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 IMPACT OF HUMIC SUBSTANCES ON CARBON SEQUESTRATION AND SOIL RESILIENCE 


                    
[bookmark: _Hlk210417565]ABSTRACT 
	Intensified cultivation linked with over application of chemical fertilizers and increasing human activities have been linked to enhanced CO2 emissions, decreasing soil fertility, increasing soil degradation and declining productivity of crops. However, humic substances comprising humic acid, fulvic acid, and humin have shown beneficial effects in improving soil fertility, mitigating greenhouse gas emissions and enhancing soil resilience. Being highly decomposed organic matter, these substances play a vital role in boosting soil health and promoting carbon sequestration. Elevated levels of humic substances are associated with a notable increase in soil organic carbon content. Additionally, they contribute to a reduction in the emission of major greenhouse gases. Human-induced disturbances, including land cultivation and poor land management practices both historically and currently, continue to degrade soil. Therefore, developing soils with resilient characteristics is essential to withstand such degradation. Humus contributes to the improvement of soil’s biological, physical, and chemical properties, ultimately strengthening its resilience capacity. 
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1. INTRODUCTION    
Greenhouse gas emissions, earlier considered as critical for regulating the temperature of Earth has recently become a problem mainly due to anthropogenic activities. These emissions create threatening effects to the planet and also affects agriculture as a whole. There is over 50 per cent chance that global average temperatures will reach or exceed 1.5 °C from pre‑industrial levels by 2040 (IPCC, 2023). With this increase, there will be a change in  climatic processes which may result in unpredictable changes in weather, extremely high rainfall and long dry season. These changes can affect the soil, living biota and agricultural production. Agriculture, especially the annual cropping systems, is the most vulnerable economic activity that can be severely affected by  climate change (Nelson et al., 2009). Greenhouse gas  emissions with other anthropogenic activities can also cause soil degradation. Soil degradation is broadly defined as a sustained deterioration in soil health that manifests in reduced agricultural productivity, declining soil organic matter, compromised structure, and diminished ability to support ecosystem services (Lal, 2015). 	Comment by Dr. Deepak Kumar: Please check Spacing	Comment by Dr. Deepak Kumar: Please check Spacing	Comment by Dr. Deepak Kumar: In italic 	Comment by Dr. Deepak Kumar: Please check Spacing
   	The terms carbon sequestration and soil resilience become relevant in this scenario. Carbon sequestration in soil refers to the process of transfer and secure storage of atmospheric CO2 into other long-lived carbon pools that would otherwise be emitted or remain in the atmosphere (Lal, 2008) whereas soil resilience is the capacity of soil to recover its structural and functional integrity after disturbances restoring processes like nutrient cycling, microbial activity, and water retention once the stressor is removed (Davis et al., 2023). Humic substances constitute a chemically intricate and structurally diverse assembly of naturally occurring organic compounds, ubiquitously present in nature and arise from the decay of plant and animal residues in the environment (Piccolo et al., 2018).  
Humic substances are found to have a pronounced effect on carbon sequestration and soil resilience. They originate from the prolonged decomposition and transformation of plant, animal, and microbial residues, coalescing into supramolecular aggregates such as humic acid, fulvic acid, and humin that significantly influence soil chemistry, nutrient dynamics, and ecological behavior. Humic acids are the organic fraction that is soluble in alkaline solutions but precipitates when the pH drops below 2 (Klučáková, and Kalina, 2015). Fulvic acids, in contrast, remain soluble across the entire pH spectrum, including both acidic and alkaline conditions (Yang et al., 2024).  Humin is the remaining fraction that is insoluble in water at any pH, as well as insoluble in dilute alkali, and is typically retained as the insoluble residue (Li et al., 2015). Humic substances have unique composition and properties (Table 1) which helps them to promote carbon sequestration and provide resilient properties to the soil. 	Comment by Dr. Deepak Kumar: Not use coma after first name 
	Table 1. Composition of humic acid, fulvic acid and humin (Stevenson, 1994)
 
	Component 
	Humic Acid  
	Fulvic Acid  
	Humin 

	C (Carbon) % 
	50–60% 
	40–50% 
	60–70% 

	H (Hydrogen) % 
	4–6% 
	4–5% 
	4–5% 

	O (Oxygen) % 
	30–35% 
	44–49% 
	25–30% 

	N (Nitrogen) % 
	1–5% 
	1–3% 
	1–5% 

	Ash (Minerals) % 
	1–2% 
	2–3% 
	1–3% 

	Aromaticity 
	High 
	Low 
	Very High 

	Molecular weight 
	10,000 – 100,000 Da 
	500 – 2,000 Da 
	>100,000 Da 

	Functional groups 
	Carboxylic, phenolic, quinonic 
	Carboxylic, hydroxyl, carbonyl 
	Mostly aromatic, few functional groups 

