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Abstract: Considering the impacts of global climate change, paths for sustainable development are
of particular importance. Biochar has multiple advantages, including but not limited to climate
change mitigation, waste management, soil fertility improvement, and pollution remediation. Forest
soils play a significant role in terrestrial ecosystems. The application of biochar in forest soils
(ABFS) is therefore considered an essential tool for improving soil quality, capturing carbon, and
reducing greenhouse gas emissions. The Web of Science Core Collection database was utilized for
the bibliometric analysis of ABFS publications published between 2002 and 2022. Three bibliometric
software were used to analyze bibliometrics, networks, and research directions for ABFS: Bibliometrix,
VOSviewer, and CiteSpace. The analysis shows that research on ABFS is always rapidly developing.
Research on ABFS is engaged globally in a complex network of collaborations, and the main research
has occurred in China and the United States. Collaboration among authors is relatively diffuse.
Research on ABFS involves interdisciplinary integration. In the early stages of research, the origin of
biochar (history and boreal forests) and its characteristics (dynamics, nitrogen content, and chemical
composition) were the focus of attention. As research progressed, more attention was given to ABFS
(carbon, organic matter, vegetation, and heavy metals). Our research shows that while ABFS research
has a certain history, its development trend has been consistently upward and shows no signs of
declining. Thus, future research will likely concentrate on ABFS. Due to the complexity of biochar
functions, ample research opportunities exist in ABFS.

Keywords: forest soils; biochar; bibliometric analysis; Bibliometrix; VOSviewer; Citespace

1. Introduction

Biochar, which is an abbreviation of Bio and Charcoal [1], refers to a class of insoluble,
stable, and highly aromatic carbon-containing substances synthesized by thermal treatment
of biomass wastes under oxygen-limited conditions [2], which have numerous advantages,
such as high adsorption capacity, carbon stability, and the ability to embed minerals and
trace elements [3,4]. Biochar has been discovered to have various applications, including
improving soil, fertilizing soil, environmental remediation, and producing bioenergy [5–7],
which accomplishes resource reuse and waste reduction [8]. Biochar can also be a carbon
sink to slow the greenhouse effect [9]. The application of biochar can control soil structure
(e.g., pore size, distribution), enhance soil physicochemical traits (e.g., cation exchange
capacity, water retention capacity), and increase the number of soil nutrients (e.g., nitrogen,
phosphorus, potassium) [10], which in turn can improve crop productivity and reduce
the reliance on synthetic fertilizers. Biochar is superior to other types of soil organic
matter in holding onto nutrients [11]. The characteristics of biochar, such as pH, porosity,
and surface functional groups, facilitate the removal of organic and inorganic pollutants
and heavy metals from the soil through adsorption, electrostatic attraction, complexation,
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and diffusion [7,12,13]. The application of biochar is believed to contribute to mitigating
global climate change by increasing soil carbon sequestration and reducing greenhouse
gas emissions. When biomass is converted into biochar, the carbon content becomes highly
stable and can be kept in the soil for up to 1000 years [11]. In addition, the pyrolysis
conditions of biochar and its physicochemical characteristics, among others, can adsorb and
trap greenhouse gases like carbon dioxide and methane [14,15]. Biochar can be obtained
from a wide range of feedstock sources, such as plant, animal, and municipal waste [6,16],
and in particular, the conversion of sludge to biochar offers another promising approach
to managing waste biomass [17]. Biomass can be heated and treated using pyrolysis and
gasification techniques to produce clean energy products such as syngas, biochar, and bio-
oil [18]. Therefore, biochar is an economical and environmentally friendly soil amendment
that realizes carbon sequestration and reduces greenhouse gas emissions, with extremely
high ecological and economic benefits.

