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Employing scientometric analysis of 8,346 peer-reviewed publications indexed in the Web of Science Core Collection (1981–2023) on climate change and forestry carbon sink, systematically elucidated fundamental dimensions encompassing developmental trajectories, disciplinary characteristics, and intellectual frameworks. The results of this study indicate the following: (1) the number of publications focusing on climate change and forestry carbon sink is exhibiting exponential growth, signifying a “Rapid development period” in this field. Forest Ecology and Management constitutes the predominant knowledge dissemination platform, while Environmental Sciences stands out as the most popular subject category. (2) The United States, China, and Canada are the most productive countries in terms of research output in this field. Additionally, the Chinese Academy of Sciences serves as a pivotal institutional entity in epistemological production conducting research in this area. (3) The seminal work, titled “A large and persistent carbon sink in the World’s forests” (Citations: 6,467) was authored by Pan, Y., a senior researcher affiliated with the U. S. Department of Agriculture (USDA) Forest Service. (4) The bibliometric keyword co-occurrence network analysis of keywords illustrates that climate change and forestry carbon sink remain the focal research topics in this field. It is observed that the research hotspot of climate change and forest carbon sink is transitioning from ecological dynamics to socio-economic systems research. Nonetheless, carbon reduction and carbon sink continue to be recognized as constituting essential components in the climate stabilization portfolio. Ultimately, drawing from the aforementioned analytical research, this paper suggests four prospective avenues for advancing the epistemic frontier.
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1 Introduction

Since the Industrial Revolution, the uncontrolled activities of mankind have led to a continuous increase in the emission of greenhouse gases (GHGs), primarily carbon dioxide (CO2). This rise in GHG emissions directly triggers global warming, resulting in significant climate change (Bonan et al., 1992). It is crucial to note that climate change acts as a primary driver of forest degradation, particularly since 1850. During this period, the loss of forest cover has contributed to a 45 percent increase in atmospheric carbon dioxide emissions compared to previous levels (Malhi et al., 2002). Additionally, climate change serves as a significant catalyst for numerous adverse effects such as species migration, droughts, floods, glacier melting, reduction in snow depth, insect outbreaks, and forest fires (Allen et al., 2010; McKenzie et al., 2004; Mote et al., 2005; van Mantgem et al., 2009). These impacts have inflicted varying degrees of damage on natural ecosystems and human social systems. The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) emphasizes that even if humans were to cease emitting greenhouse gases, the associated impacts of climate change would persist for centuries (Pachauri et al., 2014). Consequently, protecting forest resources, mitigating the warming trend, and combating climate change have become critical issues for the international community.

To accelerate the global climate governance process, more than 150 countries and the European Union (EU) co-signed the United Nations Framework Convention on Climate Change (UNFCCC) during the United Nations Conference on Environment and Development (UNCED) in 1992. This convention established distinctions between the obligations of different countries and outlined procedures for their implementation, along with defining relevant concepts. The UNFCCC defines “carbon sinks” as processes, activities, or mechanisms that remove greenhouse gases (GHGs), aerosols, or GHG precursors from the atmosphere. Conversely, “carbon sources” refer to processes or activities that emit GHGs, aerosols, or GHG precursors into the atmosphere. Forest ecosystems, being a vital component of terrestrial ecosystems, act as significant carbon storage reservoirs on land. Forest soil carbon accounts for approximately 39 percent of global soil carbon stocks, while vegetation carbon stocks contribute to about 77–85 percent of global vegetation carbon stocks (Watson et al., 2000). Forests are crucial for mitigating the greenhouse effect and combating global warming due to their long-term and sustained enhancement of carbon sink capabilities (Cannell, 1996; Dixon et al., 1994; Wang et al., 2007). Furthermore, utilizing forests as carbon sinks are considered more cost-effective than emissions reductions (Obersteiner et al., 2001; Sohngen and Alig, 2000). With the ongoing negotiation process of the UNFCCC and the adoption and formal entry into force of the Kyoto Protocol, the international community has recognized and focused on the carbon sink function of forests. The Bonn Political Agreement and the Marrakesh Agreement subsequently incorporated forestry activities such as afforestation and reforestation into the Clean Development Mechanism (CDM) established by the Kyoto Protocol. This encouraged countries to offset a portion of their industrial CO2 emissions through greening and afforestation, thus laying the foundation for the international “Carbon Emission Trading System.” In 2015, the Paris Agreement was signed by 178 parties globally. It aimed to limit the increase in global average temperature to within 2°C compared with pre-industrial levels and strive to keep the increase below 1.5°C. China, as a significant contributor to and active practitioner of the Paris Agreement, announced its commitment to peak CO2 emissions by 2030 and achieve carbon neutrality by 2060 in response to climate change concerns.

Forestry carbon sink and forest carbon sink are closely related but distinct concepts. Forestry carbon sink refers to the process of forest plants absorbing and fixing atmospheric CO2 through photosynthesis, reducing CO2 concentration in the atmosphere (He and Ren, 2023). On the other hand, forest carbon sink encompasses activities such as afforestation, forest management, and protection, which utilize the carbon storage function of forests to absorb and fix atmospheric CO2 (Zhao et al., 2023). The forest carbon sink is integrated with carbon trading under relevant rules. While forest carbon sink focuses on the physical properties of forests to absorb CO2 and falls within the realm of natural science, forestry carbon sink includes economic properties related to reforestation and emphasizes human participation. It has a wider scope, encompassing social properties. Therefore, this paper primarily focuses on forestry carbon sink as the research object, aiming to comprehensively explain the research progress in this area.

In the 1980s, the United States took the lead in researching climate change and forestry carbon sink (Armentano and Ralston, 1980; Sedjo, 1989a; Sharpe and Johnson, 1981; Solomon, 1986; Woodwell et al., 1983), followed by the United Kingdom, the Netherlands, and other countries. After nearly half a century of development, research on the subject of carbon sinks in forestry has shown a complex and complicated trend, such as quantitative research on the carbon sequestration and storage capacity of forest (Goodale et al., 2002; Heinrich et al., 2021; Sedjo, 1989a; Alemu, 2014), research on valuation methods for forest carbon sink (Birdsey et al., 1993; Gibbs et al., 2007; Johnston and Withey, 2017), research on the ecological and economic benefits of forest carbon sink (Bhattacharyya et al., 2021; Lin and Ge, 2020; Schuppert, 2016; van der Gaast et al., 2018), research on the trading mechanism of forest carbon sink (Caplow et al., 2011; Kim et al., 2021; Miah, 2021; Michel et al., 2014; Verma and Ghosh, 2024), research on financing of forestry carbon sink (Boscolo et al., 2010; Fleischman et al., 2021; Jacobson et al., 2009; Peskett et al., 2011; Şen et al., 2019; Warkentin and Sodhi, 2008), and its research results are also endless.

