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Abstract: Land-use cover is undergoing intense change under global climate change and rapid
urbanization, especially in the Loess Plateau, where ecological restoration policies like Green for
Grain Project (GFGP) have been vigorously implemented since the 1980s. The main objective of
this study was to distinguish the difference of spatio-temporal variation of land-use change in the
two study periods of 1980–2000 and 2000–2020 at the county scales. Geographically and temporally
weighted regression (GTWR) was employed to handle both the spatial and temporal heterogeneity
of the driving forces for land use change. The results showed that the quantity of construction land,
woodland and grassland experienced continuous growth, but arable land declined substantially.
The results of GTWR model showed that the dominant influencing factors of land-use change had
temporal and spatial differences in the Loess Plateau. Specifically, the implementation of GFGP and
precipitation accelerated the changes in arable land, grassland and woodland. For construction land,
its growth was mainly promoted by gross domestic product (GDP) and population, both of which
had more obvious positive effects in the last 20 years. The findings provide a scientific basis to put
forward countermeasures emphasizing sustainable land use in the Loess Plateau.

Keywords: land use change; GTWR; spatio-temporal pattern; driving forces; Loess Plateau of China

1. Introduction

Land-use/land-cover change is the most direct manifestation characterizing the in-
terplay between anthropogenic activity and the natural environment [1]. A series of
interdisciplinary joint projects targeted at land system change have been launched to
coordinate the relationship between man-land relationship, including the Land-Use and
Land-Cover Change project, Global Land Project (GLP) and Future Earth [2–4]. At the
same time, there are wide scientific discussions about land-use change, including issues
about land dynamic evaluation [5,6], land use transition [7,8], driving mechanism and
eco-environmental effects of land-use change [9,10], and simulation modeling [11,12]. The
spatial scale of the previous studies are multiple, ranging from global, national, provincial,
prefecture to county level [13–20].

The Loess Plateau, where human activity has had an increasing impact on the natural
environment, has been undergoing a huge transformation in land use. Before the year
2000, agriculture was the principal economic activity in this region [21]. The increase in
population and the continuous requirement of grain production led to the increased expan-
sion of farmland [22]. However, unreasonable land use brought much eco-environmental
problems like land degradation, deforestation and overgrazing, which has been highly
concerned by the Chinese government [23,24]. The “Grain for Green program” (GFGP)
initiated in the year of 1999, aiming at alleviating overuse of farmland and restoring the
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damaged ecological environment, has been carried out on a large scale throughout the
country [25,26]. It has promoted the conversion of arable land with slopes greater than
25◦ into grassland and woodland, changing both the structure and spatial distribution of
regional land use [27].

In addition to the influence of ecological policy, socio-economic development and
climate change also contribute to land-use change [28]. Rural-out migration under the rapid
urbanization exerts profound impact on land-use change, such as extensive expansion of
construction land, massive loss of arable land in highly urbanized areas and hollowing out
of the countryside and abandonment of farmland in rural area in the Loess Plateau [29–31].
Climate change, like the gradual increase in annual precipitation, usually influences the
vegetation coverage and accelerates the conversion of arable land into grassland and
woodland [32,33]. Hence, exploring land-use change in the Loess Plateau in different
stages of socio-economic development is an important issue to obtain sustainable land use.

Meanwhile, there exists non-stationarity spatial and temporal variations of the driving
forces for land-use change, responding to specific human-environment conditions. For
instance, the expansion rate of construction land in the early and late stage of urbanization
is different. Urbanization refers to the gradual increase in the proportion of people living
in urban areas. Thus, in the stage of rapid urbanization in large cities, construction land
is expanding faster than that at the beginning of urbanization. The climate variability,
shifting from drought to warming and humidification, drives the increase in the amount of
woodland area and vegetation growth in the Loess Plateau [34,35]. The previous studies
are mostly based on the assumption that the relationship between explanatory factors and
dependent variables is homogenous over space and time [36–38]. Much of them ignored
the spatial and temporal heterogeneity of the key factors over time.