About 31% of the surface of the Earth is covered by forests, which cover approximately
4.06 billion hectares [19]. The importance of forests, one of the fundamental components of
the Earth’s ecosystems, is increasing because they improve livelihoods, sustain ecological
balance, regulate water and atmospheric cycles, limit soil erosion, and decrease climate
change [20]. The planted forest area rose from 170.06 million hectares to 293.90 million
hectares between 1990 and 2020 [19], which shows the significance of sustainable man-
agement of plantation forests. However, traditional fertilization methods using nitrogen,
phosphorus, and potassium can no longer meet the demands of forest cultivation. Although
this method is fast-acting, it is short-lived, has low nutrient utilization, has short-lived
fertilizer effects, and is prone to pollution [21]. Therefore, finding appropriate fertilizer
application methods to improve the efficiency of nutrient uptake and utilization by forest
trees, thus improving the quality of forest trees, is crucial for current forest cultivation. Ex-
perimental studies have demonstrated that biochar fertilization has unmatched advantages
over conventional fertilization, including a high utilization rate, a long effective supply
period of nutrients, an improvement of soil physical properties, a boost in soil pH, an
increase in soil organic carbon levels, and benefits to the survival of soil organisms [22–24].
Additionally, biochar can reduce the amount and frequency of fertilizers in agroforestry
production [25–27]. Therefore, biochar, a novel type of fertilizer, has a longer-lasting fertil-
izing impact than conventional fertilizer applications, and its nutrients are more readily
absorbed by seedlings and less likely to be wasted. In order to decrease the use of chemical
fertilizers while increasing effectiveness, biochar and fertilizer composites of biochar-based
fertilizer have emerged as a new research direction for agricultural fertilizers. We must note
that we need more knowledge to develop guidelines for using biochar in conjunction with
soil fertility and nutrient management planning [22]. Therefore, it is crucial to understand
the application of biochar in forest soils (ABFS).

There has been significant interest in biochar application in agriculture, but little
research has been conducted on ABFS [28–30]. It is worth studying ABFS as it can improve
soil conditions and increase forest productivity, especially in cases where soil nutrients are
deficient [31]. Moreover, adding biochar to the soil can help sequester carbon through stable
aromatic carbonaceous substances, counteracting increased atmospheric carbon dioxide
emissions [11]. Research on the impact of degraded forest soil and tree growth has shown
that biochar can help restore degraded forest soil and, in most cases, promote the growth
of experimental trees [32]. A study of northern forest soil found that biochar can enhance
soil carbon storage and fertility [33]. In addition, biochar applications may have neutral
or positive effects on soil nutrients and microbial communities but fail to play a role in
soil amelioration [34]. Applying biochar to northern forest soil can increase toxic metal
content, negatively impacting early tree growth [35]. Currently, most experiments on forest
systems focus on the response of ecosystems to wildfire-generated charcoal or ash [36],
and most experiments are only short-term greenhouse or pot experiments [35]. Research
on the differences in biochar reactions among plant species and potential toxic effects is
relatively limited [35]. Considering the importance of efficient fertilization in artificial forest
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cultivation and the potential significant contribution of biochar to soil nutrient cycling and
forest renewal, understanding research progress on ABFS is of great significance.

Bibliometric analysis is a commonly used and rigorous method for exploring and
analyzing large amounts of scientific data [37]. This method involves qualitative and quan-
titative analysis of published literature using data mining, information processing, and
visualization techniques to analyze the social and structural relationships between different
research components, such as authors, institutions, countries, journals, and topics [38,39].
This type of analysis is essential for quantitatively evaluating the current status and emerg-
ing trends in a given field. Bibliometric techniques are widely applied in commerce,
management, medicine, and agronomy [37,39–41]. In recent years, bibliometrics has also
dealt with research on a variety of biochar-related topics, including the application of
biochar in environmental management [7], the current state of biochar research and its
development trend [6,42–44], the remediation of contaminated soils with biochar [45–48],
the application of biochar in agriculture [49,50], the preparation of biochar [51], and the
impact of biochar in soil and its applications [52,53]. To the best of our knowledge, few
bibliometric studies are available on ABFS. Meanwhile, there is a relatively large amount of
literature related to ABFS. Therefore, a comprehensive quantitative and qualitative analysis
using bibliometric methods can provide a more accurate and comprehensive assessment
of ABFS. Based on this, this study used bibliometric methods to statistically analyze and
describe the research results related to ABFS to determine the current research status and
prevalent trends and to explain the latest research progress and future development trends.
Our objectives are to (i) identify and comprehend the development of all ABFS-related
literature; (ii) understand the key publications, topics, journals, authors, institutions, and
national collaborations in this field; and (iii) track the progress of biochar research frontiers
and hotspots.

