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Increasing soil organic carbon (SOC) in cropland soils improves soil health and water quality, crop productivity, and resilience to climate-driven changes by influencing key soil processes. However, research on cropland SOC sequestration based on bibliometric analyses of highly cited documents is lacking. This bibliometric study investigated the current status and development characteristics, research impact, intellectual base, and research hotspots of highly cited cropland SOC sequestration research using the Web of Science Core Collection databases from 2012 to 2022. The analysis and visualization tools such as Biblioshiny, VOSviewer, CiteSpace, Power BI, and Flourish Studio, provided a comprehensive approach for research evaluation, identifying trends, and knowledge mapping of cropland SOC sequestration research. The findings indicate that the United States and China dominate global research, with the Chinese Academy of Sciences as the leading institution. Key journals include Soil Biology and Biochemistry and Geoderma. e. The trend topic graph indicated that “soil organic carbon” and “soil organic matter” are the most persistent themes since 2015. In contrast, recent research focuses on “climate change mitigation,” “soil health” and “soil aggregation”. Moreover, burst analysis of citation and keywords revealed significant insights into the potential role of microbes in transforming and stabilizing soil organic matter. The findings of the present study emphasized that adopting management practices aimed at enhancing carbon inputs increases C sequestration in croplands, thus improving soil health and help in advancing Sustainable Development Goals (SDGs).
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INTRODUCTION
Global atmospheric CO2 concentrations have increased by 50% since pre-industrial times compared with current atmospheric CO2 concentrations (Pro Oxygen, 2024). It is projected that the CO2 concentration will reach 936 ppm (Representative Concentration Pathways-RCP 8.5) by 2,100 (Canadell et al., 2023). The ongoing increase in atmospheric CO2 concentration is driving climate change and has implications for global warming and the natural carbon cycle (Canadell et al., 2023). Climate change poses a severe threat to natural ecosystems and societies worldwide, disrupting ecosystem services (Priya et al., 2023), biodiversity (Wernberg et al., 2024), human health (Bowen et al., 2024), and agricultural productivity (Waqas et al., 2019), therefore threatening global food security. Thus, mitigating climate change has emerged as a significant ecological and societal challenge for protecting natural ecosystems.
Soils represent the largest terrestrial carbon sink, comprising distinct pools of soil organic carbon (SOC) and soil inorganic carbon (SIC). Enhancing soil organic carbon (SOC) sequestration in terrestrial ecosystems is a key strategy for mitigating climate change by removing atmospheric CO2 (Don et al., 2024). Global SOC stocks are estimated at 1,500–1,600 Pg to 1-m depth and 2,376–2,456 Pg to 2 m depth (Batjes and Sombroek, 1997; Monger and Martinez-Rios, 2000; Lal, 2004b; Batjes, 2014). However, when considering deeper profiles, the total global SOC stock may reach nearly 3,000 Pg (Köchy et al., 2015), exceeding the combined atmospheric and vegetation carbon pools. Even small changes in SOC can substantially impact the carbon cycle and atmospheric CO2 levels (Minasny et al., 2017; Friedlingstein et al., 2022), which has implications for natural ecosystems and biodiversity.
Climatic changes (e.g., warming) and anthropogenic land use changes for agriculture can stimulate the loss of C from soils, accelerating the rise in atmospheric CO2 (Crowther et al., 2016; Melillo et al., 2017; Sanderman et al., 2017). The management of soils for SOM accumulation is therefore considered a viable option to mitigate climate change and maintain soil fertility (Paustian et al., 2016; Minasny et al., 2017). The United Nations Framework Convention on Climate Change (UNFCCC) defines “carbon sinks” as processes, activities, or mechanisms that remove carbon dioxide from the atmosphere (UNFCCC, 2024). Hence, various C sequestration projects were initiated across countries to enhance C accrual in soils including 4 per mille (France), Conservation Reserve Program Initiative (USDA, 2021), 4 per 1,000 initiative (Minasny et al., 2017), United Kingdom Research and Innovation (UKRI)’s Greenhouse gas removal (GGR) initiative (UKRI, 2021), and RECSOIL-Recarbonization of global soils (ITPS, 2021) etc.
Cropland soils offer a significant potential for enhanced carbon sequestration to mitigate climate change. Adopting sustainable practices, such as conservation tillage, crop rotation, and organic amendments, can promote SOC accumulation, allowing croplands to act as carbon sinks and offset anthropogenic emissions. Several global and regional studies demonstrate this potential, with estimates of 0.90–1.85 Pg C ha−1 in global soils (Janzen et al., 2022); 4.53–4.98 Pg C ha−1 sequestration in Chinese croplands (Zuo et al., 2023); 2.22 Pg C ha−1 in Australian croplands (Viscarra Rossel et al., 2024), 0.34 Pg C ha−1 in Russian croplands (Romanenkov et al., 2024). While natural factors such as climate, biophysics, and landscapes are dominant drivers of SOC variability (Batjes, 2016; Hengl et al., 2017; Moinet et al., 2023), human intervention through land use and management can dramatically alter terrestrial carbon over shorter timescales (Hansis et al., 2015; Bastos et al., 2021). For instance, balanced mineral fertilization application exhibits a potential for SOC sequestration of 0.01–0.03 Pg C per year over no fertilization in cropland in China. In contrast, balanced mineral fertilization integrated with organic amendments has the potential to sequester 0.04–0.06 Pg C per year (Waqas et al., 2020). However, there is a lack of comprehensive global understanding of cropland carbon sequestration research foci, key players, and knowledge gaps. Globally, cropland SOC decreased by 0.2 per 1,000 GtC per year from 1975 to 2010 relative to potential vegetation, although absolute stocks increased from 705 to 712 GtC (Lal, 2016). Regional trends vary, with SOC losses in cropland expansion areas, such as Brazil, and gains in some abandoned croplands (Sanderman et al., 2017). Tropical croplands tend to have reduced relative SOC, whereas irrigated drylands show increased SOC stocks (Ghimire and Khanal, 2020). Understanding global research trends and literature exploration of cropland carbon sequestration is crucial for developing effective mitigation strategies.
Since the 1980s, the United States has led research endeavors on cropland carbon sequestration, followed by other countries. Bibliometric analysis can quantitatively and qualitatively assess temporal trends across scientific fields and be used to identify, organize, and parse the key components of a scientific domain (Vaz et al., 2017; Mourao and Martinho, 2020), and decipher the development trends of a research field (Albort-Morant et al., 2017).
Despite extensive research on cropland carbon sequestration, nevertheless, bibliometric analyses of highly-cited documents on C sequestration in global croplands have not yet been reported. This bibliometric study provides a detailed assessment of the global research landscape by determining major actors, research areas, and gaps. The specific objectives of this study include: 1. Analyze the fundamental attributes of the literature, such as article quantity, citations, research classifications, and prominent journals. 2. Evaluate the research’s impact by investigating key countries, institutions, and authors, and recognize the intellectual foundation of the research. 3. Reveal research topics, emerging trends, and future research possibilities, while also examining the association between the Sustainable Development Goals (SDGs) and cropland organic carbon (SOC) sequestration in the most cited literature. We hypothesized a significant increase in this research in recent years, focusing on sustainable management practices to enhance soil carbon storage in croplands. By elucidating the current state and future directions, this study can inform researchers, policymakers, and stakeholders, guiding future efforts to optimize climate change mitigation strategies through C sequestration in cropland soils.
MATERIALS AND METHODS
Data collection and processing approach
Bibliometric analysis is an effective tool for quantifying scientific advancement across multiple disciplines and has become a robust approach for investigating the literature (Wong et al., 2020), and a useful technique that can evaluate global research patterns from various standpoints such as active and productive countries, institutions, authors, and journals, and aims to provide a glean foresight into navigating prospective research (Liu et al., 2011). Thomson Reuters developed the Web of Science (WoS) database, covering about 264 key disciplines, including Science (178), Social science (58), and Arts, and Humanities (28). It is the most effective search engine and the most relevant database for retrieving scientific and bibliometric data (Analytics, 2017).
Designing queries and conducting data search
The query returned 42,808 records, of which we initially selected 403 highly cited articles. After a rigorous review, we found 261 irrelevant documents and excluded them from further analysis. Finally, 142 records were included in the further analysis. Given this, the Digital Object Identifiers (DOIs) were extracted from the Web of Science data and a query consisting of 142 DOIs was formulated and searched in Web of Science and downloaded data used for statistical analyses. A new query consisting of similar DOIs was formulated and executed using the Scopus database. The records of 142 search results were downloaded from Web of Science and Scopus for analysis. The following search query was entered in the Web of Science search box on 20 January 2023 (AB= (“Soil organic carbon” OR “Soil organic matter” OR “cropland Carbon sequestration*” OR “cropland C storage*”) OR TI= (“Soil organic carbon” OR “Soil organic matter” OR “cropland Carbon sequestration*” OR “cropland C storage*”) OR AK= (“Soil organic carbon” OR “Soil organic matter” OR “cropland Carbon sequestration*” OR “cropland C storage*”).
