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Abstract

:

(1) Background: Fine roots (≤2 mm in diameter) play a critical role in forest ecosystem ecological processes and has been widely identified as a major research topic. This study aimed to synthesize the global literature based on the Web of Science Core Collection scientific database from 1992 to 2020 and summarize the research trends and prospects on research of fine roots in forest ecosystems. A quantitative bibliometric analysis was presented with information related to authors, countries, institutions, journals, top cited publications, research hotspots, trends, and prospects. (2) Results: The results showed that the amount of publications has increased exponentially. USA, China, and Germany were the most productive countries. Chinese Academy of Science was the most productive institution on fine roots research and also has a key position in both domestic and international cooperation networks. Leuschner C and Hertel D were the most productive authors. Six core journals were confirmed from 471 journals based on Bradford’s law. The distribution of the frequency of authors and the number of their publications were fitted with Lotka’s Law. Author collaboration network was mainly limited in the same countries/territories and institutions. Keywords analysis indicates that the hotspots are biomass, decomposition, and respiration of fine roots, especially under climate change. (3) Conclusion: Our results provide a better understanding of global characteristics and trends of fine roots that have emerged in this field, which could offer reference for future research.
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1. Introduction


Fine roots, traditionally defined as a diameter of less than 2 mm, are the most active part of belowground mass and play key roles in forest ecosystem processes [1,2]. The major function of fine roots is to uptake water and nutrients from the surrounding soil, which is subsequently transported to aboveground parts for storage, photosynthesis, and growth needs. Fine roots production is estimated to constitute about one-third of global annual net primary production, while fine root biomass contributes relatively little (0.5–10%) to total forest biomass [1,3,4,5]. Moreover, fine roots account for a substantial amount (33%) of litter inputs in forest ecosystems, and fine root decomposition contributes significantly to carbon and nutrient cycling by mineralizing and releasing nutrients for plant and microbial uptake [6,7,8,9]. The amount of carbon and nutrients returned to the soil through the fine roots is equal to or even higher than that of leaf litter owing to the rapid turnover rate [10,11]. For example, 70% of the soil C stock in some forests is derived from fine roots and their associated microorganisms [12,13]. Furthermore, fine roots have potential utility as indicators of environmental stress and change, such as tree health status, forest management, soil pollution, and climate change [14,15,16,17,18]. Thus, in view of the prominent role of fine roots in biology, physiology, biogeochemical cycling, and plant-soil-microbe interactions in forest ecosystem structure and functions, there was extensive research on this exciting and intriguing topic and the body of research continues to grow rapidly.



Increasing numbers of international scholars have conducted research on fine root biology to understand the development and functions of fine roots in forest ecosystems. Although enough empirical and qualitative articles by experts have offered overview and synthesis of fine roots research in forest ecosystems, they are limited in some specific aspects, such as, functional traits, regions, methodologies, and database [2,6,19,20,21,22]. Thus, traditional review articles are limited in their capacity to assess large volumes of diverse literature and cannot provide an effectively organized and summarized development of a specific research field among a large amount of studies on large spatial and temporal scales, and trends and ideas for future researchers [23,24]. To this end, bibliometric analysis is urgently needed in order to create a comprehensive overview of the study of fine roots research in forest ecosystems.



Bibliometric analysis is a modern research assessment method, based on the basic theory of bibliometric. It uses statistical mathematics to analyze, describe, and visualize the literature in relevant research fields. It thus allows to provide a new perspective regarding knowledge status, features, and to predict the research trends of specific topics [25]. It can help fresh researchers and interested policy makers to quickly obtain the basic status of this field and discover trends [26,27]. Bibliometric analysis includes the qualitative and quantitative analysis of publications indexed by databases based on statistics and computing technology, collaborations among different journals, countries and institutions, co-authorship and co-occurring categories, and keywords [25]. This technique has been widely applied in research topics such as agroforestry, soil health, microplastics, forest entrepreneurship, climate change and carbon sink, ecological restoration, and other disciplines [24,27,28,29,30,31,32,33]. Moreover, it is also used to investigate research trends in some specific regions, i.e., Arctic Region and the Chinese Loess Plateau [26,34]. Therefore, bibliometric analysis can be used in management and decision-making processes in science and technology [31].



