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Abstract: The land use, land-use change and forestry (LULUCF) sector, as a source and a sink
of greenhouse gas (GHG) emissions, is critical for achieving carbon neutrality. Many academic
journals have published papers on land use carbon emission or sink (LUCES), but LUCES reviews are
relatively rare, which poses great challenges in accurately understanding the research progress and
future prospects. This work analyzes the research characteristics, hotspots and future perspectives of
LUCES research by using a bibliometric analysis (such as DDA, VOSviewer, CiteSpace software) and
a review based on the data (6115 scientific papers) during 1991–2023 from the Web of Science (WoS)
platform. We found that (1) over the past 33 years, it first presented a steady growth, then fluctuating
growth, and finally a rapid growth trend in the yearly number of publications in LUCES research.
The USA (17.31%), China (14.96%), and the UK (7.37%) occupy a dominant position in this research
field. (2) The related LUCES research is interdisciplinary, which mainly cover science and technology,
meteorology and atmospheric sciences, geology, and environmental sciences and ecology disciplines.
(3) The research hotspot analysis on LUCES shows that these articles mostly covered the follow
three aspects: ecosystem services, climate change, and carbon neutrality. (4) A review of the past
LUCES literature suggests that it is mainly focused on exploring the forefront issues in terms of the
definition and boundaries, evaluation method and influencing factors, etc. This work suggests that
further research could explore the main scientific problems on quantification of land-based carbon
neutrality, quantitative analysis of the impact mechanisms, as well as interdisciplinary research and
collaborative governance needed for carbon neutrality.

Keywords: land use; carbon emission; carbon sink; bibliometric analysis

1. Introduction

At present, agriculture and land-use change contribute to 20% of global greenhouse
gas (GHG) emissions [1]. During 2013–2022, the annual average global CO2 emission from
land use, land-use change and forestry (LULUCF) was 1.3 ± 0.7 Gt C, and the preliminary
forecast was 1.1 ± 0.7 Gt C in 2023 [2]. Through restoration/afforestation, etc., the annual
average carbon sink was about 1.3 Gt C, which could offset two-thirds of the deforestation
emissions [2]. The U.S. Department of Agriculture’s Forest Service has estimated that forests
cover about one-third of the USA (the United States of America) and offset around 15% of
the nation’s annual carbon emissions [3]. Based on the trends and projections, the EU’s
carbon sink of the LULUCF sector in 2021 was 8% lower than that in 2020 [4]. Combined
with a newly developed LULUCF database, Yu et al., (2022) used terrestrial ecosystem
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models and revealed a strong carbon sink of 8.9± 0.8 Pg carbon from 1980 to 2019 in
China [5]. LULUCF not only played an important role in achieving global carbon neutrality
goals, but also helped to achieve them for different countries or regions; sustainable land
use is beneficial to human beings and the environment [6].

To achieve the zero deforestation goal by 2030 and fully tap the carbon emission reduc-
tion potential of the land use sector, the Glasgow Leaders’ Declaration on Forests and Land
Use has been established [7]. The implementation of sustainable agriculture or LULUCF
mitigation programs could significantly reduce GHG emissions and increase the carbon
sink potential for carbon neutrality targets. Despite the crucial role for climate stability,
LULUCF has received less stakeholders’ attention compared to energy systems. Here, the
discussion on land use specifically focuses on its hierarchical classification in national land
spatial planning. Currently, there are many academic publications on land use carbon emis-
sion or sink (LUCES). Some studies focus on the current research status [8–13], whereas
others focus on research methods from carbon emissions [14–21] or carbon sink [22–27].
Moreover, some research noticed the determinants and future carbon emission reduction
measures [28–31]. For example, scholars have explored the relationship between high-
quality urbanization and energy transition in connecting land use, carbon emissions, and
carbon sink [9,17]. However, related LUCES research reviews are relatively rare, which
would otherwise be a great asset for understanding research progress and the further
prospects.

The increasing trend of research publications could indirectly indicate the research’s
recognition (e.g., applications, methods, etc.) [32–34]. Bibliometric analysis helped to un-
derstand the current situation and the development trend of the related research [33–35].
Bibliometric analysis has become a powerful tool for analytical science research, which
could quantitatively describe the necessary information of specific research topics and pro-
vide the distribution characteristics of research in the form of a knowledge map. However,
there are very few reviews on LUCES research, especially from the bibliometric or sciento-
metric point of view. In this context, there are still some pertinent questions that need to be
addressed. What are the global trends regarding publications in LUCES research? What are
the prevalent research characteristics from this research trend? What are the hotspot topics
of LUCES research? What is the research progress, and what are the future perspectives
of LUCES?

Hence, this paper aims to provide a bibliometric analysis and review of the research
on LUCES. This work uses a well-justified and executed methodology to analyze a large
number of scientific papers, and discusses them in four sets of findings (including research
characteristics, hotspot analysis, research progress and future perspectives). The remaining
sections of the paper are organized as follows: Section 2 provides the materials and methods;
Section 3 provides the research results; Sections 4 and 5 present a discussion and the
conclusions, respectively.

