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Abstract
Land use and cover change (LUCC) is important for the provision of ecosys-
tem services. An increasing number of recent studies link LUCC processes to
ecosystem services and human well-being at different scales recently. However,
the dynamic of land use and its drivers receive insufficient attention within eco-
logical function areas, particularly in quantifying the dynamic roles of climate
change and human activities on land use based on a long time series. This study
utilizes geospatial analysis and geographical detectors to examine the temporal
dynamics of land use patterns and their underlying drivers in the Hedong Re-
gion of the Gansu Province from 1990 to 2020. Results indicated that grassland,
cropland, and forestland collectively accounted for approximately 99% of the to-
tal land area. Cropland initially increased and then decreased after 2000, while
grassland decreased with fluctuations. In contrast, forestland and construction
land were continuously expanded, with net growth areas of 6235.2 and 455.9
km2, respectively. From 1990 to 2020, cropland was converted to grassland,
and both of them were converted to forestland as a whole. The expansion of
construction land primarily originated from cropland. From 2000 to 2005, land
use experienced intensified temporal dynamics and a shift of relatively active
zones from the central to the southeastern region. Grain yield, economic factors,
and precipitation were the major factors accounting for most land use changes.
Climatic impacts on land use changes were stronger before 1995, succeeded by
the impact of animal husbandry during 1995–2000, followed by the impacts of
grain production and gross domestic product (GDP) after 2000. Moreover, agri-
cultural and pastoral activities, coupled with climate change, exhibited stronger
enhancement effects after 2000 through their interaction with population and
economic factors. These patterns closely correlated with ecological restoration
projects in China since 1999. This study implies the importance of synergy be-
tween human activity and climate change for optimizing land use via ecological
patterns in the ecological function area.
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Land use change and its driving factors in the ecological function
area: A case study in the Hedong Region of Gansu Province, China

WEI Zhudeng*, DU Na, YU Wenzheng
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Technology, Nanjing 210044, China

Abstract: Land use and cover change (LUCC) is critical for ecosystem ser-
vice provision. Recent studies increasingly link LUCC processes to ecosystem
services and human well-being across scales, yet the dynamics of land use and
its drivers receive insufficient attention within ecological function areas, partic-
ularly regarding quantification of climate change and human activity impacts
based on long time series. This study employs geospatial analysis and geo-
graphical detectors to examine temporal dynamics of land use patterns and
their underlying drivers in the Hedong Region of Gansu Province from 1990
to 2020. Results indicate that grassland, cropland, and forestland collectively
accounted for approximately 99% of the total land area. Cropland initially in-
creased then decreased after 2000, while grassland decreased with fluctuations.
In contrast, forestland and construction land expanded continuously, with net
growth of 6235.2 km2 and 455.9 km2, respectively. From 1990 to 2020, cropland
converted to grassland, and both converted to forestland overall. Construction
land expansion primarily originated from cropland. From 2000 to 2005, land use
experienced intensified temporal dynamics, with relatively active zones shifting
from central to southeastern regions. Grain yield, economic factors, and precip-
itation were the major drivers accounting for most land use changes. Climatic
impacts on land use changes were stronger before 1995, succeeded by animal
husbandry impacts during 1995–2000, followed by grain production and gross
domestic product (GDP) impacts after 2000. Moreover, agricultural and pas-
toral activities, coupled with climate change, exhibited stronger enhancement
effects after 2000 through their interaction with population and economic fac-
tors. These patterns closely correlate with ecological restoration projects in
China since 1999. This study highlights the importance of synergy between hu-
man activity and climate change for optimizing land use via ecological patterns
in ecological function areas.
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1 Introduction
Land use and cover change (LUCC) alters Earth’s energy balance and bio-
geochemical cycles, influencing land surface properties and ecosystem services
[?, ?, ?, ?, ?]. An estimated three-quarters of Earth’s land surface has under-
gone human-induced alterations in the last millennium [?, ?]. Within just six
decades (1960–2019), nearly one-third of global land area experienced land use
change, indicating significant and accelerating transformation of land systems
[?, ?]. These substantial changes have led to regional and global environmental
challenges by influencing Earth system processes, including impacts on carbon
sources and sinks [?, ?], land degradation [?, ?], ecological productivity [?, ?, ?],
climate change [?, ?], habitat and species diversity loss [?, ?], ecosystem services
decline [?, ?], and threats to food security [?, ?]. Consequently, LUCC has be-
come fundamental to prominent international scientific research programs such
as the International Geosphere–Biosphere Programme (IGBP), International
Human Dimensions Programme (IHDP) on Global Environmental Change, and
Future Earth [?, ?, ?, ?].