	Colour 
	Dark brown to black 
	Yellow to light brown 
	Black 










 
2. ROLE OF HUMIC SUBSTANCES IN CARBON SEQUESTRATION 
Within the terrestrial ecosystems, the intensification of global warming is manifested most acutely on land surfaces which warm at a substantially faster rate than oceanic regions owing to differences in heat capacity, land–atmosphere feedbacks, and constraints imposed by atmospheric moisture and lapse‑rate dynamics (Diffenbaugh and Field, 2013). The rapid rate of warming induces a major challenge for ecosystems to adjust with regard to land use and degradation and other biotic and abiotic stresses (Mortiz and Agudo, 2013).  
  	Decomposition of organic matter leads to the formation of stable humic substances and further decomposition of these substances are hindered. Thus humus can store carbon for a longer period of time. Several studies shown that humic substances could increase soil organic carbon content.  Gumus and Şeker (2015) in their incubation trials, reported that 42 and 62 days following humic acid treatments, soil organic carbon exhibited a a linear response to increasing doses of humic acid. Notably, the most pronounced effect of organic carbon content was achieved with applications of 2 per cent and 4 per cent humic acid. When humic–clay complexes were made at a humic acid : clay ratio of 1 : 5, using montmorillonite, illite, and kaolinite they exhibited a marked elevation in organic carbon content. This enhancement reflects the formation of stable organo–mineral associations through mechanisms such as cation bridging, hydrogen bonding, and interlayer insertion thereby fostering carbon sequestration within these clay matrices (Zhang et al., 2013). 	Comment by Dr. Deepak Kumar: That is one word 
   	Piccolo et al. (2004) demonstrated, through a year-long incubation study on a sandy Podzol, that the incorporation of stable organic amendments namely mature compost and compost-derived humic acids substantially curtailed mineralization losses of organic carbon. The inclusion of vermicompost enriched with humic acids in sandy-loam soil remarkably enhanced carbon sequestration compared to both NPK-fertilized and unamended controls (Maji et al., 2017). 
   	Different crops and cropping systems have shown increased levels of humic substances in soil which subsequently increased carbon sequestration. Song et al. (2024) demonstrated that, on abandoned agricultural plots, the cultivation of Medicago sativa L. notably improved the conversion of soil organic compounds into humic acid and humin. These compounds are more chemically resilient and structurally protected and acts to enhance micro‐aggregate formation to stabilize soil organic carbon over extended periods. Comparison of two crop systems viz brachiaria with livestock and pearl millet without livestock in the Brazilian Cerrado on clay-rich soils showed that the system incorporating brachiaria along with grazing led to increased stocks of humic acids, which in turn enhanced the soil’s ability to store carbon (Loss et al., 2013). 	Comment by Dr. Deepak Kumar: humic acid and humin acid
    	Long-term manuring encourages the formation of humic acid, which in turn enhances carbon stability. This process boosts organic carbon levels within microaggregates and ultimately expands the soil carbon pool following extended manurial treatments (Zhang et al. 2019). Song et al. (2023) demonstrated that combining humic acid with organic manure significantly boosts the soil carbon pool in saline soils by suppressing salinity levels and reducing the limitations on microbial resources. 
   	An investigation conducted on the influence of maize straw incorporation on carbon sequestration in various paddy soils across China revealed that the process begins with a chemical attachment of the added carbon to soil components and concludes with its transformation into recalcitrant humin, which provides long term stability for the soil carbon pool (Song et al. 2012). Zhang et al. (2014) demonstrated through a long-term fertilization trial in a wheat–maize system that applying farmyard manure significantly enhances sequestration of carbon within soil humic substances including water-soluble organic matter, humic and fulvic acids, and especially humin. Their findings indicate that prolonged farmyard manure use fosters carbon storage in humic pools and leads to its ultimate stabilization as humin. 
   	Through a one-step hydrothermal humification technology Yang et al. (2019) successfully synthesized artificial humic acid and artificial fulvic acid  from available agricultural wastes. Artificial humic substances and natural humic substances have same basic chemical structural properties. Artificial humic substances have enormous carbon sequestration potential. Application of synthetic humic acid enhances both the diversity and population of soil microbial communities, particularly those involved in carbon sequestration and ultimately leads to a decline in CO₂ emission rates (Peng et al., 2024).  Application of liquid artificial humic acid  optimizes the composition of soil microbial communities by promoting carbon-sequestering bacteria such as Mycolicibacterium gadium and Starkeya novella. These bacteria possess strong carbon fixation capabilities, which help reduce soil carbon loss following thawing events (Tang et al., 2022).    
