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Abstract: Ecological stoichiometry (ES), as an ecological theory, provides a framework for studying 

various ecological processes, and it has been applied successfully in fields ranging from nutrient 

dynamics to biogeochemical cycling. Through the application of ES theory, researchers are 

beginning to understand many diverse ecological topics. The aim of this paper was to identify the 

main characteristics of ES, especially to clarify the evolution, and potential trends of this field for 

future ecological studies. We used CiteSpace software to conduct a bibliometric review of ES 

research publications from 1992 to 2019 extracted from the Web of Science. The results showed that 

the United States has been a major contributor to this field; approximately half of the top 15 

academic institutions contributing to ES research were in the United States. Although the largest 

number of publications on ES were from China, the impact of these academic papers has thus far 

been less than that of the papers from other countries. Moreover, none of the top 15 authors or cited 

authors contributing to publications on ES from 1992 to 2019 were from China. ES research has 

developed rapidly and has changed from single-discipline ES studies to a multidisciplinary 

“auxiliary tool” used in different fields. Overall, ES shows great research potential and application 

value, especially for studies on nutrient cycling, ecosystem sustainability and biogeochemical 

cycling. 
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1. Introduction 

Since the 20th century, biological research has occurred not only at different levels of biological 

organization (such as molecules, individuals, populations and ecosystems), but also in particular 

habitats [1]. However, due to knowledge fragmentation, nature has become more difficult to 

understand as a functional whole [2]. Do all creatures on Earth have uniform characteristics? Is there 

a theory that can connect various organizational levels (from the molecular to genetic levels and even 

to the ecosystem level) under the framework of modern biological science? For this purpose, the 

theory of ecological stoichiometry (ES) was put forward; it combines the laws of thermodynamics, 

the principles of natural selection in biological evolution and the central laws of molecular biology 

[3]. 

ES combines the basic principles and methods of ecology and stoichiometry and is an efficient 

tool that is widely used by ecologists to understand the nutrient dynamics and energy flow in an 
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ecological system on the basis of chemical principles and the balance among different chemical 

elements (e.g., carbon, nitrogen, and phosphorus) [4,5]. ES theory can help us to better predict the 

dynamics characteristics of ecosystem processes [6]. Currently, researchers are focusing on C:N:P 

stoichiometry in studies on elemental stoichiometry in the ES framework, because these elements are 

mineral nutrients and comprise the Redfield ratio [7]. C:N:P stoichiometry is vital to understanding 

organismal nutrient dynamics, sustainability and biogeochemical cycling in ecosystems, and serves 

as a bridge between different disciplines. Additionally, it provides new insights into individual 

fitness and biogeochemical cycles in ecosystems [8]. 

ES studies were initially carried out in aquatic ecosystems [5], and researchers have applied the 

basic principles of stoichiometry to study nutrient limitation and nutrient cycling [9]. However, the 

rapid growth of ES research has introduced considerable challenges in identifying research trends 

and hotspots in this field. To date, there has been no bibliometric analysis to summarize the published 

research papers on ES or to assess the hotspots and frontiers in particular areas or trends. Therefore, 

we performed a bibliometric review of the literature data on ES to clarify the main characteristics, 

evolution characteristics, potential trends, hot topics and hotspots in the ES field for prospective 

studies. 

In this paper, the Web of Science Core Collection database was used to find literature related to 

ES published from 1992 to 2019 and the visualization maps of the literature data were drawn by 

CiteSpace. This paper addresses four key themes: (a) clarification of the characteristics of research 

collaboration in ES; (b) identification of the most cited authors and inscriptions in this field; (c) 

identification of the major categories and their evolutionary trend in the field over the past decades; 

and (d) evaluation of hot topics and trends in ES research. 

2. Data Acquisition and Methods 

2.1. Data Collection 

The literature data analyzed in this paper were collected via two steps. In step one, literature 

data were collected from the Thomson Reuters Web of Science (WoS). For most fields, WoS is one of 

the most frequently used scientific literature databases. Specifically, the WoSCC (Web of Science Core 

Collection), where all cited references for all publications are fully indexed and searchable, was 

searched; the WoSCC is one of the vital sources of scientific information [10]. The search term 

“ecological stoichiometry” was used to retrieve the literature data published from 1992/01/01 to 

2019/12/31.  

The period (1992–2019) was selected because after the theory of ES was first put forward [11], 

and many researchers, especially marine biologists, began to pay more attention to ES, many studies 

on the topic appeared in the 1990s to validate and suppltableement the theory of ES. The book 

“Ecological stoichiometry: the biology of elements from molecules to the biosphere” represents the 

perfection of this theory [5]. The search terms included the following: TS (Topic Search) = 

“stoichiometry” OR “stoichiometric” OR “ecological stoichiometry” OR “ecological stoichiometrics”. 

The language selected was “English”, and the document type selected was “Article”. “Plain Text” 

was selected as the file format, and “Full record and cited references” were selected as the record 

content.  

In step two, to ensure the accuracy of the analysis results, the records that were not relevant to 

“ecological stoichiometry” were deleted with UltraEdit 25.10 software (IDM Computer Solutions, Inc. 

USA). 

2.2. Bibliometric Analysis and Tools 

CiteSpace is a software package that is often used to perform bibliometric visualization analysis. 