Understanding LUCC driving mechanisms and spatiotemporal patterns is cru-
cial for assessing land use change direction and extent. This knowledge is essen-
tial for sustainable land use, enhancing ecosystem services, and mitigating global
environmental challenges associated with LUCC [?, ?]. Particularly, as global
population consumption rates grow, heightened demand for natural resources
and food will intensify ecosystem stress, posing increasingly severe sustainabil-
ity challenges. In recent decades, numerous studies have focused on LUCC
across spatiotemporal scales, encompassing detection of spatiotemporal LUCC
processes, analysis of driving factors and mechanisms, construction of quantita-
tive indicators, and simulation of LUCC processes [?, ?, ?, ?]. These studies
aim to evaluate ecological and social effects of LUCC at different scales. Un-
der the Future Earth project influence, recent LUCC research has progressively
shifted toward global sustainability, focusing on coupling relationships among
LUCC processes at different scales, ecosystem services, and human well-being
[?, ?, ?, ?, ?].

Despite LUCC being a core issue, land use change driving mechanisms remain
unclear. Although significant progress has been made in quantifying land use
change dynamics [?, ?, ?], debates persist in monitoring land use dynamics. Song
et al. (2018) reported a 7.1% increase in tree cover, challenging the prevailing
view that global forest area has declined. Quantifying relative contributions of
various driving factors is particularly challenging. While anthropogenic activi-
ties are widely acknowledged as direct and dominant LUCC drivers at various
spatial scales [?, ?, ?, ?], other studies indicate natural factors outweigh human
factors [?, ?, ?], especially in ecologically fragile areas. Batllori et al. (2020)
revealed that warming and drying climate led to 10% conversion of forest land
into shrubland and grassland. Climate change is considered the main reason for
grassland degradation in Central Asia [?, ?]. This complexity arises from mul-
tiple factor interactions influencing LUCC processes. Land use intensity varies
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within single land types, and transformations among different land types are
intricate [?, ?, ?]. Accordingly, strong geographically diverging characteristics
of land use change processes play significant roles [?, ?].

The Hedong Region in Gansu Province serves as a typical area for investigating
regional land use change processes and underlying driving mechanisms, focus-
ing on ecological function maintenance and space optimization. Surrounded by
the Qinghai-Tibet Plateau Eco-zone, the Sichuan-Yunnan and Loess Plateau
Ecological Barrier, and the North Sand Prevention Belt [?, ?, ?], the region
is a crucial part of national ecological function areas in China [?, ?]. The He-
dong Region’s distinctive geographical characteristics raise important questions:
What are the characteristics of local land use pattern changes over the past 30
years? How can we quantify the relative contribution of climate and human
activities to land use dynamics? What differences exist in driving mechanisms
of various factors on land use patterns over time or under different stages of
ecological restoration projects? This study utilizes an annual high-resolution
LUCC dataset from 1990 to 2020 to analyze spatiotemporal dynamics of land
use in the Hedong Region. The primary objective is to optimize ecological pat-
terns, enhance land resource allocation, and promote sustainable development
within designated ecological function areas.

2.1 Study area
The Hedong Region (32°52�–37°30�N, 100°73�–108°73�E) is located east of the
Yellow River in Gansu Province, China. It is bordered by the Qinghai-Tibet
Plateau to the west, the Qinling Mountains to the south, the Tengger Desert to
the north, and the Loess Plateau to the east. Terrain slopes from west to east,
showing significant elevation variation ranging from 600 to 4830 m. The Gan-
nan Plateau is characterized by a high-altitude cold and humid climate, while
other regions are influenced by the tailing edge of summer monsoon, result-
ing in a semi-arid and semi-humid climate. Consequently, the local ecosystem
exhibits distinctive characteristics, serving as ecotones between forest, steppe,
and agricultural land. In terms of land use, it represents a typical agro-pastoral
transitional zone. Corresponding to complex and diverse landforms, ecological
functions in the Hedong Region span from water conservation in the southwest
to soil-water conservation in the northeast, sand fixation in the north, biodiver-
sity protection in the south, and agricultural product provision in the central
part. Administrative divisions include 9 prefecture-level cities (Lanzhou, Baiyin,
Tianshui, Pingliang, Dingxi, Qingyang, Longnan, Linxia Hui Autonomous Pre-
fecture, and Gannan Tibetan Autonomous Prefecture) and 67 counties, com-
prising a total area of 178$×10^{3}$ km2.

2.2 Data sources and processing
Annual LUCC data from 1990 to 2020 were obtained from the Chinese Land
Cover Yearly Data (CLCD) published by Yang and Huang (2021). The data
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have a high resolution of 30 m, with overall accuracy averaging 79.31% for nine
land types. This dataset is widely used in recent LUCC studies [?, ?, ?]. In this
study, forest and shrub land were classified as “forest,”while snow/ice, water,
and wetland were classified as “water.”Six major land use types were used:
cropland, forest land, grassland, water body, bare land, and construction land.