2. Materials and Methods

Web of Science (WoS) is one of the most authoritative citation data platforms, which
include the Science Citation Index Expanded (SCIE) and Social Science Citation Index (SSCI)
databases. There are lots of interdisciplinary, comprehensive and influential international
academic journals in this platform. We used several key words for the retrieval of the
literature related to land use carbon emission or sink (LUCES), such as title equaled
“land” and title equaled “carbon peak*” or “carbon neutrality” or “double carbon” or
“carbon emission*” or “CO2 emission*” or “carbon footprint*” or “CO2 footprint*” or
“carbon emit*” or “CO2 emit*” or “GHG* emission*” or “greenhouse gas emission*” or
“energy emission*” or “energy footprint*” or “low carbon” or “carbon reduce*” or “carbon
sequestration” or “carbon sink”; abstract equaled “land” and abstract equaled “carbon
peak*” or “carbon neutrality” or “double carbon” or “carbon emission*” or “CO2 emission*”
or “carbon footprint*” or “CO2 footprint*” or “carbon emit*” or “CO2 emit*” or “GHG*
emission*” or “Energy emission*” or “greenhouse gas emission*” or “carbon sequestration”
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or “energy footprint*” or “low carbon” or “carbon reduce*” or “carbon sink”. A total of
6214 publications were found (articles from 1991 to 2022 were collected on 31 May 2023, and
articles from 2023 were collected on 1 December 2023; in addition, for 2023, articles were
considered only up to 1 December 2023). During 1991–2023, a total of 230 publications were
collected from Nature (36) as well as its subsidiaries, including Nature Climate Change
(37), Nature Communications (39), Nature Food (12), Nature Geoscience (20) and Nature
Sustainability (10); and Science (16) and its subsidiaries, including science advances (8) and
PNAS (Proceedings of the National Academy of Sciences) (52). The journals mentioned
above were collectively referred to as “NSP”, which accounted for more than 90% of the
total publications in the journals Nature, Science, PNAS, and their related subsidiaries.

In order to make the data comparable, some papers were cleaned or removed [33,36]
(Figure 1a). For example, publications from China included articles from mainland China,
HongKong, Macao and Taiwan; publications from the UK included articles from England,
Scotland, Wales and Northern Ireland. Furthermore, this work also excluded non-English
articles, and only considered English articles to ensure the data comparability. In addition,
we removed the papers that belonged to such terms as organ, compound, nana, brain, chem-
istry, in these medicine or chemistry research fields, etc. Finally, a total of 6115 scientific
papers and 230 scientific papers of “NSP”, as well as 151 highly cited scientific papers, were
used in this work.
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In order to address the three research questions noted above, we reviewed and an-
alyzed the evaluation method, current situation, influence mechanism and mitigation
measures on this research field. As shown in Figure 1b, we used software such as Der-
went Data Analyzer v7 (DDA, Clarivate Analytics, Boston, MA, USA), CiteSpace 6.2.R3
(https://citespace.podia.com/, accessed on 31 March 2023) and VOSviewer version 1.6.16
(https://www.vosviewer.com/, accessed on 25 November 2022) to visualize the textual
data on LUCES research. By using the above software, the scholars performed some biblio-
metric and systemic analysis on such topics as NDVI (the Normalized Difference Vegetation
Index), material flow mapping and household CO2 emissions research [32–34]. Based on
the existing research foundation, we constructed the framework of this research. Firstly, we
analyzed the global research characteristics from five main measurable indicators, such as
the number of articles, national distribution, institutional distribution, journal distribution
and subject categories. Then, research hotspots were analyzed from the following four
perspectives: highly cited papers, cluster analysis, theme evolution and frontier analysis.
At the end, we reviewed the evaluation method, current situation, influence mechanism
and mitigation measures on this research field, and discussed the future perspectives.

3. Results
3.1. Research Characteristics
3.1.1. Global Trends of Articles

Analysis on the LUCES research found that the cumulative number of articles was
6115 (Figure 2), with an annual publication of 1 in 1991 to 766 in 2023. According to
the moving average, we found that the number of published articles on LUCES research
first showed a steady upward trend, then a fluctuated upward trend, and finally showed
a rapid upward trend. Specifically, the first stage (1991–2000) was an initial stage (the
number of publications per year was small), with a cumulative number of 152 (the annual
average was 15), which accounted for only 2.49% of the total publications. The second
stage (2001–2010) was the rising stage of fluctuation, with the cumulative articles of 801
(the average was 80), which accounted for 13.10% of the total. The third stage (2011–2019)
also saw a rising stage of fluctuation, with the cumulative article number of 2673 (the
average was 297), which accounted for 43.71% of the total. The fourth one (2020–2023) was
a rapid growth period, with the cumulative number of 2489 (the average was 622), which
accounted for 40.70% of the total. The number of cumulative articles in the third stage and
fourth stage was 16.59 and 15.38 times higher than that in the first one, respectively. From
the perspective of overall trend of published articles in the research on LUCES, although
there has been a downward trend in some years (such as 2001, 2011 and 2017) compared
to the previous year, it has shown varying degrees of growth trends over last 33 years. It
revealed that this research field has been widely recognized and concerned in recent years.
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3.1.2. National Distribution Characteristics

Firstly, based on the data from the WoS platform, publications in LUCES research were
from 138 countries/territories, and the top 10 countries, with the ratio 64.83% of the total,
included the USA, China, the UK, Germany, Australia, Canada, Netherlands, France, Japan
and Brazil, as shown in Figure 3. Among them, the cumulative number of publications
from the USA ranked first during 1991–2000 and 2001–2010, accounting for 38.89% and
35.41% of the total top 10 countries; from 2011 to 2023, the cumulative number of articles
published by China ranked first, accounting for 25.59% of the total. Overall, in the early
stage, the USA dominated this research field, and in the later stage, China gradually moved
towards the dominant position in this research field.
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Secondly, this work drew the national cooperation network diagram based on the
VOSviewer version 1.6.16, which could be divided into four clusters on LUCES research
(Figure 4a). The first cluster (red one, 12 countries) included Germany, the Netherlands,
Sweden, Spain, Denmark, Finland, Austria, Italy, Switzerland, Belgium and France, which
was the largest one. The cluster 2 (green one, nine countries) included the USA, China,
Australia, Japan, India, New Zealand, Indonesia, South Korea and Malaysia, which was
the second largest one. The cluster 3 (blue one, three countries) included the UK, Scotland
and Brazil. The cluster 4 (yellow one, one country) only included Canada. The national
cooperation network diagram of LUCES research could provide readers with an intuitive
understanding for the rapid assessment of national cooperation intensity [8,33]. Overall,
the USA, China, the UK and Germany occupied a dominant position when comparing the
total cooperation intensity in this research field. Since China proposed to achieve a carbon
neutrality goal by 2060, which has promoted China’s dominant position in the related
research fields to greater prominence.

