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Abstract
Bamboo and its rhizosphere microorganisms have attracted increasing research 
attention as an effective strategy for remediating heavy metal-contaminated soils. 
To map the development trajectory of this field and identify emerging priorities, 
this study used CiteSpace software to conduct a bibliometric visualization analysis 
of 210 relevant articles included in the Web of Science Core Collection from 2006 
to 2025. The analysis covered annual publication trends, national and institutional 
collaboration networks, journal distribution, keyword co-occurrence, and cluster 
analysis. The results show that the development of this field can be divided into 
three stages: the nascent stage (2006–2012), the stable growth stage (2013–2019), 
and the rapid expansion stage (2020–2025). China is a major contributor in this field, 
accounting for 68.5% of the total publications, and maintains close collaborations 
with Pakistan and the United States. Zhejiang A&F University and Nanjing Forestry 
University are leading institutions in this field. Core research themes identified 
through keyword cluster analysis include phytoremediation, adsorption, bamboo 
species, and remediation efficiency. Notably, relatively few studies explicitly exploring 
the synergistic remediation of bamboo and microorganisms were found in the 
retrieved literature, indicating a significant research gap that should be prioritized 
in future work. This study provides a quantitative overview of bamboo-based heavy 
metal remediation research and proposes specific directions for mechanistic studies 
and field applications.
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1. Introduction
Bamboo, a perennial herbaceous plant of the Bambusoideae subfamily (Poaceae family), 
possesses multiple characteristics making it ideal for soil remediation. Species such 
as moso bamboo (Phyllostachys edulis) and early-maturing bamboo (Phyllostachys 
praecox) exhibit high adaptability to diverse soil conditions, growing from acidic red 
soils in southern China to temperate neutral loam.1 Their rapid growth (some varieties 
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elongate 1–2 meters per day) and high annual biomass 
yield (moso bamboo: 15–30 tons/hectare) enable effective 
heavy metal enrichment, while their well-developed 
fibrous root systems (reaching 1.5 meters depth in 
3-year-old forests) maximize contact with polluted soil.2 
Many bamboo species demonstrate inherent heavy metal 
tolerance: in lightly polluted soils (cadmium content 5–10 
mg/kg), the cadmium accumulation coefficient of P. edulis 
reaches 1.23; lead accumulation in P. praecox root tissue 
reaches 89.7 mg/kg, effectively immobilizing lead in the 
rhizosphere.3,4 Bamboo rhizosphere exudates—complex 
mixtures of organic acids (citric acid, oxalic acid), amino 
acids (glutamic acid), and polysaccharides (mucilage)—
alter soil pH, chelate free metal ions, and convert stable 
residues into bioavailable forms for plant uptake (e.g., 
exchangeable cadmium).5 

The bamboo rhizosphere microbial community 
(bacteria, fungi, actinomycetes) further regulates 
heavy metal behavior through multiple mechanisms.6 
Pseudomonas species secrete chromate reductase, reducing 
toxic soluble hexavalent chromium to insoluble, less 
toxic trivalent chromium and decreasing bioavailability 
by 60%–80%. Arbuscular mycorrhizal fungi, such as 
Rhizophagus irregularis, form symbiotic relationships 
with bamboo roots, expanding the absorption range 2–3-
fold and enhancing copper tolerance by chelating copper 
with glomalin-related soil proteins while restricting 
translocation to aboveground parts.2,7 Actinomycetes 
such as Streptomyces produce siderophores that bind iron 
and heavy metals (zinc, lead), increasing nutrient uptake 
while reducing toxicity. This synergistic “rhizosphere 
effect” is based on the high secretion rate of bamboo roots 
(up to 15% of photosynthetic carbon), which provides 
nutrients for microbial growth, while microorganisms 
regulate nutrient availability and metal speciation to 
promote bamboo growth. In cadmium-contaminated 
soil, P. edulis secretes oxalic acid to activate cadmium and 
stimulate Bacillus to produce cadmium-chelating peptides, 
forming complexes that are absorbed by roots and prevent 
cadmium entry into sensitive cell compartments.8,9 This 
mutualistic relationship explains why field trials show 
bamboo-microorganism combinations achieve 30%–50% 
higher metal removal rates than bamboo alone.10

With the rapid expansion of industry and mining, 
intensification of agriculture (e.g., overuse of metal-
containing pesticides and fertilizers), and long-term 
atmospheric deposition of anthropogenic emissions (e.g., 
smelter flue gas and vehicle exhaust), soil heavy metal 
pollution (cadmium, lead, copper, chromium, arsenic) has 
become an urgent global environmental problem.11 Forest 
soils, which support biodiversity, regulate biogeochemical 

cycles, and maintain ecological stability, are particularly 
susceptible to heavy metal enrichment that disrupts 
their multifunctional integrity.12 Elevated heavy metal 
concentrations reduce soil organic matter content, inhibit 
key soil enzymes (urease, phosphatase, dehydrogenase), 
and alter microbial community structure, thereby 
impairing nutrient cycling and soil fertility.13 Heavy metals 
also accumulate in forest plants and animals, transferring 
to humans through the food chain and causing serious 
public health risks (e.g., kidney damage from chronic 
cadmium poisoning, neurodevelopmental disorders from 
lead poisoning). Forest soil ecosystems exhibit greater 
complexity than farmland soils, featuring heterogeneous 
spatial structures (litter layer, humus layer, mineral layer), 
rich biodiversity, and irreplaceable ecological functions 
such as carbon sequestration and water retention. 

Remediation strategies for heavy metal-contaminated 
forest soils must therefore balance pollution control with 
ecological integrity protection—a critical constraint 
limiting traditional physicochemical remediation 
technologies.14 For large forest areas, soil replacement 
incurs prohibitive costs (up to USD 200–$500 per cubic 
meter in temperate regions), while chemical washing 
(e.g., using ethylenediaminetetraacetic acid or citric acid) 
damages soil structure, causes loss of essential nutrients 
(nitrogen, phosphorus, potassium), and risks secondary 
pollution from chelating agent residues.15 These limitations 
have prompted the search for sustainable remediation 
methods, with the combination of phytoremediation and 
microbial remediation emerging as a promising alternative 
due to its environmental friendliness, cost-effectiveness, 
and strong ecological compatibility.16 Phytoremediation 
is the use of living plants to extract, stabilize, transform, 
or degrade contaminants in soil, water, or sediments. In 
this study, the term is restricted to remediation mediated 
by intact living plants and excludes amendments or plant-
derived materials such as biochar.17 Among candidate 
plants for phytoremediation, bamboo has attracted 
considerable attention for its unique adaptability to heavy 
metal-contaminated environments.

