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ABSTRACT

The study, conducted in May 2024, focused on searching the Scopus.com database for literature on
biopores, resulting in 208 articles published between 1985 and 2024 as the final dataset. Metadata
was obtained from Scopus.com and analyzed descriptively. The dataset was exported into Excel CSV
format and subsequently processed using VOSViewer (VV) version 1.6.20 to provide a clear overview
of the research landscape. Findings revealed variations in the number of publications on biopores over
time, with Kautz recognized as the most prolific scholar. The main publication outlets included the IOP
Conference Series: Farth and Environmental Science, Soil and Tillage Research, and Geoderma. The
dominant document categories were journal articles, conference proceedings, and reviews. Germany,
the United States, and Indonesia emerged as the leading contributors to biopore-related research.
Influential institutions in this field were the University of Bonn, Leibniz Centre for Agricultural
Landscape Research (ZALF e.V.), and the University of Copenhagen. The results further indicated that
biopores contribute significantly to enhancing soil organic carbon, thereby improving soil fertility and
agricultural productivity. Moreover, biopores were shown to be an effective approach for managing
organic waste by transforming it into compost, which in turn supports higher land productivity.

Keywords: climate change mitigation, green infrastructure, organic waste management, soil organic
carbon improvement, water infiltration enhancement

ABSTRAK

Penelitian ini dilakukan pada bulan Mei 2024 dengan mencari database Scopus.com khusus untuk
Penelitian ini dilaksanakan pada Mei 2024 dengan melakukan pencarian pada database Scopus.com
terkait topik biopori, yang menghasilkan sebanyak 208 artikel terpublikasi antara tahun 1985 hingga
2024 sebagai basis data penelitian. Metadata diperoleh melalui Scopus.com dan dianalisis secara
deskriptif. Selanjutnya, data diekspor ke format Excel CSV dan diproses menggunakan VOSViewer
(W) versi 1.6.20 untuk memetakan lanskap penelitian secara lebih komprehensif. Hasil penelitian
menunjukkan adanya dinamika jumlah publikasi mengenai biopori dari waktu ke waktu, dengan Kautz
teridentifikasi sebagai peneliti paling produktif Beberapa sumber utama publikasi meljputi TOP
Conference Series: Earth and Environmental Science, Soil and Tillage Research, serta Geoderma. Jenis
dokumen yang dominan adalah artikel jurnal, prosiding konferensi, dan tinjauan. Negara yang paling
menonjol dalam pengembangan penelitian biopori adalah Jerman, Amerika Serikat, dan Indonesia.
Adapun institusi yang berperan penting antara lain Universitas Bonn, Leibniz Centre for Agricultural
Landscape Research (ZALF e.V.), dan Universitas Kopenhagen. Temuan lainnya memperiihatkan bahwa
biopori berkontribusi besar dalam meningkatkan kandungan karbon organik tanah sehingga mampu
memperbaiki kesuburan tanah dan produktivitas pertanian. Selain itu, penerapan biopori terbukti
efektif untuk mengelola limbah organik dengan mengubahnya menjadi kompos, yang berdampak pada
peningkatan produktivitas lahan.

Kata kunci: mitigasi perubahan iklim, infrastruktur hijau, pengelolaan limbah organik, peningkatan
karbon organik tanah, peningkatan infiltrasi air
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1. INTRODUCTION

Global warming and the intensification of climate change have become pressing global
issues. Human-driven activities, particularly the release of greenhouse gases such as carbon
dioxide (COz2), methane (CH4), and nitrous oxide (N20), have been the main contributors to
rising global temperatures. Compared to the pre-industrial period, these emissions have
triggered a temperature increase of around 1°C, leading to ecosystem imbalances and
severe environmental damage (Zhang et al., 2024; Shotten et al., 2017). The key drivers of
these emissions include deforestation, the burning of fossil fuels, and industrial activities
(Kanna et al., 2024). One potential approach to addressing this issue is by enhancing the
organic carbon content in soils. Soil organic carbon plays a vital role in maintaining soil
fertility, fostering plant productivity, and mitigating greenhouse gas emissions (Paustian et
al., 2016). Nonetheless, boosting soil organic carbon requires sustainable and well-structured
management strategies.