CiteSpace can be used to visualize academic references or authors or journals, and to create co-

occurrence network maps of keywords, authors, countries/regions and institutions in a particular 

subject [10,12,13].  
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In this paper, we used the following CiteSpace parameters: time slicing (1992 through 2019), year 

per slice (1). According to the type of analysis conducted, we selected different node types. The 

selection criteria in CiteSpace were set as follows: g-index = 25, Top N = 50, Top N% = 10%/100. The 

thresholding parameters included citation (c), co-citation (cc), and cosine coefficient thresholds (ccv) 

and were set at 2/2/20, 4/3/20, and 3/3/20, respectively. Usage 180 = 50, Usage 2013 = 50, and no 

citations were selected; pruning (pruning sliced networks and pruning the merged network) and no 

visualization were selected. 

In this paper, the literature data on ES were extracted from the WoSCC database, and the 

analysis was carried out from different perspectives, including keyword cluster analysis, citation 

burst detection, country/regions and institution analysis, and subject category analysis.  

3. Results and Discussion 

In this paper, the analysis results and discussion of ES research are listed in two stages: (1) a 

descriptive analysis and search to delineate the field of ES research, which included the distributions 

of countries/regions, institutions, authors/co-cited authors and co-cited journals; (2) an in-depth 

analysis of the theme to describe the thematic evolution of this field and point out the characteristics 

and trends of research on ES using both bibliometric and visualization analysis. 

3.1. Descriptive Analysis 

3.1.1. Distribution of Countries/Regions and Institutions in the ES Studies 

Figures 1 and 2 and Table 1 present the number of publications, total papers, and centrality for 

the top 15 (of 100) countries/regions and institutions (of 574) that published papers on ES. Figures 1 

and 2 show the visualization maps of the research countries/regions and institutions that published 

literature on ES in WOS; we can see these countries/regions and institutions form a complex network 

of relationships, reveling a close cooperation among them. The centrality represents the importance 

of a specific node in a network [14]. Thus, the more central a country/region or institution, the greater 

is the number of its publications with others. In total, 2831 papers on ES research were obtained for 

the 1992–2019 period after performing the “remove duplicates” function in CiteSpace. The 

visualization map for countries where ES research has occurred was produced with the aid of the 

pruning parameter (pruning based on Pathfinder/Pruning sliced networks). After running the 

software, 100 nodes and 680 links were included in the network, and the density was 0.1374 (Figure 

1). All the papers on ES research were contributed by 100 countries/regions (supplementary Table 

S1). The 15 most prolific countries/regions in ES research are presented in Table 1. Most of the top 15, 

whether ranked by study quantity or centrality, are in the United States, showing that US scientific 

institutions have made the most outstanding contributions to ES research. Moreover, although the 

centrality scores for China and Germany were lower than those of the United States, their respective 

numbers of publications were 617 and 310, indicating that their research results are worthy of 

reference by scholars worldwide. 
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Figure 1. Collaboration network map of countries/regions. The circle represents the frequency, and 

the circle size is positively correlated with the frequency count. The lines between different nodes 

indicate that different nodes appear in the same literature simultaneously. 

 

Figure 2. Collaboration network map of institutions. The circle represents the frequency, and the circle 

size is positively correlated with the frequency count. The lines between different nodes indicate that 

different nodes appear in the same literature simultaneously. 

Significantly, the United States ranked first in the number of publications and centrality score, 

which indicates that the USA was the top country in terms of technology and innovation in this field. 

Moreover, its great contribution to ES research makes the USA the indisputable leader in this field. It 

is worth noting that a node (country/region) with a high centrality metric may not necessarily have 

high “counts” (counts represents the number of publications). For example, China ranked second in 

number of publications (617) but had a low centrality score (0.1), indicating that China did not partner 

with other countries in publications. 

The visualization map of institutions participating in ES research was created by installing the 

pruning (pathfinder: none) parameter. After running the software, 575 nodes and 1900 links were 

included in the network, and the density was 0.0115 (Figure 2). The publications on ES were produced 

by 574 institutions. According to the list of the top 15 institutions engaged in ES research, the Chinese 

Academy of Sciences was connected to the most publications (312), followed by the University of the 

Chinese Academy of Sciences (128), Arizona State University (107), the University of Minnesota (89), 

and the Northwest Agriculture and Forestry University (62) (Table 1). Moreover, the highest 

importance indices (centrality) were for the Chinese Academy of Sciences (0.21), Arizona State 

University (0.19), the University of Minnesota (0.15), and Cornell University (0.1) (Table 1).  
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Table 1. The top 15 countries and institutions contributing to publications on ES from 1992 to 2019. 