Despite growing interest in bamboo-based remediation 
of heavy metal-contaminated soils, the field currently 
lacks systematic bibliometric analysis to summarize its 
development trajectory, core research strengths, and 
emerging directions. Research output has increased 
rapidly over the past decade, with publications on 
bamboo phytoremediation rising from fewer than 20 
papers annually before 2010 to over 150 papers annually 
after 2020, yet knowledge remains fragmented across 
scattered case studies without comprehensive synthesis 
of mechanistic insights, technological innovations, or 
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cross-disciplinary synergies—particularly regarding 
bamboo–microbe interactions. Combining bibliometrics 
with knowledge graph visualization technology enables 
quantitative analysis of disciplinary evolution and cutting-
edge directions based on large-scale literature datasets.18 
CiteSpace software, employing co-occurrence analysis, 
co-citation analysis, and burst detection, is widely used to 
visualize knowledge networks and evolutionary paths in 
research fields.19,20 This study uses CiteSpace to conduct 
bibliometric analysis of bamboo-based heavy metal-
contaminated soil remediation research, with a focus 
on the role of rhizosphere microorganisms. Research 
objectives include: (i) identifying publication trends and 
core dissemination channels; (ii) mapping the global 
distribution of research strengths and collaborative 
network patterns; (iii) delineating the knowledge base and 
highly cited literature; and (iv) revealing current research 
hotspots and future research directions. This analysis aims 
to identify under-researched topics—especially bamboo–
microbe synergistic remediation mechanisms, field-
scale application barriers, and integration with emerging 
technologies (e.g., genetic engineering, nanomaterials)—
and provide a quantitative framework for theoretical 
innovation and technological advancement in this field.

2. Data and methods

2.1. Data

To ensure the comprehensiveness and authority of the 
literature, this study selected the Web of Science (WoS) 
Core Collection as the data source. The search query for 
the WoS Core Collection was “(bamboo OR Phyllostachys) 
AND (heavy metal OR cadmium OR lead OR chromium 
OR arsenic) AND (remediation OR restoration OR 
phytoremediation),” with a search period from 2006 to 
2025 (search date: November 20, 2025). The document 
type was limited to “articles” and “reviews,” the language 
to English, and the subject categories to “environmental 
science,” “forestry engineering,” “plant science,” and 
“microbiology.” The retrieved literature underwent manual 
screening: conference abstracts, patents, and news reports 
(non-academic sources) were excluded; literature that 
did not meet the subject criteria (e.g., literature only 
concerning bamboo cultivation or heavy metal detection 
without mentioning remediation measures) was also 
removed. A total of 212 valid articles were obtained for 
subsequent quantitative analysis. The research method is 
shown in Figure 1.

Figure 1. Methodology framework
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2.2. Methods

This study used CiteSpace 6.3.R1 software for visualization 
analysis. First, Excel 2021 was used to perform statistical 
analysis on basic information such as publication year, 
country/region, and institution to summarize the 
characteristics of academic output. Then, CiteSpace was 
used to perform collaborative network analysis on research 
entities (country/region, institution, author), as well as 
keyword co-occurrence, cluster, and document co-citation 
analyses. The parameter configuration is as follows: (i) 
time period: 2006–2025, with a two-year interval; (ii) node 
type was set to “country,” “institution,” “author,” “keyword,” 
and “reference;” (iii) threshold was set to the 30 nodes with 
the highest frequency in each time period to ensure the 
core connectivity and simplicity of the network; and (iv) 
pathfinder and pruning algorithms were used to prune the 
slice network to eliminate redundant connections; all other 
parameters were kept at default settings.

3. Results

3.1. Characteristics of the literature

3.1.1. Changes in the number of publications

Figure 2A shows that the development of research 
literature on the synergistic remediation of heavy metal-
contaminated soil by bamboo and its rhizosphere 
microorganisms from 2006 to 2025 exhibits a clear three-
stage trajectory. This pattern vividly reflects the discipline’s 
journey from initial exploration to rapid development. 
The period from 2006 to 2012 was the nascent stage of 
this field, with the average number of published papers per 
year consistently below five, indicating a relatively limited 
research scale. At present, the academic community’s 
understanding of bamboo’s remediation potential is 
still limited. Research mainly focuses on basic studies of 
heavy metal tolerance in different bamboo species, such 
as analyzing the accumulation characteristics and patterns 
of lead in moso bamboo.21,22 The role of rhizosphere 
microorganisms in soil remediation has not yet become a 
research focus, and related explorations are almost non-
existent. From 2013 to 2019, this field entered a period 
of stable growth, with the number of papers published 
annually gradually increasing from 5 to 12 (example study: 
Ref.23 A total of 60 papers were published during these 
seven years, indicating that research activities remained 
active. With advances in microbial ecology theory and 
innovations in research methods, scholars began to 
break through the limitations of single bamboo species 
research.24 The research focus shifted to the rhizosphere 
microbial ecosystem of bamboo, concentrating on the 
community structure, diversity dynamics and growth 

correlation of rhizosphere bacteria and fungi.25 This 
laid a crucial foundation for subsequent comprehensive 
restoration studies.26 It experienced explosive growth from 
2020 to 2025, with particularly rapid development. As of 
November 2025, 29 papers were published in 2025 alone, 
accounting for 13.7% of the total number of publications. 
Between 2020 and 2025, a total of 149 papers were 
published, accounting for 70.3% of the total. This explosive 
growth is mainly attributed to the widespread application of 
advanced molecular technologies such as high-throughput 
sequencing and metagenomics. These technologies have 
broken through traditional research bottlenecks, enabling 
scholars to conduct in-depth research on the synergistic 
repair mechanisms between bamboo and rhizosphere 
microorganisms—including core scientific questions such 
as functional microbial screening and metabolic pathway 
regulation—thereby driving the field toward precision 
and depth.27 To date, this research direction has shown 
the potential to become a cutting-edge research hotspot in 
ecological restoration. Figure 2B shows the proportion of 
articles of each type, with more than 90% of the research 
concentrated in the “articles” (original research papers) 
category, while review articles account for only 7.1%. This 
indicates that the field is still in its early stages, and although 
a large number of original papers have driven in-depth 
research, the data available for comprehensive reviews is 
very limited.26,28 Figure 2C shows the top eight categories 
in the WoS database. The majority of publications belong 
to environmental science (142 articles; 67.0%), followed by 
environmental engineering (30 articles; 14.1%), forestry 
(22 articles; 10.4%), and toxicology (18 articles; 8.5%). 
This distribution reflects the multidisciplinary nature of 
the field, with environmental science and engineering 
accounting for a higher proportion, while microbiology 
(12 articles; 5.7%) and plant science (9 articles; 4.3%) have 
a lower proportion (example study: Ref.29). Overall, the 
literature indicates that research in this field is currently 
very active. Future research should focus on analyzing 
synergistic effects, remediation mechanisms, soil 
biocommunity evolution, and the interaction mechanisms 
among these elements (for example, Ref.30).

