable state. (5) The water indices fluctuated
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considerably in the early stage of the study, and the water connectivity index (Figure 3d)
was in a state of high fluctuation, indicating that the water landscape had a strong ability
to respond to the disturbance of human activities. The intensified agricultural and animal
husbandry activities disrupted the landscape connectivity of the waters and exacerbated
the fragmentation of the water landscape. (6) The types of unused land were in a state
of shock throughout the study period. After 2010, the landscape indices of the types of
unused land tended to be in a stable state. Due to the increased management efforts of
the government, the development of unused land indiscriminately resulted in a relatively
great improvement.
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4.2. Analysis of the Driving Mechanism of Land Expansion

Combined with the contribution factor results (Figure 4) for the various types of
transformations occurring in the driving mechanism of species expansion in the study
area, a driving mechanism analysis was performed according to each type of transforma-
tion. The results show that the evolution of species in the Yarlung Zangbo River and its
two tributaries of Tibet is affected by a combination of factors; the basic geographical
conditions and socio-economic levels lead to obvious spatial differences, and different
driving factors in significant differences in the increase or decrease in the scale of species in
the basin.
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4.3. Analysis of Multi-Landscape Simulation Results

In the setting of various landscapes, the land use types of watershed land have
significant differences.

(1) Periodic land use change landscape

The periodic land use change landscape presents the changes occurring in regional
land use only from human and natural driving factors, without considering the regional
development policy. Under the periodic land use change landscape, the forest area of the
Yarlung Zangbo River and its two tributaries of Tibet in 2038 will be 725,488.20 hm2. In
comparison to 2018, this figure will decrease by 29.65%, while grassland and agricultural
land will increase by 2% and 0.13%, respectively, the water area will decrease by 2.95%, the
residential area will increase by 32.44%, and unused land will increase by 18.22%. From the
data perspective, under the influence of human activities, the residential area in the river
basin rapidly increased to meet the needs of regional social and economic development
without being constrained by policies. The transferred land was mainly forest land and a
water area. The expansion of the residential area mainly occurred along the river valley
in the original land space, mainly distributed in the Chengguan District, DuilongDeqing
District, Dazi District, Sangzhuzi District, Gyantse, and Nedong District of Shannan City.
Zhanang and Gonggar mainly occupy areas with typical ecological functions and values,
such as water areas and forest land (Figure 5a). If no restrictions are imposed, the regional
ecological environment will be severely damaged. In general, under the periodic land use
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changes, because it is not subject to the rigid constraints of the policy, the residential area
in the basin will rapidly expand, while the ecological land, such as forest land and water
area, will be considerably reduced, and the overall socio-economic–ecological system in
the basin will be challenged and at high risk [53].
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(2) Agricultural land conservation landscape

Agricultural land conservation is based on strict conservation of agricultural land,
prohibiting or restricting the conversion of agricultural land into other land use types.
Compared to other landscape, agricultural land increased by 3.12% compared to 2018; the
forest land and water area decreased by 27.28% and 6.62%, respectively, compared to 2018;
the grassland area increased by 1.79% compared to 2018; and unused land type increased
by 16.9% (Figure 5b).

(3) Ecological conservation landscape

In response to the policy of “adhering to the integrated conservation and systematic
management of mountains, rivers, forests, fields, lakes, grass, sand and ice on the Qinghai–
Tibet Plateau”, the ecological conservation landscape was set up. The simulation results
show that the ecological conservation landscape can effectively conserve the forest land,
water area, and grassland present in the basin. Compared to 2018, in 2038, the forest
area in the basin will be 1,076,375.16 hm2, an increase of 4.37%; the grassland area will be
3,232,238.67 hm2, an increase of 2.3%; the water area will be 190,270.53 hm2, an increase
of 9.01%; and the area of unused land types will be 1,214,428.05 hm2, a decrease of 8.48%.
Under the ecological conservation landscape, the land types with considerable changes
in land use types are mainly concentrated in the agricultural, water, and residential areas.
Compared to 2018, the area of agricultural land will decrease by 25,514.28 hm2, a decrease
of 11.44%; the expansion of residential areas is still evident, and the expansion rate will
reach 26.17% (Figure 5c).

