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Phosphorus (P) limitation remains a major constraint to rice productivity in newly Cite the Article: Muhammad, F.A.,
Citraresmini, A., Sofyan, E.T. (2026).

flooded Inceptisols, despite relatively high total P reserves. The conversion of - B . .
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mineral soils into paddy fields induces rapid changes in redox conditions, iron
dynamics, and silica availability, which strongly influence P availability and
fertilizer efficiency. In recent years, silica-enriched biochar has emerged as a
promising soil amendment due to its capacity to improve soil chemical properties,
regulate iron-mediated P fixation, and enhance nutrient retention in flooded soils. 43,

This narrative review synthesizes recent advances on the roles of silica-enriched  https:/doi.org/10.5567 7/ijlsar/V05101Y2026-
biochar and N, P, K fertilization in modifying soil chemical properties, phosphorus 06

use efficiency, and rice productivity in newly flooded Inceptisols. The review
highlights the effects of these management strategies on soil pH, cation exchange
capacity, available and potential P pools, silica dynamics, plant P and Si uptake, and
yield components such as grain yield and 1000-grain weight. Evidence from recent

studies indicates that silica-enriched biochar contributes to improved P availability
through competitive sorption with phosphate on iron oxides and increased cation
retention, while balanced N, P, K fertilization enhances nutrient uptake and yield
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performance. Synergistic effects between biochar-silica and mineral fertilization are
particularly important during the early stages of soil flooding, when nutrient
dynamics are highly unstable. This review underscores the potential of integrating
silica-enriched biochar with optimized N, P, K fertilization as a sustainable strategy
to improve phosphorus use efficiency and rice productivity in newly established
paddy soils.
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1. INTRODUCTION

1.1 Background and Significance

Rice (Oryza sativa L.) remains the primary staple food for more than half of the world’s population, positioning sustainable rice
production as a central pillar of global food security, particularly in developing and emerging economies [ 2. To meet increasing
demand, rice-based agroecosystems have historically relied on intensive applications of mineral fertilizers, especially nitrogen (N),
phosphorus (P), and potassium (K), to sustain yield growth [>4. However, mounting evidence indicates that continued intensification
of conventional fertilization has resulted in diminishing yield returns due to declining soil quality, low nutrient use efficiency, and
increasing environmental externalities, including nutrient losses, eutrophication, and greenhouse gas emissions > > 4. These
challenges are particularly pronounced in transitional rice systems established on newly flooded soils, where soil chemical processes
remain unstable during the initial phases of inundation .,
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In Indonesia and other tropical regions, future expansion of rice cultivation increasingly depends on marginal and transitional lands,
notably Inceptisols, which occupy extensive land areas but frequently exhibit chemical constraints that limit nutrient availability
and crop productivity under intensive rice-based systems [ 2], Inceptisols are typically characterized by weak horizon development,
acidic soil reactions, low to moderate organic matter content, and unbalanced macronutrient availability, conditions that restrict
their agronomic potential without targeted soil management interventions [* 7, When these soils are newly converted into flooded
paddy systems, prolonged inundation induces rapid shifts in soil redox potential that fundamentally alter biogeochemical processes
controlling iron (Fe) transformation, phosphorus mobilization, and overall nutrient dynamics >,

Under flooded conditions, the reductive dissolution of Fe(Ill) oxides leads to increased Fe?" concentrations in the soil solution,
triggering dynamic phosphorus sorption—desorption processes that govern P availability to rice plants 8. Although reductive Fe
dissolution may temporarily release sorbed phosphate, newly flooded soils often experience unstable P dynamics due to re-
precipitation, re-sorption, or complexation with dissolved Fe and organic matter, resulting in persistently low plant-available P
despite substantial total soil P reserves [% 11, These processes are especially critical during the early flooding phase, when fluctuating
redox conditions promote rapid Fe cycling and reduce the effectiveness of conventional P fertilization strategies 1% 1,

Phosphorus is an essential macronutrient regulating rice growth, energy transfer via adenosine triphosphate (ATP), and grain
formation; however, its use efficiency in flooded Inceptisols is frequently constrained by strong soil chemical controls 1. A large
proportion of soil P is immobilized through strong sorption to Fe oxides and stabilization within organic P fractions, processes that
collectively limit P mobility and restrict plant uptake under anaerobic paddy conditions [ '%1. Consequently, improving phosphorus
availability and phosphorus use efficiency remains a major challenge in the sustainable management of newly flooded paddy soils.