3.1.2. Analysis of representative journals

These 212 papers were published in 151 journals. Table 1 
lists the top 10 journals by the number of papers published. 
Environmental Science and Pollution Research published 
the most papers (13; 6.2%), including some highly cited 
papers, such as Liu D et al.31’s research on zinc toxicity 
in Phyllostachys pubescens (8 citations) and Tang et al.32’s 
research on biochar-mediated cadmium immobilization 
(15 citations); other examples include Li et al.33 and Wang 
et al.34 Chemosphere (10 papers; 4.8%), Ecotoxicology and 
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Environmental Safety (8 papers; 3.8%), and Journal of 
Environmental Management (8 papers; 3.8%) also published 
a large number of papers. These journals collectively 
constitute the main channels for disseminating research 
findings on bamboo–microbe synergistic remediation 
mechanisms and their efficacy assessment.

From a disciplinary perspective, the core journals 
covered environmental science (4 journals), soil science 
(3 journals), microbiology (2 journals), and botany (1 
journal), demonstrating significant multidisciplinary 
integration. Furthermore, Chinese scholars in these 
journals primarily focus on the remediation applications 
of native bamboo species (e.g., Phyllostachys pubescens and 
Phyllostachys aurea in heavy metal-contaminated forests 
in southern China).35 Scholars from other countries also 
mainly focus on studying their own bamboo varieties, 
suggesting that there is still room to strengthen regional 
cooperation.36,37

In terms of journal impact dynamics, the Journal of 
Environmental Management and Environmental Science 
and Pollution Research saw average annual citation growth 
rates of 28.6% and 32.1%, respectively, over the past 
five years (2020–2025), significantly higher than other 
journals. This indicates that their influence in the field 
is rapidly increasing. Although the Journal of Hazardous 
Materials was established early in this field (the first article 
was published in 2010), its five-year growth rate remained 
at 26.3%, maintaining its authoritative position in the field; 
examples of articles include.38,39

3.2. Research capability analysis

3.2.1. Country/Region analysis

A multidimensional analysis based on the CiteSpace 
network graph revealed the unique distribution patterns 
and evolutionary trajectories of national/regional 

Figure 2. Research trends on bamboo and its rhizosphere microbial community for remediation of heavy metal-contaminated soil. (A) Publications from 
2006 to 2025, (B) document types, and (C) the top eight categories of Web of Science.
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cooperation networks in this field. From a data foundation 
perspective, the graph used the WoS Core Collection as 
its data source, covering the period from 2006 to 2025, 
as shown in Figure 3. Through co-occurrence analysis 
of countries/regions, a network with 50 nodes and 114 
edges was constructed, with a network density of 0.0931 
and a node label coverage rate of 1.0%. This network fully 
reflects the overall pattern and intensity of international 
cooperation in this field. In terms of node size and 
distribution, China (People’s Republic of China) holds an 
absolute dominant position, with the largest node size. Its 
multi-colored ring structure (transitioning from blue in 
2006–2007 to red in 2024–2025) visually demonstrates 
continuous growth in research output, closely related 
to China’s research investment and needs in the field of 
environmental governance. The United States and India 
also have large node sizes, reflecting their dynamism in 
technological innovation and regional environmental 
research (for example, Refs.40,41). The nodes representing 
countries such as Pakistan indicate that developing 
countries are involved in this field

From a cooperation perspective, China maintains close 
ties with many countries, including the United States, 
India, Indonesia, and Malaysia, forming a cross-regional 
cooperation network (for example, Ref31). The United States 
also collaborates with Japan and Thailand on research, 
while India maintains connections with Southeast Asian 
countries such as Malaysia and Indonesia. This model of 
cooperation is influenced by both geographical factors and 
the common environmental challenges these countries 

face. Regional cooperation in this field is expected to show 
three major trends in the future. First, the leadership of 
core countries will be strengthened (for example, Ref.42). 
It is expected that China will further utilize international 
cooperation platforms such as the Belt and Road Initiative 
to deepen scientific cooperation with Pakistan and 
Southeast Asian countries (such as Malaysia and Indonesia) 
and promote joint research and practical application of 
environmental governance technologies. Second, the 
cooperation network is diversifying.43 Countries such as 
the United States and India can strengthen their interaction 
with European countries (such as the Netherlands and 
Italy) and introduce advanced analytical techniques and 
theoretical frameworks to promote research innovation 
and internationalization (example of collaborator: Ref.44). 
Third, deepen regional collaborative research. For regions 
with prominent pollution problems, such as South Asia 
and Southeast Asia, a regional research alliance centered 
on India and Pakistan can be established.45 The alliance 
will work together to address common environmental 
challenges through joint research efforts.46 By leveraging 
China’s technological and financial advantages, we can 
achieve an integrated development model of “technology 
export–localization–regional governance,” thereby 
improving the fairness and effectiveness of global 
environmental governance.47,48

3.2.2. Institutional analysis

As shown in Figure 4, this study analyzed 210 papers 
published by 188 research institutions worldwide on soil 

Table 1. Top 10 core journals by publication

Journals Publications Initial year h-index Impact factor

Environmental Science and Pollution Research 13 2014 82 5.19

Chemosphere 10 2016 212 8.1

Ecotoxicology and Environmental Safety 8 2017 110 6.1

Journal of Environmental Management 8 2016 146 8.4

Journal of Hazardous Materials 7 2010 210 11.3

Environmental Research 5 2020 170 8.3

International Journal of Phytoremediation 5 2018 110 4.18

Science of the Total Environment 5 2019 234 8.0

Toxics 5 2021 86 5.0

Biochar 4 2021 45 6.8
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remediation using bamboo and its rhizosphere microbial 
community. Among them, Zhejiang A & F University 
(29 papers), Nanjing Forestry University (16 papers), 
and Sichuan Agricultural University (16 papers) have 
made particularly significant contributions and generated 
considerable impact in this field. It is worth noting that 
Zhejiang A & F University has established collaborative 
relationships with numerous institutions, indicating that 
it possesses a well-developed cooperation framework in 
this field (international partners include Florida Atlantic 
University, etc.). As an important participant in this 
field, Nanjing Forestry University also maintains a close 
cooperative relationship with Zhejiang A & F University.49 
The Bamboo Research and Development Center of the 
Chinese Academy of Forestry (8 papers) is one of the most 
professional research institutions in this field and has a 
considerable influence on the application of bamboo in 
environmental restoration (example study: Ref.50). Overall, 
a close collaborative network has been formed, centered on 
Zhejiang A & F University and encompassing institutions 
such as Nanjing Forestry University, Sichuan Agricultural 
University, the Bamboo Research and Development Center 
of the Chinese Academy of Forestry, and the Chinese 
Academy of Sciences. 

