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Abstract: Land use/cover change (LUCC) is the foundation and frontier for integrating multi-
ple land surface processes. This paper aims to systematically review LUCC research from
1990 to 2018. Based on qualitative and quantitative analyses, we delineated the history of
LUCC research and summarized their characteristics and major progress at different stages.
We also identified the main challenges and proposed future directions for LUCC research. We
found that the number of publications on LUCC research and their total citations grew expo-
nentially. The research foci shifted from the process of LUCC during 1990-2004 to the impact
of LUCC during 2005-2013 and then to the sustainability of LUCC from 2014 onwards. Cur-
rently, LUCC research is facing theoretical, methodological and practical challenges ranging
from integrating the framework of sustainability science, adopting emerging technologies to
supporting territorial spatial planning. To move forward, LUCC research should be closely
integrated with landscape sustainability science and geodesign and take the leading role in
territorial spatial planning to achieve the related Sustainable Development Goals.
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1 Introduction

Land use refers to the development and utilization of land by humans, such as cultivated
land, industrial land and commercial land (Meyer and Turner, 1994). Land cover refers to
the surface elements covered by natural creations and artificial buildings, such as glaciers,
bare rock and roads (Zuo, 1990). Land systems are composed of land use, land cover and
ecosystems and are the basic component of the Earth surface system (GLP, 2005). Land
use/cover change (LUCC) not only reproduces the spatiotemporal dynamic process of the
Earth’s surface but also objectively records the transformation of the Earth’s surface by hu-
man activities. It is an effective way to reveal the interactive mechanism between human
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activities and the natural environment and is the foundation and frontier of geography for
conducting integrative research on Earth surface systems (GLP, 2005). LUCC research has
progressed through nearly 30 years, dating back to the 1990s. Recently, with human society
entering the Anthropocene, climate change, biodiversity loss and the nitrogen cycle have
exceeded the safety thresholds of the Earth system, while land systems, as a basic part of the
Earth’s surface, have transitioned into potentially high-risk areas (Rockstrom et al., 2009;
Steffen et al., 2015). Therefore, it is imperative to understand the characteristics, challenges
and trends of LUCC research in a timely manner.

Recently, many scholars have reviewed the progress of LUCC research. Internationally,
Lambin et al. (2001) presented a systematic review on the driving factors of LUCC. Foley et
al. (2005) comprehensively reviewed the impacts of global LUCC on food production,
freshwater resources, forest resources, regional climate and air quality, and infectious dis-
eases. Verburg et al. (2015) noted that LUCC research has transitioned from the observation
of change and understanding the drivers of these changes to using these understandings to
design sustainable transformations. Long ef al. (2018) developed a theoretical model of re-
gional land use transitions and probed the mechanism of mutual feedbacks between land use
transition and land management. Liu ef al. (2018) described the strategic adjustment of land
use policy under economic transformation. In China, Li (1996) introduced the basic contents,
key problems and research methods of LUCC research from the perspective of global
change research. Cai (2005) elaborated that LUCC research needs to seek new methods to
integrate driving forces, scales, methods and theories. Tang et al. (2009) summarized the
progress of LUCC models in theories, methods and applications. Liu et al. (2009) reviewed
the progress of LUCC in spatiotemporal dynamics from the aspects of monitoring, driving
mechanism analysis and ecological effect evaluation. Fu et al. (2014) summarized the back-
grounds, concepts, methods and progress of land use change and ecosystem services. Fan
(2018) explained the relationship between land resources and regional sustainable develop-
ment based on the theory of regional systems of the human-land relationship. Fu ef al. (2019)
argued that systematically understanding land resources is not only a theoretical need for a
comprehensive and in-depth understanding of the complex human-land system but also a
practical demand for China’s ecological civilization development. These reviews have pro-
moted the continuous expansion and deepening of LUCC research. However, a systematic
review based on the bibliometric method is relatively rare.

To this end, based on bibliometric analysis, this paper reviews the history of LUCC re-
search since 1990. We summarize the characteristics and main research progress and identify
the main challenges and development trends of LUCC research. This review can provide
guidance for the further development of LUCC research.

2 History of LUCC research

LUCC research is closely related to the launches of international scientific programs since
the 1990s, which has led to several key research directions. While the effectiveness of each
program varies, we divide the history of LUCC research into three phases, namely, the pro-
cess phase (1990-2004), the impact phase (2005-2013) and the sustainability phase
(2014—present), depending on the major concerns of each program (Figure 1). During the
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process phase, the LUCC program, cosponsored by the International Geosphere-Biosphere
Programme (IGBP) and the International Human Dimensions Programme on Global Envi-
ronmental Change (IHDP) in 1995, played a leading role. The core of this program was to
establish an LUCC model that could project future LUCC, evaluate its eco-environmental
consequences and provide decision-making support by understanding the interactive mecha-
nisms among LUCC, human driving forces, global changes, regional responses and envi-
ronmental feedbacks (Li, 1996). Driven by this program, LUCC research emerged globally
(Lambin et al., 1999).