2.1. ROLE OF HUMIC SUBSTANCES IN MITIGATION OF CARBON EMISSIONS 
  	Effective carbon sequestration requires both reduction in carbon emissions and withdrawal of atmospheric carbon dioxide (CO2) leading to net zero emissions. CO2 and CH4 are the main carbon emissions which contributes to radiative forces in the atmosphere. Besides anthropogenic activities (fossil fuel combustion, cement production and industrial procedures), the agronomic practices (drainage of wetlands, ploughing, land use conversion), fertilizer application, livestock and wetlands are also important sources of carbon emissions (Shakoor et al., 2021). 
  	Flooded paddy fields and natural wetlands are among the largest anthropogenic and natural sources of atmospheric methane emissions, with continuous flooding conditions in rice cultivation significantly enhancing CH₄ release due to anaerobic decomposition of organic matter (Qian et al., 2023).The addition of humic substances could suppress the CH4 production from the paddy soils and wetland soils (Tan et al., 2018). Lee et al. (2024) conducted a field study in which rice paddies were treated using a humic acid–iron  complex in combination with rice straw. They discovered that this integrated treatment reduced overall greenhouse gas emissions by approximately 33.9–34.4 per cent compared to plots with rice straw alone. Blodau and Deppe (2012) performed controlled incubation experiments using peat samples from the Mer Bleue bog in Canada. They discovered that adding humic acid significantly reduced CH₄ emissions compared to the untreated control peats.  
   	Humic substances increase the biological stability of soil organic matter and contribute to mitigation of CO2 emissions from agricultural soils (Spaccini et al., 2002). Organic matter having higher content of humic substances can reduce greenhouse gas emissions particularly nitrous oxide and methane due to their ability to act as electron shuttles in soil and also supports methane-oxidizing microbial communities, enabling them to consume CH₄ before it escapes into the atmosphere (Valenzuela et al., 2020). Pig slurry formulations containing increased levels of fulvic and humic acids obtained by feeding pigs with peat moss could substantially reduce greenhouse gas emissions during storage. Specifically, compared to untreated slurry, these amended formulations exhibited approximately a 23 per cent decrease in CO₂ emissions and a 44 per cent decrease in CH₄ emissions over a two month period (Lee et al., 2023). 	Comment by Dr. Deepak Kumar: That is one word
  	Integration of humic acid with conventional chemical fertilizers not only enhanced crop productivity but also functioned effectively as a carbon sink in agricultural soils (Lv et al., 2022). Guo et al. (2022) demonstrated through a two-year field study that blending controlled-release fertilizer with 3 per cent humic acid led to substantial decrease in greenhouse gas emissions. As a result, both global warming potential and greenhouse gas intensity dropped by around 29–33 per cent showing that this approach offers environmental advantages.  
3. ROLE OF HUMIC SUBSTANCES ON SOIL RESILIENCE 
  	Anthropogenic interventions, including both past and ongoing practices like land cultivation and improper land management have significantly contributed to the progressive deterioration of soil quality and functionality, ultimately leading to soil degradation (Bhattacharyya et al., 2023). Soils should possess resilient properties to withstand soil degradation. Soil resilience is the ability OF SOIL to recover from disturbances, maintain its functions, and adapt to environmental changes (Smith et al., 2022). Humic substances could improve biological, physical and chemical properties of soil which eventually enhances soil resilience. 	Comment by Dr. Deepak Kumar: In small
3.1. EFFECT OF HUMIC SUBSTANCES ON SOIL PHYSICAL PROPERTIES 
   	Humic substances have the potential to enhance the physical characteristics of soil by facilitating the aggregation of soil particles, a process driven by their inherent capacity to act as binding agents, thereby promoting the formation of stable soil structure (Amoakwah, 2024). The following are the important soil physical properties which can be improved by humic substances. 
3.1.1 BULK DENSITY 
    	Bulk density is a fundamental physical property of soil that directly influences a range of pedological processes, root growth dynamics, and overall soil health. It serves as an important indicator of soil quality, reflecting the degree of compaction, porosity, and soil structure (Kaushal, 2023). Among various soil amendments, humic substances have been shown to exert a pronounced influence on soil bulk density through their effects on soil aggregation and organic matter stabilization.