Data collection forms the foundational basis for monitoring forest carbon sinks and carbon flux (Wang et al., 2022). Monitoring methods for forest ecosystems with spatiotemporal continuity can be categorized into two types: real-time monitoring (continuous observation over weeks) and non-real-time tracking (long-term flux monitoring spanning years or decades). Non-real-time approaches, such as inventory-based methods and system modeling and inference methods, do not provide immediate data but enable long-term trend analysis by reorganizing content into well-defined groupings. In contrast, remote sensing and atmospheric inversion are real-time monitoring techniques. While inventory-based methods are widely used in carbon cycling studies within forest ecosystems, they are labor-intensive and challenging to implement at scale (He et al., 2021; Wang et al., 2021). Systematic modeling and inference utilize methodological modeling frameworks and standardized non-parametric algorithms to predict forest carbon stocks and fluxes. These include: K-nearest neighbors (KNN), artificial neural networks (ANNs), random forests (RF), support vector machines (SVMs), and maximum entropy (MaxEnt) (Zhang et al., 2022a; Zhang et al., 2022b). Forest ecosystem monitoring methodologies can be categorized into two classes based on data acquisition approaches: top-down and bottom-up. Top-down measurements encompass remote sensing, atmospheric inversion techniques, ecological modeling, and the eddy covariance (EC) technique (Liu Q. et al., 2023; Liu P. et al., 2023). These methods utilize data collected from above or distant platforms to estimate carbon fluxes at broader scales, providing a macro-level understanding of ecosystem carbon cycles. The advent of freely accessible satellite data has popularized remote sensing technologies. Intensive temporal analysis has enhanced the quality and accuracy of remote sensing data, expanding detectable land surface changes. This approach addresses the limitations of eddy covariance (EC)-such as its reliance on meteorological towers and manual observations, low data accuracy, and insufficient temporal resolution (Gu et al., 2012; Khan et al., 2018; Wang et al., 2016). To investigate the spatiotemporal characteristics of CO₂ fluxes in forest ecosystems, remote sensing-based methodologies can be categorized into two primary approaches: Indirect Estimation Methods; These include forest biomass-based methods for quantifying carbon stocks and deriving CO₂ fluxes from temporal carbon stock variations. Such approaches focus on monitoring forest carbon pools to infer CO₂ uptake/release dynamics. Direct Monitoring Methods; Satellite-based observations: Utilizing meteorological satellites or dedicated greenhouse gas monitoring satellites to directly assess carbon exchange processes between forests and the atmosphere. Atmospheric inversion techniques: Estimating CO₂ fluxes by measuring atmospheric CO₂ concentrations and modeling transport/diffusion processes, providing top-down flux quantification at regional to global scales. The Eddy Covariance (EC) technique remains the gold standard for measuring Net Ecosystem Exchange (NEE) at the atmosphere-forest interface. However, its reliance on idealized assumptions (e.g., steady-state turbulence, and horizontal homogeneity) introduces uncertainties in storage flux estimations. To address these limitations, advancements include: energy-based turbulent flux correction methods (AEC) (Zhang et al., 2024). Spatiotemporal representativeness studies (Fang et al., 2024), and Artificial tracer release systems to minimize measurement biases through controlled emission adjustments (Liu S. et al., 2024). Furthermore, these methodologies can be classified according to monitoring timeliness and real-time detection approaches, such as chamber methods, the eddy covariance (EC) method, remote sensing, isotopic techniques, chemical flux methods, and atmospheric inversion techniques, all of which generate real-time data to characterize the current status of carbon fluxes. Conversely, researchers employ diverse bottom-up methodologies (e.g., dendrochronological and inventory methods, isotope techniques, chemical flux methods, and chamber methods) to enhance the precision of CO₂ flux quantification and monitoring (Yona et al., 2020), these approaches rely on ground-level forest data collection, prioritizing granular measurements at localized scales.

Although the importance of carbon sinks in forestry is increasingly recognized, and many scholars have conducted in-depth studies, there is a lack of attention to the progress and development trends in this field. Some studies have focused on specific aspects of forestry, such as vegetation, soil, or biology, while others have provided empirical or qualitative (quantitative) analyses limited to specific topics like geographical areas, stages, disciplines, ecosystems, and so on (Heinrich et al., 2023; Liu Q. et al., 2023; Liu P. et al., 2023; Makkonen et al., 2015; van Kooten and Sohngen, 2007). Existing literature reviews often struggle to grasp key threads and effectively summarize and analyze the development process in this specific field (Huang et al., 2020a). In particular, forestry carbon sink are cross-disciplinary, encompassing Forestry, Environmental Sciences, Ecology, Economics, Management, Plant and Animal Conservation, Geographic Information Science, Atmospheric Science, and other disciplines (Huang et al., 2020a). The studies conducted similar analyses based on statistical results (authors, keywords, evolutionary analysis, etc.), and through data mining and information processing, they explored the relationships between different disciplines to accurately grasp the research trends and directions in the field. Exploring the answers to these questions is of great practical significance for a comprehensive understanding of the field of forestry carbon sink.

Bibliometrics, initially focused on publications and citation analysis (Andrés, 2009; Haddow, 2013), has evolved to include journals/articles, books, and reports as major data sources. This approach utilizes statistical and computational techniques to quantitatively and qualitatively analyze database resources, providing insights into the state of research within a given field, its characteristics, and trends (Aleixandre-Benavent et al., 2017; Mourão and Martinho, 2020); After that, traditional bibliometric citation analysis is combined with information visualization technology, through text mining, information processing, scientific measurements, and graphic drawing, to visually present the structure, law, and distribution of scientific knowledge in a certain discipline or field in the form of knowledge mapping, to show the current status of the research within a certain period and trend, and to predict the future development trend of the field (Shiffrin and Börner, 2004). Bibliometric analysis methods have been widely used in various fields as they provide innovative perspectives on research trends at the macro level (Ellegaard and Wallin, 2015; Wang et al., 2018). In recent years, bibliometrics has been increasingly used in studies related to climate change and forestry carbon sink; Aleixandre-Benavent clustered the literature on deforestation using the bibliometric software VOSviewer to gain insight into the interactions between deforestation and climate change (Aleixandre-Benavent et al., 2018); Based on the journals and articles on the Web of Science Core Collection, Huang L conducted a scientometric analysis of the literature related to forest carbon sink to identify and reveal the basic characteristics, research strength, knowledge base, and research hotspots in this field (Huang et al., 2020b); Zhang Z revealed the research progress and the evolution of research hotspots in the field of “carbon neutrality” through quantitative analysis, pointing out that low-carbon development is the prerequisite for carbon neutrality, and emission reduction and carbon sinks are the basis for carbon neutrality (Zhang et al., 2022a; Zhang et al., 2022b). This investigation employs distinct bibliometric and visualization software, differing from those conventionally used, and also adopts an inductive analytical framework by superimposing keyword co-occurrence metrics onto geopolitical categorization of core nation-states, coupled with decadal-scale temporal segmentation of lexical frequency patterns. The methodological synthesis enhances the informational dimensionality of graphical representations, thereby enabling precise delineation of evolutionary trajectories within the research domain.

To systematically and objectively synthesize the research on climate change and forestry carbon sink, this study adopts the scientometric analysis method based on Co-Occurrence 13.7 (COOC13.7) to analyze the bibliometric characteristics of the papers in this field included in the core database of the Web of Science (from 1981 to 2023), and to show the visualization of their Correspondence. The objectives of this study include: (1) to determine the basic characteristics of the literature, such as the number of papers and citations, the classification of research topics, and the representative journals; (2) to determine the research output and contribution within the research field, such as the representative countries, institutions, and authors; (3) to analyze the analysis of the keywords’ clustering and evolution characteristics; (4) to assess the trends and shifts in research topics and directions over time.