Recent research has increasingly highlighted the pivotal role of silicon (Si) in regulating nutrient dynamics and crop performance
in paddy soils [!> 131, Rice is a strong silicon accumulator, capable of incorporating Si at levels approaching 10% of shoot dry weight,
and adequate Si supply has been shown to enhance culm strength, lodging resistance, and tolerance to abiotic stresses such as
drought and salinity, while also contributing to balanced nutrient uptake and utilization [!4 !> 161, From a soil chemical perspective,
monosilicic acid [Si(OH)4] competes with phosphate anions for sorption sites on Fe oxides and oxyhydroxides, including goethite
and ferrihydrite, which dominate P retention in many mineral soils ['”> 8], This competitive sorption mechanism can displace
adsorbed phosphate into the soil solution, thereby enhancing P mobility and availability for plant uptake, particularly under flooded
conditions where Fe-mediated P fixation governs nutrient dynamics [*1.

In parallel, biochar derived from rice residues has emerged as a promising soil amendment for flooded agroecosystems due to its
high surface area, abundant functional groups, and resistance to biological degradation 2% 211, Biochar application has been shown
to elevate soil pH through liming effects, enhance cation exchange capacity (CEC), improve nutrient retention, and stabilize soil
chemical processes under anaerobic conditions, thereby contributing to improved soil fertility and nutrient cycling in paddy systems
(19,211 'When enriched with silica, biochar offers a dual functionality by simultaneously supplying plant-available Si and modifying
soil chemical environments that regulate nutrient interactions [?1. Silica-enriched biochar has been reported to enhance P availability
through Si—P competitive sorption on Fe oxides while reducing nutrient losses in flooded soils, indicating its potential to improve

nutrient use efficiency during early flooding stages ['% 231,

Despite growing evidence supporting the individual benefits of biochar and silicon amendments, their combined interactions with
conventional N, P, and K fertilization in newly flooded Inceptisols remain poorly synthesized >4, Most existing studies emphasize
pot experiments or long-established paddy soils, whereas field-scale conditions in newly converted paddy systems exhibit distinct
redox-driven chemical dynamics, nutrient transformation pathways, and management constraints that limit the direct transferability
of existing findings [°!. As a result, a critical knowledge gap persists regarding how silica-enriched biochar and mineral fertilization
jointly regulate soil chemical properties, phosphorus use efficiency, and rice productivity during the early flooding phase of
Inceptisol-based paddy systems.

Accordingly, this narrative review synthesizes recent open-access evidence on the effects of silica-enriched biochar and N, P, K
fertilization on soil pH, cation exchange capacity, iron-phosphorus-silica interactions, nutrient uptake, phosphorus use efficiency,
and rice yield formation in newly flooded Inceptisols. By integrating mechanistic insights across studies, this review aims to clarify
key processes, management implications, and priority research gaps relevant to sustainable rice production in transitional paddy
soils.

2. MATERIALS AND METHODS

2.1 Study Design and Approach

This study was conducted as a narrative review focusing on the synthesis of recent scientific literature related to the effects of silica-
enriched biochar and N, P, K fertilization on soil chemical properties, phosphorus dynamics, and rice productivity in newly flooded
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Inceptisols. The review adopted a conceptual synthesis approach, in which published findings were integrated and interpreted based
on soil chemical mechanisms, nutrient interactions, and crop response frameworks relevant to flooded rice systems. The analytical
framework was strongly aligned with the conceptual model developed in the associated thesis, emphasizing iron-mediated
phosphorus dynamics, silicon-phosphorus interactions, and nutrient use efficiency under transitional flooding conditions.

2.2 Literature Sources and Selection Criteria

Peer-reviewed journal articles were collected from international scientific databases, including Google Scholar, Scopus-indexed
journals, and open-access publishers such as MDPI, Frontiers, Springer Open, Elsevier Open Access, and IOP Publishing. Literature
selection focused on studies published between 2016 and 2026 to ensure relevance to current soil management practices and recent
methodological developments. Earlier foundational studies were included selectively when required to explain fundamental soil
chemical mechanisms.