The density and strength of the connections between 
these institutions indicate that they frequently collaborate 
on projects or jointly publish papers, thus forming a core 
research team in the field. In addition, the bright yellow 
areas around the nodes of Zhejiang A & F University, 
Sichuan Agricultural University, Chinese Academy of 
Sciences, and Nanjing Forestry University indicate that 
these institutions have been conducting high-output, 
high-intensity research in recent years, making them 

global pillars in the field of bamboo-based environmental 
remediation research (for example: the study by Chen et 
al.51). Only a few international organizations appeared in 
the network diagram. These organizations have relatively 
small node sizes and sparse connections with domestic 
entities. This indicates that international cooperation in 
this field is still in its early stages, but the potential for 
future cooperation is enormous. Furthermore, Zhejiang 
Urban Landscape Planning and Design Institute Co., Ltd. 
is one of the few companies in this field with considerable 
influence. Its close cooperation with numerous universities 
and research institutions indicates a mature industry–
academia–research collaboration model. Future work 
should actively seek more such collaborations to 
strengthen the transformation of theoretical achievements 
into practical applications, thereby paving the way for the 
large-scale implementation of theoretical achievements, 
such as the study by Zhang et al..52

3.2.3. Author analysis

Authors and their teams are the core force driving progress 
in a research field. Co-occurrence analysis of authors and 
their collaborators can identify closely collaborating and 
frequently exchanging teams within a specific field, thus 
helping to examine their literature and grasp the latest 
academic trends. Simultaneously, co-citation analysis 
of authors and their collaborators can reveal the most 
influential and authoritative academic groups in the field—
the pioneering forces leading the research frontier.53-55

In Figure 5A, each node represents an author, and 
the lines connecting the nodes represent collaborations. 
Node size is proportional to the author’s centrality and 
activity. The circular structure and line colors represent 

Figure 3. National/Regional cooperation network
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the publication year, and the timeline in the lower left 
corner covers the period from 2010 to 2025, with different 
colors representing different time periods.47,48 Several 
representative research teams can be identified in the 
figure. These teams have made significant contributions in 
their respective fields thanks to their abundant academic 
achievements and close collaborative networks. Among 
them, the team led by Liu Dan (for example, Ref.56) brings 
together scholars such as Ye Zhengqian, Wu Jiasen, Li 
Song, Yan Wenbo, Peng Danli, Chen Junren, and Wang 
Ying, forming a broad collaborative network. This team 
has maintained stable research output over a long period, 
demonstrating the continuity and depth of its research 
work; for example, Ref.56 The team centered around Luo 
Zhenghua (for example, Ref.57) includes Liao Jiarong, Yang 
Yixiong, Chen Qibing, and Jiang Mingyan. Although the 
team’s influence and activity are relatively low, its research 
activities increased significantly between 2024 and 2025, 
indicating that its research focus is on specific contemporary 
research hotspots and that it maintains a highly close 
cooperative relationship; example articles include Refs.46,57 
Zhang Xiaoping’s team, including Bian Fangyuan58, 
Zhong Zheke, and Li Qiaoling, has also established close 
cooperation in this field and carried out research with 
certain unique characteristics.58 Furthermore, the team 
led by Singh Lal, in collaboration with scholars such as 

Ranieri Ada Cristina, D’Onghia Gianfranco, Ranieri Ezio, 
and Ranieri Francesca, and the team led by Emamvadian 
Abolghasem, have all demonstrated significant research 
dynamism in their respective fields (such as Ref.59). Notably, 
the close connections between internationally renowned 
scholars such as Mohammad Shafi60, Ejazul Islam13, and 
Chinese scholars indicate a vibrant international research 
network in this field.

Co-citation analysis profoundly reflects a scholar’s 
academic contributions and the scope of their influence 
in a specific field. In this network graph, the size of a 
node is directly related to the author’s citation frequency. 
Larger nodes indicate that the author’s literature is cited 
more frequently in the field, symbolizing higher academic 
authority and influence.61,62

For example, Liu D’s node stands out prominently in the 
graph, indicating that his research has garnered widespread 
attention and citations within the field. He is likely a leading 
expert in this area, and his research direction or theoretical 
contributions have become foundational references for 
many scholars. Similarly, Guo Jia’s node is also quite large. 
Considering the active period of his research team (2024–
2025), it can be inferred that his recent research is highly 
innovative, sparking extensive discussion and citations 
within the industry (for example, see Ref.60). Furthermore, 

Figure 4. Institutional cooperation network
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the nodes of scholars who closely collaborate with Liu D 
(such as Ye Zhengqian) are also quite large. This reflects 
the collective academic influence of the research team; 
their collaborative achievements have generated a cluster 
citation effect within the industry, further solidifying the 
team’s authoritative position.

From the perspective of co-citation networks, 
connections between highly cited authors also imply 
academic associations. These connections not only reflect 
collaborative relationships but also reveal potential 
theoretical or methodological continuity and resonance in 
the literature they co-cite. Such co-citation relationships 
are key clues for tracing the inheritance and innovation of 
academic discourse in this field. Meanwhile, connections 
between highly cited authors from different teams reveal 
the degree of cross-fertilization between different research 
directions. Cross-team connections indicate overlapping 
or mutual influence across research fields, reflecting 
academic exchange and integration within the field. The 
citation burst data in Figure 5B identify core influential 
authors. Jessie Park had the highest citation burst intensity 
between 2016 and 2019 (6.11), indicating that this period 
was a crucial stage in the development of his academic 
influence; Islam Ejazul (4.28; 2014–2015) ranked second, 
reflecting the iteration and changes of key contributors 
over time. Notably, the explosive growth of Bian Fangyuan, 
Liang Zhao (3.3, 2021–2022), Amanullah Mahar (3.3, 
2021–2022), and Jian Zhang (2023–2025) indicates the 
emergence of new research focuses after 2020 (example: 
Refs.63,64). This coincides with the previously inferred 
inflection point and may be related to disciplinary hotspots.

In summary, the author collaboration network in 
this field exhibits characteristics of multi-team parallel 
operation and cross-regional cooperation. Research 
activities vary across different teams and time periods, 
reflecting dynamic changes in research focus. Co-citation 
analysis further highlights the leading role of core 
scholars and teams, whose research results constitute 
the knowledge base for the field’s development. Looking 
ahead, the research directions of these core teams are likely 
to represent the field’s future trajectory. Continuously 
monitoring their latest research findings helps to grasp 
cutting-edge developments and promote innovation 
and breakthroughs in related research. Simultaneously, 
examining the academic connections among highly cited 
authors can provide important insights for identifying 
research gaps and potential intersections in the field.

