



Effect of conventional and organic agriculture on cadmium dynamics in rice-wheat cropping system in an inceptisol

Abstract
Cadmium (Cd) is a non-essential, toxic heavy metal that poses a serious threat to soil health and food safety in intensive rice–wheat systems. A three-year field experiment (2020–2022) was conducted under organic and conventional management practices to examine Cd dynamics across soil depths, aggregate fractions, and chemical pools. The study aimed to evaluate how organic inputs influence Cd distribution and stabilization compared to conventional fertilization. Results showed that available Cd was predominantly concentrated in the surface layer (0–15 cm), decreasing with depth (15–30 and 30–60 cm), highlighting its limited vertical mobility. Higher Cd concentrations were observed under organic input treatments compared to conventional systems, reflecting contributions from organic amendments and complexation with dissolved organic matter. Aggregate fraction analysis revealed that Cd was distributed across macro-, micro-, and silt+clay fractions, with a tendency toward enrichment in finer aggregates, particularly under organic management. Sequential extraction indicated that Fe–Mn oxide–bound Cd was dominant under conventional systems, while carbonate- and organic matter–bound Cd fractions were enhanced under organic inputs. Although total Cd levels remained below phytotoxic thresholds, organic treatments increased the proportion of labile Cd pools, raising concerns about long-term accumulation and potential bioavailability. The findings demonstrate that while organic amendments improve soil aggregation and fertility, they may also alter Cd partitioning, necessitating careful monitoring of input quality. This study provides critical insights into Cd behavior under contrasting management systems and underscores the importance of balancing soil health benefits with environmental safety.
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1. INTRODUCTION
Cadmium (Cd) is a global and highlytoxic environmental contaminant (He et al., 2015). More than 7.0% of the agricultural soils contain Cd at levels exceeding the acceptable limit, surpassing levels for all other heavy metals and metalloids. Cadmium (Cd) is a non-essential heavy metal widely detected in soil (Liu et al., 2022). The main sources of Cd contamination in agricultural soil include industrial sources, such as the steel industry, waste incineration, agricultural sources of phosphate fertilizers, pesticides, and sewage sludge (Yin et al., 2021). The continuous use of Cd-contaminated agriculture soil has resulted in Cd pollution in cereal crops, fruits, vegetables, and other dietary crops in recent years (Mazumder et al., 2023).Plants readily absorb soil Cd, accumulates in their edible parts, and is a potential threat to human health (Rizwan et al., 2017; Templeton and Liu, 2010). Cd accumulations differ greatly among crop species, e.g., between 0.002 and 0.41 mg kg−1 DW for wheat in the USA, Netherlands, UK, and Canada (Gawalko et al., 2001; Wiersma et al., 1986), between 0.012 and 0.64 mg kg−1 DW for barley grain in the Netherlands (Wiersma et al., 1986), and between 0.04 and 8.2 mg kg−1 for rice in Thailand and China (Sriprachote et al., 2012). Apart from cereal grains, Cd concentrations ranging from 0.08 to 0.28 mg kg−1 DW for legumes, from 0.07 to 0.27 mg kg−1 for grasses, from 0.001 to 0.054 mg kg−1 for nuts, from 1.20 to 1.54 mg kg−1 for root vegetables, from 0.94 to 4.13 mg kg−1 for leafy vegetables, and from 0.14 to 0.34 mg kg−1 for fruits were found in different regions around the world, some of which have exceeded the Cd limitation suggested by the Food and Agricultural Organization of the United Nations (FAO) (0.02 mg kg−1 g DW) (Parveen et al., 2003; Zhou et al., 2016).