2 Data collection and methods


2.1 Data collection

Bibliometric studies commonly utilize popular bibliographic databases such as Scopus, Web of Science, PubMed, and Google Scholar (Falagas et al., 2008). Among these, the Thomson Reuters Web of Science Core Collection stands out as a leading citation database globally. It encompasses over 12,000 influential academic journals, enjoying widespread recognition and authority within the international academic community (Mongeon and Paul-Hus, 2016). These journals encompass reputable international publications focused on climate change and forestry carbon sink. Consequently, this study employs the “Web of Science Core Collection” as the targeted database, incorporating the Science Citation Index Expanded and the Social Sciences Citation Index. To minimize irrelevant search outcomes, the query is confined to the “title” field, omitting the “subject” option, The search terms used include TI = (forest* AND “carbon sink”) OR TI = (forest* AND “carbon storage”) OR TI = (forest* AND “carbon sequestration”) OR TI = (forest* AND “carbon accumulation”) OR TI = (forest* AND “carbon”) OR TI = (afforestation* AND “carbon”). The search span encompasses all years from 1981 to 2023, with the search conducted at 16:30 on 29 Nov. 2023 (Beijing time). To ensure keyword standardization, synonymous terms and variations such as singular/plural forms and acronyms/derivatives are grouped. The search yielded 8,361 literature records, which were subsequently refined, resulting in a final set of 8,346 papers relevant to this research domain. The downloaded literature records were converted to plain text format and designated as the “literature database” for subsequent data analysis in this article.



2.2 Methods of bibliometric analysis

The predominant bibliometric visualization tools encompass CiteSpace, BibExcel, and VOSviewer. These platforms facilitate the clustering of scholarly corpora, generating multidimensional knowledge integrating thematic, terminological, and geopolitical dimensions. This investigation employs the Co-Occurrence13.7 (COOC13.7) analytical framework to conduct a transnational bibliometric examination of climate change and forest carbon sequestration research spanning 1981–2023. The COOC13.7 architecture demonstrates computational superiority in the comprehensive construction of multi-dimensional relationships, robust functionality, and user-friendly operation. Beyond core descriptive analytics with cluster dendrogram visualization, this analytical framework enables systematic investigation of disciplinary focal points and their paradigmatic shifts through temporal scientometric mapping.

The computational workflow was implemented on Microsoft Windows 10 Professional (64-bit architecture) using COOC13.7, Data extraction involved batch processing of Web of Science Core Collection records encoded text files. Subsequently, the aggregated datasets were merged and labeled as the “research database.” Figure 1 illustrates the research program and methodology employed in this study. All literature cited in the article is sourced from the Web of Science (WoS) database. To ensure the quality of the referenced articles, the search parameters are set to include only the “Web of Science Core Collection.” Keywords are entered based on the research topic. Due to the limitation of the WoS database, which allows for a maximum of 500 articles to be downloaded at a time, multiple downloads and subsequent merging are required for the articles in the study. Given the extensive period of this research, partial metadata fields exhibited incompleteness such as keywords or authors. Therefore, it is necessary to deduplicate and clean the literature to ensure the validity of the necessary information. Multivariate visualization matrices were generated encompassing terminological co-occurrence networks, contributor collaboration graphs, and institutional impact heatmaps. Through the evolution analysis of keywords, the research frontier and direction of the field can be described.

[image: Figure 1]

FIGURE 1
 Data processing procedure.





3 Data analysis


3.1 Basic characteristics of literature


3.1.1 Annual and cumulative number of publications

Changes in the annual publication count serve as indicators of the developmental trends and knowledge accumulation within the field of climate change and forestry carbon sink research. As depicted in Figure 2, spanning the years 1981 to 2023, the number of publications per year and the cumulative publication count in the WoS database exhibit a consistent upward trajectory. In terms of quantity, three notable turning points emerge in the publication of research on climate change and forestry carbon sink. The first turning point occurred in 1989 when the cumulative annual publication count surpassed 100 for the first time. The second turning point transpired in 2001, marking the initial instance where the annual publication count exceeded 100. Lastly, the third turning point emerged in 2014, with both the annual publication count and cumulative publication count surpassing 400 and 4,000, respectively. To facilitate comprehensive comparisons across periods, we have categorized the research on climate change and forestry carbon sink into four distinct stages.

[image: Figure 2]

FIGURE 2
 Statistics on annual and cumulative annual publications in the database of WoS (1981–2023).


Budding period (1981–1989): during this phase, a total of 105 papers were published, constituting approximately 1.26% of the overall number of papers (8346), with an annual average of 12 papers. While scholars had initiated research on climate change and forestry carbon sink, the limited quantity of articles can be attributed to the prevailing scientific, technological, and external environments of that era. Consequently, the content of these papers primarily concentrated on specific aspects, and the progress of related disciplines was relatively gradual.

Initial development period (1990–2001): during the initial development period, a total of 760 papers were published, accounting for approximately 9.11% of the overall volume. In the early 1990s, as climate change intensified and research deepened, some scholars (Sedjo, 1989b; Kauppi et al., 1992) started investigating the methodology for valuing carbon sinks in forestry. This research gained significant attention. However, due to the nascent stage of this field and limited researcher involvement in climate change impacts, the available literature during this period was relatively scarce. One notable research paper from this time is Landsberg and Waring (1997) proposal of the stand growth model: Physiological Processes Predicting Growth (3-PG). This model employs physiological principles to predict the growth process of forest trees, calculate the total amount of fixed carbon, and analyze forest growth and its underlying causes. Nevertheless, it requires corrections for effective photosynthetic radiation values due to soil conditions and atmospheric limitations. Additionally, being an ecological analysis tool, the model relies on weather data, soil conditions, and stand characteristics. It can also utilize the leaf area index for remote sensing estimation. Practical tests have demonstrated the model’s valuable application (Landsberg and Waring, 1997).

Slow development period (2002–2014): during the slow development period, there was a gradual increase in research results. The number of published articles consistently rose each year, with an annual average increase from 168 to 416 papers, totaling 248. Notably, two research papers emerged as representatives, both garnering citation frequencies exceeding 1,000 in the Web of Science (WoS). Chave et al. (2005) emphasized that tropical forests store substantial carbon reserves, yet their quantitative contribution to the global carbon cycle remains uncertain. To address this, Chave proposed a regression model that converts inventory data into estimations of aboveground biomass. However, the accuracy of this model is influenced by factors such as trunk diameter, wood-specific gravity, total height, and forest type (dry, moist, or wet). The model’s reliability hinges on the richness of the dataset (Chave et al., 2005). In another significant study, Saatchi et al. (2011) employed a combination of forest structural samples, including satellite detection, laser radar, and optical and microwave imagery, to estimate carbon stocks. This comprehensive approach resulted in a “baseline” map representing biogenic carbon stocks at the turn of the 21st century, encompassing over 2.5 billion hectares of forests across three continents. These estimates provided reliable data concerning carbon stocks in 75 developing countries, contributing to the implementation of REDD policies (Saatchi et al., 2011).

Rapid development period (2015-present): Since 2015, there has been a rapid and substantial increase in the number of published articles, indicating a sustained high growth rate. From 2015 to 2022, an average of 473 articles were published per year, with an impressive average annual growth rate of 8.55%. Numerical analysis suggests that research on climate change and forestry carbon sink is currently experiencing a significant upward trend, demonstrating immense potential for further development.



3.1.2 Subject category analysis

Table 1 presents an analysis of the article output of the top 10 subject categories. Environmental Sciences lead with 2,279 articles, accounting for 27.31% of the total, followed by Forestry with 2,179 articles (26.11%), Ecology with 683 articles (8.18%), Soil Science with 954 articles (11.43%), Geosciences, Multidisciplinary with 304 articles (3.64%), Meteorology and Atmospheric Sciences with 606 articles (7.26%), Plant Sciences with 471 articles (5.64%), Multidisciplinary Sciences with 437 articles (5.24%), Environmental Studies with 431 articles (5.16%), and Biodiversity Conservation with 421 articles (5.04%). Furthermore, based on the annual and cumulative number of publications and the stage division of related research, this section is divided into four time periods: 1981–1989, 1990–2001, 2002–2014, and 2015–2023.



