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Abstract: Improving the carbon storage in terrestrial ecosystems can effectively reduce atmospheric
CO;, which is one of the important ways of mitigating global climate change. The knowledge on
terrestrial carbon stock research is relatively mature in the international community; however, the
research pulse, hotspots, and trends in terrestrial ecosystems carbon stock research are not clear.
To better understand the research focus and developmental directions of terrestrial ecosystems’
carbon storage, we conducted a bibliometric analysis of 6305 research articles between 2002 and
2022, which were gathered from the Web of Science Core Database. The temporal distribution,
country/region distribution, co-citation network, keyword evolution and clustering, journals, and
authors of the literature were analyzed, and the knowledge domain was mapped using the CiteSpace
visualization software. This study established the following three observations: (1) The number of
publications on carbon stock research in terrestrial ecosystems continues to expand, and the trend
in the number of publications proves that carbon sinks in terrestrial systems remain an important
research topic internationally. (2) Important issues concerning terrestrial ecosystem carbon stock
research have evolved from monitoring the carbon stock changes in terrestrial ecosystems to the
mechanism of carbon stock formation for the realization of monitoring and management under global
climate change. Furthermore, the research methodology has evolved from small-scale, fixed-point
instrumental observations to large-scale remote sensing and model simulations, with diversifications
in research content and methodology. (3) In the future, academic research on carbon stocks in
terrestrial ecosystems will focus more on international and interdisciplinary cooperations, increasing
the intensity in surveying and monitoring carbon stocks in terrestrial ecosystems, and realizing the
accurate monitoring, assessment, management, and enhancement of carbon stocks from the integrated
carbon stock computation system for “sky, air, and land.” The results of this study comprehensively
demonstrate the current status and development of the research on carbon stocks in terrestrial
ecosystems worldwide, and provide a reference for future research on the sustainable management
of terrestrial ecosystems within the context of global warming.
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1. Introduction

Carbon cycling in terrestrial ecosystems affects the stability of the global carbon cycle.
As one of the most important carbon reservoirs worldwide, terrestrial ecosystems regulate
regional climates by releasing and absorbing greenhouse gases such as CO; and N,O,
playing an irreplaceable role in the survival and development of organisms [1]. An in-
depth exploration of the carbon stocks in forest ecosystems and the mechanisms affecting
them will help to provide theoretical and practical support for responses to climate change
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and the sustainable use and management of forest resources. Increasing the carbon storage
in terrestrial ecosystems can effectively reduce atmospheric CO,, which is one of the
important ways of mitigating global climate change [2-5].

Since the signing of the Kyoto Protocol in 1997, there has been a focus on forests and
an interest in planting trees to fix carbon [6]. Between the years of 1900 and 2020, the
atmospheric CO, concentration increased from 285 to 414 ppmv, while the global average
temperature increased by 1.09 °C [7]. To mitigate the global warming caused by the increase
in greenhouse gas concentration, the international community has formulated policy mea-
sures such as the United Nations Framework Convention on Climate Change (1992) and the
Paris Agreement (2015), among others. Especially in recent years, as a major global action
towards carbon emission reduction, the world’s major economies successively announced
their “double carbon” (carbon peak and carbon neutral) autonomous emission reduction
targets [8]. In September 2020, President Xi Jinping announced at the 75th session of the UN
General Assembly that “China will strive to peak its carbon dioxide emissions by 2030, and
strive to achieve carbon neutrality by 2060” [9,10] (referred to as the “dual-carbon” goal),
incorporating it into the overall construction plan for China’s ecological civilization [11]. In
the global terrestrial ecosystem, forests provide a strong carbon sink function and poten-
tial to increase their carbon sinks compared to other ecosystem types such as grasslands,
wetlands, and farmlands [12]. By effectively enhancing the carbon sequestration capacity
in global forest ecosystems, the CO; released from fossil fuel combustion can be offset,
slowing the process of global warming [13,14], and is therefore considered to be one of the
most economical, safe, and effective ways of achieving the goal of “double carbon [15].”
For this reason, forest carbon sinks have been an important topic in global academic
and political circles since 1990, and the literature in this field has been increasing, along
with a deepening and expanding content and scope of research. This research involves
forest carbon stocks: their estimation methods, patterns and their influencing factors,
formation and maintenance mechanisms, function enhancement pathways, and carbon
sink management methodologies.

The research scale ranges from the sample plot scale, community scale, and regional
scale to the global scale [16-19]. The research methodology has evolved from single-site
monitoring to the establishment of multiscale and comprehensive ecosystem monitor-
ing networks, ecological parameters and big data observations, and algorithms for high-
precision remote sensing modeling [20,21]. The research results provide a basis for accurate
assessments of forest ecosystem carbon stocks, and a theoretical reference for a steady
and sustainable improvement in the forest carbon sink function under the goal of “dou-
ble carbon.” In the context of upgrading forest carbon stock measurement techniques and
improving assessment methods, research concerning the carbon storage in terrestrial ecosys-
tems has also increased rapidly and become crucial in the field of ecological environment
under the influence of global warming. Owing to the wide range of disciplines and research
scopes involved in this field, however, existing research concerning the pulse, hotspot, and
trend of forest carbon stocks is unclear [22], and it is difficult to grasp the research direction
in this field as a whole. This leads to the current research analysis presented in this report.

Within the development of modern information technology, knowledge mapping is
an emerging field that can visualize intricate knowledge systems, understand the structural
characteristics of each field, classify the rich knowledge network formed by the expansion
of contemporary knowledge, and then predict the latest developing trends in the scientific
and technological knowledge frontier [23]. Based on this framework, our study clarifies
the structure and development in the fields of ecology, environmental science, and forestry
by visualizing a bibliometric analysis, and envisions the research foundations, frontiers,
and activity in this field through an objective summary and evaluation of the research
background, key topics, and knowledge structure evolution, among others. With a clearer
understanding of the knowledge structure and evolutionary trend of this thematic topic,
our results provide a sound scientific reference for future research on the carbon storage in
terrestrial ecosystems.
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2. Data Sources and Research Methods

To ensure the relevance of the selected literature, data were extracted from the in-
ternationally recognized authoritative database, Web of Science (WoS) Core Collection.
This publication database contains a wide range of research in the fields of engineering,
science, management, social sciences, and humanities. WoS was used as a source database
for analysis in the early developmental phase of the CiteSpace software, and has since
been widely used in many influential review papers [24-26]. We applied the following
search criteria: Keywords: ecosystem AND carbon storage OR carbon stock; Language:
English; Literature type: Article. The search topics were soil science, forestry, environ-
mental science, and climate change. To ensure the recall rate and quality of the articles,
we adopted topic-specific retrieval. The logical operator “AND” was used to associate
ecosystem with carbon storage, while the logical operator “OR” was used to associate
different expressions of the same concept. To consider only appropriate and representative
articles, we manually screened each article from the search results stepwise by reading
the title, abstract, keywords, and other related contents, and then deleted the literature
that deviated from the topic and discipline (e.g., the abstract mentioned carbon but the
content did not focus on carbon storage). Considering the rapid development in this field,
ensuring that the viewpoints of the reports were close to the current research status and
the results had not been overturned, and further avoiding inaccurate analyses caused by
the excessive number of articles, the year of the initial search was set as 2002. A total of
6,305 articles were obtained from the published literature (retrieval dates 2002-2022) by
manually screening the titles and abstracts, and eliminating the literature not related to the
field of terrestrial carbon stock research (Figure 1).