Although a lot of studies have been conducted on land-use change and its driving
forces in the Loess Plateau, there has been little comparative analysis of the spatio-temporal
variations for diverse land use types in different phases. Because the “Green for Grain
Project” was launched by the Chinese government in 1999, we divided the 1980–2020
period into the two periods of 1980–2000 and 2000–2020 to differentiate the influence of the
GFGP, socio-economic variables and climate change to land use change. In addition, how
the key factors influence the land-use change over space and time remains unclear. Hence,
to fill the knowledge gaps, this paper aims to:

(1) Examine spatio-temporal evolution of land-use change and mutual conversions
among diverse land-use types in Loess Plateau during the period 1980–2020;

(2) Compare the land-use change in 1980–2000 and 2000–2020 to distinguish the
spatio-temporal characteristics before and after the implementation of GFGP;

(3) Assess how major factors for various land-use types changed in 1980–2000 and
2000–2020.

2. Materials and Methods
2.1. Study Area

Loess Plateau of Northern Shaanxi (LPNS) is located in the north-central part of China
(107◦15′ E–111◦15′ E, 35◦21′ N–39◦35′ N), which is an ecologically vulnerable region with
severe soil erosion (Figure 1). It covers an area of 80,000 km2 and includes 25 counties,
affiliated to Yulin city and Yan’an city in Shaanxi province. The elevation in this region
gradually declines from northwest to southeast and ranges from 370 m to 2000 m (Figure 1).
Landforms along the northwest part are the aeolian landforms, which gradually transition
to a loess hilly-gully region in the central-east region and loess tableland to the southern part
of Yan’an city. The Loess Plateau in Northern Shaanxi is characterized by an arid and semi-
arid climate, and the mean annual temperature and precipitation are about 9 ◦C and 450 mm
respectively [39]. Since the implementation of the GFGP in 1999, substantial changes in
land-use structure and spatial configuration have taken place in the Loess Plateau. In
addition, global climate change and socio-economic development have promoted the
transformation of regional land use. Furthermore, modern agricultural geographical
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engineering carried out in the Loess Plateau have also profoundly affected the regional
land-use patterns. Hence, studying the characteristics of spatial-temporal changes and
driving forces of diverse land-use types are a significant issue.

Figure 1. Location and elevation map of the study area.

2.2. Data Source and Processing

Land-use data, topographic data, meteorological data and socio-economic data for
the Loess Plateau of northern Shaanxi were used in this study. Among them, land-use
data, digital elevation model data and meteorological data were initially gathered from
the Resource and Environment Data Cloud Platform of Chinese Academy of Sciences
(http://www.resdc.cn). The land use data with a spatial resolution of 100 m adopted in
this study spanned the period of 1980, 1990 to 2015 with a 5-year time interval. There were

http://www.resdc.cn
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six land-use types involved in this study, containing arable land, woodland, grassland,
waterbody, construction land and unused land. Among them, construction land includes
urban-rural residential land and industrial mining land. Unused land contains land
that is undeveloped or difficult to use such as sandy land, saline land, bare land, etc.
Based on a digital elevation model, slope data were generated by the surface toolset
provided in ArcGIS 10.2. With smooth spline interpolation employed, meteorological data
were calculated by using the daily observation data over 2400 meteorological stations
in China, consisting of temperature and precipitation from 1995 to 2020. Economic data
were acquired from China County Statistical Yearbook from 1995 to 2020. To match the
spatial reference of land-use data, all the data were geo-registered to the same coordinate
system and resampled to a spatial resolution of 100 m. A panel data was constructed by
incorporating the land use data and influencing factors for 25 counties from 1995 to 2020 in
order to explore driving forces of land-use change. To explore the driving force mechanism,
logarithmic transformations were applied to both dependent variables and independent
variables.

2.3. Methods
2.3.1. Theoretical Framework

Land is one of the basic elements of agricultural production. Land-use change is the
result of interaction between natural environment and anthropogenic activity which is
an vital part of regional sustainable development [40–42]. The natural environment is the
most basic factor of regional land use change, which affects the regional land resource
endowment and the spatial distribution of land-use change [43]. With the adoption of
advanced agricultural technology and the implementation of engineering measures such
as land consolidation, human activities have broken through the limitations of the natural
geographical environment and changed the spatial distribution and form of regional land
use [44,45]. Human activity involving urbanization process, population growth, land
use/management policies are the main driving forces of land-use change, affecting the
land use in an indirect way [46].