In order to provide a systemic and objective overview of the scientific research development of fine roots in forest ecosystems, this study identifies bibliometric characteristics and visualizes relationships between articles in this field published in the journals of Web of Science Core Collection to fill this research gap and facilitate a better understanding of trends and prospects of fine root research. The goals of this study include the following aspects: (1) identifying the basic characteristics of the publication, such as the number of publications and citations, representative countries, journals, institutions, authors and research subjects; (2) recognizing the knowledge base according to common cited references; (3) uncovering changing trends in research topics and hotspots over time; and, (4) identifying opportunities for future research.




2. Materials and Methods


2.1. Data Collection


The data used in this study was obtained from the Web of Science Core Collection (Clarivate Analytics) database from its inception to 2020, using the following search strategy: TOPIC = (“fine root *” AND (forest * or plantation *)), including all language and all document types in the first step. As a result, the retrieval data with a total of 3694 research papers were selected, containing 3653 (98.89%) in English. Among these English papers, article (3299, 90.31%) is the most active document type, followed by reviews (151, 4.13%). Considering the representativeness, we focused on the analysis and evaluation of these two types of papers in this study. We recruited 3310 papers based on our inclusion criteria. Thus, these 3310 records with selected information (including title, keywords, abstract, introduction, author information, journals, citation, and institutional affiliation) were extracted as data for further analysis. The final search for papers was carried out in April 2021. The diagram of the study process is shown in Figure S1 of Supplementary Material.




2.2. Bibliometric Analysis


The Web of Science platform can provide a basic result analysis tool that can be utilized for preliminary analysis, such as: number of publications per year, number of publications per country, number of publications per institution, number of publications per author, number of citations per article, number of publications per journal, and other variables. Meanwhile, it can also provide some indicators, i.e., impart factor (IF) and h-index, to show the performance of various journals, countries, institutions, and authors. Impact factor is an indicator used to rank and evaluate journals in the process of academic evaluation and to provide an objective comparison between journals. h-index is an indicator for the evaluation of academic influence of journals, countries/territories, and institutes from both quality and quantity perspectives. Moreover, several bibliometric tools were used to conduct in-depth data analysis, including the ‘bibliometrix’ package in R (version 4.0.0, R Core Team) and VOSViewer software (version 2.6.5, Leiden University, Leiden, The Netherlands).



The bibliometrix R-package (http://www.bibliometrix.org (accessed on 8 October 2011)) provides a set of novel and unique tools for quantitative research in bibliometrics and scientometrics [35]. The bibliometrix package offers a series of routines to import bibliographic data and carry out bibliometric analyses through inferences on indicators. In addition, as the bibliometrix package can be integrated with other R-packages, it will expand the measurement capabilities of bibliometrix, embedding machine learning and deep learning algorithms, to enrich data interpretation [36]. VOSviewer, available at http://www.vosviewer.com (accessed on 8 October 2011) is a free bibliometric visualizer with an intuitive and user-friendly interface [37]. VOSviewer can construct and visualize the relationship between literature knowledge units to show the structure, evolution, cooperation, and other relations. It can also provide text mining functions to construct and visualize co-occurrence networks of important terms extracted from a large number of scientific documents. VOSviewer can be used to construct social networks for the author’s networks, keyword networks, cited networks, and institutional network based on co-authorship, co-occurrence, citation, bibliographic coupling, and co-citation links.





3. Results and Discussion


3.1. General Statistics


The first 33 studies were recorded in the database in 1992, and then the annual number of publications increased to 199 in 2020 (Figure 1a). The exponential growth (R2 = 0.95) of the number of publications over the years is in line with the Price law of scientific literature growth (Figure 1a). It was clear that this trend was mainly due to the growing awareness of the important functions of fine roots in forest ecosystems. This positive growth trend agrees with the general trend in many research fields [34,38]. All publications received 144,930 total citations and 43.59 citations per publication, reaching an h-index of 161.



All the selected papers were from 1971 institutions of 102 countries, among which United States of America (USA) is the most productive country (1175, 35.50%), mainly contributed by United States Forest Service (Table 1). China (663, 20.03%) ranks second with the highest contribution from Chinese Academy of Sciences, followed by Germany (390, 11.78%, mainly from University of Göttingen). Meanwhile, the USA held the highest h-index (143) and total citation (81,621), followed by the Germany, Sweden, and China (Table 1). A similar gap was also observed in institutes among countries (Table 1). These results indicate that developed countries and their institutes have significant contributions to the development of this field because they can invest more resources in natural science research. Despite substantial total publications, the lower h-index and total citations in China and their institutes indicate that the research findings and outcomes from China might be less novel and important, and thus more efforts still should be engaged for improving academic influence. Those results were also observed in other research fields [23,24,38]. Thus, novel and important research findings should be considered to improve academic influence rather than the number of publications.