During the impact phase, the Global Land Programme, cosponsored by the IGBP and
IHDP in 2005, played a leading role. It clearly proposed the concept of land systems, which
integrate land use, land cover and ecosystems. That is, the program emphasized a systematic
approach to model and assess the eco-environmental impacts of global land system changes
and recognize and understand the vulnerability and resilience of global land system changes.
In 2007, Turner et al. (2007) further emphasized the significance of land change science for
global environmental change and sustainability. In 2010, the first Global Land Programme
Open Science Meeting was held in Arizona, USA, with the theme of “Land systems, global
change and sustainability”. In 2013, Verburg et al. (2013) proposed land system science.
This progress has had positive roles in promoting LUCC research globally.
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Figure 1 The history of LUCC research (based on Lambin et al. (1999), GLP (2005) and Future Earth (2013))
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During the sustainability phase, the International Council for Science and International
Social Science Council officially launched the Future Earth program in 2014. Driven by the
program, LUCC research began to focus on the coupling of LUCC processes, ecosystem
services and human well-being at different scales, with the goal of improving global sus-
tainability (Future Earth, 2013). In 2013, Wu (2013) proposed the concept of landscape sus-
tainability science, emphasizing an understanding of the interrelationships among landscape
patterns, ecosystem services and human well-being at landscape or regional scales to im-
prove global sustainability. Meanwhile, three Global Land Programme Open Science Meet-
ings further pushed forward sustainability-oriented LUCC research. The themes for the three
meetings in 2014, 2016, and 2019 were “Land transformations: between global challenges
and local realities”, “Land system science: understanding realities and developing solutions”
and “Transforming land system for people and nature”, respectively.

3 LUCKC research progress

The numbers of Chinese and English papers on LUCC research and their total citations gen-
erally showed a rapid growth trend from 1990 to 2018 (Figure 2). Among them, Chinese
papers declined in approximately 2010, which was related to an increasing number of Chi-
nese scholars choosing to publish their papers in English journals. For English papers, the
top 10 high-frequency words were land use, climate, land use change, impact, management,
biodiversity, model, conservation, dynamics, and forest (Figure 3a). With regard to Chinese
papers, the top 10 high-frequency words were land use, land use/cover change, land use
change, spatiotemporal change, driving factors, remote sensing (RS), ecosystem services,
landscape pattern, geographic information system (GIS), and cultivated land (Figure 3b).

3.1 The process phase between 1990 and 2004

Cluster analysis based on high-frequency words showed that English papers on LUCC re-
search were divided into five categories in the process phase. The first category was the dy-
namic monitoring of land cover change by RS technology. The second category was the ef-
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Figure 2 Publications on and citations of LUCC research

Note: On 29 July 2019, we searched the Web of Science Core Collection Database and China National
Knowledge Infrastructure Core Database for English and Chinese papers on LUCC research from 1990 to 2018.
The search strategy of English papers was TS = (‘land use’ OR ‘land cover’) AND TS = (‘change’ OR ‘changes’)
OR TS = (‘forest transition’ OR ‘agricultural land marginalization”), which yielded a total of 51,245 publications.
The search strategy of Chinese papers was (SU= ‘land use’ OR SU= ‘land cover’) AND SU= ‘change’ OR (SU=
‘forest transition’ OR SU= ‘agricultural land marginalization’), which included a total of 9042 publications.
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Figure 3 Word clouds generated from LUCC papers

Note: Based on the CiteSpace platform, we analyzed the word frequency of 51,245 English papers and 9042 Chinese
papers and created word clouds through WordArt to visualize them. In each word cloud, the font size is proportional to
the word frequency, and the colors are mainly used for distinguishing terms.

fect of LUCC on the nitrogen and phosphorus cycles. The third category was the impact of
LUCC on soil carbon. The fourth category was the establishment of the LUCC model. The
fifth category mainly involved the eco-environmental effects of LUCC, such as the effects of
LUCC on water quality and soil erosion (Figure 4a). Chinese papers on LUCC research
mainly focused on the dynamic monitoring of LUCC, spatiotemporal changes in LUCC and
the driving forces, and the effects of LUCC on soil (erosion, nutrients, and moisture). In ad-
dition, cultivated land was the land use type of greatest concern in Chinese papers (Figure
4Db). In terms of citations, the top five English papers covered topics such as LUCC drivers,
biodiversity, climate and soil carbon and have been cited more than 1700 times. The top five
Chinese papers were mainly about the LUCC mechanism, method, and small-scale applica-
tion of LUCC on eco-environmental impacts and reviews, solicitating more than 1000 cites.
First, land cover data covering various global resolutions were established and improved
on the basis of the development of RS technology, the classification system and the classifi-
cation method. Representative global land cover data included UMD data from the Univer-
sity of Maryland (Hansen et al., 2000), International Geosphere-Biosphere Program Data
and Information System Cover (IGBP DISCover) data from the United States Geological
Survey (Loveland et al., 2000), Global Land Cover 2000 (GLC2000) data from the Euro-
pean Commission’s Joint Research Centre (Roy et al., 2003), Moderate Resolution Imaging
Spectroradiometer (MODIS) data from Boston University (Friedl et al., 2002), and Glob-
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Cover data and Climate Change Initiative Land Cover (CCI-LC) data from the European
Space Agency (Bicheron et al., 2006; ESA, 2014).
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Figure 4 Multidimensional analysis of high-frequency words in English and Chinese papers during the process
phase from 1990 to 2004

Note: We used the Bibliometrix and Biblioshiny packages in the R programming language for clustering high-frequency
words with the clustering method of multiple corresponding analysis (MCA).