Natural factors include the physiographic environment and climate change (Table 1).
Physiographic was characterized by elevation and slope in this study, becoming the basis
for the spatial distribution patterns of land-use change [47]. The steeper the terrain, the
less conducive to land use. At the same time, we chose annual precipitation and annual
average temperature to reflect the climate changes in the Loess Plateau of northern Shaanxi.
A lot of scholars found that the increase in precipitation and temperature led to the changes
of arable land and unused land [48,49]. Temperature vegetation dryness index (TVDI) was
an indicator representing the degree of soil drought. The higher the TVDI, the lower the
soil moisture; conversely, the lower the TVDI, the higher the soil moisture [50].

Table 1. Descriptive statistics of independent variables of land-use change.

Type Factors Description

Natural
factors

Elevation The average elevation in a county
Slope The average slope in a county

Precipitation The average annual precipitation in a county
Temperature The average annual temperature in a county

TVDI Mean value of TVDI from May to October in a county

Economic
factors

GDP The value added of GDP each year
Population The total registered population each year

Urbanization the non-agricultural registered population divided by
the total registered population each year

Five variables, shown in Table 1, were adopted to describe the socioeconomic changes
before and after the implementation of the GFGP in the Loess Plateau. Socio-economic
factors have become the key driving factors for land use change [51,52]. Population growth
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has usually been accompanied by an increase in food demand and dwellings which has
led to an increase in demand for arable land and construction land [53]. At the same time,
more unused land or waterbodies would have been occupied and reclaimed for specific
land use to meet the basic needs of human beings [47]. In addition, the rapid urbanization
process drives the expansion of construction land, which is predominantly converted from
arable land [54]. Furthermore, the GFGP has been implemented in Loess Plateau since 1999,
exerting a profound impact on the quantity and spatial patterns of land-use change [55]. A
comparison of driving forces between 1995–2000 and 2000–2020 can distinguish the effect
of the GFGP on land-use change.

2.3.2. Land-Use Dynamic Degree

The quantitative change of diverse land use types in various periods was measured by
land-use dynamic degree (LUDD). LUDD is generally employed to reflect the range, speed
and dynamic trend of land-use change [1,56]. In addition, it can compare the temporal
features of various land-use types in different periods and forecast future trends of land
use change [57]. The formula can be expressed as follows.

Ki =
Ub −Ua

Ua
× 1

T
× 100% (1)

where Ki denotes the dynamic degree of the land-use type i; Ua and Ub represent the area
of land use type i in the beginning and the end of the study period, respectively. T presents
the length of the study period.

2.3.3. Land-Use Transfer Matrix

Based on the area of six land use types, the land-use transfer matrixes in the two
periods of 1980–2000 and 2000–2020 in the LPNS were calculated in this study. The Markov
transfer matrix was initially applied to describe of the state and state transition over a
certain period and gradually extended to the field of land management, known as the
land-use transfer matrix (LUTM) [56]. It has been widely employed in mass literatures to
gain in-depth insight of the evolution process of land-use change [58,59]. It is helpful to
comprehensively explain the mutual conversions among different land-use types [60,61].
The calculation process was carried out in ArcGIS 10.2.2. The calculation formula for the
LUTM is shown in follows.

Sij =

∣∣∣∣∣∣∣∣
S11
S21
. . .
Sn1

S12
S22
. . .
Sn2

. . .

. . .

. . .

. . .

S1n
S2n
. . .
Snn

∣∣∣∣∣∣∣∣ (2)

where Sij is the area converted from land-use type i to land use type j; i and j represent the
specific land-use type at the beginning and the end of the study period; n is the number of
land-use types.

