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Abstract

:

Research on forest carbon storage (FCS) is crucial for the sustainable development of human society given the context of global climate change. Previous FCS studies formed the science base of the FCS field but lacked a macrolevel knowledge summary. This study combined the scientometric mapping tool VOSviewer and multiple statistical models to conduct a comprehensive knowledge graph mining and analysis of global FCS papers (covering 101 countries, 1712 institutions, 5435 authors, and 276 journals) in the Web of Science database as of 2022, focusing on revealing the macro spatiotemporal pattern, multidimensional research status, and topic evolution process of FCS research at the global scale, so as to grasp the status of global FCS research more clearly and comprehensively, thereby facilitating the future decision-making and practice of researchers. The results showed the following: (1) In the past three decades, the number of FCS papers indicated an increasing trend, with a growth rate of 4.66/yr, particularly significant after 2010. These papers were mainly from Europe, the Americas, and Asia, while there was a huge gap between Africa, Oceania, and the above regions. (2) For the research status at the national, institutional, scholar, and journal levels, the USA, with 331 FCS papers and 18,653 total citations, was the most active and influential country in global FCS research; the United States Forest Service topped the influential ranking with 4115 citations; Grant M. Domke and Jerome Chave were the most active and influential FCS researchers globally, respectively. China’s activity (237 papers) and influence (5403 citations) ranked second, and the Chinese Academy of Sciences was the most active research institution in the world. Currently, FCS research is published in a growing number of journals, among which Forest Ecology and Management ranked first in the number of papers (154 papers) and citations (6374 citations). (3) In recent years, the keyword frequency of monitoring methods, driving factors, and reasonable management for FCS has increased rapidly, and many new related keywords have emerged, which means that researchers are not only focusing on the estimation and monitoring of FCS but also increasingly concerned about its driving mechanism and sustainable development.
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1. Introduction


Climate change has become one of the most pressing and highly regarded issues currently [1,2,3,4]. Statistics show that approximately 60–70% of global greenhouse gas emissions are caused by carbon dioxide [5,6,7], which severely threatens the sustainable development of humanity [8]. To reduce the amount of carbon dioxide in the atmosphere, the international community has successively issued multiple agreements to reduce the amount of carbon dioxide in the atmosphere, such as the United Nations Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol, and the Paris Agreement [9]. In addition, as of October 2020, 127 countries/regions had successively announced carbon neutral targets. Driven by efforts to reach these targets, related measures such as energy conservation and emission reduction, afforestation, and returning farmland to forests have been fully implemented in various countries around the world.



Forests can effectively mitigate global climate change by absorbing CO2 from the atmosphere and storing it in trees, soil, and other organic matter [10,11,12]. Statistics from the Food and Agriculture Organization of the United Nations [13] indicate that forests, which are distributed worldwide, account for approximately 31% of the total land area. Dixon et al. [10] noted that more than 86% of the global vegetation carbon pool and more than 73% of the global soil carbon pool are stored in forest ecosystems. Early research by Fang et al. [14] further indicated that the fixed carbon of forest ecosystems accounted for more than two-thirds of the total amount in terrestrial ecosystems each year. These studies have proven that forests are the largest carbon pool in terrestrial ecosystems [15,16] and play an irreplaceable role in maintaining global carbon cycling and improving regional ecological environments [12,15,17].



Given the context of global warming and the human pursuit of sustainable development, the study of forest carbon storage (FCS) is receiving increasing attention. According to our literature review, in the 1980s, many American scholars began carrying out FCS research, such as Armentano [18], Cooper [19], and Schiffman and Johnson [20]. Since the 1990s, other countries have also successively carried out relevant research, such as Fang et al. [14], Piao [11], Salunkhe et al. [21], and Tian et al. [3]. To date, this field has produced a large amount of research; related research topics are rapidly increasing as well [9]. Undoubtedly, these studies on forest carbon storage are of great significance because they can help humans to more accurately monitor FCS [11,14], more effectively manage forests [21], develop more realistic climate policies [8], and better protect biodiversity [5,22].



Several representative papers in China, such as Fang et al. [14], Piao [11], and Guo et al. [23], have reviewed the domestic FCS situation and proposed various estimation models. Qureshi et al. [24] reviewed various methods for estimating carbon storage and soil organic carbon, such as the “forest yield method”, “biomass expansion coefficient”, and “Walkley–Black method”, and established standardized levels for different landscapes and forest types. Kho and Jepsen [25] collated and analyzed Malaysian datasets on total carbon stocks for both aboveground and belowground biomass. Birdsey and Pan [26] summarized trends in global forest area according to management intensity and provided an overview of changes in global carbon stocks associated with managed forests. Kalies et al. [27] performed a meta-analysis of FCS studies from the United States and Canada to investigate the effects of aboveground vegetation, soil, litter, and dead wood on FCS. Ali and Yan [22] systematically reviewed the relationship between biodiversity and carbon storage in different forest ecosystems based on 47 studies collected from the Web of Science (WOS) and Knowledge databases. Salunkhe et al. [21] provided a detailed overview of the current research on aboveground biomass and carbon storage in different forest types in India based on datasets of forest biomass and carbon storage. Huang et al. [9] performed a bibliometric analysis of 1284 publications related to forest carbon sequestration from the WOS core collection database between 1990 and 2018. Similarly, Udara Willhelm Abeydeera et al. [7] reviewed the relevant literature on global carbon emissions from 1981 to 2019 and mapped a global carbon emissions research network. Recently, Sun and Liu [16] systematically reviewed the basic types of FCS estimation methods and their applications in China and pointed out that multi-source data and heterogeneous models used in FCS estimation research can lead to significant differences in estimation results.



The original research summarized in the above reviews forms the knowledge foundations of FCS research and helps explain the current state of the field. However, the existing knowledge is still limited and fragmented. Specifically, the existing reviews are mostly regionally specific (e.g., Guo et al. [23]: China; Kalies et al. [27]: USA and Canada; Salunkhe et al. [21]: India). Additionally, most of the research topics focus on a specific point related to FCS, which is relatively different from the overall “forest carbon storage” topic (e.g., Udara Willhelm Abeydeera et al. [7]: carbon emissions; Birdsey and Pan [26]: forest management intensity; Huang et al. [9]: carbon sequestration; Sun and Liu [16]: FCS estimation method). It is worth noting that previous studies have rarely focused on the following issues: (1) What is the spatiotemporal pattern of global FCS research? (2) How does one evaluate the number and impact of FCS papers at the national, institutional, scholar, and journal levels? (3) What are the main research hotspots and their evolution process? The answers to these questions are very important for enriching FCS research. Therefore, it is necessary to conduct a macroscopic and comprehensive review of FCS research in order to grasp its current status and trends, which can help FCS scholars to make effective decisions for future research.



Bibliometric analysis can quantitatively evaluate and analyze existing research in a specific field, thus increasing the understanding of the current state, characteristics, and trends of related knowledge [28,29,30]. This method utilizes statistical algorithms for knowledge extraction and network analysis and uses visualization methods to create a knowledge map for a specific field; it allows people to explore the development and relationships between different scientific knowledge blocks [9]. It has been widely used to gain insights and development trends in different fields, such as ecology [30,31], security science [29], and geology [32]. However, an effective review of global-scale FCS studies is still lacking. Although Huang et al. [9] comprehensively assessed global carbon sequestration research trends, carbon sequestration is a relatively broad field that encompasses various topics, such as carbon storage, carbon sinks, and carbon accumulation, making it difficult to focus specifically on the “forest carbon storage” topic and reflect the detailed characteristics of this field. Moreover, increasing attention to global climate change has led countries to set carbon neutrality goals, and related research on efforts to promote carbon storage has also increased rapidly in recent years. However, the research period of Huang et al. [9] extends to only 2018, which limits the timeliness of their knowledge and their ability to reflect the latest research trends. In terms of research methods, the current bibliometric analysis research is almost entirely based on scientometric mapping tools (e.g., VOSviewer, CiteSpace), which have a limited ability to summarize knowledge. Innovatively incorporating other statistical models could provide a more objective and comprehensive exploration of the knowledge landscape in specific fields, such as trend detection models like the Mann–Kendall mutation test that can be used to analyze the literature time series [33]. Additionally, activity index and attractive index models can be used to measure the activity and influence of research entities in a given field [34].



In summary, the main goal of this study is to integrate the FCS literature from throughout the world from 1993 to 2022 and explore its spatiotemporal pattern, research status at the national, institutional, scholar, and journal levels, and evolution of research topics in the FCS field from multiple angles, so as to grasp the characteristics and trends of FCS research and provide a theoretical basis for decision-making and practice in this field in the future.