Data analysis and visualization
This study employed bibliometric techniques to appraise research productivity and its impact on C sequestration in cropland. The study mainly focused on highly cited documents (including research articles and review articles) published in the Web of Science and Scopus databases. We carefully identified the relevant keywords, excluded irrelevant keywords, and finalized them to formalize the search query. This study used a variety of software tools, including Microsoft (MS) Access and MS Excel (365) for data processing, while Biblioshiny, VOSviewer, CiteSpace, Microsoft Power BI, and Flourish Studio were used for data analysis and visualization to obtain the co-occurrence network, intellectual base, and research hotspots, to provide a foundation for interpreting the research conducted in this field and helping scholars to carry out a prospective research agenda. Bibliometrix is an open-source platform for performing a comprehensive mapping analysis of the scientific literature. It provides a set of tools for quantitative research in bibliometrics and scientometrics. It can facilitate data collection, data analysis (descriptive analysis of a bibliographic data frame, network creation for bibliographic coupling, co-citation, collaboration, and co-occurrence analyses), and data visualization (conceptual structure and Network mapping). Biblioshiny is an interactive web-based graphical user interface (GUI) for Bibliometrix that enables users to explore bibliometric data and carry out relevant bibliometric and visual analyses of citation networks, keyword trends (keywords cloud map, co-occurrence network, and tree map), scientific productivity (at country and continent scales), timeline visualization, and thematic mapping and evolution of research topics (Aria and Cuccurullo, 2017). A chord diagram was employed to assess the relationships among the top countries. Co-occurrence analysis was used to assess the association between the keywords used in publications co-authored to determine research topic evolution and research trends (Andrade et al., 2019). Moreover, in this study, keyword cluster analysis was carried out to determine the primary cluster for cropland carbon sequestration research trends by reviewing selected research articles in the period (2012–2022). The VOSviewer is a computer-based tool developed by van Eck and Waltman (van Eck and Waltman, 2010) to create a clear mapping of different author keywords and system-supplied keywords (Keywords Plus) by parsing the bibliometric data connections and demonstrating them in the form of separate clusters for visualizing bibliometric networks including journals, individual articles, and researchers based on citations, co-citation, and co-authorship patterns. CiteSpace is a Java-based application for the analysis and data visualization of trends and patterns in research literature. It is developed to visualize prospective knowledge domains (Chen, 2004). In the current study, CiteSpace (ver.6.2. R6) software was employed to analyze and visualize the top keywords and documents, and research hotspots using citation burst analysis based on Kleinberg’s algorithm (Kleinberg, 2002). The parameter settings in CiteSpace can be found in the Supplementary Materials. Microsoft Power Business Intelligence (BI) is an integrated, scalable desktop-based data visualization package tool designed by Microsoft that focuses mainly on self-service and enterprise business intelligence. For the current study, we visualize a thematic diagram and four-field Sankey plot using Power BI. Flourish Studio is a powerful online data visualization tool. This platform can be employed to construct a wide range of both static and dynamic visualizations such as bar charts, scatter plots, network graphs, etc. (https://flourish.studio/). In the current study, it was used to analyze the number of publications and citations. Additionally, frequency analysis of author keywords is essential to assist the authors in understanding the research hotspots in cropland carbon sequestration. Moreover, author keyword co-occurrence analysis also helps to construct and visualize connections between distinct research networks. Furthermore, coalescing keyword co-occurrence analysis and frequency of author keywords is a valuable approach for developing an effective comprehension of the evolution of the research topics and proposing prospective research avenues.
Research productivity and statistical analysis
First, this study assessed the growth pattern of highly cited research articles on carbon sequestration in croplands (i.e., research output) and identified the citation rate, usage, and age of the documents. The research assessment in this investigation comprised (i) publication output in terms of the number of published papers, total citations (TC), and usage (U1 and U2) between 2012 and 2022, (ii) highly cited documents on a global scale (iii) burst analysis of the top 11 documents based on citations, (iv) research output of the top 10 countries, (v) research productivity of the top 10 most productive institutions (v) the analysis of the top 10 authors, and the top 10 most productive journals, vi) the analysis of author keywords (including keywords cloud, co-occurrence network, and treemap of top ten author keywords), and citation burst analysis of top eight author keywords vii) timeline visualization of trend topics, and thematic map of Author keywords from 2012 to 2022. The impact factors (IF) were retrieved from the Journal Citation Reports (JCR) published in 2022. Total citations (TC) and the average number of citations per paper (TC/TP) were employed to assess different sources such as countries, institutions, authors, and journals. The Hirsch index (h-index) indicates that the author and/or journal has published h papers, and each paper has been cited at least h times. Various statistical tests were employed, including Pearson correlation analysis (used to measure the degree of relationship between two variables), an independent T-test or Student’s t-test (used to compare two sample means from unrelated groups), and an analysis of variance (ANOVA) (used to determine differences between research results from three or more unrelated samples or groups) to respond to the following questions:
If there is any significant correlation between the total citations (TC) of Scopus and the Web of Science and the age of the publications?
Is there any significant difference in securing TC between funded and non-funded publications indexed in the Web of Science?
Whether there is any significant difference in securing TC between open and non-open-access journals listed in the Web of Science?
Is there any considerable difference in TC between collaborative and non-collaborative research?
Is there any significant effect caused by the publication age on TC?
RESULTS
Characteristics of literature on cropland carbon sequestration
The finally refined 142 records relevant to carbon sequestration in croplands from 2012 to 2022 included five document types: article, article (early access), article (proceeding paper), review, and review (book chapter). Among documents, the “articles” were found to be the dominant type (total records = 109), followed by a review of 30 documents. Each of the remaining types contributed to only one record. Furthermore, there were 48 sources in total, encompassing journals. The average document Age was 5.75 years; the average number of citations per document was 270.5, and the total references cited in these documents were 10,717.
Quantity of articles, total citations, and usage of articles
The trends and patterns of articles related to cropland carbon sequestration (between 2012–2022) provided by the Web of Science (WOS) database are shown in Figure 1, including the total citations (TC), article impact (i.e., TC/TP), and two types of usage (U1 and U2). Overall, 142 most-cited articles attracted a total of 38,407 (Web of Science) citations from 41 countries. The most publications (TP = 20) related to cropland carbon sequestration occurred in 2019, followed by 2021 and 2020. On average, over 3 years (from 2018 to 2022), 18.67 (60%) of highly cited documents were published in different journals, in contrast to those articles (average = 11.16) published during the initial 5 years (2012–2017). Given this, there were two turning points pertinent to the articles published: one was observed in 2019 when twenty articles were published for the first time, and the other one was in 2021 when 19 articles related to cropland carbon sequestration were published in 1 year. During the same period (2019–2021), the average annual publication volume exceeded 18 articles. This increasing number of research articles demonstrates that research on cropland carbon sequestration is in its growing state with a greater developmental scope in the future. Moreover, the citation-wise analysis ranked 2015 at the top position with 7,422 citations, followed by 2014 (6,596 citations), and 2013 (4,384 citations). During the initial 6 years (2012–2017), the total count was 29,485 citations (77% of total citations of 38,407), and 8,922 (23% of 38,407). Figure 1 also shows another effective index, article usage reports (U1: usage count in the last 180 days, and U2 stands for usage count since 2013), which inform the authors about how often their articles have been accessed (in terms of page views and downloads), and by which countries. The year 2021 had the highest U1 (2,117), followed by 2019 (U1 = 1884), and 2015 (U1 = 1,435). In contrast, 2015 had the highest U2 (13,156), followed by 2019 and 2014.
[image: Figure 1]FIGURE 1 | Line graph shows the total published articles (TP), Red-colored bars show the total citations (TC); Purple bars show usage 1 (U1): usage from the last 180 days; pink-coloured bars show usage 2 (U2) between period (2012–2022).