2. Data Statistics and Methodology
2.1. Gathering Data

On 12 July 2023, we gathered publications from the Web of Science Core Collection
(WoSCC) database. The search string is: TS = ((“biochar” OR “black carbon” OR “char-
coal”) AND (“forest*” OR “plantation*” OR “forestry” OR “tree*”) AND (“soil*”)), and its
language is limited to English. The document types selected were “article” and “review”.
From 1 January 2002 to 31 December 2022 was set as the time span. Due to the absence of
complete literature data for 2023 and the fact that the research on the subject was published
in 2002, publications published after 1 January 2023 are omitted. It obtained 2158 related
publications on the field of ABFS from WoSCC, including 2042 articles and 116 reviews.
The selected publications are exported in pure text files containing information such as
the number of publications, keywords, and references, which can be used for literature
measurement and visual analysis.

2.2. Statistic Analysis

Performance analysis and scientific mapping are two main categories in which the meth-
ods of bibliometric analysis are embodied. Performance analyses, on the other hand, highlight
the contributions of research components, whereas scientific mapping focuses on the in-
tellectual exchanges and structural connections between research components [37,54,55].
In bibliometric analysis, web visualization software is typically utilized, and the most
popular web visualization programs include VOSviewer, Bibliometrix R-package, Cites-
pace, Gephi, Leximancer, Bibexcel, SATI, Histcite, and Pajek. VOSviewer, CiteSpace,
and Bibliometrix are among the programs primarily used in this study’s statistical anal-
ysis for bibliometric analysis. Among them, the Bibliometrix R-package (Version 4.1.3)
(https://www.bibliometrix.org) is open-source software written in R that supports rec-
ommended workflows to perform bibliometric analyses, and it allows users to perform
comprehensive scientific mapping analyses [56,57] and was accessed on 12 July 2023.
VOSviewer (Version 1.6.19) (https://www.vosviewer.com/) is a graphical user interface-
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based software for co-citation analysis and co-author analysis [37,58] and was accessed on
13 July 2023. Citespace (Version 6.2.R4) (https://citespace.podia.com/) is a Java-based in-
formation visualization tool that enables cluster view, timeline view, and dual-map [59,60]
and was accessed on 15 July 2023.

In this research paper, we aim to establish a connection between ABFS-related pub-
lications over the last two decades and analyze their current state and trends. The study
is divided into three primary sections: (i) general bibliometric analysis, (ii) publication
network analysis, and (iii) primary research areas. For general bibliometric analysis, we
used Bibliometrix to identify essential characteristics of publications such as authors, insti-
tutions, countries, and journals. We also utilized Bibliometrix, Citespace, and VOSviewer
to analyze the cooperation network of authors, institutions, countries, and journals in
ABFS for publication network analysis. Moreover, we performed dual-map overlays of
journals and co-citation analysis using these software tools. Lastly, we used Bibliometrix
and Citespace for primary research areas to detect burst keywords and references and
reveal strategy maps and theme evolution in ABFS-related publications.

3. Results
3.1. General Analysis
3.1.1. Overall Trend of Publications and Citations

Figure 1 shows the annual trend and total citations of publications related to ABFS
from 2002 to 2022, with a general upward trend in the number of papers. ABFS has three
stages of development based on annual publications and growth rate: the budding period
(2002–2007), the slow growth period (2008–2014), and the rapid growth period (2015–2022).
(i) Budding period: Articles on ABFS appeared in 2002, with a maximum of only 45 articles
per year. However, over time, the citation rate for these publications gradually increased.
(ii) Slow growth period: The number of publications steadily increases, with an average
citation rate of 4464. (iii) Rapid growth period: There has been a significant increase in
publications. The maximum annual number of publications increased to 255, but the
citation rate slightly decreased.
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Figure 1. Annual trend of publications and citations related to the application of biochar in forest
soils (ABFS). TC: Total citation.

3.1.2. Active Authors, Institutes, Countries, and Journals

Table 1 shows that KNICKER H and PAYETTE S are the most prolific authors, with
35 and 25 publications, respectively, and KNICKER H has the highest number of citations
(3460). DELUCA TH, KNICKER H, LEHMANN J, and SCHMIDT MWI published earlier
research results. LEHMANN J had the most citations on average per article (21 publications,
4527 citations). The active authors’ H-index fell within the range of 13 to 26.