Second, the driving forces of LUCC were analyzed. The driving forces of LUCC include
natural forces and socioeconomic forces. Natural forces mainly refer to climate, soil and
hydrology (Bai and Zhao, 2001). Socioeconomic forces can be divided into direct and indi-
rect driving forces. Direct socioeconomic forces refer to the demand for land products, in-
vestment in land, degree of urbanization, degree of land use intensification, land tenure, land
use policy and attitude toward the protection of land resources. Indirect socioeconomic
forces mainly include population change, technology development, economic growth, polit-
ical and economic policies, degree of affluence and value orientation (Fischer et al., 1996).
LUCC is the result of the joint efforts between natural and socioeconomic forces. Generally,
socioeconomic forces are significant on a short time scale, while natural forces are mainly
expressed in a cumulative way (Bai and Zhao, 2001).

Third, a series of LUCC models were developed. The LUCC model is an important tool
for understanding the LUCC process and its driving mechanism, projecting LUCC trends
and supporting decision-making. During the process phase, LUCC models mainly consisted
of nonspatial models, spatial models and comprehensive models (Figure 5). Nonspatial
models quantify the rate and quantitative characteristics of LUCC, such as the Markov and
system dynamics (SD) models (Muller and Middleton, 1994; Portela and Rademacher, 2001).
Spatial models express the spatial patterns of LUCC (Tang et al., 2009). Some focus on the
expression of human behavior in the ‘human-environment’ system, with different levels of
land use agents as basic simulation units, such as in the agent-based model (ABM) (Parker et
al., 2003; Valbuena et al., 2010). Others focus on reflecting the environmental suitability
and constraints in the ‘human-environment’ system, with different resolutions of land units,
such as the cellular automata (CA) model (Li and Ye, 2005). Comprehensive models com-
bining spatial models and nonspatial models can be used to simulate multiscale LUCC. Such
models usually first determine the overall demand for LUCC in a region at the macroscale
and then gradually allocate the macroscale total demand to finer scale spatial units. Exam-
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ples of these models include the Conversion of Land Use and Its Effects at Small Regional
Extent (CLUE-S) model and the Land Use Scenarios Dynamics (LUSD) model (Verburg et
al., 2002; He et al., 2005). In contrast, some comprehensive models, starting at the mi-
croscale, first simulate the selection behavior and specific land use decisions of decision-
makers and then reflect the LUCC patterns at the macroscale through upscaling, such as in
the SAMBA model (Boissau and Castella, 2003).
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Figure 5 The history of LUCC models

3.2 The impact phase between 2005 and 2013

Cluster analysis based on high-frequency words showed that English papers on LUCC re-
search could be divided into six categories at the impact phase. The first category was the
impact of LUCC on climate. The second category involved the effect of LUCC on soil car-
bon and nitrogen. The third category was the impact of LUCC on biodiversity. The fourth
category was the effect of LUCC on water quality. The fifth category mainly involved the
impact of LUCC on ecosystem services. The sixth category was the dynamic monitoring of
land cover change using RS and GIS (Figure 6a). Chinese papers on LUCC research mainly
focused on the dynamic monitoring of LUCC, spatiotemporal changes in LUCC and the
driving force analysis, LUCC simulation, and the impact of LUCC on soil, runoft and eco-
system service value (Figure 6b). For citations, the top five English papers were mainly re-
lated to the eco-environmental impacts of LUCC, with special attention given to the impact
of LUCC on climate; together, these papers have accumulated more than 2400 citations. The
top five Chinese papers were mainly about LUCC model simulation, LUCC mechanism and
the impact of LUCC on soil quality, together accumulating more than 440 citations.
Specifically, major progress has been made in revealing the effects of LUCC on natural
habitat and biodiversity. First, LUCC mainly affects the natural habitat through habitat loss,
degradation and fragmentation (Fischer and Lindenmayer, 2007). Approximately 39% of
terrestrial habitats have been converted to cultivated land or construction land, and 37% of
terrestrial habitats have been degraded and fragmented (Ellis et a!l., 2010). Second, LUCC is
the main driving factor of biodiversity loss as a result of negatively affecting natural habitats
(Cardinale et al., 2012). Previous studies have shown that approximately 20~35% of mam-
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Figure 6 Multidimensional analysis of high-frequency words in English and Chinese papers during the impact
phase from 2005 to 2013

mals, reptiles and amphibians worldwide are at risk of extinction as their natural habitats
decline (Schipper et al., 2008; Bohm et al., 2013). Previous studies also showed that by
2070, suitable habitats of global species will be significantly reduced, and land use change
will cause nearly 1700 species to be endangered (Powers and Jetz, 2019). For terrestrial
ecosystems in particular, land use change may have the greatest impact on biodiversity, fol-
lowed by climate change, nitrogen deposition, biological exchange and elevated carbon di-
oxide concentrations (Sala et al., 2000).