Experimental evidence demonstrates that humic acid application can significantly reduce soil bulk density and enhance porosity. In an incubation study, Ashokan et al. (2024) applied varying doses of humic acid (0, 2.5, 5, 10, and 15 kg ha⁻¹) to soil maintained at field capacity over a 30-day period. The treatment receiving 15 kg ha⁻¹ of humic acid exhibited the highest porosity and the lowest bulk density, highlighting a clear dose-dependent response. Similarly, Zhou et al. (2019) reported that a single application of humic acid resulted in a reduction in soil bulk density by 9%, 10%, and 6% in the 0–10 cm, 10–20 cm, and 20–40 cm soil layers, respectively, indicating an overall improvement in soil structure across the profile. Furthermore, Khalil et al. (2011) found that combined soil and foliar applications of humic and fulvic acids 20 L fed⁻¹ to the soil and 200 ppm as a foliar spray were more effective in reducing bulk density compared with untreated controls.

3.1.2 SOIL AGGREGATE STABILITY 
    	Aggregate stability is widely used as an indicator of soil health and erosion risk (Almajmaie et al., 2017). Soil structure is often expressed as the degree of stability of aggregates (Six et al., 2000). Due to the intrinsic capacity to associate with soil particles and facilitate the formation of soil aggregates, humic substances play a pivotal role in enhancing and stabilizing the overall soil structure. 
   	Application of varying concentrations of humic acid (control, 0.5 per cent, 1 per cent, 2 per cent, and 4 per cent) to soil over three incubation periods 21, 42, and 62 days indicated that humic acid application markedly enhanced aggregate stability across all incubation intervals, suggesting its potential to rapidly improve soil structure in a short term (Gümüs and Seker, 2015).   Incorporation of composted manure, activated sludge, orthophosphate, and humic acid into the soil and exposing  to simulated rainfall at a rate of 36 mm/h for six artificial rain events showed that soils treated with humic acid exhibited enhanced aggregate stability after the rain events compared to untreated control soils (Mamedov et al., 2014). 
3.1.3 SOIL HYDRAULIC CONDUCTIVITY 
    	Soil hydraulic conductivity plays a pivotal role in regulating hydrological processes such as surface water runoff, soil erosion, and deep percolation, thereby influencing water availability in the soil (Boadu, 2000). Presence of humic substances seems to increase the hydraulic conductivity of soil. A study comparing sandy and clayey soils found that increasing concentrations of humic acid (0, 1, 6 g per 100 cm³ soil) resulted in a significant reduction in saturated hydraulic conductivity. Hydraulic conductivity decreased by 11.4 per cent at 1 g and 15.8 per cent at 6 g humic acid in sandy soil and in clay soil, a substantial 35.5 per cent decrease occurred at 6 g  (Kandra et al., 2024). Contrasting outcomes were observed in loamy–sandy soils. The application of humic acids at rates ranging from 0.01 to 0.15 kg per 10 m² led to a notable enhancement in hydraulic conductivity, increasing it from 60 cm/day (a 25 per cent increase) to as much as 120 cm/day (a 150 per cent increase), relative to the control value of 48 cm/day (Kandra et al., 2024). 
3.1.4 WATER HOLDING CAPACITY 