Academic databases:
Web of Science core collection Database

Determination of exclusion criteria:

Filtered by Title & Abstract & Full Text (n= 6305)

Bibliometric analysis

Analysis
ecosystem carbon stock
Number of articles  #)> General trends ecosystem carbon storage
Key words frequency Publication time: 2002-2022
yand clustering Language: English
Hotspots analysis
Clustering themes
Country cooperation
Dominant institutions F Co-authorship
Marked journals analysis

Figure 1. The research framework and procedures of the bibliometric analysis used in this research.

In our research, the CiteSpace 6.2.R2 (https:/ /citespace.podia.com/citespace-standard,
accessed on 9 May 2023) and Origin 2019b (https://www.originlab.com/2019b, accessed
on 24 August 2023) software were applied to analyze the current research status of the
carbon storage in terrestrial ecosystems, and to identify the hotspots and trends in this
topic through keyword frequency, keyword clustering, and research co-citations. CiteSpace
also analyzed the overall research dynamics and cooperative relationships among the main
research countries, institutions, journals, and authors. Compared to other bibliometrics
software, the advantage of CiteSpace is that it visualizes the citation relationships among
documents in the form of citation networks, enabling a more intuitive understanding of
a field’s knowledge structure and evolutionary trends. Secondly, CiteSpace can analyze
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evolutionary paths and research themes, revealing dynamic changes in research fields. In
addition, it provides a network analysis function to show the collaborative relationships
among authors or structures, helping users to understand composition and collaboration
patterns for research teams or academic circles. Most importantly, CiteSpace helps users
to discover research trends, important areas, and research hotspots from a large amount
of studies through exploratory discoveries and insights. Lastly, the Origin 2019b software
(OriginLab Corporation, Northampton, MA, USA) was used to create graphs and charts to
easily visualize the data obtained from WoS and CiteSpace.

3. Results and Discussion
3.1. Publication Trend Analysis

Over time, the number of articles reveals the developmental trends and publishing
rate in a research field. Internationally, the number of publications on the carbon storage
in terrestrial ecosystems has been growing rapidly overall (Figure 2), but the number of
documents published in 2022 was lower than the growth trend. We have two hypotheses:
the first is that scientific research has been constrained by funding and resources, possibly
due to the impact of the global pandemic, which has led to a reduction in the capacity
and opportunities for researchers to conduct research in the field. The second is that the
growth rate for further research may slow when a field is already relatively saturated
and the main core questions have already been answered. In addition, the resolution
of some key questions may require more time and in-depth research, which may also
contribute to the recent decline in the number of publications. We believe that this may
have been affected by the global pandemic. From 2002 to 2007, the number of published
documents steadily increased yearly, making a large contribution to the foundation of
technical terms and later research directions. The content mainly focused on the estimation
and comparative study of carbon storage macroconcepts within a local scope. Since
2008, the number of publications has shown rapid growth. The research content has been
further innovated and developed through convenient, efficient, and novel research methods
that can be applied at larger scales. Additionally, research fields have gradually become
more refined, exhibiting closer interactions with disciplines such as geography, remote
sensing, microbiology, biogeochemistry, and atmospheric sciences. This interdisciplinary
collaboration magnifies the overall understanding within the field and enhances the search
for solutions through cooperative research projects, data sharing and integration, joint
publications and conferences, and education and training.
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Figure 2. Articles published between 2002 and 2022 on carbon storage in terrestrial ecosystems.

The H-index is one of the most conveniently used indicators for evaluating the aca-
demic influence of a group or individual [27]. Figure 2 shows, contrary to the number of
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publications, that the average citation rate of articles and the expansion in research have
been decreasing since the peak of the citation rate in 2011, but the number of publications
during the same period has been increasing. This may indicate that, as the number of
articles published increases, researchers have more reference articles to choose from, and
older articles are gradually replaced by a few newer review articles. It may also indicate
that, as the number of publications continues to grow, ecology has gradually become more
intertwined with other subject areas, resulting in a gradual dispersal of citations to other
disciplines and thus a lower citation rate for articles within the field.

3.2. Research Hotspots and Trends

Keywords provide important information on research trends and frontiers, revealing
the direction of a research field [28]. A map showing keyword time zones allows for
visualizing the frequency of keyword usage and trends in different time periods. In their
temporal evolution, several popular keywords underwent changes during the research
period (Figure 3). The implications of these keywords throughout time primarily include
the evolution of research themes, which can reflect changes in academic interest and focus
in particular research areas, and secondly, by identifying the keywords that have appeared
frequently in the recent past, we can track the current themes that have received widespread
attention and keep abreast of the latest developments in academia, along with speculations
on possible future research trends and directions.
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Figure 3. The time zone evolution map of important keywords in the terrestrial ecosystem carbon
storage research.

In the CiteSpace software, “climate change” was the keyword phrase with the highest
frequency of occurrence, appearing 1259 times in total. Climate change is a fundamental
research foundation for terrestrial ecosystem carbon storage [29]. Under the trend of global
warming, increasing carbon storage has become one of the key strategies for mitigating
climate change. Therefore, in the study of terrestrial ecosystem carbon storage, “climate

v

change” is directly related to “carbon sequencing”, “ecosystem”, “forest”, and other key-
words, gradually evolving into “international variability”, “temperature sensitivity”, and
“tree mortality”, indicating that quantifying interannual changes in temperature and vege-
tation sensitivity and adaptability to temperature under the influence of climate change
are the main themes that have been expanded. Within this theme, researchers generally

need a variety of methods, such as meteorological data and model simulations, to assess
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the changes in vegetation cover and the associated changes in the carbon cycle and carbon
stocks. These studies can provide a scientific basis for understanding the mechanisms by
which vegetation responds to climate change, predicting the future trends in carbon stocks,
and developing adaptation strategies. From the keyword time zone map, we found that
keywords related to urbanization appeared in every phase, starting from the 2014-2016
phase, indicating that balancing the urbanization process and maximizing the ecosystem’s
carbon storage capacity have gradually become some of the more important themes.

Figure 3 shows that research concerning the carbon storage in terrestrial ecosystems
has steadily changed from the macro- to the micro-scale, and involves multidisciplinary
research. Research has gradually focused more on the impact of human activities (such
as land use changes and urbanization, etc.) related to the carbon cycle of ecosystems,
predicted the impacts of climate change, and explored effective adaptation and mitigation
measures. Through continuous innovation in research methods, advanced technologies
such as remote sensing, model simulation, and molecular ecology can be used to discover
the hidden characteristics of ecosystem carbon stocks and improve the accuracy and ease
of ecosystem carbon stock measurements.

Keyword clustering can divide the research directions and topics within a research
field. Figure 4 indicates that the key research topics on terrestrial ecosystem carbon storage
were mainly focused on the following 19 aspects: 0—carbon dioxide, 1—eddy covari-
ance, 2—carbon storage, 3—soil response, 4—temperature sensitivity, 5—grazing exclu-
sion, 6—soil organic carbon, 7—InVEST model, 8—soil carbon, 9—ecosystem services,
10—carbon stocks, 11—tropical forest, 12—net primary productivity, 13—elevated CO,,
14—carbon sequestration, 15—carbon budget, 16—synergies, 17—organic carbon, and
18—Loess Plateau.
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Figure 4. Keyword clustering map of terrestrial ecosystem carbon storage research.

3.3. Research Areas and Current Status of Carbon Stocks in Terrestrial Ecosystems

Figure 5 summarizes the cited relevant literature and generates a timeline visualization
of the literature co-citation clustering. Research co-citation clustering can reveal the basic
knowledge and important research topics in a research field to a certain extent, which is
a collection of academic works cited by academic groups in the same field, and different
research contents may be dispersed from the common research themes. The nodes in
the cluster represent highly co-cited articles. The red nodes represent papers that were
cited suddenly, i.e., papers with the highest change in citation frequency during a certain
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time period. These constitute core papers with significant influence and visibility within
the entire co-citation network [30]. Eight important clustering themes among them were
obtained; the color of each cluster is shown to change with time. Thus, we classified these
eight clustering themes into three research phases: early, midterm, and recent.