TABLE 1 The article output of the top 10 subject categories.
[image: Table1]

The volume of publications in different disciplinary categories reflects trends in forestry carbon sink research. In a cross-sectional comparison, eight out of the top 10 disciplines experienced varying degrees of growth in combined publications during Stages I-IV (1981–2023). Particularly, Environmental Sciences and Forestry exhibited significant increases in publication volume, indicating rapid development within their respective disciplines. Conversely, other disciplines such as Ecology, Soil Science, Plant Sciences, and Biodiversity Conservation displayed slower growth. The volume of publications in some disciplines, such as Geosciences, Multidisciplinary, and Meteorology and Atmospheric Sciences, decreased during Stage IV (2015–2023), partly due to incomplete article counts in 2023 (as of 16:30 29 November 2023), and partly due to a decrease in research intensity.

In terms of longitudinal periods, Stage I (1981–1989) and Stage II (1990–2001) witnessed a relatively low and gradual growth in the volume of publications. Scholars’ focus gradually shifted from Soil Science (Stage I) to Environmental Sciences (Stage II) and Forestry (Stages III and IV). This shift reflects the growing recognition among mankind regarding the pivotal role of forests in combating climate change. Notably, during Stage IV (2015–2023), there was a significant surge in the volume of publications within the disciplines of Environmental Sciences and Forestry. Additionally, Environmental Studies has emerged as a noteworthy area of research, receiving sustained attention from scholars across various fields.

Climate change and forestry carbon sequestration research encompass a broad range of disciplines and intricate research topics. In this paper, we employ VOSviewer, a visual tool, to classify the disciplines involved (as depicted in Figure 3). In the visualization, nodes represent specific disciplines, node size corresponds to the output of each discipline, colors denote clusters formed by different disciplinary collaborations, connections between nodes showcase knowledge links across disciplines, and line thickness indicates the strength of these connections. The primary disciplines engaged in this research area include Environmental Sciences, Forestry, Ecology, Agronomy, Soil Science, and Multidisciplinary Science. Environmental Sciences exhibits close associations with other disciplines, particularly Ecology and Forestry. Agronomy serves as an intermediary node, demonstrating strong connections with Soil Science and Plant Science. Overall, research on climate change and forestry carbon sink has predominantly focused on four key areas: Environmental Sciences, Ecology, Agronomy, and Forestry.

[image: Figure 3]

FIGURE 3
 Disciplinary clustering co-occurs (1981–2023).




3.1.3 Journal analysis

In this paper, a total of 8,361 documents were obtained after the initial merging, screening, and elimination processes. The search results identified 905 journals that published studies on climate change and forestry carbon sink between 1981 and 2023. Table 2 presents the top 10 journals based on the number of publications in this field. Forest Ecology and Management tops the list with 528 publications, followed by Forests with 312 publications and Global Change Biology with 294 publications. Notably, each of these journals has published over 200 articles related to climate change and forestry carbon sink.



TABLE 2 Top 10 productive journals in terms of related studies.
[image: Table2]

In general, the number of citations (TC) received by a paper serves as an indicator of its impact. However, it is important to consider that the impact of a journal can vary across different fields of study. To assess the relative importance of a journal within a specific field, the average number of citations per paper (TC/P) is used as a reliable measure (Ji et al., 2014). Additionally, the Impact Factor (IF) provides a means to gauge the relative significance of a journal in its field (Garfield, 2006); Furthermore, the h-index serves not only as an indicator of authors’ scientific productivity and impact but also allows for the assessment of a journal or country’s influence in a particular field (Zhao and Li, 2015). Table 2 reveals that the Journal of Global Change Biology exhibits maximum values for TC (27205), TC/p (92.53) and IF (11.60), while the Journal of Science of The Total Environment boasts the highest h-index (317). Despite Forest Ecology and Management having the highest cumulative number of articles (528), its TC, IF, and h-index are smaller compared to those of Global Change Biology. Thus, from a personal perspective, Global Change Biology holds more influence than Forest Ecology and Management in climate change and forestry carbon sink research. Furthermore, the TC/P of Global Change Biology is more than twice as high as that of Forest Ecology and Management. Although Global Change Biology publishes fewer relevant articles, its citation rate is higher, indicating a relatively high level of article quality.

In terms of the disciplinary classification of journals, the top 10 journals encompass various fields, including Forestry, Agronomy, Ecological Sciences, Geosciences, Soil Sciences, and others. This wide range of disciplines indicates the interdisciplinary nature of research on climate change and forestry carbon sink. It also reflects the systematic and complex nature of this research. Regarding journal rankings, all the listed journals belong to Quartile 1, except for Soil Science (a secondary discipline under Ecosystems and Plant and Soil) and Environmental Sciences (a secondary discipline under Biogeochemistry), which are classified in Quartile 2. Notably, the top four journals in terms of secondary disciplines rank within Quartile 1. This observation highlights the close relationship between research on forestry carbon sink and Environmental Sciences, Ecology, Agronomy, and Forestry.




3.2 Analysis of research power


3.2.1 Institutional analysis

According to the literature statistics, a total of 5,679 institutions worldwide have contributed to articles in this field between 1981 and 2023. As presented in Table 3, the Chinese Academy of Sciences (CAS) leads with 621 papers, while other institutions with significant publication volume include the U. S. Forest Service (388 papers), the University of the Chinese Academy of Sciences (UCAS, 218), and Oregon State University (186). Notably, China emerges as the most active participant in forest carbon sink research, with three institutions ranking among the top 10. It is worth mentioning that the University of Chinese Academy of Sciences is affiliated with the CAS. The USA and Canada are the second-largest contributors to climate change and forestry carbon sink research, each with two relevant research institutions. The University of Helsinki in Finland stands out as the most prominent institution, achieving the highest TC/p (1,113.62). This can be attributed, in part, to the significant number of citations received by four articles (Aubinet et al., 1999; Donato et al., 2011; Pan et al., 2011; Valentini et al., 2000), which aligns with the high TC/P ranking observed in the previous section for Finland. In terms of h-index, the U. S. Department of Agriculture Forest Service (USA) secures the top position with an h-index of 73, followed by the Chinese Academy of Sciences (China) with an h-index of 62, and Oregon State University (USA) with an h-index of 57.



TABLE 3 Top 10 institutions in terms of number of published articles.
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The table above provides an overview of the top 10 institutions, yet it does not illustrate their temporal evolution. To address this, we utilize visualization software, VOSviewer, to analyze the co-occurrence of cooperation among these institutions. Figure 4 demonstrates that around 2010, prominent international research institutions included the University of Göttingen (Germany), Duke University (USA), and others. Subsequently, institutions like Oregon State University (USA), Harvard University (USA), and the University of California (USA) became active in the field. Notably, well-known American institutions such as Oregon State University (USA), Harvard University (USA), and the University of Washington (USA) expanded their research endeavors. By 2012, representative institutions included the U. S. Forest Service (USA), Columbia University (USA), and others. From 2014 to 2016, the Swedish University of Agricultural Sciences (Sweden), the University of Helsinki (Finland), the Russian Academy of Sciences (Russia), and other institutions exhibited outstanding performance, occupying a significant position in forestry carbon sink research. Around 2016, representative institutions emerged from Asia, including the Chinese Academy of Sciences (China), Peking University (China), and the University of Vermont from the Americas. Since 2018, Asian countries, notably China, have made significant progress in related research. Institutions such as the University of the Chinese Academy of Sciences (China), Zhejiang A&F University (China), Beijing Forestry University (China), and the University of Eastern Finland (Finland) have played dominant roles in contributing to this research field.

[image: Figure 4]

FIGURE 4
 Research institutions tab view.