At the same time, food waste has emerged as a critical challenge across many nations. The
accelerating pace of global economic and population growth has exacerbated the food waste
crisis. It is estimated that nearly one-third (33.3%) of food intended for human consumption
is either lost or discarded along the supply chain, amounting to 1.6 billion metric tons
annually and causing economic losses of approximately $750 billion (Pramanik et al., 2019).
Beyond financial setbacks, this waste leads to environmental degradation and contributes
significantly to methane emissions, a greenhouse gas with greater warming potential than
carbon dioxide. Furthermore, recurrent flooding in both rural and urban regions has
intensified, resulting in substantial economic damage and social disruption.

Biopore technology emerged as a potential solution to solving several problems
simultaneously. Biopores are small holes in the soil that enhance water infiltration, soil
aeration, and plant growth (Nespoulous et al., 2019). These structures are created naturally
through root growth and earthworm activity, forming networks of large, interconnected pores
that differ biologically and chemically from surrounding soil (Sun and Yuan, 2020; Wendel et
al., 2022; Petzoldt and Kautz, 2021). By providing pathways that allow roots to reach deeper
soil layers, biopores facilitate nutrient and water access, benefiting plant growth (Nespoulous
et al,, 2019; Behrend et al., 2025). Initially developed in Indonesia by Ir. Kamir R. Brata in
the early 2000s as a low-cost solution for urban flooding and organic waste management
(Brata, 2008), biopore technology has proven effective in reducing water stagnation and
managing organic waste by promoting in-situ composting within biopore holes, thereby
increasing soil organic carbon (Setiadi et al., 2021).

Research suggests that using biopores can increase water infiltration and reduce water
drainage, thereby reducing the risk of flooding (Naharuddin et al., 2024; Hutabarat and
Simanjuntak, 2022). Moreover, biopore also helps to accelerate the decomposition of organic
material, produce nutrient-rich composts, and improve soil fertility. Thus, biopores play a role
in mitigating floods and improving soil quality, along with increased pH and soil water levels,
through increased organic carbon content (Sharma et al., 2023). One method of enhancing
soil through natural processes is through earthworm-formed biopores, which are crucial for
the quick movement of gases, solutions, and nutrients, offer a route for root development to
the lower soil layers for the uptake of nutrients and air, aid in the absorption of carbon, and
more (Kuzyakov and Kooch, 2024).

In addition to these environmental benefits, biopores offer a practical and sustainable

method for managing food waste. Globally, food waste accounts for 1.3 billion metric tons of

food lost or waste annually. In Indonesia, the Ministry of Environment and Forestry reported
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in 2022 that the country generates 37.37 milion metric tons of waste each year, with food
residues and other organic matter comprising 40.35% of the monthly waste volume (Ministry
of Environment and Forestry, 2022). Biopores facilitate the natural composting of such
waste, reducing greenhouse gas emmisions from traditional landfills and producing organic
fertilizer beneficial for agricultural productivity and reforestation efforts (Geng et al., 2024;
Pramanik et al., 2019).

2. METHOD

In this research, we conducted a bibliometric analysis on “Biopore” studies, using Scopus as
the primary source for literature. The literature search was performed using the Boolean
search string: TITLE-ABS-KEY (“biopore” OR “bio-pore” OR “biopore infiltration hole”), with
no restriction on document type or language. Documents were included if they were directly
related to biopore research in soil science, hydrology, or environmental management.
Documents from unrelated subject areas (e.g., ophthalmology or astronomy, which appeared
due to the broad initial search) were excluded. The initial search returned 13,335 documents
spanning 1985-2024. After applying the inclusion and exclusion criteria and removing
duplicate and non-primary records, the dataset was refined to 208 relevant indexed papers.
This approach provides a comprehensive review of pertinent and recent publications,
focusing on sustainable agricultural practices and sedimentation techniques. Notable authors
contributing to this field (Kanna 2024; Karmoui, 2022; Neelam and Sood, 2020; Sun and
Yuan, 2020).