Figure 2 displays the research institutions that have produced the most results re-
garding ABFS. Zhejiang Agriculture and Forestry University has published the highest
number of publications in the field of ABFS, with 73, making up 3.4% of all research results,
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followed by Laval University (n = 60), the University of Sao Paulo (n = 53) and Zhejiang
University (n = 46).

Table 1. The top 10 most productive authors for related publications to ABFS.

Author NP TC AC H-Index PY-Start

KNICKER H 35 3460 98.86 26 2003
PAYETTE S 25 438 17.52 13 2005

DELUCA TH 22 2242 101.91 15 2002
LEHMANN J 21 4527 215.57 16 2003

DE LA ROSA JM 20 950 47.50 14 2008
RUMPEL C 18 860 47.78 16 2006

GONZALEZ-PEREZ JA 18 1452 80.67 14 2004
LUO Y 17 620 36.47 13 2010

SCHMIDT MWI 16 1912 119.50 15 2003
DOERR SH 16 1136 71.00 14 2005

NP: Number of publications; AC: Average citations per article; H-index: an author-level metric; PY-start: Year of
the first publication.
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Our figure shows that from 2002 to 2022, research on ABFS occurred in 115 different
countries/regions, and the ten countries with the most publications in the field of ABFS
accounted for about 72.24% (n = 1559) of the world (Figure 3). China showed the highest
output, with 380 publications and 9235 total citations, followed by the United States (n = 355,
TC = 17,171) and Germany (n = 170, TC = 9018).
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We used Bradford’s Law to identify the most active journals in our dataset. The total
number of journals counted in this study was 475, of which 16 are core journals, the top
five being Science of the Total Environment (ISSN: 0048-9697), Holocene (ISSN: 0959-6836),
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Forest Ecology and Management (ISSN: 0378-1127), Geoderma (ISSN: 0016-7061), and
CATENA (ISSN: 0341-8162), as shown in Figure 4.

Forests 2023, 13, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 3. The top 10 most productive countries for related publications to ABFS. 

We used Bradford’s Law to identify the most active journals in our dataset. The total 
number of journals counted in this study was 475, of which 16 are core journals, the top 
five being Science of the Total Environment (ISSN: 0048-9697), Holocene (ISSN: 0959-
6836), Forest Ecology and Management (ISSN: 0378-1127), Geoderma (ISSN: 0016-7061), 
and CATENA (ISSN: 0341-8162), as shown in Figure 4. 

 

Figure 4. Bradford’s Law using Bibliometrix. 

3.2. Network Visualization Analysis of Publications 
3.2.1. Author, Institution, Country/Regional Cooperation Network Analysis 

The visualization in Figure 5 displays the timeline of the author’s cooperation net-
work. Out of 8809 authors in the field, 181 qualify with ≥5 published publications. The 
majority of them, nevertheless, are unconnected. The largest collaborative network has 
only 69 authors with intensive collaboration. The most active collaborative relationships 
were Certini Giacomo (University of Florence) and Doerr Stefan H. (Swansea University), 
followed by Santin Cristina (Swansea University), Gundale Michael J. (Swedish Univer-
sity of Agricultural Sciences), Abiven Samuel (University of Zurich), Knicker Heike 
(CSIC), and Wardle David A. (Nanyang Technological University). Over time, the number 
of authors who collaborate has gradually decreased. The authors’ collaboration was pri-
marily distributed in 2014 and 2016. 

Figure 4. Bradford’s Law using Bibliometrix.

3.2. Network Visualization Analysis of Publications
3.2.1. Author, Institution, Country/Regional Cooperation Network Analysis