Rice (Oryza sativa L.) is consumed more than all other cereals in Asia. Unfortunately, rice is a major dietary Cd source because it accumulates this metal more efficiently than other cereals. In a zinc-mineralised region of western Thailand, the daily Cd intake from rice grains is reported to be 21–84 μg week−1 kg−1 body weight (Simmons et al., 2009), while the provisional tolerable weekly Cd intake has been set to only 7 μg week−1 kg−1 body weight for adults. The rice produced in certain areas of southern China also fails to meet the Chinese food standard limit of 0.2 mg Cd kg−1 and has caused widespread concern in recent years (Fang et al., 2014; Qian et al., 2010). 
Cd exposure through the daily dietary intake of Cd-contaminated agricultural products has been explored in numerous studies (Huang et al., 2017; Mazumder et al., 2023). The most well-known toxicity of the prolonged dietary intake of Cd through rice is itai–itai disease in Japan (Nishijo et al., 2017). The other toxic effects of long-term Cd exposure include kidney failure, reproductive organimpairment, immune system damage, cardiovascular diseases, and prostate, ovarian, and renal carcinogenicity in humans (Huang et al., 2017; Melila et al., 2022). Therefore, it is critical to develop applicable methods to reduce cadmium accumulation in edible agricultural products to maintain food safety.
Rice Cd accumulation is determined mainly by its soil bioavailability which, in turn, is affected by growing conditions, soil type (Sanchez-Camazano et al., 1998), pH (Sastre et al., 2006), redox potential (Eh) (Bingham et al., 1976) and organic matter in the rhizosphere (Pandit et al., 2012). Current strategies mitigation focus on reducing soil Cd bioavailability to reduce rice Cd levels and mitigate Cd exposure from rice. Lime, biochar, porous hydrated calcium silicate, and sepiolite applications decrease rice grain Cd accumulation by increasing soil pH (Shaheen and Rinklebe, 2015). There is a negative correlation between the bioavailability of heavy metals inplants and soil pH (Zeng et al., 2011). Soil Eh is closely related to rice field water management and effectively determines Cd solubility (Pan et al., 2016). Hu et al. (2013) found that the Cd content in rice harvested from flooded and conventionally treated paddy was lower than that in rice harvested from aerobic and intermittently drained soils. Micronutrient or macronutrient application can also reduce plant Cd accumulation.

Organic farming relies on on-farm techniques of crop rotation, etc., however and the use of organic manures such as vermicompost, farmyard manure (FYM), etc. However, noticeable changes in soil properties could occur only after several years of continuously adopting these practices.  real picture of overall sustainability with organic farming practices continues to face many challenges. Organic farming emphasizes practices that promote ecological balance, conserve biodiversity, and support the involved, such as soil, plants, and animals' health. Its primary goal is to achieve high-quality crop production without relying on synthetic inputs, such as chemical fertilizers, pesticides, or genetically modified organisms. Instead, organic farming focuses on practices that sustain or enhance natural soil fertility and structure over the long term.

Organic farming differs significantly from conventional farming in terms of inputs and management strategies. Conventional farming systems often utilize high doses of synthetic fertilizers and agrochemicals alongside intensive tillage practices. While effective for high-yield production, these approaches can compromise soil quality by depleting organic matter and affecting soil's physical, chemical, and biological properties (Gomiero et al., 2011). Such practices have resulted in issues like soil erosion, salinity, and nutrient imbalances, ultimately affecting soil productivity and resilience.In contrast, organic farming strives to mimic natural processes, integrating practices like crop rotation, composting, and the use of organic fertilizers such as vermicompost and farmyard manure. These methods contribute to a healthy soil ecosystem, enhancing soil structure, water retention, and nutrient cycling (Liang et al., 2025). Long-term organic farming studies, such as the Rodale Institute's Farming System Trial, have shown that organic practices can improve soil health indicators, including organic matter content, nutrient availability, and microbial activity, supporting sustainable agricultural productivity (Rothamsted Research, 2005). Although organic farming may present challenges, such as initially lower yields compared to conventional methods, it has been shown to improve the soil ecological balance, avoid excessive nitrate leaching and chemical runoff, and contribute to reduced water pollution and ecosystem disruption (Montgomery et al., 2022; Hina, 2024). Additionally, organic farming often leads to enhanced soil structure, higher infiltration rates, and improved soil aggregate stability, essential for maintaining water retention and preventing erosion (Thomas et al., 2023). This focus on soil health and ecological balance sets organic farming apart as a model for sustainable agricultural practices that contribute to long-term soil productivity and environmental health.