The inclusion criteria comprised studies that (i) investigated paddy soils or flooded soil systems, (ii) evaluated biochar, silicon, or
their combined application, (iii) reported interactions with mineral N, P, or K fertilization, and (iv) assessed soil chemical properties,
nutrient dynamics, or rice yield components. Studies conducted exclusively on upland crops, non-flooded systems, or non-soil-
based experiments were excluded.

2.3 Data Collection and Extraction

Relevant information was extracted systematically from selected publications, including soil type, flooding condition, amendment
characteristics (biochar source, silicon form, and application rate), fertilization regime, observed soil chemical responses (pH, cation
exchange capacity, phosphorus and silicon availability), plant nutrient uptake, and rice yield components. Particular attention was
given to studies explicitly describing redox processes, iron—phosphorus interactions, and silicon-mediated nutrient mobilization in
flooded soils. Extracted data were organized thematically according to soil properties, nutrient dynamics, and plant response
variables.

2.4 Data Analysis and Synthesis

Data analysis was conducted qualitatively through thematic synthesis rather than quantitative meta-analysis. Findings from
individual studies were compared and interpreted based on consistency of observed trends, underlying soil chemical mechanisms,
and agronomic relevance. Emphasis was placed on identifying mechanistic linkages among biochar-silica application, phosphorus
mobilization, nutrient retention, and rice yield formation. Where applicable, reported percentage changes and relative treatment
effects were discussed descriptively without recalculating statistical values. The synthesis prioritized mechanistic coherence and
relevance to newly flooded Inceptisols rather than numerical aggregation.

3. RESULTS

3.1 Soil Chemical Constraints in Newly Flooded Inceptisols

Newly flooded Inceptisols constitute a transitional soil environment in which rapid shifts in redox potential significantly influence
the dynamics of soil nutrients, particularly phosphorus (P) and iron (Fe). Upon inundation, the decline in soil redox potential triggers
the reductive dissolution of Fe(IIl) oxides, thereby increasing Fe?" concentrations in the soil solution and altering P mobility [26].
Under these strongly reducing conditions, Fe—P complexes may initially release some P; however, much of this liberated P is
subsequently re-fixed or adsorbed onto remaining Fe and Al mineral surfaces, limiting its plant availability despite the presence of
substantial total soil P reserves [28].

The predominance of Fe oxyhydroxides in highly weathered tropical soils, such as many Inceptisols, further enhances this fixation
process because P exhibits high affinity for sorption to Fe (hydr)oxides under fluctuating redox conditions [11]. Consequently, even
though flooding can transiently elevate P solubility via reductive processes, available P often remains low because dissolved P
becomes re-adsorbed or precipitated as secondary mineral phases shortly after redox transitions [28].

Inceptisols typically exhibit inherently low soil pH, low cation exchange capacity (CEC), and reduced organic matter content, which
together exacerbate nutrient limitation by promoting stronger fixation of P by iron and aluminium compounds and diminishing the
soil’s buffering capacity [2]. Acidic reactions in these soils increase the activity of Al and Fe ions, which further enhances P sorption
and immobilization, making conventional mineral fertilization alone insufficient to improve P availability effectively [2].

Low organic matter content also constrains microbial energy sources necessary for effective redox transformations and nutrient
mobilization. Organic carbon serves as an electron donor in microbial processes that influence Fe cycling; limited labile organic
matter therefore restricts the microbial reduction of Fe(III) and reduces the potential release of associated P, limiting the contribution
of native soil P to rice uptake [28].
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In such chemically constrained environments, repeated high rates of mineral P fertilization may not proportionally increase plant-
available P and can even worsen soil chemical imbalance by lowering pH and promoting further Al and Fe activity, which reinforces
P fixation [27]. Therefore, nutrient limitation in newly flooded Inceptisols should be understood not merely as insufficient
fertilization input, but as a consequence of unfavorable soil chemical properties, particularly redox-driven Fe and Al dynamics,
acidity, and low organic matter, that constrain nutrient retention and availability.

These constraints indicate the necessity of soil amendments that can alter soil pH, increase CEC, and reduce excessive metal activity
to improve fertilizer efficiency in early paddy soil development. By buffering acidity and modifying the soil chemical environment,
such amendments can help decrease P fixation and improve the temporal availability of nutrients under dynamic flooded conditions.