Rank Country Counts Centrality Institution Counts Centrality 

1 USA 1136 0.42 Chinese Academy of Sciences, China 312 0.21 

2 China 617 0.1 University of the Chinese Academy of Sciences, China 128 0.03 

3 Germany 310 0.19 Arizona State University, USA 107 0.19 

4 Canada 225 0.12 University of Minnesota, USA 89 0.15 

5 Australia 180 0.05 Northwest Agriculture and Forestry University, China 62 0.03 

6 Spain 179 0.04 Spanish National Research Council, Spain 54 0.07 

7 France 152 0.34 Cornell University, USA 51 0.1 

8 England 136 0.05 University of Maryland, USA 50 0.05 

9 Sweden 130 0.06 Centre for Ecological Research and Forestry Applications, Spain 45 0.06 

10 Netherlands 125 0.04 Peking University, China 41 0.03 

11 Norway 96 0.05 University of Georgia, USA 41 0.02 

12 Japan 84 0.18 Universitetet i Oslo, Norway 39 0.06 

13 Switzerland 78 0.06 University of Oklahoma, USA 36 0.02 

14 New Zealand 61 0.02 University of Umea, Sweden 34 0.04 

15 Brazil 52 0.03 University of California, Irvine, USA 32 0.03 
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3.1.2. Distribution of Authors and Co-Cited Authors on ES Studies 

An author map was obtained using the pruning parameter (we chose “Pathfinder/Pruning sliced 

networks”): 845 nodes and 903 links were included in the network, and the density was 0.0025 (Figure 

3). In total, 843 authors contributed to ES research (Table S2). The most productive author, whether 

by study quantity or centrality, was J.J. Elser (82), followed by J. Penuelas (45), J. Sardans (39) and J. 

Urabe (24).  

 

Figure 3. Collaboration network map of authors. The circle represents the frequency, and the circle 

size is positively correlated with the frequency count. The lines between different nodes indicate that 

different nodes appear in the same literature simultaneously. 

The cited author map of ES research was obtained via the pruning parameter (pruning based on 

pathfinder/pruning sliced networks): 1176 nodes and 4517 links were included in the network, and 

the density was 0.0065. Figure 4 shows the author co-citation network for ES research. In total, 1175 

cited authors contributed to publications on ES research (Table S2). The distribution of cited authors 

is shown in Table 2. R.W. Sterner contributed the most (1289 counts) followed by J.J. Elser (1259), but 

the results for these two authors were not significantly different. Furthermore, from the angle of 

centrality (Table 2), the top author was P.M. Vitouserk (0.14), followed by J.J. Elser (0.1) and A.C. 

Redfield (0.1) (Table 2). In conclusion, J.J. Elser is currently recognized as the most active author in 

this field. Furthermore, we found very few authors and cited authors from China, which had few 

partners with other countries in the research area. 

 

Figure 4. Co-citation network map of cited authors. The circle represents the frequency, and the circle 

size is positively correlated with the frequency count. The lines between different nodes indicate that 

different nodes appear in the same literature simultaneously. 
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Table 2. The top 15 authors and cited authors contributing to publications on ES from 1992 to 2019. 

Rank Author Count Centrality Co-Cited Author Count Centrality 

1 Elser J.J. 82 0.05 Sterner R.W. 1289 0.04 

2 Penuelas J. 45 0.02 Elser J.J. 1259 0.1 

3 Sardans J. 39 0.01 Hessen D.O. 499 0.05 

4 Urabe J. 24 0.01 Vitouserk P.M. 489 0.14 

5 Han X.G. 20 0.01 Redfield A.C. 465 0.1 

6 Hillebrand H. 19 0.02 Güsewell S. 404 0.04 

7 Frost P.C. 19 0.01 Reich P.B. 387 0.04 

8 Vanni M.J. 16 0 Frost P.C. 355 0.02 

9 Rosemond A.D. 15 0 Cleveland C.C. 345 0.06 

10 Hessen D.O. 14 0 Urabe J. 326 0.03 

11 Yu G.R. 14 0 Aerts R. 285 0.02 

12 Martiny A.C. 12 0 Andersen T. 270 0.07 

13 Boersma M. 12 0 Sardans J. 259 0.02 

14 Hessen D. 12 0 Sinsabaugh R.L. 257 0.02 

15 Richter A. 11 0.01 DeMott W.R. 255 0.02 
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3.1.3. Distribution of Co-Cited Journals for ES Studies 

The cited journal map for ES research was obtained via the pruning parameter (pruning based 

on pathfinder/pruning sliced networks): 1132 nodes and 5774 links were included in the network, 

and the density was 0.009 (Figure 5). Table 3 presents the number of publications and centrality for 

the top 15 (of 1122) cited journals that published papers on ES. Ecology (2014) was the most 

prominent for all co-citations, followed by Nature (1835), Ecology Letters (1627), Limnology and 

Oceanography (1598) and Science (1489). These findings suggest that a journal with a higher impact 

factor (IF) may have higher citation frequency. In terms of centrality (Table S3), the American Journal 

of Science (AM J SCI) (0.05) was the top, followed by Bioscience (BIOSCIENCE) (0.04), Analytica Chimica 

Acta (ANAL CHIM ACTA) (0.04), Journal of the Fisheries Research Board of Canada (J FISH RES BOARD 

CAN) (0.04), Analytical Chemistry (ANAL CHEM) (0.04), Ecoscience (ECOSCIENCE) (0.04), Arctic 

Antarctic and Alpine Research (ARCT ANTARCT ALP RES) (0.04) and Advances in Marine Biology (ADV 

MAR BIOL) (0.04). Notably, the American Journal of Science (0.05) had the highest centrality in this 

field (Table S3), which suggests that it was the “core journal” in this field. Interestingly, China had a 

potentially low number of co-cited journals in this field because there were few highly influential 

Chinese journals in the ES research field. 