There were 8224 authors in the recorded documents. The mean number of articles per author was 0.402 and there were 114 documents with only one author. Leuschner C was the most productive author with 67 research papers since 1994 while ranked 2nd in terms of h-index (Table 2 and Figure S2). Pregitzer KS ranked No.1 with respect to h-index, but ranked 3rd in terms of the total publications since 1992 (Table 2 and Figure S2). Hertel D was the second influential researcher in terms of quantity (59 publications since 2001) and quality (h-index = 30). Moreover, among those 8224 authors, 5526 (67.19%) appeared in one article, followed by 1264 (15.37%) in two, 569 (6.92%) in three, 273 (3.32%) in four, and 178 (2.16%) appeared in five articles. This indicated that many researchers were involved in relevant work, but only a small number of authors focused on this research area for a long time. The distribution of the frequency of authors and the number of their publications of the present research field significantly conforms to the Lotka’s Law (Figure 1b). Generally, Lotka’s Law, a classic bibliometric law, describes the frequency of publications by authors in a given discipline [39]. The exponent and constant parameters could be influenced by the subject area and its productivity, country, study period, and length [36].



“A Global Analysis of Root Distributions for Terrestrial Biomes”, a study conducted by Jackson et al. (1996) [40] published in Oecologia, was the most cited article, with 1706 citations and an average of 65.62 citations per year (Table 3). In this study, the authors compiled a global database of 250 root studies and analyzed root distribution for 11 terrestrial biomes. A new study published by Reich (2014) [41] in the Journal of Ecology was the most cited article per year (143.13), while it is ranked 3rd in total citations so far (Table 3). Thus, the most cited articles can provide helpful insights to researchers interested in this field. Moreover, two important indicators, local citation score (LCS) and global citation score (GCS), were used to identify hot publications with citations analysis. GCS refers to the total number of citations in the Web of Science database. LCS represents the number of times a document has been cited in the current sample literature (Vargas et al., 2019) [42]. The publication with the highest academic influence in the current research field was “A Global Budget for Fine Root Biomass, Surface Area, and Nutrient Contents”, written by Jackson et al. (1997) [6] with LCS of 384 and GCS of 891 (Table 3). Compared to other publications with high LCS and those with high GCS, Jackson et al. (1996) [40] and Silver and Miya (2001) [43] had high GCS but relatively low LCS (Table 3). This indicated that their citations were mainly from research in other fields.



The selected articles were published in 471 journals. There was a clear imbalance in the journals that publish fine roots research, and only a few journals have been paying attention to the progress of fine roots research in forest ecosystem. Plant and Soil had the highest number of published articles, accounting for 9.70% of the total published, closely followed by Forest Ecology and Management, publishing over three hundreds articles (Table 4 and Figure S3). The annual publication of Plant and Soil and Forest Ecology and Management were obviously more than other journals, but the annual publication of a new open access journal of Forest significantly increased from its start year and reached the highest number in 2020 among the journals (Figure S3). Forest Ecology and Management, Global Change Biology, and New Phytologist had the higher academic influence in term of total citations and h-index. Global Change Biology and New Phytologist had an obvious higher impact factor (Table 4). Moreover, according to Bradford’s law, journals in a research topic can be divided into three parts: core journals, relevant journals, and non-related journals by arranging all journals in descending order according to the number of publications [44]. The top six most productive journals were selected as core journals, and then 25 journals, such as Oecologia, Forests, Ecosystem, Canadian Journal of Forest Research, Biogeochemistry, Ecology, Plos One, Trees, Journal of Ecology, were selected as relevant journals and the rest were non-related journals (Table 4).