The extracted data, in CSV format, contains various bibliometric details, such as citations,
abstracts, keywords, authors, and their affiliations, publications years, and funding
information. VOSviewer software was then used to analyze key terms across the data.
Developed by Shotten and Van Eck (Schotten et al., 2017; Eck and Waltman, 2017) in 2010,
VOSviewer applies clustering methodologies to identify core themes and keyword
occurrences, facilitating the discovery of significant research trends.

2.1 Bibliometric Analysis

At this stage, the program offers several forms of analysis, including performance
assessment, co-occurrence of events, co-authorship, and citation analysis. The visual outputs
are then categorized into three types for each analysis: network visualization, density
mapping, and trend representation. This study adopts a bibliometric analysis framework,
following five stages outlined in previous research (Ulker et al., 2023; Malanski et al., 2021).
In these phases, the term biopore is defined and applied as the primary search keyword. The
procedure involves four main steps: compiling search results, verifying the completeness of
the data obtained, generating preliminary statistical information, and conducting further
analytical interpretation.

2.2 Classification of essential terms and their definitions

This stage emphasizes additional details and specific features that may not be immediately
visible to observers. The program groups significant terms into undefined clusters using
related datasets, while the proposed classification scheme organizes these words based on
their semantic relevance. All keywords associated with “data” are categorized through
frequency analysis and relational connections. This category encompasses core concepts
such as big data, data mining, satellite-based data, data collection, data processing, data
acquisition, data fusion, databases, metadata, open data, database visualization, and data
integration (Ulker et al., 2023; Malanski et al., 2021).
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3. RESULTS AND DISCUSSION

This paper reviews the contributions of numerous scholars in integrating recent
advancements and potential applications of biopores to support sustainable development and
food security. The analysis indicates a consistent upward trend in indexed publications from
1985 to 2024, with 208 records retrieved via the Scopus database (Figure 1a). Over the last
several decades, biopores have become increasingly relevant as an approach to address
urgent environmental challenges. Research from multiple fields has demonstrated their
effectiveness, particularly in flood management by enhancing groundwater infiltration.
Biopore holes enable rainfall to penetrate the soil more rapidly, minimizing surface runoff and
reducing flood hazards. Additionally, biopores contribute to sustainable farming by recycling
organic residues into compost. Within the biopore cavities, organic waste undergoes natural
decomposition, producing nutrient-rich material that lessens dependence on chemical
fertilizers. Beyond waste management, biopores improve soil quality by enhancing soll
structure and raising organic carbon concentrations. Accordingly, biopores are considered a
vital strategy for advancing ecological sustainability and promoting greener landscapes. This
practice also facilitates the transformation of degraded or underutilized land into productive
agricultural areas capable of mitigating environmental risks.

The earliest recorded study covering this theme dates back to 1878, titled “Development of
the Water Resources of Bali: A Master Plan, Volume 2: Technical Report” by Walker et al.
(1980) (Figure 1a). The three main subject areas contributing to this body of research are
agricultural and biological sciences, medicine, and earth and planetary sciences (Figure 1b).
Major funding institutions include the Deutsche Forschungsgemeinschaft (German Research
Foundation), the National Eye Institute, and the Bundesministerium fiir Bildung und
Forschung (Federal Ministry of Education and Research) (Figure 1c¢). Prominent publication
outlets are the IOP Conference Series: Earth and Environmental Science, Soil and Tillage
Research, and Geoderma (Figure 1d). In terms of document types, the majority consist of
journal articles, conference proceedings, and review papers (Figure 1e). The leading nations
contributing to biopore development are Germany, the United States, and Indonesia (Figure
1f). Among research institutions, the University of Bonn, the Leibniz Centre for Agricultural
Landscape Research (ZALF e.V.), and the University of Copenhagen (Kgbenhavns Universitet)
stand out as the most influential affiliations in advancing biopore studies (Figure 1g).