2. Materials and Methods


2.1. Literature Collection Strategy


Our literature collection strategy includes the following four steps: (1) Determine the scientific databases to be used. We assessed the evaluation results of Olawumi et al. [35] for the current major scientific databases (i.e., Scopus, WOS, and Google Scholar) and considered the comprehensiveness, scientific robustness, and organized structure of these databases [36,37]. We then adopted the WOS core collection database, which includes the SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH, CCR-EXPANDED, and IC databases, to search and collect related journals. (2) Define the search criteria. The search string “(forest* AND “carbon storage”) or (forest* AND “carbon stock*”)” was used to comprehensively retrieve documents from the core collection of WOS, with the “*” character indicating a fuzzy search. We referred to the previous study of Huang et al. [9] and used the title field instead of the topic field for retrieval. The current study proved that the retrieval results of the latter were far greater than those of the former (10,777 papers vs. 1391 papers) since the latter’s search scope includes “title”, “abstract”, and “keywords” and thus produced many nonrelated results. (3) Identify other conditions, including year published, language, and document type. Specifically, since the earliest FCS paper in the WOS database was published in 1993, the year published was set to 1993–2022. As English is the most widely used academic language, language was set to English; document type was established as article and review, as these published journal articles have undergone strict peer reviews and possess good reputations, which allows them to be classified as “certified knowledge” [36]. (4) The 1252 bibliographic records finally screened out were exported as plain text files in the format of “full record and cited references” as well as Microsoft Excel files, which served as the analysis sample.




2.2. Methods


2.2.1. Bibliometric Analysis


Scientific research tools can greatly improve the efficiency of information extraction and knowledge discovery in bibliometric analysis [29]. In the early years, Cobo et al. [38] conducted a comprehensive review of scientometric mapping tools, which were further updated and extended by Li et al. [29] a decade later.



For the bibliometric analysis relating to the formation of networks for countries, organizations, authors, references, and keywords, we used VOSviewer (version 1.6.16) developed by van Eck and Waltman [39]; VOSviewer is one of the most influential pieces of software in bibliometric analysis [30]. It presents the structure and distribution of scientific knowledge via scientometrics, data analysis, and information visualization, enabling the generation of different types of knowledge graphs and providing researchers with visual citations of the literature landscape [9]. This tool can be downloaded for free from the website (https://www.vosviewer.com, (accessed on 25 June 2021)). For an introduction to its development principles and functions, please refer to the manual for version VOSviewer 1.6.16 [39] or the detailed analysis of the main concepts underlying bibliometric mapping technology in this tool by Li et al. [29].



Figure 1 takes the collaboration network of countries as an example to chart the process of bibliometric analysis, and Table 1 lists the relevant parameters. The main process is as follows: first, a bibliometric analysis project was created in VOSviewer software; second, the pure text document metadata to be analyzed were selected; then, the analysis method was selected, and relevant parameters were set to generate analysis results; and finally, the visualization method and parameter were selected and set, respectively, to generate visualized network maps. It is worth noting that the network maps (e.g., Figure 1) created in VOSviewer consist of one type of item (country/organization/author names, references, or keywords) connected to each other by lines or links, and each link has a strength, represented by a positive numerical value [31]. The strength of a link may, for example, indicate the number of publications in which two countries/organizations/authors have collaborated (in the case of country/organization/author co-authorship) or the number of publications in which two keywords have occurred together (in the case of keyword co-occurrence). The item is the basic unit of the network, a closely linked set of items forms a cluster, and different clusters are further connected to form a network. The size of each item in a network is weighted by the number of documents, citations, or the strength of the link between two items. The color of an item is determined by the cluster to which it belongs [31,39].




2.2.2. Mann–Kendall Mutation Test


The Mann–Kendall mutation test is a nonparametric statistical method for time series analysis [33], also known as a nondistribution test. The method has previously been widely used in meteorology and hydrology [40]. In this study, for the first time, we applied it to the trend analysis and mutation detection of the time series of global FCS papers and related keywords in the past 30 years. The formula is defined as follows:



(1) For FCS paper time series with  n  samples,     P  t    ,   t = 1 , 2 , ⋯ , n  , an ordered series is constructed:


   s t  =   ∑ i t    r i  ,    r i  =       1 ,  P i  <  P j        0 ,  P i  ≥  P j          i = 1 , 2 , ⋯ , j ;   t = 1 , 2 , ⋯ , n    



(1)




where    S t    is the cumulative number of values greater at time  j  than  i .



(2) The mean     E    S t        and variance     V a r    S t        statistics are defined as follows:


     E    S t      =   t ×   t − 1    4  ,     V a r    S t      =   t ×   t − 1   ×   2 t + 5     72     



(2)







(3) Assume that the time series is random and independent, and define the following statistics:


  U  F t  =    S t  − E    S t        V a r    S t        ,   t = 1 , 2 , ⋯ , n  



(3)




where   U  F t    conforms to the standard normal distribution, and   U  F t  > 0   indicates that the time series shows an increasing trend and vice versa. According to the normal distribution table, we defined the significance level as   a = 0.05   and the corresponding critical confidence coefficient as    U a  = ± 1.96  , which means that when   U  F t  >   1.96    , the change trend of the time series is significant. Similarly, the inverse order of   U  F t    is calculated as   U  B t   . If the   U  F t    and   U  B t    curves intersect at a certain point, and the intersection point is between the credibility line, then the time corresponding to the intersection point is the mutation moment of the time series.




2.2.3. Activity Index (AI) and Attractive Index (AAI)


The activity index (AI) and attractive index (AAI) defined by Hungarian scholars [34] were employed to evaluate the relative effort devoted by a country to the FCS field (i.e., activeness) and the relative impact made by a country in terms of the citations of its publications (i.e., academic influence). For the principles and model explanations of these two indicators, please refer to the previous study by Schubert and Braun [34] and related applications such as Chen and Guan [41] and Huang et al. [9]. The equation of the AI is defined as follows:


    AI  i t  =     N o  P i t  / ∑ N o P       T N o  P t  / ∑ T N o P      



(4)




where     AI  i t    represents the activeness for the  i -th country in the  t -th year during the given period;   N o  P i t    is the number of FCS papers of the  i -th country in the  t -th year;   ∑ N o P   is the total number of FCS papers of the  i -th country during the given publication period;   T N o  P t    is the number of FCS papers published globally in the  t -th year;   ∑ T N o P   is the total number of FCS papers published globally during the given publication period.



Similarly, the equation of the AAI is defined as follows:


    AAI  i t  =     N o  C i t  / ∑ N o C       T N o  C t  / ∑ T N o C      



(5)




where     AAI  i t    represents the academic influence for the  i -th country in the  t -th year during the given period; in addition to replacing   N o P   in the AI model with   N o C   (  N o C   is the number of citations of paper), the meaning of each parameter is almost the same as that of the AI [41].






3. Results


3.1. Macroscopic Characteristics of Published FCS Papers


3.1.1. Interannual Trends in the Number of Published FCS Papers


The statistics suggest that from the publication of the first FCS paper [42] in 1993 to the end of 2022, a total of 1252 related papers have been published worldwide. Figure 2 shows the annual paper count and its changing trend. Over the past 30 years, the number of FCS papers has generally shown an increasing trend, with a linear regression coefficient of 4.66 (R2 = 0.8627) and passes the significance test at a 99% confidence level. In particular, 2019 had the highest number of publications (140 papers). The Mann–Kendall mutation test observed a phased feature in the above trend. Specifically, it can be divided into the following three periods: (1) the initial period (1993–2001), during which the UF(t) curve fluctuated before 2001, and the number of papers published in this period was less than 5 per year, with none of the relevant literature published in 1994, 1998, or 2001; (2) the slow growth period (2002–2009), during which the UF(t) curve fluctuated between 0 and 1.96 after 2002, indicating that the number of FCS papers showed a slow growth trend, with the number of papers exceeding 10 for the first time in 2003; and (3) the rapid growth period (2010–2022), during which the UF(t) curve exceeded the critical confidence coefficient of 1.96 after 2010, indicating that the growth trend for FCS paper quantity had changed from slow growth to significant growth, and this trend was relatively pronounced during 2012–2013 and 2010–2018. Since the intersection of the UF(t) and UB(t) curves lies outside the critical confidence coefficient, no potential mutation years in the article volume were detected across the entire time domain.