#0 aboveground biomass

#1 forest carbon dynamics

#2 atmospheric ¢02 enrichment
#3 soil respiration

#4 soil carbon

#5 permafrost thaw

#6 ecosystem service

#7 planting initiative

#8 mapping ecosystem service

Figure 5. A timeline visualization of the co-cited literature in research field of terrestrial ecosystem
carbon stocks.

3.3.1. Early Basic Clusters

The early development cluster is the research hotspot from 1997 to 2016 in the field of
the carbon stocks in terrestrial ecosystems, including 2—atmospheric CO, enrichment and
3—soil respiration, which includes a total of 277 citations in this phase. The main research
in this early stage was on developing a system for carbon sink and source assessment meth-
ods [31,32]. In this phase, the uncertainty of the carbon exchange between the atmosphere
and land with long-term climate change was determined through eddy correlation [33],
carbon balance modeling [34], and soil respiration monitoring [35], focusing on carbon
exchange patterns and the mechanisms of global and regional forest ecosystems [36], and
clarifying that the evolution of forest carbon sinks is largely a result of land use changes
over time and a response to environmental changes [37-39]. Eddy correlation was the
method most widely used in this stage [40]. This method can provide real-time gas flux
data and capture the changes in the gas exchange between ecosystems and the atmosphere
on short time scales [37], but with the disadvantage that there may be certain measurement
errors in practical applications due to the influence of micro-meteorological conditions and
instruments, together with other factors. While the carbon balance model has the advantage
that regional statistical correlation can be modeled based on empirical relationships and
measured data, the feedback effect from forest ecosystems on global climate change has not
been addressed [41]. Additionally, the carbon balance model is static and therefore limited
in its application [42]. Future research will be focused on understanding the response
mechanisms and adaptation strategies of ecosystems based on the model’s limitations, in-
cluding the study of the carbon stocks and gas exchange changes in ecosystems of different
vegetation types and in different geographic regions [43], and on further improving the
ecosystem model to more accurately describe and predict the carbon cycle and carbon stock
changes in ecosystems [44].

3.3.2. Midterm Development Clusters

The clusters developed during the midterm period, from 2004 to 2018, are the research
hotspots in the field of the carbon stocks in terrestrial ecosystems, including 1—forest
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carbon dynamics, 5—permafrost thaw, and 8—mapping ecosystem service, which include
a total of 311 citations in this phase. The midterm phase focused on the drivers of carbon
stocks and impact assessments among different ecosystems. This stage mainly explored
the scale and distribution of carbon storage and its drivers in different ecosystems through
remote sensing technology, the sample inventory method, and ecosystem modeling [45-47].
Remote sensing technology can estimate the carbon stock sin forest ecosystems and the
effect of land use changes on carbon stocks over large areas, and demonstrated gradual
improvements in its spatial, temporal, and spectral resolution. There are, however, large
errors in its estimations [48]. The sample inventory method can express data realistically
and accurately, but the number of sample points and its coverage limit this method. Lastly,
ecosystem modeling, which allows for simulation and prediction under different scenarios
and conditions, has some uncertainty in parameter estimation due to ecosystem complexity
and unpredictability [49].

Currently, the evaluation of the carbon sequestration effect is not yet based on an
unified system. Various aspects concerning the evaluation of the carbon sequestration effect
may develop in the future [50], but this will require the emergence of more perspectives
and models. Further, continuous improvement in the measured data on the basic physical
and chemical properties of global forests and understory soils will be necessary, so as
to create a more complete and systematic database related to the estimation of carbon
stocks [51-53]. More long-term and dynamic carbon density data will need to be obtained
to reduce the uncertainty in static carbon density values and improve the accuracy of
carbon stock estimations [45].

3.3.3. Recent Persistent Clusters

The recent persistent clusters are the research hotspots from 2007 to 2023, including
0—aboveground biomass, 4—soil carbon, 6—ecosystem service, and 7—planting initiative,
which, together, include 436 citations. In this recent phase, the research content and scale
have been gradually enriched, and the main research has focused on how to realize the
stabilization and sustainable growth of carbon stocks through different measures [54]. The
main research direction is to put theory into practice through remote sensing technology,
sample plot investigations, and socioeconomic assessments, all of which will establish
the accurate monitoring and management of carbon sinks at the global scale [55-57]. For
large-scale carbon stock simulations and predictions, management, and control, the so-
cioeconomic impacts of forest ecosystems on the provision of ecosystem services may also
be increasingly involved in the future [58,59]. This includes assessing the contribution of
forest ecosystem carbon stocks to human well-being, as well as studying the patterns and
mechanisms of the sustainable use of forest resources, by assessing the effects of forest frag-
mentation on biodiversity, ecological processes, and functions [60,61]. Additionally, greater
engagement with the disciplines of economics, finance, and management may be needed
to more effectively control forest ecosystems, which could occur through the perspectives
of budgetary forecasting, governmental management, and policy enactment [62-65].

3.4. Country Cooperation Network Analysis

To a certain extent, the number of publications produced by various countries reflects
their national influence and importance in this field, as research papers often represent the
collaborative work of multiple authors and institutions from different geographical regions.
In the CiteSpace software, centrality indicates that an institution is the central node, and
the higher the centrality, the more important and influential its research. It can be seen
from Figure 6 and Table 1 that, for research concerning the carbon storage in terrestrial
ecosystems, the United States has the largest number of papers (2129) and was also the
first country to study this field, with a H-index of 141. Both indicators are far higher than
those of other countries, indicating that the United States has contributed the most to this
research field. Next is China (1740), which has experienced a rapid increase in its number of
publications in this field during recent years, becoming the country with the field’s fastest
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development rate. China’s centrality is 0.01, however, which means that China has fewer
cooperative relationships with other countries in this research field. Moreover, China’s
research on the carbon stocks in terrestrial ecosystems started late and is lagging behind.
Figure 6 shows the co-operation between the top 20 countries in terms of the number
of papers published, from which it can be seen that the United States and China are the
countries that co-operate with each other the most. In contrast, the United Kingdom has
the highest centrality, indicating its significant influence in this field. The implication of
this is that there are frequent and significant collaborative relationships between the United
Kingdom and other countries in this area of research, which can be explained by the fact
that the United Kingdom has a wide range of partners in terrestrial ecosystem carbon stock
research and actively promotes cooperation and the exchange of knowledge internationally.
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Figure 6. Co-operation between the top 20 countries concerning the research on carbon storage in

terrestrial ecosystems.

Table 1. Top 10 countries on the number of published papers and their main research directions.

Country Publications Centrality H-Index
USA 2129 0.08 141
China 1740 0.01 84
Germany 607 0.07 77
Canada 523 0.02 66
United Kingdom 432 0.12 75
Australia 384 0.10 59
France 305 0.09 62
Spain 273 0.08 47
Brazil 259 0.01 51
Sweden 254 0.10 54

3.5. Marked Journals

Journals are the carriers of research achievements and the main sources of scientific
exchange [66]. We analyzed the top ten journals in the field of terrestrial ecosystem carbon
storage research and report the number of papers published, the country to which they
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belong, and the number of citations. Among the 6305 publications identified, 2319 were
contributed by the top ten journals, accounting for 36.8% of the total number of published
articles, indicating that the articles on the carbon storage in terrestrial ecosystems are mainly
concentrated in a few journals. This may lead to a possible tendency for researchers to
submit their findings to journals that have a strong reputation and influence in the field,
leading to a bias that makes research within the same field more focused on a particular
viewpoint, methodology, or theoretical framework. This would be at the expense of other
potential research directions and perspectives. Among the top ten journals in terms of the
number of published articles on terrestrial ecosystem carbon storage, four journals were
established in the Netherlands. This means that the Netherlands plays an important role in
facilitating cooperation and exchange among scholars from various countries and regions,
and has a long-standing commitment to the publication of relevant research in this field. As
shown in Table 2, Forest Ecology and Management, Forests, Global Change Biology, Agriculture
Ecosystems Environment, Journal of Geophysical Research Biogeosciences, and Biogeosciences are
the six journals with the largest publication volume.

