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Critical carbon inputs to maintain soil organic carbon stocks under long-term rice-rice cropping system in semi-arid southern India


Abstract
A long-term field experiment under a rice–rice cropping system was conducted for 18 years to evaluate the influence of inorganic fertilizers and organic manures on soil physico-chemical properties, carbon dynamics and crop productivity. Continuous application of fertilizers and organics brought notable changes in soil properties. Soil pH remained slightly alkaline, and electrical conductivity showed minor increases under higher nutrient inputs. Organic carbon improved considerably with the addition of farmyard manure and its integration with fertilizers compared to the control. Annual carbon inputs were relatively low with fertilizers alone, contributing about 2.3–3.1 Mg C ha-1 yr-1, but increased substantially with FYM addition (around 4.8 Mg C ha-1 yr-1), while sole FYM application provided the highest return (about 6.8 Mg C ha-1 yr-1). Fertilizer-only treatments often resulted in negative or near-equilibrium carbon balances, particularly under excessive nitrogen, whereas maintaining soil organic carbon required a minimum threshold of 3.6 Mg C ha-1 yr-1. Grain yield trends indicated sustained productivity under balanced fertilization and significant improvement with integrated nutrient management. Furthermore, analysis of cumulative carbon inputs identified a critical threshold required to maintain soil organic carbon stock. The findings suggest that long-term balanced fertilization combined with organic amendments is essential not only for sustaining crop productivity but also for enhancing soil health and organic carbon sequestration in intensive rice-based systems.
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Introduction
Rice–rice is one of the most dominant and intensive cropping systems in South Asia, particularly in the irrigated tracts of India, where it has played a vital role in ensuring national food security. However, the sustainability of this system is increasingly challenged by soil fertility depletion, declining factor productivity and adverse impacts of continuous chemical fertilization on soil health (Yaduvanshi et al., 2013 and  Wei, Z. et al. 2022). Long-term fertilizer experiments (LTFE), initiated under the All India Coordinated Research Project on Long-Term Fertilizer Experiments (AICRP-LTFE), provide valuable insights into the impact of continuous nutrient management practices on soil quality, crop yields and nutrient cycling (Pathak et al., 2010). Several studies from LTFE sites have indicated that imbalanced fertilizer use, such as omission of P, K or secondary nutrients, not only reduces soil organic carbon but also accelerates nutrient mining and losses, thereby lowering productivity in rice systems (Singh et al., 2004). In contrast, the inclusion of organics such as farmyard manure (FYM), crop residues and green manures along with recommended fertilizers improves soil organic matter content, structural stability, microbial activity and enhances nutrient-use efficiency (Reddy and Subba Rao, 2003; Saha et al., 2010). Integrated nutrient management (INM), therefore, is being increasingly emphasized as a strategy to maintain soil fertility and improve carbon sequestration potential in tropical rice ecosystems (Bhattacharyya et al., 2007; Jat et al., 2019). Since soil organic carbon (SOC) is the foundation of soil health and a major determinant of resilience against climate change, understanding its long-term dynamics under different fertilizer manure combinations is crucial (Lal, 2004; Biswas et al., 2017). Against this background, the present study was undertaken to evaluate the long-term effect of inorganic fertilizers and organic manures on soil physico-chemical properties, carbon input, carbon sequestration and productivity under a rice–rice cropping system.
Materials and methods:
A long-term fertilizer experiment was conducted under a rice–rice cropping system for 18 years at the experimental farm located at Regional Agriculture Research Station, Polasa, Jagtial, PJTAU. It is located at 78045E to 7900E longitude and 18045N to 1900 N Latitude. The experiment is being conducted in a black clay (Ustochrept) soil since kharif 2000-01 with rice-rice cropping system. The experimental soil at the initiation of the experiment (before kharif 2000-01) was clayey in texture, slightly alkaline in reaction and non-saline. It was low in available nitrogen, medium in available phosphorus and high in available potassium. The experiment was arranged in a randomized block design with twelve nutrient management treatments and four replications. Treatments included 50% recommended dose of NPK, 100% NPK, 150% NPK, 100% NPK+ hand weeding (HW),100% NP, 100% N, 100% NPK with farmyard manure (FYM), 100% NPK without sulfur (NPK-S), FYM alone, control (no fertilizer) and fallow. Fertilizer doses were applied following regional recommendations (120-60-40:: N-P-K kg ha-1), while FYM was incorporated annually at 15 t ha-1 on dry weight basis prior to transplanting in only FYM treatment for both kharif and rabi seasons and in 100% NPK+FYM treatment 5 t ha-1 in kharif season. Nitrogen was applied in three splits; phosphorus applied basally before transplanting and potassium was applied in two splits.
	The representative soil samples were collected 7 days after harvesting of rabi crop in 2018 from each of the plots in each replication from 0-15 cm depth and pooled together to make composite sample for each replication. After hand crushing soil samples passing through a 0.5 mm sieve and used for analysing soil carbon. Bulk density was measure following the method as described by Blake and Hartge (1986), using triplicate samples collected from 0-15 cm depth of each replication using a core sampler (0.05m in diameter, 0.05m in length). Soil pH, EC and organic carbon were estimated by Jackson (1967), Richards et al. (1954) and Walkley and Black wet oxidation method (1934), respectively.
	Carbon sequestration was assessed by comparing initial and final SOC stocks, with annual sequestration rates calculated accordingly.  Organic C stock in soils was calculated by using following formula (Krishna et al., 2018):
C stock in soil = C content × Bulk density × Depth
Where, C content is given in g C kg-1, BD in Mg m-3, depth in m and C stock in Mg ha-1.
C sequestration (Mg C ha-1 soil) = Current SOC-Initial SOC
Grain yield measurements followed standard agronomic protocols. The relationship between cumulative carbon input and SOC sequestration was analysed to identify critical carbon input for maintaining SOC equilibrium.