3.1.2. The Spatial Distribution in the Number of FCS Papers


The spatial distribution of published FCS papers was determined according to the institutional addresses. Note that cross-regional collaboration studies may result in a paper having multiple institutional affiliations representing different countries, and 1252 FCS papers recorded in the WOS core database were expanded to 2057 after being classified by country; thus, the percentages were calculated based on the percentile of 2057. Furthermore, the number of papers (NoP) index was used to represent activity, and the total citations (TC) index was used to measure influence [43]. Figure 3a clearly demonstrates that the NoP on FCS had significant spatial heterogeneity at the global scale and was dominated by Europe, the Americas (including North America and South America), and Asia. Specifically, Europe had the highest number of FCS papers published, with 683 papers, accounting for 33.20% of the total papers, and its TC were also the highest, with 35,014 citations, followed by the Americas (615 papers, 29.90%, 31,477 times); Asia was in the middle (563 papers, 27.37%, 13,358 citations), while the NoP in Africa and Oceania accounted for only 5.49% and 4.04%, respectively, and the TC were 8086 citations and 4448 citations, respectively. Figure 3b shows the top three countries in terms of the percentage of FCS papers published each year to the total global FCS papers for that year between 1993 and 2022, which are the main countries conducting FCS research, all from Europe, the Americas, and Asia. Before 2010, the countries engaged in FCS research were almost all from the Americas and Europe, such as the United States (USA), Germany (DEU), and Canada (CAN), especially the USA, which ranked in the top three in terms of the number of FCS papers published each year. After 2010, some Asian countries began to publish a large number of FCS papers, such as China (CHN) and India (IND), which became the main countries in FCS research after 2010 and 2019, respectively. In summary, in the past 30 years, the total NoP and TC in Europe, the Americas, and Asia accounted for 90.47% and 86.43% of the total, respectively, and the main countries conducting FCS research were also concentrated in these three continents, indicating that these three continents were the main research regions for FCS, while there was a huge gap in FCS knowledge between Africa, Oceania, and the above regions.





3.2. The Research Status at Different Levels of the FCS Field


3.2.1. National and Institutional Level


(1) An analysis of the number and citations of FCS papers



The paper samples were from 101 countries/regions around the world, the majority of which were from China and the United States. Table 2 shows the top ten most productive countries. Statistics showed that the sum of the FCS papers of these countries exceeded the sum of other countries (57.02% vs. 42.98%). Among these countries, the USA had the most FCS papers, with 331 papers, accounting for 16.09%. Correspondingly, its TC were also the highest in the world, with 18,653 citations. China’s NoP and TC were the next highest, with 237 papers and 5403 citations, respectively. The NoP proportions in other countries were all less than 10% and ranked as follows: Canada (5.06%), Germany (4.76%), India (4.67%), the UK (3.99%), Brazil (3.89%), Australia (3.11%), Italy (2.48%), and Spain (2.33%). The TC of the UK (5500 citations) and Germany (5081 citations) ranked third and fourth, respectively, while the remaining countries all had less than 5000 citations. The average citations (AC) per paper can indirectly reflect the average quality of a country’s publications [30]. From this perspective, the UK had the highest AC, reaching 78.75 citations, followed by Australia at 61.86 citations, the USA at 56.35 citations, and Germany at 51.85 citations. The quality of the FCS research results of the above countries was relatively high, while other countries all had AC of less than 50 citations. Note that, unlike the high positions shown in the NoP rankings, the AC of China (22.80 citations) and India (15.54 citations) were relatively low. Table 2 also shows the countries that published only one FCS paper and whose TC were less than 10, mainly from Africa and Oceania. Specifically, the above countries included four African countries, three Oceanian countries, two Asian countries, and one European country, and the NoP, TC, and AC of these countries were all ranked at the bottom. Among them, the FCS papers of Tunisia, the United Arab Emirates, Uganda, and Zambia all had 0 citations.



The activeness and academic influence of the top ten most productive countries in FCS research were quantified through the AI and AAI and compared with international standards (Figure 4). The activeness and academic influence of the USA and Germany were higher than the global average for more than ten years, which were concentrated before 2011 and 2015, respectively, but have since declined in both the AI and AAI. The UK’s AI and AAI were higher than the global average for 9 and 8 years, respectively, all concentrated before 2018. The AI and AAI in Brazil, Italy, and Australia were below the global average in most years. The activeness of China, Canada, and India was higher than the global average level for more than ten years, and the academic influence of Italy was higher than the global average level for more than ten years. An imbalance was found between the activeness and academic influence of some countries. For example, China had 14 years of high activity but only 7 years of high academic impact.



Table 3 shows the top ten institutions with the most papers in the FCS field among the 1712 institutions worldwide. The statistics showed that the Chinese Academy of Sciences topped the list with 89 papers, followed closely by the United States Forest Service (82 papers), while other institutions published less than 50 papers. Further statistics found that China had the most FCS research institutions among the top ten institutions, and the domestic Chinese Academy of Sciences, University of Chinese Academy of Sciences, Peking University, Chinese Academy of Forestry, Beijing Forestry University, and Northeast Forestry University ranked first, third, sixth, seventh, eighth, and tenth in the world, respectively. These institutions have published a total of 196 FCS papers in the past 30 years. There were two institutions in the United States on the list: the second-ranked United States Forest Service and fourth-ranked Oregon State University published a combined 108 FCS papers. The other two institutions were the fifth-ranked University of Copenhagen in Denmark and the ninth-ranked Natural Resources Canada in Canada. In terms of influence, TC from the United States Forest Service (4115 citations), Chinese Academy of Sciences (2357 citations), and Oregon State University (1505 citations) ranked among the top three. In terms of the average influence of a paper, Oregon State University ranked first with an AC index of 57.88 citations, among which the most cited paper was authored by McKinley et al. [44] with 261 citations; the United States Forest Service ranked second with an AC index of 50.18 times, with the most cited paper authored by Asner et al. [45] with 437 citations. Due to the high citation rates of papers published by Vesterdal et al. [46] (256 citations), Mayer et al. [47] (187 citations), and Van Breugel et al. [48] (176 citations), the University of Copenhagen’s NoP ranked fifth and rose to third with an AC index of 48.36 citations.



(2) Collaboration analysis



Based on the VOSviewer software, the collaboration network in the FCS field between countries that had more than five FCS papers was drawn (Figure 5). A total of 100 countries worldwide had launched extensive cooperation in the FCS field, prominently clustered in developed countries of Europe and North America (Figure 5a). Specifically, seven of the top ten countries in the number of cooperations were European and American countries, including the top-ranked United States, which cooperated with 52 countries, followed closely by Germany (second, 48 countries), the UK (third, 47 countries), Canada (fourth, 43 countries), Netherlands (sixth, 37 countries), France (seventh, 37 countries), and Italy (ninth, 31 countries). China, Australia, and Brazil rank fifth (41 countries), eighth (37 countries), and tenth (31 countries), respectively. It is noteworthy that the USA was the first country to study FCS and had the most FCS-related publications. In the past 30 years, the USA has maintained close cooperation with other countries, especially with China, Brazil, the UK, Canada, Germany, and Australia. European countries/regions (e.g., Germany and the UK) collaborated frequently with each other and with other developed countries (e.g., the USA, Canada) in the early years and in recent years have increasingly collaborated with developing countries, such as China and Brazil. China has established close collaborative relationships with FCS research powerhouses such as the United States, Canada, and Germany since publishing its first FCS paper in 2001.



Figure 5b reveals a comprehensive collaboration network among 130 institutions globally that have published at least five FCS papers. The relatively dense network structure indicates that these institutions frequently collaborate. The first research echelon was dominated by the United States Forest Service, which had collaborative relations with 41 institutions, among which cooperation with Oregon State University was the strongest. The subsequent second echelon was dominated by the Chinese Academy of Sciences (32 partners), with the closest cooperation with the University of The Chinese Academy of Sciences. In the third, fourth, and fifth echelons were the University of Copenhagen (24 partners), the University of Oxford (22 partners), and Wageningen University (21 partners), respectively. The number of partners for other institutions was less than 20, and their influence was relatively weak.