Thirdly, this paper also drew the national cooperation network diagram on LUCES re-
search from the related “NSP” journals, and it can be divided into three clusters (Figure 4b).
The first one (red cluster, 10 countries) included the USA, the UK, Japan, Canada, Germany,
Demark, Switzerland, Australia, Sweden and Indonesia, which was the largest cluster. The
second one (green cluster, eight countries) included the Netherlands, Spain, Italy, Scotland,
Belgium, Austria, Kenya and Brazil. The third one (blue cluster, two countries) included
China and France. From this point of view, the USA, the UK, the Netherlands and China
occupied a dominant position in this research field.
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3.1.3. Institutional Distribution Characteristics

Firstly, over the past 33 years, there were 5082 research institutions that published
articles on LUCES research. There were 710 institutions (accounting for 13.97% of the total
institutions) that published ≥ 5 articles; meanwhile, the related articles only accounted
for 7.41% of the total publications. The top 10 active institutions accounted for about
6.49% of the total publications (Table 1). The top 10 productive institutions included the
Chinese Academy of Sciences (386, 2.73%), Wageningen University (112, 0.64%), Beijing
Normal University (101, 0.57%), the International Institute for Applied Systems Analysis
(92, 0.52%), the University of Maryland (92, 0.52%), the National Institute for Environmental
Studies (76, 0.43%), Utrecht University (73, 0.41%), the University of Exeter (73, 0.41%), the
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United States Forest Service (70, 0.40%) and Peking University (67, 0.38%). Judging from
the geographical location of these 10 active institutions, they were mainly distributed in
China (3), the USA (2), the Netherlands (2), the UK (1), Japan (1) and Austria (1).

Table 1. Top 10 productive institutions in LUCES research.

Rank Institutions Country Number Ratio (%)

1 Chinese Academy of Sciences China 386 2.19
2 Wageningen University Netherlands 112 0.64
3 Beijing Normal University China 101 0.57
4 International Institute for Applied Systems Analysis Austria 92 0.52
5 University of Maryland USA 92 0.52
6 National Institute for Environmental Studies Japan 76 0.43
7 University of Exeter UK 73 0.41
8 Utrecht University Netherlands 73 0.41
9 United States Forest Service USA 70 0.40

10 Peking University China 67 0.38

Secondly, this work also drew the institutional cooperation network diagram on this
research field, which can be divided into three clusters (Figure 5a). The first cluster (red
one, nine institutions) included the National Institute for Environmental Studies (Japan),
the International Institute for Applied Systems Analysis (Austria), Wageningen Univer-
sity (Netherlands), Vrije University Amsterdam (Netherlands), the University of Utrecht
(Netherlands), the Swiss Federal Institute of Technology (Switzerland), the University of
Aberdeen (UK), the University of Exeter (UK) and the University of Leeds (UK); the first
cluster was the largest one. The second cluster (green, eight institutions) included the Uni-
versity of California Berkeley (USA), the University of Florida (USA), Purdue University
(USA), the University of Maryland (USA), the University of Illinois (USA), The University
of Queensland (Australia), Concordia University Wisconsin (USA) and the United States
Forest Service (USA); the second cluster was the second one. The third cluster (blue, six
institutions) included Beijing Normal University (China), Peking University (China), Ts-
inghua University (China), the Chinese Academy of Sciences (China), Nanjing University
(China) and the University of Chinese Academy of Sciences (China). Based on the total link
strength, it was found that the Chinese Academy of Sciences, the University of Maryland
and the International Institute for Applied Systems Analysis played an important role in this
research field. Judging from the geographical location, the above institutions were mainly
distributed in China (6), the USA (7), the UK (3), the Netherlands (3), Switzerland (1), Japan
(1), Australia (1) and Austria (1). It was also found that the research institutions located in
the EU, the USA and China had closer cooperation in their own countries/regions.

Thirdly, this work analyzed the institutional cooperation network diagram on LUCES
research from the related “NSP” journals, which can be divided into three clusters (Figure 5b).
The first cluster (red one, nine institutions) included Colorado State University (USA), the
National Center for Atmospheric Research (USA), Princeton University (USA), NOAA
(USA), the University of Aberdeen (UK), the University of Colorado (USA), the University
of Leeds (UK), the University of Minnesota (USA) and the University of Oxford (UK). The
second one (green cluster, nine institutions) included the Carnegie Institution for Science
(USA), the Max Planck Institute of Biochemistry (Germany), Columbia University (USA),
NASA (USA), the Swiss Federal Institute of Technology (Switzerland), the University of
Exeter (UK), the University of Illinois (USA), Stanford University (USA) and the Woods
Hole Research Center (USA). The third cluster (blue one, six institutions) included the
Chinese Academy of Sciences (China), Tsinghua University (China), Peking University
(China), the International Institute for Applied Systems Analysis (Austria), the University of
California Irvine (USA) and the University of Maryland (USA). The results of this analysis
showed that the University of Exeter, Princeton University, and the Chinese Academy of
Sciences occupied a dominant position in this research field. Meanwhile, it was found that
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the research institutions located in the EU, the USA and China had closer cooperation in
their own countries/regions.
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3.1.4. Distribution Characteristics of Journals

During the study period (1991–2023), there were 930 journals published articles on
LUCES research (from the data from WoS platform). The top 10 active journals accounted
for 22.51% of the total publications in this research filed (Table 2). There were 710 jour-
nals (which accounted for 23.98% of the total journals) that published ≥ 5 articles, which
accounted for 81.08% of the total publications. The top 10 journals on LUCES research
included the Journal of Cleaner Production (249, 4.07%), Sustainability (226, 3.70%), Envi-
ronmental Research Letters (174, 2.84%), Science of The Total Environment (144, 2.35%),
Land (127, 2.08%), Energy Policy (96, 1.57%), Global Change Biology (93, 1.52%), Journal
of Environmental Management (90, 1.47%), Biomass & Bioenergy (89, 1.46%) and Land
Use Policy (89, 1.46%). From the distribution of the top 10 productive journals, it was
found that they were mainly distributed in the UK (6), Switzerland (2), the USA (1) and
the Netherlands (1). From the 2022 IF, except for Land and Sustainability, all others were
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greater than 6.0; meanwhile, from the JCR, also except for Land and Sustainability in Q2,
all others were in Q1.