3.2.2 Country analysis

This section reports that the number of literature records obtained after deduplication is 8,346. After removing blank records from the “Country or Region” field, the total number of valid literature records is 7,992. These articles originate from 206 countries and regions worldwide. For ease of statistical analysis, occurrences of “Peoples R China” have been replaced with “China” (1,584 times in total), while occurrences of “Taiwan” (case-insensitive) have been replaced with “China” (52). Similarly, occurrences of “England,” “Wales,” “North Ireland,” and “Scotland” have been replaced with “United Kingdom” (690). Table 4 presents the top 10 countries and regions based on publication volume.



TABLE 4 Top 10 most productive countries in terms of relevant articles.
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As indicated in Table 4, the United States leads with the highest number of published articles (2,703) and the most citations received (157,662). China ranks second in terms of article publication volume (1,584). Following China, the countries with significant publication volumes are Canada (798), the United Kingdom (690), Germany (633), Australia (467), Brazil (413), Japan (396), Finland (343), and Sweden (340). Notably, the United States exhibits the highest h-index (173), surpassing other countries by a considerable margin, while Japan has the lowest h-index (57). Finland (77.63) and the United Kingdom (69.65) play pivotal roles among European countries based on the TC/P index. Finland holds the highest TC/P not just within Europe but globally. This achievement can be attributed to multiple high-quality articles with frequent citations (Aubinet et al., 1999; Donato et al., 2011; Pan et al., 2011). Australia (59.38) from Oceania follows as the fifth-ranked country in terms of TC/P. In North America, the United States (58.33) and Canada (55.96) trail closely behind Australia. Among Asian countries, only China (25.91) and Japan (34.87) demonstrate relatively high TC/p values. It is important to note that other countries have also made substantial efforts and contributions to research on climate change and forestry carbon sequestration. The development trend in this field involves active participation and promotion from multiple countries or regions.

As depicted in Figure 5, the USA, China, and Canada have emerged as the primary forces in the research on forestry carbon sink and climate change, which is consistent with the findings presented in Table 4. Additionally, Figure 5 illustrates that countries such as the USA, Canada, and Japan initiated research on forestry carbon sink and climate change relatively early and became representative regions in this field around 2012. During the period from 2012 to 2014, Germany, Finland, and Russia significantly intensified their research efforts in this area and achieved notable progress in forestry carbon sink studies. From 2014 to 2016, the United Kingdom, Brazil, Australia, and Sweden demonstrated remarkable performance and occupied important positions in forestry carbon sink research. Since 2018, Asian countries, particularly China, have made significant achievements and have become important nations in this research area following the USA.
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FIGURE 5
 The evolution in time of the scientific contribution of the different geographic areas.




3.2.3 Keywords in different countries

Based on the crucial role of forest carbon sink in mitigating climate change, this topic has garnered extensive research attention globally. However, due to differences in history, geography, economy, climate, and other factors, research themes vary across regions. To delve into the regional research themes and progress, Figure 6 presents the 10 most frequently used keywords among the 10 most influential countries. These countries are distributed across four continents: four in Europe (Germany, Finland, United Kingdom, Sweden), two in North America (USA, Canada), two in Asia (China, Japan), one in South America (Brazil), and one in Oceania (Australia). Brazil is one of the top 10 countries in this regard, primarily due to its Amazon rainforest. The Amazon rainforest in Brazil is the largest tropical rainforest on Earth and a crucial component of the global carbon and water cycles. There are notable differences in the keywords among these countries. For instance, from 1981 to 2023, the most frequently used keywords in the USA were “Carbon” (111 times), “Carbon Sequestration” (110 times), and “Climate Change” (110 times). In contrast, in Japan, the most frequently used keywords were “Soil Respiration” (14 times), “Eddy Covariance” (8 times), and “Carbon Cycle” (8 times).
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FIGURE 6
 The 10 most frequently used keywords in the 10 most influential countries.





3.3 Bibliographic analysis

The number of citations received by an academic article serves as an indicator of its impact within the relevant field of study (Wang et al., 2018). As a key piece of information, it lays the foundation for research in that field, and the analysis of specific content can reflect the development direction and research hotspots. Among the 8,346 articles retrieved after merging and deduplication in this study, 14 articles received more than 1,000 citations. Table 5 presents the 10 most cited academic articles in the field of climate change and forestry carbon sink at the time of the search. These articles have played a significant role in shaping the field through their research theories, ideas, methods, and core concepts. Five out of the 10 articles were published in prestigious journals such as Science and Nature (Nature Geoscience is a sub-journal of Nature). This suggests that articles published in high-quality journals tend to be forward-looking and are more likely to attract attention and recognition from other researchers. From Table 5, we observe that the most cited publication in this field is: A Large and Persistent Carbon Sink in the World’s Forests (Pan et al., 2011) published in Science. The paper, authored by Pan, Y., a senior researcher from the U. S. Department of Agriculture Forest Service (and corresponding author), has accumulated a total of 4,256 citations. It involved collaboration among 18 authors from China, Canada, Australia, France, and Finland. Using forest inventory data and long-term ecosystem carbon studies, the article provides detailed insights into global forest carbon stocks and changes. Furthermore, it analyzes variations in global forest carbon sinks based on regions, biota, and carbon pool classifications. The paper delves into the driving factors behind forest carbon sinks, emphasizing the critical role of forests in the global carbon cycle. Its influential findings have had a strong impact on the field of study.



TABLE 5 The top 10 most cited articles.
[image: Table5]

High-impact studies consistently affirm three key findings: (1) Forests are globally recognized as critical carbon sink, with tropical forests (notably the Amazon and Congo Basins) contributing disproportionately to global carbon sequestration. Mangrove ecosystems exhibit the highest carbon density among terrestrial systems. (2) Regional warming directly impacts carbon sink dynamics: Moderate warming enhances juvenile boreal pine stands’ productivity, while Amazonian rainforest degradation reduces carbon uptake due to drought-induced tree mortality. (3) Reforestation/afforestation initiatives demonstrate quantifiable ecological restoration benefits, increasing soil organic carbon (SOC) stocks in temperate zones. Persistent scientific controversies focus on: (1) Threshold effects of climate change, particularly divergent responses of carbon flux partitioning to compound stressors—e.g., hydraulic failure thresholds under extreme droughts nonlinear isoprene emissions under heatwaves, and microbial priming effects accelerating heterotrophic respiration. (2) Ecological-economic trade-offs of anthropogenic interventions: Silvicultural carbon gains vary regionally due to species selection trade-offs (fast-growing monocultures vs. biodiversity-enhancing native polycultures) and mycorrhizal network-mediated nutrient allocation. (3) Methodological limitations: Resource Use Efficiency (RUE) models inadequately capture non-structural carbohydrate dynamics, while LiDAR-derived aboveground biomass estimates show uncertainty in dense canopies. Future research requires integrating multi-source data and cross-disciplinary models (microbial functional regulation via metatranscriptomics) to reconcile scientific rigor with policy operability.



3.4 Analysis of highly productive authors

The number of papers published by academic researchers in a certain field is often regarded as an important indicator of the author’s influence in the field, which to a certain extent reflects the enthusiasm and effectiveness of the research conducted by that author. According to the search results, 8,346 articles were written by 26,507 authors. Among them, the authors who published more than 10 papers accounted for 0.92% (26,507 authors), and the authors who published more than 20 papers accounted for 0.12% in this field. Lists the top 10 authors in the field of climate change and forestry carbon sink (13 in total, with some ties in rankings), with two authors ranked third, two authors ranked seventh, and four authors ranked eighth, with the largest number of authors coming from China. Six of the authors are from different research institutions in China, while the others are from developed countries such as the United States, the United Kingdom, Japan, or Canada. The author from the University of Oxford has the highest number of publications (44), and his articles are mainly on the relationship between tropical rainforests and environmental change, especially on tropical rainforest ecosystems in the Amazon region (Betts et al., 2008; Grace et al., 1996; Malhi et al., 2010; Malhi et al., 1998); and two of the top three h-index authors are from the United States, which again demonstrating the influence of the developed world in this field. Additionally, the two authors are from the National Institute of Advanced Industrial Science and Technology, a Japanese research organization, ranked 8 with 27 publications (Table 6).