The visualization in Figure 5 displays the timeline of the author’s cooperation net-
work. Out of 8809 authors in the field, 181 qualify with ≥5 published publications. The
majority of them, nevertheless, are unconnected. The largest collaborative network has
only 69 authors with intensive collaboration. The most active collaborative relationships
were Certini Giacomo (University of Florence) and Doerr Stefan H. (Swansea University),
followed by Santin Cristina (Swansea University), Gundale Michael J. (Swedish University
of Agricultural Sciences), Abiven Samuel (University of Zurich), Knicker Heike (CSIC),
and Wardle David A. (Nanyang Technological University). Over time, the number of
authors who collaborate has gradually decreased. The authors’ collaboration was primarily
distributed in 2014 and 2016.
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The visualization in Figure 6 displays the timeline of the institute’s cooperation net-
work. Out of 2453 institutions in the field, 32 qualify with ≥20 published publications.
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There are apparent quantitative differences in institutional cooperation networks. The
Chinese Academy of Sciences has the most partnerships and maintains close relationships
with numerous institutes. The University of the Chinese Academy of Sciences, CSIC, the
University of Sao Paulo, and the US Forest Service follow it. Most of the institutes actively
cooperated from 2012 to 2020.
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Based on the affiliated countries of the corresponding authors, Figure 7a shows the
top 20 most productive countries and their ratios of multiple country publications (MCP)
to single country publications (SCP). The corresponding author’s country associates each
publication with a country based on the corresponding author’s affiliation. Additionally,
the corresponding author’s country can calculate the proportion of publications in which at
least one author’s affiliated country is different from the corresponding author’s affiliated
country, which is called MCP, reflecting the intensity of international cooperation in a
country [61]. More than half of the publications in Switzerland, Belgium, the UK, Sweden,
and France were produced through international cooperation, with Switzerland having the
highest multi-country publication rate at 76%.

Figure 7b displays the global distribution of publications and country/region col-
laborations, with color shading indicating the number of publications per country. The
more publications a country has, the darker its color appears on the map. The thicker the
connecting lines between countries, the closer the cooperative links between them. The
map of cooperation shows that the Americas, Europe, Africa, Asia, and Oceania are all
active in ABFS research, except African countries, which have a relatively low level of
participation. America, Germany, the United Kingdom, China, Spain, and Australia are
the leading regions for research distribution, which comprise a complex global network.
The United States and China have published the most research results, have the most
academic links, and have excellent cooperation with all other countries. Although Germany
and the United Kingdom have published relatively little research, they maintain a strong
cooperative relationship with other countries.

3.2.2. Co-Citation Analysis of Journals

Figure 8 shows the journal co-citation network. We set the minimum number of
citations at 40, and 348 out of 22,759 journals met this threshold. Each node represents
a journal, and the node’s size indicates the number of citations the journal has received.
Co-citation connections between journals are shown as lines, and the thickness of the
connecting line indicates the degree of co-citation between the two journals. The item’s
color is determined by the cluster to which it belongs. The journals related to the field
of ABFS are classified into six groups based on their citation frequency. These groups
are yellow, green, red, blue, and purple, which are Geoderma (ISSN: 0016-7061), Forest
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Ecology and Management (ISSN: 0378-1127), Science of the Total Environment (ISSN:
0048-9697), Organic Geochemistry (ISSN: 0146-6380), and Soil Biology and Biochemistry
(ISSN: 0038-0717).
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The citation structure and discipline distribution of journals on ABFS are displayed
in Figure 9 through the dual-map overlay. The left graph is generated by mapping the
citing journals, while the cited journals that create the bottom graph are on the right [57].
That is, we can find the publications on the left side, while the references are on the right.
The ellipse’s long and short axes correspond to proportionality to the number of authors
and publications. Each color represents a different discipline to which the journal belongs.
The curve is the citation path, indicating the connection between disciplines, which can
fully show the ins and outs of journal citations. For example, the dazzling blue-yellow
line shows the four main citation paths of the dual-map overlay of research on ABFS,
which are “ecology, earth, marine” to “plant, ecology, zoology”, “ecology, earth, marine”
to “earth, geology, geophysics”, “veterinary, animal, science” to “plant, ecology, zoology”,
“veterinary, animal, science” to “environmental, toxicology, nutrition”. The main focus of
published articles on ABFS has been in journals related to “ecology, earth, marine” and
“veterinary, animal, science”. In contrast, the majority of the referenced publications were
from journals that covered “earth, geology, geophysics”, “plant, ecology, zoology” and
“environmental, toxicology, nutrition”. They reflect the interdisciplinary nature of ABFS
research, encompassing ecology, botany, geology, environmental sciences, and geophysics.
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3.3. Analysis of the ABFS’s Evolution Trend’s Hotspots
3.3.1. Citation Burst Detection of Keywords and References

Citation burst detection reflects the dynamics of publications in the field over a given
period, highlighting the appeal of the information explosion to academics, such as burst
duration, intensity, and timing, which are the most representative reference indicators.
A sudden surge in citations for specific keywords or articles can lead to discovery. This
section describes the citation burst detection of keywords and references for research on
ABFS. Figures 10 and 11 show the top 10 most cited keywords and references, which were
frequently cited in research on ABFS.