 	 Soil water holding capacity refers to the volume of water that remains stored within the soil's capillary pores after excess gravitational water has drained into the deeper layers (Senjobi and Ogunkunle, 2011). This property helps to retain dissolved nutrients in the root zone, reducing nutrient leaching and increasing their availability to plants. A field study demonstrated that adding humic acid (1–4 per cent) progressively reduced the infiltration rate and cumulative infiltration volume. Results showed slower water front progression and improved water-holding capacity across soil layers (Ma et al., 2023). 
3.1.5 WATER RETENTION 
  	Soil water retention is a fundamental hydraulic property that indicates the level of energy required to retain water within the soil pores at varying levels of saturation (Hohenbrink et al., 2023). This soil property plays a crucial role in supporting plant growth and minimizing water loss from the soil over an extended period. 
  	Humic substances along with other amendments also showed better results. The combination of polyacrylic acid, humic acid, and semicoke exhibited the highest water retention capacity when compared to the control and the treatment with a mixture of polyacrylic acid with semicoke alone (Wang et al., 2021).. Combination of fulvic acid with biochar significantly lowered soil bulk density while enhancing various soil water retention metrics including soil water content, field capacity, and capillary water content compared to unamended control plots (Sun et al., 2019). 	Comment by Dr. Deepak Kumar: Check this
3.2 EFFECTS OF HUMIC SUBSTANCES ON SOIL CHEMICAL PROPERTIES 
   	Chemical properties determine the composition of soil in terms of its nutrient content and influence the availability of essential elements needed for healthy plant growth and reproduction (Wasonga et al., 2024). The important chemical properties that can be improved by humic substances include CEC, pH buffering capacity, nutrient content in soil etc.  
3.2.1 CATION EXCHANGE CAPACITY (CEC) 	Comment by Dr. Deepak Kumar: Please add unite- (meq/100g) 
  	CEC refers to the capacity of soil to hold and exchange cations that balance the negative charges present on soil particles (Olorunfemi et al., 2016). CEC is enhanced by the presence of humic substances. Studies have shown that the application of humic acid at rates of 0.5 and 1.0 kg ha⁻¹ led to a significant increase in the soil's cation exchange capacity by 13.8 per cent and 28.9 per cent, respectively, compared to control (Sharif et al., 2002). Incorporation of 1.5 and 3.0 mg kg⁻¹ of humic acid into saline soil led to an increase in CEC by 12.28 per cent and 20.7 per cent, respectively, compared to the untreated control (Khattak et al., 2013). This suggests that humic substances play a role in enhancing the CEC of soil, thereby improving soil’s ability to retain cations and regulate the availability of nutrients to plants. 
3.2.2 PH BUFFERING CAPACITY 
 	 Soil pH plays a crucial role in determining nutrient availability. The extent to which humic substances can modify soil pH is influenced by the concentration of its carboxylic and phenolic functional groups (Rupiasih and Vidyasagar, 2005). A greenhouse study carried out to evaluate the impact of soil applied humic acid on specific soil properties and the growth and nutrient uptake of wheatrevealed that humic acid application improved the soil’s buffering capacity and helped stabilize soil pH levels (Arjumend et al., 2015). Combining fulvic acid with chemical fertilizers enhanced the  pH buffering capacity of soil by 26.5 per cent, whereas the combination of chicken manure and chemical fertilizer resulted in an 8.2 per cent increase. In contrast, using chemical fertilizer alone leads to a decline in buffering capacity compared to the original value (Yang et al., 2014). 	Comment by Dr. Deepak Kumar: Check this