 

Figure 5. Network map of co-occurring journals. The circle represents the frequency, and the circle 

size is positively correlated with the frequency count. The lines between different nodes indicate that 

different nodes appear in the same literature simultaneously. 
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Table 3. The top 15 cited journal and the importance index (centrality value) of the ES literature from 1992 to 2019. 

Rank Cited Journal Frequency Count Centrality Publishing Country/Region IF 

1 Ecology 2014 0.02 USA 4.285 

2 Nature 1835 0.01 England 43.070 

3 Ecology Letters 1627 0 England 8.699 

4 Limnology and Oceanography 1598 0 USA 4.325 

5 Science 1489 0 USA 41.037 

6 Oecologia 1402 0.01 Germany 2.915 

7 
Proceedings of the National Academy of Sciences of the 

United States of America 
1268 0.01 USA 9.580 

8 Biogeochemistry 1208 0.02 Netherlands 3.406 

9 Oikos 1046 0.01 Denmark 3.468 

10 New Phytologist 993 0.01 England 7.299 

11 Freshwater Biology 954 0.01 England 3.404 

12 American Naturalist 947 0.01 USA 3.855 

13 Global Change Biology 940 0.01 England 8.880 

14 Functional Ecology 918 0 England 5.037 

15 Hydrobiologia 886 0 Netherlands 2.325 

Each journal’s impact factor (IF) was obtained from the 2018–2019 Journal Citation Reports Science Edition, accessed on 1 March 2020. 
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3.2. In-Depth Analysis 

3.2.1. Distribution of Category Analysis in ES Studies 

Generally, each article from WoS belongs to one or more categories. There were 54 categories 

involved (Table S4). Table 4 presents the top 15 categories of studies on ES. Among all the categories, 

“environmental science and ecology” and “ecology” were involved in the most productive 

publications (1692 and 1259, respectively), followed by marine and freshwater biology (797). 

Although the categories of evolutionary biology (94), forestry (93), biodiversity conservation (90) and 

water resources (72) had lower frequency counts, these categories may provide a new perspective in 

this field for researchers. In CiteSpace, a node with a high centrality metric in the network of 

categories is a major point connecting the different categories and may have great effects on the 

development of some research fields. As shown in Table 4, the “environmental science and ecology” 

category had the greatest productive centrality, corroborating the predominance of environmental 

science and ecology studies in the ES field.  

Table 4. Top 15 categories of ES research. 

Rank Category Frequency Count Centrality 

1 Environmental science and ecology 1692 0.52 

2 Ecology 1259 0.22 

3 Marine and freshwater biology  797 0.07 

4 Oceanography 373 0.02 

5 Agriculture 357 0.29 

6 Plant sciences 306 0.07 

7 Soil science 305 0.04 

8 Geosciences, multidisciplinary 254 0.12 

9 Limnology 234 0.01 

10 Microbiology 117 0.09 

11 Agronomy 112 0.02 

12 Evolutionary biology 94 0.04 

13 Forestry 93 0 

14 Biodiversity conservation 90 0.01 

15 Water resources 72 0.05 

Figure 6 shows the bursts of categories in literature on ES obtained from the WoS. Burst analysis 

is generally used to identify emergent research front in a research field [13]. According to the burst 

detection algorithm, the contents of ES research have changed recently, since from 2002 onwards, a 

burst of categories related to multiple disciplines in this field was observed. This burst not only 

reflects the evolution of ES research but also potential research trends in the ES field. As shown in 

Figure 6, the study fields shifted from multidisciplinary to pluridisciplinary; after 2002 applied 

studies on ES increasingly focused on pluridisciplinary aspects. In other words, pluridisciplinary 

fields have gradually become popular in ES studies. Thus, we hypothesize that the categories of 

oceanography, limnology and marine and freshwater biology have reached a degree of maturity. As 

both the theory and technology related to ES have developed, the application of ES has been extended 

to a wider range of fields.  
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As can be observed, ES was still mainly investigated in ecology studies, demonstrating a 

multidisciplinary application in this field’s knowledge development. Furthermore, four of the top 15 

categories were related to water resource utilization and protection because the initial study of ES 

was carried out in the ocean. In 1958, A.C. Redfield demonstrated for the first time that the C:N:P 

molar ratio of marine plankton remains constant at approximately 106:16:1 [15]. To date, the Redfield 

ratio in this pioneering research has remained the cornerstone of the study of marine biogeochemical 

cycles and the foundation for the development of ES research.  

 

Figure 6. Category burst detection based on WoS data. The lines (blue and red lines) represent the 

start and end. Times of a category (from 1992 to 2019) and the red lines represent the duration 

of the category burst. 