3.2. Co-Authorship Network Analysis


Co-authorship mapping and clustering are essential indicator factors for scientific collaboration between co-authors [39]. Analysis reveals the social structure of the set network by identifying participants and their connections. Authors who are closely connected are clustered into a group. To reduce the complexity of the networks and improve their readability, we set the minimum number of corporation number documents of an author as 10; of the 8224 authors, 93 authors met the threshold. For each of the 93 authors, the total strength of the co-authorship links with other authors was calculated. The authors with the greatest total link strength were selected. Only 56 authors had corporation, and can be grouped into eleven categories by cluster analysis, where each cluster is marked by a different color (Figure 2). It is noted that the largest working group (green cluster) with 11 authors are located in the middle of the graphic and have more corporation with other researchers, which include Maccormack M. Luke, Norby Richard J. The second larger group (red cluster) was also with 11 authors, including Brunner Ivano and Makita Naoki. The third group (blue cluster) was eight authors mainly connected by Chen HYH. The fourth group was six authors mainly including Fahey Timothy J and Guo Dali. The fifth was five authors mainly from Estonia and Finland. The rest of the groups only consists of two or three authors, i.e., the top productive authors Leuschner C and Hertel D form a group, and Pregitzer KS and Zak DR form another group. Some Chinese authors were clustered into collaboration groups (Figure 2). Moreover, Maccormack M. Luke, Guo Dali, Helmisaari HS, Ostonen Ivika, Reich Peter B. and Hobbie, Sarah E are social bridges among authors (Figure 2). The authors’ co-authorship network analyses reveal the international cooperation between authors from different nationalities; affiliations in current topics is still very weak.



Moreover, the institutions and countries cooperation network showed that close collaborative relationships were identified between institutions within each country (Figure S3). Chinese Academy of Sciences, United States Forest Service and University of Chinese Academy of Sciences made greater contributions on corporation with other institutions. Chinese Academy of Sciences made the obvious efforts on promoting cooperation both domestically and internationally (Figure S4a). Among the selected top 50 cooperation institutions, Chinese Academy of Sciences had 306 collaborative publications with the others 26 institutions, but mainly with domestic institutions (89 and 21 collaborative publications with University of Chinese Academy of Sciences and Northwest A&F University, respectively). Similarly, countries in the same continent or in a union have more cooperation research. Top 30 cooperation counties based on total link strength can be grouped into three clusters (Figure S4b). The red cluster with 19 countries mainly included European countries, Japan, and Russia. The green cluster with 9 countries mainly included USA, England, Australia, and France. The blue cluster only had China and Canada. The countries with the most frequent contributions include USA, Germany, and China. The USA played a core role in the collaborative network with others 28 countries. The link strength between USA and China is the maximum, followed by USA–England, USA–Canada, USA–Germany, and USA–Australia (Figure S4b).




3.3. Co-Citation Network Analysis


Co-citation is a bibliographic analysis method that indicates a connection between two documents that are both cited by an identical third document [37] (van Eck & Waltman, 2010). Co-citation analysis, including cited references, cited sources, and cited authors, is to explore the most influential publications, journals, and authors in an area. In a co-citation network, a cluster can be defined as a group of well-connected publications in a research area with limited connections to publications of other clusters or research areas.



Among the 83,666 cited references, a co-citation network of top 50 influential publications was presented based on the calculated total strength of the co-citation links with other cited references. Jackson et al. (1997) [6], Pregitzer et al. (2002) [45], Gill and Jackson (2000) [46] are the top influence co-citation documents (Table 3, Figure 3a). When publications in the reference lists were mapped, three clusters were apparent (Figure 3a). The red cluster one with 23 publications (from 1997 to 2015) focuses on fine root life span [6,14,47,48], turnover [46,49,50], and branch order [51,52]. The green cluster with 19 publications includes the foundational publications for fine root biomass distribution and dynamics, especially in northern hardwood forests [3,40,53,54,55,56], while the blue cluster with 8 publications (from 1989 to 2001) contained research on the contribution of fine respiration to soil respiration [57,58,59,60].



The distance between two journals in the visualization of journal co-citation indicates the relatedness between various journals and disciplines. In general, the closer two journals are located to each other, the stronger is their relatedness. The journal co-citation network for this study shows four major clusters of journals (Figure 3b): plant science and forestry in the red cluster (e.g., Plant and Soil, New Phytologist, Forest Ecology and Management, Canadian Journal of Forest Research, Plant Cell and Environment, Tree Physiology,), environmental sciences and multidisciplinary sciences in blue cluster (e.g., Nature, Science, Global Change Biology, Ecological Applications), ecology in green cluster (e.g., Ecology, Trends in Ecology and Evolution, Ecology Letters, Ecology, Functional) and soil science in yellow cluster (e.g., Soil Biology and Biochemistry, Soil Science Society of America Journal, Geoderma). Plant and Soil, New Phytologist, and Forest Ecology and Management are the journals cited with the highest cited frequency (with 10,387, 10,174 and 8745 citations, respectively) (Figure 3b). Moreover, Vogt, Ka and Pregitzer, Ks are the most co-cited authors (with 1312 and 1194 citations, respectively) (Table 1). The top ten co-cited authors were from USA, indicating the strongest academic influence of fine roots research in USA. Although China had the higher number of papers related to fine roots research, especially for Chinese Academy of Sciences as the highest institute (Table 1), there were no high-yield authors and co-cited authors from China (Table 2). Therefore, Chinese researchers should strengthen cooperation with foreign scholars and find innovative research methods to improve the quality of papers and the academic influence of fine root research in China.