Annual precipitation and annual average temperature data were derived
from meteorological observations at 62 stations within the study area,
sourced from the National Meteorological Science Data Center of China
(https://data.cma.cn/). County-level climatic data were obtained by averaging
values from meteorological stations within each county or through spatial inter-
polation. Socioeconomic statistical data at the county level were compiled from
the Gansu Provincial Bureau of Statistics (https://tjj.gansu.gov.cn/), Gansu
Economic Information Network (https://www.gsei.com.cn/), and statistical
yearbooks of various cities (prefectures) from 1990 to 2020. Seven indicators
were selected, considering land use characteristics and the advanced state of
agriculture and animal husbandry in the Hedong Region .

2.3.1 Land use transition matrix
The land use transition matrix is a widely used method to quantify area trans-
formation among different land use types between two periods. It helps under-
stand the destination of each land type at the initial period and the sources
and composition of land use types at the final period [?, ?]. The equation is as
follows:

𝑆𝑖𝑗 =
⎡
⎢⎢
⎣

𝑆11 𝑆12 ⋯ 𝑆1𝑛
𝑆21 𝑆22 ⋯ 𝑆2𝑛

⋮ ⋮ ⋱ ⋮
𝑆𝑛1 𝑆𝑛2 ⋯ 𝑆𝑛𝑛

⎤
⎥⎥
⎦

where 𝑆𝑖𝑗 is the land area transitioning from land use type 𝑖 to 𝑗 (km2), and
𝑛 is the number of land use types (𝑛 = 6). This study computes a land use
transition matrix every five years to facilitate comprehensive examination of
land use dynamic characteristics and explore changes corresponding to different
stages of ecological restoration projects. Furthermore, a transition matrix from
1990 to 2020 provides an overview of land use changes during the past 30 years.

2.3.2 Land use dynamic degree
The land use dynamic degree index reveals quantitative characteristics of certain
land use changes and represents the LUCC change rate [?, ?]. Dynamic degree
for single land use type is calculated using Equation 2:

𝐷 = 𝑆𝑗 − 𝑆𝑖
𝑆𝑖

× 1
𝑇 × 100%
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where 𝐷 is the dynamic degree; 𝑆𝑖 and 𝑆𝑗 are the areas of land use type 𝑖 in
the initial and final years, respectively (km2); and 𝑇 is the time span between
the initial and final years (years). Dynamic degree of all land types, also known
as comprehensive dynamic degree (total changed area divided by total area for
all land types and time), is calculated to reflect overall land use change speed
in the study area and examine regional differences in land use dynamics.

2.3.3 Geographical detector
Geographical detector is a spatial statistical method that detects spatial het-
erogeneity and quantifies relative significance of driving forces on dependent
variables [?, ?, ?]. The core idea is that if an explanatory variable impacts
a response variable, it will exhibit similar spatial distribution characteristics.
Compared with other methods such as logistic regression, this method has the
advantage of immunity to multicollinearity among multiple explanatory vari-
ables [?, ?]. Geographical detector includes factor detectors, risk detectors,
ecological detectors, and interactive detectors.

Specifically, factor detectors can determine whether explanatory variable 𝑋 is
an influencing factor of response variable 𝑌 (change rate of land use area) and
explain the spatial differentiation mechanism of the response variable. It is
represented by the 𝑞 value as:

𝑞 = 1 − ∑𝐿
ℎ=1 𝑁ℎ𝜎2

ℎ
𝑁𝜎2

where 𝐿 is the stratification of response variable 𝑌 or explanatory factor 𝑋. In
this study, it represents different-level rates of land area change at the county
scale within the study area. 𝑁ℎ and 𝑁 are the number of units in stratum ℎ
and the whole area, respectively; 𝜎2

ℎ and 𝜎2 are variances of response variable
𝑌 values in stratum ℎ and the whole area, respectively. Significance level is
denoted by 𝑃 value. A smaller 𝑃 value and a 𝑞-statistic closer to 1 indicate
stronger explanatory power of the driving factor for land use change.

Interactive detectors can evaluate whether driving factors 𝑋1 and 𝑋2 have inter-
active influence on response variable 𝑌 . Interaction relationships are determined
by comparing the combined contribution (𝑞 value) of two individual factors and
their independent contributions. In this study, nine explanatory variables (𝑋1–
𝑋9; Table 1) and the response variable (𝑌 ; Table 1) at the county scale (67 coun-
ties total) are defined as temporal change rates over the study period. The rate
of change is determined through simple linear regression. Additionally, data
discretization can significantly impact detection results. This study employs
the method provided by Cao et al. (2013) to determine the optimal number of
intervals and discretization method, with results listed in Table S1.
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3.1 Spatiotemporal pattern of LUCC
The spatial pattern of LUCC in the Hedong Region over the past 30 years is
shown in Figure 1 [Figure 1: see original paper]. Grassland, forest land, and
cropland are the dominant land use types, constituting 99.00% of the total area.
From southeast to northwest, a discernible distribution pattern emerges, tran-
sitioning from forest land to cropland and grassland. This phenomenon can be
attributed to diminishing hydrothermal conditions from southeast to northwest,
influenced by regional terrain and summer monsoon circulation patterns.