Result and discussion
Soil Physico-Chemical Properties
	The continuous application of long-term nutrient management treatments significantly influenced soil physico-chemical properties after 18 years of rice cultivation (Table 1). Soil pH values ranged from 7.85 in the 100% NPK+Zn treatment to 8.01 in the fallow treatment, with treatments involving organic amendments such as FYM and 100% NPK+FYM showing modest decrease in pH relative to the control and inorganic-only treatments. This slight acidification is likely the result of organic acid release during manure decomposition, which enhances micro-nutrient availability by lowering surface soil pH, consistent with findings of Yaduvanshi et al. (2013). Treatments applying only chemical fertilizers exhibited minimal pH variation, indicating limited impact on soil acidity under these nutrient regimes.
	Electrical conductivity (EC) values varied from 0.39 dS m⁻1 in fallow to 0.56 dS m⁻1 in the 100% N treatment, with higher values linked to treatments receiving more intensive nitrogen fertilization and inorganic nutrients (Table 1). The elevated EC in these treatments suggests accumulation of soluble salts, a potential concern for salinity buildup in irrigated rice systems if unchecked (Pathak et al., 2010). Lower EC under FYM treatments reflects the beneficial influence of organic amendments in improving soil structure and salinity buffering capacity.
	Soil organic carbon (SOC) concentration showed highly significant differences (p ≤ 0.05) among treatments, with FYM alone (0.96%) and 100% NPK+FYM (0.81%) showing the largest increases when compared to the control (0.47%) (Table 1). This represents an increase of more than 100% in OC under FYM, underscoring the critical role of organic inputs in rebuilding carbon stocks in soils subjected to intensive cropping and fertilization (Reddy and Subba Rao, 2003). Sole chemical fertilizer treatments showed moderate increases (0.74–0.77%), which likely derive from enhanced crop biomass production translating into greater residue return, but these alone are insufficient to rebuild soil organic matter robustly.
Annual Organic Carbon Inputs
	Cumulative annual inputs of carbon to soil were strongly modulated by the nature and dose of nutrient application. Treatments receiving only inorganic fertilizers supplied comparatively lower carbon inputs, ranging from 2.08 to 3.06 Mg C ha-1 yr-1. These inputs were mainly derived from crop residues such as stubbles, root biomass and rhizodeposition, which together contribute a modest amount of carbon to the soil pool. In contrast, the incorporation of organic amendments, particularly farmyard manure (FYM), resulted in a significant enhancement of soil carbon inputs. The carbon input rose to about 4.80 Mg C ha⁻1yr⁻1 under the combined application of 100% recommended NPK with FYM and further increased to 6.82 Mg C ha⁻¹ yr⁻¹ when FYM alone was applied. Such increases clearly demonstrate the pivotal role of direct organic matter additions in improving soil carbon sequestration and maintaining a positive carbon balance (Biswas et al., 2017). It is also evident that soil organic carbon (SOC) accumulation depends on inputs that not only match but exceed the carbon lost through crop harvest and other pathways. Fertilizer-only practices, although effective in meeting crop nutrient requirements, fall short of reaching this threshold, thereby limiting their potential to build up SOC stocks over the long term. Hence, integrating organic amendments with mineral fertilizers emerges as a more sustainable approach for enhancing soil carbon dynamics in intensive cropping systems.
Soil Organic Carbon Sequestration
	The long-term evaluation of soil organic carbon (SOC) stocks highlighted the contrasting influence of nutrient management practices on soil health and sustainability (Table 3). The baseline SOC of 0.94% (20.73 Mg C ha⁻¹) steadily declined under control and nutrient-deficient treatments, with the unfertilized plots losing as much as 7.18 Mg C ha⁻¹ over 18 years. These negative carbon balances point towards progressive soil degradation arising from continuous removal of crop-derived carbon without adequate replenishment. Such trends underscore the vulnerability of intensively managed rice systems to carbon depletion when soil fertility is not properly addressed.