2.3.4. Landscape Pattern Metrics

Landscape pattern metrics have been widely used to reveal the landscape structure
and spatial processes, including indices at three spatial levels: patches, categories and
landscape [62–65]. To explore the spatial patterns of diverse land-use types within the
county, this study selected the mean patch fragmentation dimension (MPED) and aggrega-
tion index (AI) to measure the morphology and spatial agglomeration degree of diverse
land-use types at the class level [66,67]. Shannon’s diversity index (SHDI) and Shannon’
evenness index (SHEI) were chosen to measure the landscape ecological security at the
landscape level [68]. In this study, the land-use types were organized according to the
administrative scopes of the 25 counties. The county-scale rasterized land use files were
imported into the FRAGSTATS 4.2 software with the eight-cell neighborhood rule chosen.
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Arable land, woodland, grassland, waterbody, construction land and unused land were
reclassified as 1 to 6, respectively.

2.3.5. Geographically and Temporally Weighted Regression

The driving factors of land-use change in the Loess Plateau of northern Shaanxi from
1995 to 2020 were detected by the geographically and temporally weighted regression
(GTWR) in this study. Compared with the traditional regression model, GTWR model
can simultaneously deal with both spatial and temporal heteroscedasticity [69–72]. The
GTWR model was developed through the introduction of spatiotemporal weight matrix
based on the initial geographically weighted regression model, which can be expressed as
follows [69].

Yi = βi0(xi, yi, ti) + ∑
k

βik(xi, yi, ti)xik + εi (3)

where Yi denotes the dependent variable; βi0(xi, yi, ti) presents the intercept value; inde-
pendent variables are denoted by xik in the regression model; βik(xi, yi, ti) is the estimated
local regression parameter; εi represents the random error term.

3. Results
3.1. Spatio-Temporal Pattern of Land-Use Change
3.1.1. Analysis of Land-Use Dynamic Degree

Land-use dynamic degrees for arable land, woodland, grassland, waterbody, con-
struction land and unused land were calculated for the two periods of 1980–2000 and
2000–2020. Except for unused land, the absolute value of LUDD for the other five land-use
types in 2000–2020 were higher than that in 1980–2000, showing more obvious change in
2000–2020. The findings showed that dramatic changes especially occurred in arable land,
woodland and construction land. Compared with 1990–2000, the absolute value of LUDD
for arable land, woodland and construction land in 2000–2020 rose about 13 times, 7 times
and 20 times, respectively. The LUDD of unused land was relatively small, with LUDD of
1.06 in 1980–2000 and 0.30 in 2000–2020. The absolute value of LUDD for grassland and
waterbody increased by two times in the second phase (Table 2).

Table 2. Changes in the area and land-use dynamic degree (LUDD) for the Loess Plateau of northern Shaanxi in 1980–2000
and 2000–2020.

Land Use Types
Area (Unit: 104 ha) LUDD

1980–2000 2000–2020 1980–2020 1980–2000 2000–2020 1980–2020

Arable land 2.69 −34.80 −32.11 0.05 −0.61 −0.28
Woodland 1.75 12.18 13.93 0.08 0.56 0.32
Grassland 7.82 16.99 24.82 0.11 0.24 0.18
Waterbody −0.13 0.21 0.07 −0.10 0.15 0.03

Construction land 0.37 8.24 8.61 0.70 13.83 8.24
Unused land −12.49 −2.82 −15.31 −1.06 −0.30 −0.65

3.1.2. Analysis of the Land-Use Transfer Matrix

In this part, the land-use change and the mutual conversions among six land-use
types in two phases were analyzed (Figure 2, Table 2 and Supplementary Table S3). On the
whole, for the past 40 years, the area of woodland, grassland and construction land in the
Loess Plateau of northern Shaanxi rose greatly, while arable land and unused land reduced
substantially. The waterbody showed a slight upward trend. According to the comparative
analysis of the two periods, there were differences in the changes of various land-use types.
The arable land and waterbody changed in completely opposite directions in the two study
phases in the Loess Plateau of northern Shaanxi. Conversely, other land-use types showed
a similar trend in 1980–2000 and 2000–2020 (Table 2).
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Figure 2. Spatial variations of land-use change from 1980 to 2020.