3.2.3 NUTRIENT CONTENT IN SOIL 

   	Humic substances can enhance the nutrient content of soil, and their chelating properties help maintain micro- and macronutrients in forms that are readily available to the plants, particularly under nutrient-deficient conditions. Li et al. (2019) reported sustained effects of humic acid on soil nutrient availability, noting that total and available nitrogen, phosphorus, and potassium significantly increased starting from the second year of application, with peak levels observed in the third year. Soil application of solid humus markedly enhanced nitrogen uptake in corn. Compared to the control, both application rates of humus (2 and 4 g/kg soil) led to increased dry matter and nutrient absorption in corn plants. The most substantial improvements in dry weight and nutrient uptake were observed at the application rate of 2 g humus per kg of soil (Khaled and Fawy, 2011). 
   	Fulvic acid also shows similar improvements in nutrient content and uptake. In a pot experiment with wheat conducted on silty clay, sandy loam, and clay loam soils treated with plant-derived solid fulvic acid, mineral-derived liquid fulvic acid, and plant derived liquid fulvic acid were applied at 2.5, 5, and 5 g kg⁻¹, respectively, with a control at 0 g kg⁻¹, the treated soils showed a 30 –70 per cent increase in available N, 20–45 per cent in available K, and an 80 –90 per cent rise in available P in Aridisols and Vertisols  (Kumar Sootahar et al., 2020). 
3.2.4 NUTRIENT UPTAKE 
  	Nutrient uptake by plants refers to the process by which plants absorb essential minerals and elements from the soil through their roots. Foliar application of humic acid increases the uptake of both macro- and micronutrients including nitrogen , phosphorus, potassium, calcium, magnesium, iron, manganese and zinc in maize (Celik et al., 2010). Humic acid application in maize also showed a significantly greater uptake of nitrogen, phosphorus, and potassium compared to the control treatment (Jing et al., 2020). Humin application has also shown increased K uptake in paddy (Palanivell et al., 2013). 	Comment by Dr. Deepak Kumar: Remove this
  	 Humin has the ability to adsorb micronutrients and gradually release it. The order of adsorption was observed to be Zn < Ni < Co < Mn < Mo < Cu < Fe, whereas Zn showed maximum values of ca. 2.5 mg g–1 and Fe values of ca. 0.5 mg g–1 for systems containing 1 g of humin. Iron presented higher percentages of release Ca (100 per cent) and Co the lowest percentages (0.14 per cent). Humin enriched with micronutrients offers a potential alternative for fertilizing agricultural soils, providing the added advantage of supplying organic matter in the form of humic substances and enhancing crop productivity (Goveia et al., 2013). 
3.2.5 NITROGEN ASSIMILATION 
   	Nitrogen is a vital macronutrient that plays a central role in regulating plant growth, improving crop yield, and enhancing fruit quality. The process of nitrogen assimilation begins with its uptake by plant roots, which constitutes the initial and indispensable step in the overall nitrogen metabolism pathway. This metabolism is largely dependent on the activity of key enzymes that catalyze the reduction and assimilation of absorbed nitrogen forms into organic compounds essential for plant development. 
Several studies have demonstrated that humic substances can modulate nitrogen metabolism by enhancing enzymatic activity and improving nitrogen utilization efficiency. In a two-week hydroponic experiment, Vaccaro et al. (2015) reported that varying concentrations of humic acid (0, 1, and 5 mg L⁻¹) significantly increased the activities of enzymes responsible for nitrogen reduction and assimilation in maize, with enzyme activity showing a dose-dependent response. Similarly, in an eight-week pot experiment with lettuce, Haghighi et al. (2012) observed that the application of humic acid at 1,000 mg L⁻¹ enhanced nitrate concentration and nitrate reductase activity in a concentration-dependent manner.
Furthermore, the beneficial effects of humic substances extend to fulvic acid applications. Yu et al. (2023) demonstrated that treatment of apple seedlings with fulvic acid at varying concentrations markedly improved nitrogen use efficiency (NUE), with the most pronounced effect observed at a dose of 120 mg L⁻¹. This improvement was attributed to enhanced synthesis and translocation of photoassimilates from leaves to roots, coupled with more efficient regulation of nitrogen uptake, assimilation, and internal distribution within the plant system.	Comment by Dr. Deepak Kumar: Check this
3.2.6 NUTRIENT USE EFFICIENCY (NUE)
Nutrient use efficiency (NUE) is a key indicator of a plant’s ability to absorb nutrients from the growing medium and effectively convert or utilize them for biomass accumulation or the production of harvestable parts (Vaneeckhaute et al., 2014). Improving NUE is crucial for sustainable crop production, as higher efficiency can reduce fertilizer input costs, minimize nutrient losses to the environment, and enhance overall crop yield.
Humic substances, particularly humic acid, have been widely recognized for their potential to improve nutrient availability and utilization efficiency in plants. In a field experiment with potato, Selladurai and Purakayastha (2016) reported that humic acid application significantly enhanced the use efficiencies of nitrogen, phosphorus, and potassium by 16.4%, 9.3%, and 18.3%, respectively, compared to treatments receiving only chemical fertilizers. This improvement was attributed to the ability of humic substances to stimulate root growth, enhance nutrient uptake, and improve soil nutrient retention.
Furthermore, a recent meta-analysis by Ma et al. (2024) synthesized global experimental data and revealed that humic acid application can increase nitrogen use efficiency by an average of 27%. This finding underscores the broad potential of humic substances as sustainable soil amendments for enhancing nutrient efficiency and reducing dependency on chemical fertilizers in modern agricultural systems.