Studying cadmium dynamics in organic systems is critical due to the element’s toxic nature and widespread occurrence in natural and industrial environments. Understanding how cadmium behaves in organic systems helps illuminate its pathways, bioavailability, and persistence, both directly influencing its impact on ecosystems and human health. Cadmium readily accumulates in soils and plants, especially in agricultural settings where fertilizers and pesticides can introduce cadmium as a contaminant. This accumulation can lead to cadmium entering the food chain, with potentially severe health risks including kidney damage, bone demineralization, and increased cancer risk in humans. Examining cadmium’s behaviour in organic systems also sheds light on its interaction with organic matter and microorganisms, which can mediate its mobility and toxicity. By focusing on dynamics within organic matrices, researchers aim to develop targeted remediation strategies to reduce cadmium exposure and mitigate its adverse effects on environmental and human health. In view of the above, we have conducted the study:  i) to examine cadmium dynamics under organic farming practices’ and ii) to assess cadmium uptake by crops and changes in soil cadmium concentrations, under an organic agriculture system
2. MATERIALS AND METHODS
2.1. Site and treatment details

The experiment with rice-wheat cropping rotation was started in 2003 at the research farm of the ICAR-Indian Agricultural Research Institute, New Delhi (28◦38’ N latitude and 77◦10’ E longitude; 228.6 m above mean sea level). The climate is subtropical and semi-arid, characterized by hot and dry summer and cold winter. The mean annual rainfall is 650 mm, of which 80% occurs during the south-west monsoon period (between July and September). The mean annual minimum and maximum temperatures are 18◦C and 35◦C, respectively. The initial soil pH was 8.60 and EC was 0.84 dS m–1 (Jackson, 1973). The soil organic carbon (SCC) was 0.57% (Walkley and Black, 1934). The available N was 163.2 kg ha–1 (Subbiah and Asija, 1956), the available P was 19.8 kg ha–1 (Olsen et al., 1954) and the available K was 247.1 kg ha–1 (Jackson, 1973). Rice was grown between July to October, followed by the wheat crop from November to April, and in the summer season (May and June months), Sesbania was grown. The soil type of the experimental field is sandy clay loam (Typic Ustochrept, Inceptisol). The experiment was conducted over two cropping cycles: the Rabi (wheat) and Kharif (rice) seasons of 2020-21 and 2021-22. The experimental crops were wheat variety HD 3086 and rice variety Pusa Basmati-1, grown under both organic and conventional field practices. The experiment had total eight treatments including seven organic treatments with a control (no organic or no inorganic fertilizer) in a randomized block design replicated thrice (Table 1). The FYM was applied at 10.0 Mg ha–1 before puddling; Sesbania green manuring seeds were sown at 50.0 kg ha–1, which produced dry biomass of 2.5–3.0 Mg ha–1 and was incorporated in soil 45 days after sowing, Leucaena leucocephala leaves, and twigs were applied at 1.6 Mg ha–1 (dry weight basis) in wheat crop; blue-green algae (BGA) inoculum was applied at 1.5 kg ha–1 3–4 days after transplanting of rice; Azotobacter sp. was applied at 500.0 g ha–1 through seed treatment of wheat. Sesbania green manure (C:N ratio 21.8:1; Cd, 0.056 mg kg⁻¹), Leucaena leucocephala green leaf manure (C:N ratio 25.0:1; Cd not detected), blue green algae (C:N ratio 20:1; Cd not detected), and farmyard manure (C:N ratio 47.3:1; Cd, 0.061 mg kg⁻¹) were used as organic inputs in the study.
Table 1. Details of the treatments

	Treatment No.
	Treatment label
	Treatment details

	1.
	T1
	Conventional Farming

	2.
	T2
	FYM@10 t/ha (Applied to only rice)

	3.
	T3
	FYM@10 t/ha (Applied to only wheat)

	4.
	T4
	FYM@10 t/ha (Applied to rice and wheat)

	5.
	T5
	SGM to rice and LGLM to wheat

	6.
	T6
	SGM + BGA to rice and LGLM + Azotobacter to wheat

	7.
	T7
	SGM + FYM to rice and LGLM + FYM to wheat

	8.
	T8
	SGM + FYM + BGA to rice and LGLM + FYM + Azotobacter to wheat


2.2. Soil characteristics

A composite soil sample at three depths of 0-15, 15-30, and 30-60 cm was drawn from the experimental field for analysis before the experiment began. The soil was sandy clay loam (typical Ustochrept) in texture, with a medium organic C content, low available N, medium available P, and available K.

2.3. Experimental Design

The experiment was laid out as a Randomized Complete Block Design (RCBD) with three replications and eight treatments, each treatment occupying a 23.04 m² plot (4.8 m x 4.8 m) across the experimental area. The rice was transplanted in mid-July, and wheat was sown in the second week of November. Treatment allocation was conducted using the randomization technique by Fisher and Yates (1963).