Global highly cited documents on cropland carbon sequestration
Table 1 shows the top ten highly cited global documents published in the respective journals, including their citation count (TC) and impact TC per year (TC/Year) from 2012 to 2022. The manuscript entitled “Total carbon and nitrogen in the soils of the world” authored by Batjes (Batjes, 2014) and published in the European Journal of Soil Science had the highest number of TC = 4,358, as well as the highest impact (544.75), followed by the article written by Lehmann and Kleber, (2015), published in Nature, which received 2,506 citations in 2022 with an impact of 358. The next two articles are “The Microbial Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter decomposition with soil organic matter stabilization: do labile plant inputs form stable soil organic matter?” and “The knowns, known unknowns and unknowns of sequestration of soil organic carbon” written by Cotrufo et al. (2013) and Stockmann et al. (2013), published in Global Change Biology and Agriculture, Ecosystem and Environment received 1963 and 1,401 citations, respectively. The last listed document “The importance of anabolism in microbial control over soil carbon storage” authored by “Liang et al. (2017)” was published in Nature Microbiology, cited 902 times until 2022, with an impact of 180.40.
TABLE 1 | Global highly cited documents on cropland carbon sequestration.
[image: Table 1]Citation burst analysis of the top 11 documents
Citation burst analysis reflects data that tract special attention during a specific period (Kleinberg, 2002). Therefore, it can highlight robust developments from multiple perspectives. Table 2 shows the list of the top 11 documents that fulfilled the criteria of the citation burst analysis. The manuscript “SOM genesis: microbial biomass as a significant source” authored by Miltner et al. (2012) and published in Biogeochemistry Journal (from 2015 to 2017) showed the highest strength (4.11), followed by “The Microbial Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter decomposition with soil organic matter stabilization: do labile plant inputs form stable soil organic matter?” authored by Cotrufo et al. (2013) published in “Global Change Biology.” The third article “The contentious nature of soil organic matter “Lehmann and Kleber (2015)” with the highest citation burst (3.81) from 2015 to 2018 was published in “Nature” journal. The last article “Climate-smart soils” Paustian et al. (2016) with the highest citation bursts, with a strength of 2.50, which was published in Nature.
TABLE 2 | Citations Burst analysis of the top eleven documents.
[image: Table 2]Productivity and collaboration of countries and institutions
Countries’ productivity and collaboration
Figure 2A shows the ranking of the top 10 countries actively involved in cropland carbon sequestration, based on their relative contribution in producing research publications. China is on the top with a frequency of 22 documents, followed by the United State (20) and Germany (9), while countries like Australia, Belgium, Canada, and the Netherlands produced six documents each. At the continental scale, Europe represents maximum research productivity (39%), followed by Asia (28%) and North America-20% (Figure 2B). Meanwhile, Figure 2C shows that documents from the United States of America attracted the highest total citations (TC = 13,219), followed by China (TC = 4,888), the Netherlands (3,774), and Germany (TC = 3,446). The minimum TC count was observed in Sweden (778) and Canada (658). Although contributing only six publications, the Netherlands still showed the highest average article citations (AAC = 944), followed by Sweden (389), the United States (378), and the United Kingdom (357). Switzerland (216), and China (169) follow other countries in terms of AAC (Figure 2D).
[image: Figure 2]FIGURE 2 | (a) Scientific Production of top-ten countries based on the frequency of the published highly cited articles; (b) the Continental scientific productivity in terms of highly cited publications (c) Total citations by the top-ten countries; (d) Average article citations (AAC) by the top-ten countries.
Inter-country collaboration is vital amid the growing phenomenon of globalization and the development of scientific communication (Pohl, 2020). Collaboration is driven by the reciprocity of scientific understanding, resources, skills, and proficiency among investigators (Vieira et al., 2022). A chord diagram shown in Figure 3A depicts the countries’ collaboration in publishing research related to cropland C sequestration. The circle is divided into different coloured chords representing countries, with the arc length of each country scaled to the respective contribution in frequency. The United States appears as the top collaborative country, as it collaborated with a maximum of 23 countries, followed by France and the United Kingdom, which collaborated with 16 and 14 countries, respectively. Additionally, Germany (11), China (10), and Australia (9) are among the top ten highly collaborative countries that collectively collaborated with 30 countries.
[image: Figure 3]FIGURE 3 | (a) shows the collaboration among different countries of the world. Different coloured chords represent different countries. The figure shows collaboration among 27 countries contributing highly cited documents. (b) Relative share of top-ten countries in terms of single-country publications (SCP) and multi-country publications (MCP).
Corresponding Author’s country
The principal approach for interpreting the global distribution and development of a research domain is to assess national/regional collaboration, publication indices, and so on. The top 10 countries based on corresponding publications are shown in Figure 3B, where multiple-country publication (MCP) denotes the number of papers co-authored by researchers from different nations and single-country publication (SCP) represents the number of articles co-authored by those authors belonging to the same nation or country. These findings imply that the authors prioritize collaboration with researchers from other countries. Among the top 10 countries, the United States of America (United States of America) is leading all countries by publishing 19 SCP and 16 MCP, followed by China, which accounts for 11 SCP and 20 MCP; Germany contributed 12 documents (3 SCP; 9 MCP), Australia contributed 9 documents (SCP = 5; MCP = 4), United Kingdom contributed 6 documents (SCP = 3; MCP = 3), whereas Switzerland and Brazil contributed 4 documents (SCP = 0, MCP = 4), and 3 (SCP = 1; MCP = 2), respectively.
Productivity and collaboration of institutions
Approximately 362 global institutes have produced highly cited research on cropland C sequestration. Table 3 shows the top ten most productive institutes out of 362 institutes belonging to different countries, among which “The Chinese Academy of Sciences-CAS (China), topped the list in terms of TP, contributing 20 documents on cropland carbon sequestration with 4,213 citations with an impact (TC/TP) of 211. The first document related to cropland C sequestration was published in 2013 by researchers from CAS. This was followed by two French institutes: the French Research Universities (UDICE) and the French National Research Institute for Agriculture, Food, and Environment (INRAE), with 14 publications each, and TC of 2,724 and 2,673, respectively. Similarly, two American universities, namely, Colorado State University and the University of California, contributed 13 documents each. The University of Paris Saclay and the European Commission Joint Research Centre were placed at the bottom of the table, which contributed 10 documents each on cropland C sequestration research with TC of 2,603 and 1,411, respectively. Three out of the top ten institutions belong to the United States, which collectively produces 26% of research related to cropland C sequestration, with relatively higher research impact (TC/TP) values (Mean = 337) over other countries (Mean TC/TP = 206). Overall, the top 10 institutions produced 89% of highly cited research articles on cropland C sequestration.
TABLE 3 | Productivity of institutions in terms of number of total published documents.
[image: Table 3]Figure 4 shows the collaboration networks among global institutions that work on cropland carbon sequestration. There are a total of 6 clusters with 44 participating institutes. Cluster 1 (red color) was led by Colorado State University (total link strength, TLS = 43), and included Agriculture and Agri-Food Canada (TLS = 18), Swiss Federal Institute of Technology, University of Aberdeen, Northern Arizona University, University of California (UC) Davis, UC Santa Barbara, University of Massachusetts, University of New Hampshire, University of Wisconsin-Madison, University of Kassel, University of Paris Saclay, and Wageningen University and Joint Research Center. Cluster 2 (green) was led by Georg August University of Gottingen and included the Institute of Applied Ecology-CAS, University of Chinese Academy of Sciences, RUDN University, Institute of Geographical Science and Natural Resources, Institute of Physico-chemical and Biochemistry, Institute of Soil Science, Institute of Subtropical Agriculture-CAS, and University of Chinese Academy of Sciences. Cluster 3 (green) was led by Cornell University, Ohio State University, University of Sydney, Nanjing Agricultural University, University of Western Australia, Rothamsted Research, and Wageningen University and Research. Cluster 4 is dominated by Stanford University, including Oregon State University, University of California (UC) Berkeley, Stockholm University, the Physical and Life Science Directorate, Indiana University, and Yale University. Cluster 5 (color) was led by the Technical University of Munich, followed by the University of Bonn, the UFZ Helmholtz Center of Environment, and the Catholic University of Louvain. Cluster 6 (purple) is dominated by the Institute of Soil and Water Conservation-CAS, the Ministry of Water Resources, and Northwest Agriculture and Forestry University.
[image: Figure 4]FIGURE 4 | Different coloured clusters show the collaboration network among global institutions.