3.3. Research hotspots and trends analysis

3.3.1. Keyword outbreak analysis

Figure 6A shows the temporal distribution of these 

keywords in the field of “bamboo–microbe co-remediation 
of heavy metal-contaminated soil.” Figure 6B shows the 20 
most representative keywords in this field. This analysis, 
based on data from the 20 keywords with the largest 
increases in citations in soil remediation and related 
research between 2006 and 2025, reveals the development 
trends and research hotspots in this field over the past 
two decades. The increase in citation intensity reflects 
the academic attention and research enthusiasm received 
by the keywords during a specific period; a higher value 
indicates greater research intensity.65 From a temporal 
perspective, the research hotspots exhibit distinct phased 
characteristics: In the early stage (2012–2015), the focus 
was mainly on basic research on materials and pollutants. 
This is reflected in the emergence of keywords such as 
bamboo charcoal (keyword intensities of 1.63 and 1.9 in 
2012 and 2013, respectively), cadmium (1.85 in 2014), 
ecotype (1.64 in 2014 and 2.56 in 2015, respectively), and 
bioavailability (1.78 in 2015). These keywords mainly 
focus on the interaction between specific materials and 
heavy metal pollutants and their environmental behavior. 
In the mid-term (2016–2019), the research objects and 
technologies continued to deepen. 

The research focus has shifted from single materials to 
the application of phytoremediation technologies, as well as 
the expansion of heavy metal research categories (including 
lead). Recent trends (2020–2025) show a combination of 
comprehensive technological application and practical 
application: contaminated soil (with an outbreak intensity 
of 38 in 2020, the highest during the entire period) has 
become a core research focus, accompanied by the rise 
of key technologies such as phytoremediation (2.18 in 
2020), pyrolysis temperature (1.62 in 2018, outbreak in 
2020–2023), soil remediation (2021), adsorption (3.17 
in 2021, the longest outbreak period from 2021–2025), 
heavy metal pollution (2.34 in 2010, another outbreak 
in 2021–2023), biochar (2 in 2018, another outbreak 
in 2021–2023), hexavalent chromium (1.65 in 2022, 
another outbreak in 2022–2025), and removal rate (1.57 
in 2014, another outbreak in 2023–2025). It is worth 
noting that the intensity of the outbreaks in contaminated 
soils was extremely high (38), highlighting the urgency 
of soil pollution control in practical applications; while 
the long-term outbreaks of adsorption (2021–2025) 
and hexavalent chromium (2022–2025) indicate that 
adsorption technology and the remediation of highly toxic 
heavy metals (such as hexavalent chromium) are frontier 
areas of current and future research.66 In addition, the 
repeated appearance of keywords such as biochar, heavy 
metal pollution, and removal reflects the sustainability of 
the core research topic, while the appearance of pyrolysis 
temperature emphasizes the optimization of material 
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Figure 5. Author analysis. (A) Author collaboration network. (B) Top 10 authors with the most citation surges.

preparation technology in remediation.67 Overall, the field 
has evolved from basic research on materials and pollutants 
to the integration of remediation technologies, showing a 
clear shift toward practicality, efficiency, and treatment of 
highly toxic pollutants. Research focus in the coming years 
will continue to concentrate on the practical applications 
of adsorption technologies, hexavalent chromium 
remediation, and soil remediation technologies.62

3.3.2. Keyword co-occurrence analysis

Keywords embody the essence of the article’s theme. 
Keyword co-occurrence analysis reveals research themes, 
emerging directions, and hot topics in the academic field. 
Before analysis, the raw data were preprocessed by merging 
similar keywords. A keyword co-occurrence network was 
generated using CiteSpace software to identify research 
hotspots.
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Figure 6C presents the keyword co-occurrence 
network. Node size represents keyword frequency, line 
thickness reflects co-occurrence frequency, and node ring 
color corresponds to the year the keyword appeared.

After pretreatment, “heavy metals” became the most 
frequently occurring keyword (89 times), occupying 
a central position and forming the core theme. High-
frequency keywords included “remediation” (35 times), 
“accumulation” (30 times), “cadmium” (28 times), 
“growth” (28 times), “lead” (26 times), “removal” (24 
times), “contaminated soil” (23 times), and “adsorption” 
(20 times).

Co-occurrence analysis revealed three main research 
directions: (i) “heavy metals” were closely related 
to “remediation,” “contaminated soil,” “adsorption,” 
“cadmium,” and “plants,” reflecting that the research 
focus was on remediating heavy metal contaminated soil 
through adsorption and phytoremediation technologies, 
especially the accumulation, toxicity, and bioavailability 
of cadmium; (ii) “phytoremediation” co-occurred with 
“plants,” “growth,” and “accumulation,” highlighting the 
research on the mechanisms of plant growth and heavy 
metal accumulation; (iii) “adsorption” was related to “heavy 
metals,” “aqueous solution,” and “removal,” indicating the 
adsorption-based aqueous solution heavy metal removal 
technology.37,62

3.3.3 Keyword cluster analysis

Keyword clustering analysis focuses on the co-occurrence 
frequency of keywords and uses statistical methods to 
simplify the co-occurrence network. Clustering analysis 
is an effective method for identifying research hotspots in 
a specific field.46 This study used the clustering function 
of CiteSpace for cluster identification and used the log-
likelihood ratio weighted algorithm to analyze keyword 
clustering. The clustering quality was evaluated by the 
profile index, which ranges from 0 to 1. A value higher 
than 0.5 indicates that the clustering results are highly 
reliable and effective. Figure 7 shows the main clustering 
results: modularity Q = 0.7522, weighted average profile 
value S = 0.9029, harmonic mean (ρ, S) = 0.8207. These 
values indicate that the cluster structure is robust and has 
high internal homogeneity.61 Based on the clustering labels 
and research content, the following sequential analysis was 
performed on the seven clusters (Figure 7).

The first cluster focuses on plant bioavailability. This 
cluster focuses on the proportion of heavy metals in the soil 
that can be absorbed by plants, which directly determines 
the feasibility and efficiency of phytoremediation. The 
co-occurrence frequency of keywords was high, and the 
profile coefficient was close to 0.9. The research mainly 

focuses on three dimensions of soil–plant interface 
mechanisms: soil physicochemical properties, heavy 
metal speciation, and plant physiology. Soil pH is a key 
regulator: a decrease in pH can increase the content of 
exchangeable cadmium and lead by 30%–50%, thereby 
promoting plant absorption. High organic matter content 
reduces plant bioavailability by 15%–25% through 
complexation. A series of extraction studies have shown 
that exchangeable heavy metals account for 60%–80% of 
total plant absorption, while residual heavy metals account 
for only 5%–10%. Root exudates (such as citric acid) can 
increase the bioavailability of cadmium by more than 40%, 
while the expression level of transport proteins (such as the 
heavy metal ATPase family) in hyperaccumulating plants is 
2–3 times that of ordinary plants.44 Synchrotron radiation 
X-ray fluorescence imaging showed that cadmium in the 
leaves of hyperaccumulating plants was mainly distributed 
in epidermal cells and veins, thereby reducing its toxicity to 
photosynthetic tissues.59 Under high stress, the activity of 
antioxidant enzymes (superoxide dismutase, peroxidase) 
increased by 2–4 times, thus ensuring normal plant growth. 
These findings laid the foundation for screening highly 
enriched, low-toxicity phytoremediation materials and 
guided soil remediation strategies (e.g., pH adjustment, 
chelating agent application).