Grassland is the largest land use type, mainly distributed in the Gannan Plateau
and northern parts of Lanzhou, Baiyin, and Qingyang cities. In 2020, grassland
area was 96,768.41 km2, accounting for 54.42% of the total area. Cropland and
forest land areas in 2020 were approximately equal, with proportions of 23.02%
and 21.38%, respectively. Cropland was predominantly concentrated in the
central and eastern parts, mostly situated in the Loess Plateau in eastern Gansu
and valley plains of the river system in the Longnan Mountains. In contrast,
forest land is mainly distributed in the southern part, specifically within the
Longnan Mountains (Fig. 1).

Water body, construction land, and bare land had very small areas. In 2020,
their proportions were 0.26%, 0.44%, and 0.48%, respectively. Construction
land exhibited a distinct strip-shaped distribution, with major cities situated
on both banks of rivers, reflecting the constraining impact of water resources
on human activities. Notably, Lanzhou City is located along the Yellow River,
Tianshui City along the Weihe River, and Pingliang City along the Jinghe River.
The primary urban area of Lanzhou City made the largest contribution to con-
struction land. Water bodies mainly include rivers, reservoirs, wetlands, and
snow/ice, such as the Liujiaxia Reservoir and Yellow River in Gansu Province.
Wetlands and snow/ice were mainly distributed in Maqu and Luqu counties in
Gannan Tibetan Autonomous Prefecture. Bare land was primarily limited to
the northern part.

Visual comparison of land use spatial distribution across different time periods
revealed a discernible expansion trend for forest land and construction land. The
most notable construction land expansion occurred around Lanzhou, Pingliang,
and Tianshui cities. In the southeastern part (Fig. 1), forest land presented
a visibly greener and more continuous pattern. Water body distribution re-
mained relatively stable. Table 2 provides land use area statistics for different
years. Grassland area decreased and fluctuated from 1990 to 2020, with the
most significant change occurring from 1990 to 2000 (net decrease of 4434.60
km2). Cropland area showed an initial increase followed by decrease. From
1990 to 2000, there was a net increase of 3114.11 km2, while from 2000 to 2020,
there was a net decrease of 5311.22 km2. Forest land area exhibited steady
increase, with net growth of 6235.24 km2. Water body area had a small base,
showing decreasing trend followed by gradual recovery after 2010 to the initial
1990 level. Bare land area decreased sharply by half from 1990 to 2000 and

chinarxiv.org/items/chinaxiv-202401.00187 Machine Translation

https://chinarxiv.org/items/chinaxiv-202401.00187


gradually increased since 2000, showing significant fluctuations. Construction
land expansion was evident, with 2020 area exceeding twice that of 1990.

3.2.1 Characteristics of land use conversion
Over the past 30 years, the study area exhibited significant spatial variations
in land use conversion (Fig. 2 [Figure 2: see original paper]). Between 1990
and 2020, converted land area totaled 31,430.90 km2, with primary conversions
observed in grassland and cropland. Among other land use types, 12,251.06 km2

converted to grassland, of which 11,019.61 km2 came from cropland, accounting
for 90.00% of total conversion area (Table 3 ). Additionally, 10,942.02 km2 of
other lands converted to cropland, with 96.00% coming from grassland. Forest
land and barren land conversion followed, with inflow areas of 556.09 km2 and
592.11 km2, respectively. However, both grassland and cropland areas decreased
from 1990 to 2020 (Table 1). In contrast, forest land area experienced net
increase of 6235.24 km2, indicating conversion of cropland to grassland and
transition of both cropland and grassland to forest land overall from 1990 to
2020.

Grassland played a prominent role in the spatial distribution of land use conver-
sions, covering most areas of the Hedong Region (Fig. 2). Cropland expansion
predominantly occurred in the Loess Plateau in eastern Gansu Province and
the Longnan Mountains. Conversion of other lands to forest land occurred
mainly in the Longnan Mountains, resulting primarily from grassland reduc-
tion. Therefore, mutual conversions among cropland, forestland, and grassland
mainly occurred at connecting belts of the three land types, especially notice-
able in Longnan City, Tianshui City, and Qingyang City. Construction land
expansion concentrated mainly in large cities at the expense of cropland. Con-
version of other land use types to barren land occurred mainly in northern parts
of Lanzhou and Baiyin cities. Water body increase was mainly attributed to
wetland and snow/ice area changes in Gannan Tibetan Autonomous Prefecture,
totaling 155.29 km2 converted to water body. Additionally, construction of
the Yingwu Reservoir in Jingtai County in 2010, designed to support agricul-
tural production and domestic water use in northern Baiyin City, substantially
contributed to water body expansion in the northern part.