Figure 10, highlighted in bold, displays the top 10 keywords with the strongest citation
bursts. Based on our research, we have observed that “fire history” has the most significant
citation burst intensity. Citation bursts for the keywords “fire history”, “climate”, “human
impact”, and “record” occurred earlier and lasted longer than those for other keywords.
In addition, the citation bursts of “microbial community”, “greenhouse gas emissions”,
and “amendment” all appeared in 2019 with strong explosive power, which is a possible
hotspot for future research.

Figure 11, highlighted in bold, displays the top 10 references with the strongest citation
bursts. We note that the article by Lehmann J. has the greatest explosive power, with a value
of 25.05. This thesis critically explores research on the relationships between biochar and
soil microorganisms to reveal the current state of knowledge and propose new concepts
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to deepen understanding of the link between biochar properties and biological responses,
laying the foundation for future research [62]. In addition, references Li YF, Wang JY,
and Santin C have strong outburst power, and the outburst continues, suggesting that
the articles are essential references for ABFS in the future. Among them, Li YF’s article
summarizes and concludes the effects of biochar on forest soil properties and greenhouse
gas emissions [63]. According to Wang JY’s study [64], biochar is stable in soils, can last
there for hundreds of years, and has a favorable impact on soil organic matter dynamics
and carbon sequestration.
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3.3.2. Strategic Diagram of ABFS-Related Publications

Based on the count of publications and the growth rates, we divided the period since
ABFS research emerged into three sub-periods, as illustrated in Figure 12: (a) 2002–2007,
(b) 2008–2014, and (c) 2015–2022, to reveal the thematic evolution of research on ABFS over
time. A strategy map that divides ABFS research themes into four quadrants based on
centrality and density provides a clear picture of research hotspots. Centrality refers to
how well a current topic is connected to other clusters. Density shows the level of cohesion
within the cluster, measuring how closely related the keywords in the cluster are [57].
Each circle on the diagram represents a topic that is identified by its most commonly used
keyword. The size of the circle increases with the frequency of the keyword. The first
quadrant (upper right) shows a motor theme, which is well-developed and critical to the
field of ABFS. The second quadrant (upper left) is an isolated theme, indicating that the
theme is highly specialized with relatively few researchers. The third quadrant (bottom
left) is an emerging theme, indicating that the theme is emerging or declining. Compared
with the themes of other quadrants, the development of this theme is relatively weak and
needs to develop as the whole field develops towards them. Finally, the fourth quadrant
(bottom right) is the fundamental theme, characterized by high centrality and low density.
These are essential future research directions but have not received sufficient attention.
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The first sub-period (2002–2007) of “nitrification”, “ambient ozone”, and “history”
related research was well developed. The studies of “humid tropics”, “extraction method”,
and “basin” seemed to be isolated. The research on “tissue-cultures”, “temperature”,
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and “quantification” was an emerging theme at that time. Studies related to “emissions”,
“dynamics”, and “boreal forest” were future research trends. In the second sub-period
(2008–2014), for the first time, the themes of “vegetation”, and “nitrogen” appeared, both
of which were the motor themes. Additionally, research on “coal” seemed highly special-
ized. Research on “biodiversity” and “chemical-composition” was an emerging theme. In
the third sub-period (2015–2022), research on “carbon” had been well developed. How-
ever, “heavy-metals” had emerged as a highly specialized and new theme, while research
on “vegetation” had declined. Moreover, research on “organic-matter” had become a
fundamental theme and a key direction for future research [65–67].

3.3.3. Thematic Evolution of ABFS-Related Publications

We summarize the thematic evolution of publications related to ABFS in Figure 13.
In the first sub-period, “emissions”, “nitrification”, “ambient ozone”, “humid tropics”,
“extraction method”, “quantification”, “boreal forest”, and “dynamics” were merged into
“nitrogen” in the second sub-cycle. In the third sub-period, part of the branch was separated
into “organic-matter” and “carbon”. Several original themes were divided and rearranged
into new ones for the following sub-period. For instance, “quantification”, which appeared
in the first sub-period, was derived in the second sub-period as “nitrogen” and “chemical-
composition”. However, different themes such as “nitrogen”, “dynamics”, “chemical-
composition”, and “biodiversity” were reintegrated into “carbon” in the second sub-period.
In addition, the “organic-matter” of the third sub-period evolved from the “nitrogen”,
“dynamics”, “vegetation”, “chemical-composition”, and “biodiversity” of the second sub-
period. According to the evolution of the theme, we can see that the main elements
constituting the basic framework of the research theme are constantly changing.
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4. Discussion