3.2.2. Author Level


(1) Collaboration and activity analysis



The author collaboration network was drawn by VOSviewer software (Figure 6). At first glance, the FCS field brought together numerous researchers and extensive collaboration. Statistics indicated that a total of 5435 scholars have published FCS papers, of which 725 scholars have published at least two papers. Clustering was conducted in accordance with the co-authorship method, and the authors were divided into 21 different clusters, among which 4 author clusters with significant team effects and outstanding research achievements form the main body of FCS research. The first cluster (marked with a red circle) was led by Grant M. Domke, Christopher W. Woodall, and James E. Smith, all from the United States Forest Service in the USA, who have long been committed to estimating the FCS of the United States (e.g., Domke et al. [49]; Domke et al. [50]; Smith et al. [51]; Woodall et al. [52]; Woodall et al. [53]). The second cluster (marked with a purple circle) was led by Guomo Zhou and Yongjun Shi, both from Zhejiang A&F University in China, who have focused on developing remote sensing models for estimating carbon storage in various forest types, such as moso bamboo forests (e.g., Du et al. [54]; Li et al. [55]; Mao et al. [56]; Shi et al. [57]; Xu et al. [58]). The third cluster (marked with a red circle) was led by Jingyun Fang of Peking University, China, who has been working on the estimation and spatiotemporal analysis of forest biomass and carbon stocks in China (e.g., Fang et al. [59]; Fang et al. [14]; Fang et al. [60]; Fang et al. [8]; Guo et al. [61]; Guo et al. [23]; Piao [11]; Zhu et al. [62]). The fourth cluster (marked with a pink circle) was led by Lars Vesterdal from the University of Copenhagen, Denmark, who has long been engaged in research on forest soil carbon storage (e.g., De Vos et al. [63]; Vesterdal et al. [46]; Nord-Larsen et al. [64]). The collaboration within these four teams was close, such as Grant M. Domke and Christopher W. Woodall, Guomo Zhou and Yongjun Shi, but direct collaboration between teams was relatively rare.



The top ten most active authors were included in the four research teams mentioned above, of whom three were from the USA, six were from China, and one was from Denmark. Specifically, Grant M. Domke from the United States Forest Service was the most active as he has published the most FCS papers (12 papers), followed by Christopher W. Woodall of the same institution (11 papers). Guomo Zhou from Zhejiang A&F University and Jingyun Fang from Peking University, with 11 and 10 papers, respectively, ranked third and fourth. The publication volume of other authors was less than 10 papers. Surprisingly, half of the top 10 most active authors were from Zhejiang A&F University, with a total of 42 published papers.



(2) Influence analysis



The number of published FCS papers represents a certain author’s activity level in this field, and the number of citations of a certain author or paper can further reflect the influence of the author or paper on FCS research [29]. This indicator can be quantified through a co-citation analysis of the author and reference to ensure that we obtained the most outstanding authors and documents in the FCS field.



The statistics of the author co-citation network analysis showed that the top ten most cited authors were primarily from six American scholars, two Chinese scholars, and two United Nations institutions (Figure 7a,b). The top four most cited authors were all American scholars, namely, Jerome Chave (472 citations), Sandra Brown (408 citations), Richard A. Houghton (355 citations), and Yude Pan (304 citations). Following them was one Chinese scholar, namely Jingyun Fang (235 citations). The 6th-10th positions were held by Mark E. Harmon (231 citations, USA), the Intergovernmental Panel on Climate Change (IPCC, 211 citations, the institution of United Nations), Rattan Lal (211 citations, USA), Renee K. Dixon (206 citations, USA), and the FAO (205 citations, the institution of United Nations). These scholars cooperated closely, especially the collaboration between Jingyun Fang and Yude Pan (Figure 7(a1)) and the collaboration between Sandra Brown, Jerome Chave, and Richard A. Houghton (Figure 7(a2)).



The reference co-citation network analysis confirmed that a paper by Pan et al. [15] was the only publication cited more than 200 times. The paper estimated the global forest carbon sink from 1990 to 2007 and was published in Science in 2011. The second most cited paper was a study by Dixon et al. [10], which was published in Science in the early stages of FCS research and has been cited 186 times. The paper simulated the global forest carbon sink under different scenarios of forest growth and decline and revealed that forests may become a carbon sink or a carbon source in the future. Following this, a study by Chave et al. [65] has been cited 166 times; it focused on tree allometry and improved the estimation of carbon stocks and balance in tropical forests. The other papers had fewer than 100 citations. Note that among the top ten most cited papers, eight were from American scholars, and the remaining two were from Argentinian [66] and Australian [67] scholars, ranking fourth and seventh, respectively.




3.2.3. Journal Level


The 1252 FCS paper samples were distributed across 276 different journals worldwide. Figure 8a provides multidimensional statistics of the top ten most productive journals. The results showed that these journals published a total of 406 papers, accounting for 32.43% of the 1252 papers, among which Forest Ecology and Management topped the list with 154 papers, accounting for 12.30%, followed by Forests (72 papers, 5.75%); the remaining journals published fewer than 50 FCS papers. In terms of citations, Forest Ecology and Management had the highest TC with 6374 citations, while for AC, it ranked second (41.39 citations). In contrast, Global Change Biology, which had the highest IF2022 (13.211), ranked third in the number of papers published but topped the list in the AC ranking with 81.48 average citations, which was nearly twice that of the former. The AC of the remaining journals ranged from 9 to 40 citations. Figure 8b plots FCS’ NoP by the above journals each year. The number of journals publishing FCS papers gradually increased after 2002. Among them, Forest Ecology and Management was the first to publish FCS papers and ranked first in the NoP almost every year. The statistics of the NoP trend showed that the average annual growth rate of the NoP (AAGR) of the abovementioned journals has increased to varying degrees since 2002. Among these journals, Forest Ecology and Management had the highest AAGR (65.82%), which showed that the number of FCS papers published in this journal had a significant increase trend. Forests (58.43%) and Scientific Reports (55.42%) ranked second and third, respectively. Although these two journals published their first FCS papers only in 2012 and 2015, respectively, they have grown rapidly. The AAGR of the other journals was less than 50%. In terms of research directions, most of the above ten journals focus on the fields of agriculture and forestry science, forestry science, environmental science, earth science, biological science, and soil science, which indicates that although FCS research is mainly focused on forestry, it still has cross-disciplinary and diverse foci.





3.3. Focal Research Topics and Its Trends


3.3.1. The Most Frequently Used Keywords in FCS Research at Different Stages


Keywords represent the core content of the literature, and their frequency analysis can help to identify the research hotspots and directions in FCS research [30]. Furthermore, an analysis of the keyword frequency in different periods can further reveal the temporal trajectory of FCS research and help predict future research trends. Table 4 lists the top 20 most frequently appearing keywords in different periods, and Figure 9 visualizes the focal topic network of FCS research in different periods.



In the initial period (1993–2001), 14 FCS papers provided 96 keywords, of which 79 keywords appeared only once. Before 1995, “budget” was the main research topic, appearing four times. After 1997, the frequency of “CO2” (six times) and “biomass” (five times) surpassed that of “budget” and became initial hotspots.



During the slow growth period (2002–2009), 121 publications contributed 726 keywords, of which 205 keywords appeared more than twice. Among the top five high-frequency keywords, “biomass” rose to the top of the list with a frequency of 34 times, followed by “sequestration” (26 times) and “storage” (19 times), which also rose in the ranking. In addition, some new and interesting topics emerged during this period, such as “dynamics” (20 times) and “nitrogen” (17 times), which ranked third and fifth, respectively. The initial hotspot “CO2” dropped out of the top 20.



During the rapid growth period (2010–2022), both the number and frequency of keywords increased markedly. VOSviewer detected 1345 keywords in 1117 publications, of which 217 keywords appeared more than 10 times, and 10 keywords appeared more than 100 times. Among these ten high-frequency keywords, similar to the previous stage, “biomass” (358 times), “dynamics” (238 times), “sequestration” (234 times), and “storage” (206 times) remained the top four keywords, while “aboveground biomass” (162 times) replaced “nitrogen” as the fifth. The subsequent keywords were “climate-change” (149 times), “management” (122 times), “carbon storage” (119 times), “productivity” (106 times), and “carbon sequestration” (104 times).



Over the entire time domain (1993–2022), “biomass”, with a frequency of 397 times, was by far the most frequent keyword, occupying a central position and mediating role in the network diagram, and “allometric equations” was the most frequent keyword related to this topic. The following keywords were “sequestration” (262 times), “dynamics” (258 times), “climate-change” (249 times), and “storage” (226 times); they were relatively close to each other in frequency. These four keywords have received widespread attention, especially since 2016. The frequency of other keywords was less than 200 times.