3.2.2 Dynamics of land use conversion
The dynamic degree index reveals variations in both rate and direction of area
change for each land use type across periods (Fig. 4 [Figure 4: see original
paper]). Construction land consistently exhibited high positive values in all six
periods, indicating continuous expansion trend in the Hedong Region over the
past 30 years, particularly reaching 4.07% from 2005 to 2010. Bare land ex-
hibited the most significant fluctuations among all land use types, decreasing
significantly from 1990 to 1995 with the largest dynamic degree of –8.87% among
all land use types during all periods. In contrast, it showed dramatic rebound
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from 2000 to 2005 and from 2015 to 2020, with expansion exceeding that of
construction land. Water body dynamic change experienced significant reduc-
tion from 1995 to 2000 and significant expansion from 2015 to 2020. Cropland,
forest land, and grassland underwent relatively narrow fluctuations of decrease
or expansion throughout all periods.

Dynamic degree of land use can reflect overall land use change influenced by
various factors. Results show a dynamic degree of 0.25% from 1990 to 2020.
The average dynamic degree across all periods for the study area during the
same time scale is 0.56%, more than twice the initial value, suggesting significant
temporal differentiation in impacts of natural and human activities on land use.
Exploring land use change characteristics in different periods provides more
detailed insights into driving factor impacts. From Figure 4, the most active
dynamic changes occurred from 1990 to 1995 and from 2015 to 2020, with rates
of 0.90% and 0.80%, respectively. The period from 2010 to 2015 ranked second,
with a rate of 0.60%. Since 2000, the comprehensive dynamic degree of land use
in the entire region increased on average by 0.15% on the basis of 0.23% during
1995–2000 in each five-year period, reaching 0.80% during 2015–2020, indicating
steadily rising impact of driving forces on land use.

Moreover, significant spatial variations occurred in county-level land use dy-
namics across periods. As shown in Figure 5 [Figure 5: see original paper],
dynamic changes primarily occurred in central and eastern parts. The most sig-
nificant change occurred from 1990 to 1995, with Jingning County in Pingliang
City experiencing the highest comprehensive dynamic degree (6.96%). From
2005 to 2010, overall change was relatively moderate, with Chongxin County
in Pingliang City having the highest comprehensive dynamic degree (3.69%).
Counties with strong dynamic changes varied through time, but clustering ar-
eas with higher dynamic rates showed overall shifting trend from central to east
and southeast (Fig. 5). Dynamic changes in northern counties gradually shifted
from active to inactive, with comprehensive dynamic changes in northern parts
(mainly Lanzhou and Baiyin cities) stabilizing after 2005. In contrast, south-
eastern counties became more active after 2005. Spatiotemporal fluctuations
of land use in Longnan City were very obvious. Some counties exhibited sta-
ble changes, such as Maqu County in Gannan Tibetan Autonomous Prefecture,
which maintained the lowest dynamic change level, possibly due to its plateau
environment and low population density.

3.3.1 Driving factors of LUCC
Each factor showed low explanatory power for change rates of six land use types
over the past 30 years (Table 4 ). Factors affecting cropland changes ranked as
grain yield (0.42) > GDP (0.36) > secondary industry (0.35) = precipitation
(0.35) > primary industry (0.23). The Hedong Region still relies on agricultural
production as its basic economic source. However, local population decreased in
past decades. The region faces multiple challenges, including strain on agricul-
tural economic inputs, adverse natural conditions, and food security, resulting
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in cropland area fluctuations. The main driving factor for forest land is GDP,
with a 𝑞 value of 0.45, followed by secondary industry, indicating that forest
land changes are mainly influenced by human economic intervention. Factors
affecting grassland ranked as grain yield (0.58) > precipitation (0.46) > GDP
(0.40) > tertiary industry (0.25) > primary industry (0.20). Both grain yield
and GDP have close relationships with ecological project effectiveness, such as
returning farmland to forest land and grassland, while precipitation directly
affects grass growth.

Primary driving factors for water body are GDP (0.49) and precipitation (0.48),
followed by livestock inventory (0.32). Precipitation is vital for water supply
in the Hedong Region, where water resources heavily rely on precipitation. In
semi-arid areas, livestock requires substantial water resources. The main factor
influencing construction land is socio-economic development level, with domi-
nant factors being added values of three industries and GDP.

Interactive detection further reflects coupling effects of two factors on land
use change (Fig. 6 [Figure 6: see original paper]), with bifactor analysis dis-
cernible for specific factors, particularly cropland, forest land, grassland, and
construction land. For cropland, interactive effects followed a hierarchy of
GDP�population (0.74) = GDP�secondary industry > GDP�tertiary industry >
secondary industry�temperature, suggesting interactive effects involving GDP or
secondary industry and other factors exhibited heightened explanatory power.
Even considering grain yield, interactive effects for GDP�grain yield and sec-
ondary industry�grain yield demonstrated enhanced bifactor effects. Changes
in GDP or secondary industry, coupled with alterations in annual precipita-
tion and temperature, also augmented explanatory power. Similarly, interac-
tion effects of nine factors on forest land displayed more pronounced nonlinear
enhanced effects, particularly for GDP, population, grain yield, precipitation,
and temperature, which exhibited enhanced effects in interaction with other
factors. The most interactive effects followed a hierarchy of GDP�secondary
industry (0.80) > secondary industry�temperature (0.65) > GDP�grain yield
(0.63). For grassland, stronger interactive effects were observed in the order of
GDP�secondary industry (0.64) > GDP�grain yield (0.63) > GDP�large livestock
inventory (0.62).