According to the evolution of related research on ABFS from 2002 to 2022, we can
understand its history, current situation, and prospects and provide new research ideas for
ABFS. Research related to ABFS appeared in 2002. Notably, the highest number of citations
was in 2008, mainly due to the appearance of a publication on biochar’s ability to produce
bioenergy, achieve permanent carbon sequestration, and improve soil and water quality [9].
It can be seen that biochar has various performance properties that have attracted the inter-
est of researchers. Due to its many advantages, ABFS is becoming increasingly important.
After 2008, publications grew faster, reaching 255 in 2022. According to the number of
publications and its growth rate, we divide the research history into three sub-periods:
(i) budding period (2002–2007), with a low number of publications and a low number of
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citations; (ii) slow growth period (2008–2014), with a gradual increase in the number of
publications and the highest citation rate; (iii) rapid growth period (2015–2022), the rate
of publications climbed while the rate of citations declined. 2021 and 2022 publications
have low citation rates because recent publications are less likely to be mentioned than
older publications.

According to our analysis, the most prolific authors have written over 30 pieces
on this subject since 2002. The research of the most productive author, KNICKER H,
focused on soil organic matter [36,68,69]. The highest cited author, LEHMANN J, whose
research focuses on the behavior of biochar in soil [70–73], has received 4527 citations. Most
scholars have no academic exchanges, and a small number of scholars have cooperation,
which is relatively concentrated. With time, the number of authors cooperating decreased.
Zhejiang Agriculture and Forestry University is the institution that has published the
most results on ABFS. However, the organization with the most significant number of
collaborative relationships is the Chinese Academy of Sciences, which serves as the hub
of collaboration and maintains tight ties with most institutes. International cooperation
can promote the sharing of knowledge and experience, improve research standards, and
achieve high-quality outputs. Switzerland has the highest multi-country publication rate at
76%. However, countries at the forefront of this field generally work independently rather
than in international collaboration for their high-quality output. In total, 115 countries have
published research on ABFS, with China having the highest output, followed by the United
States. All five continents of the world (America et al.) are involved in research on ABFS
and form a complex network of cooperation, among which Africa is the continent with the
least involvement in this network. China and the United States lead in research on ABFS,
and the research results are comparable between the two countries, but the United States
has more and more diverse partnerships.

According to the published journals, research on ABFS is multidisciplinary. ABFS
benefits from its ability to achieve carbon sequestration in soil carbon pools and the amelio-
ration of greenhouse gases, among other reasons. Soils and environmental sciences have
a tight connection to ABFS. According to Bradford’s Law, the top five active journals are
Science of the Total Environment, Holocene, Forest Ecology and Management, Geoderma,
and Catena. As evidence of the significance of ABFS in agroforestry, four of these journals
are renowned in the Agricultural and Biological Sciences. In addition to the Agricultural
and Biological Sciences, the disciplinary categories identified as having the most influence
are oil Science, Forestry, Environmental Science, Earth Sciences, and Ecology.

The top 10 strongest bursts of keywords and references were obtained based on the
burst detection analysis of keywords and references. “Fire history” had the strongest of
these bursts; it was the first keyword to show up and lasted the longest. The addition of
highly concentrated and resilient black charcoal produced by the fire to soils can increase
the passive soil organic matter pool [74]. Charcoal is present in most boreal forest soils
due to naturally occurring wildfires, which convert 0.7%–2% of biomass to charcoal, which
accounts for 8%–10% of soil carbon and 1 Pg of global carbon [75]. In addition, since fire
is the most important contributor to natural forest disturbances globally, adding biochar
to forest soils can also be considered a means to better “mimic” natural disturbance pro-
cesses [62]. We also discovered that citations to the keywords “microbial community”,
“greenhouse gas emissions”, and “amendment” had increased dramatically in the last three
years. One of the most quoted sources is a paper on soil microorganisms in the journal Soil
Biology and Biochemistry [62], which analyzes the interaction between microbial commu-
nities, fauna, and plant root behavior, forming a complete system with biochar research.
Biochar will provide a habitat for soil microorganisms and promote their growth due to its
unique characteristics, such as high surface area, high porosity, and abundance of various
pore sizes [64]. The journal GCB Bioenergy published a paper on the stability of biochar,
which can reach 100-year carbon sequestration [64]. Furthermore, the Journal of Soils
and Sediments released a paper on the effect of biochar on greenhouse gas emissions that
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received many citations [63]. It can be seen that “microbial community” and “greenhouse
gas emissions” are some of the main hotspots in the current research field of ABFS.