3.1 Network Analysis Using The Term “Primary Research”

The network analysis demonstrates how frequently used terms in biopore-related studies are
interlinked. By applying VOSviewer software, the most common keywords were mapped and
grouped, showing not only their relationships but also the strength of their associations
within the field. This visualization provides a comprehensive understanding of how different
aspects of biopore research are interconnected across scholarly publications.

The initial method applied in this study analyzed the occurrence of all keywords found in the
selected dataset. A minimum threshold of three occurrences was set to include only the most
relevant terms. From 2,242 keywords generated by the software, 276 satisfied the
occurrence and link strength criteria, appearing in association with other terms. This process
identified five clusters (Figure 2a). The first cluster, consisting of 93 items marked in red,
includes terms such as human, animal, and adult. The second cluster, with 86 items in green,
contains terms like agriculture, water flow, and soil organic matter. The third cluster,
comprising 65 items in blue, features terms such as organic carbon, root growth, and
nutrients. The fourth cluster, shown in yellow, has 29 items related to climate change,
carbon, and soil.
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Figure 1. Structure of biopore research based on 208 documents published between 1985
and 2024: (a) publication trends during the study period; (b) subject area classifications;
(c) main funding agencies; (d) key publication outlets; (e) document types; (f) leading
contributing countries; (g) most influential research affiliations.
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The second approach, Overlay Visualization in VOSviewer, highlights the contribution of
biopore systems to soil fertility enhancement and their role in solving problems such as
household waste management and surface runoff caused by heavy rainfall. Poorly structured
soils, which are often dense and brittle, have long posed challenges in assessing biopore
distribution (Phalempin et al., 2022). Nevertheless, biopore systems facilitate effective
surface water drainage, preventing stagnation and compensating for limited water storage.
Functional drainage infrastructure is crucial for managing runoff intensified by land-use
changes in watershed areas (Mariyono, 2024; Setiadi et al., 2021). Moreover, biopores
enriched with organic materials improve soil water retention during dry periods, thereby
supporting crop growth (Putra et al., 2024) (Figure 2b). Lastly, Density Visualization in
VOSviewer reflects increasing societal awareness of sustainable biopore practices as a
strategy to improve soil fertility and reduce flooding hazards (Figure 2c).
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Figure 2. Network analysis of the keyword "Biopore” based on publications from 1985—

2024 using VOSviewer: (a) event occurrence and network connections; (b) density
mapping; and (c) keyword trend visualization.
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3.2 Countries Mapped by Publication Output and Citations

In this section, the analysis focuses on co-authorship, with “country” serving as the unit of
measurement. The calculation method applies the full counting approach, with a minimum
threshold of 25 documents per country. For selected documents, however, the minimum
requirement is five publications. Out of 34 contributing countries, only 11 met the set
threshold. For each of these, the total strength of collaborative links with other nations was
also calculated. The maximum number of countries with strong cooperative connections was
recorded at 34. Based on the visualization generated through VOSviewer, Indonesia appears
as the leading country in terms of research productivity, followed by the United States within
the examined domains (Figure 3, Table 1).

Table 1. Five Most Influential Countries, Number Of Documents, Citations And Total Link Strength

Country Document Citation Total Link
Strength
United States 82 1744 57
United Kindom 24 597 27
China 65 589 22
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Figure 3. Map of the most influential countries by number of documents published and
citations

Several studies have underscored the significane of this emerging topic. Land transfer for
tourism can harm ecosystems, reduce food production, and negatively impact the
environmental sustainability of agricultural land. Threats posed by the transfer of agricultural
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land functions to tourism can reduce the amount of land available for food production, which
in turn can lead to a decrease in food production and increased dependence on imports.
Furthermore, the transfer can disrupt local ecosystems, damage biodiversity, and reduce soil
fertility due to environmentally unfriendly infrastructure development or property
development activities. It can also increase pressure on water and energy resources as
demand increases to meet tourism needs. Finally, land transfers can interfere with the
livelihoods of local farmers and threaten their economic sustainability. Therefore, it is
important to plan and manage land transfers wisely, taking into account their impact on the
environmental, economic, and social sustainability of local communities.