For construction land, the most notable interactive effects were found between
grain yield, tertiary industry, secondary industry, and other factors. For water
body, only the interaction effect for grain yield�GDP showed higher explanatory
power of 0.68. For bare land, interactions between temperature or precipitation
and other factors showed stronger nonlinear effects, with highest explanatory
power reaching 0.59. In summary, primary driver factors for land use types
were grain yield, GDP, and precipitation. For coupling effects, dominant inter-
active factors are economic factors (GDP and secondary industry) and others,
followed by interaction between grain yield and other factors. For cropland,
temperature impact was more pronounced than precipitation. Conversely, tem-
perature and precipitation equally enhanced forest land and grassland changes
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when interacting with other factors. Moreover, large livestock inventory in-
fluence on grassland experienced significant enhancement through interaction
with GDP. Construction land showed sensitivity to various factor interactions,
particularly those involving grain yield and industries.

3.3.2 Dynamics
Dominant drivers for the six land types varied across periods, and dominant
factors also differed for the same land type in different periods. As shown in
Figure 7 [Figure 7: see original paper], grain yield had the strongest explana-
tory power during 2000–2005 (𝑞 value reached 0.59), 2005–2010, and 2010–2015
for cropland. Additionally, precipitation and temperature impacts on cropland
and grassland fluctuated over time, with periods 2005–2010, 2010–2015, and
1990–1995 having better explanatory power. The difference was that livestock
inventory had higher explanatory power during 1995–2000 and 2015–2020 for
grassland. For forest land, GDP became particularly pronounced after 2000.
Livestock inventory also had relatively better contribution to forest land during
2005–2020 compared to other periods, with strongest explanatory power during
2015–2020. Precipitation had strongest explanatory power during 1990–1995,
2005–2010, and 2010–2015 (Fig. 7).

In summary, primary drivers for cropland successively shifted from temperature
to livestock inventory and grain yield. Similarly, for grassland, dominant drivers
successively changed from temperature to livestock inventory, grain yield, and
precipitation. For forest land, dominant drivers successively transitioned from
precipitation to population, GDP, precipitation, and livestock inventory. Re-
sults indicated significant climate change impacts before 1995 shifted to animal
husbandry impacts during 1995–2000, followed by grain production and GDP
impacts after 2000 (2000–2015). Predominant driving factors in water body
varied across periods, changing from population to livestock inventory, GDP,
grain yield, precipitation, and grain yield. Grain yield emerged as the primary
driving factor for bare land during 1990–2000 and 2010–2015, followed by pre-
cipitation or grain yield during 2000–2005, and primary industry during 2005–
2010. This signifies that grain production and precipitation played pivotal roles
in driving bare land changes across periods. For construction land, dominant
factors shifted from three industries combined with GDP to climate changes, sug-
gesting potential constraints imposed by climate change on construction land
expansion.

Interaction detection analysis shows that combined effects of different fac-
tors on land use changes also varied across periods (Fig. 8 [Figure 8: see
original paper]). Interaction effects on cropland were strong after 2000,
significant between population and secondary industry/temperature/grain
yield/precipitation during 2000–2010, and between grain yield and precip-
itation/large livestock inventory/temperature during 2010–2020. Climatic
impact became notably more pronounced due to interactions with other factors
after 2000. For forest land, factor interactive effects exhibited upward trend
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after 2005, especially during 2005–2010 and 2015–2020. Overall, stronger
interactions were identified between large livestock inventory and grain
yield/secondary industry/population/temperature, between grain yield and
population/secondary industry, and between population and precipitation (Fig.
8). For grassland, interactive enhancement effects were relatively lower during
2000–2005 and peaked during 2015–2020, especially interaction between grain
yield and climate change, suggesting grain yield and climate change could exert
stronger influence on grassland.

For water body, nonlinear enhancement significantly occurred during 2000–2005.
Enhancement effect on bare land changes was generally more significant during
1990–1995 and 2005–2010. Interaction between grain production or climate
change and other factors could more significantly impact bare land. For con-
struction land, interaction effects culminated during 2000–2005. In summary,
interactive effects among various factors on different land uses displayed con-
siderable complexity over time. Broadly, agricultural activities (reflected in
grain yield), pastoral endeavors (represented by livestock inventory), and cli-
mate change exhibited heightened enhancement after 2000 through interactions
with population and economic factors.

