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ABSTRACT

	Phytolith carbon sequestration is one of the lesser-known long-term carbon storage mechanisms, where carbon is trapped inside the silica formed in plant tissues. Phytolith is strongly resistant to decomposition; hence, the carbon inside it can be trapped for millions of years. This process helps in a stable pathway for the reduction of the atmospheric carbon dioxide level. Phytolith formation is controlled by the uptake of monosilicic acid by plants and silica polymerization. And, the carbon occlusion depends on soil conditions, phytolith type, plant species, and environment. Phytolith contributes to carbon sequestration across ecosystems. For example, 1.7 Tg CO₂ is trapped annually in China’s forests, where bamboo is the high contributor. Wetlands, particularly peat-forming wetlands (sequestering 0.003-0.077 t CO₂ ha-¹ yr¹) and eelgrass beds, store high phytolith-occluded carbon. Phytoliths are a promising long-term carbon-capturing material. This paper provides a broader knowledge on phytolith carbon sequestration and their importance as a nature-based pathway for climate mitigation.
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1. INTRODUCTION	Comment by acer: The manuscript requires additional details, pictorial representations and inclusion of key missing points and practical aspects to enhance its overall quality.


Carbon sequestering in reducing atmospheric CO₂ is a critical phenomenon in addressing global warming and climate change. Globally, both natural and man-made methods are studied to enhance carbon sequestration, including innovative technologies and sustainable land management practices. Natural ecosystems such as forests and oceans play a major role in absorbing substantial amounts of atmospheric CO₂ (Pasquier et al., 2025; Zhu et al., 2025). Agricultural activities also contribute to carbon sequestration; with improved land management, they can sequester potentially up to 0.75 Pg C annually (Kaur et al., 2023).
Engineered technologies like direct air capture (DAC) and bioenergy with carbon capture and storage (BECCS) have gained attention for reducing atmospheric CO₂ while producing sustainable energy (Lefvert&Grönkvist, 2024; Ozkan, 2025). However, conventional carbon capture and storage (CCS) remains economically and technologically challenging, with costs ranging from 19 to 332.5 euros per metric ton of CO₂ and risks associated with the long-term storage and leakage (Malz et al., 2025). These limitations highlight the necessity for complementary, low-risk, nature-based solutions alongside emission reduction strategies (Thakur & Pillai, 2024).	Comment by acer: space

Phytoliths, the silica-based structures formed in plant tissues, offer such a solution. During plant growth organic carbon is trapped within the phytoliths, which is commonly known as phytolith-occluded carbon (PhytOC). This paper aims to provide a comprehensive understanding of the role of phytoliths in carbon sequestration and their potential as a sustainable way in mitigating climate change.

2. Phytolith Formation and Characteristics

Phytoliths are formed in over 50 families of higher plants, with particularly high abundance in grasses (Poaceae) and sedges (Cyperaceae) (Blinnikov& Yost, 2025). They are formed by the uptake of monosilicic acid (H₄SiO₄) from the soil, which is transported through the vascular system (Shakoor et al., 2014). And, they are stored inside and outside plant cells, often in areas where water is absorbed or lost (Nawaz et al., 2019). Phytoliths are inorganic and resistant to decomposition, making them valuable for long-term preservation in various environmental conditions (Cabanes, 2020). They provide mechanical strength, enhance water balance, and offer protection against herbivores and pathogens (Shakoor et al., 2014). The morphology of phytoliths varies, helping in taxonomic studies and paleo-environmental reconstructions (Shakoor et al., 2014; Blinnikov& Yost, 2025).

Phytoliths play a significant role in carbon sequestration through the mechanism of phytolith-occluded carbon (PhytOC) (Figure 1). This process involves the trapping of carbon within phytoliths, creating a stable, long-term carbon sink in soil storage that helps in mitigating atmospheric CO₂ levels. Phytoliths can enclose carbon during their formation, creating PhytOC. The efficiency of this occlusion depends on factors such as plant species, tissue type, and environmental conditions like precipitation and temperature. The primary producers of phytoliths are grasses which have diverse morphotypes like short-cell phytoliths and bulliform cells (Karmakar et al., 2024). Tree species like Norway spruce and other deciduous trees have also been reported to have distinct morphotypes (Lisztes-Szabo et al., 2019). Further, ferns and a few flowering plants have been reported to have phytoliths (Blinnikov& Yost, 2025). Morphotypes of phytoliths, particularly short-cell phytoliths are common in grasses, and this form is the essential one for identifying species (Karmakar et al., 2024). Also, blocky phytoliths found in coniferous species indicate specific plant types and their environmental adaptations (Lisztes-Szabo et al., 2019). Epidermal phytoliths identified in various plant tissues contribute to the understanding of plant responses to environmental stressors. Phytolith provides valid information about past ecosystems.
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Fig. 1. Mechanism of Carbon occlusion in phytoliths.