Research productivity and collaboration of authors
The authors and their collaborations are the key components of a scientific domain. By analyzing parameters such as total publications/documents (TP), total citations (TC), g-index, h-index, research impact (RI) i.e., TC/TP, and co-occurring author networks, we can conclude which authors show maximum productivity, and collaborate and cooperate closely in this field and show teamwork in their academic research. Moreover, based on co-citation analysis, we can identify the main researchers within a scientific community notably influencing a certain research field. Table 4 presents the top ten most productive authors of 786 authors in total, engaged in cropland carbon sequestration research. The other categories included in Table 4 are TC, h-index, g-index, TC/TP, and the publication year (PY). The h-index, as suggested by Hirsch, (2005), is a widely accepted research metric, which determines the productivity and impact of an author’s research output. The g-index was proposed by Egghe, (2006) as an improvement of the previously suggested h-index, which was mainly focused on highly cited papers. The results indicate that the researchers “Kuzyakov Y” (from the University of Gottingen, Germany) and “Lal R” (from Ohio State University, United States) published an equal number of publications (10) and secured the top positions, respectively. Interestingly, the researcher “Lal R” secured one citation more than “Kuzyakov Y.” Likewise, “Cotrufo MF” (from the United States), and “Van Wesemael B” (from Belgium) contributed an equal number of publications (TP = 7), but the former obtained more citations (TC = 2,877). The researcher “Lehmann J″ published only five documents related to cropland C sequestration but maintained the top position in securing citations among the top ten productive authors. Angers DA, Kogel-Knabner I, Lehmann J, and Minasny B contributed five documents related to cropland C sequestration research.
TABLE 4 | Productivity of top ten authors based on total published documents.
[image: Table 4]Authorship research also aims to conduct a descriptive bibliometric evaluation of the authorship patterns, expressing the attributes of the authors and authorship of the document and the strength of collaboration pertinent to a specific team of authors. Figure 5A illustrates the authorship patterns in cropland carbon sequestration research ranging from single-authored (AU-1) to sixty-two-authored (AU-62) patterns. The findings indicate a close collaborative research pattern, which suggests that the 3-authored pattern (AU-3) appears to be the most dominant, with the maximum number of publications (i.e., 19; 13.38%), followed by the AU-6 and AU-4 patterns, which contributed 17 (11.97%) and 16 (11.27%) documents, respectively. Both AU-2 and AU-5 published 15 documents. Collectively these six aforementioned authorship patterns contributed about 82 documents (58%) out of a total of 142 documents. Meanwhile, based on TC, the analysis concluded the two-author pattern (AU-2) first spot with 15 highly cited publications and 6,181 citations, succeeded by a four-author pattern (AU-4). Moreover, the data ranked AU-3 (TC = 4,832) and AU-5 (TC = 4,082) as the next two dominant patterns (each contributing to 15 documents). The single author pattern (AU-1) produced eight publications with 4,003 citations and remained in fifth place in the graph. The twenty-eighth-author pattern (AU-28) remained last, producing only one article and 68 citations.
[image: Figure 5]FIGURE 5 | (a) Authorship pattern indicating publications and citations by different combination of authors; AU1–AU62: Authorship pattern showing different authors included in each document; TP, total publications; TC, total citations (b) Collaboration network among different authors from different institutions and countries; Different colored dotted ellipses showing different clusters.
The network map of international cooperation among major authors working on cropland C sequestration research, which the authors ascribed based on the strength of their relationships, the size of the circle, whereas the label of an item related to the weight of the item (i.e., number of publications), and the line connecting the circles represents links. The distance between two authors in the visualization approximately depicts the relatedness of the authors in terms of co-citation links. In Figure 5B, six clusters are shown: the first cluster (blue) was dominated by Lehmann J (26), followed by Kogel-Knabner and Amelung W, and included Amundson, Berhe, Crowe, Doetterl, Liang, Mueller, and Schimel. Cluster 2 (red color) was dominated by Van Wesemael B (total link strength-TLS = 30) and included Montanarella L, Cotrufo MF, Don A, Haddix MI, Panagos P, Six J, Stevens A, and Van Wiesmeir. The third cluster (yellow color) contains eight authors, which were led by Minasny B (TLS = 36), Angers DA, McBratney, Arrouays D, Darrien D, Field DJ, and Paustian K. The fourth cluster (purple) was headed by Chenu C and included Smith P, Sousanna JF, Wollenberg E, Lal R, and Ciais P. Cluster 5 (sky blue) was led by Kuzyakov Y and included Blagodastkaya E, Ge TD, and Wu JS. Cluster 6 (brown) consisted of Bradford MA, Sanderman J, and Sokol NW.
Productivity of journals
Journals are the most important sources of scientific productivity. The main focus and research importance of a particular field can be identified by analyzing the distribution of relevant journals. The 142 selected articles on cropland carbon sequestration were published in 48 different journals. Table 5 shows the top ten most productive journals publishing research related to cropland carbon sequestration. Approximately 87 documents (61%) were published in the top ten journals. The journal “Soil Biology & Biochemistry” (IF 2022 = 9.7) appeared as the most productive journal that published 21 research articles (14.78%) related to cropland C sequestration, followed by “Geoderma” (IF 2022 = 6.1) (15 articles; 10.56%), and “Global Change Biology” (IF 2022 = 11.6) (14 articles; 9.86%), and “Soil & Tillage Research” which contributed 11 articles. Meanwhile, the citation analysis ranked the journal “Global Change Biology” at the top as it secured the highest number of citations (5,207), followed by “Soil Biology & Biochemistry” (4,629), and “Geoderma” (3,244). The journal “PLOS ONE” remains at the bottom of the list. The table also presents the h-index, g-index, and publication starting year (PY) of the top ten journals related to cropland carbon sequestration research. The highest RI values were shown by Nature (625), followed by Agriculture, Ecosystem, and Environment (509), however, Soil & Tillage Research showed the lowest value of TC/TP = 124.55 (Table 5). The journal with the next highest RI value (371.93) is Global Change Biology, followed by New Phytologist (291.5), Nature Geoscience (288.33), and Proceedings of the National Academy of Sciences of the United States of America-PNAS (254.25).
TABLE 5 | Journals’ productivity based on total published documents.
[image: Table 5]Frequency, co-occurrence, and citation burst analyses of keywords on cropland C sequestration
In scientific journals, keywords are crucial for providing insights into comprehending the research focus and domain trends, as well as identifying research gaps (da Cruz et al., 2021; Liu et al., 2024). The frequency analysis of keywords is crucial for exploring important and evolving topics and key issues related to a given field (Wang et al., 2018). Moreover, selecting high-frequency keywords is usually considered an important research theme for bibliometric analysis and research (Chen et al., 2023). Figure 6a–c presents the word cloud, co-occurrence network, and tree map of the 63 author-supplied keywords. The size of the words depicts the frequency of the usage of keywords by the authors. The word cloud (as shown in Figure 6a) presents the ranking of author-supplied keywords based on their frequency. Out of the total author keywords, “soil organic carbon” (with a frequency of 90; 20%) remained on the top. The “soil organic matter” (frequency = 64; 15%) is in the second spot followed by “soil carbon” (frequency = 54; 12%). “Agriculture” with a frequency of 23% and 5% placed at the last spot in the treemap. Fig. S6a-c presents a word cloud, co-occurrence network, and a treemap of system-supplied keywords (i.e., keyword plus) from the Web of Science. The graph highlights nitrogen (frequency: 28, 15%), sequestration (frequency: 24, 13%), and matter (frequency: 22, 12%) were found to be the most frequent keywords. Additionally, organic matter, climate change, dynamics, and stabilization were the most frequently used system-supplied keywords (keywords plus).
[image: Figure 6]FIGURE 6 | (a) Author keywords cloud (b) Co-occurrence network of author keywords (c) Treemap of the top ten author keywords with frequency and percentage of occurrences.
Burst detection is a valuable analytical method for identifying keywords that have attracted attention from related scientific communities over a certain period (Zhou et al., 2018). Hence, bursting keywords can be utilized as indicators to investigate research frontiers and predict research trends (Li and Chen, 2017; Hou et al., 2018). The time frame 2012–2022 is plotted horizontally on a blue line, and the period of a burst keyword is plotted on a red line, which indicates the beginning and end of the time interval of each burst (Zhou et al., 2018; Mehmood et al., 2023). Table 6 shows the top seven keywords out of all the author keywords and keywords plus based on the citation burst analysis, along with the strength and occurrences. Based on the strength, the studies related to the active theme “soil organic matter’ show a maximum burst strength = 3.51, followed by “turnover” (burst strength = 3.18) during the time frame (2012–2022).
TABLE 6 | Citation burst analysis of top seven author keywords.