3.2.2. Distribution of Co-Cited References in ES Studies 

For bibliometrics, co-cited references analysis is a key indicator. The top 15 (of 1405, Table S5) 

co-cited references from 1992 to 2019 ranked by count are shown in Table 5. The co-cited reference 

map for ES research was obtained via the pruning parameter (pruning: none): 1406 nodes and 7580 

links were included in the network, and the density was 0.0077 (Figure 7). The most highly “co-cited 

reference” was a book written by R.W. Sterner and J.J. Elser in 2002 [5] (Table 5), which was cited 

4616 times based on statistics from Google Scholar. In this field, the publication of this book marks 

the systematization and maturity of ES theory. It was followed by a paper written by Elser et al. in 

2007. In that paper, according to the meta-analysis, the authors found that N and P limitation are 

equivalent in terrestrial and freshwater ecosystems [16]. Undoubtedly, these publications have been 

extremely significant in the development of ES research due to their high citation frequency. The 

paper with the highest centrality (0.09) was written by Persson et al. in 2010; these authors 

investigated the regulatory mechanism of stoichiometric homeostasis in autotrophs and 

heterotrophs, and analyzed food web interactions using the theory of stoichiometric homeostasis [17].  
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Figure 7. Co-citation network map of cited references. The circle represents the frequency, and the 

circle size is positively correlated with the frequency count. The lines between different nodes indicate 

that different nodes appear in the same literature simultaneously. 

Figure 8 presents the top 25 (of 430, Table S7) co-cited references ranked by the strongest citation 

bursts. The top reference was written by Sterner and Hessen and published by the Annual Review of 

Ecology and Systematics in 1994 [18]. This was followed by articles 17 (22.5476), 8 (18.9036), and 1 

(16.1993) [19–21]. Although these papers mainly focused on the stoichiometric characteristics of 

aquatic ecosystems, they provided interfaces with other disciplines and played an important role in 

guiding ES studies. Additionally, the burst of these papers lasted the longest time among the top 25 

co-cited references (Figure 8) (see Table 5). 
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Table 5. Top 15 most-cited references from 1992 to 2019. 

Rank Cited frequency Centrality References Source 

1 * 291 0.03 Sterner, R.W.; Elser, J.J. (2002) [5] Princeton University Press 

2 159 0.03 Elser, J.J.; Bracken, M.E.S.; Cleland, E.E., et al. (2007) [16] Ecology Letters 

3 133 0.03 Vitousek, P.M.; S. Porder, S.; Houlton, B.Z., et al. (2010) [22] Ecological Applications 

4 132 0.04 Cleveland, C.; Liptzin, D. (2007) [23] Biogeochem 

5 131 0.04 Elser, J.J.; Fagan, W.F.; Kerkhoff, A.J., et al. (2010) [24] New Phytologist 

6 113 0.09 Persson, J.; Fink, P.; Goto, A., et al. (2010) [17] Oikos 

7 95 0.02 Sardans, J.; Rivas-Ubach, A.; Peñuelas, J. (2012) [25] 
Perspectives in Plant Ecology 

Evolution and Systematics 

8 89 0.01 Elser, J.J.; Fagan, W.F.; Denno, R.F., et al. (2000) [26] Nature 

9 85 0.04 Güsewell, S. (2004) [27] New Phytologist 

10 85 0.02 Manzoni, S.; Trofymow, J.A.; Jackson, R.B., et al. (2010) [28] Ecological Monographs 

11 84 0.02 Elser, J.J.; Andersen, T.; Baron, J.S., et al. (2009) [29] Science 

12 82 0.04 Elser, J.J.; Urabe, J. (1999) [30] Ecology 

13 81 0.01 Harpole, W.S.; Ngai, J.T.; Cleland, E.E., et al. (2011) [31] Ecology Letters 

14 80 0.07 Elser, J.J.; Acharya, K.; Kyle, M., et al. (2003) [32] Ecology Letters 

15 72 0.03 Manzoni, S.; Taylor, P.; Richter, A., et al. (2012) [33]  New Phytologist 

* This is a book. The others are journal articles. 
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Figure 8. The top 25 co-cited references with the strongest citation burst. The lines (blue and red lines) 

represent the start and end times (from 1992 to 2019), and the red lines represent the duration of the 

burst. 

3.2.3. Analysis of Keywords 

Keyword Co-Occurrence Knowledge Map 

For a paper, the keywords both describe the core content and provide the briefest summary of 

the content [34]. Generally, keyword analysis is used to gain insights into the main characteristic of a 

field and can provide a reasonable description of research frontiers and future research orientation 

[10]. In this paper, we analyzed a keyword co-occurrence knowledge map to elucidate the main 

direction in the field’s evolution (keywords were extracted from 2831 records). In this paper, the 

keywords co-occurrence visualization map of publications on ES was obtained via the pruning 

parameter (pruning: pathfinder): 839 nodes and 1761 links were included in the network, and the 

density was 0.005 (Figure 9A). The top 15 (of 320) (Table S6) keywords sorted by co-citation counts 

and centrality from 1992 to 2019 are shown in Table 6. The keywords with the highest frequency 

count were nitrogen (849/0.05) and phosphorus (760/0.08), followed by carbon (460/0.11), growth 

(376/0.13), phytoplankton (355/0.05) and nutrient limitation (340/0.02).  

Table 6. Top 15 keywords in terms of citation counts and centrality for ES research. 

Rank Keywords Frequency Count Centrality 

1 Nitrogen 849 0.05 

2 Phosphorus 760 0.08 

3 Carbon 460 0.11 

4 Growth 376 0.13 

5 Phytoplankton 355 0.05 

6 Nutrient limitation 340 0.02 

7 Ecosystem 317 0.2 

8 Nutrient 253 0.03 

9 Fresh water 247 0.16 
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10 Limitation 231 0.11 

11 Organic matter 214 0.19 

12 Zooplankton 204 0 

13 N:P stoichiometry 202 0.12 

14 Climate change 201 0.04 

15 Dynamics 187 0.05 

 

Figure 9. (A): Keyword co-occurrence visualization map of publications on ES from 1992 to 2019. The 

circle represents the frequency, and the circle size is positively correlated with the frequency count. 