3.3.2. The High-Frequency Keywords That Have Emerged and Disappeared in the FCS Research in Recent Years


For a more comprehensive view of recent trends in the FCS field, we further analyzed the keywords that have emerged and disappeared in the past 5 years and 1 year, and Table 5 shows the top 20 keywords with the highest frequency. Statistics show that compared with studies conducted before 2018, a total of 1854 new keywords emerged from 2018 to 2022, of which 10 keywords appeared five times or more, namely “global patterns” (nine times), “leaf-litter” (seven times), “community structure” (six times), “redd plus” (six times), “altitude” (five times), “invest model” (five times), “litter quality” (five times) “moisture” (five times), “random forest” (five times), and “subtropical forests” (five times). In addition, 1947 keywords have disappeared in the past 5 years, with 12 words appearing five or more times before 2018, and the top 3 were “nutrient dynamics” (ten times), “clear-cut” (seven times), and “kyoto protocol” (seven times). Compared with studies conducted before 2018, a total of 342 new keywords appeared in 2022, 10 of which appeared twice, namely “coal”, “environmental covariates”, “environmental-conditions”, “growth model”, “important driver”, “plus model”, “soc stock”, and “tropical dry deciduous forest”. In addition, 3876 keywords disappeared in the past year, 8 of which appeared 20 times or more before 2022, and the top 3 were “budget” (29 times), “sink” (29 times), and “allometry” (26 times).






4. Discussion


4.1. Spatiotemporal Characteristic Analysis of FCS Field


From 1993 to 2022, the total number of published FCS papers globally showed an increasing trend, which can be divided into three stages, namely the initial period (1993–2001), the slow growth period (2002–2009), and the rapid growth period (2010–2022). This reveals that with the passage of time, the field of FCS has attracted more and more attention from the international academic community, especially after 2010. To the best of our knowledge, there are two reasons that have driven the rapid development of FCS research in recent years. First, the macro background of global climate change and the implementation of related policies have attracted an increasing number of researchers to engage in FCS research [8]. Specifically, as global climate change intensifies, the demand for FCS research is becoming more urgent. As one of the largest carbon sinks in the world, forests play an important role in mitigating global climate change [12,15]. Currently, some countries are taking relevant measures to protect forests to reduce carbon emissions and address climate change. For instance, the United Nations established the international forest protection mechanism (i.e., REDD+) in 2008, and the United States Forest Service implemented the “Forest Plan”. In September 2020, at the 75th United Nations General Assembly, the Chinese government officially proposed the goal of achieving carbon peaking in 2030 and carbon neutrality in 2060. These policies triggered many scholars’ high enthusiasm for FCS research. Additionally, more advanced and efficient technologies and methods have further promoted research progress in this field. Compared with traditional FCS measurement methods that require considerable human power and material resources, such as the cutting method, average standard tree method, and related growth method, which are implemented at the sample plot scale, the new generation of FCS estimation methods, such as ecological model simulation and remote sensing data inversion [11,61,68], have made large-scale FCS research feasible and more accurate (e.g., Pan et al. [15]; Piao [11]), which greatly promotes the applied value of FCS research and further promotes the development of this field.



In terms of spatial distribution, from 1993 to 2022, FCS papers were published on all continents worldwide but with significant heterogeneity in both quantity and impact (Figure 3), which may be related to factors such as forest conservation policies, economic development level, and scientific research resources in different regions. Specifically, the NoP and TC in Europe, the Americas, and Asia were in the top three, and the main countries conducting FCS research were also concentrated in these three continents, which demonstrated that Europe, the Americas, and Asia were the main regions of FCS research. Europe and the Americas have long attached importance to environmental protection and climate change issues; coupled with their abundant scientific research resources, researchers from these continents have published numerous FCS papers and have exerted a profound impact. Some Asian countries, such as China, Japan, and South Korea, have increasingly emphasized ecological protection and low-carbon economic development in recent years [69] and have also published a large amount of FCS-related results. However, compared with the results of Europe and the Americas, their influence is relatively low. Compared with the above three continents, there were obvious deficiencies in the FCS research in Africa and Oceania, which may be related to the existing conditions of these two continents. For instance, the socioeconomic conditions of most countries in Africa are relatively limited, and the number and scale of countries in Oceania are generally small, all of which lead to relatively limited resources such as funding, scholars, and research equipment for FCS research. Note that different countries have significantly heterogeneous contributions to FCS research on each continent. For example, Germany in Europe, the United States in the Americas, China in Asia, Ethiopia and South Africa in Africa, and Australia in Oceania were the main forces in FCS research on each continent, which will be discussed in more detail later.




4.2. Research Status Analysis at Different Levels of the FCS Field


The paper samples in this study were taken from 101 countries worldwide, among which the top 10 most productive countries account for more papers than all other countries combined (57.02% vs. 42.98%, Table 2), which may be related to factors such as the forest cover, the support level of government for environmental protection, and the number and activity of universities and scientific research institutions. These countries were prominently clustered in Europe and the Americas, including the USA, Canada, Germany, the UK, Italy, and Spain, with the remaining four being China, India, Brazil, and Australia.



The United States was a global leader in FCS research and had a significant influence, which was reflected in various aspects. First, the number of FCS papers and total citations in the United States were much higher than those in other countries (Table 2), and its activeness and academic influence were both higher than the global average level for more than ten years (Figure 4), indicating that it had both high activeness and high influence in the FCS field. Meanwhile, scholars from the US also actively collaborated with scholars from other countries. Statistics showed that they cooperated with scholars from 54 out of the 60 countries that had more than five FCS papers (Figure 5a), especially China, Brazil, the UK, Canada, Germany, and Australia. For the scientific institutions and scholars in the USA, statistics showed that the United States Forest Service was the most active institution in the FCS field in the USA. The number of FCS papers that they were involved in comprised 24.77% of the total papers in the USA, ranking second around the world. Furthermore, the influence and quality of the publications of this institution were also widely recognized; its total citations and average citations ranked first and second in the world, respectively. Oregon State University, also in the USA, ranked fourth in the number of publications and had the highest average citation number, which indicates that the impact of its papers was high. In terms of FCS researchers, Grant M. Domke, Christopher W. Woodall, and James E. Smith from the United States Forest Service in the USA were active members in the FCS field (Figure 6), and their number of publications ranked first, second, and sixth in the world, respectively. They have long been committed to estimating FCS in the United States and have published multiple papers (e.g., Domke et al. [49]; Domke et al. [50]; Smith et al. [51]; Woodall et al. [52]; Woodall et al. [53]). Jerome Chave, Sandra Brown, Richard A. Houghton, Yude Pan, Mark E. Harmon, Rattan Lal, and Renee K. Dixon were the authoritative FCS scholars in the United States (Figure 7), and the citation frequency of their FCS papers ranked first, second, third, fourth, sixth, seventh, and ninth in the world. Among these FCS papers, Pan et al. [15], Dixon et al. [10], and Chave et al. [65] were the top three most cited in the world. To the best of our knowledge, the United States’ leadership in FCS can be attributed to several factors. First, the United States has abundant forest resources. Statistics showed that the forest area of the United States was 304 million hectares in 2010, accounting for 31.6% of its land area and ranking fourth around the world [70], which gives it a natural opportunity in FCS research. Additionally, there are many research institutions and researchers in the US, which greatly promote the research of FCS.



The strong performance of the selected European countries and other developed countries in the FCS field was driven by factors similar to those in the USA, namely relatively abundant forest resources, proactive environmental policies, and numerous research institutions and researchers. Moreover, these countries had extensive collaboration networks globally (Figure 5a), particularly within Europe and with other developed countries (e.g., the USA and Canada), as well as increasingly frequent collaborations with some developing countries such as China and Brazil in recent years. The above factors have led to its high activity and influence in the FCS field for many years. Among these countries, Germany, the UK, and Australia have 98, 82, and 64 FCS papers, respectively, with high quality and impact, as evidenced by the total citations of 5081, 3959, and 5040, respectively, ranking them among the top three in the world in terms of average citations. In the research institutions of these countries, only Natural Resources Canada of Canada entered the list of the top ten most productive institutions.