[image: Table 6]Thematic mapping, distribution, and evolution of research topics
The systematic mapping of the research themes facilitates the identification of scientific interests and temporal evolution, offering valuable insights into understanding future research directions. The timeline visualization/trend topic plot for cropland carbon sequestration, representing the periodic frequency of terms, from 2012 to 2022 (Figure 7A). The graph describes clusters of documents on global cropland C sequestration from left to right and the year of publication at the bottom. The graph arranged the topics vertically, showing the old topics at the bottom and the most recent topics at the top. The bubble size depicts the frequency of each term, where larger and smaller bubbles indicate higher and lower frequencies, respectively. Topics at the top of the diagram include “soil fertility”, “carbon storage”, “soil organic carbon”, and “climate change. Topics of “soil quality”, “nitrogen”, “decomposition”, and “soil carbon” were placed at the bottom. The keyword “soil organic carbon” emerged as the most frequently used keyword and remained a constantly important topic, followed by the keyword ‘‘greenhouse gas emissions” during the years 2016 and 2021. This trend analysis underpins emerging and perpetually important research areas and provides guidelines for researchers and policymakers.
[image: Figure 7]FIGURE 7 | (a) Temporal visualization of top trending topics (Author Keywords) from 2012 to 2022. The horizontal axis (x-axis) shows the timeline (in years) from 2012 to 2022 while the vertical axis (y-axis) shows the terms as trend topics. (b) Thematic map of Author keywords from 2012 to 2022. (c) Co-citation network of carbon dynamics and climate research (2012–2022), showing key clusters such as carbon sequestration (#0) and soil organic matter (#1). Node size represents citation frequency, link thickness indicates co-citation strength, and colors reflect publication years from 2012 (blue) to 2022 (red). .
Figure 7B represents four quadrants: the first quadrant depicts niche themes with lesser value or importance, however, they have a higher degree of development. The second quadrant represents popular topics with greater importance and evolution, while the third and fourth quadrants represent declining/emerging and basic topics, respectively. As shown in Figure 7B, the first and third quadrants contain no clusters, while the second and fourth quadrants contain two clusters each. The principle cluster is far from centrality-lies in the fourth quadrant (containing basic themes) compared with its counterpart which is near to centrality axis. These two clusters are led by “soil organic carbon” and “soil organic matter”, other themes are “soil carbon”, and “climate change”. The principle cluster near centrality is dominated by “mineralization”, “priming effect”, and “enzyme activity”.
Supplementary Figure S1 illustrates the thematic evolution of cropland carbon sequestration research as a two-field Sankey diagram. It divides the evolution into two distinct periods, i.e., 2012–2018, and 2019–2022. It is evident from the graph that the theme “soil organic matter” has a total occurrence of 103, and evolved as “soil organic carbon” with a total occurrence of 42 during 2019–2022. The theme ‘soil organic matter’ further evolved into themes such as ‘nitrogen’ (occurrence = 31), “microbial turnover” (occurrence = 9), and “decomposition” (occurrence = 21). While, the theme “soil organic carbon” evolved into “soil organic carbon” (occurrence = 46), “nitrogen” (occurrence = 13), and “agricultural management” (occurrence = 3) (Supplementary Table S1). As shown in Supplementary Figure S2, the keywords on cropland C sequestration were separated into eight clusters, and each cluster only presents the top three ranked keywords in terms of frequency. The seven clusters were mainly concentrated on motor themes and emerging or declining themes. “Stabilization,” “decomposition,” and “carbon” form the main cluster, followed by the cluster containing “management” microbial biomass” and matter fractions. The themes, ‘‘particle-size fractions” “black carbon” and “agricultural management” lie in the first quadrant near the cross-section of density and centrality. The themes of ‘‘bulk density” “spatial prediction” and “patterns” lie in the second quadrant. In the third quadrant, the themes, i.e., “long-term application,” “cattle manure,” and “physical properties” are relatively closer to the axis of relevance degree (centrality) than the themes “moisture” “sensitivity,” and “texture” which lie in the same quadrant. The themes ‘‘nitrogen” “sequestration” and “matter” lie in the fourth quadrant comprising basic themes.
Factorial analysis, which is a data reduction technique that includes various analyses such as corresponding analysis (CA), multiple corresponding analysis (MCA), and multidimensional scaling (MDS), is used to identify and understand the subfields of a research area. We used MCA coupled with the clustering of keywords, which were distinguished by four different colored areas. We set the minimum number of author keywords to ten. Supplementary Figure S5 visualizes the conceptual and substantial structure of the words that often appear in journals and papers on cropland C sequestration by mapping to connect the words. Author Keywords were placed according to Dimension-1 (44.7%), and Dimension-2 was 15.4%. The map shown in Supplementary Figure S5a, b is divided into three parts: blue, red, and green. The blue area focuses on conservation agricultural practices, such as organic amendments, including organic manure/animal manure, green manure, cover crops, and conservation tillage practices to improve soil health and crop yields, thereby increasing carbon sequestration and achieving climate change mitigation goals. The red area or cluster reflects the importance of SOM and its interaction with the microbial community and the role of microbes in biological and chemical processes in the soil, particularly related to microbial activity, SOM turnover and decomposition, and nutrient cycling. This further highlights the importance of soil organic matter and its interactions with microbial communities. The small green cluster presents themes relevant to the soil fractions and organic matter associated with the soil mineral matrix. The words closely confined to each other imply their close association with each other and their co-occurrence in the papers, and vice-versa (Figure 6).
Relationships among author keywords, journals, countries, and publication year
A four-field Sankey plot is a visualization approach employed to demonstrate flows or relationships between four different categories or groups of data. Figure 8 shows four categories: i) author keywords, ii) journals, iii) countries, and iv) publication year. The thickness of the data flow shows the number of documents joining the top ten keywords to journals, countries, and publication years. The keywords “Soil organic carbon (occurrence = 108)”, and “soil organic matter” (frequency = 97) mainly occurred in “Soil Biology and Biochemistry,” “Global Change Biology,” and “Geoderma” journals. The next highly occurred keywords “Soil Carbon” and “Carbon sequestration” appeared 12 and 14 times in Geoderma and Soil Biology & Biochemistry journals, respectively, implicating these journals are the key platforms for publishing cropland C sequestration research. The middle-right column highlights the geographic distribution of research contributions, with countries such as the United States, China, Germany, and the United kingdom playing dominant roles in cropland C sequestration. Notably, the United States and China are among the leading contributors, accounting for author keywords frequency of 144 out of 609 in 2019, followed by China (100), and Germany (72), in 2021, and 2019, respectively. Moreover, the United States and China are the leading countries publishing in these journals with high impact such as “Nature Communications” and “PNAS.” In summary, this Sankey diagram comprehensively outlines the interrelationships between research themes, publication platforms, country-wise distribution, and temporal trends in cropland C sequestration research. The analysis also underscores a notable expansion in scholarly attention to this field especially during the years 2019–2021.
[image: Figure 8]FIGURE 8 | Four-Field Sankey diagram showing the relationship between Author keywords, Journals, Countries, and Publication year.
Figure 7C shows the progression as a timeline visualization from blue (2012) to red (2022), indicating key research trends, clusters of research, and influential themes at a time scale in the research domain of carbon sequestration in croplands. The network comprises 235 nodes and 494 edges, indicating correlations between articles and their citations. The clusters represent foundational and emerging topics in carbon sequestration. The largest cluster, containing 173 nodes, emphasizes a highly-cited and dominant research theme, i.e., carbon sequestration. A network density of 0.018 reflects the multidisciplinary nature of the field. Metrics such as the Weighted Mean Silhouette Score (0.9531) and Modularity Q (0.7778) demonstrate well-defined clusters and good network structure (Chen, 2004). Key clusters include #0 carbon sequestration, #1 soil organic matter, #2 land use, #3 priming effect, #4 climate change, #5 nitrogen fertilizers, and #6 microbial biomass carbon, revealing thematic focuses ranging from carbon storage strategies and soil health to land-use impacts and microbial contributions to carbon cycling. In summary, this visualization presents a comprehensive, evolving landscape of carbon sequestration in croplands research, with a major focus on carbon sequestration, soil organic matter, land use impacts, and microbial contributions to carbon cycling. The network provides insight into research interconnections, emerging topics, and foundational studies that are shaping contemporary research directions.
Statistical and research productivity analysis
This study analyzed the correlation between the total citations (TC) of documents indexed in Scopus and Web of Science and revealed a significant correlation (r = 0.834; p < 0.01) between them. The study further explored the correlation of total citations (WOS), and the age or usage (U1 and U2) of the publications. The analysis revealed a significant strong correlation (p = 0.51) between the total citations secured by the publications indexed in the Web of Science and the age of the publications (Supplementary Figure S3). The study further applied a T-test to investigate the discrepancy in attracting citations between funded and non-funded publications (listed in WOS). The results show no clear difference in securing citations between funded and non-funded publications indexed in Web of Science (F = 0.146, significance = 0.703). It is intriguing to note that non-funded publications secured more citations than funded publications (Supplementary Table S2).