2.4. Soil sampling and analysis

Soil samples were collected from 0-15, 15-30, and 30-60 cm at the start and end of each cropping season. The estimation of available Cd in soil was determined following the procedures described by Lindsay and Norvell (1978) using DTPA-CaCl2-TEA extractant. Inshort, ten gramsgrams of each of the collected soil samples were taken into 100 ml of conical flask, and 20 ml of DTPA extracting reagent was added to each flask. The flasks were shaken at 120 rpm on a mechanical shaker and then filtered through Whatman No.42 filter paper. Filtrates were made up to 20 ml and directly used for the estimation of available trace metal content using an Flame Atomic Absorption Spectrophotometer (FAAS). Aquaregia-extractable Cd is used to estimate the total Cd concentration in soil. Aquaregia (hydrochloric acid and Nitric acid in a 3:1 ratio) digestion was done (Salaskar et al., 2011). 0.5 g of soil sample from each treatment was weighed on a sensitive electronic balance and transferred into 150 ml capacity conical flasks. 10 ml of aquaregia mixture was added and the samples were kept overnight for pre-digestion. The conical flask containing the pre-digested plant samples was digested on hot plates in the digestion chamber till contents become chemical flask containing the pre-digested plant samples was digested on hot plates in the digestion chamber till the contents became colorless and white dense fumes appeared. It was then allowed to cool for some time, followed by 5-10 ml of double distilled water added. Later, diluted samples were filtered using whatman No.42 filter paper in plastic bottles. Then, the final volume was made up of 25 ml of volumetric flasks and stored for further analysis.

2.5. Sequential extraction of Cd

The sequential extraction procedure of Tessier et al. (1979) was used, with modifications. The procedure separates Cd into five operationally defined fractions: exchangeable, carbonate bound, metal oxides bound, organic matter bound, and residual Cd (Table 2). Between extraction steps, the sample was centrifuged at 13,000 g for 30 min and the supernatant was filtered to obtain a solution for further analysis. Residue from each step was washed using 8 ml of deionised water to remove any solution left before using it for the next step. Cadmium in each filtered solution was determined by FAAS.

Table 2 Summary of the sequential extraction steps and procedures of Cd fractionation

	Step
	Fraction
	Reagent
	Soil/Solution

(w/V)
	Experimental Condition

	1
	Exchangeable
	1 M MgCl2, pH 7.0
	1:8
	Shake 16 h at 25°C

	2
	Bound to Carbonates
	1 M NaOAc
	1:8
	Shake 6 h at 25°C

	3
	Bound to Iron and Manganese Oxides
	0.3 M Na2S204 + 0.175 M Na-citrate + 0.025 M H-citrate
	1:20
	Agitate 1 h 96 ± 3 °C

	4
	Bound to Organic Matter.
	3 mL of 0.02 M HNO3 and 5 mL of 30% H2O2 adjusted to pH 2 with HNO3
	1:8
	Agitate for 2 h at 85± 2 °C

	5
	Residual
	Digestion with HF-HClO4 mixture
	1:8
	After digestion centrifuging) at 10000 rpm (12000 g) for

30 min.


2.6. Soil aggregate analysis

For soil aggregate analysis method described by Mandi et al. (2024) has been followed in the soil of the depth 0-15 cm. A part of the soil sample was air-dried and sieved with a 5 mm sieve, kept in a hot air oven for 24 h, and maintained at 40◦C temperature to ensure uniform moisture in all soil. Fifteen gram oven-dried soil sample was kept on the top of a series of sieves (2, 0.25, and 0.053 mm). Then, it was immersed in 2 litres of water in a bucket and sieved up and down manually for a period of three minutes. The soil aggregates retained on each sieve were then back-washed into beakers, collected over the preweighed filter papers, and kept for oven drying at 40◦C. For <0.053 mm fraction, the left-over water in the bucket was filtered and oven-dried until constant weight was recorded. Oven-dried soil aggregates were weighed and classified as soil macroaggregates (2.0–0.25 mm), micro aggregates (0.25–0.053 mm), and silt + clay-sized fractions (<0.053 mm) (all expressed as percentages).