Another form of progress was evaluating the effects of LUCC on the atmosphere, mainly
in terms of regional climate and air quality. LUCC can change the regional climate by af-
fecting the net radiation or the distribution process of precipitation in soil moisture, evapo-
transpiration and runoff (Foley et al., 2005). For example, land cover change in tropical re-
gions affects climate to a large extent by changing the water balance, while land cover
change in temperate regions changes climate mainly by affecting surface radiation (Snyder
et al., 2004). In some cases, the impact of LUCC on climate may even exceed the contribu-
tion of greenhouse gases, such as the impact of LUCC caused by urbanization on the re-
gional climate (Dirmeyer et al., 2010). Kishtawal et al. (2010) analyzed the impact of ur-
banization on precipitation in India. He not only found that the more rapid urbanization was,
the more obvious the trend of increasing frequency of heavy rainfall events was but also
found that urban areas may have greater precipitation rates than nonurban areas. Kim et al.
(2011) found that urbanization played a major role in warming from 1954 to 2008, which
was greater than the greenhouse effect. Additionally, LUCC is closely related to air quality
(Kume et al., 2010). LUCC can affect air quality by changing the amount and composition
of gas emissions and by changing atmospheric conditions such as reaction rate, transmission
and deposition (Foley et al., 2005).

A third form of progress was assessing the effects of LUCC on soil. LUCC can change the
physical and chemical properties of the soil, as well as the composition of the soil ecosystem,
thereby affecting soil quality and soil fertility and ultimately affecting land productivity
(Geissen et al., 2009; Batlle-Aguilar et al., 2011). For example, the shift from forest to
grassland and farmland leads to a decrease in aboveground biomass, thereby reducing soil
carbon input. Meanwhile, farming can further reduce soil carbon (Houghton, 2012). In addi-
tion, land use change has an important impact on soil nutrients (such as nitrogen and phos-
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phorus). For example, with the expansion of agricultural activities, the extent of utilization
of agricultural land by humans has further intensified, and the use of chemical fertilizers and
pesticides has increased rapidly. Consequently, the anthropogenic nutrient input to the soil
ecosystem far exceeds the natural nutrient source, and eventually soil degradation may occur
(Manson, 2005; Thampi et al., 2010). More importantly, land use change may lead to soil
environmental problems such as soil erosion and soil desertification. For example, the natu-
ral forest and grassland on the Loess Plateau in China were almost destroyed after long-term
human reclamation. According to the “Comprehensive Scientific Survey of Water and Soil
Erosion and Ecological Safety in China”, the area of soil erosion on the Loess Plateau was
390,000 kmz, and the area of severe water erosion (i.e., the soil erosion modulus higher than
15,000 t/(a-kmz)) was 36,700 kmz, accounting for 89% of the total area of severe water ero-
sion in China (MWR, 2010). Furthermore, the observed data showed that 90% of the sedi-
ment discharge in the Yellow River came from the Loess Plateau in the 1970s (Yao et al.,
2013).

The last form of progress was investigating the effects of LUCC on the water cycle and
water resources. LUCC can directly affect the water cycle through vegetation canopy inter-
ception, root absorption and stomatal transpiration and indirectly affect the water cycle via
the vertical and horizontal structures of plant communities embedded in evaporation, runoff,
infiltration and groundwater recharge (Bradshaw et al., 2007). Studies have shown that de-
forestation reduces canopy interception, evaporation and infiltration but increases surface
runoff and aggravates flood threats (Laurance, 2007). Studies have also shown that global
land cover change has resulted in a decrease of approximately 5% in terrestrial evaporation
and a 7.6% increase in runoff (Sterling ef al., 2012). For water resources, LUCC mainly af-
fects water quantity and quality. For example, the increase in impervious surfaces caused by
urban expansion leads to a decrease in infiltration capacity and an increase in runoff (Hurk-
mans et al., 2009). Additionally, water demand closely related to land use has a direct impact
on water resources, especially agricultural irrigation. Existing studies showed that the global
water intake quantity was approximately 3900 km’/a, and the expendable water (i.c., water
no longer returned to the basin) was approximately 1800 to 2300 km’/a, up to 85% of which
was used for agriculture (Gleick, 2003). With a gradual increase in human demand for water,
groundwater levels have dropped rapidly in many regions (Grafton, 2009; Yu et al., 2011).
In addition, LUCC is an important cause of water quality change (Ouyang et al., 2006). In
particular, unreasonable farmland use and management can lead to excessive nitrogen and
phosphorus being washed into rivers through runoff, and eventually water quality deterio-
rates (Ongley et al., 2010).