Similarly, another independent T-test was applied between open- and non-open-access journals indexed in the WOS showing a significant difference in means in terms of securing citations between open- and non-open-access journals (F = 6.195, Significance = 0.014; Supplementary Table S2). The table shows the ANOVA for the means of the TC within collaborative and non-collaborative research. Interestingly, the findings showed no significant difference in TC between collaborative and non-collaborative research (F = 2.593, Sig. = 0.078). The LSD multiple comparisons, as shown in Supplementary Table S2, demonstrate that non-collaborative research (single-author research) significantly differs from research published due to international collaboration. A linear regression model was applied considering publication age and TC as the independent and dependent variables to check the effect of publication age on the citations. The regression value (R2 ≥ 0.29; Supplementary Table S3) shows a considerable effect of publication age on TC, showing that TC increases with an increase in age (Supplementary Table S3; Supplementary Figure S4).
Carbon sequestration in croplands-challenges and opportunities
Carbon sequestration in croplands presents a dual landscape of challenges and opportunities. Challenges arise mainly from technical, economic, and environmental constraints. Precise measurement of soil organic carbon (SOC) is complex due to its variability regarding soil texture, soil depths, soil types, and management practices, which complicates validation for carbon credits (Baert et al., 2024). Soil degradation, erosion, and the adverse effects of intensive farming practices, such as monocropping, tillage operations, and overuse of chemical fertilizers, further diminish the carbon storage potential of croplands (Jat et al., 2022; Lessmann et al., 2022; Ellis and Swan, 2024). Moreover, climate variability, including extreme weather events, reduces SOC stability and undermines the C sequestration strategies (Wang et al., 2022; Tan and Kuebbing, 2023). Economically, the initial costs of adopting sustainable practices, limited access to carbon markets, and insufficient policy support hinder widespread implementation, particularly for smallholder farmers (Bhatnagar et al., 2024). Knowledge gaps exacerbate these barriers, as most farmers are devoid of the expertise and proper resources to implement carbon-accrual practices effectively (Hughes, 2024).
Despite these challenges, significant opportunities exist to enhance carbon sequestration on croplands. Regenerative agricultural practices such as agroforestry, cover cropping, and conservation tillage can substantially increase SOC content while providing co-benefits like improved water retention, soil fertility, soil structure, and biodiversity (Ellis and Swan, 2024; Nazir et al., 2024). Advances in technologies, including digital soil mapping, remote sensing (drones, satellites, etc.), and the use of soil sensors and employing data analytics and machine learning (including random forest plots), offer tools to optimize sequestration strategies and improve monitoring (Mandal et al., 2022; Razzaghi, 2025; #16; Figure 7C). Policy innovations, such as carbon markets and payment-for-ecosystem-services schemes, can incentivize farmers to adopt sustainable practices (Ingram et al., 2025; Rausser et al., 2025). Ameliorating degraded croplands and integrating bioenergy with carbon capture and storage (BECCS) systems also offer the potential for achieving net-negative emissions (Wu and Pfenninger, 2023). Optimizing strategies to local conditions and aligning policy frameworks with sequestration goals can amplify the efficacy of these opportunities, positioning croplands as vital contributors to global carbon mitigation endeavors (Oldfield et al., 2024).
Alignment of cropland C sequestration research with UN sustainable development goal (SDGs)
It is well agreed that Sustainable Development Goals (SDGs) and innovative management practices can be directly linked to achieving improved soil health and productivity. With climate change becoming increasingly pronounced, it is more challenging for agriculture to reduce its net emissions and attain net-zero emissions. Acknowledging the possible challenges and potential implications of the changing climate, the United Nations General Assembly (UNGA) approved an “Agenda-2030 for Sustainable Development,” in September 2015. This comprehensive framework outlines a set of objectives and targets to achieve sustainable development with a focus on economic stability and environment protection, while also addressing various disparities still existed between developed and developing nations. About 193 UN Member countries have agreed to this agenda (UN). Food security mainly relies on healthy and productive soils and the ecosystem services they offer, especially in rural or agriculture-reliant areas. Maintaining soil health enhances crop productivity, supports human livelihoods, and underpins progress toward achieving the SDGs (Pereira et al., 2018). However, global food systems are associated with various unsustainable agricultural management practices, contributing to higher greenhouse gas emissions, land degradation, and loss of biodiversity. Therefore, storing atmospheric CO2 as organic carbon in cropland soils is considered an effective land-based strategy for climate change mitigation-SDG13 (Keesstra et al., 2016), addressing food insecurity (Lal, 2016), and reversing land degradation, which is a major threat to food security (Amelung et al., 2020). Additionally, this soil management approach offers co-benefits including nutrient and water conservation, which facilitates climate change adaptation and minimizes the risk of land degradation-SDG-12 (Lal et al., 2021).
Figure 9, Table 7 shows that the relevant SDGs aligned with C sequestration in croplands can be categorized into three main topics: i) Topic 1-People-centric SDGs (SDGs 1–3), ii) Topic 2-Planet-centric SDGs iii) Topic 3-Prosperity-centric SDGs. Topic 1-People-centric SDGs are among the most important goals essential for sustaining human life globally, as these goals are aimed at addressing poverty-related issues. ii) Topic 2-Planet-centric SDGs include Clean Water and Sanitation (SDG 6), SDG 12 (Responsible Consumption and Production), SDG 13 (Climate Action), SDG 14 (Life Below Water), and SDG 15 (Life on Land). Topic 3-Prosperity-centric SDG focusing on Sustainable Cities and Communities (SDG 11).
[image: Figure 9]FIGURE 9 | Conceptual representation of the inter-linkages between key sustainable development goals (SDGs) in terms of their advancement through increasing cropland carbon (SOC) sequestration. The direction of the arrow corresponds to the influence (→) of one SDG over the other.
TABLE 7 | Advancing the sustainable development goals (SDGs) through management of soil quality and health.
[image: Table 7]DISCUSSION
Research on the sequestration of soil organic carbon (SOC) has substantially expanded over recent periods, based on the significance of SOC as a significant natural reserve that helps the provision of food, facilitates to regenerate fertility, and is necessary for various ecosystem services, such as nutrient transformations, water conservation, and habitat for biodiversity (Kopittke et al., 2022; Smith et al., 2015). Practices (to boost SOC stock) such as fertilizers application, complex crop rotations, cover cropping, and reduced tillage practices have been extensively debated over the last 20 years and it is agreed that those beneficial practices must be continued (Spiegel, 2012; Rumpel et al., 2018). SOC stocks are a function of soil organic matter (SOM) stabilization and decomposition processes in soil. Over the past decade, a paradigm shift has occurred, suggesting that the biotic and abiotic environment is more important for the persistence of SOM than the qualitative attributes of SOM, including its complexity and composition (Schmidt et al., 2011; Liang et al., 2017; Lehmann et al., 2020b).
CONTRIBUTION OF COUNTRIES, INSTITUTIONS, AUTHORS, AND JOURNALS TOWARD GLOBAL CROPLAND CARBON SEQUESTRATION RESEARCH
Overall, the number of publications (TP) shows the research productivity across authors, countries, institutions, and journals, whereas TC of an article reflects the influence of individual papers. Impact factor (IF) and h-index further indicate journal prestige, though citations per paper or research impact (TC/TP) for a journal is often considered as a more suitable measure for assessing the relative importance of a journal within a specific field (Ji et al., 2014). Soil C sequestration research has garnered attention within the global scientific community owing to its strong links with existential global challenges, such as climate change, food security, and soil health (#0 research hotspot; Figure 7C). The scope of global C research has widened greatly over the recent decade, with a striking increase in the TP and U2, especially from 2015 to 2021 (Figure 1). Global soil cropland C sequestration research has been led by a few countries, with 10 countries publishing 63% (TP = 90) of the cropland C sequestration research (Figure 2A). Most of these are developed countries (economically stable), and have developed state-of-the-art research infrastructures and facilities such as universities and research institutions. This facilitates researchers’ access to high-quality resources and services needed to boost innovation, develop cutting-edge research techniques, foster collaboration with other researchers, work on mutual research projects, and share ideas to bolster future competitiveness. The top contributors for producing maximum documents are China (22 documents), the United States (20 documents), and Germany (9 documents), while Australia, Canada, Belgium, and the Netherlands produced six documents each (Figure 2A). Among the top 10 productive authors, Kuzyakov (University of Göttingen, Germany) and Lal (Ohio State University, United States) emerged as the most prolific authors, each with 10 publications and h-index scores of 10 and 9, respectively. Overall, five authors from the United States, and Germany conducted notable research on cropland C sequestration. The United States showed the maximum collaboration among all countries. Major reliance on research on cropland C sequestration in a few countries will underscore a research deficit for other countries, highlighting the necessity for greater international collaboration. Enhanced collaboration between developing and research-active nations is vital to advance innovative solutions for addressing climate-related challenges.