Table 2. Top 10 productive journals in LUCES research.

Rank Journals Number Ratio (%) 2022 IF JCR Country

1 Journal of Cleaner Production 249 4.07 11.1 Q1 USA
2 Sustainability 226 3.70 3.9 Q2 Switzerland
3 Environmental Research Letters 174 2.84 6.7 Q1 UK
4 Science of the Total Environment 144 2.35 9.8 Q1 Netherlands
5 Land 127 2.08 3.9 Q2 Switzerland
6 Energy Policy 96 1.57 9.0 Q1 UK
7 Global Change Biology 93 1.52 11.6 Q1 UK
8 Journal of Environmental Management 90 1.47 8.7 Q1 UK
9 Biomass & Bioenergy 89 1.46 6.0 Q2 UK
10 Land Use Policy 89 1.46 7.1 Q1 UK

This work drew the journal citation network diagram on LUCES research (Figure 6). It
was found that there were four clusters in this research field, based on total link strength
of cooperation network. Cluster 1 (red one, 10) included Environmental Research Letters,
Agriculture Ecosystems & Environment, Global Change Biology, Land Use Policy, Bio-
geosciences, Forests, Forest Ecology and Management, Ecological Economics, Journal of
Environmental Management and Climatic Change. Cluster 2 (green one, eight) included
Energy Policy, Environmental Science & Technology, Biomass & Bioenergy, Renewable &
Sustainable Energy, Applied Energy, Energies and Global Change Biology Bioenergy. Clus-
ter 3 (blue one, seven) involved in Journal of Cleaner Production, Land, Science of the Total
Environment, Sustainability, Ecological Indicators, Environmental Science and Pollution
Research and Remote Sensing. On the whole, we found that Journal of Cleaner Production,
Energy Policy, Sustainability and Environmental Research Letters were four journals with
an important leading position in LUCES research, based on the total link strength.
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3.1.5. Characteristics of Subject Categories

Firstly, total publications in LUCES research were from 83 subject categories. As
shown in Figure 7a, the top 10 subject categories were mainly focused on environmental
sciences and ecology, science and technology—other topics, engineering, energy and fuels,
agriculture, meteorology and atmospheric sciences, geology, business and economics and
forestry, as well as biodiversity and conservation, from different periods. The articles related
to the top 10 subject categories, which accounted for 82.34% of the total during 1991–2023.
In addition, it pointed out that these subject categories, e.g., science and technology—other
topics, engineering, environmental sciences and ecology, and environmental sciences and
ecology, which related to LUCES research, increased the fastest, by 11.49, 7.45, 7.12 and
6.38 times compared to the period between 2011–2023 and 2001–2010, separately. Secondly,
LUCES research from “NSP” were only from five subject categories, including science and
technology—other topics, meteorology and atmospheric sciences, geology, food science and
technology, as well as environmental sciences and ecology (Figure 7b). Overall, regardless
of the subject categories from the total publications or from “NSP” publications, we found
that science and technology—other topics, meteorology and atmospheric sciences, geology
and environmental sciences and ecology were the main categories of LUCES research.
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3.2. Research Hotspot Analysis
3.2.1. Analysis of Top 10 Highly Cited Papers

Highly cited scientific papers would reflect the quality and impact of the publica-
tions [36]. There were 151 highly cited papers on LUCES research according to the stan-
dards of Journal Citation Reports from the WoS platform. Among them, the publication
time ranged from 2013 to 2023. The top 10 publication countries comprised the USA, China,
the UK, the Netherlands, Germany, Australia, France, Switzerland, Japan and Norway. The
top 10 journals included Nature, Earth System Science Data, Nature Climate Change, PNAS,
Global Environmental Change—Human and Policy Dimensions, Nature Communications,
Land Use Policy, Renewable & Sustainable Energy, Global Climate Change and Science
Advances. The top 10 subject categories involved science and technology—other topics,
environmental sciences ecology, meteorology and atmospheric sciences, geology, energy
fuels, engineering, biodiversity conservation, food science and technology, geography and
business economics; in addition, there were 51 papers that came from “NSP”.