On the other hand, management efforts to integrate agricultural land alongside tourism
using sustainable agricultural practices and green technologies can play an important role in
supporting food sustainability. To design solutions that can reduce the impact of transferring
agricultural lands to tourism, promote ecosystem balance, and pave the way for sustainable
farming and a more environmentally friendly economy, stakeholders, governments, and the
agricultural sector must collaborate. We visualised four examples during the period 1985-
2024 to illustrate the relationship between the most trending topics: humans (Figure 4a),
soils (Figure 4b), biopores (Figure 4c), and earthworms (Figure 4d).
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Figure 4. Example network visualisation of the most trending key terms used in
current searches in the period 1985-2024: (a) human; (b) soils; (c) biopore; and
(d) earthworm.

Biopores is essential in addressing flood issues and conserving groundwater, as highlighted
by various studies, including a meta-analysis (Kassam et al., 2021; Ruiz et al., 2021). Drilling
these tiny, cylindrical openings into the soil enhances rainfall infiltration, allowing more water
to seep into the ground instead of building up on the surface. This procedure is essential in
urban areas, where impermeable surfaces such as buildings and roadways have supplanted
natural land, resulting in a higher risk of inundation and increased water runoff. Biopores
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reduces the likelihood of flooding during periods of heavy rainfall by facilitating water
infiltration and alleviating the burden on urban drainage systems (Mariyono, 2024; Setiadi et
al., 2021; Putra et al., 2024).

Biopores plays a crucial role in maintaining groundwater levels and mitigating floods,
especially in drought-prone areas where groundwater is vital for irrigation and drinking water.
It aids in the natural replenishment of groundwater, supporting both urban and agricultural
needs. Additionally, biopores improve soil aeration, essential for root respiration and
microbial activity, enhancing plant growth and soil structure (Mariyono, 2024; Setiadi et al.,
2021; Putra et al., 2024). Managing biopore density and dynamics is key to optimizing soil
health and agricultural productivity (Mariyono, 2024; Setiadi et al., 2021; Putra et al., 2024).

In addition to its advantages in water management, biopore is also critical in organic refuse
management. Biopores perforations can be employed to decompose household organic
waste, thereby transforming it into compost (Lestari et al., 2023; Rahayu et al., 2024). This
not only diminishes the quantity of waste that is disposed of in landfills, but it also enriches
the soil with nutrients, thereby fostering sustainable agricultural practices and improving soil
fertility. The improved soil structure that results from biopores is also beneficial for
agriculture and urban greening initiatives, contributing to healthier ecosystems. Additionally,
the increased soil porosity is a benefit (Dang et al., 2023). The efficacy of biopores is not
limited to their immediate environmental impact. The significance of environmental
education is underscored by the increased public awareness and participation in creating
biopores. According to (Sidik et al., 2024; Masdar et al., 2024), collective efforts to
implement biopores underscore a broader commitment to sustainability and environmental
srewardship. These initiatives not only offer tangible benefits, such as the prevention of
floods and the reduction of pollution, but they also cultivate a more profound comprehension
of the significant impact that minor actions can have when taken collectively to safeguard
our planet (Pramanik et al., 2019).

In conclusion, biopores are symbolic and practical solutions to environmental challenges.
They are a potent instrument for educating and engaging communities in the broader
mission of environmental protection and addressing critical issues such as flood
management, groundwater conservation, and waste reduction. As such, biopores serve as a
testament to the efficacy of collective action in preserving the planet for future generations.