TABLE 6 Information on the top 10 authors in terms of number of articles published.
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This section constructs a bimodal matrix of author-year based on the merged and deweighted set of 8,346 documents (refer to Figure 7). To analyze authors with substantial contributions, cells with a frequency below 20 are excluded from the analysis. Furthermore, in the biclustering diagram, cells that occur only once are eliminated. For clarity, this section focuses on authors with more than 20 total publications between 1994 and 2023. It is important to note that due to incomplete statistics, the authors depicted in Figure 7 may not align exactly with those listed in Table 4.

[image: Figure 7]

FIGURE 7
 Author-year biclustering map.




3.5 Keyword analysis


3.5.1 Keyword statistics

Due to the extensive research period covered in this paper, this chapter categorizes each decade into distinct phases and divides the literature from 1981 to 2023 into four stages. The trend of keyword evolution related to climate change and forestry carbon sink research from 1990 to 2023 is plotted (the keywords of 1981–1989 are missing) as depicted in Figure 8. Analysis of Figure 8 reveals that during the 1990s (Stage I, 1990–1999), researchers widely acknowledged the impact of CO2 emissions on climate change. The significance of forest carbon sequestration was increasingly recognized, prompting efforts to explore mitigation strategies such as “Carbon Sequestration,” “Carbon Balance,” “Soil Respiration,” and more. At the start of the 21st century (Stage II, 2000–2009), there was a substantial increase in the frequency of keywords (top 10). “Carbon Sequestration” emerged as the primary focus during this stage, with “Carbon Balance,” “Carbon Cycle,” “Nitrogen,” and “Forest Soil” losing their prominence in the top 10 sequences. Instead, they were replaced by “Carbon balance,” “Carbon cycle,” “Nitrogen,” and “Forest soil.” Notably, certain keywords such as “Eddy covariance,” “Soil Carbon,” “Biomass,” “Forest Management,” “Soil organic matter,” and “Carbon” remained constant, while the ranking of “Climate Change” increased. “Eddy Covariance,” a technique proposed by Australian micro meteorologist Swinbank (1951), measures the flux of CO2 between the soil and the atmosphere by directly assessing turbulent pulsations of physical quantities based on micrometeorological principles. “Soil Organic Matter” (SOM) refers to carbonaceous organic matter in the soil, encompassing plant and animal residues, microorganisms, and their decomposition and synthesis, including “Organic Carbon” (SOC). Van Bemmelen’s coefficient suggests that SOM contains approximately 58% organic carbon, although this value serves as a reference from several experiments and may differ in other soils. As SOM does not lend itself to precise measurement, the term “Organic Carbon” aligns better with norms of expression.
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FIGURE 8
 The top 10 keywords in different periods (1990–2023).


In Stage III (2010–2019), there was a significant increase in the frequency of keywords compared to Stage II, with some exceeding 100 occurrences. Notably, “Climate Change” rose to the second position, and “Soil Organic Carbon” replaced “Soil Organic Matter” in fourth place. Furthermore, “REDD “(Reducing Emissions from Deforestation and Forest Degradation in Developing Countries) entered the top 10 for the first time. This emergence can be attributed primarily to its adoption as an international law mechanism during the Paris Climate Change Conference in 2015. The adoption of REDD as an international law instrument further solidified its significance within the field.

In Stage IV (2020–2023), the list of the top 10 keywords in this stage does not change much from the keywords in the previous stage; In addition, the top 10 keywords in this stage also highly overlap with the keywords in Figure 9, except for the inclusion of the keyword “Afforestation.” We define “Afforestation” to encompass both afforestation and reforestation (Doelman et al., 2020), as per the Forest Resource Assessment by the Food and Agriculture Organization (FAO, 2018), “Afforestation” involves the deliberate establishment of forests through planting and seeding. Expanding forest areas, also known as “Afforestation,” represents an important approach to increasing carbon storage in terrestrial vegetation and falls under the category of negative emission technologies (Canadell and Raupach, 2008). A team of researchers from Peking University has proposed an afforestation roadmap (Xu et al., 2023), to support China’s 2060 “carbon-neutral” strategy, addressing key aspects such as where, what, and when afforestation efforts should take place. However, the economic implications of afforestation and its potential impact on regional food security still require further exploration and demonstration.

[image: Figure 9]

FIGURE 9
 Author -keyword biclustering map.




3.5.2 Keyword co-occurrence

Keywords serve as the core of research and provide the basis for discipline classification effectively summarizing the primary content of the study. Through the analysis of high-frequency keywords we can uncover research hotspots and directions within related fields. To analyze the keywords we conducted further screening of the merged and deweighted literature resulting in 6,310 valid records out of the initial 8,346 articles. Figure 10. Presents the top 10 keywords in different periods (1990–2023). A clustering analysis of keywords from literature in the field of climate change and forestry carbon sinks was conducted using the log-likelihood ratio (LLR) algorithm in CiteSpace covering the period 1990–2023. Each cluster contains multiple tightly connected nodes. Nodes sharing identical colors belong to the same cluster with node size positively correlated to keyword frequency and line thickness proportional to keyword co-occurrence strength. The keyword clustering map for literature (Figure 10) comprises 243 nodes and 293 links with a density value of 0.01. The top 10 core clusters were selected exhibiting a modularity value (Q) of 0.8538 (>0.4) confirming the validity of the clustering structure. The mean silhouette value (S) of 0.9494 (>0.5) indicates high network homogeneity demonstrating robust inter-keyword connections and scientifically sound clustering. Clusters are numerically labeled #0 to #9 in descending order of node count with the following designations: #0 ecosystem services #1 sequestration #2 soil respiration #3 eddy covariance #4 soil organic carbon #5 photosynthesis #6 carbon sequestration #7 soil carbon #8 chemical vapor deposition and #9 organic matter. As illustrated in Figure 10 the #0 cluster “ecosystem services” integrates keywords such as land use change soil organic matter deforestation and atmospheric carbon reflecting its broad scope. The comprehensive elucidation of net ecosystem exchange mechanisms remains a critical research priority. Detailed analyses of other keyword clusters will be presented in subsequent sections
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FIGURE 10
 Keyword clustering map.


According to Figure 10, “Carbon Sequestration” emerges as one of the most cited keywords. Carbon sequestration, also known as carbon storage, refers to the process of capturing and securely storing carbon to replace direct CO2 emissions into the atmosphere. It plays a crucial role in Carbon Capture, Utilization, and Storage (CCUS), making it an essential component of China’s carbon-neutral technology system. Furthermore, it is considered a feasible technical solution for achieving near-zero emissions in fossil energy and facilitating deep decarbonization in challenging industries like iron, steel, and cement. Additionally, it serves as the primary technical means to support future carbon recycling initiatives. The implementation of CCUS projects dates back to the 1970s when the United States and some European countries initiated the construction of CO2 capture and geological storage projects. Currently, the focus primarily revolves around forest carbon sequestration in various regions (including tropical, subtropical, temperate, and boreal forests), as well as ecosystem components such as soils and organisms (Clemmensen et al., 2013; Fredrik and Birger, 2018; Oren et al., 2001; Schulte-Uebbing and de Vries, 2017). Subsequently, research on forest management and cost control, among other influencing factors, gradually became prominent research areas (Jandl et al., 2007; Richards and Stokes, 2004).