Here, we selected the top 10 highly cited papers (Table 3) on LUCES research and
analyzed their research contents as the focus of this study [13–15,37–43]. It was found that:
(i) all top 10 highly cited articles had a citation frequency exceeding 898. The first one was
cited 1439 times, which was published by Huang et al., (2016) in Nature Climate Change;
it focused on the variation trends of carbon sequestration and the regional warming with
dryland expansion [37]. The second one was cited 1433 times, which was published by
Riahi et al., (2017) in Global Environmental Change—Human and Policy Dimensions; it
was found that the nexus between energy, land use and GHG emissions based on the
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SSP (Shared Socioeconomic Pathways) mitigation scenarios [38]. The third one was cited
1324 times, which was published by Griscom et al., (2017) in PNAS; it was found that NCS
(natural climate solutions) played an import role in stabilize warming to below 2 ◦C by 2030,
alongside aggressive fossil fuel emissions reductions [39]. (ii) The top 10 highly cited papers
analyzed the interrelationships between land use, climate change, carbon emission and
carbon sink from different perspectives. The problem of carbon emission or sink caused by
land use changes (dryland expansion, landscape changes caused by wildfires) in arid, semi-
arid or temperate areas was worthy of attention, e.g., four of the top 10 cited papers focused
on this question [13,37,40,41]. The quantitative analysis of carbon emission or carbon sinks
has always been a research topic in the academic community, e.g., three of the top 10 cited
papers focused on this question [14,15,42]. Liu et al., (2015) suggested that overestimation
of China’s emissions in 2000–2013 may be larger than China’s estimated land carbon sink
in 2000–2009 [15]. Global carbon budget pointed that the accurate assessment of carbon
emission or sink was important to project future climate change [14,42]. Additionally, the
other three of the top 10 cited papers mainly focused on the related determinants and
carbon emission reduction measures, such as natural climate solution in the global carbon
cycle [38,39,43]. (iii) It was interesting to find that there were no highly cited scientific
papers published before 2013. This could indicate that the research on LUCES got popular
attention after 2014. (iv) The related publications were mainly from the following journals,
such as Earth System Science Data (3), Nature (2), Nature Climate Change (1), Science (1),
PNAS (1), Global Environmental Change-Human and Policy Dimensions (1) and Journal of
Advances in Modeling Earth Systems (1).

Table 3. Top 10 highly cited scientific papers in LUCES research.

No. Title First Author Journal Source Year Times

1 Accelerated dryland expansion
under climate change Huang, Jianping Nature Climate

Change 2016 1439

2

The Shared Socioeconomic
Pathways and their energy, land

use, and greenhouse gas emissions
implications: An overview

Riahi, Keywan
Global Environmental
Change-Human and
Policy Dimensions

2017 1433

3 Natural climate solutions Griscom, Bronson W. PNAS 2017 1324

4

Climate and carbon cycle changes
from 1850 to 2100 in MPI-ESM

simulations for the Coupled Model
Intercomparison Project phase 5

Giorgetta, Marco A.
Journal of Advances in

Modeling Earth
Systems

2013 1119

5 Global fire emissions estimates
during 1997–2016 van der Werf, Guido R. Earth System Science

Data 2017 1029

6
Reduced carbon emission estimates

from fossil fuel combustion and
cement production in China

Liu, Zhu Nature 2015 1022

7 Global Carbon Budget 2016 Le Quéré, Corinne Earth System Science
Data 2016 943

8
Contribution of semi-arid
ecosystems to interannual

variability of the global carbon cycle
Poulter, Benjamin Nature 2014 935

9 Global Carbon Budget 2019 Friedlingstein, Pierre Earth System Science
Data 2019 922

10
The dominant role of semi-arid

ecosystems in the trend and
variability of the land CO2 sink

Ahlstrom, Anders Science 2015 898
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3.2.2. Keyword Cluster Analysis

There were 11,450 keywords in LUCES research. Out of them, 92.95% appeared
once, twice, and three times, with 8680 (75.81%), 1202 (10.50%) and 515 (4.50%) keywords,
respectively. Only 807 keywords (9.20%) appeared more than four times. Bibliometric
analysis of keywords could represent the research frontiers, and the more frequently they
appeared, the more they could reflected the research hotspots [44]. Bibliometric analysis on
a co-occurrence network map of these most frequently occurring keywords (those which
appeared 30 times) represented the research trends and frontiers [33]. Firstly, this work
draws the keyword co-occurrence network map on LUCES research (Figure 8a). The results
demonstrate that GHG, GHG emissions, carbon emissions, climate change and carbon
sequestration were the core of different clusters. The first one (red cluster, 10) included
GHG emissions, carbon footprint, life cycle assessment, renewable energy, sustainability,
sustainable development, climate change mitigation, bioenergy, biofuels and biomass. The
second one (green cluster, eight) included China, land use, carbon cycle, CO2 emission, car-
bon emissions, deforestation, remote sensing and urbanization. The third one (blue cluster,
six) included afforestation, biodiversity, ecosystem services, carbon, carbon sequestration
and land use change. The fourth one (yellow cluster, four) included GHG, carbon dioxide,
nitrous oxide and methane. The fifth one (purple cluster, four) included climate change,
mitigation and agriculture.
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Secondly, this work also analyzed the keyword co-occurrence network map from
“NSP” on LUCES research (Figure 8b). The results demonstrated that GHG, climate change,
food security and agriculture were the core of different clusters. Cluster 1 (red, five) in-
cluded agriculture, carbon sequestration and climate mitigation. Cluster 2 (green, three)
included climate policy, agricultural intensification and GHG. Cluster 3 (blue, three) in-
cluded carbon sink, climate change and climate impacts. Cluster 4 (yellow cluster, three)
included deforestation, food security and reducing emissions from deforestation.