	Balanced mineral fertilization (100% NPK) provided a stabilizing effect, maintaining SOC stocks close to the initial levels. This suggests that adequate supply of the three primary nutrients can sustain carbon equilibrium by compensating residue losses with inputs from crop biomass. However, the lack of a net positive carbon gain in this treatment implies that mineral fertilizers alone may be insufficient to rebuild SOC pools under long-term intensive cultivation. The marginal improvement observed with 150% NPK suggests that increasing nutrient doses can stimulate greater biomass production and carbon return, but the effect remains limited unless organic matter is concurrently incorporated.
	It was the addition of organic amendments, particularly farmyard manure, that most distinctly improved SOC dynamics. Application of FYM, either alone or in combination with NPK, contributed to significant carbon accrual, with FYM alone resulting in a substantial 5.77 Mg increase over the study period. This highlights the dual role of manures: direct carbon addition through organic inputs, and indirect enhancement of soil biological activity that stabilizes carbon in organo-mineral complexes. Importantly, this finding aligns with earlier reports that organic amendments are essential for restoring soil quality in intensively cultivated rice-based systems (Lal, 2004 and Jat et al., 2019).
	Since bulk density values remained stable across treatments, SOC changes were driven predominantly by shifts in organic carbon concentration rather than soil compaction. This reinforces the interpretation that nutrient management practices directly mediated carbon accumulation and loss rather than structural soil changes. Taken together, these results demonstrate the pivotal role of organic amendments in achieving positive soil carbon balances in rice-based systems. While mineral fertilizers are effective in productivity maintenance, they sustain SOC at best. Long-term enhancement of SOC stock, which is crucial for soil resilience, water-holding capacity and climate change mitigation, requires an integrated nutrient management approach where organics such as FYM complement inorganic fertilization.
Grain Yield Response
	Grain yield patterns observed in Figure 1 clearly highlight the significant agronomic advantages of integrating nutrient management practices. The combined application of 100% NPK with farmyard manure (FYM) resulted in the highest grain yields, significantly surpassing the performance of treatments that relied exclusively on either chemical fertilizers or organic amendments. This outcome reaffirms the synergistic interaction between mineral nutrient supply and organic matter addition, where FYM not only enhances nutrient availability but also improves soil physical and biological conditions, thereby promoting crop growth and productivity (Chandana et al., 2025).
	The sustained high productivity recorded over the 18-year period under the integrated nutrient management regime indicates that balancing nutrient inputs through complementary sources is essential for maintaining nutrient supply in synchrony with crop demand. Moreover, this approach contributes to the improvement of soil organic carbon pools, which play a crucial role in enhancing soil fertility and ensuring long-term yield stability in rice-based cropping systems. The positive influence of organics on soil quality, combined with the targeted supply of inorganic fertilizers, thus emerges as a key strategy to optimize crop yields while preserving soil health under intensive cultivation.
	These findings align with broader agronomic research suggesting that nutrient management practices that include organic amendments are crucial for maximizing both immediate crop output and the sustainability of agroecosystems. Organic inputs facilitate gradual nutrient release and improve soil microbial activity, which in turn enhances nutrient cycling and availability. Therefore, integrated nutrient management not only addresses the immediate nutritional needs of rice plants but also contributes to building a resilient and productive soil environment capable of sustaining agricultural productivity over time.