3.3 The sustainability phase between 2014 and 2018

During the sustainability phase, the cluster analysis results of English papers on LUCC re-
search were similar to those in the impact phase. The difference was that in the sustainability
phase, the research on the relationship between LUCC and ecosystem services was more
comprehensive and profound, and sustainable development received more attention. Re-
search has attempted to achieve regional sustainability from the perspective of land use op-
timization and management (Figure 7a). In addition to continuing the research contents of
the impact stage, Chinese papers on LUCC research focus on the impact of LUCC on runoff
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under different scenarios, the impact of urbanization on landscape, ecology and environment,
and the impact of LUCC on ecosystem services (Figure 7b). In terms of citations, the top
five English papers focused on the impact of LUCC on ecosystem services and biodiversity
and the development of land cover products on a global scale. The citation frequency ex-
ceeded 590. The top five Chinese papers focused mainly on LUCC mechanism analysis and
LUCC impact on ecosystem services, obtaining more than 180 citations. The major accom-
plishments during this phase are listed as below.
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Figure 7 Multidimensional analysis of high-frequency words in English and Chinese papers during the sustain-
ability phase from 2014 to 2018

Specifically, the LUCC process is embedded in human-earth system models. The hu-
man-earth system refers to the system formed by the interactions between human beings and
nature, emphasizing the human-earth relationship and the integration of natural and anthro-
pogenic elements. Human-earth system models can describe the feedback relationship be-
tween the human system and the earth system (Calvin et al., 2018). In general, the key ele-
ments for the human system entering the earth system are greenhouse gas emis-
sions/concentrations, carbon dioxide emissions/concentrations, and LUCC. Conversely, the
key elements for the earth system entering the human system are temperature, precipitation
and ecosystem productivity (Reilly et al., 2013; Leng and Tang, 2014; Thornton et al., 2017,
Yang et al., 2015). Human-earth system models link the human system with the earth system
in a one-way or two-way coupled method. Currently, there are more human-earth system
models using the one-way coupled method than the two-way coupled method. Representa-
tive human-earth system models using the one-way coupled method mainly include the
CNRM-CM/IMAGE (Centre National de Recherches Météorologiques-Coupled Mod-
els/Integrated Model to Assess the Global Environment) and the GOLDMERGE (Complex-
ity Ocean-Atmosphere-Sea Ice Model/Model for Evaluating the Regional and Global Effects)
(Bahn et al., 2006; Voldoire et al., 2007). Typical human-earth system models using the
two-way coupled method are primarily the iESM (integrated Earth System Model) and the
MIT IGSM (MIT Integrated Global System Model) (Reilly et al., 2013; Collins et al., 2015).
Taking the iESM as an example, it combines an integrated assessment model (i.e., Global
Change Assessment Model, GCAM) with the Earth System Model (Community Earth Sys-
tem Model, CESM) to simulate the interaction between the human system and earth system
through carbon dioxide emissions, LUCC and ecosystem productivity (Collins et al., 2015).
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Calvin et al. (2019) analyzed the different feedback characteristics between the human sys-
tem and earth system under the RCP (representative concentration pathways) 4.5 and RCP
8.5 scenarios based on iESM.

Second, the effects of LUCC on the ecosystem services were assessed. LUCC can change
the ability to provide ecosystem services by directly or indirectly influencing ecosystem
patterns and processes (Fu et al., 2014). According to the Millennium Ecosystem Assess-
ment (MA), land cover change has been one of the two most important direct driving forces
of terrestrial ecosystem service changes in the past 50 years (the other is the application of
new technologies), particularly the transformation of natural ecosystems to agro-ecosystems
(MA, 2005). The Global Assessment Report of Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES) also notes that land use change is the most
direct driving force affecting terrestrial and freshwater ecosystems at the global scale
(IPBES, 2019). First, LUCC has an impact on provisioning services (such as food, freshwa-
ter and energy). Taking food production as an example, with the continuous growth of the
global population, it is expected that by 2050, food demand will increase by 50 to 80%
(Keating et al., 2014). Studies have shown that cultivated land has increased in recent dec-
ades, but per capita cultivated land has decreased from 0.34 ha per person in 1973 to 0.23 ha
per person in 2008 (Grundy et al., 2016). Strategies to meet future food demand include im-
proving the productivity of existing land and increasing the area of land for food production
(Fischer et al., 2014; Springer and Duchin, 2014). However, land degradation continues, and
land resources are scarce. The coordination among land use, food production and agriculture
faces enormous challenges (Odegard and van der Voet, 2014; Grundy et al., 2016). Next,
LUCC has an impact on regulating services (such as climate regulation, flood control and
carbon sequestration). Taking climate regulation as an example, the Special Report of the
Intergovernmental Panel on Climate Change (IPCC) elaborated the complex relationships
between LUCC and climate change. The Special Report stated that under the RCP8.5 sce-
nario, the biogeochemical effect generated by global land cover change will cause future
climate warming, and the warming range will be between 0.04°C and 0.35°C. However, the
impact of biophysical effects on the future global climate is not clear and could be perhaps
warming or cooling (Boysen et al., 2014; Davies-Barnard et al., 2014; Simmons and Mat-
thews, 2016; IPCC, 2019). Most studies also found that forests contributed the most to cli-
mate regulation services, followed by other natural ecosystems and agro-ecosystems
(Vauhkonen and Packalen, 2018; Edwards et al., 2019). Last, LUCC has an impact on cul-
tural services in two potential ways. One is a direct impact. For example, road building in-
creases accessibility to natural or cultural landscapes and has a positive effect on the enjoy-
ment of cultural services by consumers. The other is an indirect impact. For example, LUCC
has an impact on the atmospheric environment and then on the occurrence environment of
natural or cultural landscapes (Li, 2014). In addition, LUCC can affect the relationships
among multiple ecosystem services (Fu et al., 2014). In arid and semiarid areas, for example,
a trade-off between agricultural production and regulating services (such as carbon seques-
tration and soil conservation) remains (Kragt and Robertson, 2014; Wang et al., 2015).