3. Environmental Controls on Phytolith Development

Environmental factors like moisture levels and salinity significantly control the development of phytolith. These factors can affect the size and morphology of the phytolith, leading to variations in phytolith size and morphology within a single plant. For example, in Phragmites australis, plants grown in saline-alkaline environments produce larger but less abundant phytoliths, while those grown in wetter environments are smaller and fewer (Liu et al., 2016). When the humidity level increases, the diversity of phytolith also increases, revealing the positive correlation between the moisture and phytolith diversity. Lanceolate phytoliths are particularly sensitive to humidity change (Liu et al., 2016). Phytolith longevity is influenced by plant species, phytolith morphology, and environmental conditions (Solomonova et al., 2019; Cabanes, 2020; de Tombeur et al., 2021;Blinnikov& Yost, 2025). Grasses and sedges produce high phytoliths (Blinnikov& Yost, 2023). Water balance of ecosystem influence phytolith production as well as dissolution rates (de Tombeur et al., 2021). Temperature and moisture content also play a crucial role in phytolith morphotypes (Solomonova et al., 2019) that affect phytolith longevity in mountain ecosystem.

4. Mechanisms of Carbon Sequestration in Phytoliths	Comment by acer: detailed explanation with graphical abstract

Carbon sequestration through plant absorption is a key process that uses photosynthesis to convert atmospheric CO₂ into organic compounds. Besides carbon sequestration, this process helps in enriching soil fertility. During photosynthesis plants absorb CO₂ and convert it into carbohydrates and oxygen. This process takes place in leaves when CO₂ diffuses into mesophyll cells (Flexas et al., 2012). A major portion of the carbon captured is allocated to roots (Jansson et al., 2010; Siddique et al., 2024). Phytolith-occluded carbon is formed during plant growth and can remain stable even after plant decomposition, thereby serving as a long-term carbon sink (Ahla & Swaroop, 2024). The incorporation of carbon into silica structures requires multiple processes that ultimately result in novel materials with unique characteristics.

5. Stability and Longevity of Phytoliths in Soil

Soil deposition plays a key role in long-term carbon sequestration. However, the stability of carbon storage in soil remains uncertain (Schmidt et al., 2011). The deposited soil organic carbon can remain in the soil for 300 to 1500 years, with 20-50% retention at equilibrium, highlighting its importance in the global carbon cycle (Schmidt et al., 2011). Phytolith, the silica structure developed in plants, can remain intact for millions of years, contributing to long-term carbon sequestration. These resilient characters can be attributed to their inorganic nature and their protective interactions with organic matter, which can enhance their stability in various soil environments.

Phytoliths are highly resistant to decomposition and can account for nearly 82% of the total carbon in soilafter 1000 years of organic matter decomposition (Parr & Sullivan, 2005). Phytoliths from certain plants like Dicranopterislinearis have low dissolution rates (Nguyen et al., 2019). Stability of phytoliths is influenced by soil characters such as pH, clay content, and organic carbon (Li et al., 2013). Dissolution rates are higher in paddy soils than non-paddy soils (Koebernick et al., 2024). Although phytoliths are resistant to degradation, they can be affected by the mechanical weathering process (Morgan-Edel et al., 2015). The parent soil material affects the durability of phytolith. For example, carbonate-rich soils exhibit different dynamics compared to carbonate-poor soils (de Tombeur et al., 2021).

6. Ecosystem Contributions to Phytolith Carbon Sequestration	Comment by acer: explain in details and focus on the main content of the sub head

High phytolith accumulation increases soil carbon storage (Parr & Sullivan, 2005). The long-term stability of phytoliths makes them special for understanding carbon dynamics in different ecosystems. Phytoliths have been reported to sequester between 11 and 190 Tg C annually (de Tombeur et al., 2024).