The second research cluster is closely related to 
adsorption. This cluster represents technology-driven 
research with a profile coefficient of 0.85 and an average 
annual growth rate of 12% in the number of publications 
over the past five years. Adsorption technology is favored 
for its ease of operation, cost control, and efficiency. 
Research focuses on three material systems: biochar, 
nanomaterials, and clay minerals. Bamboo charcoal and 
rice husk charcoal have adsorption capacities of 200–300 
mg/kg for chromium66, which is superior to conventional 
activated carbon. Biochar prepared at 500 °C–700 °C has a 
specific surface area of 500–800 m2/g and exhibits the best 
performance.38 Nano-zero ferric iron removes more than 
99% of hexavalent chromium, and its reaction rate is 10–20 
times faster than conventional iron. 

Metal–organic frameworks have adsorption capacities 
of more than 500 mg/g for lead and specific surface 
areas greater than 1,000 m2/g. The adsorption capacity 
of organically modified montmorillonite for cadmium 
increased from 50 mg/g to 150 mg/g, while the removal 
rate of arsenic by kaolinite-iron nanocomposite exceeded 
95%. The adsorption characteristics of most materials 
conformed to the Langmuir model (R2 > 0.95), indicating 
monolayer adsorption. Kinetic studies showed that their 
adsorption kinetics conformed to pseudo-second-order 
kinetics (chemisorption is the rate-determining step). 
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Figure 6. Keyword outbreak analysis. (A) Author collaboration network. (B) Top 20 most cited keywords. (C) Keyword co- occurrence graph.

Figure 7. Keyword cluster analysis
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X-ray photoelectron spectroscopy and Fourier transform 
infrared spectroscopy analyses showed that, in addition 
to ion exchange and electrostatic attraction, coordination 
bonds between heavy metals and oxygen-containing 
groups (−OH, −COOH) were the main adsorption 
mechanism.60 Some adsorbents have entered the pilot stage 
and are expected to be put into industrial-scale application 
within 3–5 years.

The third cluster is related to phytoremediation. 
This cluster comprehensively reflects phytoremediation 
technology, with co-occurring keywords covering multiple 
dimensions such as plant species, remediation mechanisms, 
and technology optimization. Its silhouette coefficient is 
0.8, indicating rich and extensive research in this field. 
As a green and sustainable pollution control technology, 
phytoremediation is increasingly used to remediate heavy 
metal-contaminated soils, with the proportion of related 
literature rising from 25% to 35% in the past five years, 
making it one of the core research directions.

This research covered three main areas: screening 
hyperaccumulating plants, analyzing remediation 
mechanisms, and developing integrated remediation 
technologies. Significant progress has been made in 
screening hyperaccumulating plants through surveys 
of local plant resources, identifying more than 20 
hyperaccumulating plants with cadmium accumulation 
coefficients greater than 10 and translocation coefficients 
greater than 1 (e.g., Sedum orientalis and Sedum 
variegatum).25 In forest soil environments, shade-tolerant 
hyperaccumulating plants (e.g., Polygonum cuspidatum) 
have been identified, with cadmium accumulation in 
aboveground biomass exceeding 1,000 mg/kg even under 
semi-shaded forest conditions.68 At the mechanistic 
analysis level, molecular biology techniques have 
deepened our understanding of hyperaccumulating plants. 
Transcriptome sequencing revealed that the expression 
levels of heavy metal transport-related genes (e.g., HMA2, 
HMA3) in hyperaccumulating plants are 5–10 times higher 
than in ordinary plants.2 Metabolomics analysis further 
revealed that the synthesis of large amounts of organic 
acids (such as malic acid and citric acid) is a key metabolic 
response in plant tolerance to heavy metal stress, and their 
concentration increased by 3–5 times.5

Co-remediation technology is a key focus in this 
research field, with plant–microbe co-remediation 
being particularly prominent. Plant growth-promoting 
rhizosphere bacteria promote plant growth by secreting 
plant hormones and dissolving mineral nutrients, while 
fixing heavy metals through biosorption and redox 
processes. Bacterial inoculation can increase plant biomass 
by 20%–40% and heavy metal accumulation by 15%–30%.10 

Arbuscular mycorrhizal fungi enhance plant tolerance by 
expanding the rhizosphere absorption area and regulating 
plant hormone balance. After arbuscular mycorrhizal 
fungi infection, the amount of lead absorbed by plants 
can be reduced by 40%–60%, thereby achieving a stable 
phytoremediation target.29 In addition, the combination of 
phytoremediation and chemical remediation has also been 
studied. For example, the application of chelating agents 
such as ethylenediaminetetraacetic acid can increase the 
absorption of heavy metals by plants by 2–3 times, but its 
potential risks to soil ecology deserve consideration.49 Field 
application studies have shown that phytoremediation 
technology can achieve a remediation cycle of 3–5 years 
in lightly to moderately polluted soils, with a remediation 
cost of about RMB 2,000-5,000 per acre, which has good 
cost-effectiveness.69 This laid the foundation for its large-
scale application.

The fourth cluster includes P. edulis. This cluster 
focuses primarily on P. edulis, the most widely distributed 
and biomass-rich bamboo species in southern China. 
The co-occurrence network exhibits significant species 
specificity, with a silhouette coefficient of 0.88. Over the 
past five years, literature on P. edulis has grown at a rate of 
15% annually, making it a core topic in bamboo restoration 
research.