3.2.7 REDUCTION OF TOXIC POLLUTANTS IN SOIL 
  	Humic substances play a pivotal role in soil chemistry and environmental protection by acting as natural binding agents that form stable complexes with potentially toxic elements. These compounds effectively reduce the bioavailability and mobility of pollutants, thereby mitigating their toxicity and contributing to the stabilization of contaminated soils (Wang et al., 2025). The presence of humus in soil is thus essential for immobilizing harmful elements and limiting their transfer through the soil–plant–water continuum. In addition to their chemical binding capacity, humic substances can also interact with biological systems, influencing detoxification processes and activating protective responses in living organisms (Bondareva and Kudryasheva, 2021).
Several studies have demonstrated the capacity of humic substances, particularly humic acid, to immobilize heavy metals in contaminated soils. Wu et al. (2017) reported that increasing humic acid concentrations led to a marked decline in the availability of copper (Cu) and lead (Pb), with a comparatively smaller reduction observed for cadmium (Cd). The corresponding removal efficiencies were 57.3 per cent for Cu, 15.5 per  cent for Pb, and 2.6 per cent for Cd, indicating metal-specific interactions between humic acid and heavy metals. Similarly, in a tobacco cultivation study, Rong et al. (2020) observed that the application of 14.8 kg ha⁻¹ of humic acid reduced the concentrations of Pb, Cd, Zn, and Cu in soil by 39 per cent, 37 per cent, 29 per cent, and 18 per cent, respectively, relative to untreated controls. Moreover, humic acid treatment significantly enhanced the retention of available heavy metals in the soil, thereby lowering their translocation and accumulation in the upper, middle, and lower leaves of tobacco plants. 
3.3 EFFECT OF HUMIC SUBSTANCES ON SOIL BIOLOGICAL PROPERTIES 
   	Soil biological properties play a crucial role in sustaining healthy ecosystems and enhancing agricultural productivity. The following are some biological properties improved by humic substances. 
3.3.1 PLANT ROOT GROWTH 
   	Plant root growth is vital for mineral absorption, microbial colonization and building up of rhizosphere (Hodge et al., 2009). Humic acid promotes plant growth by increasing cell membrane permeability, enhancing respiration and photosynthesis, improving oxygen and phosphorus uptake, and supporting the growth of root cells (Pezzeghello et al., 2013). The application of vermicompost humic acid (VCHA) at varying concentrations (20, 40, and 80 mg L⁻¹) to rice plant roots influenced root development specifically root number, length, area, and dry mass. The extent of these effects varied with the VCHA concentration. The 40 mg L⁻¹ treatment led to the most significant improvement in root traits compared to the control, while the 20 mg L⁻¹ treatment showed only a modest effect, and the 80 mg L⁻¹ treatment had no noticeable impact (Garcia et al., 2016). According to Olaetxea et al. (2020), treatment with 100 mg L⁻¹ of humic acid resulted in increased root density, greater root thickness, and enhanced development of secondary roots in compared to the control.  
 	Fulvic acid can increase root system and promote seed germination (Shahrajabian and Sun, 2024).  Fulvic acid enhanced both root length and the number of lateral root tips in hydroponically grown tomato plants. The most effective concentration for promoting root growth of tomato was 80 mg L⁻¹, which led to a 44.4 per cent increase in root length and a 13.8 per cent rise in lateral root tips compared to the control (Zhang et al., 2021). 
3.3.2 SOIL RESPIRATION 
  	Soil respiration serves as a key indicator of microbial activity within the soil (Schlesinger and Andrews, 2000). The application of 0.5 and 1.0 kg ha⁻¹ of humic acid resulted in higher soil respiration levels compared to the control (Sharif et al. 2002). 
3.3.3 SOIL MICROBIAL BIOMASS 
   	Soil microbial biomass is widely regarded as an indicator of soil fertility and overall ecosystem productivity (Singh and Gupta, 2018). An increment in microbial biomass after the addition of humic substances has been reported by many researchers. Maji et al. (2017) studied the impact of humic acid enriched vermicompost on soil microbial biomass in pea plants comparing it with chemical fertilizers and regular vermicompost. Their findings revealed that the humic acid rich vermicompost treatment led to a higher microbial biomass carbon content than the other treatments. 	Comment by Dr. Deepak Kumar: This is italic
3.3.4 SOIL ENZYME ACTIVITY 
  	Soil enzyme activities act as “sensors” for the decomposition of soil organic matter, as they reflect both the microbial dynamics and the soil's physical and chemical environment (Sinsabaugh et al., 2008). Bastida et al. (2008) investigated the influence of humic acid on soil enzyme activities by applying varying concentrations 0.5 per cent, 1.0 per cent, 1.5 per cent, and 2.0 per cent to the upper 20 cm of soil. They measured the activities of urease and dehydrogenase enzymes and reported that the highest enzymatic activity occurred at the 1.5 per cent humic acid treatment. The study also revealed a dose-dependent increase in enzyme activity up to a threshold, beyond which further humic acid application led to a levelled off or even a decline in activity. 
3.3.5 MICROBIAL POPULATION 
  	The population of microbial communities in soil serves as a critical indicator of the underlying biological activity, reflecting the overall functional integrity of the soil ecosystem, its capacity to sustain nutrient transformation processes, and its role in maintaining soil health and fertility. Humic substances have shown to increase microbial population in the soil. The application of humic acid at a rate of 1.0 mg kg⁻¹ led to a substantial rise in microbial populations, with bacterial counts increasing by a factor of 4.8 and fungal populations by eight fold. This pronounced increase imply that humic acid created a more conducive biochemical environment in the soil, potentially accounting for the observed improvements in maize growth and nutrient absorption. (Sharif et al., 2002). 
   	Fulvic acid also have a critical role in increasing microbial population in the soil. In a 21-day incubation study, fulvic acid was applied at rates of 0, 0.1, 0.2, and 0.3 g both alone and in combination with 0.19 g of KH₂PO₄ have shown that fulvic acid notably enhanced the microbial population, with the combined treatment of KH₂PO₄ and 0.3 g fulvic acid showing the most significant effect. In this treatment, the populations of bacteria, fungi, and actinomycetes were 1.9, 2.3, and 2.9 times higher, respectively, compared to the treatment with KH₂PO₄ alone (Yang et  al., 2014). 