2.7. Plant Sampling and Analysis

Plant samples were taken at harvest or rice and wheat to determine Cd levels in the grains and straw. Grain sample from rice and wheat crops were collected and washed thoroughly with double-distilled water and then with diluted HCl. Samples were oven-dried at 60 °C for constant weight, and the dried samples were weighed. One gram of the fine-powdered samples was weighed into a flask and digested in a mixture of concentrated HNO3 and HClO4 in a 5:1 ratio at 100 °C on a hot plate in a fume hood until finally a clear solution was obtained. The resulting solution was left overnight and made up to 50 ml with double-distilled water, and then it was filtered by filter paper and stored in plastic bottles. The concentration of Cd, in the digested solution was measured by FAAS.
2.8. Statistical analysis

The experiments were performed in a Randomized Block Design (RBD). All data were subjected to an analysis of variance (ANOVA). The significance of the variance was examined by ‘F test’ and the least significance difference (LSD) of the treatment difference was calculated at least a 5% level of significance (Gomez and Gomez, 1984).
3. RESULTS AND DISCUSSION
3.1. Soil aggregate analysis 

Significant differences were observed in aggregate size distribution across treatments (Table 3). Large macro-aggregates (>2 mm) dominated in T4–T8 (77.3–86.5%), with T7 showing the highest proportion (86.5%), whereas T1 had the lowest (12.1%). In contrast, small macro-aggregates were highest in T1 (57.8%) and declined markedly in T4–T8 (4.1–14.2%). Micro-aggregates and silt+clay fractions followed a similar trend, being maximum in T1 (18.2% and 11.9%, respectively) and minimum in T8 (6.5% and 1.1%). The observed differences were statistically significant (LSD, p ≤ 0.05). The higher proportion of large macro-aggregates in T4–T8 indicates enhanced soil structural stability under these treatments. Large macro-aggregates are strongly associated with improved organic binding agents, root proliferation, and microbial activity (Six et al., 2000; Bronick & Lal, 2005). Conversely, the predominance of small macro- and micro-aggregates in T1 suggests weak binding forces and susceptibility to slaking and erosion. The transformation of small macro-aggregates into stable large aggregates under improved management has also been reported in long-term studies (Hu et al., 2018). The decline in the free silt+clay fraction in T4–T8 reflects greater aggregation and reduced dispersion, which are critical for minimizing erosion and improving infiltration and water retention (Elliott, 1986; Six et al., 2004). Treatments promoting organic matter addition and biological activity are known to facilitate aggregate hierarchy, whereby micro-aggregates become encrusted within macro-aggregates, enhancing long-term soil carbon stabilization (Tisdall & Oades, 1982; Mandi et al., 2024).

Overall, the results demonstrate that treatments T4–T8 substantially improved aggregation compared with T1–T3. The dominance of large macro-aggregates and the concurrent reduction in micro-aggregate and silt+clay fractions clearly indicate greater structural stability and resilience of soil under these management practices.
Table 3. The effect of conventional and organic agriculture on soil aggregation

	Aggregation (%)
	

	Treatment
	Large Macro- aggregate 
	Small Macro- aggregate
	Micro- aggregate
	Silt+Clay

	T1
	12.1
	57.8
	18.2
	11.9

	T2
	67.8
	16.1
	12.0
	4.1

	T3
	57.6
	27.9
	10.5
	4.0

	T4
	84.1
	7.5
	7.0
	1.4

	T5
	77.3
	14.2
	6.4
	2.1

	T6
	78.5
	13.4
	5.9
	2.2

	T7
	86.5
	5.8
	6.0
	1.7

	T8
	83.3
	4.1
	6.5
	1.1

	LSD (P≤0.05)
	10.6
	5.4
	3.2
	0.98


3.2. Available Cd in soil
The pooled data (2020–2022) on available Cd concentration at different soil depths after rice (Table 4) showed distinct treatment and depth effects. At 0–15 cm, Cd ranged from 0.024 mg kg⁻¹ (T1) to 0.046 mg kg⁻¹ (T7 and T8). In contrast, at 15–30 cm and 30–60 cm, concentrations were relatively lower and uniform (0.031–0.040 and 0.027–0.032 mg kg⁻¹, respectively). The pooled data on available Cd concentration in soil after wheat harvest (Fig. 4) showed pronounced differences across treatments and depths. At 0–15 cm, Cd ranged from 0.0165 mg kg⁻¹ (T1) to 0.0818 mg kg⁻¹ (T4), with surface concentrations consistently higher than subsurface layers. At 15–30 cm, values ranged from 0.031 to 0.050 mg kg⁻¹, while at 30–60 cm they were lowest, between 0.010 and 0.040 mg kg⁻¹.
The sharp decline with depth reflects limited Cd mobility, consistent with its strong adsorption to soil colloids, organic matter and Fe/Mn oxides that limit leaching to deeper layers (Marković et al., 2019).