3.2 Role of Silica-Enriched Biochar in Regulating Soil Chemical Properties

Silica-enriched biochar acts as a multifunctional soil amendment capable of simultaneously addressing several key chemical
constraints commonly encountered in newly flooded Inceptisols [22]. One of the primary mechanisms through which biochar exerts
its influence is the regulation of soil pH, as most biochars derived from crop residues exhibit an alkaline character due to the presence
of base cations such as Ca?", Mg?, and K" that are released following soil application [19, 21]. In acidic Inceptisols, particularly
those newly subjected to flooding, this liming effect is critical for buffering rapid pH declines associated with redox-driven proton
consumption and release processes [8].

An increase in soil pH following biochar application has direct implications for iron (Fe) chemistry under flooded conditions, as
higher pH values promote the precipitation of Fe as poorly crystalline hydroxides rather than remaining in soluble or highly reactive
forms [5, 8]. By suppressing excessive Fe solubility and moderating the reduction of Fe(III) to Fe**, silica-enriched biochar indirectly
limits Fe-mediated phosphorus fixation, a dominant constraint in newly flooded paddy soils [8, 10]. This stabilization of Fe
dynamics is particularly important during the early flooding phase, when rapid shifts in redox potential can otherwise lead to unstable
phosphorus availability and inefficient fertilizer use [8, 11].

Beyond pH regulation, the physicochemical properties of biochar, namely its high specific surface area and abundance of oxygen-
containing functional groups, play a central role in enhancing soil cation exchange capacity (CEC) [20, 21]. In newly flooded
Inceptisols, which are often characterized by low organic matter content and weak structural development, this biochar-induced
increase in CEC represents a key mechanism for improving soil chemical resilience and nutrient retention [7, 19]. Enhanced CEC
enables the soil to more effectively retain nutrient cations supplied through N, P, and K fertilization, thereby reducing leaching and
diffusion losses under flooded conditions and stabilizing nutrient availability throughout the rice growth cycle [19, 25].

The enrichment of biochar with silica further strengthens its regulatory function by introducing an additional mechanism that directly
influences phosphorus dynamics in Fe-dominated paddy soils [22]. Silicon supplied in the form of monosilicic acid can compete
with phosphate for sorption sites on Fe oxides and oxyhydroxides, a process that is enhanced when biochar surfaces provide
additional reactive interfaces for sorption—desorption reactions [17, 18]. This competitive sorption mechanism facilitates the
desorption of previously fixed phosphate into the soil solution, increasing P mobility and availability to rice roots, particularly under
anaerobic conditions where Fe cycling dominates nutrient transformations [8, 18].

Moreover, the combined presence of biochar and silica contributes to the stabilization of soil chemical processes by buffering
fluctuations in pH, redox potential, and nutrient concentrations that are typical of newly flooded systems [22]. By moderating
extreme chemical shifts during early flooding, silica-enriched biochar creates a more favorable rhizosphere environment that
supports sustained nutrient uptake and reduces the risk of nutrient antagonism or toxicity associated with excessive Fe and Al
activity [8, 19]. This stabilization function is particularly relevant in transitional paddy soils, where management interventions must
compensate for the lack of long-term soil structural and biochemical equilibrium.

Collectively, these mechanisms indicate that silica-enriched biochar does not merely act as a passive soil conditioner but rather
functions as an active regulator of soil chemical processes in newly flooded Inceptisols [22]. Its capacity to integrate pH buffering,
CEC enhancement, Fe—P interaction modulation, and silicon supply underscores its potential role as a strategic amendment for
improving nutrient efficiency and soil chemical stability in transitional rice production systems [8, 19].