3.3 Document Citation Map Based on the Number of Citations to a Document

In this subsection, citation analysis was selected as the analysis type, with documents as the
unit of analysis. The calculation method used was full counting. A minimum threshold of five
citations per document was applied. Out of a total of 664 documents, 12 met the threshold.
The total link strength was then estimated for these documents to identify the most
influential works in the field. The VOSviewer output shows that the document authored by
Kautz received the highest number of citations, indicating its strong influence on subsequent
studies. This was followed by a document authored by Athman, which also showed
considerable impact within the research domain. The citation network illustrates how these
highly cited documents are interconnected with other studies and demonstrates the central
role of a few key publications in shaping the biopore research field (Figure 5).
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3.4 Technical Synthesis: Quantitative Effects of Biopores on Soil Organic Carbon
and Related Parameters

Beyond bibliometric patterns, the indexed literature reveals consistent quantitative findings
regarding the technical performance of biopores. Studies on soil organic carbon (SOC)
enhancement through biopore-based composting report average SOC increases ranging from
15% to 40% compared to control plots without biopore treatment, depending on soil type,
organic material input, and duration of application (Setiadi et al., 2021; Sharma et al., 2023).
In urban settings, biopore infiltration holes (BIH) have been shown to increase water
infiltration rates by an average of 30-60%, with reported values reaching up to 15.6
cm/hour in loamy soils, compared to 2—4 cm/hour in untreated compact soils (Naharuddin et
al., 2024; Hutabarat and Simanjuntak, 2022). With respect to flood mitigation, surface runoff
volume has been reduced by approximately 20-35% in watersheds where biopore systems
were implemented at sufficient density (Mariyono, 2024).
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With regard to organic waste management, studies indicate that household organic waste
placed in biopore holes decomposes into compost within 4-8 weeks under tropical
conditions, producing compost with nitrogen (N) content of approximately 1.5-2.5%,
phosphorus (P) 0.5-1.2%, and potassium (K) 0.8-1.5%, comparable to commercial organic
fertilizers (Rahayu et al., 2024; Lestari et al.,, 2023). Furthermore, earthworm-formed
biopores have been documented to increase macropore density by 20-50 per square meter
in agricultural soils, contributing to enhanced gas exchange and root penetration depth
(Kuzyakov and Kooch, 2024; Petzoldt and Kautz, 2021). These quantitative findings
collectively affirm that biopore systems deliver measurable and substantial environmental
engineering benefits, making them a technically sound strategy for sustainable land and
water management.

4. CONCLUSION

In general, biopore has emerged as a significant and growing research topic due to its
essential role in addressing pressing environmental concerns, including the management of
organic waste, the conservation of groundwater, flood mitigation, and the improvement of
soil organic carbon. This bibliometric analysis of 208 Scopus-indexed publications (1985-
2024) reveals that biopore research is dominated by contributions from Indonesia, Germany,
and the United States, with Kautz identified as the most cited author and the University of
Bonn as the most influential institution. The main thematic clusters identified through
VOSviewer encompass soil organic carbon, water infiltration, earthworm activity, organic
waste management, and climate change mitigation—reflecting the multidisciplinary nature of
biopore science. Biopore is a potent instrument for fostering community engagement and
environmental consciousness in Earth conservation initiatives, in addition to its practical
engineering advantages. With continued research and broader implementation, biopores
have strong potential to become a fundamental component of sustainable green
infrastructure solutions worldwide. Despite the growing body of literature, this analysis
reveals several important research gaps that warrant future investigation. First, there is a
notable lack of standardized protocols for measuring and reporting biopore-related SOC gains
across different climate zones and soil types, making cross-study comparisons difficult.
Second, while Indonesia is the leading contributor in terms of document volume, most
Indonesian studies focus on urban flood mitigation rather than agricultural SOC
improvement, suggesting a need for more field-based experimental research in tropical
agroecosystems. Third, the long-term persistence of engineered biopore systems (i.e.,
biopore infiltration holes) beyond one to two growing seasons has been rarely studied, and
the maintenance requirements for sustained hydrological function remain poorly understood.
Fourth, the potential of biopores for carbon sequestration and climate change mitigation at
landscape or watershed scale has not been adequately quantified. Future research should
also explore the integration of biopore technology with precision agriculture tools and digital
monitoring systems to optimize implementation at scale. Addressing these gaps will
significantly advance both the theoretical understanding and practical application of biopore-
based green infrastructure.
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