4.4. Dynamics of Land Landscape Pattern in Multi-Landscape Simulation

Due to the inclusion of three landscape settings, the periodic land use changes, the
agricultural land conservation, and the ecological conservation landscape, the landscape
pattern in the basin presented different characteristics [54]. In terms of the overall landscape
pattern from the perspective of landscape ecology, the differences in the Shannon diversity
and evenness indexes in the three landscapes in 2038 were not significant (Figure 3a),
indicating that the intensity of residential area expansion and agricultural and animal
husbandry production activities will not significantly increase in the three landscapes.

From the perspective of a single land use type, the dynamic changes occurring in the
landscape pattern presented their own characteristics:

(1) The periodic land use changes landscape, due to the lack of regional policies and
national development guidelines, each type of landscape pattern presents agricultural
land, ecological land landscape fragmentation, a complex shape, and low connectivity
compared to the other two landscapes. The aggregation index of grassland in the
periodic land use change landscape is only 90.46%, which is less than that of the agri-
cultural land conservation and ecological conservation landscapes. The aggregation
index of forest land is only 75.75% in the periodic land use changes landscape, much
lower than the agricultural land conservation landscape and the ecological conser-
vation landscape. The aggregation index values of agricultural land and residential
area in the periodic land use change landscape are 80.12% and 74.47%, respectively,
which are also lower than those in the agricultural land conservation landscape, and
the result for the ecological conservation landscape is 0.053, which is lower than
the agricultural land conservation landscape and the ecological conservation land-
scape (Figure 6). It is also explained that under the development situation at present,
there is a risk of hindering the improvement of agricultural productivity due to the
fragmentation of agricultural land landscapes, and there is also the fragmentation
and complication of the ecological landscape, which will lead to the migration of
organisms, plant production efficiency and other activities. The problem of a negative
impact reflects the urgent need for scientific management and the configuration of
future land use activities.
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(2) In agricultural land conservation, the connectivity index and the average patch size of
the agricultural land were significantly higher than those of the other two landscapes,
and their indices were 0.096 and 524.812, respectively (Figure 6). The shape index
and patch density of the landscape are less than those of the other two landscapes,
with their indices being 51.139 and 0.0075, respectively (Figure 6). In this landscape,
the agricultural landscape tends to be concentrated, the degree of fragmentation
is reduced, and the landscape shape is regular and orderly. The trend shows that
agricultural land has been better conserved in agricultural land conservation prac-
tices. However, in the arable land conservation priority development landscape, the
landscape connectivity and average patch density of forest land, water area, and grass-
land are lower than the ecological conservation landscape, and the ecological-type
landscape shows a fragmentation trend. Contradictions are still prominent.

(3) Under the ecological conservation landscape, due to the establishment of a regional
sustainable development path for the coordinated development of regional ecological
environment conservation and economic development, compared with the periodic
land use change and ecological conservation landscapes, the landscape connectivity
and fragmentation of the ecological land are higher. Both the degree and connectivity
have been considerably improved. The aggregation index values of woodland and
water are 88.21% and 80.00%, respectively, the landscape shape index values are
74.06 and 52.99, and the average patch size values are 1088.14 and 155.76 (Figure 6).
However, there is also the risk of the fragmentation of agricultural land and reduced
landscape connectivity, with the patch size and landscape connectivity index of
agricultural land being 283.89 and 0.078, respectively (Figure 6), thereby hindering
the risk of agricultural productivity improvement. The landscape connectivity index
is only 0.056, which hinders the development of large- and medium-sized cities in
the region. Therefore, how to balance regional ecological environment conservation
and the sustainable and healthy development of the regional economy has become a
challenge for regional development practices.
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5. Discussion

Based on the Markov–PLUS model, this study selected 17 driving factors from
two different aspects, including human and natural factors, after comprehensively con-
sidering the actual situation of the affected area, and selected elevation, temperature, and
ecological functions in combination with the actual development of the Yarlung Zangbo
River and its two tributaries of Tibet. Zoning is a limiting factor for regional development,
and by controlling the efficiency of land use conversion, it can better simulate the land
use status of various types of land in the study area in the future. The simulation results
can provide data support and reference for the early implementation of ecological security
warnings, territorial spatial planning, and food production consumption security in the
study area.