3.3 Silicon—Phosphorus—Iron Interactions and Phosphorus Mobilization

Silicon exerts a significant regulatory function in phosphorus (P) dynamics of flooded soils by altering surface chemical interactions
among phosphate ions, iron (Fe) oxides, and soil colloids, thereby influencing P mobility and bioavailability [10]. In anaerobic
conditions typical of flooded paddy soils, Fe(Ill) oxides that strongly adsorb phosphate undergo partial reductive dissolution to
Fe(IT), which can release previously immobilized phosphate into the soil solution [29]. However, in newly flooded Inceptisols, Fe-
mediated phosphorus fixation often remains dominant during early flooding stages due to incomplete reductive dissolution and the
persistence of reactive Fe hydroxides [31].
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Silicic acid (HaSiO4) competes directly with phosphate ions for adsorption sites on Fe and Al oxides through ligand exchange
mechanisms, thereby weakening Fe—P bonding and enhancing P desorption into the soil solution [10]. This competitive sorption
process is particularly effective under acidic to slightly acidic soil conditions, where Fe oxides exhibit high surface reactivity toward
both silicate and phosphate anions; the consequent competition between dissolved silicic acid and phosphate for sorption sites on
Fe mineral surfaces can mobilize previously adsorbed P, shifting it into more labile, plant-available pools without necessarily
altering total soil P content [18]. Under flooded conditions, silicon-induced suppression of phosphate fixation is further reinforced
by Si-mediated modifications of Fe mineralogy, including the transformation of Fe(III) oxides into less reactive forms with lower
P sorption capacity during prolonged submergence [8, 18]. Silicon amendments thus contribute to sustained phosphorus availability
throughout the cropping period rather than inducing a short-term release pulse.

When supplied via silica-enriched biochar, silicon is released gradually into the soil solution through slow dissolution of silicate
minerals embedded within the biochar matrix [22]. This controlled release from silica-enriched biochar into the soil solution can
sustain prolonged interaction between dissolved silicate and phosphate ions at mineral surfaces, effectively maintaining elevated
concentrations of plant-available phosphorus throughout extended periods of crop growth due to continuous competitive desorption
of phosphate from soil sorption sites and slow dissolution kinetics of biochar-derived silicate [18, 33]. Compared with soluble silicon
fertilizers, silica-enriched biochar provides a more stable silicon source that minimizes rapid leaching losses under flooded soil
conditions [22].

The porous structure and high surface area of biochar further enhance phosphorus mobilization by adsorbing Fe*" ions released
during reductive dissolution, thereby limiting secondary Fe—P precipitation reactions [32]. Additionally, biochar surfaces can act as
temporary sinks for phosphate, facilitating reversible adsorption—desorption processes that buffer soil solution P concentrations [10,
33]. This buffering capacity improves synchronization between phosphorus release and plant uptake, ultimately enhancing
phosphorus use efficiency (PUE) in low-input rice production systems [34].

From a nutrient management perspective, enhancing soil phosphorus availability through amendments that increase silicon
availability, such as silica-enriched biochar, can contribute to sustainable nutrient strategies that improve phosphorus availability
for crops. Increased silicon availability has been shown to mobilize phosphorus in paddy soils by competing with phosphate for
binding sites on iron (Fe) mineral surfaces, thereby raising soil solution P concentrations and plant-available P [8]. Additionally,
silicon amendments have been observed to increase extractable phosphorus in soils by modifying soil chemical properties,
supporting the conceptual basis for Si-mediated enhancement of P availability [30]. This approach is particularly relevant for
intensively cultivated flooded soils, where repeated P fertilization leads to long-term accumulation of Fe-bound phosphorus with
low agronomic efficiency [10]. Therefore, integrating silicon-rich biochar into flooded soil management frameworks offers a
synergistic pathway to improve soil chemical fertility, enhance phosphorus cycling, and support environmentally efficient crop
production systems [22].

3.4 Interaction with N, P, K Fertilization, Nutrient Use Efficiency, and Rice Yield

Balanced nitrogen (N), phosphorus (P), and potassium (K) fertilization remains essential to support rice growth and yield; however,
the efficiency of mineral fertilizer use is strongly conditioned by soil chemical properties and nutrient retention mechanisms in soil.
Meta-analysis and review evidence indicate that biochar application consistently enhances soil nutrient availability and increases
cation exchange capacity (CEC), which improves the retention and cycling of nutrient cations such as NH.*, K*, and Ca?*, thereby
reducing nutrient leaching losses and bolstering fertilizer responsiveness [35, 36]. In newly flooded Inceptisols, silica-enriched
biochar modifies the soil chemical environment to enhance the effectiveness of mineral fertilizers rather than replacing them entirely.
Its inherently high surface area and abundance of negatively charged functional groups increase soil cation exchange capacity
(CEC), thereby improving the retention of fertilizer-derived cations such as NH4*, K*, and Ca?* and reducing their susceptibility to
leaching losses [38, 39]. Global synthesis further confirms that biochar-induced improvements in soil physicochemical properties,
including CEC and nutrient buffering capacity, contribute to more stable nutrient availability across cropping systems, supporting
higher fertilizer use efficiency under intensive management scenarios [37].