The keyword “climate change” is also a critical keyword within the discourse, highlighting its significance as a major threat to human development. Excessive GHG emissions have resulted in significant global climate changes, leading to profound impacts on socio-ecological systems. The deepening of international agreements like the Kyoto Protocol and the Paris Agreement has established combating climate change as a global political consensus and a critical priority for action. Scholars and organizations worldwide have conducted extensive research on climate change mitigation. Notably, we observed similarities between the keywords in this study and bibliometric studies conducted by Wang et al. (2018).

Undoubtedly, the keyword “Carbon” constitutes a central research focus in this study. “Carbon” has double meanings; broadly speaking, it refers to all activities related to carbon, including Carbon Sequestration (Carbon Storage), Carbon Stock (ranks 5), Carbon Balance (22), Carbon Sink (33), etc. In a narrower sense, it refers to a kind of GHG leading to climate change; “Forest” (ranks 8) is the most important term in this paper, which will not be elaborated here.

“Soil Carbon” encompasses both Soil Organic Carbon (SOC) and Soil Inorganic Carbon (SIC). It is widely acknowledged that SIC exhibits slow turnover rates and has a limited impact on soil carbon sequestration (Magaritz and Amiel, 1981). Conversely, soil serves as a reservoir for approximately three times the plant biomass found in terrestrial ecosystems and holds twice the amount of organic carbon present in the atmosphere (Batjes and Sombroek, 1997). Soil organic carbon constitutes a crucial component of soil, closely associated with soil fertility and playing a vital role in soil carbon sequestration and global carbon cycle dynamics (Hein et al., 2020; Richter et al., 1999; Xiapu et al., 2018). Consequently, there has been a surge in research interest regarding the utilization of high-precision prediction models for accurately estimating soil organic carbon stocks and spatial distribution (Grimm et al., 2008; Ren et al., 2023; Wiesmeier et al., 2013).

Bio-Energy with Carbon Capture and Storage (BECCS) is an extension and expansion of CCUS technology, representing a Negative Emission technology (NET). It is capable of capturing and storing CO2 generated during biomass combustion or conversion processes. BECCS, alongside Afforestation and Reforestation (AR), is widely recognized as one of the most effective methods for Carbon Dioxide Removal (CDR), offering substantial potential for achieving net negative emissions (Bello et al., 2020; Sabine et al., 2018; Yan et al., 2019). The United Nations Intergovernmental Panel on Climate Change (IPCC)1 of the United Nations highlights that in 2030, BECCS deployment will remain limited to approximately 300 million tons. However, to achieve global net-zero CO2 emissions by 2050, the scale of BECCS would need to increase to around 4.5 billion tons.

Traditional forest management primarily focuses on increasing timber production and maximizing the benefits derived from forest product extraction (Brandis, 1896). However, as research has advanced, it has become evident that forest management serves not only to enhance income generation and improve quality of life (Oldekop et al., 2019), but also plays a pivotal role in biodiversity conservation, climate change mitigation, water provision, and other crucial ecosystem services (Felipe-Lucia et al., 2018; Gamfeldt et al., 2013; Runting et al., 2019); Human activities have caused varying degrees of degradation in over 80 percent of the world’s forests (Watson et al., 2018); Hence, optimal forest management is imperative to meet the multidimensional ecological, economic, social, and cultural functions (Johnson, 1992; Johnson and Curtis, 2001; Post and Kwon, 2000). Different forest management activities, such as harvesting, thinning, fertilization, drainage, species selection, and natural disturbances, exert distinct impacts on soil carbon stocks, representing an important area of investigation within the field of Environmental Sciences.

To clearly illustrate the research hotspots over time, this chapter constructs a bimodal matrix of keywords and years based on 6,310 valid literature records. The frequency of intercepted cells is set at 230. As shown in Figure 9, the top 10 keywords remain consistent with those listed in Figure 9 from 2011 through 2023. Notably, “Carbon Sequestration” consistently ranks first in terms of frequency of occurrence, followed by “Climate Change,” which aligns with the rankings in Figure 9. Particularly, from 2011 to 2015, “Carbon Sequestration” continuously held the top position in terms of frequency per year. Similarly, from 2019 to 2022, “Climate Change” consistently ranks first in frequency per year. These findings indicate that both “Carbon Sequestration” and “Climate Change” have maintained long-standing prominence as research hotspots between 2011 and 2023.

We constructed an author-keyword bimodal matrix to effectively present the authors’ research content, with a frequency threshold of 20 for intercepted cells. Figure 8 provides a clear depiction of their respective research focuses. Peichl, Matthias primarily conducts research in the field of “Carbon Sequestration.” Notably, Yang, YuSheng has published the greatest number of articles relating to “Soil Organic Carbon,” despite not being listed in Table 4; Kurz, Werner A mainly works on “Forest” and “Forest Management,” which aligns with his articles - “A large and persistent carbon sink in the world’s forests” and “Mountain pine beetle and forest carbon feedback to climate change” in Table 3. It is noteworthy that all the authors are actively engaged in research related to the theme of climate change, hence the frequent appearance of keywords such as “Carbon Sequestration,” “Carbon Stock,” and “Carbon Storage,” which represent crucial measures in combatting climate change.




3.6 Hotspots analysis


3.6.1 Keyword evolution

The thematic evolution of climate change and forestry carbon sink research is visualized through a timeline view of keyword clusters. This layout aligns keywords within the same cluster horizontally, clarifying their distribution and temporal dynamics across clusters. Key findings: (1) longest co-occurrence clusters; #0 “ecosystem services” (Atmospheric Carbon Cycle, Mechanisms, Drivers) and #4 “soil organic carbon” (Climate, Eddy Covariance, Tropical Forest) reflect: Bidirectional feedback between climate, forests, and ecosystems. A critical role of SOC in climate dynamics, particularly in tropical rainforests. (2) Earliest co-occurrence clusters; #2 “soil respiration” (CO₂, Biodiversity, REDD+) aligns with early keywords (1990–1999) in Figure 11. Some nodes predate 1990, indicating foundational research. #6 “carbon sequestration” (Kyoto Protocol, Carbon Stock) correlates with the 2002 climate policy milestone. (3) Persistent clusters (ongoing); #0 “ecosystem services,” #4 “soil organic carbon,” and #6 “carbon sequestration” highlight current priorities, sustainable forest management, and carbon stock conservation. (3) Shortest duration cluster: #8 “chemical vapor deposition” shares keywords (SOC, Soil Carbon) with Clusters #4 and #7.
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FIGURE 11
 Timeline of keyword evolution.




3.6.2 Keyword bursts

Keyword citation bursts (sharp increases in citation frequency) identify emerging research hotspots in climate change and forestry carbon sink studies. Key parameters include: Year (initial appearance within 1990–2023) Strength (burst intensity) and Begin/End (duration of citation surges). Figure 12 displays the top 25 keywords with the strongest citation bursts revealing temporal shifts in research priorities: (1) The earliest high-intensity bursts—"Dioxide” and “Organic Matter”—reflect their critical role in climate dynamics particularly CO₂ emissions as a primary driver of global warming. (2) The strongest bursts include “Dioxide” (57.06) “CO₂” (51.12) “Eddy Covariance” (36.54 a core technique for monitoring net ecosystem CO₂ exchange) “Atmospheric CO₂” (35.46) and “Exchange” (30.35) highlighting the scientific focus on carbon flux quantification. (3) “Ecosystem Services” exhibits persistent citation bursts emphasizing ongoing research into natural systems”societal value” (provisioning regulating cultural and supporting services)

Frequency statistics and evolution analysis of keywords reveal a growing scholarly focus on the dynamic changes of carbon sinks and carbon stocks. The evolution of keywords also highlights that over the past four decades, the research hotspot within climate change and forest carbon sinks has shifted from natural sciences to social sciences. Researchers have increasingly recognized the significance of studying the interactions between social, economic, and cultural factors with climate change. Unlike studies that mainly concentrate on specific, microscopic, and quantitative analyses, this study adopts a qualitative and quantitative approach based on macro-level documentary records. The conclusions drawn from this study will assist researchers in comprehending the development and trends in climate change and forestry carbon sink research, offering valuable guidance and references for future investigations in this field (Figure 8).
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FIGURE 12
 Top 25 keywords with the strongest citation bursts.