Since the 21st century, China and India have shown rapid development trends in the FCS field, and their number of published papers ranked second and fifth globally, respectively. In contrast, China’s achievements in various aspects were relatively significant. Specifically, the number of FCS papers in China was only lower than that of the USA, ranked second globally, and it showed activeness higher than the global average for 14 years during the study period (Figure 4), which reflects its high activeness in the FCS field. These may be related to the implementation of an ecological protection strategy and improvements in the scientific research activity in China in recent years [69,71]. Meanwhile, Chinese scholars actively collaborated with scholars from 42 countries that have more than five FCS papers, especially those from the United States, Canada, and Germany. In contrast, while India had high paper output, its influence in the international collaboration network was relatively small (Figure 5b), which may be due to the fact that most of its FCS research was focused within the country and thus lacked a global perspective (e.g., Baishya and Barik [72]; Manhas et al. [73]). China’s rapid development in the FCS field was inseparable from the efforts of domestic scientific research institutions and researchers. Specifically, among the top ten most productive institutions and researchers, six institutions and six scholars in China were listed. For the former, the Chinese Academy of Sciences has become the most active FCS research institution globally with 89 papers. Other active institutions on the list were the University of Chinese Academy of Sciences, Peking University, Chinese Academy of Forestry, Beijing Forestry University, and Northeast Forestry University. Among the researchers, Guomo Zhou from Zhejiang A&F University was the most active FCS scholar in China and the third globally. Other active researchers included Jingyun Fang, Yongjun Shi, Yufeng Zhou, Huaqiang Du, and Xiaojun Xu. For influence, the total citations of FCS papers published by Jingyun Fang were ranked fifth globally. Interestingly, Jingyun Fang was the only researcher who appeared in the top ten lists of both the most productive (ranked fourth) and the most cited authors (ranked sixth) globally, demonstrating his active and authoritative role in FCS research. To the best of our knowledge, Jingyun Fang is a leading figure in FCS research in China. He has been dedicated to the estimation of FCS and its spatiotemporal changes and has published numerous authoritative papers (e.g., Fang et al. [59]; Fang et al. [14]; Fang et al. [60]; Fang et al. [8]), which have made significant contributions to the global FCS field. China’s FCS research has shown a high activeness at the national, institutional, and researcher levels. However, the AC at all levels has declined at different levels; additionally, Figure 4 reveals that China had 14 years of high activeness but only 7 years of high academic impact, indicating that the influence of FCS papers is relatively low.



The number of FCS papers and total citations in African countries were generally low. Statistics showed that only Ethiopia (20 papers), South Africa (12 papers), and Cameroon (11 papers) had more than 10 FCS papers. Compared with other African countries, these three countries have relatively abundant forest resources and relatively developed economies, which promotes FCS research. However, the number of FCS papers in these three countries ranked 24th, 37th, and 39th globally, respectively, indicating that there was still a huge gap compared to the most active countries worldwide of FCS research (e.g., USA, China). FCS research in other African countries was even more limited, and among the 10 countries with the lowest productivity, African countries account for 4 (Table 2). As mentioned earlier, the socioeconomic conditions of most countries in Africa are relatively limited, which may limit FCS research.



As a developed country, Australia ranked eighth globally and first in Oceania in the number of FCS papers. However, except for Australia, other Oceanian countries had relatively little research in the FCS field, and among the 10 countries with the lowest productivity, Oceanian countries account for 3 (Table 2), namely Micronesia, Papua New Guinea, and the Solomon Islands.




4.3. Research Topics and Its Trends Analysis of FCS Field


The statistical data on the frequency of keywords in FCS papers from 1993 to 2022 (Table 4 and Figure 9d) showed that “biomass” topped the list with 397 times, and the most frequently appearing keyword related to this topic was “allometric equations”. This result occurred because forest biomass and FCS are closely related in both physical relationships and measurement methods. Specifically, FCS was an important component of biomass; in the calculation process, biomass can be conveniently calculated through the allometric equations and is then converted into carbon storage through biomass carbon conversion factors. This method is currently one of the most widely used FCS estimation methods [16,68]. The high-frequency keywords were “sequestration” (262 times), “dynamics” (258 times), “climate-change” (249 times), and “storage” (226 times). These keywords have received widespread attention, especially after 2016, which may be due to the increasing global climate change and ecological environment issues in recent years, as people pay more attention to the changes in FCS and its relationship with other environmental issues [74].



The keywords at different periods were further analyzed to reveal the temporal trajectory of FCS research. This study found that in the initial period (1993–2001, Table 4 and Figure 9a), FCS research was relatively scarce, with “CO2” (six times) and “biomass” (five times) being the most common keywords, which is consistent with the previous study by Huang et al. [9]. During this period, climate change attracted increasing attention, and researchers paid more attention to the relationship between the forest carbon cycle and climate change caused by greenhouse gases [6,8]. In the slow growth period (2002–2009, Table 4 and Figure 9b), more keywords appeared, mainly including “biomass” (34 times), “sequestration” (26 times), “dynamics” (20 times), “storage” (19 times), and “Nitrogen” (17 times), while CO2 disappeared from the top 20 keywords. This result suggested that researchers were no longer limited to studying greenhouse effects but had begun exploring the dynamic changes in FCS and their driving mechanisms [75]. Furthermore, some new words appeared in the keywords, such as “net primary production” and “forest management”, which indicated that scholars began to focus on the impact of forest management on carbon storage [76].



In the rapid growth period (2010–2022, Table 4 and Figure 9c), given the era background of intensified global climate change and increasingly severe carbon emission problems, FCS-related research and keywords experienced rapid growth. During this period, 10 keywords appeared more than 100 times, among which “biomass” (358 times), “dynamics” (238 times), “sequestration” (234 times), and “storage” (206 times) were still the top four most popular topics, followed by “aboveground biomass” (162 times), “climate-change” (149 times), “management” (122 times), “carbon storage” (119 times), “productivity” (106 times), and “carbon sequestration” (104 times). More research emerged on the interaction effects of FCS with climate change and land use during this stage [77,78], as evidenced by the significant increase in the frequency of “climate-change” (149 times vs. 11 times) and “land-use” (81 times vs. 11 times) compared to the previous period. The above results reflected that the focus of research in this period shifted to the management and utilization of FCS, that is, how to increase forest carbon storage through forest management and protection to meet the challenges of global climate change.



To determine the evolving trends and mutation years of keywords in more detail, the Mann–Kendall mutation test was used to draw the mutation map of the 20 most frequently occurring keywords in FCS papers from 1993 to 2022 (Figure 10). The UF(t) curve shows that the frequency of all keywords has fluctuated and increased trends with varying degrees over the past 30 years, and all of these keywords exceeded the critical confidence coefficient (i.e., 1.96) after 2009, indicating that the keyword frequency showed a significant increasing trend, which was directly driven by the publication of numerous FCS-related papers from 2010 to 2022. Among them, “biomass” first appeared in 1995 and showed a slight decreasing trend from 1997 to 2005; after 2005, the UF(t) value turned positive and remained as such until 2022, indicating that the frequency of “biomass” has been increasing since 2005. In 2010, the UF(t) value exceeded the critical confidence coefficient; the increasing trend shifted from slow to significant. Other keywords that appeared before 2000, such as “sequestration”, “storage”, “ecosystems”, “management”, “carbon storage”, and “vegetation”, appeared in 1999, 1997, 1999, 1997, 1993, and 1997, respectively, and their UF(t) values exceeded the critical confidence coefficient in 2009, 2012, 2013, 2012, 2013, and 2013, respectively, indicating significant growth trends. Among these keywords, “storage”, “management”, and “vegetation” were detected where the UF(t) and UB(t) curves intersected between the critical confidence coefficients in 2012, 2012, and 2013, respectively, which represent potential mutation years. Keywords that appeared after 2000, including “dynamics”, “climate-change”, “carbon stock”, “aboveground biomass”, “carbon sequestration”, “productivity”, “nitrogen”, “soil carbon”, “organic-carbon”, “growth”, “climate”, “biodiversity”, and “deforestation”, showed significant increasing trends after 2013, 2010, 2015, 2015, 2014, 2012, 2020, 2015, 2019, 2012, 2017, 2015, and 2016, respectively. In conclusion, most of the keywords in FCS research have experienced rapid growth in the past decade, especially “nitrogen”, “climate”, “deforestation”, “Biodiversity”, “organic-carbon”, “soil carbon”, and “aboveground biomass”, which all broke out after 2015. This result indicates that the FCS field involves a wide range of directions, including biomass, ecosystems, climate change, human activities, etc. It also reflects the continuous breakthroughs and innovations in the breadth and depth of research on FCS.