Table 2. Top 10 journals ranked according to the number of publications on carbon storage in
terrestrial ecosystems.

Journal Country Publications Co-Citation Count  Impact Factor
Forest Ecology and Management Netherlands 490 16,877 3.7
Forests Switzerland 252 2160 2.9
Global Change Biology United Kingdom 249 24,744 11.6
Agriculture Ecosystems Environment Netherlands 213 9733 6.6
Journal of Geophysical Research Biogeosciences ~ USA 204 5155 3.7
Biogeosciences Germany 203 8432 49
Science of the Total Environment Netherlands 191 4957 9.8
Ecological Indicators Netherlands 184 4794 6.9
Ecosystems USA 178 7818 3.7
Environmental Research Letters United Kingdom 155 3250 6.7

Trends in journals reflect changes in the level of scholarly interest in different topics
and fields. Research hotspots and the importance of some subject areas change over
time, and when particular topics or fields become the focus of scholarly attention, these
journals are likely to attract more manuscript submissions, which can lead to rapid growth
in their publication volume. The top five journals with the largest numbers of articles
on the carbon storage in terrestrial ecosystems showed different development trends
(Figure 7). In the early development stage (2002-2011), focused on the carbon storage
in terrestrial ecosystems, Forest Ecology and Management and Global Change Biology were
among the journals experiencing rapid development, which coincided with the stage when
“climate change”, “forest”, “ecosystem”, and “management” became popular keywords.
The evolution of these keywords indicates the deepening and expanding research on the
carbon stocks in terrestrial ecosystems, from simple descriptions and measurements to
more complex mechanisms and modeling. Forest Ecology and Management is the journal
with the most research achievements; Forests is one of the relatively young potential stock
journals. Although the journal was established relatively late, it showed a rapid trend
in growth and ranked second in terms of publication volume among the major journals;
nevertheless, the journal’s impact factor was low. In contrast, the ranking of co-citations and
impact factor (excluding self-citations) in Global Change Biology were the highest, indicating
that the journal has a strong influence and high reference value.

3.6. Competitive Authors

The top 10 authors with the largest numbers of articles in this field on WoS are listed in
Table 3. These authors are the most professionally active in the field of terrestrial ecosystem
carbon storage. However, in the articles produced by these researchers, we did not take
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into account the author order, which means that, as long as the name appeared in the
author column, then we calculated the authors’ H-index relative to the number of articles
published by the authors listed in the table. The H-index accounts more comprehensively
for the number of publications and citation frequency of an author’s articles, and a high
H-index reflects a researcher’s influence and visibility in the academic community.
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Figure 7. Temporal trends in the top five research journals on terrestrial ecosystem carbon stocks.

Table 3. Top 10 authors based on publications in the field of terrestrial ecosystem carbon stocks
during 2002-2022.

Author Institution Country Publications H-Index
Ciais, Philippe Centre National de la Recherché Scientifique France 39 24
Luo, Yiqi Cornell University USA 36 18
Kurz, Werner A Canadian Forest Service Canada 27 19
Law, Beverly Elizabeth Oregon State University USA 26 25
Tian, Hangin Nanjing University of Information Sci & Technology ~ China 25 19
Penuelas, Josep Autonomous University of Barcelona Spain 25 15
Woodall, Christopher W United States Forest Service USA 25 12
Piao, Shilong Chinese Academy of Sciences China 24 16
He, Nianpeng Chinese Academy of Sciences China 24 15
Kellomaki, Seppo University of Eastern Finland Finland 24 15

From Table 3, it can be seen that the researchers with the most research achievements
are Philippe Ciais [67], who established an innovative atmospheric retrieval inversion
method for the global carbon budget and discovered the importance of the carbon budget
relationships between land and sea systems and land carbon sinks in the northern hemi-
sphere. Luo Yiqi’s research [68] focused on solving how global changes alter the structure
and function of terrestrial ecosystems and how terrestrial ecosystems regulate climate
change. Luo et al. discovered invariant functions in global ecosystems and successfully
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applied reverse analysis methods to ecology for the first time. Werner A. Kurz [69] has
been dedicated to studying the impacts of natural disturbances, forest management, and
land use changes on the forestry carbon balance for many years, leading the development
of the Canadian Forestry Carbon Balance System (CBM-CFS3). Beverly E. Law [70] pri-
oritizes landscape conservation using process models and ecological standards to reduce
greenhouse gas emissions and protect biodiversity in rapidly changing climates. Tian
Hangin [71] developed a global ecosystem carbon cycle model that integrates the effects
of land use, vegetation dynamics, climate change, and human activities on ecosystem
carbon storage and exchange. By using these models, the changes in carbon sinks and
sources in different ecosystems worldwide can be assessed and used to predict future
carbon cycles. Josep Penuelas [72,73] conducted in-depth research on plant physiological
processes and carbon cycling mechanisms; his research focuses on the response of plant
adaptability and reactivity to environmental changes, especially the effects on climate
change, air pollution, and land use changes. Penuelas’ research reveals the importance
of plant growth, photosynthesis, respiration, and water/nutrient utilization processes in
the carbon cycle. Christopher Woodall [74] has made significant contributions in terms of
developing methods to estimate forest carbon storage. His research covers various types
of forest habitats, geographical ranges, and land use changes; Woodall et al. developed
advanced models and methods for estimating the carbon storage in forest ecosystems [75].
Piao Shilong’s research [76-78] focuses on global vegetation dynamics and carbon cycling in
terrestrial ecosystems, and has characterized vegetation growth and corresponding carbon
absorption changes in different regions and vegetation types by analyzing remote sensing
data and ground observations. He Nianpeng [79,80] used the improvement in ecosystem
carbon storage measurement methods as a breakthrough to construct datasets containing
key parameters for different regions in China. Based on this result, he was able to carefully
evaluate the carbon and nitrogen storage in all components of China’s terrestrial ecosystem.
Seppo Kellomaki’s research [81] focuses on the physio-ecological and biochemical processes
of trees, and he studied key physiological processes such as photosynthesis, respiration,
water use, and nutrient cycling in trees, along with their impacts on ecosystem function
and carbon cycling.

4. Conclusions and Future Research Directions

In this study, 6305 research articles on the carbon stocks in terrestrial ecosystems listed
in the WoS Core Database that were published from 2002 to 2022 were taken as the study
objects. The current research status and patterns were analyzed from the annual trends
in the number of papers, the main research focus, the distribution of disciplines, and the
research hotspots and fronts. Using the method of visualizing research information, we
found the following conclusions:

(1) Carbon stock research showed an expanding trend during 2002-2022. The research in
various countries showed important research trends in different fields, the number
of publications and citations rose, and the cooperation between countries showed a
developing trend, especially for the United States and China, which exhibited the
strongest cooperation, and the United Kingdom, which had the highest degree of
centrality.