Third, research on the impact of LUCC on human well-being emerged. There are many
definitions of human well-being, among which the concepts proposed in the MA are widely
used in research on ecosystem services and human well-being. In the MA report, human



548 Journal of Geographical Sciences

well-being consists of five elements, namely, the basic materials for a good life, health, good
social relations, security and freedom of choice and action (MA, 2005). LUCC can alter the
ability to deliver ecosystem services, thereby affecting human well-being (Fu et al., 2014).
Currently, quantitative research on the relationships among LUCC, ecosystem services and
human well-being is still in its infancy (Wang et al., 2017). Xu et al. (2016) analyzed the
impact of land use intensity on ecosystem services (food production, soil conservation and
climate regulation) and human well-being (especially in living standards and food security)
and found that land use intensity was closely related to ecosystem services and human
well-being.

Fourth, research on land use optimization and management toward sustainability gradu-
ally began to thrive. Sustainable development is necessary, not optional (Wu, 2013). The
ultimate goal of sustainable development is to improve human well-being, that is, to meet
the material and spiritual needs of contemporary and future generations (Wu et al., 2014).
Ecosystem services are generally regarded as an important bridge between natural capital
and human well-being (Leviston et al., 2018). They provide an operational framework for
sustainable development research (Wu et al., 2014). Keeping ecosystem services as the core
is the main approach for sustainability-oriented land use optimization and management re-
search. For example, Wu et al. (2018) conducted a land use optimization study based on
ecosystem service assessment in the Yanhe River basin of the Loess Plateau and proposed a
suitable land use optimization scheme. This scheme can ensure the improvement of ecosys-
tem service supplies while also meeting the needs of social and economic activities to a cer-
tain extent. Zhang et al. (2019) simulated the dynamic changes in the urban landscape in the
Beijing-Tianjin-Hebei urban agglomeration under different ecosystem services protection
scenarios from 2013 to 2040 and then sought the best landscape planning scheme with the
goal of maintaining and protecting key ecosystem services.

4 Research gaps and challenges
4.1 Research gaps

LUCC research still has some gaps in the theory, data, methods, content and application.
Regarding the theory of LUCC research, it needs multidisciplinary theoretical support. Sus-
tainable development is the ultimate goal of LUCC research. To achieve this goal, the target
of LUCC research shows a trend of systematization, such as the regional system, land sur-
face system and land system. Once the research target is a system, scientific problems must
be comprehensive and complex, involving multiple disciplines. Therefore, approaches to
improve the LUCC research system based on a multidisciplinary theoretical framework
should be considered (Wu, 2012). LUCC research data also need to be improved. At present,
a single land cover data product can no longer meet the increasing demands of LUCC re-
search. Data fusion can not only meet the demands but also improve the data accuracy to a
certain extent. Thus, a major gap is how to use the existing land cover data and related aux-
iliary information to obtain continuous and accurate fusion results through effective data
fusion methods (Bai and Feng, 2018). Regarding the methods of LUCC research, a major
gap is how to scientifically validate the LUCC model to ensure its reliability (Wu et al.,
2007). In addition, the coupling degree between the LUCC model and ecological process
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model needs to be improved. The model is an effective method used to reveal the influence
of LUCC on many natural factors, such as soil, climate, hydrology and biogeochemical cy-
cling. However, most of the existing models are loosely coupled, and it is difficult to dy-
namically express the relationship between LUCC and ecological processes (Robinson ez al.,
2018). Consequently, it is urgent to establish a tightly coupled model integrating LUCC and
ecological processes. For the content of LUCC research, research on the relationship be-
tween ecosystem services and human well-being is a major gap. The relationship between
ecosystem services and human well-being is the focus of sustainability-oriented LUCC re-
search, but the complexity of the relationship makes it a difficult field (Agarwala et al.,
2014). Regarding the application of LUCC research, applying LUCC findings in regional
decision-making management is still a major obstacle. Currently, the watershed is consid-
ered to be an ideal regional unit. Although we have accumulated enormous findings on
LUCC and its impacts at the watershed scale, such knowledge is rarely applied to sustaina-
ble watershed management. Furthermore, the application of LUCC research findings in ter-
ritorial spatial planning needs to be improved.