3.4. Keyword Analysis


To capture the hot issues and identify the research trends in scientific research, the bibliometric method through keywords analysis (mainly including author keywords and keywords plus) is often selected in many previous studies [24,31]. Author keywords can offer important information about the core content and research trends from a researcher’s point of view, while keywords plus are generated by an ISI algorithm, from words or expressions of the article’s reference titles. Except for the search words in this study, the two most frequently used author keywords were “soil respiration” and “nitrogen” and the most frequently used keywords plus were “dynamics” and “growth” (Table 5). “Biomass”, “nitrogen”, “decomposition”, and “carbon” were commonly used in both author keywords and keywords plus (Table 5). Tree species “picea abies” was a frequently used author keyword and “norway spruce” was in keywords plus (Table 5). The annual occurrences of these keywords have different dynamics trends during the recorded period (Figure S5). The occurrences of “soil respiration” obviously increased from 1992 and reached a plateau around 2012 and then kept increasing almost steadily. The great importance of “climate change” has been attached to fine root research after 2010 (Figure S5). The annual occurrences of most keywords plus (excluding turn over and organic matter) obviously increased during the whole study period (Figure S5).



Moreover, cluster analysis can not only help to gather related keywords, but also reflect the close relationship between keywords [24,31]. The network visualization map of co-occurrence author keywords, excepting the search words obtained through VOSviewer (obtained considering 20 as the minimum number of occurrences of a keyword) shows that the Cluster 1 represents the largest cluster with 25 keywords, focused on “fine root biomass” “ectomycorrhizal”, “specific root length” of “root traits” for “eucalyptus”, “fagus sylvatica”, “norway spruce”, “picea abies”, and “pinus sylvestris” (Figure 4). Custer 2 had 21 items, referred to the effect of “decomposition” with keywords of “litter decomposition”, “litter quality”, “microbial biomass”, “soil organic matter”, “nitrification” with “15 N” method mainly in “loblolly pine” species, “temperate forest”. Cluster 3 had 19 terms, focused on “carbon sequestration” with keywords of “carbon allocation”, “carbon storage”, “aboveground biomass”, “belowground biomass”, “net primary production”, “fine root production”, “fine root turnover”, “litterfall”, “soil organic carbon”, “soil nutrients” with the “stand age” and “succession” development of “afforestation” plantations and “ boreal forest”. Cluster 4 had 13 items, focused on “soil respiration” such as “autotrophic respiration”, “heterotrophic respiration”, “root respiration”, and “soil CO2 efflux” under “climate change”, i.e., “elevated CO2”, “drought”, “nitrogen addition”. Cluster 5 had 11 items, focused on using the “minirhizontron” method to study fine root “production”, “turnover”, “mortality”, “seasonality”. Cluster 6 had 6 items, focused on the effects of “nutrient limitation” and “fertilization”, such as “carbon”, “nitrogen”, “phosphorus” and “calcium”.



In addition, the trend topics based on the annual frequency of keywords analyses showed that research on fine roots in forests were at an initial stage before 2000 (Figure 5). The frequency of keywords, i.e., root mass, dry matter production, and demography, was rather low. However, there were many classical papers published during this period (Table 3). The frequency of keywords significantly increased after 2000 (Figure 5). The main research interests focus on fine root growth and mycorrhizas with soil nutrients, especially for nitrogen mineralization and acidification, from 2000 to 2006. The research topics reached the maximum plateau stage from 2006 to 2017. The top frequency of keywords commonly occurred during this period (Table 5 and Figure 5). As mentioned before, biomass, decomposition, respiration, climate change, carbon sequestration, and others were hot topics from 2006 to 2017. “Nitrogen addition”, “ecological stoichiometry”, “absorptive roots”, and “root exudates” are hot topics from 2018 to now (Figure 5).