(2) The most frequently occurring keyword phrase was “climate change”, and this gradu-
ally evolved into “interannual variability”, “temperature sensitivity”, “tree mortality”,
“temperature sensitivity”, and “tree mortality”, indicating that quantifying the inter-
annual variability in temperature and vegetation sensitivity and the adaptation to
temperature under the influence of climate change were the main themes extended.
Balancing the urbanization process and maximizing the carbon storage capacity in
ecosystems have gradually become two of the more important themes.

(3) Through a citation analysis, we categorized the clusters related to the carbon storage
in terrestrial ecosystems into early basic, midterm development, and recent persistent
clusters. Most of the research has focused on carbon sink and source assessment
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methods, carbon stock drivers, and the accurate monitoring and management of
global carbon sinks. The research methods have gradually evolved from the early
eddy correlation method, carbon balance modeling, and soil respiration monitoring
to remote sensing technology and ecosystem modeling.

In short, the current research on the carbon stocks in terrestrial ecosystems centers on
carbon stock estimation methods, stock patterns, their influencing factors, and maintenance
mechanisms. In the future, research on the carbon stocks in terrestrial ecosystems can
prioritize the construction of multiscale and universal monitoring networks and a com-
prehensive assessment system, the development of a comprehensive analysis framework
for the carbon pool that includes all components of the ecosystems, and the promotion of
integrated research on the monitoring, assessment, upgrading, management, and finance
of terrestrial ecosystems’ carbon stocks, by the means of policy guidance, interdisciplinary
collaboration, and international cooperation.

Author Contributions: S.S. designed and performed the research framework, collected and analyzed
the data, writing and preparing the original draft. U.H. and J.L. designed and supervised the study,
reviewed the manuscript, and approved the final draft. A.T., L.S., S.C. and W.F. participated in data
analysis and reviewed the manuscript draft. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Third Xinjiang Scientific Expedition and Research Program
of the Ministry of Science & Technology of China (Grant No: 2022xjkk0301), the National Natural
Science Foundation of China (Grant No.: 32260285), and the International Science and Technology
Cooperation Project of the Science & Technology Department of Xinjiang Uygur Autonomous Region
(Grant No.: 2022278346).

Data Availability Statement: The data presented in this study are available upon reasonable request
from the author team.

Acknowledgments: We appreciate the assistance of Akbarjan Abbas from Xinjiang University for lan-
guage check the final revision of the manuscript. The authors are grateful to the anonymous reviewers
for their constructive comments that greatly helped us improve the quality of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lashof, D.A.; Ahuja, D.R. Relative contributions of greenhouse gas emissions to global warming. Nature 1990, 344, 529-531.
[CrossRef]

2. McPherson, E.G.; Simpson, J.R. Carbon Dioxide Reduction through Urban Forestry: Guidelines for Professional and Volunteer Tree
Planters; General Technical Reports, PSW-GTR-171; U.S. Department of Agriculture, Forest Service, Pacific Southwest Research
Station: Albany, CA, USA, 1999; 237p. [CrossRef]

3. Benitez, REM.; Goncalves, ].; Laercio, A.; Miquelino, E.T.; Ribeiro, S.C,; Silva, S.R.; Oliveira, N.T.; Gaspar, R.O.; da Silva, L.F;
Vidal, E.; et al. Aboveground biomass allometric models for large trees in southwestern Amazonia. Trees For. People 2022, 9,
100317. [CrossRef]

4. Ewing, PM.; Tu, X.Y.; Runck, B.C.; Nord, A.C.; Snapp, S.S. Smallholder farms have and can store more carbon than previously
estimated. Glob. Chang. Biol. 2023, 29, 1471-1483. [CrossRef]

5. Di, M.G,; Luzzi, G.; Basile, A.; Sposato, A.; Bertini, G.; Neri, U.; Pennelli, B.; Napoli, R.; Nardi, P. Carbon concentrations and
carbon storage capacity of three old-growth forests in the Sila National Park, Southern Italy. J. For. Res. 2023, 34, 233-242.
[CrossRef]

6. Cannell, M.G.R. Growing trees to sequester carbon in the UK: Answers to some common questions. Forestry 1999, 72, 237-247.
[CrossRef]

7. IPCC. Climate change 2021: The physical science basis. In Contribution of Working Group I to the 6th Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge Press: Cambridge, UK, 2021.

8.  Fang, J. Ecological perspectives of carbon neutrality. Chin. |. Plant Ecol. 2021, 45, 1173-1176. [CrossRef]

9.  Wang, Y.L; Wang, X.H.; Wang, K.; Chevallier, FZ.; Lian, ] H.; He, Y.; Tian, H.Q.; Li, ].S.; Zhu, ] X.; Jeong, S.].; et al. The size of the
land carbon sink in China. Nature 2022, 603, 7-9. [CrossRef]

10. Mallapaty, S. How China could be carbon neutral by mid-century. Nature 2020, 586, 482—483. [CrossRef]

11.  Chen, H.; Qi, S.Z.; Tan, X.J. Decomposition and prediction of China’s carbon emission intensity towards carbon neutrality: From

perspectives of national, regional and sectoral level. Sci. Total Environ. 2022, 825, 153839. [CrossRef]


https://doi.org/10.1038/344529a0
https://doi.org/10.2737/PSW-GTR-171
https://doi.org/10.1016/j.tfp.2022.100317
https://doi.org/10.1111/gcb.16551
https://doi.org/10.1007/s11676-022-01549-3
https://doi.org/10.1093/forestry/72.3.237
https://doi.org/10.17521/cjpe.2021.0394
https://doi.org/10.1038/s41586-021-04255-y
https://doi.org/10.1038/d41586-020-02927-9
https://doi.org/10.1016/j.scitotenv.2022.153839

Forests 2023, 14, 2051 14 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bonan, G.B. Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science 2008, 320, 1444-1449.
[CrossRef]

Jha, SK.; Negi, A.K.; Alatalo, ].M.; Prabhu, V.; Jha, M.B.; Kumar, H. Forest degradation index: A tool for forest vulnerability
assessment in Indian Western Himalaya. Sustainability 2022, 14, 15655. [CrossRef]

Ganatsas, P.; Tsakaldimi, M.; Karydopoulos, T.; Petaloudi, L.M.; Papaemmanouil, A.; Papadopoulos, S.; Gerochristou, S. Carbon
pools in a 77 year-old oak forest under conversion from coppice to high forest. Sustainability 2022, 14, 13764. [CrossRef]

Piao, S.L.; He, Y.; Wang, X.H.; Chen, F.H. Estimation of China’s terrestrial ecosystem carbon sink: Methods, progress and prospects.
Sci. China Earth Sci. 2022, 65, 641-651. [CrossRef]

Sun, W.L.; Son, Y.H.; He, B.S.; Liu, X.H. An individual tree-based model for estimating regional and temporal carbon storage of
Abies chensiensis forest ecosystem in the Qinling Mountains, China. Ecol. Model. 2023, 479, 110305. [CrossRef]

Enting, 1.G.; Rayner, PJ.; Ciais, P. Carbon cycle uncertainty in regional carbon cycle assessment and processes (RECCAP).
Biogeoscience 2012, 9, 2889-2904. [CrossRef]

Schmitt-Harsh, M.; Mincey, S.K.; Patterson, M.; Fischer, B.C.; Evans, T.P. Private residential urban forest structure and carbon
storage in a moderate-sized urban area in the Midwest, United States. Urban For. Urban Green. 2013, 12, 454—463. [CrossRef]
Walker, W.S.; Gorelik, S.R.; Cook-Patton, S.C.; Baccini, A.; Farina, M.K.; Solvik, K.K.; Ellis, PW.; Sanderman, J.; Houghton, R.A;
Leavitt, S.A.; et al. The global potential for increased storage of carbon on land. Proc. Natl. Acad. Sci. USA 2022, 119, e21113121109.
[CrossRef]