From 1980 to 2000, the area of arable land increased by 2.69 × 104 ha, mainly derived
from the conversion of grassland. In the next 20 years, the growth of arable land area
stopped and decreased by 34.80 × 104 ha, predominantly returning to grassland and
woodland. Furthermore, the reduced area of arable land in 2000–2020 was about 13 times
of the increased area in 1980–2000 (Table 2). Similarly, the amount of waterbody also
showed opposite changes in 1980–2000 and 2000–2020. The decrease in waterbody during
1980–2000 was mainly replaced by grassland and arable land. In 2000–2020, the increase in
waterbody area was mainly a conversion from grassland and arable land (Figure 3b).

Figure 3. The landscape pattern changes for diverse land-use types.

Mutual conversions between arable land, grassland and woodland were the main
land-use transfer types both in 1980–2000 and 2000–2020 (Supplementary Figure S1). In
the past 40 years, the woodland showed a continuous upward trend. The newly-planted
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woodland was predominantly transferred from arable land and grassland both in 1980–2000
and 2000–2020. In the first 20 years, more grassland was converted into woodland when
compared with the conversion from arable land to woodland. Owing to the implementation
of the GFGP, most of the increase in woodland came from arable land in 2000–2020. In
summary, the substantial increase in woodland and grassland were significantly due to the
implementation of GFGP in the Loess Plateau.

The increase of construction land was an important reason for the loss of arable land,
grassland and unused land. Also, construction land became the land-use type with the
most significant changes after the implementation of GFGP. The increased amount of
construction land in 2000–2020 was 22 times of the increased area in 1980–2000 (Table 2).
As shown in Supplementary Figure S1a, the increase of construction land in 1980–2000 was
mainly from the occupancy of arable land, contributing 74.89% of its growth. In the next
two decades, much grassland, arable land and unused land were converted to construction
land, making up 48.64%, 30.45% and 21.76%, respectively. Newly developed construction
land was obviously found in Shenmu county, Fugu County in the north of the region in
2000–2020 (Figure 2b).

In the past 40 years, the unused land concentrated in the northwest of the Loess
Plateau of northern Shaanxi was declining constantly (Figure 2a,b). The amount of unused
land that was reduced in the 1980–2000 and 2000–2020 was 12.49× 104 ha and 2.82× 104 ha,
respectively (Table 2). The reclamation modes of unused land in this region were gradually
diversified after 2000. In 1980–2000, more than 90% of unused land was converted into
grassland land as shown in Figure 3a. It was mainly reclaimed for grazing and husbandry
production. In the next 20 years, unused land was converted into multiple land-use types,
of which grassland accounted for the highest proportion (41.03%), followed by arable land
(25.55%) and construction land (29.40%), as shown in Supplementary Figure S1b.

3.1.3. Analysis of Landscape Pattern Change

Landscape patterns in LPNS were analyzed by landscape indices, including SHEI and
SHDI at the whole landscape, AI and MPED at the level of land-use classes from 1980 to
2020. From the perspective of changes at the whole landscape, Shannon’ evenness index
(SHEI) in the Loess Plateau of northern Shaanxi gradually increased (from 0.67 to 0.70),
but Shannon’s diversity index (SHDI) fluctuated unevenly as shown in Supplementary
Figure S2. As for the landscape characteristics of six land-use types, different land-use
types had diverse degrees of shape regularity and spatial agglomeration.

The shape of construction land was the most regular with the smallest MPED, followed
by water and unused land. The grassland and arable land were the most irregular with
the largest MPED. Much temporal changes in MPED occurred in construction land and
arable land. The shape of arable land became increasingly regular, but construction land
showed the opposite tendency (Figure 3a). In terms of spatial agglomeration, unused
land and woodland had the largest of aggregation index (AI) value, showing well spatial
agglomeration. However, waterbodies and construction land had the relatively smallest
value of AI with the least spatial agglomeration. Except for construction land and grassland,
the other four land-use types including woodland, waterbody, unused land and arable
land showed a downward trend in the past 40 years with decreasing spatial aggregation
(Figure 3b).