4. Conclusions and Future Perspectives


The critical functions of fine roots in forest ecosystems have attracted global attention. Despite their importance, fine roots remain amongst the least understood components of forest ecosystems. This study provides a bibliometric analysis on global research overview of fine roots in forest ecosystems with information related to countries, institutions, journals, top cited publications, authors, hot issues, and research trends. The related publications increased with the Price law from 1992 to 2020. USA, China, and Germany had high productivity in total publications. Chinese Academy of Sciences, United States Forest Service, and Swedish University of Agricultural Science were the top productivity institutions. Plant and Soil, Forest Ecology and Management, Soil Biology Biochemistry, Global Change Biology, New Phytologist, and Tree Physiology were confirmed as the core journals from 471 journals based on Bradford’s law. The most productive authors and the top cited and co-cited articles were identified. However, the author collaboration network was very weak. Based on keyword clustering analysis, research trends have changed during the last 30 years, and the main research hotspots are fine roots biomass, decomposition, and respiration, especially under climate change.



Although the current study has made a comprehensive view on fine roots research in forest ecosystems from a large database, it also has some limitations, like previous bibliometric analyses. First, common challenges with bibliometric analysis include criteria for selecting publications and datasets. Although the Web of Science database contains the widest scope of studies, it may omit some relevant research on the topic. Multisource searching among different databases, such as Google Scholar and Scopus, would be more convincing in future analyses. Moreover, some countries have their own language databases, i.e., China National Knowledge Infrastructure (CNKI) database in China. Cross-comparison studies among country-specific databases would better understand the different research status and hot topics in individual countries. Second, we identified that scientific research development, main themes, and evolution are based on the quantifying details of 3310 publications, but does not provide more detailed information, such as the methodologies, theoretical background, and the main findings of each work. Therefore, there is the need to merge with content analysis for more in-depth analysis. Finally, bibliometric tools, i.e., VOSviewer, CiteSpace, and bibliometrix, have their own function limitations, although they have been used for many bibliometric research studies. Due to different algorithms and mapping techniques, their results are incompatible with each other to some extent. Moreover, promising potential new tools, i.e., machine learning, will enable interaction with bibliometric studies to deal with the enormous increase in available text. Machine learning allows approaches to overcome the time-consuming search of a large numbers of studies and to enhance the accuracy of information extraction.



Moreover, it should be made aware that other important issues were not addressed due to the limitation of software and the retrieved database. We suggest that it is also valuable to focus on the following key issues and research questions as priorities in future, including: (1) new destructive and non-destructive methods are needed for studies of fine root traits and their functions, and the uncertainty and inaccuracy would needed to be assessed among different methods; (2) the kinetics and models of nutrient and water uptake by fine roots and the tools to scale up roots, individuals, ecosystem, and biosphere; (3) the dynamics interaction of fine roots and soil microbes and their effects on water, carbon, and nutrient cycling across space and time; (4) the interactions between belowground and aboveground components.
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Figure 1. Number of related publications in Web of Science from 1992–2020 (a) and the frequency distribution of author scientific productivity (b). 






Figure 1. Number of related publications in Web of Science from 1992–2020 (a) and the frequency distribution of author scientific productivity (b).



[image: Forests 13 00093 g001]







[image: Forests 13 00093 g002 550] 





Figure 2. Authors’ co-authorship network. 
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Figure 3. The most co-cited publications (a) and journals (b) network analysis. 
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Figure 4. Co-occurrence of keywords clusters. 
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Figure 5. The research trend topics of fine roots research on forest ecosystem. 
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Table 1. The top 10 most productive countries and institutes.






Table 1. The top 10 most productive countries and institutes.





	Rank
	Country
	N (%)
	Citations
	h-Index
	Institution
	N (%)
	Citations
	h-Index





	1
	USA
	1175 (35.50%)
	81,621
	143
	Chinese Academy of Sciences, China
	307 (9.27%)
	7073
	38



	2
	China
	663 (20.03%)
	14,641
	53
	United States Forest Service, USA
	143 (4.32%)
	9119
	49



	3
	Germany
	390 (11.78%)
	19,491
	67
	Swedish University of Agricultural Science, Sweden
	129 (3.89%)
	6919
	46



	4
	Canada
	263 (7.95%)
	9703
	51
	University of Göttingen, Germany
	123 (3.72%)
	6543
	42



	5
	Japan
	197 (5.95%)
	4999
	37
	University of Chinese Academy of Sciences, China
	95 (2.87%)
	1216
	20



	6
	Sweden
	195 (5.89%)
	10,089
	56
	Cornell University, USA
	85 (2.57%)
	6146
	38



	7
	France
	180 (5.44%)
	8957
	46
	University of Helsinki, Finland
	79 (2.39%)
	3699
	30



	8
	Australia
	151 (4.56%)
	7164
	44
	INRAE, France
	76 (2.29%)
	3848
	32



	9
	Finland
	150 (4.53%)
	7325
	46
	Kyoto University, Japan
	72 (2.17%)
	1545
	21



	10
	Switzerland
	147 (4.44%)
	5845
	40
	Duke University, USA
	66 (1.99%)
	9728
	48
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Table 2. The top 10 most productive authors and co-cited authors.