Zheng, Y.Q.; Du, S.H.; Zhang, X.Y.; Bai, L.B.; Wang, H.Y. Estimating carbon emissions in urban functional zones using multi-source
data: A case study in Beijing. Build. Environ. 2022, 212, 108804. [CrossRef]

Brilli, L.; Chiesi, M.; Brogi, C.; Magno, R.; Arcidiaco, L.; Bottai, L.; Tagliaferri, G.; Bindi, M.; Maselli, F. Combination of ground
and remote sensing data to assess carbon stock changes in the main urban park of Florence. Urban For. Urban Green. 2019, 43,
126377. [CrossRef]

Chi, J.S.; Zhao, P; Klosterhalfen, A.; Jocher, G.; Kljun, N.; Nilsson, M.B.; Peichl, M. Forest floor fluxes drive differences in the
carbon balance of contrasting boreal forest stands. Agric. For. Meteorol. 2021, 306, 108454. [CrossRef]

Liu, S.; Sun, Y.P; Gao, X.L,; Sui, Y. Knowledge domain and emerging trends in Alzheimer’s disease: A scientometric review based
on CiteSpace analysis. Neural Regen. Res. 2019, 14, 1643-1650. [CrossRef] [PubMed]

Chen, C.; Chen, Y.; Hou, J.; Liang, Y. CiteSpacell: Detecting and visualizing emerging trends and transient patterns in scientific
literature. J. China Soc. Sci. Tech. Inf. 2009, 28, 401-421. (In Chinese)

Zhang, Y.; Chen, Y.P. Research trends and areas of focus on the Chinese Loess Plateau: A bibliometric analysis during 1991-2018.
Catena 2020, 194, 104798. [CrossRef]

Hu, Y.B.; Zhang, Q.; Hu, S.J.; Xiao, G.J.; Chen, X.Y.; Wang, ].S.; Qi, Y.; Zhang, L.; Han, L.Y. Research progress and prospects of
ecosystem carbon sequestration under climate change (1992-2022). Ecol. Indic. 2022, 145, 109656. [CrossRef]

Egghe, L.; Rousseau, R. An informetric model for the Hirsch-index. Scientometrice 2006, 69, 121-129. [CrossRef]

Chiu, W.T; Ho, Y.S. Bibliometric analysis of tsunami research. Scientometrics 2007, 73, 3-17. [CrossRef]

Zhao, X.L.; Tang, X.L.; Du, J.; Pei, X.J.; Chen, G.; Xu, T.T. A data-driven estimate of litter fall and forest carbon turnover and the
drivers of their inter-annual variabilities in forest ecosystems across China. Sci. Total Environ. 2022, 821, 153341. [CrossRef]
Chen, C.M. Science Mapping: A Systematic Review of the Literature. |. Data Inf. Sci. 2017, 2, 1-40. [CrossRef]

Phillips, O.L.; Malhi, Y.; Higuchi, N.; Laurance, W.F.; Nunez, P.V.; Vasquez, R M.; Laurance, S.G.; Ferreira, L.V,; Stern, M.; Brown,
S.; et al. Changes in the carbon balance of tropical forests: Evidence from long-term plots. Science 1998, 282, 439-442. [CrossRef]
Schimel, D.S.; House, ].I; Hibbard, K.A.; Bousquet, P; Ciais, P.; Peylin, P; Braswell, B.H.; Apps, M.].; Baker, D.; Bondeau, A.; et al.
Recent patterns and mechanisms of carbon exchange by terrestrial ecosystems. Nature 2001, 414, 169-172. [CrossRef]

Vaccari, EP,; Gioli, B.; Toscano, P.; Perrone, C. Carbon dioxide balance assessment of the city of Florence (Italy), and implications
for urban planning. Landsc. Urban Plan. 2013, 120, 138-146. [CrossRef]

Miiller, C.; Stehfest, E.; van Minnen, J.G.; Strengers, B.; von Bloh, W.; Beusen, A.H.W.; Schaphoff, S.; Kram, T.; Lucht, W. Drivers
and patterns of land biosphere carbon balance reversal. Environ. Res. Lett. 2016, 11, 044002. [CrossRef]

Trumbore, S. Carbon respired by terrestrial ecosystems—Recent progress and challenges. Glob. Chang. Biol. 2006, 12, 141-153.
[CrossRef]

Myneni, R.B.; Keeling, C.D.; Tucker, C.J.; Asrar, G.; Nemani, R.R.J.N. Increased plant growth in the northern high latitudes from
1981 to 1991. Nature 1997, 386, 698-702. [CrossRef]

Valentini, R.; Matteuci, G.; Dolman, A.J.; Schulze, E.D.; Rebmann, C.; Moors, E.J.; Granier, A.; Gross, P.; Jensen, N.O.; Pilegaard,
K.; et al. Respiration as the main determinant of carbon balance in European forests. Nature 2000, 404, 861-865. [CrossRef]
Houghton, R.A.; Hackler, J.L.; Lawrence, K.T. The US carbon budget: Contributions from land-use change. Science 1999, 285,
574-578. [CrossRef]

Chen, D.D.; Deng, X.Z,; Jin, G.; Samie, A.; Li, Z.H. Land-use-change induced dynamics of carbon stocks of the terrestrial ecosystem
in Pakistan. Phys. Chem. Earth 2017, 101, 13-20. [CrossRef]

Pacala, SW.; Hurtt, G.C.; Baker, D.; Peylin, P.; Houghton, R.A.; Birdsey, R.A.; Heath, L.; Sundquist, E.T; Stallard, R.F; Ciais, P;
et al. Consistent land- and atmosphere-based US carbon sink estimates. Science 2001, 292, 2316-2320. [CrossRef]


https://doi.org/10.1126/science.1155121
https://doi.org/10.3390/su142315655
https://doi.org/10.3390/su142113764
https://doi.org/10.1007/s11430-021-9892-6
https://doi.org/10.1016/j.ecolmodel.2023.110305
https://doi.org/10.5194/bg-9-2889-2012
https://doi.org/10.1016/j.ufug.2013.07.007
https://doi.org/10.1073/pnas.2111312119
https://doi.org/10.1016/j.buildenv.2022.108804
https://doi.org/10.1016/j.ufug.2019.126377
https://doi.org/10.1016/j.agrformet.2021.108454
https://doi.org/10.4103/1673-5374.255995
https://www.ncbi.nlm.nih.gov/pubmed/31089065
https://doi.org/10.1016/j.catena.2020.104798
https://doi.org/10.1016/j.ecolind.2022.109656
https://doi.org/10.1007/s11192-006-0143-8
https://doi.org/10.1007/s11192-005-1523-1
https://doi.org/10.1016/j.scitotenv.2022.153341
https://doi.org/10.1515/jdis-2017-0006
https://doi.org/10.1126/science.282.5388.439
https://doi.org/10.1038/35102500
https://doi.org/10.1016/j.landurbplan.2013.08.004
https://doi.org/10.1088/1748-9326/11/4/044002
https://doi.org/10.1111/j.1365-2486.2006.01067.x
https://doi.org/10.1038/386698a0
https://doi.org/10.1038/35009084
https://doi.org/10.1126/science.285.5427.574
https://doi.org/10.1016/j.pce.2017.01.018
https://doi.org/10.1126/science.1057320