3.2. Driving Forces of Typical Land-Use Types
3.2.1. Model Comparison

Based on the above analysis, the area of arable land, woodland, grassland and con-
struction land changed significantly with various characteristics in space and time. Thus,
this study analyzed the driving mechanisms of these four land-use types by using the
method of GTWR and ordinary least squares (OLS). According to the results of multi-
collinearity test and previous literatures [9,39,73], this study focused on the effects of two
natural indexes and three economic indexes on land use change, including slope, precipi-
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tation, GDP, population and urbanization. The results showed that the variance inflation
factors (VIFs) were less than 5 for five factors, indicating no collinearity among the selected
factors. The same data were applied for OLS and GTWR models analysis with bandwidth
determined by the AICc method [74]. By comparing the Akaike information criterion and
R2 of two models (Table 3), it was further shown that the GTWR model had the largest R2

and the smallest AIC, better fitting than the OLS models. The results showed that land-use
change was driven by the six critical variables, consisting of slope, precipitation, GDP,
urbanization and population.

Table 3. Parameters from ordinary least squares (OLS) and geographically and temporally weighted
regression (GTWR) models.

Land Use Types Model Types AICc R2

Arable land
OLS 237.81 0.51

GTWR 196.49 0.77

Woodland
OLS 386.98 0.47

GTWR 316.49 0.84

Grassland
OLS 322.22 0.23

GTWR 230.72 0.79

Construction land
OLS 381.49 0.52

GTWR 393.24 0.65

3.2.2. The Core Driving Forces of Diverse Land-Use Types
The Driving Forces of Arable Land

As shown in Supplementary Table S3, population, precipitation and slope were the
dominant driving forces of arable land-use change with more than 80% of counties sig-
nificantly associated with arable land. The mean regression coefficient of the population
was the largest (2.28), followed by precipitation (−0.60) and slope (−0.15). The influence
of slope on arable land-use change varied in diverse regions. Counties like Huanglong,
Mizhi, Hengshan and Dingbian had a larger absolute value of regression coefficients for
slope. Precipitation suggested a negative effect on arable land-use change. The counties
with larger absolute regression coefficients were clustered in northeastern region such as
Baota, Mizhi and Shenmu. The impact of population on arable land was positive, and
the regression coefficients in central and eastern regions such as Fugu, Fuxian, Wubao,
Yanchang and Zichang were relatively large (Figure 4a–c).

Comparing the average coefficient of three variables in 1995–2000 and 2000–2020, the
increase in the area of arable land brought about by the increase in population declined in
2000–2020. However, the decrease of arable land area caused by the increase of precipitation
rose slightly after 2000. The coefficient of slope changed from positive in 1995–2000 to negative
in 2000–2020. The phenomenon of deforestation and land reclamation was prominent before
2000. In the second period, the steeper the slope, the smaller the area of arable land, showing
the effect of the implementation of GFGP on arable land (Supplementary Table S3).
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Figure 4. The mean regression coefficients of core factors for arable land and grassland.

The Driving Forces of Grassland

As shown in Supplementary Table S3, slope, population, and urbanization were
significantly correlated with grassland use change with mean regression coefficients −1.09,
1.53 and 0.96, respectively. Counties with significant coefficients for the three factors
accounted for more than 80%, showing obvious spatial variations. The influence of slope on
grassland had regional variations with larger absolute regression coefficients concentrated
along the Great Wall in northern Shaanxi and in the southern Yan’an city. The impact of
population on grassland varied at the county level. More than half of counties located in
the central-eastern regions and southern Yan’an had a positive impact. The high regression
coefficients were concentrated in the northeast. The increase in population in 2000–2020 had
a reduced effect on the increase in grassland when compared with that in 1995–2000. The
relationship between urbanization and grassland was spatially different. More than half of
the counties in the central region had a positive impact. The absolute value of regression
coefficients in the north-central region like Jiaxian, Jingbian, Qingjian, and Yuyang were
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relatively large. When the urbanization rate increased, less grassland area increased from
2000–2020 compared with 1995–2000 (Figure 4d–f).