The higher Cd availability in soil after rice and wheat T4–T8 compared with T1–T3 can be attributed to the nature of organic inputs. Organic manures and residues often contain trace amounts of Cd, depending on their source (Kabata-Pendias, 2011; Wu et al., 2021). For example, farmyard manure and composted biomass may introduce low but measurable Cd into the soil, while green manures and crop residues generally have lower Cd contents. Continuous addition of such inputs not only increases the total Cd pool but may also enhance Cd solubility through organic ligand complexation and the release of low-molecular-weight organic acids during decomposition (Rao et al., 2018; Wu et al., 2023). This mechanism likely explains the elevated Cd in the surface soils under T4–T8.

In contrast, T1, which likely involved minimal or no organic inputs, maintained the lowest Cd levels across all depths, indicating that external Cd introduction through inputs plays a dominant role in surface accumulation. The moderate values under T2 and T3 suggest that while conventional fertilization may contribute Cd (e.g., via phosphate fertilizers), the magnitude is smaller than under high organic input treatments. Previous studies have similarly reported that organic manures can either immobilize or mobilize Cd depending on their composition—particularly their C:N ratio, humification level, and inherent Cd content (Liu et al., 2024).

The elevated Cd availability under organic inputs may also be explained by organic matter decomposition, which releases dissolved organic ligands and low-molecular-weight acids capable of complexing with Cd and increasing its solubility (Rao et al., 2018). However, the lower Cd in deeper layers across all treatments indicates that most Cd remains surface-bound, with limited downward mobility due to sorption and precipitation processes (Mench, 1998).

Although the Cd concentrations observed are below the critical limits for crop toxicity, the consistent accumulation trend in high organic input treatments warrants caution. Long-term buildup of Cd in surface soils could elevate the risk of entry into the food chain, especially in rice–wheat systems where Cd bioavailability may be influenced by alternating aerobic–anaerobic conditions (Lian et al., 2019).

Overall, these results highlight that Cd distribution is governed both by depth-dependent sorption processes and by the Cd content and quality of organic inputs. While the concentrations observed here are below phytotoxic thresholds, the long-term accumulation trend, especially under high-input organic systems, underscores the importance of monitoring Cd in organic amendments to prevent potential buildup and associated food chain risks (Mench, 1998). Across treatments, T4, T7, and T8 recorded the highest Cd concentrations in surface soils (0.072–0.082 mg kg⁻¹) after wheat crop, followed by T2 and T3, whereas T1 consistently maintained the lowest across all depths. This pattern mirrors the rice data, highlighting the role of organic inputs as a key source of Cd enrichment. Organic manures and residues may contain trace Cd depending on their origin, and repeated applications can enhance its accumulation in surface soils (Kabata-Pendias, 2011; Gao et al., 2021). Treatments with farmyard manure, compost, or high-input organic sources (e.g., T4, T7, T8) therefore showed greater Cd availability than conventional or low-input systems (T1–T3).

Table 4: Pooled data (2020-2022) of available Cd concentration at various soil depths under different organic and conventional farming treatments after rice

	
	Depth

	Treatment
	0-15 cm
	15-30 cm
	30-60 cm

	T1
	0.024
	0.031
	0.028

	T2
	0.040
	0.031
	0.028

	T3
	0.036
	0.031
	0.027

	T4
	0.044
	0.040
	0.032

	T5
	0.042
	0.032
	0.029

	T6
	0.042
	0.032
	0.028

	T7
	0.046
	0.033
	0.029

	T8
	0.046
	0.037
	0.032

	LSD (P≤0.05)
	0.003
	NS
	NS
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Fig 1: Pooled data of available Cd concentration at various soil depths under different organic and conventional agriculture treatments after wheat