The lines between different nodes indicate that different nodes appear in the same literature 

simultaneously. (B): Cluster map of keywords. 

According to Table 6, among these keywords, those related to C:N:P stoichiometry, especially 

N:P (including nitrogen, phosphorus, carbon and N:P stoichiometry) were the most commonly used. 

ES is a science of studying the balance of energy and various chemical elements (such as C, N and P) 

in biological systems. At present, researchers generally use this theory to analyze the effect of the 

mass balance of various chemical elements on ecological interactions [8,35]. Additionally, as the 

theory on C:N:P stoichiometry originated in studies on aquatic ecosystems, several common 

keywords were related to aquatic ecosystems, such as phytoplankton (355), fresh water (247) and 

zooplankton (204) (Table 6). On the one hand, this reflects the importance of ES theory in studies on 

aquatic ecosystems; on the other hand, it implies that aquatic ecosystems are a promising area for 

future practical research in this field. 

Nutrient limitation, nutrient, limitation, and growth were also high frequency count keywords; 

these terms are related to the growth rate hypothesis (GRH), which describes the basic manner of 

ecological stoichiometry control of organisms and involves the basic framework of the evolution of 

life, cell biological properties, population dynamics, and ecosystem functional mechanisms. 

Furthermore, the GRH is associated with C:N:P, RNA allocation, and organism life history [1,11,36]. 

The GRH indicates that N:P is negatively correlated with the plant growth rate but positively 

correlated with C:N and C:P [24]. Additionally, the N:P ratio is used to determine potential limitation 

elements in plants, as an N:P ratio less than 14 indicates N limitation, and an N:P ratio greater than 

16 indicates P limitation[27,37]. These are constant basic subjects in the ES field.  

The keywords climate change, ecosystem, organic matter and dynamic are also important 

because the change in organism C:N:P is affected by changes in C, N, and P contents in organisms 

with different development rates, and individuals must change their C:N:P stoichiometry to adapt to 

changes in their growth rate [8]. In addition, human activities have greatly affected global material 
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cycles, leading to large amounts of N and P and an increase in atmospheric CO2, resulting in climate 

change on a global scale [38]. Climate change causes a series of changes in the structure and function 

of different ecosystems [31,39]. For example, global warming leads to the rapid growth of soil 

microorganisms, which accelerates the decomposition of soil organic matter and provides plants with 

more available N, thereby promoting plant growth. Thus, C is absorbed from the soil C pool (low 

C:N) transfer to the plant C pool (high C:N) [40,41]. Furthermore, climate change alters the C:N:P 

characteristics of the ES of primary producers and changes microbial decomposer communities. Such 

changes then affect the decomposition, transformation, and recycling of organic matter in the 

ecosystem [42]. Therefore, the responses and adaptive mechanisms of life in different ecosystems 

under the background of climate change are the key focus of current research.  

Keyword Cluster Analysis 

The keyword cluster is generated by CiteSpace and can reflect hot research fields in a discipline 

[43]. In this paper, keywords cluster analysis was performed using the CiteSpace clustering function. 

In the cluster analysis, the modularity Q and the mean silhouette were 0.6828 and 0.8134, respectively, 

indicating that the clustering structure was significant, and the clustering results were relatively 

accurate and convincing. The 13 main clusters are shown in Figure 9B, and the information about the 

13 co-occurrence clusters of keywords is shown in Table 7. To understand the major research fields 

of ES research and to better understand the cluster analysis results, the 13 clusters were divided into 

three classes as follows: 

(1) Consumer stoichiometry and nutrient cycle. These include #0 crustacean zooplankton, #4 N 

ratio, #5 Atlantic plankton, #6 aquatic hyphomycete, #7 spring–summer phytoplankton, #9 South 

Florida, #10 algal composition and #11 tropical cladoceran. Consumer stoichiometry and 

nutrient cycles have been a hot topic in ES research in recent years. By applying ES to expound 

the nutrient cycling process, researchers can understand the roles of consumers in ecosystems. 

Ecosystem feedback between biological factors (such as consumer stoichiometry) and 

environmental factors (such as resource stoichiometry) in biological systems is under 

homeostatic regulation, and has effects through a reciprocal influence of the supply and demand 

balance of elements between organisms, and between the organism and the environment. From 

studies on marine life, for example plankton (phytoplankton and zooplankton) [44–46], aquatic 

hyphomycetes [47,48], algae [49,50] and daphnia [51], our understanding of consumer 

stoichiometry, consumer population stability and community organization structure has greatly 

increased. However, large variations have been observed in the nutrient content of autotrophic 

organisms in different life periods, leading to large variations in stoichiometric ratios (such as 

C:N:P). Generally, the nutrient content of consumers varies over a small range, meaning that the 

C:N:P of these organisms is usually maintained within a relatively fixed range.  