3.2.3. Analysis of Theme Evolution

Based on DDA v7 software, we created a keyword bubble diagram of LUCES research
which could grasp the evolution track of related hot topics, as shown in Figure 9. According
to the different time zone diagram, the LUCES research was divided into three stages: the
first one, the early stage of LUCES research (1991–2000), is shown in Figure 9 (a). The overall
number of articles at this stage was relatively small. By 2000, the annual publications in
LUCES research began to exceed 20. The clustering hotspots included land use, carbon
sequestration, deforestation, greenhouse gases, carbon dioxide, CO2 emissions, carbon,
climate change, biomass and agriculture. For instance, Swisher presented a comprehensive
methodology and analyzed the CO2 storage of forestry projects, early in 1991 [45]. During
the initial stage of research, scholars mainly focused on the evaluation of land carbon
emissions and carbon sink. The second one, the slow growth stage of LUCES research
(2001–2010), is shown in Figure 9b. It was very interesting to find that the annual number
of publications in LUCES research exceeded 200 for the first time, which was 208 in 2010.
During 2001–2010, the problems of land-based carbon source and sink from a global or
national perspective has been concerning [46,47]. On the other hand, the researchers pointed
out that biomass fuels instead of fossil energy could help reduce GHG emissions [48–50].
The clustering themes include land use, land use changes, deforestation, greenhouse gases,
greenhouse gas emissions, carbon, carbon sequestration, carbon dioxide, climate change
and biofuels. The third one, the rapid growth period of LUCES research (2011–2023), is
shown in Figure 9c. And during 2011–2023, the annual number of publications in LUCES
research showed a rapid growth. Meanwhile, it was also interesting to find that the annual
number exceeded 400 (449) for the first time in 2020. In this study period, scholars have
focused on the carbon sink from land use in different ecosystems, such as forests, grasslands,
etc. [5,51]. In the meantime, the research on land use carbon sources and sink (including
CO2 or carbon emission, carbon sink and carbon sequestration) from multiple perspectives,
such as ecosystem service value, sustainable development, as well as carbon neutrality,
have received increased attention [52–55]. Especially after 2015 and 2019, the research on
SDGs (Sustainable Development Goals) and carbon neutrality were in full swing. During
the study period (1991–2023), the clustering themes included land use change, ecosystem
services, sustainability, carbon sequestration, greenhouse gas emissions, carbon emissions,
life cycle assessment, climate change, biofuels and agriculture.

3.2.4. Research Frontier Analysis

Burst detection is helpful to understand the future research topics. The top 15 and
top 9 keywords with the strongest citation bursts were analyzed in total publications, as
well as in “NSP”, during 2001–2023 (the red line means the strongest bursts), respectively
(Figure 10a,b). It was found that in total publications, beginning during 2001–2021 and
ending during 2012–2023, the top 15 emergent words included carbon sequestration, Kyoto
protocol, land-use change, clean development mechanism, greenhouse gases, greenhouse
gas emissions, GHG emissions, life-cycle assessment and carbon markets, those emergent
words appeared in the slow growth stage (2001–2010); indirect land use change, Paris
agreement, land cover change, carbon neutrality, nature-based solutions and machine
learning appeared in the rapid growth stage (2011–2023) (Figure 10a). In addition, it was
found that in publications of “NSP”, beginning during 2009–2020 and ending during
2011–2023, the emergent words included deforestation and land use change, and only these
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two emergent words appeared in the slow growth stage (2001–2010); and food security,
carbon dioxide, sensitivity, nitrogen, model, impacts and productivity emergent words
appeared in the rapid growth stage (2011–2023) (Figure 10b).
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4. Literature Review and Discussion
4.1. Research Progress

Firstly, the related literature was sorted out from the perspective of the definition
and boundaries. From the comprehensive review, it was evident that there were different
expressions and boundaries for land-based carbon emissions or carbon sink (here we
took carbon storage or carbon sequestration and other similar concepts into the study
of carbon sink) (Figure 11). For example, land-based CO2 emissions were emitted from
agricultural land (e.g., agricultural inputs such as pesticides, fertilizers, agricultural film,
diesel, machinery, irrigation, etc.; straw burning, such as rice, wheat and other straw
burning, etc.; intestinal fermentation/fecal management, such as pigs, cattle, sheep, etc.;
livestock and poultry, wildfire, etc.) and construction land (such as human greenhouse
gas emissions of construction land which come from various productive activities and
domestic activities, e.g., energy consumption, coal, oil, gas, etc.; garbage disposal, traffic
exhaust emissions, human respiration, etc.) [8–10]. Land-based carbon sink came from
sources such as crops (rice, wheat and other crops absorb carbon through photosynthesis,
etc.; land-based carbon sink from crops varied in different regions, some of which were
seasonal, even annual), garden land, forest, pastoral grassland and other agricultural
land, etc. [11–13]. Although the above expressions were different, all of them referred to
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carbon emissions or sink generated using direct or indirect Land Use, Land-use Change
and Forestry (LULUCF). Therefore, this study considered all of the above definitions and
boundaries when formulating the retrieval formula of the research object. Reviewing the
literature, this paper analyzed the basic progress in LUCES research. The main hotspots of
LUCES research have shifted from solely considering carbon sink or carbon emissions to
considering carbon neutrality.
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Secondly, as presented above in Figure 10, it was generalized from the angle of
elevation method. From the angle of land-use carbon emissions, the mainstream evaluation
methods included IPCC’s Reference Approach (IPCC-RA, which was also known as IPCC’s
inventory method) [14,15], input-output method (IOM) [16,17], material flow analysis
(MFA) [18,19] and life cycle assessment (LCA) [20,21] (Figure 10). It could be directly
assessing carbon emissions from agricultural and construction land using IPCC-RA [14].
Liu et al., (2015) referred to IPCC-RA to evaluate China’s carbon emissions, which indicated
that the estimates of carbon emissions remain subject to large uncertainty [15]. The IOM
was mainly applied to evaluate implied carbon emissions from macro statistics data or
micro survey data in various countries and regions. Morán et al., (2007) developed an IOM
to analyze carbon emissions from land transport, which could consider the production
linkages and final demand between sectors and structure [16]. MFA research was based
on “metabolism” research, which accounted for mass conservation as the accounting
principle. [56]. Aryapratama et al., (2022) quantified wood product emissions by using
MFA in Indonesia [19]. LCA, which is a systematic impact assessment tool, was widely
used in carbon emissions calculation from the whole life cycle process of land-related
industries [20]. Wu et al., (2013) evaluated GHG emissions during manure management
system using LCA; it was pointed out that biochar and gasification of feedlot manure was
a promising technique to reduce GHG emissions [20].