4. EFFECT OF HUMIC SUBSTANCES ON ABIOTIC STRESS RESISTANCE 
  	Due to the greenhouse effect there is more than 50 per cent probability that the global temperature increase will reach or exceed 1.5°C by  2040. Under a high-emissions scenario, this threshold could be crossed even earlier, potentially occurring between 2018 and 2037 (IPCC, 2023). Due to greenhouse effect chances of occurrence of abiotic stresses like water stress, heat stress and salinity stress are more (Ozturk et al., 2002). Humic substances can provide plants the ability to withstand these stresses. 
  	Water is a limited resource and its availability is expected to become increasingly constrained as a result of climate change. Lotfi et al. (2018) conducted a study to assess the impact of humic acid application on the photosynthetic efficiency of rapeseed plants under varying irrigation conditions. Their findings indicated that humic acid application enhanced net photosynthesis in plants experiencing water stress by boosting gas exchange rates and electron transport flux. 
Application of humic acid under heat stress conditions enhances vegetative growth traits, including plant height and fresh biomass, as well as reproductive traits such as the number of flower clusters and flowers per plant. Additionally, it improves yield-related parameters, including fruit count and fruit weight per plant, ultimately leading to increased early and total yield at higher temperature (Abdellatif et al., 2017). The application of humic acid enhanced the salt tolerance index, enabling the treated strawberry plants to mitigate the adverse impacts of salinity stress (Saidimoradi et al., 2019).  
  	 Drought stress negatively affect plants by degrading photosynthetic pigments and impairing gas exchange, ultimately reducing growth and yield. However external application of fulvic acid mitigates these negative effects by preserving chlorophyll content and improving gas exchange. This improvement is likely due to elevated activity of antioxidant enzymes superoxide dismutase , peroxidase and catalase as well as increased proline accumulation (Anjum et al., 2011). 
  	When applied to soil, humic substances can enhance soil structure, boost fertilizer efficiency, and function as growth promoters by encouraging morphogenesis, the development of lateral roots and root hairs in whole plants, and stimulating both root and shoot growth in treated cell calluses. It enhances nutrient use efficiency by promoting the assimilation of both macro- and micronutrients, while also stimulating carbon, nitrogen, and secondary metabolic pathways. These improvements support overall crop growth, ultimately leading to higher yields and increased farmer income (Nardi et al., 2021).  	Comment by Dr. Deepak Kumar: Remove it
5. CONCLUSION 
Humic substances play a pivotal role in enhancing soil resilience and promoting effective carbon sequestration, offering substantial benefits for both agricultural productivity and environmental sustainability. The rich, complex structure of humic substances contributes to soil health by improving water retention, enhancing nutrient availability, and fostering a robust microbial community. These factors collectively boost soil resilience, enabling it to better withstand environmental stresses such as drought, erosion, and nutrient imbalances. Moreover, humic substances are key players in carbon sequestration. By stabilizing organic carbon within the soil, humus effectively reduces the amount of carbon dioxide released into the atmosphere, thereby mitigating climate change. This long-term storage of carbon not only helps in reducing greenhouse gas concentrations but also contributes to the formation of fertile soil that supports sustainable land use practices. Overall, the positive impacts of humic substances on soil resilience and carbon sequestration underscore the importance of maintaining and enhancing the levels of humic substances through sustainable agricultural practices. Investing in methods that promote the formation and preservation of humic substances is crucial for ensuring soil health, boosting agricultural productivity, and addressing climate change challenges. 
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