4 Future research

Although the role of forests in regulating atmospheric CO2 is undeniably significant, some studies have found that the carbon sequestration capacity of forests is not as large as expected (Lewis, 2005; Stephens et al., 2007), and there is significant uncertainty associated with the estimation of carbon sequestration in forestry (Harris et al., 2021; Williams et al., 2019; Yang et al., 2023). Moreover, due to the impact of human activities such as deforestation, forest fires, and reforestation, the carbon sink capacity has shown a declining trend (Bond-Lamberty et al., 2007; Liu J. et al., 2024; Obrist et al., 2018; Pan et al., 2024). Considering the significant role of factors (Figure 9) such as biomass (aboveground and belowground), woody residues, litter, and soil in enhancing the carbon sequestration function within forest ecosystems, it is imperative to focus on their differential impacts on carbon sequestration in both primary forest and afforestation projects. In addition, we need to further explore the carbon sequestration or source in other terrestrial ecosystems, such as peatlands, wetlands, grasslands, oceans, and rock weathering, to enrich the relevant research on carbon sink and sources.

The impact of climate change on the production processes and final output of the economic system, as well as the role of the economic system in promoting policies and measures to reduce greenhouse gas emissions (Nordhaus, 1982), has led to an increasing number of socio-economic factors, including governments, central banks, and private enterprises, considering climate risk as a crucial factor in macroeconomic forecasting to aid in adaptive decision-making (Alogoskoufis et al., 2021; Bolton et al., 2020), and has given rise to the highly popular branch of economics today—climate change economics. The coupled effects of climate change and the economy have been confirmed. The coupled effects of climate change and the economy have been confirmed (Burke et al., 2015; Kalkuhl and Wenz, 2020; Kotz et al., 2024; Kotz et al., 2021), however, due to the spillover effects of the economy, few countries have adopted proactive climate change policies, Nordhaus advocates for the use of a “carbon tax” within a climate club to prevent “Free-riding” behavior during the climate response process (Nordhaus, 2021), determining the “carbon tax” and carbon sink prices over a certain period has become crucial for devising strategies for rewards and penalties.

Climate-smart forestry integrates the concepts of smart forestry, climate forestry, and ecological forestry, utilizing intelligent and data-driven new-generation information and Artificial Intelligence (AI) technologies. By transforming traditional scientific research and management paradigms in forestry, it aims to better understand the mechanisms of interaction between forestry ecosystems and climate change, thereby enhancing our capacity to adapt to and mitigate the impacts of climate change (Wang G. G. et al., 2024). The technology for extracting forest structural parameters has been realized (Chen et al., 2022; Wang J. et al., 2024; Yun et al., 2024), and preliminary progress has been made in the three-dimensional visualization simulation and identification and analysis of ecological processes in forestry ecosystems under different climate scenarios and at multiple scales (Buonocore et al., 2022; Qiu et al., 2023; Wang J. et al., 2024; Wang L. et al., 2024). Forest management (Figure 9) practices and methodologies have undergone significant changes. Under the backdrop of Artificial Intelligence (AI) and big data, policymakers and researchers in the fields of Forestry and Environmental Sciences are focusing on four key areas: ① high-efficiency and precise acquisition technology of forest ecosystem parameters. ② Digital twin technology in forest ecosystems. ③ Simulation technology of natural succession and management processes in forest ecosystems. ④ Sustainable management decision systems for forest ecosystems under human-machine collaborative interaction.

Forest ecosystems exhibit significant complexity due to their diverse ecological processes, leading to uncertainties in modeling large-scale forest carbon cycles (Zhao et al., 2022). Three primary uncertainties exist: ① Mechanistic gaps; empirical relationships used to approximate unresolved carbon cycle mechanisms introduce uncertainty (Zhao et al., 2012). ② Scale mismatch; Errors arise when upscaling ecological processes from micro (e.g., leaf-level) to macro scales (e.g., grid-level simulations) (Larocque et al., 2008). Environmental/human perturbations; Physical disturbances (e.g., permafrost thaw) and anthropogenic activities (e.g., selective logging) compromise carbon sink measurements (Feng et al., 2020; Seidl et al., 2017). ③ Observational limitations further exacerbate uncertainties. While remote sensing mitigates ground network deficiencies (Umair et al., 2020), both ground-based (e.g., eddy covariance) and satellite-derived data exhibit substantial errors (Varvia et al., 2017). Stand-scale models assume uniform tree distributions, yet emerging dynamic vegetation-terrestrial biophysical models incorporate climate-vegetation feedback to improve carbon budget projections (Froelich et al., 2015). Model calibration remains critical for quantifying forestry carbon sink’s climate mitigation potential. Parameter optimization through data assimilation and deep learning integration enhances physiological trait representation across vegetation types (Minunno et al., 2019), and future advancements hinge on multi-sensor remote sensing products (e.g., LAI, wildfire indices) (Waleed and Sajjad, 2023), and cloud-based geospatial processing platforms enabling high-performance computing and crowdsourced land-use monitoring (Koskinen et al., 2019).



5 Conclusion

This paper offers a unique perspective on climate change and forestry carbon sink research through scientometric analysis, utilizing the “Web of Science Core Collection” as the primary dataset. Analysis of publication statistics reveals a marked exponential growth in scholarly output of researcher articles from 1981 to 2022, with a pronounced surge observed in the past 6 years (2017–2022). This trend signifies an increasing research focus on climate change and forestry carbon sink as a prominent and evolving area of study. Three predominant disciplines contributing to research in climate change and forestry carbon sink are Environmental Sciences, Forestry, and Ecology. Notably, the top 10 most productive journals account for 30% of total publications in this field. Geopolitically, developed countries, particularly the United States, hold a significant leadership position in terms of overall research strength, boasting the highest number of publications and greater academic impact. Meanwhile, China, as the leading developing nation, demonstrates commendable quantitative performance from its research institutions and authors; however, there remains a qualitative gap compared to other leading developed countries. The 10 most cited works each exceed 1,000 citations, signifying foundational theoretical contributions. Finally, building upon the current developments in climate economics and emerging AI applications in sustainable forestry management, this investigation delineates four priority research vectors.

However, three methodological constraints warrant acknowledgment in future work: (1) this study relies on a comprehensive analysis of literature records, and research hotspots may vary across regions due to differences in geographic characteristics, histories, economies, and climatic conditions of different countries. (2) While the COOC software has been widely used in bibliometric studies, it does possess certain limitations. For instance, it lacks a clear distinction between the first and corresponding authors, and there may be some overlaps in frequency statistics. Nevertheless, the results presented in this paper are based on objective and stable data, ensuring reliability and minimizing empirical bias.
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Footnotes

1   Global Warming of 1.5°C an IPCC special report on the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change, sustainable development, and efforts to eradicate poverty (SR15).
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