4.1 Driving mechanism of LUCC
Previous studies have identified LUCC and associated factors in different regions,
such as Northwest China [?, ?], the Taperoá River basin in northeastern Brazil
[?, ?], the north-western coastal desert of Egypt [?, ?], Jimma Geneti District
in western Ethiopia [?, ?], and the Middle Suluh Valley in northern Ethiopia
[?, ?]. Many studies revealed LUCC patterns characterized by agricultural land
expansion at the expense of woodland, grassland, and wetland over past decades.
For instance, Hailu et al. (2020) reported wetlands declined by 19.2% from 1973
to 2019 in Jimma Geneti District, while dominant cultivated land increased by
13.0% at 7.4 km2/year. This pattern appears similar to land use dynamics in
the Hedong Region before 2000 but is not applicable after 2000.

This study suggests dividing land use and cover in the Hedong Region into two
primary stages during 2000–2005, with significantly different land use dynamics
between stages. In the first stage (1990–2000), land use transition structure was
not conducive to enhancing ecological function, environmental sustainability,
and socioeconomic well-being. Construction land encroached on cultivated land,
and in quest for more food, grasslands, bare land, and water body were reclaimed
as cultivated land, resulting in ecological problems such as desertification and
sandstorms [?, ?]. Although local forests increased during this stage, it was
largely a result of the Three-North Forest Shelterbelts Program launched in
1979 in China [?, ?]. However, some studies indicated this forest land increase
was mainly achieved by destroying grassland and farmland, as only small areas
of unused lands were converted in Gansu Province [?, ?].

In the second stage (2000–2020), land use structure in the Hedong Region tended
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to become more rational, extending beyond the Hedong Region to encompass
the broader Yellow River basin in China, particularly after 2005 [?, ?, ?]. This
positive shift was primarily attributed to major ecological restoration programs,
such as the Natural Forest Protection Program launched in 1998 [?, ?] and the
Grain for Green Project initiated in 1999 [?, ?, ?]. These ecological projects
directly impacted local land use, recognized as key LUCC driving factors [?,
?, ?]. Consequently, cropland and grassland gradually transformed into forest
land, contributing to overall increase in land use dynamic degree in the Hedong
Region since 2000. Furthermore, dominant factors influencing land use changes
increasingly leaned toward grain production, GDP, and added value of secondary
industry, as interactive enhancement effects intensified after 2000, especially for
the three major land use types: grassland, forest land, and cropland.

The spatial shift in land use activity center from central to southeastern parts
around 2005 was also linked to ecological restoration programs. The Longnan
Mountains were included in the Yangtze River Shelter-Forest Project Phase II
(2001–2010) and III (2011–2020). Moreover, the second phase of the Grain for
Green Project starting in 2014 focused more on sloping land conversion and
gully reclamation [?, ?], aligning with broader goals of building a moderately
prosperous society, poverty alleviation, and ecological security construction [?,
?]. These efforts stimulated land use activities, particularly in the southeastern
mountainous area, as evidenced by forest land changes (Fig. 2). This contrasts
sharply with deforestation impacts on land degradation in other regions, such
as North Africa [?, ?].

However, land uses in the Hedong Region over the past 30 years retained strong
regional characteristics, diverging from LUCC situation in Gansu Province as
a whole, where forest land, grassland, cropland, and water body significantly
increased from 2005 to 2018 [?, ?]. Urban expansion in Gansu Province mainly
occupied unused lands rather than lands with more ecological benefits, such
as forest land and grassland, after 2005 [?, ?]. In the Hedong Region from
2000 to 2020, construction land expansion primarily occurred at the expense of
cropland. Cropland had positive contribution to grassland, and both cropland
and grassland positively contributed to forest land overall. However, underlying
driving mechanisms likely differed from those before 2000. This study identifies
grain yield, GDP, and secondary industry as major factors influencing most land
use changes after 2000, with driving mechanisms closely related to ecological
restoration programs.

Taking grain yield as an example, grain yield in the study area showed upward
trend, mainly driven by counties with developed agriculture, contradicting de-
clining cropland trend after 2000. Thus, increasing grain production might not
be the direct driving force for land use transition; instead, the driving mech-
anism conveyed by grain yield was related to ecological restoration programs,
though further verification is warranted. The significant forest land increase,
coupled with controlled grassland reduction, could mitigate environmental im-
pacts of construction land expansion after 2000. Extensive construction land
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expansion might be associated with increasing population, primarily due to mi-
gration from rural areas to major cities [?, ?], leading to increased abandoned
arable land [?, ?].

Compared with precipitation and temperature, grain yield and economic factors
demonstrated superior explanatory power for land use changes in the Hedong
Region. Nevertheless, climatic impacts, especially on grasslands [?, ?], should
not be underestimated. Numerous studies emphasize the importance of climate
change in driving grassland dynamics [?, ?]. Some scholars suggest that Loess
Plateau climate tended toward warm and humid conditions, conducive to slop-
ing land conversion program implementation from 2000 to 2018 [?, ?]. However,
since the 1990s, noticeable temperature increase and decreasing precipitation
trend occurred in the Hedong Region [?, ?]. Li et al. (2020) highlighted that
natural factors were the primary force influencing LUCC changes in Gansu
Province from 1980 to 2018. Climatic impact could be amplified through inter-
actions with socioeconomic factors such as overgrazing [?, ?].