From the perspective of land use carbon sink, the mainstream evaluation methods
included IPCC-RA [57,58], atmospheric inversions [22,23], terrestrial carbon model [24,25]
and covariance measurement system [26,27]. For example, the main advantages of IPCC-
RA are that it is simple, easy to understand and operate, and is widely used in global,
national, city-level or other macro level calculations [57]. Meng et al., (2023) analyzed
the spatio-temporal evolution characteristic of land carbon emissions using IPCC-RA [58].
Piao et al., (2018) analyzed the net land carbon sink by using atmospheric inversions and
terrestrial carbon models, which helped to understand the trends of land carbon sink [23].
Potter et al., (2007) used an ecosystem carbon model to generate national maps of annual
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net primary production over the entire USA [24]. Berger et al., (2019) measured CO2 fluxes
of contrasting savannas in semi-arid West Africa with eddy covariance towers [27]. It was
found that the integration of multiple evaluated methods and the synthesis of multiple
observation data were helpful to accurately evaluate land-based carbon sink [22–26].

Thirdly, it was discussed from the point of the related influence factors on LUCES
research. From the angle of view in land use carbon emission, previous studies have
analyzed the impacts from the demographic, economic, social, technological, policy and
natural factors [59,60]. For instance, on a time scale, based on the theoretical basis of IPAT
(impact, population, affluence, technology) [61] or KAYA [62], scholars further extended it
to STIRPAT (stochastic impacts by regression on population, affluence and technology) [63],
LMDI (logarithmic mean index method) [58] and other models [64,65], as well as mainly
discussing the anthropogenic impacts (economic, social and demographic factors) on land
use carbon emission [66]. From the spatial scale, scholars analyzed the spatial heterogeneity
of the impact factors of land use carbon emission by using GWR (geographically weighted
regression) [67,68], MGWR (multi-scale geographically weighted regression) [69,70] and
spatial econometric models [71], etc. For example, Kang et al., (2023) pointed that con-
struction land expansion did not monotonously increase carbon emissions, but it possibly
changed with geographic location; the results described relationships between land use, car-
bon emissions and urban morphology, which enhanced our knowledge on this relationship
and gave the scientific basis for policy-making [68]. Additionally, with the development
of big data, some scholars have adopted machine learning methods for quantitatively
analyzing the impact mechanism on land use carbon emission [55]. Overall, the research on
the impact mechanism of carbon emissions was relatively early and the analytical methods
were more mature, which provides important references for the study of relevant research
on land use carbon emission.

From the perspective of land-used carbon sink, previous studies have analyzed the
influencing factors, such as population, economic, technological, meteorology, climate
change, ecosystem etc., combining them to the remote sensing data [54,72]. For example,
based on the IPAT model, Marques et al., (2018) found that growth of population, as
well as economic factors, have a great impact on land use carbon sequestration [54]. Liu
et al., (2018) simulated carbon dynamics for different land use change scenarios using the
CENTURY model, and reasonably evaluated the impact of land use intervention on carbon
sequestration [55]. And some scholars have also constructed structural equation models to
analyze the related impact factors, for example, the anthropogenic and climatic changes on
potential carbon sequestration [73,74]. In general, scientific research has begun to focus on
the converting of land use carbon sink into carbon sources. The existing studies mainly
analyze the impact mechanism of land use sink by using remote sensing and modeling,
which provided a theoretical basis for effectively identifying factors, aiming to reduce the
conversion of land carbon sink into carbon sources [75,76].

4.2. Future Perspectives

Firstly, a scientific issue is to consider the systematic quantification of land-based
carbon emission and sink from the perspective of carbon neutrality. During the research
period from 1991 to 2013, multiple studies have shown that there were large uncertainties
in the calculation of LUCES based on different methods. For instance, Wang 2022) pro-
posed that there was an overestimation of land use carbon sink due to data processing
uncertainties in Tibetan Plateau [77]. There was a great uncertainty in natural carbon sink
due to the changes in anthropogenic environment (including climate), and future carbon
sink potential would be less than the expected; the related viewpoints came from “10 new
insights in climate science 2023/2024” [78]. Scholars proposed that there was uncertainty
in estimating carbon emissions or sink-related land use. The reasons included: external
factors’ influence (weather, climate, CO2 fertilization effect, etc.), data issues (imprecise
data on land use carbon emission or sink) and method application [79,80]. Especially, the
evaluation standards and calculation methods of different regions were not consistent,
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which could easily lead to errors when comparing them [81,82]. In view of the current
research status of LUCES, it was urgent to pay attention to the scientific definition of the
measurement boundary for both carbon source and sink (including carbon and non-carbon
GHG emissions, such as CH4 and N2O) in the future from the system point of view, such
as life cycle. Hence, future research could integrate multiple methods to improve the
monitoring systems of land-based carbon emission and sink.

Accurate estimation of carbon emissions and sink are crucial for achieving global
carbon neutrality [28]. The USA and EU have released relevant national strategies aiming
to strengthen local GHG measurement and monitoring capabilities, to improve data on
quantification of GHG emission sources and sink and to provide more comprehensive,
detailed and timely data [83,84]. Based on the above research methods, scholars evaluated
land use carbon emission or sink solely from the perspective of carbon sources or sink.
Under the carbon neutrality framework, the scientific problems of how to integrate sources
and sink, and evaluating them from macro and micro, from single factor to multi-factor
need to be resolved. It is necessary to combine the above LUCES assessments to effectively
measure land-based neutrality and provide data support to address low-carbon develop-
ment at different levels. Hybrid models of land use carbon emission or sink were urgently
needed to address local climate change governance.