6.1 Croplands

Buckwheat, a widely cultivated crop, is globally estimated to sequester 5102.09 t CO₂ in 2018 through phytolith carbon sequestration (Wang & Sheng, 2022). Approximately 26.35 Tg of CO₂is reported to be sequestered annually in global cropland phytoliths, primarily contributed by rice, wheat, and maize (Song et al., 2013). Since 1961, the applications of fertilizers and managed cropping systems have tripled phytolith carbon storage (Song et al., 2013). At the global scale, rice crops alone sequester approximately 16.4 Tg e-CO₂ annually via phytOC (Prajapati et al.,2016).

6.2 Forests

Different forests store different quantities of phytOC. Bamboo forests sequester high phytOC content compared to fir and chestnut forests (Zhang et al., 2016). The total organic carbon in phytoliths is significantly higher in bamboo forests than in other terrestrial ecosystems, including grasslands, croplands, and forests (Cheng et al., 2023). Different ecosystems sequester varying amounts of phytolith-occluded carbon; bamboo forests are widely reported to sequester high amounts of phytolith-occluded carbon (Cheng et al., 2023; Zhen et al., 2024).



6.3 Wetlands

In wetlands, herb-dominated fens sequester high phytOC content up to 0.077 t-e-CO₂ ha-¹ a-¹ (Li et al., 2013). Soil depth and vegetation types affect phytOC content (Yang et al., 2019), as phytolith and phytOC content decreases from surface soil layer or litter layers to deeper soil layers, highlighting the importance of surface processes in carbon sequestration (Yang et al., 2019). 

7. Management Practices to Enhance Phytolith Carbon Sequestration	Comment by acer: please give management practices in points and add flow chart or diagrams for overview purpose.

Agricultural practices, such as the use of silicon fertilizers and compost application, have the potential to increase phytolith production and carbon sequestration rates in agricultural systems (Rutkowska et al., 2024). Maintaining the crop residues in the soil can increase soil organic carbon levels and improve both carbon sequestration and soil health. Agricultural practices like cover cropping and reduced tillage, besides increasing phytolith carbon sequestration improve soil structure, nutrient cycling, and water retention, supporting high crop yields (Pandao et al., 2023; Patil et al., 2024).

The quantity of phytolith carbon sequestration in croplands can be increased by silicate minerals-rich fertilizer usage (Kundu et al., 2020; Rutkowska et al., 2024; Wang et al., 2024) crop rotation using high phytolith-producing plants such as rice, wheat, and maize (Song et al., 2013). Further, controlling soil pH can increase silica availability for uptake by plants, thereby increasing phytolith formation and phytolith carbon sequestration (Huang et al., 2020). Addition of organic matter improves soil structure and nutrient availability, leading to high phytolith production (Shakoor et al., 2014).

8. ECOLOGICAL AND CLIMATE MITIGATION IMPLICATIONS	Comment by acer: can be improved by adding various processes, equations with respect to  sustainability area.

Phytoliths improve the soil structure and aeration, which help in root growth and improve nutrient uptake by the plants (Ahla &Swaroop, 2024). Also, the presence of phytolith in soil increases the retention of moisture and nutrients, which ultimately helps in promoting healthier plant growth and higher agricultural yields (Song et al., 2013). Management practices like optimizing cropping systems and proper soil management can increase phytolith carbon sequestration, which in turn helps improve soil health and fertility (Song et al., 2013; Ahla & Swaroop, 2024). Land use practices, such as grazing and tillage, highly influence phytolith-occluded carbon dynamics. For example, in croplands, cutting and tillage can alter phytOC storage more than grazing (Kundu et al., 2020; Cheng et al., 2023). In forests, management practices such as thinning and artificial tending can increase phytOC sequestration (Zheng et al., 2024).	Comment by acer: space

Phytolith-occluded carbon improves soil fertility and stability, which helps in ecosystem resilience and biodiversity conservation (Luo et al., 2024). It helps in climate change mitigation efforts by supporting the carbon cycle (Kundu et al., 2020). There are challenges in accurately estimating phytOC storage, and its complex interaction within the ecosystems. Besides the benefits, there are challenges like economic constraints and policy support that would limit the widespread adoption of phytolith carbon sequestering strategies.

9. CONCLUSION	Comment by acer: please rewrite the conclusion according to the article and add future pathway. 

PhytOC is resilient to decomposition, making it a promising long-term carbon sequestration strategy in mitigation of climate change (Huang et al., 2014; Zhao et al., 2016). Further, bamboo forests can significantly trap atmospheric CO₂, revealing their potential in the mitigation of climate change (Cheng et al., 2023). These findings highlight the importance of phytolith carbon and bamboo forest management as effective strategies for enhancing long-term carbon storage and mitigating climate change.
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