The network analysis of author collaborations reveals six clusters led by Lehmann J (26), Van Wesemael B (total link strength = 30), Minasny B (total link strength = 36), Chenu C, Kuzyakov Y, and Bradford MA (in the sequence of 1-6, respectively). Regarding the corresponding author countries, the United States and China led the top 10 countries in terms of correspondence (single corresponding publication-SCP and multiple correspondence publication-MCP). The top four author keywords such as soil organic carbon, soil organic matter, soil carbon, and nitrogen-account for 58% of the top 10 author keywords, while the top four Keywords Plus (Web of Science) contributed approximately 50% of keyword frequency.
KEY DRIVERS OF CARBON SEQUESTRATION IN CROPLAND SOILS
In the current study, cropland C sequestration research featured 702 keywords, mainly encompassing three major topics or themes: i) management practices, ii) the role of microbes, and iii) the impacts of climate (Supplementary Figure S5). Agriculture is influenced by and a facilitator of climate change, as intensive agricultural practices, such as the use of synthetic fertilizers, pesticides, and animal wastes, contributing about 30% to total GHGs (i.e., CO2, N2O, and CH4) emission (#15; Figure 7C), thus increasing global warming and strongly influencing the sustainable production of agroecosystems for longer period. Under these circumstances, long-term C storage in soil is thought to be the viable option to offset the increase in GHG emissions. However, carbon sequestration in cropland soils is an intricate process mainly controlled by climate, cropping systems, soil physical and chemical variables, and management practices (Wiesmeier et al., 2019; Abrar et al., 2023). Soil organic matter (SOM) content (#1; Figure 7C) is an important determinant of soil health because it positively affects soil attributes and processes (Doran and Zeiss, 2000; Hijbeek et al., 2017), in addition to influencing the main factors contributing to the CO2 concentration in the atmosphere. Prudent management of this resource may help achieve climate-change mitigation goals as well as ensure food security at a global scale (Lal, 2004a).
Management practices, such as fertilization, is one of the most important factors dictating SOM dynamics in croplands. However, the effect of different fertilization practices on SOM dynamics is not uniform and hence complicated based on different soil types, climatic conditions, land use and management, soil biota, soil properties, and other factors, etc. (Wiesmeier et al., 2019). Sole application of mineral fertilization, particularly based on nitrogen fertilizers (#5; Figure 7C), reduces the C/N ratio of soil (Abrar et al., 2021), enhances microbial activity (Ashraf et al., 2020), and promotes the positive priming of the fresh OM (Zhu et al., 2018). Carbon stocks can be maintained, preserved, or even increased over a longer period by adopting prudent management practices (Johnston and Sibly, 2018). Conversely, according to some recent research studies, the integrated application of manure/organic amendments along with mineral fertilizers is acknowledged as an effective strategy to not only provide direct C input but also improve the overall soil properties, thereby increasing C sequestration in croplands (Maltas et al., 2018; Abrar et al., 2020). Straw or residue return is another approach for adding organic matter to the soil. Conservation tillage positively influences SOC content by increasing the overall formation of macroaggregates, in contrast to conventional tillage methods, thus improving carbon sequestration and considerably minimizing soil carbon emissions. For instance, no-tillage or minimum tillage may limit the mineralization of carbon, thus, increasing the SOC content (Kan et al., 2021; Zhang et al., 2023; Besen et al., 2024), due to minimal interactions between crop residues and microbes, resulting in minimal decomposition of crop residues into litter. Moreover, slower nitrogen turnover and denitrification may offer better protective effects on soil carbon, nitrogen, and water (Lashermes et al., 2022). The pivotal role of soil microbes as catalysts for SOM formation has long been acknowledged (Kögel-Knabner, 2017). Notably, soil microbes not only accelerate the transformation and turnover of plant litter and SOM as well as contribute roughly 46% to SOM buildup through their microbial necromass (Liang et al., 2019), which has potential implications for deciphering the dynamics of SOM sequestration, especially the critical role of microbial necromass for SOM formation and stabilization (Hu et al., 2023). In the present study, the findings of the manuscript authored by Miltner et al. (Miltner et al., 2012) show the potential role of microbial biomass (research hotspot#10) as a significant source for SOM formation (Table 2; Figure 7C). The chemical composition and structure of SOM are considered significant for its stabilization and decomposition (Lehmann and Kleber, 2015). Although the major proportion of soil C is thought to be derived from plant sources (Kögel-Knabner, 2017), a considerable proportion may pass through microbial biomass before being transformed into SOM. Microbial biomass plays a critical role in biogeochemical cycling (Zheng et al., 2023). The role of soil microbes cannot be negated as they are the main regulators of SOM dynamics and nutrient availability. Microbes play a predominant role in determining the quantity of carbon stored (i.e., four times greater than any other process) in the soil (Tao et al., 2023), with implications for mitigating climate change and improving soil health for food production. Soil attributes, such as bulk density, texture, and porosity, significantly affect microbial activity. A well-structured soil may help foster niche diversity and eventually benefit from the high microbial carbon use efficiency-CUE (Kallenbach et al., 2019; Lehmann et al., 2020b). Accordingly, SOC accrual owing to high CUE could lead to enhanced soil fertility in the form of C sequestration through efficient soil microbial activity which accelerates SOM recycling and accrues recalcitrant microbial residues following microbial death (Mason et al., 2023; Tao et al., 2023). Soil microbes (about 90% dominated by bacteria and fungi) primarily regulate nutrient availability and organic matter dynamics. Recent research has underscored the vital roles that soil microbial communities play in contributing to SOC loss through microbial degradation (Wieder et al., 2013), as well as SOC formation and stability, as revealed through the correlation between microbial biomass, necromass and SOC content (Bradford et al., 2016; Malik et al., 2018; Wang et al., 2021). SOM degradation is the principal process defining the rate of SOC loss, as soil decomposers (mainly microorganisms) mineralize OM and release C back into the atmosphere as CO2. The addition of fresh plant-derived C may cause either positive or negative priming of the SOC (#3 research hotspot; Figure 7C). The input of substrates, such as amino sugars, that may be easily assimilated by microbes can enhance SOC mineralization in the case of positive priming (Hamer and Marschner, 2005). In addition, the enzymatic activities of different soil extracellular enzymes may accelerate the degradation of SOM by transforming complex plant and microbial residues into simple molecules (Sinsabaugh, 2010; Margida et al., 2020). The process through which aboveground and belowground litter is degraded and transformed for SOM formation is of prime importance. Litter quality (containing labile plant constituents) compared to input rates is relatively predominant, as plant residues of high quality can be assimilated more efficiently by microbes. These microbial degradation products would therefore become the principal precursors of stable SOM by promoting physical (aggregation) and chemical stabilization mechanisms through strong chemical bonding to the mineral matrix (Cotrufo et al., 2013). Furthermore, based on stabilization mechanisms, SOM may have four fractions: a fraction devoid of protection or unprotected, physically protected (aggregated), chemically protected, and biochemically protected (Six et al., 2002). The unprotected fraction is unaggregated, fraction-labile in nature, and is an important source of food and energy for soil microbes (Zhang et al., 2022; Wang and Kuzyakov, 2024). Physical protection of SOM against degradation is acquired by the formation of aggregates. The chemical stabilization of SOM is a function of its adsorption onto the soil mineral matrix, and SOM is biochemically protected by the formation of recalcitrant organic compounds (Six et al., 2002). These SOC stabilization mechanisms are considered robust indicators of gauging the causal influences of fertilization management practices (He et al., 2015).