The thematic evolution map for the keywords involved in the research on ABFS can
be summarized as biochar’s origins, characteristics, and functions. Regarding the origins
of biochar, temperature is one of the main conditions for preparing biochar, especially
the production of biochar from wildfires in boreal forests [76]. The generation of biochar
on a large scale from natural fires has been a part of human history for thousands of
years and has had a long-lasting impact on soil processes [77]. These experiences are
crucial for ABFS [78]. The dynamics study of biochar runs through the first and second
sub-cycles. Biochar has dynamic impacts on soil, plant nutrition, and soil microbes due
to its characteristics [79–81]. For instance, the adsorption of biochar results in dynamic
interactions with soil microorganisms that influence the cycling of substances like polycyclic
aromatic hydrocarbons in the soil and their environmental persistence [82], as well as the
fact that biochar can persist in soils on centennial scales and that it has a positive effect on
soil organic matter dynamics [64], and it has been found that the occurrence of wildfires
in forest ecosystems has a long-lasting impact on both the microbial composition and the
organic matter, which can affect the overall soil dynamics [83]. It is worth noting that in
the third sub-cycle, biochar applications continue to appear in terms of “organic-matter”,
“biodiversity”, “heavy-metals”, “vegetation”, and “nitrogen”. In the contemporary context
of reducing global warming, achieving carbon sequestration is crucial. Oxidation of biomass
is usually incomplete, and in addition to thermal modification of pre-existing C-forms
in the ecosystem, fires produce a range of pyrolytic compounds and particulate organic
matter in aerosols. These changes result in the evolution of organic matter into “pyrolytic
humus” with weak colloidal properties and increased resistance to chemical and biological
degradation [84]. Biochar has been shown to have positive effects on forest soils. However,
the potential ecological risks that come with its use are still unclear and a cause for concern.
Conversion of sludge to biochar through pyrolysis can be an effective way to achieve
solidification of heavy metals [83,85], and other studies have found that biochar reduces
the risk of heavy metal uptake by plants but decreases over time, and its effectiveness is
yet to be fully explored [79].

5. Conclusions and Limitations

According to bibliometric analyses of publications published between 2002 and 2022,
research on ABFS is still in a fast-growing stage and growing at a moderate and consistent
rate. The most productive authors published 35 articles, and the collaboration of authors
is still fragmented and has to be enhanced further. The world is involved in research on
ABFS, creating a complex web of cooperation, with China and the United States setting the
standard for research output. The United States has the most complex and diverse coop-
eration, and the published results are comparable to China’s. Research on ABFS involves
the interdisciplinary integration of ecology, botany, geology, environmental sciences, and
geophysics. Additionally, the origin and characteristics of biochar have attracted much
greater attention in research. This research has focused on topics like its history, dynamics,
and nitrogen. The applications of biochar in forestry, such as vegetation, biodiversity,
organic matter, and heavy metals, have gradually evolved due to the ongoing growth of
these research hotspots.

It is important to note that this study has certain limitations. There will be omissions
of articles because of the restrictions on the databases and their machine searching. Further-
more, given the limitations of bibliometrics, its conclusions could need content analyses for
additional clarification. Biochar research was conducted before the term was unified at the
First International Biochar Conference in Australia in 2007. Some search terms may not
be included. Additionally, there are some parallels between the applications of biochar in
forestry and agriculture, which broadens the scope of search results. Experiments on forest
systems have mainly studied the response of charcoal or ash from wildfires to ecosystems,
not industrially produced biochar, and cannot adequately represent ABFS. In addition, the
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properties of biochar change with age, as does its effect on soil properties, so much of the ex-
perimental data from short-term greenhouse or pot experiments is not fully representative
of field experiments.
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