Forests 2023, 14, 2051 15 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Sitch, S.; Friedlingstein, P.; Gruber, N.; Jones, S.D.; Murray-Tortarolo, G.; Ahlstrom, A.; Doney, S.C.; Graven, H.; Heinze, C;
Huntingford, C.; et al. Recent trends and drivers of regional sources and sinks of carbon dioxide. Biogeosciences 2015, 12, 653—-679.
[CrossRef]

Ballantyne, A.P; Alden, C.B.; Miller, ].B.; Tans, P.P.; White, ].W.C. Increase in observed net carbon dioxide uptake by land and
oceans during the past 50 years. Nature 2012, 488, 70-72. [CrossRef]

Lapierre, ].F.; del Giorgio, P.A. Geographical and environmental drivers of regional differences in the lake pCO, versus DOC
relationship across northern landscapes. J. Geophys. Res. Biogeosci. 2012, 117, G03015. [CrossRef]

Fang, J.Y,; Chen, A.P; Peng, C.H.; Zhao, S.Q.; Ci, L. Changes in forest biomass carbon storage in China between 1949 and 1998.
Science 2001, 292, 2320-2322. [CrossRef] [PubMed]

Pan, Y.D,; Birdsey, R.A.; Fang, ].Y.; Houghton, R.; Kauppi, P.E.; Kurz, W.A_; Phillips, O.L.; Shvidenko, A.; Lewis, S.L.; Canadell,
J.G.; et al. A large and persistent carbon sink in the world’s forests. Science 2011, 333, 988-993. [CrossRef] [PubMed]

Saatchi, S.S.; Harris, N.L.; Brown, S.; Lefsky, M.; Mitchard, E.T.A.; Salas, W.; Zutta, B.R.; Buermann, W.; Lewis, S.L.; Hagen, S.;
et al. Benchmark map of forest carbon stocks in tropical regions across three continents. Proc. Natl. Acad. Sci. USA 2011, 108,
9899-9904. [CrossRef]

Luo, Y.; Su, B.; Currie, W.S.; Dukes, J.S.; Finzi, A.C.; Hartwig, U.; Hungate, B.; McMurtrie, R.E.; Oren, R.; Parton, W.J.; et al.
Progressive nitrogen limitation of ecosystem responses to rising atmospheric carbon dioxide. Bioscience 2004, 54, 731-739.
[CrossRef]

Coomes, D.A.; Dalponte, M.; Jucker, T.; Asner, G.P; Banin, L.F,; Burslem, D.; Lewis, S.L.; Nilus, R.; Phillips, O.L.; Phua, M.H.; et al.
Area-based vs tree-centric approaches to mapping forest carbon in Southeast Asian forests from airborne laser scanning data.
Remote Sens. Environ. 2017, 194, 77-88. [CrossRef]

Abramowitz, G.P.A. Systematic bias in land surface models. J. Hydrometeorol. 2007, 8, 989-1001. [CrossRef]

Hiernaux, P; Issoufou, H.B.A; Igel, C.; Kariryaa, A.; Kourouma, M.; Chave, J.; Mougin, E.; Savadogo, P. Allometric equations to
estimate the dry mass of Sahel woody plants mapped with very-high resolution satellite imagery. For. Ecol. Manag. 2023, 529,
120653. [CrossRef]

Mugasha, W.A; Eid, T.; Bollandsas, O.M.; Malimbwi, R.E.; Chamshama, 5.A.O.; Zahabu, E.; Katani, ].Z. Allometric models for
prediction of above- and belowground biomass of trees in the miombo woodlands of Tanzania. For. Ecol. Manag. 2013, 310,
87-101. [CrossRef]

Wang, G.X; Pan, ].Y.; Yu, J.; Yan, WW.; Gu, D.Q.; Du, J. Soil organic carbon storage in Liaohe River Estuary Wetlands under
restoration and multiple management strategies, based on landscape patterns. For. Ecol. Manag. 2023, 10, 87-101. [CrossRef]

Li, J.; Nie, M,; Powell, ].R,; Bissett, A.; Pendall, E. Soil physico-chemical properties are critical for predicting carbon storage and
nutrient availability across Australia. Environ. Res. Lett. 2020, 15, 094088. [CrossRef]

Le, Q.C,; Raupach, M.R; Canadell, ].G.; Marland, G.; Bopp, L.; Ciais, P.; Conway, T.].; Doney, S.C.; Feely, R.A.; Foster, P; et al.
Trends in the sources and sinks of carbon dioxide. Nat. Geosci. 2009, 2, 831-836. [CrossRef]

Nel, L.; Boeni, A.F; Prohaszka, V.].; Szilagyi, A.; Kovacs, E.T.; Pasztor, L.; Centeri, C. InVEST soil carbon stock modelling of
agricultural landscapes as an ecosystem service indicator. Sustainability 2022, 14, 9808. [CrossRef]

Zhu, ].J.; Dai, E.F,; Zheng, D.; Wang, X.L. Characteristic of tradeoffs between timber production and carbon storage for plantation
under harvesting impact: A case study of Huitong National Research Station of Forest Ecosystem. ]. Geogr. Sci. 2018, 28,
1085-1098. [CrossRef]

Trivino, M.; Juutinen, A.; Mazziotta, A.; Miettinen, K.; Podkopaev, D.; Reunanen, P.; Monkkonen, M. Managing a boreal forest
landscape for providing timber, storing and sequestering carbon. Ecosyst. Serv. 2015, 14, 179-189. [CrossRef]

Keenan, T.E; Prentice, I.C.; Canadell, ].G.; Williams, C.A.; Wang, H.; Raupach, M.; Collatz, G.J. Recent pause in the growth rate of
atmospheric CO; due to enhanced terrestrial carbon uptake. Nat. Commun. 2016, 7, 16137. [CrossRef]

Gonzalez-Diaz, P.; Ruiz-Benito, P,; Ruiz, ].G.; Chamorro, G.; Zavala, M.A. A multifactorial approach to value supporting ecosystem
services in Spanish forests and its implications in a warming world. Sustainability 2019, 11, 358. [CrossRef]

Bieluczyk, W.; Asselta, FO.; Navroski, D.; Gontijo, ].B.; Venturini, A.M.; Mendes, L.W.; Simon, C.P,; de Camargo, P.B.; Tadini,
AM.; Martin-Neto, L.; et al. Linking above and belowground carbon sequestration, soil organic matter properties, and soil health
in Brazilian Atlantic Forest restoration. J. Environ. Manag. 2023, 344, 118573. [CrossRef]

Poorter, L.; van der Sande, M.T.; Thompson, J.; Arets, EJ.M.M.; Alarcén, A; Alvarez-Sanchez, ].N.; Ascarrunz, P; Balvanera, G.;
Barajas-Guzman, A.; Boit, F; et al. Diversity enhances carbon storage in tropical forests. Glob. Ecol. Biogeogr. 2015, 24, 1314-1328.
[CrossRef]

Chuai, X.W,; Yuan, Y.; Zhang, X.Y.; Guo, X.M.; Zhang, X.L.; Xie, EJ.; Zhao, R.Q.; Li, ].B. Multiangle land use-linked carbon balance
examination in Nanjing City, China. Land Use Policy 2020, 90, 305-315. [CrossRef]

Pan, A.; Zhang, W.N.; Shi, X.P; Dai, L. Climate policy and low-carbon innovation: Evidence from low-carbon city pilots in China.
Energy Econ. 2022, 112, 106129. [CrossRef]

Kurze, K.; Lenschow, A. Horizontal policy coherence starts with problem definition: Unpacking the EU integrated energy-climate
approach. Environ. Policy Gov. 2018, 28, 329-338. [CrossRef]