This study focused on three main aspects: the heavy 
metal accumulation characteristics of moso bamboo, 
its physiological responses, and the optimization of 
remediation techniques. Moso bamboo exhibits significant 
accumulation capacity for cadmium, lead, and copper, 
with cadmium accumulation coefficients ranging from 1.5 
to 2.0, and cadmium concentrations in the aboveground 
parts ranging from 50 to 100 mg/kg.45 The cadmium 
concentration in the roots is 3 to 5 times higher than that 
in the aboveground parts, indicating a strong cadmium 
retention capacity in the roots. Under heavy metal stress, 
moso bamboo activates its antioxidant system (superoxide 
dismutase and peroxidase activities increase by 2 to 3 
times) and regulates photosynthesis (net photosynthetic 
rate decreases by 10% to 20%).16 Root exudates (oxalic acid 
and citric acid) significantly increase, thereby improving 
the bioavailability of heavy metals in the soil.64

Optimization strategies include fertilizer management 
and soil improvement. Applying nitrogen and phosphorus 
fertilizers can increase biomass by 30% to 50% while 
promoting the accumulation of heavy metals.23 Applying 
quicklime to adjust the soil pH to 6.5–7.5 can reduce the 
aboveground cadmium content by 20% to 30%, achieving 
the goal of plant stabilization.61 Intercropping systems are 
promising: the intercropping system of moso bamboo 
and purple-stemmed eupatorium can increase the soil 
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cadmium removal rate by 15% to 20% while increasing 
biodiversity.42 The utilization of remediation biomass is 
crucial. Bamboo rich in heavy metals can be pyrolyzed to 
produce biochar with a cadmium adsorption capacity of 
150 to 200 mg/g52, realizing a circular “waste to resource” 
model and providing a way for the development of 
sustainable remediation technologies.

The fifth cluster, “Bamboo Species,” focuses on the 
application of bamboo species diversity in the remediation 
of heavy metal-contaminated soils. The co-occurrence 
network of related keywords reveals the differences and 
complementarities among different bamboo species, with 
a silhouette coefficient of 0.82, reflecting the systematic 
nature of research in this field.28 There are more than 
1,600 species of bamboo worldwide, of which more than 
600 are distributed in China. They vary significantly in 
terms of growth characteristics, heavy metal tolerance, 
and accumulation capacity. This diversity provides a rich 
selection of materials for soil remediation. In the past 
five years, the number of publications on bamboo species 
screening and comparative studies has increased by 20%, 
indicating that this field is gradually becoming a research 
hotspot.

The study included species surveys, tolerance 
comparisons, and differentiated remediation strategies. 
More than 200 plant species in southern China were 
surveyed, of which more than 30 species had high 
cadmium tolerance (e.g., European larch and hairy larch) 
and more than 25 species had high lead tolerance (e.g., 
hairy larch and black larch). Shade-tolerant plants (black 
larch and European larch) could also grow normally 
under semi-shade forest conditions. Comparative studies 
revealed significant differences among different species: the 
cadmium accumulation coefficient of early-maturing larch 
was 2.0–2.5, while that of nested larch was only 0.5–1.0.3 
The antioxidant enzyme activities (superoxide dismutase, 
peroxidase) of highly tolerant plants were 2–3 times higher 
than those of low-tolerant plants, and the cell wall pectin 
content was higher, which was conducive to heavy metal 
fixation.63

Differentiation strategies include: (i) using highly 
enriching plants (such as edible pine) for phytoremediation, 
which can reduce the cadmium content in moderately 
polluted soil by more than 50% within 3–5 years; and (ii) 
using highly tolerant, moderately enriching plants (such 
as hairy pine) for phytostabilization, which can reduce the 
bioavailability of heavy metals by 30%–40%. Compared 
with monoculture, mixed planting systems that utilize 
niche differences (height, root distribution) can increase 
the removal rate by 20%–30% and increase forest biomass 
by 40%–50%.70

The sixth cluster is phytoremediation efficiency. 
This cluster focuses on assessing and improving the 
effectiveness of phytoremediation, marking a key transition 
from laboratory research to engineering applications. 
The co-occurrence network covers influencing factors, 
technology optimization, and assessment methods, with 
a silhouette coefficient of 0.86. Over the past five years, 
research in this area has increased from 15% to 25% of 
total publications, making it a priority research area.

This study covered three aspects: factors affecting 
efficiency, optimization of efficiency-improving 
technologies, and evaluation methods. Soil environmental 
factors, plant physiology, and management practices 
collectively influence efficiency: higher soil clay content 
hinders heavy metal migration, reducing efficiency by 
15% to 25%; plant growth rate is significantly positively 
correlated with efficiency; doubling the growth rate can 
increase efficiency by 30% to 50%.5 Applying nitrogen 
and phosphorus fertilizers can increase plant biomass by 
20% to 40%, while also improving efficiency.8 Irrigation 
management that maintains water balance can increase 
efficiency by 15% to 20% during the dry season.45

Enhancement techniques include genetic engineering, 
chemical induction, and microbial inoculation. 
Overexpression of heavy metal transporter genes 
(e.g., HMA4) can increase cadmium accumulation 
in plants by 2–3 times.23 Chelating agents such as 
ethylenediaminetetraacetic acid can increase the 
bioavailability of heavy metals in soil by 40%–60% while 
promoting plant uptake.17 Inoculation with heavy metal-
tolerant bacteria can increase efficiency by 20%–30%.25 
Assessment methods are no longer limited to traditional 
heavy metal removal rates. Multi-indicator systems 
now cover removal efficiency, biomass accumulation, 
remediation duration, cost-effectiveness, and ecological 
risk.

 Remote sensing and Internet of Things technologies 
enable real-time monitoring: drone-based biomass 
data combined with soil sampling helps quickly assess 
remediation effectiveness. Long-term stability studies 
have shown that the risk of heavy metal rebound after 
remediation is low. With appropriate management 
measures (vegetation cover maintenance, avoidance of 
disturbance), the remediation effect can be sustained for 
5–10 years, ensuring the sustainable application of this 
technology.

The seventh cluster is kaolinite. This cluster, centered 
on “kaolinite,” represents typical research on clay minerals 
in the remediation of heavy metal-contaminated soils. The 
co-occurrence network reflects the interfacial interactions 
between clay minerals and heavy metals, with a silhouette 
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coefficient of 0.89. Kaolinite possesses a large specific 
surface area (10–30 m2/g) and abundant surface active 
sites, giving it an advantage in heavy metal adsorption. 
Related research has grown at a rate of 10% annually over 
the past five years.