Relationship Between Carbon Input and Sequestration
	A significant positive linear relationship between the changes in SOC and the total cumulative crop residue C inputs to the soil over 18 years (Y= 0.119x – 7.795; R2= 0.751, p<0.05) was observed (fig. 1). Many researchers (Mandal et al., (2007) Srinivasarao et al., (2012) and Anantha et al., (2022) also observed similar relationship. The figure depicted a strong linear relationship indicating that even after 18 years of C addition through FYM and crop residues, the soils had still capacity to store C and had potential for further sequestration. The slope of the curve represented the rate of conversion of input C to SOC, which is about 11.9% of each additional Mg C input per hectare under the tested cropping system. The results also revealed that in order to maintain the existing SOC level (zero change) for long-term sustenance of the production system, a critical amount of 3.6 Mg C ha-1 y-1 has to be incorporated into the soil (fig.1). This threshold serves as a practical benchmark for developing nutrient management strategies aimed at achieving both enhanced crop productivity and long-term soil carbon stabilization, thereby contributing to climate change mitigation objectives within rice agroecosystems (Biswas et al., 2017; Jat et al., 2019).
	Establishing such a threshold is critical because it quantifies the minimum organic carbon inputs required to offset carbon losses through harvest removal and soil microbial respiration. It emphasizes the importance of integrating organic matter sources such as crop residues, farmyard manure and green manures into nutrient management plans to sustain soil fertility and carbon pools. Maintaining SOC not only supports soil health and productivity but also plays a vital role in sequestering atmospheric carbon dioxide, thus aligning agricultural practices with environmental sustainability goals. Therefore, adhering to or surpassing this carbon input threshold is essential for designing resilient rice cropping systems that balance agronomic performance with ecological stewardship.
Conclusion
	This 18-year study under a rice–rice system showed that balanced fertilization with organic amendments is crucial for sustaining soil health, enhancing SOC sequestration, and maintaining stable yields. Sole reliance on inorganic fertilizers was inadequate and often led to SOC depletion, while application of farmyard manure, alone or with NPK, markedly improved SOC, soil quality, and carbon storage. Integrated nutrient management thus proved most effective for resilient and sustainable rice production.
	A critical insight from the study is the identification of a carbon input threshold of approximately 3.6 Mg C ha-1 yr-1 necessary to maintain soil organic carbon equilibrium. This emphasizes the importance of returning adequate organic matter to the soil through crop residues, manures or green manuring practices in intensive rice cultivation. Failure to meet this threshold results in the gradual depletion of soil carbon stocks, which undermines soil fertility and negatively impacts crop yields and resilience against environmental stresses. 
	These findings resonate with broader evidence advocating integrated nutrient management as a cornerstone for sustainable agriculture in South Asia. Incorporation of organic amendments creates a favourable soil environment that enhances nutrient retention, microbial activity and soil structure, which collectively support improved nutrient cycling and crop nutrient use efficiency. Consequently, the synergistic effect of combining organic and inorganic nutrient sources enables maintaining productivity while simultaneously improving the soil’s capacity to sequester carbon and preserve soil health.
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Table.1. Effect of long-term fertilizers and manures on soil physic-chemical properties
	Treatments
	pH
	EC (dS m-1)
	OC (%)