Our findings align with studies emphasizing the role of environmental protection
policies in contributing to vegetation recovery in Northwest China and North-
ern Africa [?, ?]. The conclusion on driving factors is consistent with studies
in Gannan Tibetan Autonomous Prefecture [?, ?], but differs from the notion
that natural factors were generally the main force influencing LUCC changes in
Gansu Province, possibly due to larger arid and semi-arid areas in the province.
Moreover, compared with previous studies, this study provides more detailed
driving mechanisms for evolution of land use spatial patterns in ecological func-
tion areas. Climatic impacts on land use changes were stronger before 1995,
succeeded by animal husbandry impacts during 1995–2000, followed by grain
production and GDP impacts after 2000. Given its unique position within eco-
logical function areas in the Hedong Region of Gansu Province, land use changes
are shaped by coupling effects of climate change, ecological construction, and
socioeconomic development.

4.2 Limitations
This study primarily employed geographical detectors to analyze LUCC driving
factors. While geographical detectors have the advantage of determining dom-
inant factors influencing LUCC spatial patterns, they fall short in identifying
direct and indirect factors and driving pathways. Consequently, this study may
not fully elucidate intricate driving mechanisms of interactive factors. Other
applicable methods, such as random forest algorithm [?, ?], correlation network
analysis [?, ?], and structural equation modeling [?, ?], could be employed for
comparison or to quantify interactions among land use change drivers in future
research. Moreover, due to data acquisition limitations, this study only consid-
ered indices of representative driving factors. For instance, ecological restoration
projects significantly impact local LUCC, but the study did not use direct policy
indicators to quantify ecological program influence, relying solely on economic
indicators to measure construction land expansion factors. This might affect
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analysis results regarding policy influence on land use dynamics. Therefore,
selection of multidimensional indicators requires further consideration.

5 Conclusions
This study examined temporal dynamics of land use patterns and their under-
lying drivers in the Hedong Region of Gansu Province from 1990 to 2020. We
found that grassland, cropland, and forest land accounted for approximately
99% of total land area. From 1990 to 2020, land use transition indicated shift
from cropland to grassland, and both cropland and grassland converted to for-
est land, contributing to forest land expansion. Continuous construction land
expansion primarily originated from cropland. During 2000–2005, land use ex-
perienced intensified temporal dynamics, with relatively active zones shifting
from central to southeastern parts. Generally, grain yield and economic fac-
tors demonstrated superior explanatory power for land use changes, followed
by precipitation. However, climate change impacts were relatively stronger be-
fore 1995, succeeded by animal husbandry impacts during 1995–2000, followed
by grain yield and GDP impacts after 2000. Agricultural and pastoral activ-
ities, coupled with climate change, exhibited heightened nonlinear or bifactor
enhanced effects after 2000 through intricate interaction with population and
economic factors. These patterns closely correlate with ecological restoration
projects in China since 1999.

This study highlights the importance of considering interrelated effects of cli-
mate change, socioeconomic development, and ecological construction. Partic-
ularly, the study underscores pronounced synergistic effects between human
activities and climate change on land use since 2000 due to China’s Grain
for Green Project. Therefore, a balanced approach is recommended to ensure
sustainability of land use and ecological systems in these areas.
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Appendix
Table S1 Optimal number of intervals and discretization method for driving
factors

Land type Factor Optimal intervals Discretization method
Cropland X1 6 QU

X2 6 QU
X3 6 QU
X4 6 QU
X5 6 QU
X6 6 QU
X7 6 QU
X8 6 QU
X9 6 QU

Forest land X1 6 QU
X2 6 QU
X3 6 QU
X4 6 QU
X5 6 QU
X6 6 QU
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Land type Factor Optimal intervals Discretization method
X7 6 QU
X8 6 QU
X9 6 QU

Grassland X1 6 QU
X2 6 QU
X3 6 QU
X4 6 QU
X5 6 QU
X6 6 QU
X7 6 QU
X8 6 QU
X9 6 QU

Water body X1 6 QU
X2 6 QU
X3 6 QU
X4 6 QU
X5 6 QU
X6 6 QU
X7 6 QU
X8 6 QU
X9 6 QU

Bare land X1 6 QU
X2 6 QU
X3 6 QU
X4 6 QU
X5 6 QU
X6 6 QU
X7 6 QU
X8 6 QU
X9 6 QU

Construction land X1 6 QU
X2 6 QU
X3 6 QU
X4 6 QU
X5 6 QU
X6 6 QU
X7 6 QU
X8 6 QU
X9 6 QU

Note: X1–X9 represent nine explanatory variables listed in Table 1. Initial
number of intervals were set as 3–8. QU, quantile method; GI, geometrical
interval; SD, standard deviation; NB, natural breaks method; EI, equal-interval
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method.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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