The Driving Forces of Woodland

As displayed in Supplementary Table S3, slope, precipitation, population and urban-
ization were significantly associated with the woodland with more than 75% of counties
significantly correlated with woodland. The mean regression coefficients of slope, pop-
ulation and urbanization exceeded 2, and precipitation had the smallest influence on
woodland (0.46). The slope and precipitation had an overall positive effect on woodland.
The high absolute value of regression coefficients for slope were mainly distributed in the
eastern regions like Fugu, Wubao, Luochuan. Counties in south-central area had larger
absolute value of regression coefficients for precipitation. The impact of population on the
woodland were significant but had large spatial variations among counties. More than half
of the counties’ woodland were positively correlated with population over the past 40 years.
Counties in northeastern part had relatively larger absolute value of regression coefficients
for population. The impact of urbanization on woodland was generally positive except
for Luochuan. The counties with larger regression coefficients were distributed in Fugu,
Jiaxian, Qingjian and other places in the northeast. There were generally less influences
of population, urbanization and slope on woodland in 2000–2020 than in 1995–2000. Con-
versely, an increase in precipitation was associated with an increase in woodland in most
counties in 2000–2020 (Figure 5a–d).

The Driving Forces of Construction Land

Based on Supplementary Table S3, the five variables had a strong impact on the change
of construction land. The proportion of counties that had a significant impact on construc-
tion land for these five factors all reached 100%. Among them, the regression coefficient
for population was the largest (2.44), followed by slope and urbanization, both exceeding
1. The impact of slope on construction land was negative. The regression coefficients
in southeastern regions like Hengshan, Huangling, and Luochuan were relatively large.
Compared the two periods, the less steep the slope, the grater the increase in construction
area in 2000–2020 over that in 1995–2000. Population had a positive effect on construction
land. The larger regression coefficients were concentrated in in the northeastern region such
as Fugu, Wubao, Yuyang. Except in Ansai, Pagoda, Huangling, and Wuqi, population con-
tributed more to the increase of construction land in the second period. Urbanization was
positively correlated with construction land. The larger mean regression coefficients were
distributed in the central-eastern regions. The impact of urbanization on the expansion of
construction land was lower in 2000–2020 than that before 2000. The impact of GDP on
construction land was overall positive with the larger regression coefficients concentrated
in the southern Yan’an City and counties along the Great Wall in Northern Shaanxi. Except
for eight counties concentrated in the southwest, GDP showed the opposite influence in
construction land in the two phases, transitioning from negative in 1995–2000 to positive in
2000–2020 (Figure 5e–h).
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Figure 5. The mean regression coefficients of core factors for woodland and construction land.
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4. Discussion

Large-scale reclamation in the Loess Plateau resulted in severe ecological and envi-
ronmental problems such as soil erosion and soil degradation for many years [23]. Since
1999, an ecological restoration project known as the ‘Green for Grain project’ has been
strictly implemented on a large scale in China including Loess Plateau. The policy restricts
promoted the conversion of cultivated land with slopes greater than 25◦ into forest land
and explicitly encourages the afforestation in barren mountains and wastelands [56]. By
comparing the changes of land use before and after 2000, this study found that a large
amount of arable land was converted into woodland and grassland from 2000 to 2020.
The reduced area of arable land in 2000–2020 was about 13 times of the increased area in
1980–2000, confirming the effect of GFGP. A previous study found the increase in vegetation
cover during 2000–2013 was more than three times that during 1990–2000 [23]. Besides the
impact on agricultural land and the ecological environment, there was a greater increase
in construction land in 2000–2020 accelerated by the rapid socio-economic development.
We found mass unused land concentrated along the Great Wall in northern Shaanxi was
converted into construction land in the period of 2000–2020. Furthermore, the proportion of
construction land increased substantially, from less than 0.5% in 1980–2000 to 1.4% in 2020.
The changes of diverse land-use types are consistent with previous research [38,75,76].

The land-use change has been driven by multiple factors, like geographical envi-
ronment, climate change, socioeconomic conditions and regional land use policy [77,78].
However, for various land-use types, the driving factors are totally different. By comparing
the land-use change in the two periods, this study found that the implementation of the
GFGP was the leading driving force for the dramatic decline of arable land and the increase
of woodland and grassland in Loess Plateau. In particular, slope was one of the critical
factors for agricultural land change, showing a significantly negative relationship with the
reduction of arable land and grassland after the year of 2000. Natural factors, including
slope and precipitation, showed an increasing role in the change of woodland. The results
showed that the increase in the area of woodland associated with increased precipitation
was more obvious in 2000–2020 than that in 1995–2000. In short, agricultural land use was
more promoted by the GFGP and natural variables.