Song, D.D.; Jiang, T.; Rao, C.P. Review of policy framework for the development of carbon capture, utilization and storage in
China. Int. J. Envron. Res. Public. Health 2022, 19, 16853. [CrossRef]


https://doi.org/10.5194/bg-12-653-2015
https://doi.org/10.1038/nature11299
https://doi.org/10.1029/2012JG001945
https://doi.org/10.1126/science.1058629
https://www.ncbi.nlm.nih.gov/pubmed/11423660
https://doi.org/10.1126/science.1201609
https://www.ncbi.nlm.nih.gov/pubmed/21764754
https://doi.org/10.1073/pnas.1019576108
https://doi.org/10.1641/0006-3568(2004)054[0731:PNLOER]2.0.CO;2
https://doi.org/10.1016/j.rse.2017.03.017
https://doi.org/10.1175/JHM628.1
https://doi.org/10.1016/j.foreco.2022.120653
https://doi.org/10.1016/j.foreco.2013.08.003
https://doi.org/10.3389/fmars.2023.1100208
https://doi.org/10.1088/1748-9326/ab9f7e
https://doi.org/10.1038/ngeo689
https://doi.org/10.3390/su14169808
https://doi.org/10.1007/s11442-018-1543-4
https://doi.org/10.1016/j.ecoser.2015.02.003
https://doi.org/10.1038/ncomms13428
https://doi.org/10.3390/su11020358
https://doi.org/10.1016/j.jenvman.2023.118573
https://doi.org/10.1111/geb.12364
https://doi.org/10.1016/j.landusepol.2019.104047
https://doi.org/10.1016/j.eneco.2022.106129
https://doi.org/10.1002/eet.1819
https://doi.org/10.3390/ijerph192416853

Forests 2023, 14, 2051 16 of 16

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Li, Y;; Du, Q.; Zhang, J.; Jiang, Y.; Zhou, ].; Ye, Z. Visualizing the intellectual landscape and evolution of transportation system
resilience: A bibliometric analysis in CiteSpace. Dev. Built Environ. 2023, 14, 100149. [CrossRef]

Ciais, P; Tagliabue, A.; Cuntz, M.; Bopp, L.; Scholze, M.; Hoffmann, G.; Lourantou, A.; Harrison, 5.P; Prentice, I.C.; Kelley, D.L;
et al. Large inert carbon pool in the terrestrial biosphere during the Last Glacial Maximum. Nat. Geosci. 2012, 5, 74-79. [CrossRef]
Luo, Y.Q.; Randerson, ].T.; Abramowitz, G.; Bacour, C.; Blyth, E.; Carvalhais, N.; Ciais, P.; Dalmonech, D.; Fisher, ].B.; Fisher, R,;
et al. A framework for benchmarking land models. Biogeoscience 2012, 9, 3857-3874. [CrossRef]

Kurz, W.A.; Webb, T.M.; McNamee, PJ.; Apps, M.]J. The Carbon Budget of the Canadian Forest Sector: Phase I. Simulation 1993, 61,
139-144. [CrossRef]

Buotte, P.C.; Law, B.E.; Ripple, W.J.; Berner, L.T. Carbon sequestration and biodiversity co-benefits of preserving forests in the
western United States. Ecol. Appl. 2020, 30, €02039. [CrossRef]

Tian, H.Q.; Lu, C.Q.; Yang, J.; Banger, K.; Huntzinger, D.N.; Schwalm, C.R.; Michalak, A.M.; Cook, R.; Ciais, P.; Hayes, D.; et al.
Global patterns and controls of soil organic carbon dynamics as simulated by multiple terrestrial biosphere models: Current
status and future directions. Glob. Biogeochem. Cycles 2015, 29, 775-792. [CrossRef]

Penuelas, J.; Fernandez-Martinez, M.; Vallicrosa, H.; Maspons, ].; Zuccarini, P.; Carnicer, J.; Sanders, T.G.M.; Kruger, I.; Obersteiner,
M.; Janssens, I.A.; et al. Increasing atmospheric CO, concentrations correlate with declining nutritional status of European forests.
Commun. Biol. 2020, 3, 125. [CrossRef]

Penuelas, ].; Sardans, J. Developing holistic models of the structure and function of the soil/plant/atmosphere continuum. Plant
Soil 2021, 461, 29-42. [CrossRef]

Smith, J.E.; Domke, G.M.; Woodall, C.W. Predicting downed woody material carbon stocks in forests of the conterminous United
States. Sci. Total Environ. 2022, 803, 150061. [CrossRef]

Woodall, C.W.; Monleon, VJ.; Fraver, S.; Russell, M.B.; Hatfield, M.H.; Campbell, J.L.; Domke, G.M. The downed and dead wood
inventory of forests in the United States. Sci. Data 2019, 6, 180303. [CrossRef] [PubMed]

Piao, S.L.; Wang, X.H.; Park, T.; Chen, C.; Lian, X.; He, Y.; Bjerke, ] W.; Chen, A.P; Ciais, P; Tommervik, H.; et al. Characteristics,
drivers and feedbacks of global greening. Nat. Rev. Earth Environ. 2020, 1, 14-27. [CrossRef]

Piao, S.L.; Fang, ].Y. Seasonal changes in vegetation activity in response to climate changes in China between 1982 and 1999. Acta
Geogr. Sin. 2003, 58, 119-125. [CrossRef]

Piao, S.L.; Wang, X.H.; Wang, K_; Li, X.Y.; Bastos, A.; Canadell, ].G.; Ciais, P.; Friedlingstein, P; Sitch, S. Interannual variation of
terrestrial carbon cycle: Issues and perspectives. Glob. Chang. Biol. 2020, 26, 300-318. [CrossRef]

He, N.P; Xu, L.; He, H.L. The methods of evaluation ecosystem quality: Ideal reference and key parameters. Acta Ecol. Sin. 2020,
40, 1877-1886. (In Chinese) [CrossRef]

Chai, H.; He, N.P. Evaluation of soil bulk density in Chinese terrestrial ecosystems for determination of soil carbon storage on a
regional scale. Acta Ecol. Sin. 2016, 36, 3903-3910. (In Chinese) [CrossRef]

Kellomiki, S.; Peltola, H.; Nuutinen, T.; Korhonen, K.T.; Strandman, H. Sensitivity of managed boreal forests in Finland to climate
change, with implications for adaptive management. Philos. Trans. R. Soc. 2008, 363, 2341-2351. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.dibe.2023.100149
https://doi.org/10.1038/ngeo1324
https://doi.org/10.5194/bg-9-3857-2012
https://doi.org/10.1177/003754979306100206
https://doi.org/10.1002/eap.2039
https://doi.org/10.1002/2014GB005021
https://doi.org/10.1038/s42003-020-0839-y
https://doi.org/10.1007/s11104-020-04641-x
https://doi.org/10.1016/j.scitotenv.2021.150061
https://doi.org/10.1038/sdata.2018.303
https://www.ncbi.nlm.nih.gov/pubmed/30620340
https://doi.org/10.1038/s43017-019-0001-x
https://doi.org/10.11821/xb200301014
https://doi.org/10.1111/gcb.14884
https://doi.org/10.5846/stxb201903150488
https://doi.org/10.5846/stxb201411222312
https://doi.org/10.1098/rstb.2007.2204

	Introduction 
	Data Sources and Research Methods 
	Results and Discussion 
	Publication Trend Analysis 
	Research Hotspots and Trends 
	Research Areas and Current Status of Carbon Stocks in Terrestrial Ecosystems 
	Early Basic Clusters 
	Midterm Development Clusters 
	Recent Persistent Clusters 

	Country Cooperation Network Analysis 
	Marked Journals 
	Competitive Authors 

	Conclusions and Future Research Directions 
	References