4.2 Main challenges

With the rapid development of sustainability science globally and the deepening of the eco-
logical civilization in China, we are facing great challenges in the theory, methods and ap-
plication of LUCC research. The theory of LUCC research is facing the challenge of how to
respond to the Sustainable Development Goals (SDGs) under the framework of sustainabil-
ity science. Sustainability science is the science of studying the dynamic relationship be-
tween nature and society, aiming to provide a theoretical basis for sustainable development
(Kates et al., 2001; Wu et al., 2014). Among the 17 SDGs, many goals (such as zero hunger,
good health and well-being, clean water and sanitation, sustainable cities and communities,
climate action and life on land) are closely linked to LUCC (UN, 2015; Gao and Bryan,
2017). Therefore, LUCC research in the new era is facing the challenge of how to move the
research object to the all-element cross-scale land system and extend the research content to
land optimization and management toward sustainability with the guidance of SDGs under
the framework of sustainability science.

Meanwhile, emerging technologies, including big data, cloud computing and artificial in-
telligence, are booming and deeply integrated in LUCC research. Big data usually refers to
data that cannot be obtained, managed and processed by ordinary equipment within an ac-
ceptable time range for users. It has four basic characteristics, namely, large volume, multi-
ple types, authenticity and rapid change (Mayer-Svhonberger and CuKier, 2013; Guo et al.,
2014). Big data provide new opportunities for understanding the relationship between the
LUCC process and sustainable development (Runting ef al., 2020). The rapid development
of artificial intelligence technology and distributed computation as well as storage platforms
provide important pillars for analyzing and mining information provided by big data (Bergen
et al., 2019). For artificial intelligence, representative machine learning algorithms mainly
include artificial neural networks, Bayesian networks and deep learning. For distributed
computation, cloud computing is representative. With the support of new technologies, the
virtual geographical environment is thriving (Lv, 2011; Lin ef al., 2013). These new data and
technologies can bring opportunities and challenges for us to more deeply understand the
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interaction mechanisms among the LUCC process, impact and sustainability and are benefi-
cial for all-element cross-scale land system simulation and emulation. Therefore, LUCC re-
search in the new era is facing the challenge of how to effectively integrate these emerging
data and technologies to develop a new methodology.

In addition, territorial spatial planning proposed in China aims to realize the effective
protection, orderly development, efficient utilization and high-quality construction of terri-
tory space. It is the guideline of national and local spatial development and the blueprint of
sustainable development in China. Scientific territorial spatial planning can help us coordi-
nate the management of mountains, rivers, forests, farmlands, lakes and grasslands and
promote the development of China’s Ecological Civilization and the realization of the Beau-
tiful China initiative (Chen ef al., 2019; Fan, 2019; Wu et al., 2019). In July 2019, the Min-
istry of Natural Resources in China issued the “Notification on ‘One Map’ construction and
status assessment of territorial spatial planning”, which clearly found that under the support
of the national land space basic information platform, the “One Map” construction and the
status assessment of territorial spatial development and protection in cities and counties
were comprehensively conducted. In January 2020, the Ministry of Natural Resources in
China issued the “territorial spatial planning guidelines” (Trial), which established a series
of basic principles and requirements for territorial spatial planning, such as “prioritizing
ecological conservation and boosting green development”, “people-centered high-quality
development” and “coordinated urban and rural development”. These policies push China’s
territorial spatial planning into a new stage. Due to the close connection between territorial
spatial planning and LUCC research, LUCC research in the new era is facing the challenge
of how to integrate a sustainability science framework and emerging technologies to imple-
ment territorial spatial planning (Zhen et al., 2019).

5 Future perspectives

The theory of LUCC research needs to be closely integrated with landscape sustainability
science. Landscape sustainability science is a science that focuses on landscape and regional
scales and uses spatially explicit methods to study the relationships among landscape pat-
terns, ecosystem services, and human well-being. The ultimate goal of science is to seek a
landscape and regional spatial pattern that can promote long-term maintenance and positive
feedback between ecosystem services and human well-being to achieve sustainable devel-
opment (Wu, 2013; Wu et al., 2014). In other words, landscape sustainability science pro-
vides an important theoretical basis and operational practice platform for LUCC research
toward sustainability at landscape and regional scales (Wu, 2019). Specifically, the final tar-
get of landscape sustainability science is to coordinate the human-earth relationship to im-
prove regional sustainability. The basic idea is to adjust the land use type, scale, mode and
intensity during the LUCC process at the landscape and regional scales. On the one hand, it
can improve the supply capacity of natural resources and ecosystem services to promote
human well-being. On the other hand, it can reduce disaster exposure and vulnerability to
decrease disaster risks (Figure 8). In the future, LUCC research needs to actively develop
the multiscale integration of the “ecosystem-landscape-region”. The basic goal is to maintain
and improve landscape and regional sustainability, and the research core is the relationship
among ecosystem services, human well-being and disaster risks under different land use
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patterns. The main methods are spatial display model simulation and scenario analysis (Wu
etal.,2014; Fu et al., 2019).
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Figure 8 LUCC and landscape sustainability