Secondly, quantitative analysis on the impact factors of land-based carbon emission
or sink was another scientific issue. Recent research has analyzed the influencing factors,
differences, comparisons and mitigation policies regarding LUCES to understand its rela-
tionship to nature, resources, environment, society and technology [33,36]. Marvin et al.,
(2023) found that the implementation of nature-based climate solutions, such as forests,
would contribute 85% of the carbon emission reductions [29]. Climate change had two
types of impacts on land use change and carbon emissions. Direct impacts were due to
change in climate and carbon fertilization, and indirect impacts were due to change in
several land use and land management policies to address the climate change impact, such
as promotion of climate smart agriculture [85], zero tillage [86] and the replacement of
agrochemicals by biochar [87]. Therefore, further research should be comprehensive and
cover all direct and indirect aspects to give a complete picture for policy formulations.
Most of the existing studies have adopted qualitative analysis on the impact mechanism
of LUCES, while the quantitative evaluation was relatively lacking. Zhang et al., (2022)
proposed that carbon transfer from the land–ocean continuum was a key component of the
carbon cycle, while its response to global change lacked quantification [88]. Ruehr et al.,
(2023) pointed out that understanding the driving processes of carbon sink was critical for
the conservation, management and planning of ecosystem services, and suggested that it
was necessary to quantify the intensity and driving factors of terrestrial carbon sink [89].
The existing research on the mechanism of carbon emission impact provides a scientific
research for quantitative evaluation of carbon emission impact from the perspective of land
use. However, due to the lack of micro-scale data availability, the effect and mechanism
of multi-scale heterogeneity on LUCES needed to be further analyzed [33,64]. Hence, the
scientific problem of LUCES mechanism quantification analysis based on the perspective
of multi-scale space-time fusion need to be further improved. It will help to identify the
influencing factors and provide theoretical supports for the scientific formulation of rea-
sonable differentiated carbon neutrality policies, and focus on their synergistic effects of
pollution and carbon reduction [89].

Thirdly, interdisciplinary research and collaborative governance were potential solu-
tions for achieving land use carbon neutrality. Based on recent published articles, research
frontiers were summarized into three aspects. The first one was the correlation and impact
between ecosystem services and LUCES, and has become a research hotspot in multidisci-
plinary fields. For example, scholars used the InVEST (Integrated Valuation of Ecosystem
Services and Trade-offs), PLUS (Patch-generating Land Use Simulation) model or others to
quantify land use carbon stock of the past, present and future [60]. The second one was the
relationship and mutual influence between extreme climate and LUCES. For instance, Van
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Der Woude et al., (2022) found that temperature extremes in 2022 reduced carbon absorp-
tion in European forests [90]; Bennett pointed out that extreme EI Niño has temporarily
caused tropical forests in South America to lose their carbon sink capacity [91]. Protecting
forests (e.g., preventing wildfires, reducing deforestation) was one of the defenses against
climate change. The third one was that, under the vision of carbon neutrality, land carbon
management needs to be researched urgently [30,31,92]. Gatti et al. suggested that the
inadequate implementation of environmental policies led to an increase in carbon emissions
from the Amazon rainforest [30]. Winkler et al. pointed out that land use changes led to
a decrease of land carbon sink in Eastern Europe [31] and an increase in Australia [93,94].
Future research needs to solve the problem of land use emission reduction and sink increase
from a systematic perspective.

Finally, the present work performed a bibliometric analysis and review on LUCES
research. The characteristics and hotspots of LUCES research were analyzed, which could
lead to new research frontiers. Meanwhile, this work also had some limitations which
could be improved in the future. For example, the data source for this article was the
WoS platform; future work could consider other data platforms, such as CNKI or Scopus.
Meanwhile, the overall research development trend of LUCES was considered in the
research review, and some details may inevitably be missed. In addition, according to the
literature review, the four scientific issues discussed above are likely to be hot topics for
future research. Subsequent studies will further track the relevant literature, and meta-
analysis can be used for more detailed analysis of each point. Nevertheless, in general, this
research can help readers understand and grasp the overall research on LUCES.

5. Conclusions

At present, LUCES research has received increased attention in the scientific com-
munity. By conducting a bibliometric analysis and review on LUCES research, this work
provides a comprehensive macro understanding of this research area.

First of all, we found that recent LUCES research has a rapid and active growing trend,
which was highly consistent with international and national action on climate change
and carbon emission reduction policy developments. For example, especially after 2019
(many countries’ proposed date to achieve the goal of carbon neutralization), the related
publications (during 2020–2023) in LUCES research increased significantly in terms of
country or institutional distribution, which were mainly performed by the USA, China,
and the UK. The USA dominated this research field in the early stage, and China gradually
dominated this research field in the later stage. In addition, based on the total number
of published articles, the top journals were Journal of Cleaner Production, Sustainability,
Environmental Research Letters, Science of The Total Environment and Land. It was found
that science and technology—other topics, meteorology and atmospheric sciences, geology,
environmental sciences and ecology were common research disciplines.

Secondly, according to the analysis of top 10 highly cited papers, the hot topics mainly
focused on the accelerated dryland expansion, land use, GHG emissions, climate and
carbon cycle, global fire emissions, global carbon budget and CO2 sink. The keyword cluster
analysis in LUCES research revealed that the main topics were concentrated around climate
change, carbon sequestration, land use and GHG emission, as well as reducing emissions
from deforestation. From the analysis of theme evolution, the clustering themes included
land use change, ecosystem services, sustainability, carbon sequestration, greenhouse gas
emissions, carbon emissions, life cycle assessment, climate change, biofuels and agriculture.
Based on the research frontier analysis, food security, carbon dioxide, sensitivity, nitrogen,
model, impacts and productivity were the emergent words in the rapid growth stage
(2011–2023).

Thirdly, this work briefly describes the research progress and future perspectives of
LUCES research, which could help to give a comprehensive macro understanding. On the
one hand, this work sorted out the definition and boundary of LUCES, generalized the
related evaluation methods, and discussed from the point of view of the related influence
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factors. On the other hand, this work discussed three key scientific issues: the systematic
quantification of land-based carbon emissions and sink, quantitative analysis of the impact
mechanism, and interdisciplinary research and collaborative governance as potential areas
to intervene in achieving land use carbon neutrality.
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