Economic development and population growth were the vital factors in the expansion
of construction land. The Loess Plateau has been experiencing a huge change in its social,
economic and ecological development [27]. Based on the Shaanxi province Statistical
Yearbook, it is found that Loess Plateau of Northern Shaanxi had a stable increase in the
total population during this 40-year study period, and it showed a continuous upward
trend. At the same time, the GDP was below 2 billion before the year 2000, climbing to
more than 50 billion in 2000–2020. The results support previous findings that construction
land was mainly driven by the population, GAP and urbanization [77,79]. Furthermore,
the driving forces of natural and socio-economic factors on land-use change had temporal
variations in the periods of 1995–2000 and 2000–2020. The growth of population and GDP
had a greater positive effect on the expansion of construction land in 2000–2020 than that
in 1995–2000. More newly developed construction land in this region in 2000–2020 was
found in areas with gentle slopes.

Systematic analysis of land-use change provides decision-making references for the
implementation of regional ecological policies, sustainable land use and the layout of
regional agricultural industry. First, the implementation of the GFGP not only increases
the area of woodland and improves the regional ecological environment, but also bring
about the shortage of regional water resources and the water cycle at the basin scale [80–82].
In the future, the implementation of ecological projects should systematically consider
the sustainable allocation of regional water and soil resources, especially in water-limited
areas like the Loess Plateau. Second, as one of the most basic agricultural production
factors, regional crop planting structure and the layout of agricultural industry need to
be carried out considering the regional land resource endowment. Third, on the basis of
ensuring the safety of the regional ecological environment, land-use policies and land-use/-
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management measures should be developed to establish suitable patterns of diverse land
use and realize rational layout of agricultural production so as to ensure the grain security,
improve farmers’ livelihoods, and promote sustainable development in the Loess Plateau.

5. Conclusions

Using LUDD, LUTM and GTWR, this study examined the spatial-temporal patterns
and dynamic processes of land-use change in the Loess Plateau for the periods of 1980–
2000 and 2000–2020. With LUDD, LUTM and the landscape indices used, the quantitative
changes in diverse land-use types were analyzed.

In terms of quantitative changes of diverse land use types, the area of woodland,
grassland, and construction land rose greatly, while arable land and unused land decreased
substantially in the past 40 years. Specifically, the area of arable land improved slightly
through conversion of grassland in the 1980–2000 period and declined dramatically in
2000–2020, mainly due to the conversion to grassland and woodland. Woodland showed a
continuous upward trend and then remained stable, mainly due to the conversion from
grassland in 1980–2000 and arable land in 2000–2020. The increased amount of construction
land in 2000–2020 was 22 times the increased area in 1980–2000, mainly from the conversion
of arable land (contributing about 74.89%). The landscape became more balanced and the
degree of fragmentation of construction land decreased at the landscape level over the past
40 years. Analysis of landscape configuration at the class level showed that different land-
use types have diverse degrees of shape regularity and spatial agglomeration. Based on the
GTWR model results, population, urbanization and slope were the main contributors to
the land-use changes. There were differences in the main driving force of various land-use
types. The implementation of GFGP, precipitation and slope played a critical role in arable
land, grassland and woodland. The expansion of construction land was mainly influenced
by GDP and population, both of which had more obvious positive effects in the latest
20 years.

It is helpful to extend our understanding of the impact of ecological policy on land-use
change and spatio-temporal differences of the impact of natural and social factors on
land-use change, providing insight into the sustainable land-use in Loess Plateau in China.
However, how to quantity contributions of human activities is an important hot topic,
such as ecological projects and specific land-use policy. Quantifying the contribution of
ecological engineering to land-use change and the eco-environmental effects of land-use
change need to be intensified in future research in order to achieve sustainable land use.
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