3.3. Distribution of available Cd in different size soil aggregates in (0-15 cm) depth
The distribution of available Cd among aggregate fractions in rice soils (Fig. 2) showed that Cd was partitioned almost equally across the three aggregate size classes. On average, macroaggregates (0.25–2 mm) retained 30–33% of available Cd, microaggregates (0.053–0.25 mm) held 33–35%, and the silt+clay associated fraction (<0.053 mm) accounted for 32–36%. Among treatments, T3 and T4 exhibited relatively higher Cd proportions in the <0.053 mm fraction (up to 35.8%), whereas T1 and T5 showed slightly greater distribution in the 0.053–0.25 mm fraction. The narrow range of Cd distribution across fractions indicates dynamic equilibrium between macro- and microaggregate domains.

The predominance of Cd in smaller aggregate fractions is consistent with earlier findings that finer aggregate and silt+clay particles provide more binding sites, thus acting as long-term reservoirs for heavy metals (Tisdall & Oades, 1982; Six et al., 2004). Moreover, in rice soils, periodic flooding and redox fluctuations can enhance Cd solubilization, followed by readsorption onto fine fractions during oxidation phases (Meng et al., 2023). Organic inputs in treatments such as T3–T4 may have contributed to higher Cd mobility through complexation, leading to redistribution into finer fractions (Wu et al., 2023).

In wheat soils (Fig. 3), the relative Cd distribution was similar to rice but with subtle shifts. Macroaggregates (0.25–2 mm) generally retained 31–36% of available Cd, microaggregates (0.053–0.25 mm) 30–36%, and the <0.053 mm fraction 32–38%. Notably, T3 showed the highest Cd enrichment in the <0.053 mm fraction (38.8%), while T2 recorded elevated proportions in the microaggregate fraction (35.8%). This suggests greater Cd association with finer fractions under some organic input treatments.

The slightly higher Cd proportion in the fine fraction under wheat compared to rice suggests stronger stabilization in aerobic conditions, as oxidative environments favor Cd sorption onto Fe/Mn oxides and organic coatings within microaggregates and silt+clay domains (Li et al., 2024). This stabilization mechanism reduces immediate Cd bioavailability but contributes to long-term accumulation.

Across both crops, the results demonstrate that Cd is not confined to a single aggregate size class but is distributed among macro- and micro-domains, with a tendency toward enrichment in finer fractions under organic input treatments (T3, T4, T7, T8). Organic matter decomposition releases dissolved organic carbon that can mobilize Cd, but as decomposition progresses, humified materials and mineral surfaces re-stabilize Cd within fine aggregates (Brar et al., 2013; Antoniadis et al., 2002).

Thus, while aggregate-associated Cd in the rice–wheat system remains below toxicity thresholds, the steady enrichment in fine fractions under high-input organic management raises concerns about long-term Cd accumulation and its potential mobilization under changing redox conditions. Monitoring aggregate-associated Cd pools is therefore essential for sustainable nutrient management.
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Fig 2: Percentage of available Cd in different size soil aggregates under various organic and conventional agriculture treatments after rice
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Fig 3: Percentage of available Cd in different size soil aggregates under various organic and conventional farming treatments in wheat

3.4. Percentage of different fractions of cadmium (Cd) in 0-15 cm soil depth
The fractionation of Cd in the 0–15 cm soil layer under wheat (Table 5) revealed pronounced differences in distribution among chemical pools as influenced by organic and conventional management practices. Across treatments, the Fe–Mn oxide–bound fraction dominated Cd retention, ranging from 10.3% in T4 to 67.6% in T3. This reflects the strong affinity of Cd for Fe and Mn oxyhydroxides through adsorption and co-precipitation processes, which are widely recognized as key regulators of Cd mobility in soils (Gao et al., 2023).

3.4.1. Exchangeable and carbonate fractions

The exchangeable pool, considered the most bioavailable, remained relatively low across most treatments (<3%), except under T4 (7.5%), T7 (6.3%), and T8 (6.6%). These elevated values suggest greater Cd lability under some organic management, potentially due to enhanced dissolved organic carbon and chelating agents released during organic input decomposition (Liu et al., 2024). Similarly, the carbonate-bound fraction varied sharply among treatments, from as low as 15.6% (T3) to as high as 51.5% (T4). High carbonate-associated Cd under T4, T7, and T8 indicates precipitation or co-precipitation of Cd with carbonates, a mechanism often accentuated under organic amendments that increase soil pH and carbonate equilibria (Kim et al., 2023).