In parallel, the liming effect of biochar can mitigate excessive iron (Fe) activity in acidic paddy soils by increasing soil pH and
altering redox-sensitive chemical conditions that otherwise favor Fe-induced phosphorus fixation. Evidence from flooded soil
systems indicates that biochar application modifies the temporal dynamics and vertical distribution of Fe and phosphorus (P) under
submergence, resulting in higher concentrations of plant-available P during critical stages of crop growth [29]. In acidic soils, rice
straw—derived biochar has further been shown to enhance phosphorus availability and P cycling by suppressing strong Fe-P
interactions, thereby allowing a greater proportion of applied P to remain in bioavailable forms for extended periods compared with
unamended soils [40].
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Furthermore, co-application of biochar with mineral fertilizers has been consistently reported to enhance soil nutrient availability
relative to sole fertilization. Biochar improves soil chemical properties such as nutrient retention capacity and cation exchange
capacity, which reduces nutrient losses and promotes more efficient nutrient uptake by crops. Experimental evidence demonstrates
that combined biochar—fertilizer application increases nitrogen retention in soil and improves plant N uptake, indicating broader
benefits for nutrient use efficiency when biochar is integrated with conventional fertilization strategies [41]. Similar synergistic
effects have been observed for overall nutrient availability and biomass production under mineral fertilization regimes, supporting
the role of biochar as a complementary amendment that enhances fertilizer effectiveness through sustained improvements in soil
chemical conditions [42].

The interaction between silica-enriched biochar and balanced N, P, and K fertilization can conceptually promote synchronization
between nutrient release and plant demand throughout the rice growth cycle. Biochar-induced improvements in nutrient retention
and buffering capacity support more sustained availability of nitrogen and phosphorus during early vegetative stages, which
enhances tillering, root expansion, and early biomass accumulation by reducing nutrient losses and improving plant nutrient uptake
efficiency [45, 54]. As the crop progresses into reproductive development, improved retention and availability of phosphorus and
potassium facilitate key physiological processes such as energy transfer, assimilate translocation, and panicle development, thereby
contributing to higher grain yield and yield stability under fertilized conditions [52].

Empirical evidence further demonstrates that the combined application of biochar with chemical or organic fertilizers enhances
nutrient use efficiency, including phosphorus use efficiency, by increasing plant nutrient uptake while simultaneously reducing
fertilizer loss pathways such as leaching or chemical fixation in soil [45, 53, 54]. These synergistic interactions are particularly
relevant in transitional paddy soils such as newly flooded Inceptisols, where strong soil chemical constraints and inefficient nutrient
retention would otherwise limit fertilizer effectiveness and crop nutrient acquisition.

From a crop physiological perspective, synchronized nutrient supply throughout the rice growth cycle is critical for optimizing plant
development and yield. Early vegetative availability of N, P, and K improves root traits and canopy establishment, thereby
supporting higher yield potential in rice [48]. As rice transitions into reproductive and grain-filling stages, the co-supply of P and K
improved root activity, nutrient uptake, and translocation to aboveground organs, which promoted panicle development and
increased grain number per panicle [49].

Overall, the integration of silica-enriched biochar with balanced N, P, and K fertilization promotes higher nutrient use efficiency by
aligning nutrient availability with crop demand while minimizing chemical constraints associated with iron (Fe) activity, low cation
exchange capacity (CEC), and nutrient retention limitations typical of newly flooded Inceptisols. Silica-enriched biochar has been
shown to improve soil chemical properties, including available phosphorus and potassium levels and CEC, when applied alongside
NPK fertilizers, indicating enhanced soil fertility and nutrient supply potential [24]. Furthermore, meta-analytical evidence
demonstrates that the combined application of biochar with mineral fertilizers can increase nutrient uptake and use efficiencies
compared with fertilizers applied alone, particularly in soils with inherently low organic matter and high fixation capacity [50, 51].
This synergistic management strategy is therefore particularly relevant for improving fertilizer efficiency and sustainability in
transitional paddy soils, where conventional fertilization often results in suboptimal nutrient utilization and environmental losses.