The landscape pattern can reflect the spatial structure characteristics of the regional
landscape and the spatial distribution and spatial combination of land patches [55]. The
changes in the landscape pattern profoundly affect the evolution of the regional ecological
environment [56,57]. The research conducted on the dynamic change in landscape patterns
can reflect the changes occurring in the regional ecological environment [58]. The dynamic
research of landscape pattern has become a hot topic in landscape ecology research at home
and abroad [59,60]. At present, regional landscape patterns are qualitatively character-
ized by extracting ground object images using analytical [61] and mathematical model
methods [62]. Analysis methods are also used to evaluate the security of the regional
ecological environment.

Under the condition of periodic land use changes, due to the absence of restrictions of
regional policies and national development guidelines, the expansion rate of residential
areas is rapidly increasing, types of important ecological land such as forest land and
water areas are rapidly decreasing, and the ecological security of the river basin is under
serious threat. Arable land is also at risk of diminishing, and there is a food security crisis
(Table 5). Under the condition of agricultural land conservation, agricultural land has been
conserved to a certain extent, and the expansion of residential areas has been restrained
to a certain extent. Forest land and water areas have become the main types of land to
be transferred out, mainly being turned into agricultural land extrusion areas (Table 5).
Under the condition of ecological conservation landscape, areas of ecological land, such
as forest land, grassland, and water areas, are increasing, and other land use types have
been regulated to a certain extent. It is considered that, no matter what type of regional
development landscape exists, due to the intensification of human activities and the rapid
development of the regional social economy, the momentum of residential area expansion
cannot be prevented (Table 5). If regional policies are not restricted, it will inevitably lead
to major changes in regional land use structures, which is a serious challenge to regional
ecological and food security, and it is difficult to achieve the harmonious development
of a regional ecology–economy–society–food balance. Different land use results can be
obtained by simulating regional land use changes for different landscape developments,
and unreasonable land use practices can be adjusted further in combination with the
land use simulation results in order to achieve sustainable development practices in the
region. Although the research to date can better understand the reality of future land use
development practices, several shortcomings remain evident.
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Table 5. Comparison of multi-landscape simulation of land use type change in 2038 and status
in 2015.

Landscape Settings Woodland Grassland Agricultural Land Waters Residential Area Unused Land

Status area in 2018/hm2 1,031,285.16 3,159,581.76 223,099.38 174,542.13 17,342.28 1,326,928.14
Periodic land use change
landscape for 2038/hm2 725,488.20 3,222,781.92 223,391.88 169,398.90 22,967.91 1,568,699.28

Agricultural land conservation
landscape for 2038/hm2 749,944.98 3,216,079.62 230,049.81 162,986.49 22,470.39 1,551,198.69

Ecological conservation landscape
for 2038/hm2 1,076,375.16 3,232,238.67 197,585.10 190,270.53 21,880.53 1,214,428.05

Rate of change in Periodic land
use change landscape in 2038

(compared to 2018/%)
−0.2965 0.0200 0.0013 −0.0295 0.3244 0.1822

Rate of change in agricultural
land conservation landscape in

2038 (compared to 2018/%)
−0.2728 0.0179 0.0312 −0.0662 0.2957 0.1690

Rate of change in ecological
conservation landscape in 2038

(compared to 2018/%)
0.0437 0.0230 −0.1144 0.0901 0.2617 −0.0848

(1) The use and change of land resources is a complex and dynamic process of change.
Although 17 driving factors, restrictive factors, and regional policy restrictions were
selected by combining human and natural factors in the study, the climate change oc-
curring in Tibet is drastic. The influence of climate change is not considered separately,
and the influence factors of the model will be further optimized in the follow-up
research in the future [63,64].