3.4.2. Fe–Mn oxide–bound fraction

In contrast, conventional management (T1–T3) favored higher Cd stabilization in Fe–Mn oxide fractions, with T3 recording nearly 68% of total Cd in this pool. Such stabilization reflects oxidative conditions in conventional wheat systems, where Cd becomes strongly adsorbed to Fe/Mn oxides, thereby reducing its immediate availability (Li et al., 2024). Conversely, organic treatments (T4, T7, T8) showed reduced Fe–Mn oxide association (<20%), implying competition from organic ligands and carbonate equilibria that redirected Cd into other pools.

3.4.3. Organic matter–bound fraction

Cd associated with organic matter was substantial in all treatments (11–21%), with the highest under T7 (21.4%). Organic matter provides both immobilizing (via complexation and chelation) and mobilizing (via soluble low-molecular-weight organic acids) effects (Renella et al., 2004). The elevated OM-bound Cd under organic management reflects active complexation with humic substances derived from manures and crop residues. This has dual implications: short-term reduction in Cd bioavailability, but potential release upon mineralization.

3.4.4. Residual fraction

The residual fraction, considered geochemically stable, varied between 3.9% (T3) and 13.3% (T4). Higher residual Cd under organic treatments (T4, T7, T8) suggests some incorporation into stable mineral lattices, while the lower residual under T3 indicates greater redistribution into oxide-bound pools.

Overall, conventional systems (T1–T3) exhibited Cd predominantly in the Fe–Mn oxide pool, reflecting higher stability but greater vulnerability to redox-induced remobilization. In contrast, organic systems (T4, T7, T8) redistributed Cd into carbonate and organic matter fractions, with increased exchangeable pools, indicating higher short-term lability but also enhanced stabilization through carbonate precipitation and humic complexation. These findings align with previous reports that organic amendments can both mobilize and immobilize Cd depending on the dominant transformation pathways (Hamid et al., 2019). Therefore, long-term organic inputs may alter the geochemical partitioning of Cd in ways that necessitate careful monitoring, particularly under fluctuating soil moisture regimes typical of rice–wheat systems.

Table 5: Distribution of Cd across different fractions in 0-15 cm soil depth under various organic and conventional agriculture system 

	Treatment
	Exchangeable %
	Carbonate %
	Fe-Mn Oxides %
	Organic Matter Bound %
	Residual %

	T1
	2.18
	18.95
	57.23
	14.07
	7.58

	T2
	2.13
	18.46
	60.49
	14.10
	4.83

	T3
	1.76
	15.59
	67.62
	11.06
	3.97

	T4
	7.49
	51.50
	10.30
	17.42
	13.28

	T5
	2.89
	27.39
	43.63
	17.04
	9.06

	T6
	2.83
	26.04
	45.67
	17.20
	8.26

	T7
	6.25
	44.57
	18.72
	21.38
	9.07

	T8
	6.56
	49.45
	16.26
	16.89
	10.85


Total Trace metals concentration in rice and wheat plant

Our study revealed that no cadmium was detected in straw and grain of rice and wheat plants for different treatments.

CONCLUSION
This study highlights that cadmium (Cd) dynamics in the rice–wheat system are strongly influenced by soil depth, aggregate association, and management practices. While conventional systems tended to stabilize Cd in Fe–Mn oxide–bound forms, organic amendments redistributed Cd into carbonate- and organic matter–bound pools, with slightly higher concentrations in surface soils. Although the overall Cd levels remained below critical thresholds, the increased proportion of labile fractions under high organic inputs indicates the need for judicious use of manures and residues. At the same time, organic practices improved soil structure and fertility, demonstrating their value for sustainable agriculture.

Taken together, the results emphasize that neither organic nor conventional practices are inherently detrimental or risk-free; rather, the balance lies in thoughtful management of inputs. Regular monitoring of Cd in organic amendments, coupled with integrated soil fertility strategies, can ensure the benefits of organic farming while minimizing potential risks of heavy metal buildup. Thus, a cautious but positive path forward is to combine the soil health gains of organic inputs with safeguards that preserve environmental safety and food quality.
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