By further counting the new keywords that have emerged in recent years (Table 5), we found that new keywords are constantly emerging in FCS research, and the research direction is expanding from the high-precision monitoring of FCS itself to its driving mechanism and sustainable development. Summarizing the keywords that have emerged in recent years, it can be seen that the current research in the FCS field has the following trends: (1) The estimation and monitoring technology of FCS are constantly improving. The emergence of new keywords such as “global patterns”, “random forest”, “google earth engine”, and “spatial heterogeneity” indicates that with the rapid development of multi-source remote sensing technology and computer machine learning, researchers can more accurately estimate the global forest carbon storage from high-resolution pixel scales and analyze its spatial patterns, and the resulting long-term high-precision FCS estimation data greatly promote the monitoring of past and present FCS and can even simulate future FCS through predictive models (related keywords: “plus model”, “predictive modeling”, “potential evaluation”). (2) Analyze the driving factors of FCS distribution and changes from a more diverse perspective. The emergence of new keywords such as “environmental covariates”, “forest types”, “important driver”, “amazonian deforestation”, “anthropogenic pressure”, and “climatic factor” shows that researchers are explaining the mechanisms of FCS distribution and changes from multiple perspectives, which is a key step in addressing global climate change and promoting sustainable development. (3) Promote the sustainable development of FCS. Some new keywords have emerged in 2022, such as “active forest management” and “active restoration”, indicating that FCS research is no longer limited to FCS itself, and researchers are trying to study feasible forest management measures to achieve the sustainable development of forests and FCS.




4.4. Limitations and Future Work


The current study utilized bibliometric methods to analyze the characteristics and trends of global FCS research and obtained numerous meaningful results. However, this study still has some limitations. (1) For the paper sample, considering that WOS is considered the most authoritative science database [37], we obtained all analysis samples in the research from the WOS core database. However, this choice may result in ignoring some publications in other databases, such as Google Scholar and Scopus, which may lead to the incompleteness of the sample. Furthermore, when defining the search criteria, we referred to the previous study of Huang et al. [9] and used the title field instead of the topic field for retrieval. The latter was excluded because it would retrieve multitudinous irrelevant results, while the former, although it improved the consistency of the search results with the theme of “forest carbon storage” that we focused on, might also ignore some of the relevant literature. Additionally, although the search string “(forest* AND “carbon storage”) or (forest* AND “carbon stock*”)” can summarize the various expressions of “forest carbon storage”, it might also ignore FCS research involved in research on other topics (e.g., carbon sink). Similarly, considering that English is the most commonly used academic language, we selected only the English literature. However, scholars from different countries also publish their research results in domestic academic resource databases, such as the China National Knowledge Infrastructure database in China, the German National Library in Germany, and the Indian Citation Index in India. Limiting the academic language of publications may result in a less comprehensive paper sample. (2) The methodology applied in this study also has limitations. Specifically, we analyzed the research status in the FCS field from multiple levels, with a particular focus on the most productive countries, institutions, and authors, as well as the most cited authors and papers, which helps to identify the main contributors (e.g., countries, institutions, and scholars) and relevant collaborative networks in the FCS field, thereby providing support for understanding the current research status and making relevant decisions. However, although research has found knowledge gaps across different areas, there is still a lack of sufficient attention paid to fields where FCS research is scarce, making it difficult to identify clear knowledge gaps, which is related to the limitations of the predetermined research objectives and relevant research methods. Additionally, we analyzed the research hotspots and their trends in the FCS field based on keywords from published papers. However, keywords can only briefly reflect the research and FCS knowledge landscape behind them, making the above analysis too superficial. Future reviews need to further pay attention to the content of FCS papers, including research background, methods, and main findings, to deeply understand the status of FCS research and then discover the research trends. (3) For the VOSviewer software, although it has been used in many bibliometric studies, it still has its own limitations, which results in that the first author and co-author cannot be clearly distinguished when reviewing the influence of institutions and authors nor can their institutions be clearly distinguished, which may lead to limitations in explaining the activity and influence of authors and research institutions. For example, the United States Forest Service, as an important data-contributing organization, has become a co-author of many FCS papers, but whether it is the most influential scientific institution in the FCS field remains to be further verified. Hence, in future studies, it is recommended to distinguish the institutions and names of the first author and co-author, which may lead to more realistic results. Despite the above limitations, the sample of papers in this study is representative and objective, the research methods are scientific, and the research results are reliable and generally not influenced by empiricism. Finally, it is worth noting that the discussion of the research results in this study was mainly based on qualitative reasoning based on the macro situation of various countries, which was difficult to quantify; in the future, some statistical models could be applied to dig deeper into the potential driving forces of FCS research dynamics.





5. Conclusions


The current study analyzed the characteristics and trends of global FCS research based on knowledge graphs. We found that FCS paper output exhibited an increasingly significant growth trend from 1993 to 2022, especially after 2010, which is related to the increasing global awareness of climate change and the advancement of monitoring technology. Spatially, affected by factors such as forest quantity, environmental policies, and scientific research resources in different regions, FCS research was unevenly distributed at both the continental and national scales. For the former, Europe, the Americas, and Asia were in the leading position, while Africa and Oceania were relatively lagging. At the national level, the United States was the most active and influential country in FCS research, driven by its scientific research institutions (e.g., the United States Forest Service) and researchers (e.g., Grant M. Domke and Jerome Chave), as well as active international cooperation; similarly, most developed countries from Europe and the Americas have also shown considerable FCS research capabilities, such as Germany and Canada. Note that China’s rapid growth in FCS research output and international cooperation in recent years has made it a key player in global FCS research, which highlights China’s focus on climate change, environmental protection, and carbon neutrality goals. In the past 30 years, scholars’ research topics in the FCS field have continued to expand with technological innovation and contemporary background changes, mainly focusing on the estimation methods, dynamics, driving factors, and management of FCS, and the trend of FCS research is expanding from the high-precision monitoring of FCS itself to its driving mechanism and sustainable development. Despite the robust findings, this study acknowledges limitations in its paper sample, methodology, and VOSviewer software. Subsequent research should address these limitations by incorporating more comprehensive paper datasets, deeper literature content analysis, and more advanced statistical models. Despite these limitations, this study objectively and deeply revealed the characteristics and trends of global FCS research, which will assist researchers to better understand the state of global FCS research and facilitate future decision-making and practice.
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Figure 1. The process of bibliometric analysis (taking the collaboration network of countries as an example). 
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Figure 2. Annual number of forest carbon storage (FCS) papers published and its trends at global scale. 
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Figure 3. The spatiotemporal distribution of FCS papers in the past 30 years: (a) the spatial distribution of FCS papers; (b) the top three countries in terms of the percentage of FCS papers published each year to the total global FCS papers for that year. NoP, Per, and TC represent the number of papers, the percentage of published papers in the total papers, and total citations, respectively. 
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Figure 4. The AI and AAI relation chart for the top ten most productive countries in the FCS field. I, II, III, and IV represent quadrants 1–4, respectively, and the abscissa = 1 and ordinate = 1 represent the global average of the AI and AAI, respectively. When the AI and AAI of a country are both higher/lower than the global average level, the corresponding year points are clustered in the first/third quadrant; when the AI is lower/higher than the global average and the AAI is higher/lower than the global average, the corresponding year points are clustered in the second/fourth quadrant. 
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Figure 5. The collaboration network of (a) countries and (b) institutions that have more than 5 FCS papers. Nodes represent countries and institutions, and larger nodes and thicker lines indicate more partners and more frequent collaborations, respectively. 
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Figure 6. The collaboration network of authors who have published more than 2 papers. Nodes represent authors, and larger nodes and thicker lines indicate more papers and more frequent collaborations, respectively. NoP represents the number of papers. 
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Figure 7. The co-citation network: (a) authors with more than 20 citations and their (b) statistics, of which a1 and a2 are detailed displays of the collaboration network of scholars with close cooperation; (c) references with more than 25 citations and their (d) statistics, including Gibbs et al., 2007, Bonan, 2008, Lal, 2005, Jandl et al., 2007, Cairns et al., 1997, Chave et al., 2014, Jobbagy, 2000, Chave et al., 2005, Dixon et al., 1994, and Pan et al., 2011. Nodes represent authors, and larger nodes and thicker lines indicate more cited citations and more frequent collaborations, respectively. 
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Figure 8. An analysis of the top ten most productive journals in the FCS field: (a) statistical table; (b) the number of FCS papers published each year. NoP: number of papers; TC: total citations; AC: average citations; IF2022: impact factor in 2022; AAGR: average annual growth rate of the NoP. 
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Figure 9. The evolution of the keywords in the FCS literature in the (a) initial period (1993–2001), (b) slow growth period (2002–2009), (c) rapid growth period (2010–2022), and (d) whole study period (1993–2022). Nodes represent keywords, and the larger the node is, the higher the occurrence frequency of the keyword. 






Figure 9. The evolution of the keywords in the FCS literature in the (a) initial period (1993–2001), (b) slow growth period (2002–2009), (c) rapid growth period (2010–2022), and (d) whole study period (1993–2022). Nodes represent keywords, and the larger the node is, the higher the occurrence frequency of the keyword.