3.6 Conceptual Implications for Sustainable Management of Newly Flooded Inceptisols

The conceptual synthesis presented in this review emphasizes that improving rice productivity in newly flooded Inceptisols requires
an integrated approach that targets soil chemical constraints at their source. Silica-enriched biochar functions as a stabilizing soil
amendment that modifies soil pH, enhances cation exchange capacity (CEC), and influences iron (Fe) dynamics, thereby facilitating
phosphorus mobilization and improving overall nutrient availability [8, 18, 49]. When combined with optimized N, P, and K
fertilization, this amendment strategy promotes higher phosphorus use efficiency and improved nutrient uptake compared with sole
mineral fertilizer applications, particularly in soils with low organic matter content and high P-fixing capacity [25, 44, 45].

From a sustainability perspective, such an approach offers the potential to reduce reliance on high fertilizer inputs while maintaining
soil health and productivity by aligning nutrient availability with crop demand and mitigating chemical constraints related to Fe—P
interactions and low CEC [25, 33]. This conceptual framework thus provides a robust foundation for future field-scale evaluations
and supports the development of adaptive nutrient management strategies tailored to transitional paddy soils, where conventional
fertilization alone often fails to achieve efficient nutrient use and stable yield formation.

4. DISCUSSION

This review identifies that the productivity of newly flooded Inceptisols is primarily limited by inherent chemical constraints,
specifically soil acidity, low cation exchange capacity (CEC), and strong phosphorus fixation driven by iron and aluminum dynamics
during redox transitions. Silica-enriched biochar emerges from this synthesis as a strategic, multifunctional amendment capable of
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overcoming these barriers. unlike standard fertilization which often leads to nutrient immobilization, this amendment actively
regulates the soil chemical environment through three synergistic mechanisms.

First, the alkaline properties of biochar provide a critical buffering capacity that neutralizes acidity and precipitates excessive soluble
iron, thereby stabilizing the rhizosphere against rapid pH fluctuations typical of early flooding. Second, the porous structure of the
biochar significantly increases CEC, creating a reservoir that retains fertilizer-derived cations like ammonium and potassium,
preventing them from leaching. Third, and most notably, the slow release of monosilicic acid from the amendment drives a
competitive desorption process. Silicate ions displace phosphate ions from binding sites on iron oxides, effectively "unlocking"
fixed phosphorus and maintaining its availability in the soil solution for plant uptake.

These mechanisms have profound implications for nutrient management. The integration of silica-enriched biochar with balanced
NPK fertilization transforms the soil system from a nutrient-fixing environment to one of efficient nutrient cycling. By
synchronizing nutrient availability with crop demand, supporting root development in vegetative stages and energy transfer during
reproduction, this approach enhances overall nutrient use efficiency. Consequently, this suggests that mineral fertilizer inputs could
be reduced without compromising yields, addressing both economic and environmental concerns in intensive rice production.

While this conceptual framework is robust, future research must transition from theoretical and pot-scale findings to long-term field
trials. Validating the optimal ratios of biochar to silica and assessing the economic feasibility of this technology will be essential for
developing scalable, sustainable management protocols for transitional paddy soils.

5. CONCLUSION

This review establishes that silica-enriched biochar functions as a transformative soil regulator, rather than a passive conditioner,
capable of overcoming the inherent chemical constraints of newly flooded Inceptisols. The primary contribution of this synthesis is
the mechanistic clarification of silicon-mediated competitive desorption, which alongside pH buffering and CEC enhancement
effectively "unlocks" iron-bound phosphorus reserves that are otherwise inaccessible. Consequently, integrating this amendment
with balanced fertilization offers a vital strategy to decouple rice productivity from excessive mineral inputs, thereby enhancing
nutrient use efficiency in transitional soil environments. Future research must prioritize long-term field validation to optimize
amendment ratios and assess the economic viability of this approach for sustainable intensification in tropical wetlands.
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