Climate variables, such as temperature and precipitation, play vital roles in C sequestration at regional and global scales by controlling both the input of carbon into the soil and SOC degradation. Precipitation controls net primary productivity (NPP) in many water-limited terrestrial ecosystems, thereby influencing carbon input into the soil. While, humid conditions may induce soil acidification, which limits the decomposition of SOM (Meier and Leuschner, 2010). Soil organic C stocks are generally considered to decrease with increasing temperatures across different climatic regions globally (Koven et al., 2017; Doetterl et al., 2018). Higher soil temperatures enhance the rate of OM degradation, resulting in a decline in bulk soil C stocks (Hicks Pries et al., 2017; García-Palacios et al., 2021). In addition, the two generalized pools of SOM, particulate OM and mineral-associated OM, show different sensitivities to temperature; the sensitivity of POM is approximately 28%–53% greater than that of MAOM (Georgiou et al., 2024). Moreover, how carbon is allocated across these two underlying carbon pools influences the relative sensitivity of bulk SOC stocks to temperature.
Impact of cropland carbon sequestration on people-related SDGs
Soil degradation threatens the sustenance of billions of people globally, especially 80% of those living in rural areas and 65% employed in the agriculture sector. Agriculture is key to addressing sustainable food production or zero hunger (SDG2) for a growing world population, which is projected to reach 8.5 billion by 2030 (UNFPA, 2023). Advancing SDG 1 (No poverty), and SDG 2, through maintaining and increasing SOM storage following the adoption of best management practices (BMP) such as cover cropping, crop rotations, and integrated nutrient and manure management, can improve soil health and productivity, hence contributing to the production of more food and goods, and increasing incomes for the world’s poor communities (Lal, 2016; Creegan and Flynn, 2020). Moreover, funding and incentivizing farmers through carbon crediting and payment for soil carbon storage may encourage them to adopt soil health practices aimed at increasing crop yields, thus helping to minimize rural poverty (SDG 1), reducing GHG emissions (SDG 13), enhancing resilience to climate change, and contributing to achieving better health outcomes-SDG 3 (Lal, 2016; Oldfield et al., 2022). In this context, several C crediting projects such as the United States and Australia-based soil carbon projects), have been launched to pay farmers for their C sequestration. For instance, In the United States, farmers can earn up to $30 per acre per year by subscribing the soil carbon projects (IndigoAg, 2024). Human health largely depends on soil health, not only via improved crop productivity and crop type but also through its nutritional value (Welch and Graham, 2004). Additionally, soils with an adequate supply of available micronutrients are linked to less malnutrition (Barrett and Bevis, 2015), which is directly dependent upon the increased SOM content (Wood et al., 2018). Together with these widely known attributes, the nutritional value of crops may also depend on robust soil biodiversity (Wall et al., 2015; Lehmann et al., 2020a), which can improve the bioavailability of micronutrients to crops (Jacoby et al., 2017) and overcome the negative impacts of plant disease in soil (Schlatter et al., 2017), and affect the taste, food storage, and food preparation (Rillig et al., 2018). Soil organic carbon (SOC), a major constituent of soil organic matter (SOM), is associated with increased plant productivity (Abrar et al., 2023). It also enhances the retention of moisture and nutrient availability in the soil, improves plant uptake of these nutrients, and ameliorates soil structure and aeration. Additionally, it enhances the resistance of soil to erosion, supports an active and biodiverse soil life (SDG15), and helps advance the overall goal of soil functioning. Nonetheless, this depends on promoting sustainable use of terrestrial ecosystems through BMPs such as conservation tillage, and application of organic amendments (Sanaullah et al., 2019; Yadav et al., 2023) is crucial in reversing land degradation and sequestering atmospheric carbon.
Cropland carbon sequestration contributing to planet-centric SDGs
Soil serves as a source or sink of contaminants (Zimnicki et al., 2020), such as agrochemicals (pesticides, fungicides, and herbicides), heavy metals, microplastics, pathogens, and polycyclic aromatic hydrocarbons (Evans et al., 2019). Furthermore, nutrient pollution, especially nitrate from agricultural fertilizers use, is a pressing global issue, causing eutrophication of freshwater resources and negatively affecting the quality of water (Bijay-Singh and Craswell, 2021). Therefore, a trade-off exists between the management of soil health to support crop productivity and water quality, which should be given higher importance and treated with a multi-pronged approach, especially through adopting nature-based solutions. For instance, improving soil structure stability, specifically aggregate stability and strength, via enhancing carbon sequestration (Blanco-Canqui et al., 2006; Mustafa et al., 2020), can help reduce soil erosion and nutrient losses, thereby improving ground- and surface water quality (improving SDG6-related water quality), and increasing water-use efficiency. Healthy soils are also expected to ensure good water quality, as they can effectively buffer and retain heavy metals and organic toxins by irreversible adsorption to organic matter in the soil and biologically modify these entities (Lamichhane et al., 2016). Additionally, soil microbes can convert organic pollutants from more toxic to relatively less toxic forms (Hanson et al., 1999; Lehmann et al., 2020b). Hence, both SOM content and microbial activity are key indicators of soil health and ameliorate water quality. Soil is also a medium for responsible consumption and production, and the adoption of BMP, such as proper utilization of available space, and efficient use of mineral fertilizers and manure (SDG12), can help improve C sequestration in the soil, leading to healthy soil and enhanced agricultural productivity, which is safe for consumption (Mishra et al., 2022). Climate change is a pressing global issue, and croplands are considered to be important food systems, which may act as major C sinks for offsetting climate change-driven effects due to their tremendous capacity to store large amounts of carbon (SDG13). Concurrently, croplands can also act as a C source if not properly managed in terms of management practices. Climate change can directly influence soil ecosystem services, particularly crop productivity and water quality, and can also undermine other SDGs, specifically those related to soil health. For instance, climate change mitigation schemes, such as storing carbon as SOM in soil, can contribute to agriculture by improving crop health and production, thus providing resilience to drought and flooding (Lal, 2004a). Furthermore, increased SOM content can be achieved by applying organic fertilizers or soil amendments in greater quantities, along with reducing tillage operations (Karlen et al., 2019), to improve aggregation and limit C decomposition by microbes, which can also enhance plant growth. Climatic variables, such as temperature and precipitation, may positively or negatively influence C stocks in soil (Mishra et al., 2021; Abrar et al., 2023). Nonetheless, there are trade-offs between managing soil health for climate change and food production. For example, the application of nitrogen-based fertilizers, aimed at increasing crop production, may lead to a greater efflux of N2O (nitrous oxide), which is a strong greenhouse gas (Paustian et al., 2016). These examples underscore the existing challenges in optimizing the multifunctional usage of soils and why it is critical to achieve goals related to managing soil health.
Cropland carbon sequestration contributing to prosperity-centric SDG
Cities are the main contributors to economic growth, accounting for approximately 80% of the world’s Gross Domestic Product (GDP) and demonstrating greater productivity compared with rural areas (Sharif, 2023). The significance of healthy soils in providing ecosystem services is necessary for developing sustainable cities is gaining attention within the scientific community. Supporting urban agriculture and gardening, through ameliorating soil health in global cities is crucial for their adaptability to the challenges of future climate change, and hence an important initiative to achieving the global pursuit of United Nations SDGs (Lal et al., 2021). Urban soils face issues such as soil contamination (including metals, organics, and microbials), nutrient deficit, decline in SOC, and biodiversity loss. SDG 11 (Sustainable cities and communities-including targets 11.6 and 11.7) exclusively deals with making cities and metropolitans sustainable in terms of inclusivity, safety, and resilience. Carbon sequestration could help advance SDG 11, regarding the management of urban waste degradation, sustaining the poor’s livelihoods, effectively managing urban green spaces, and minimizing sediment pollution (Albaladejo et al., 2021; Yin et al., 2022). Moreover, Target 11.8 is directly associated with addressing soil issues, as soil C sequestration helps mitigate and adapting climate change, thus providing numerous ecosystem services for the benefit of humankind (Lal et al., 2021).
CONCLUSIONS AND THE WAY FORWARD
Over the past decade, there has been a significant increase in highly-cited publications on cropland carbon sequestration, which underscores the growing global interest in this critical issue. The findings suggest that cropland carbon sequestration holds promise for achieving Sustainable Development Goals (SDGs) by enhancing soil health. Recognizing soil health as a fundamental principle, rather than merely a measurable property, can unify researchers, farmers, and other stakeholders, fostering a collaborative approach to sustainable soil management. Prospective business models are also essential to align the commercial interests of farmers, land managers, and agricultural suppliers with the co-benefits of soil health. Given the extensive environmental and societal services provided by soil, legal recognition of soil health as a public or shared resource is warranted. Governments and inter-governmental organizations should develop a unified framework for quantifying soil health, which should be properly endorsed and implemented by stakeholders at regional, national, and global levels. This framework should guide policymakers in formulating strategies that enhance soil health and contribute to advancing the broader SDGs.
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