Table 2. The top 10 most productive authors and co-cited authors.





	Rank
	Productive Author (Affiliate)
	N (%)
	Citations
	h-Index
	Co-Cited Author (Affiliate)
	Co-Citations





	1
	Leuschner C (University of Göttingen, Germany)
	67 (2.02%)
	2902
	31
	Vogt KA (University of Washington, USA)
	1312



	2
	Hertel D (University of Göttingen, Germany)
	59 (1.78%)
	2557
	30
	Pregitzer KS (University of Idaho, USA)
	1194



	3
	Pregitzer KS (University of Idaho, USA)
	53 (1.60%)
	6365
	40
	Jackson RB. (Stanford University, USA)
	788



	4
	Fahey TJ (Cornell University, USA)
	49 (1.48%)
	3816
	29
	Norby RJ (Oak Ridge National Laboratory, USA)
	762



	5
	Helmisaari HS (University of Helsinki, Finland)
	36 (1.08%)
	1983
	25
	Eissenstat DM (Pennsylvania State University, USA)
	757



	6
	Chen HYH (Lakehead University, Canada)
	35(1.05%)
	1600
	20
	Hendrick RL (Ohio State University, USA)
	691



	7
	Zak DR (University of Michigan, USA)
	35(1.05%)
	3098
	26
	Nadelhoffer KJ (University of Michigan, USA)
	690



	8
	Brunner I (Swiss Federal Institute for Forest, Switzerland)
	33 (0.99%)
	1264
	17
	Vitousek PM (Stanford University, USA)
	645



	9
	Jourdan C (Universite de Montpellier, France)
	33 (0.99%)
	1113
	20
	Reich PB (University of Minnesota System, USA)
	640



	10
	Norby RJ(Oak Ridge National Laboratory, USA)
	33 (0.99%)
	4676
	28
	Raich JW (Lowa State University, USA)
	635
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Table 3. The top 10 most cited, co-cited, and local citation score publications.
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	Rank
	Cited Publications
	Citations
	Co-Cited Publications
	Co-Citations
	Local Citation Score Publications
	LCS
	GCS





	1
	A global analysis of root distributions for terrestrial biomes

(Jackson RB, 1996, Oecologia)
	1706
	A global budget for fine root biomass, surface area, and nutrient contents

(Jackson RB, 1997, P Natl Acad Sci USA)
	389
	A global budget for fine root biomass, surface area, and nutrient contents

(Jackson RB, 1997, P Natl Acad Sci USA)
	384
	891



	2
	Soil water content and temperature as independent or confounded factors controlling soil respiration in a temperate mixed hardwood forest

(Davidson EA, 1998, Glob Change Biol)
	1289
	Fine root architecture of nine North American trees

(Pregitzer KS, 2002, Ecol Monogr)
	310
	Global patterns of root turnover for terrestrial ecosystems

(Gill RA, 2000, New Phytol)
	299
	733



	3
	The world-wide ‘fast-slow’ plant economics spectrum: a traits manifesto

(Reich PB, 2014, J Ecol)
	1145
	Global patterns of root turnover for terrestrial ecosystems

(Gill RA, 2000, New Phytol)
	301
	The ecology of root lifespan

(Eissenstat DM, 1997, Adv Ecol Res)
	227
	550



	4
	A global budget for fine root biomass, surface area, and nutrient contents

(Jackson RB, 1997, P Natl Acad Sci USA)
	891
	Review of root dynamics in forest ecosystems grouped by climate, climatic forest type and species

(Vogt KA, 1996, Plant Soil)
	257
	Fine root production estimates and belowground carbon allocation in forest ecosystems

(Nadelhoffer KJ, 1992, Ecology)
	205
	337



	5
	Deep soil organic matter-a key but poorly understood component of terrestrial C cycle (Rumpel C, 2011, Plant Soil)
	757
	The role of fine roots in the organic matter and nitrogen budgets of two forested ecosystems (McClaugherty CA, 1982, Ecology)
	240
	The demography of fine roots in a northern hardwood forest