When there is an imbalance in the stoichiometric ratio between consumers and their food, the 

growth and activity of consumers will change [52]. Studies have shown that low food quality (high 

C:N or C:P) significantly reduces the growth rate of consumers [32,53]. For example, the growth rate 

of daphnia fed algae with a high C:P is limited by P [32]. Previous studies have indicated that 

consumer stoichiometry balances have effects on both nutrient dynamics [54,55] and biogeochemical 

cycles in food webs [56]. Recently, the application of ES in studies on consumer-driven nutrient 

cycling has increased. The interaction of consumer stoichiometry and nutrient cycles in terrestrial 

ecosystems has also become a central topic in the ES field. Studies have shown that the stoichiometric 

relationships among elements can regulate the net mineralization rate and resorption of nutrient 

elements [57,58], and it can affect interactions among different organisms such as flagellates and 

bacteria [59]. 

The nutrient availability and supply affect productivity, biological composition, biodiversity, 

species dynamics, and interactions among different species (such as the interaction among plants, 

animals and microbes) in different ecosystems [60]. Therefore, the determination of limiting elements 

that affect organism growth, organism life history, community structure and community stability has 
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become a prerequisite to determining the stability of a system. Generally, a change in C:N:P denotes 

a change in the limiting elements for autotrophic organisms. From the change in C:N:P, we can 

determine the limiting elements for organism growth, development, or reproduction [27]. For 

example, it was initially thought that N was the limiting element in the ocean [61]. However, due to 

global climate change, the increase in N in the atmosphere has altered the N balance in the marine 

ecosystem and led to an increase in N:P, thereby causing P to become the limiting element in the 

ocean [62].  

(2) Biogeochemical cycles of C, N and P. These include #1 modern stromatolitic microbial 

communities, #3 organic matter, #9 South Florida, and #12 Mediterranean forest. The biological 

C:N:P significantly influences the global C and nutrient cycles. The ratio of C (in biomass) to 

other nutrient elements can regulate the transport of organic matter in an ecosystem. At present, 

human activities significantly affect global biogeochemical cycles. It is necessary to 

quantitatively evaluate the effects of human activities on C:N:P in an ecosystem. ES theory has 

become a useful tool for researchers to understand the effects of human activities on 

biogeochemical cycles and the biosphere, and it allows better predictions of the coupling 

relationship of C, N, and P in different ecosystems [5]. Previous studies have indicated that 

global C:N:P in the natural process is maintained at a stable level of 20333:43:1. However, under 

human perturbations, it decreases to 667:12:1 [38]. This change indicates that the biogeochemical 

cycle process is highly variable on both temporal and spatial scales. 

Moreover, to analyze biogeochemical cycles, researchers used microbial mats to study the 

evolution process of life because they can provide evidence that is representative of the early fossil 

record of Earth [63]. Stromatolites (modern stromatolitic microbial communities) are a primary 

system used to reconstruct Earth’s early environments [63,64]. 

In terrestrial ecosystems, C, N, and P cycles are primarily studied in forests to describe the 

absorption, release, and circulation of nutrients. Forests are the largest carbon pool in terrestrial 

ecosystems and tropical forests are predicted to account for the vast majority of primary production 

(approximately 70%) in terrestrial ecosystems [65]. Studies have shown that the ratio of C to nutrients 

in litter is greater than that in leaf, which indicates that nutrient resorption is a primary nutrient 

cycling mechanism for terrestrial vegetation [66]. In recent decades, due to the increasing human 

activities and forest degradation in the Mediterranean region and other regions worldwide, the 

ecological value and ecological role of the forests in these regions have decreased. Therefore, 

researchers have explored forest succession and degradation via ES theory [67,68]. However, the 

complexity of terrestrial ecosystems makes them difficult to understand [60,69]. Thus, further studies 

are required to clarify these queries. 

(3) Others. For example, the #2 reciprocal influence and #8 prey addition alter are generally common 

content and methods in ES research. For example, studies have indicated that prey addition 

shifted carnivorous plants from P limitation to N limitation under ambient conditions [70]. The 

“reciprocal influence” (interaction) is also a research focus in ES research. As mentioned above, 

the reciprocal influence of organism and organism, and of organism and environment, are 

affected by consumer stoichiometry and resource stoichiometry. 

Table 7. Information on the largest 13 co-occurrence clusters of keywords. 

Cluster ID Size a Silhoustte Mean (Cite Year) Label (LLR) b 

#0 34 0.849 2002 Crustacean zooplankton 

#1 33 0.824 2004 Modern stromatolitic microbial communities 

#2 31 0.924 2004 Reciprocal influence 

#3 31 0.838 2003 Organic matter 

#4 30 0.888 2002 N ratio 
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#5 29 0.932 2002 Atlantic plankton 

#6 26 0.845 2011 Aquatic hyphomycete 

#7 26 0.730 2002 Spring-summer phytoplankton 

#8 23 0.876 2005 Prey addition alter 

#9 22 0.887 2005 South florida 

#10 13 0.920 2001 Algal composition 

#11 12 0.883 2004 Tropical cladoceran 

#12 11 0.991 2005 Mediterranean forest 

a Size: the number of references that a cluster contains; b Label: obtained by the log likelihood ratio. 