	50% NPK
	7.93
	0.48
	0.55

	100% NPK
	7.91
	0.46
	0.74

	150% NPK
	7.90
	0.48
	0.77

	100% NPK+HW
	7.89
	0.55
	0.74

	100% NPK+Zn
	7.85
	0.51
	0.72

	100% NP
	7.93
	0.53
	0.66

	100% N
	7.97
	0.56
	0.56

	100% NPK+FYM
	7.86
	0.46
	0.81

	100% NPK-S
	7.92
	0.49
	0.71

	FYM
	7.87
	0.45
	0.96

	Control
	7.97
	0.47
	0.47

	Fallow
	8.01
	0.39
	0.55

	S.Em (+/-)
	0.04
	0.05
	0.55

	CD (0.05%)
	0.12
	0.47
	0.06




Table.2. Average annual organic carbon input (Mg per ha-1) to soil under long term fertilizer and manure treatments during last 18 years in rice – rice system
	 Treatments
	Stubble Carbon
	 Root Carbon
	 Rhizosphere  Carbon
	Aquatic carbon
	Organic ammended Carbon
	Annual Carbon input

	50% NPK
	0.13
	0.98
	1.05
	0.14
	
	2.30

	100%NPK
	0.16
	1.18
	1.27
	0.14
	
	2.75

	150% NPK
	0.18
	1.32
	1.42
	0.14
	
	3.06

	100% NPK+HW 
	0.16
	1.19
	1.28
	0.14
	
	2.78

	100% NPK+Zn 
	0.17
	1.20
	1.28
	0.14
	
	2.79

	100%NP
	0.16
	1.16
	1.24
	0.14
	
	2.70

	100%N
	0.12
	0.88
	0.94
	0.14
	
	2.08

	100%NPK + FYM
	0.17
	1.26
	1.35
	0.14
	1.87
	4.80

	100%NPK – S
	0.16
	1.17
	1.26
	0.14
	
	2.74

	FYM
	0.12
	0.90
	0.97
	0.14
	4.68
	6.82

	Control
	0.09
	0.65
	0.70
	0.14
	
	1.58









Table.3: Carbon sequestration in surface soil (0–15 cm) after 18 years of application of inorganic fertilizer and organic manures in rice–rice cropping system 
	Treatments
	SOC %
	BD Mg m-3
	C Stock (Mg ha-1)
	C sequestered Mg ha-1
	C seq rate Mg ha-1 yr-1

	Initial
	0.94
	1.47
	20.73
	
	

	50% NPK
	0.72
	1.45
	15.59
	-5.14
	-0.29

	100% NPK
	0.96
	1.44
	20.74
	0.02
	0.00

	150% NPK
	1.00
	1.44
	21.59
	0.86
	0.05

	100% NPK+HW
	0.96
	1.45
	20.78
	0.06
	0.00

	100% NPK+Zn
	0.93
	1.46
	20.39
	-0.34
	-0.02

	100% NP
	0.86
	1.45
	18.77
	-1.96
	-0.11

	100% N
	0.72
	1.47
	15.91
	-4.82
	-0.27

	100% NPK+FYM
	1.05
	1.42
	22.33
	1.60
	0.09

	100% NPK-S
	0.92
	1.45
	20.04
	-0.69
	-0.04

	FYM
	1.25
	1.41
	26.50
	5.77
	0.32

	Control
	0.61
	1.47
	13.54
	-7.18
	-0.40

	Fallow
	0.72
	1.50
	16.12
	-4.60
	-0.26






Fig.1. Effect of continuous application of fertilizer and manures on grain yield.

Fig. 2: Relationship between cumulative C input and C sequestration and critical C input value for zero change in soil organic carbon (SOC) stock 
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