(2) The study determined that the simulation accuracy of various types of land use
practices was highly dependent on the pixel size. The smaller the pixel, the higher the
simulation accuracy, indicating that the research accuracy can be improved further
with the refinement of the study area.

(3) There is a certain degree of subjectivity in the setting of model parameters. For
example, the spatial neighborhood weight basically refers to the research results of
previous studies, and is determined according to the human influence of different
land types in the Yarlung Zangbo River and its two tributaries of Tibet. Although
the simulation is achieved after continuous debugging, in the future, more objective
model parameters need to be consistently determined in the research.

(4) Grassland expansion is mainly affected by altitude, population density, precipitation,
topography, and distance from the roads (Figure 4). The expansion of agricultural land
is mainly affected by altitude, GDP, population density, and road distance (Figure 4).
The expansion of forest land is mainly affected by altitude, population density, and
precipitation (Figure 4). The water expansion is mainly affected by altitude, distance
from rivers, slopes, and road distances (Figure 4). The expansion of residential areas
is mainly affected by lighting conditions at night, altitude, slope, and the distance
from the city (Figure 4).

6. Conclusions

By obtaining the land use data of the districts and counties present in the Yarlung
Zangbo River and its two tributaries of Tibet in 2000, 2005, 2010, and 2018 as the benchmark
data, on the basis of verifying the model fit, a simulation of the region in 2038 based on
the Markov-PLUS model was conducted. The spatial pattern of land use types in three
land use landscapes in the Yarlung Zangbo River and its two tributaries of Tibet, and its
changes, were analyzed, and the following conclusions were obtained:

(1) The landscape pattern of the watershed drastically changes, and the landscape pattern
of different land types is different. Due to the rapid expansion of residential areas,
the intensity of agricultural and animal husbandry production activities increased. In
the past 30 years, each patch type of the watershed landscape presented a balanced
distribution in the landscape, the dominant components in the landscape structure
weakened the influence of the overall landscape pattern, and the overall trend was
fragmented and balanced. In all kinds of land use landscapes, in addition to the trend
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towards regularization of agricultural land, affected by the development trends of
fragmentation of residential areas, ecological land also showed a trend of fragmenta-
tion and a complex shape, and the conflict between urban development and ecological
conservation in the river basin was intensified (Figure 4).

(2) The Markov–PLUS model has a high simulation accuracy for different land types in
the study area, and can sufficiently simulate the changes in the demand for different
land types in the Yarlung Zangbo River and its two tributaries of Tibet (Table 4). The
cross-validation of the various types of periodic land use changes in the Yarlung
Zangbo River and its two tributaries of Tibet in 2018 simulated by the Markov–PLUS
model and the actual land use data of various types in the region in 2018 shows that
the kappa value is 0.93. This model can be used to predict the changes in land use and
land types in the districts and counties of the river basin, and even the plateau basin.

(3) The three development landscapes basically reflect different regional development
models. From the perspective of the spatial pattern of land use expansion, the three
development landscapes show the most significant changes in agricultural land, for-
est land, water area, and grassland. The landscape pattern of the periodic land use
changes presents the characteristics of disordered development, and the landscape
tends to be fragmented and complicated. In the agricultural land conservation land-
scape, as a result of the management and control of agricultural land, the agricultural
land landscape tends to develop in a regular and orderly manner, but attention should
be paid to the conflict occurring between agricultural land and ecological conser-
vation practices. In the ecological conservation landscape, the ecological space and
residential area are conserved and controlled, meeting the requirements of ecological
conservation (Figure 3).

(4) With the rapid social and economic development of Tibet and the steady improvement
of the level of urbanization, it is determined that the expansion of the residential area
is irreversible in the future, but a disorderly expansion will threaten the food and
ecological security in the region. While ensuring social and economic developments
in the basin, it is necessary to consider the efficient use of residential areas in the basin
in the future, and ecological land, such as forest land, grassland, and water area, and
production land, such as agricultural land, should not be encroached.
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