Keyword Burst Analysis 

Keyword burst can be used as an indicator of the evolution of research hotspots. In this paper, 

keyword clustering was analyzed with CiteSpace. The top 25 keywords (of 144, Table S8) are 

presented in Figure 10. According to Figure 10, zooplankton (35.8633) had the strongest keyword 

burst, followed by food quality (26.0622), daphnia (17.6902), herbivore (13.3958), balance (12.3456), 

limitation (11.3208) and lake (10.5712). However, the longest period of a keyword burst was for 

daphnia (18), followed by zooplankton (17), herbivore (17), freshwater zooplankton (13) and release 

(13). In summary, we observed that the study of consumer stoichiometry and nutrient cycles has 

focused on aquatic ecosystems. With the development of ES theory, researchers have changed their 

focus from aquatic ecosystems to consumer stoichiometry and the nutrient cycle in other ecosystems. 

For example, researchers have used ES theory to examine the response of grassland ecosystems 

[71,72], forest ecosystems [73,74], and farmland ecosystems [75] to climate change. Through this 

research, our understanding of consumer stoichiometry and nutrient cycles in different ecosystems 

has gradually improved, and a deeper understanding of biogeochemical cycles has been achieved. 

According to Table S8, we can observe that ES theory is applied to all aspects of ecology research 

and may make great contributions to interdisciplinary research fields, including nutrient dynamics 

[18], microbial nutrition [58], host–pathogen relationships [76], symbiosis [77], comparative 

ecosystem analysis [78], consumer-driven nutrient cycles [30], population dynamics [79], forest 

succession and recession [80], nutrient supply and demand balance [81], and nutrient limitation and 

carbon cycling [52]. Furthermore, in the analysis of species competition [82], top-down effects [83], 

nutrient reabsorption [84], interactions between primary producers and consumers, the N cycle, 

ecosystem feedback mechanisms [85,86], species invasion [87] and characteristic plant stoichiometric 

responses to climate change [88], ES theory has become an effective tool and provided new ideas for 

studying consumer stoichiometry, nutrient cycles and biogeochemical cycles. According to the 

timelines of the co-occurrence keyword bursts, the application of ES has also changed from a single-

discipline and single-field research to multidiscipline and multifield research (Figure 10). 
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Figure 10. The top 25 burst-detection keywords based on WoS data. The lines (blue and red lines) 

represent the start and end times. (from 1992 to 2019), and the red lines represent the duration of the 

burst. 

4. Conclusions 

In conclusion, ES provides valuable information to understand nutrient cycles and exchange 

processes across all biological scales. Applying aspects of ES theory can help us understand the 

interactions between organism and organism, and between organisms and the environment, at 

multiple levels, including the ecosystem level. 

This paper explored research on ES from 1992 to 2019 from a bibliometric perspective. In this 

paper, we used a bibliometric review to clarify the main characteristics of the ES field, elucidate 

potential trends, and identify potential hotspots for future studies. In comparison to traditional 

reviews, analysis based on bibliometric software provides better insight into the focus and trends of 

ES research. However, there are certain limitations to CiteSpace analysis. For example, several 

keywords in the result were similar and had to be merged together during the analysis. Moreover, 

some keywords used for retrieval may have been present in the literature that did not match the topic 

of interest, and these keywords had to be removed before analysis. Undoubtedly, visualization 

analysis offers valuable information to future researchers. To a certain extent, our understanding of 

ES was advanced by this visualization analysis, helping us to identify the potential research focus 

and trends in the ES field.  

The descriptive analysis revealed that authorship was distributed in different fields, and the 

number of publications on ES increased in recent years. Furthermore, the topic of ES is still widely 

discussed in many conferences, which indicates that ES research has been far from exhausted. In 

addition, the influence of China, with a country rank indicating a high yield in terms of academic 

production, was very low due to the few partnerships of Chinese authors with authors in other 

countries and its few influential academic publications. 

The in-depth analysis revealed that research on ES has developed rapidly from 1992 to 2019 and 

showed a tendency towards a multidisciplinary amalgamation of its contents and methods. 

According to the bibliometric analysis, ES has been applied mainly to aquatic ecosystems. However, 

with the development of ES theory, ES research in the fields of environmental science and ecology, 

agriculture, plant sciences, soil sciences, microbiology, evolutionary biology, and forestry has 

increased gradually in recent years. Furthermore, we observed a migration of the field from a single-

discipline approach to multidisciplinary and interdisciplinary approaches. We believe that with the 

development of ES theory and its increasing application in different fields, our understanding of the 

biological origins, evolution, life-processes, and balancing mechanisms of nutrient supply and 

demand at the ecosystem level will be greatly improved. 
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However, several questions still exist in ES research: 

(1) Studies on plant ecological stoichiometric characteristics have mostly focused on N and P, as 

their stoichiometric ratio is generally used as an indicator to determine limiting factors for plant 

growth, and few studies have evaluated C along with N and P.  

(2) Macroelements (C, N, and P) have typically been the focus of ES research, with few studies on 

the stoichiometric characteristics of essential trace elements for plant growth. 

(3) Our understanding of many ecological processes is poor. For example, how do the stoichiometric 

characteristics of ecosystems respond to global climate change? What are the regulatory 

mechanisms underlying the stoichiometric characteristics of ecosystems? 

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/12/21/8909/s1, Table 

S1: Countries/regions and institutions involved in ES research that were extracted from the WoSCC (xlsx), Table 
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