The LUCC research method needs to be closely integrated with geodesign under the sup-
port of emerging technologies represented by big data, cloud computing and artificial intel-
ligence. Geodesign, with the goal of regional sustainable development, emphasizes a design
concept and method that closely combines planning and design activities with real-time dy-
namic environmental impact simulation under the close cooperation of geographers, tech-
nical experts, designers and stakeholders (Steinitz, 2012; Ma, 2013; Wu, 2019). Moreover,
geodesign is based on landscape sustainability science and supported by spatial information
technology. The geodesign framework mainly includes five components, namely, the study
area, the decision maker or stakeholders, the geodesign team, the geodesign process and the
geodesign scheme. Among them, the geodesign process is the core component. It mainly
answers six questions, and each question can be answered by a corresponding model. For
example, is the study area functioning properly? The answer to this question can be solved
by an evaluation model. Throughout the geodesign process, a three iterations operational
mode is adopted. The first iteration is a top-down process understanding the geographic
study area and the scope of the study (asking questions). The second iteration is a bottom-up
process defining the methods of the study (determining methods). The third iteration is a
top-down process conducting the study until the conclusion is given (answering questions)
(Figure 9). Based on the geodesign framework, LUCC research can effectively combine
emerging technologies (such as big data, artificial intelligence, cloud computing, blockchain
and virtual reality) and integrate six models (representation, process, evaluation, change,
impact and decision models) to produce spatial, quantitative and humanized design schemes
(Huang et al., 2019). In 2010, the Environmental Systems Research Institute (ESRI), re-
garded as the world’s largest GIS technology supplier, hosted the first GeoDesign Summit in
southern California, USA. Since then, the GeoDesign Summit has been held annually. At
each GeoDesign Summit, ESRI not only shares the latest GIS-related technologies but also
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exhibits geodesign cases from around the world using emerging technologies. The summit
provides a platform for the technological innovation of LUCC research. Therefore, the close
combination of LUCC research and geodesign is not only beneficial to the improvement of
LUCC research methods but also provides a practical framework for LUCC research.
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Figure 9 LUCC and geodesign (adapted from Steinitz (2012) and Zhang et al. (2016))

In the practice of LUCC research, it is necessary to actively serve the main battlefield of
territorial spatial planning. Territorial spatial planning is a key way to not only promote ur-
ban-rural integration and rural revitalization but also achieve the Beautiful China initiative
and implement the SDGs (Liu, 2018; Fang et al., 2019). LUCC research is able to converge
with territorial spatial planning in the optimization and management of land use spatial pat-
terns to provide theoretical and methodological support for territorial spatial planning (Fig-
ure 10). In terms of theoretical support, LUCC research focuses on the dynamic relation-
ships among patterns, ecosystem services and human well-being. The multiscale coupling of
the pattern and process explores the LUCC process mechanism. The mapping and simulating
of ecosystem services realize the regional integration on the basis of clarifying the LUCC
process mechanism. Revealing the complex relationship between ecosystem services and
human well-being helps LUCC research move toward sustainability. That is, an in-depth
integration of the LUCC process mechanism, regional integration and sustainability-oriented
research can provide effective theoretical support for territorial spatial planning. In terms of
methodological support, combined with RS technology, model simulation and scenario
analysis, LUCC research has formed a complete technical route covering the LUCC data-
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base, LUCC model, coupled model of LUCC and ecological process, ecosystem services
evaluation model and human-earth system model. In the future, with the close combination
of LUCC research and territorial spatial planning, LUCC research will be substantially im-
proved.
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Figure 10 LUCC and territorial spatial planning

6 Conclusions

The numbers of publications on LUCC research and their total citations grew exponentially
from 1990 to 2018. The research foci shifted from the process of LUCC during 1990-2004
to the impact of LUCC during 2005-2013 and then to the sustainability of LUCC from 2014
onwards. In the process phase, the main progress of LUCC research included the establish-
ment of the LUCC database, the analysis of the driving force, and the development of the
LUCC model. In the impact phase, the main progress was reflected in the evaluation of the
effects of LUCC on natural habitats and biodiversity, regional climate and air quality, soil
physical and chemical properties, and hydrological processes. In the sustainability phase, the
main progress was shown in four aspects, i.e., embedding the LUCC process into a hu-
man-earth system model, revealing the impact of LUCC on ecosystem services, investigat-
ing the impact of LUCC on human well-being, and land use optimization and management
toward sustainability.

With the rapid development of sustainability science globally and the deepening of eco-
logical civilization in China, we are still facing theoretical, methodological and practical
challenges in LUCC research. Theoretically, LUCC research is facing the challenge of how
to serve the SDGs within the framework of sustainability science. Methodologically, LUCC
research is facing the challenge of how to integrate emerging technologies such as big data,
cloud computing, artificial intelligence and virtual reality to develop a new methodology.
Practically, LUCC research is facing the challenge of how to integrate a sustainability sci-
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ence framework and emerging technologies to implement territorial spatial planning.

To this end, LUCC research should be closely integrated with landscape sustainability
science. The core of LUCC research in the future should be focused on the relationships
among ecosystem services, human well-being and disaster risk under different land use pat-
terns. Meanwhile, LUCC research should be closely combined with geodesign to promote
the deep integration of emerging technologies. In addition, LUCC research should theoreti-
cally and methodologically support territorial spatial planning and actively serve the main
battlefield of the Beautiful China initiative and the achievement of SDGs.
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