[image: Ijgi 13 00234 g009]







[image: Ijgi 13 00234 g010] 





Figure 10. The development trends of the frequency of keywords in global FCS papers from 1993 to 2022. 
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Table 1. Bibliometric analysis process and parameter settings in VOSviewer platform.
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Table 2. The countries with the highest and lowest productivity in the FCS field.
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	Name
	NoP
	%/2057
	TC
	AC
	Name
	NoP
	%/2057
	TC
	AC





	USA
	331
	16.09%
	18,653
	56.35
	Micronesia
	1
	0.05%
	9
	10.00



	China
	237
	11.52%
	5403
	22.80
	Papua New Guinea
	1
	0.05%
	3
	3.00



	Canada
	104
	5.06%
	3781
	36.36
	Rwanda
	1
	0.05%
	3
	3.00



	Germany
	98
	4.76%
	5081
	51.85
	Serbia
	1
	0.05%
	2
	2.00



	India
	96
	4.67%
	1492
	15.54
	Solomon Islands
	1
	0.05%
	2
	2.00



	UK
	82
	3.99%
	5500
	67.07
	Tajikistan
	1
	0.05%
	1
	1.00



	Brazil
	80
	3.89%
	3967
	49.59
	Tunisia
	1
	0.05%
	0
	0.00



	Australia
	64
	3.11%
	3959
	61.86
	The United Arab Emirates
	1
	0.05%
	0
	0.00



	Italy
	51
	2.48%
	1143
	22.41
	Uganda
	1
	0.05%
	0
	0.00



	Spain
	48
	2.33%
	1715
	35.73
	Zambia
	1
	0.05%
	0
	0.00







NoP, TC, and AC represent the number of papers, total citations, and average citations per paper, respectively.













 





Table 3. The top ten most productive institutions in the FCS field.
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	Name
	NoP
	%/3522
	TC
	AC





	Chinese Academy of Sciences
	89
	2.53%
	2357
	26.48



	United States Forest Service
	82
	2.33%
	4115
	50.18



	University of Chinese Academy of Sciences
	33
	0.94%
	664
	20.12



	Oregon State University
	26
	0.74%
	1505
	57.88



	University of Copenhagen
	25
	0.71%
	1209
	48.36



	Peking University
	21
	0.60%
	991
	47.19



	Chinese Academy of Forestry
	20
	0.57%
	404
	20.20



	Beijing Forestry University
	17
	0.48%
	186
	10.94



	Natural Resources Canada
	16
	0.45%
	463
	28.94



	Northeast Forestry University
	16
	0.45%
	148
	9.25







NoP, TC, and AC represent the number of papers, total citations, and average citations per paper, respectively.













 





Table 4. The top 20 most frequently used keywords in FCS research at different stages.






Table 4. The top 20 most frequently used keywords in FCS research at different stages.





	
No.

	
Stable Period

(1993–2001)

	
Slow Growth Period

(2002–2009)

	
Rapid Growth Period

(2010–2022)

	
Whole Study Period

(1993–2022)




	
Keywords

	
F

	
Keywords

	
F

	
Keywords

	
F

	
Keywords

	
F






	
1

	
CO2

	
6

	
Biomass

	
34

	
Biomass

	
358

	
Biomass

	
397




	
2

	
Biomass

	
5

	
Sequestration

	
26

	
Dynamics

	
238

	
Sequestration

	
262




	
3

	
Budget

	
4

	
Dynamics

	
20

	
Sequestration

	
234

	
Dynamics

	
258




	
4

	
Vegetation

	
4

	
Storage

	
19

	
Storage

	
206

	
Climate-Change

	
249




	
5

	
Carbon

	
3

	
Nitrogen

	
17

	
Aboveground biomass

	
162

	
Storage

	
226




	
6

	
Management

	
3

	
Carbon storage

	
16

	
Climate-change

	
149

	
Carbon stock

	
169




	
7

	
Carbon storage

	
2

	
Carbon sequestration

	
15

	
Management

	
122

	
Aboveground biomass

	
166




	
8

	
Cycle

	
2

	
Net primary production

	
14

	
Carbon storage

	
119

	
Ecosystems

	
148




	
9

	
Deposition

	
2

	
Management

	
13

	
Productivity

	
106

	
Management

	
138




	
10

	
Dioxide

	
2

	
Soil

	
13

	
Carbon sequestration

	
104

	
Carbon storage

	
137




	
11

	
Ecosystems

	
2

	
Carbon stock

	
12

	
Biodiversity

	
92

	
Carbon sequestration

	
119




	
12

	
Landscape

	
2

	
Ecosystems

	
12

	
Nitrogen

	
92

	
Productivity

	
113




	
13

	
Patterns

	
2

	
Vegetation

	
12

	
Organic-carbon

	
92

	
Nitrogen

	
109




	
14

	
Russia

	
2

	
Climate change

	
11

	
Vegetation

	
92

	
Vegetation

	
107




	
15

	
Sequestration

	
2

	
Climate-change

	
11

	
Soil carbon

	
90

	
Soil carbon

	
101




	
16

	
Succession

	
2

	
Coarse woody debris

	
11

	
Climate

	
88

	
Organic-carbon

	
99




	
17

	
Tropical forests

	
2

	
Land-use change

	
11

	
Growth

	
88

	
Growth

	
98




	
18

	
Agriculture

	
1

	
Budget

	
10

	
Stocks

	
85

	
Climate

	
97




	
19

	
American boreal forests

	
1

	
Forest management

	
10

	
Deforestation

	
82

	
Biodiversity

	
94




	
20

	
Atmosphere

	
1

	
Model

	
10

	
Land-use

	
81

	
Deforestation

	
89








F represents the frequency of keywords.













 





Table 5. The top 20 most frequently used keywords that have emerged and disappeared in the FCS literature in recent years.






Table 5. The top 20 most frequently used keywords that have emerged and disappeared in the FCS literature in recent years.





	
No

	
The Evolution of Keywords in the Past Five Years

	
The Evolution of Keywords in the Past Year




	
Emerging

Keywords

	
F

	
Disappearing

Keywords

	
F

	
Emerging Keywords

	
F

	
Disappearing Keywords

	
F






	
1

	
global patterns

	
9

	
nutrient dynamics

	
10

	
coal

	
2

	
budget

	
29




	
2

	
leaf-litter

	
7

	
clear-cut

	
7

	
environmental covariates

	
2

	
sink

	
29




	
3

	
community structure

	
6

	
kyoto protocol

	
7

	
environmental-conditions

	
2

	
allometry

	
26




	
4

	
redd plus

	
6

	
leaf-area

	
7

	
growth model

	
2

	
forest

	
26




	
5

	
altitude

	
5

	
forest inventory and analysis

	
6

	
important driver

	
2

	
forest inventory

	
23




	
6

	
invest model

	
5

	
land-use history

	
6

	
plus model

	
2

	
pine

	
21




	
7

	
litter quality

	
5

	
belgium

	
5

	
soc stock

	
2

	
root biomass

	
21




	
8

	
moisture

	
5

	
budget model

	
5

	
tropical dry deciduous forest

	
2

	
sinks

	
20




	
9

	
random forest

	
5

	
expansion factors

	
5

	
3-pg

	
1

	
amazon

	
17




	
10

	
subtropical forests

	
5

	
organic layer

	
5

	
3d modeling

	
1

	
flux

	
16




	
11

	
agb

	
4

	
ponderosa pine forests

	
5

	
active forest management

	
1

	
mineral soil

	
16




	
12

	
google earth engine

	
4

	
savanna

	
5

	
active restoration

	
1

	
spatial-patterns

	
16




	
13

	
bulk density

	
4

	
amazonian forest

	
4

	
agriculture intensification

	
1

	
tree allometry

	
16




	
14

	
carbon sequestration potential

	
4

	
bias

	
4

	
amazonian deforestation

	
1

	
dioxide

	
15




	
15

	
continuous cover forestry

	
4

	
etm+

	
4

	
anthropogenic pressure

	
1

	
forest floor

	
15




	
16

	
extrapolation

	
4

	
field

	
4

	
climate models

	
1

	
reforestation

	
15




	
17

	
forest types

	
4

	
greenhouse-gas emissions

	
4

	
climatic factor

	
1

	
stabilization

	
15




	
18

	
fuel

	
4

	
landsat tm data

	
4

	
combination of als-uav and tls data

	
1

	
volume

	
15




	
19

	
mangrove forests

	
4

	
mixed forest

	
4

	
potential evaluation

	
1

	
primary productivity

	
14




	
20

	
spatial heterogeneity

	
4

	
modelling

	
4

	
predictive modeling

	
1

	
european forests

	
14








F represents the frequency of keywords.
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