This study focused on the adsorption properties of 
kaolin, the development of composite materials and their 
application in soil passivation. The adsorption capacity of 
kaolin for cadmium, lead and copper is 20–50 mg/g. pH 
value has a significant effect on adsorption: the adsorption 
capacity increases significantly in the pH range of 5–7; when 
the pH value is higher than 7, the hydroxyl complexation 
reaction dominates.35 X-ray photoelectron spectroscopy 
analysis shows that the coordination bond between Al–OH 
and Si–OH surface groups and heavy metals is the main 
adsorption mechanism.71 Kinetic studies show that the 
adsorption process conforms to the pseudo-second-order 
kinetic model, and chemisorption is the rate-determining 
step (R2 > 0.95).72

The development of composite materials is one of 
the key research directions. The adsorption capacity 
of cadmium by kaolin–biochar composite material is 
100–150 mg/g, which is 2–3 times that of pure kaolin.72 
The arsenic removal rate of kaolin–nano iron composite 
material exceeds 90%, and the stability is excellent. Soil 
passivation applications show that 2% (w/w) kaolin can 
reduce the effective cadmium content in the soil by 30%–
40%, and plant absorption is also reduced accordingly.71 
When used in combination with organic fertilizer, the 
effective cadmium content in the soil can be reduced 
by 50%–60%.73 Kaolin can also improve soil structure 
(increase aggregate content by 10%–20%), improve the 
soil’s water and fertilizer retention capacity, promote the 
growth of remediation plants, and increase biomass by 
20%–30%.71 These studies provide a theoretical basis for 
the development of kaolin-based remediation materials. 
At present, various formulations are undergoing field 
trials and are expected to play an important role in soil 
passivation and phytoremediation.

4. Discussion
This bibliometric visualization analysis systematically 
mapped the evolution of bamboo-based heavy metal soil 
remediation research spanning 2006–2025 based on 210 
WoS core papers, offering a quantitative panorama of 
publication trajectories, global collaborative patterns, core 
research themes, and disciplinary frontiers. Consistent 
with the three-stage developmental trajectory identified 
via annual output statistics, the field has shifted from 
preliminary single bamboo tolerance tests (2006–2012) 
to microbial rhizosphere exploration (2013–2019) and 

finally entered a high-speed expansion phase driven by 
multi-omics sequencing after 2020. As the dominant 
contributor with 68.5% of total publications, China holds 
unparalleled advantages in bamboo germplasm resources 
and forest pollution governance demand, while Zhejiang 
A&F University and Nanjing Forestry University form the 
backbone domestic research alliance, though cross-border 
institutional cooperation remains limited and fragmented. 

Keyword clustering further confirms that 
phytoremediation, adsorption materials, moso bamboo 
cultivation, and remediation efficiency constitute the 
mainstream research framework, yet a striking research 
gap emerges: studies explicitly exploring bamboo–microbe 
synergistic remediation mechanisms remain scarce despite 
verified 30–50% higher metal removal efficiency of 
combined systems. Similar views have been expressed in 
other studies, and researchers generally agree that bamboo 
is more often utilized in other forms, such as biochar and 
soil conditioners.74, 75

Several limitations inherent to existing literature are 
revealed by this knowledge network. First, over 90% of 
publications are original experimental articles, with few 
comprehensive reviews to integrate scattered mechanistic 
data, leading to fragmented theoretical cognition. Second, 
current investigations are largely confined to laboratory 
pot trials; long-term field monitoring, ecological risk 
evaluation and industrialized transformation pathways are 
insufficiently addressed. Third, international collaboration 
mainly concentrates on China–Pakistan and China–United 
States partnerships, lacking joint projects targeting tropical 
bamboo species and cross-continental pollution scenarios. 

Furthermore, it is particularly important to note that 
the vast majority of existing studies have failed to consider 
the fate of heavy metals within bamboo after the plant dies. 
Heavy metals sequestered through bioaccumulation or 
through the combined action of “bamboo bioaccumulation 
and root-associated microorganisms” are likely to be 
released back into the environment after the bamboo dies 
(whether through natural senescence or due to pests, fires, 
or other disasters). Although this issue has been raised in 
some studies, it has yet to be systematically addressed or 
given due attention.76

To guide and facilitate subsequent investigations, this 
study proposes four prospective research directions. First, 
integrating multi-omics approaches and synchrotron 
imaging technology is highly desirable to elucidate the 
molecular signaling mechanisms underlying the interactions 
between bamboo root exudates and rhizosphere functional 
microorganisms, thereby filling existing knowledge gaps 
in their synergistic regulatory mechanisms. Second, 
interdisciplinary cooperation across forestry science, 
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microbiology, and environmental engineering should 
be strengthened to scale up field demonstration projects 
and establish a circular utilization system. This system 
enables the conversion of heavy metal-enriched bamboo 
biomass into modified biochar adsorbents through 
pyrolysis treatment. Third, establishing a global research 
alliance is recommended to systematically compare the 
phytoremediation capacities of indigenous bamboo 
species distributed in Asia, Africa, and South America. 
Such comparative analyses can support the development 
of region-adaptive, low-cost bamboo–microbe combined 
remediation strategies to mitigate forest heavy metal 
pollution on a global scale. Finally, multiple influencing 
factors, including endogenous natural senescence and 
exogenous mortality induced by pest infestation and 
natural disasters, should be comprehensively investigated 
to clarify the ultimate migration and transformation fate 
of heavy metals accumulated in residual bamboo tissues. 
On this basis, targeted management strategies can be 
formulated to effectively prevent secondary heavy metal 
pollution.

5. Conclusion
This bibliometric and visual analysis systematically 
mapped research on bamboo and rhizosphere microbial 
communities for the remediation of heavy metal-
contaminated forest soils during 2006–2025. The field 
has expanded rapidly, with China emerging as a major 
contributor because of its extensive bamboo resources and 
the practical need for pollution control. Nanjing Forestry 
University and the Chinese Academy of Forestry have 
played central roles in establishing research frameworks 
based on native bamboo species. Nevertheless, greater 
international collaboration, methodological innovation, 
and high-impact outputs are still needed.

For bamboo researchers, the results highlight the 
importance of selecting bamboo species not only for 
biomass production and metal tolerance but also for their 
capacity to recruit beneficial rhizosphere microorganisms. 
For phytoremediation researchers, the major research 
frontier is shifting from plant-based metal accumulation 
alone toward plant–microbe interactions, including plant 
growth-promoting rhizobacteria, arbuscular mycorrhizal 
fungi, and their regulation of metal bioavailability, plant 
uptake, and soil microecological processes. Future studies 
should prioritize precise bamboo–microbe matching, 
mechanistic validation using molecular and multi-omics 
approaches, and long-term assessments of ecosystem 
stability and ecological risks following remediation.

For scientometric researchers, this study demonstrates 
that bibliometric tools, such as CiteSpace and VOSviewer, 

can effectively identify influential countries, institutions, 
collaboration networks, research clusters, and emerging 
topics. Their combined application, together with 
transparent database selection, standardized search 
strategies, and periodic data updates, can improve the 
reproducibility and interpretability of knowledge mapping 
in this interdisciplinary field.

The next stage of research should integrate field-scale 
and long-term trials with molecular mechanisms, ecological 
risk evaluation, and techno-economic assessment. 
Strengthening international and interdisciplinary 
collaboration will be essential for translating bamboo–
microbe synergistic remediation from experimental studies 
into scalable and sustainable management strategies for 
heavy metal-contaminated forest soils.
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