(Hendrick RL, 1992, Ecology)
	190
	315



	6
	Root biomass allocation in the world’s upland forests

(Cairns MA, 1997, Oecologia)
	744
	The ecology of root lifespan

(Eissenstat DM, 1997, Adv Ecol Res)
	229
	The dynamics of fine root length, biomass, and nitrogen content in two northern hardwood ecosystems (Hendrick RL, 1993, Can J For Res)
	179
	285



	7
	Neotropical secondary forest succession: changes in structural and functional characteristics

(Guariguata MR, 2001, Forest Ecol Manag)
	739
	Production, turnover, and nutrient dynamics of above-and belowground detritus of world forests

(Vogt KA, 1986, Adv Ecol Res)
	220
	A global analysis of root distributions for terrestrial biomes

(Jackson RB, 1996, Oecologia)
	177
	1706



	8
	Global patterns of root turnover for terrestrial ecosystems

(Gill RA, 2000, New Phytol)
	733
	Fine root production estimates and belowground carbon allocation in forest ecosystems

(Nadelhoffer KJ, 1992, Ecology)
	206
	Global patterns in root decomposition: comparisons of climate and litter quality effects

(Silver WL, 2001, Oecologia)
	166
	528



	9
	Global-scale similarities in nitrogen release patterns during long-term decomposition

(Parton W, 2007, Science)
	702
	Large-scale forest girdling shows that current photosynthesis drives soil respiration

(Hogberg P, 2001, Nature)
	197
	Assessing the patterns and controls of fine root dynamics: an empirical test and methodological review

(Hendricks JJ, 2006, J Ecol)
	162
	251



	10
	Productivity overshadows temperature in determining soil and ecosystem respiration across European forests

(Janssens IA, 2001, Glob Change Biol)
	690
	The demography of fine roots in a northern hardwood forest

(Hendrick RL, 1992, Ecology)
	191
	Fine root dynamics in a northern hardwood forest ecosystem, Hubbard Brook Experimental Forest, NH

(Fahey TJ, 1994, J Ecol)
	158
	250







Note: LCS: local citation score, GCS: Global citation score.
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Table 4. The top ten most productive journals.
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	Rank
	Journal Name
	N (%)
	h-Index
	Citation
	Impact Factor (2019)





	1
	Plant and Soil
	321 (9.70%)
	50
	9866
	3.299



	2
	Forest Ecology and Management
	304 (9.18%)
	60
	12,820
	3.17



	3
	Soil Biology Biochemistry
	123 (3.72%)
	40
	4598
	5.795



	4
	Global Change Biology
	122 (3.70%)
	60
	13,499
	8.512



	5
	New Phytologist
	121 (3.66%)
	56
	10,610
	8.555



	6
	Tree Physiology
	119 (3.60%)
	43
	6186
	3.655



	7
	Oecologia
	85 (2.60%)
	45
	8539
	2.654



	8
	Forests
	78 (2.36%)
	10
	586
	2.221



	9
	Ecosystems
	76 (2.30%)
	34
	3679
	4.207



	10
	Canadian Journal of Forest Research
	72 (2.18%)
	30
	2329
	1.812
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Table 5. The top 20 frequency of author keywords and keywords plus used during 1992–2020.






Table 5. The top 20 frequency of author keywords and keywords plus used during 1992–2020.





	Rank
	Author Keywords
	Occurrences
	Keywords Plus
	Occurrences





	1
	fine roots
	336
	dynamics
	637



	2
	soil respiration
	178
	growth
	556



	3
	nitrogen
	157
	forest
	491



	4
	fine root
	127
	biomass
	480



	5
	decomposition
	109
	nitrogen
	439



	6
	fine root biomass
	106
	fine roots
	427



	7
	biomass
	97
	carbon
	353



	8
	climate change
	95
	organic-matter
	331



	9
	minirhizotron
	87
	turnover
	327



	10
	picea abies
	86
	soil
	314



	11
	carbon
	78
	ecosystems
	282



	12
	root biomass
	76
	norway spruce
	254



	13
	phosphorus
	68
	patterns
	220



	14
	drought
	63
	responses
	205



	15
	production
	63
	decomposition
	201



	16
	roots
	63
	respiration
	185



	17
	soil carbon
	63
	net primary production
	177



	18
	carbon sequestration
	62
	fine-root
	175



	19
	carbon allocation
	60
	litter decomposition
	161



	20
	specific root length
	60
	productivity
	160
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