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Abstract 

To minimize arsenic (74.92As33) loading into rice plants, based on our two-year field trial we 

propose adopting alternating wetting and drying (AWD) irrigation as a sustainable water 

management strategy allowing greater silicon (28.08Si14) availability. Our field-based project is 

the first report on AWD's impact on As-Si distribution in fluvio-alluvial soils of the entire 

Ganga valley (24 study sites, six divisions), seasonal variance (pre-monsoon and monsoon), 

rice plant anatomy and productivity, soil microbial diversity, microbial gene ontology profiling 

and associated metabolic pathways. Under AWD to flooded and pre-monsoon to monsoon 

cultivations, respectively, As-bioavailability was reduced by 8.71±0.014–9.25±0.019% and 

25.68±0.088–26.13±0.0921%. In the pre-monsoon and monsoon seasons, the rice grain yield 

under AWD improved by 8.41±0.075% and 9.96±0.069%, proving the economic profitability. 

Compared to waterlogging, AWD evidences as an optimal soil condition for supporting soil 

microbial communities in rice fields, allowing diverse metabolic activities, including As-

resistance, and active expression of As-responsive genes and gene products. Finally, we 

propose that by using AWD, the use of groundwater can be reduced, lowering the cost of 

pumping and field management and generating an economic profit for farmers. These 

combined assessments prove the acceptability of AWD for the establishment of multiple 

sustainable development goals (SDGs).  

Keywords- Alternate wetting-drying; sustainable agriculture; rice productivity; economic 

profit; high throughput sequencing; gene ontology; microbial metabolism 

Synopsis statement- Sustainable water management in rice cultivation reduces arsenic 

contamination and increases productivity while promoting soil microbial metabolic activities, 

gene expressions and economic profit for the farmers.   

▪ Introduction 

In the soil-water-rice agro-ecosystem, both geogenic as well as anthropogenic factors 

contribute to arsenic (As) build-up in paddy fields1–3. However, the As-hotspot areas spread 

across the globe, where the As content was reportedly exceeding permissible limits4,5. 

Multifactorial influence (e.g., rice variety, soil elemental biogeochemistry, agro-environmental 

parameters, agronomic practices etc.) ultimately determines the susceptibility of rice varieties 

to As stress6,7. The bioavailability of As is usually governed by pH, the proportion of cationic 

and anionic species, its association with soil minerals as well as the actions of the soil 

microbiome8. Considering rice production on a global scale, observations have projected 
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demand of 550.0 Mt rice production to cope with the issue to feed increasing global rice 

consumers and maintain the pace of economic growth too9. For optimal growth and yield, rice 

plant physiology and structural integrity must tolerate adverse environmental effects, made 

possible by high silicon (Si) accumulation in rice plants10. As and Si are structurally similar 

and inversely correlated11. Under frequent alterations of soil pH and redox state, the release of 

labile soil Si can occur12, ready for rice plant uptake. Flooded conditions in rice cultivation 

results in significant water loss through seepage, surface runoff, evaporation, and deep 

percolation13. However, alternate wetting and drying (AWD) was found to be sufficient in 

minimizing As load in grain by reducing the bioavailability of As to rice plants leading to 

reductions in As translocation into the above-ground part14,15. This AWD practice can greatly 

influence soluble Si percentage and also influence soil microbial communities to thrive11,16. 

The Gangetic Plain is one of the enriched fluvial-alluvial valleys in the world producing the 

bulk of India’s rice17,18. Loading of As in rice needs to be managed while increasing 

productivity and future food storage. A fluvio-alluvial soil can harbour diverse microbial 

communities that are naturally resistant towards As19,20, and under differential soil status, 

microbial communities can express their complex network of metabolic activities relevant to 

As stress and agro-environmental practices21,22.  

In the fluvial-alluvial soil, As and Si dynamics are yet to be understood together in the context 

of rice productivity, socio-economic profit to the farmers, soil health quality via microbial 

active metabolisms and their diversity. This study is the first report from the Indian 

subcontinent involving the whole Ganga Valley to establish proposed practices in rice 

cultivation. Objectives of this study were to define- (i) As and Si status and distribution pattern 

in fluvio-alluvial soils of different geographic and topographic locations, (ii) how AWD 

practice can make a difference in As bioavailability in the soil to rice plants when Si is 

counteracting in the field, (iii) generated profit in AWD practice from the difference of rice 

productivity and minimized water usage, (iv) soil microbial community alterations under AWD 

and their expression of active metabolic pathways, (v) triggered As-resistance ability in soil 

microbes under AWD and helping in the reduction of As bioavailability in the soil. The project 

specifically was designed to unite many Sustainable Development Goals SDGs specifically 

SDG 2, SDG 3, SDG 6, SDG 9, SDG 12 and SDG 1523. Outcomes allow the promotion of 

SDGs based on holistic sets of field study data applicable to global SDGs perspectives as well, 

as discussed in this report.  

▪ Materials and method 
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Sampling site selection and experimental design. Soils at the bank of Ganga are mostly 

fluvial-alluvial type24 and allow easy translocation of As from soil to rice plants while 

cultivated anaerobically25. The whole Gangetic plain was divided into six sections including 

four states- upper Ganga (Uttarakhand), upper-middle Ganga (Uttar Pradesh), middle Ganga 

(Uttar Pradesh), middle Ganga (Bihar), middle-lower Ganga (West Bengal) and lower Ganga 

(West Bengal). Based on previous reports, these sites are selected24,26. Each section was again 

marked for four sampling points where the field setups were engaged making a total of 24 study 

sites which were within a radius of 1 km from the river bed. Fig. S1 shows the sampling points 

with their specific coordinates. The experimental design of the study site follows similarly as 

in Majumdar et al27 (supplementary method).  

Soil-rice plant analysis for total and bioavailable arsenic and silicon. Total and bioavailable 

As concentrations were measured using wavelength dispersive X-ray fluorescence 

spectroscopy (WD-XRF, S8 Tiger, Bruker, Germany) and inductively-coupled plasma mass 

spectrophotometer (ICP-MS, Nexion 300X Parkin Elmer, US) respectively, according to the 

standardized method of Majumdar et al28,29. Total Si in soil was measured using the WD-XRF 

method while bioavailable and plant Si concentrations were analyzed following the established 

method by Majumdar et al30 and Mu et al31 (supplementary method). Standard reference 

materials (SRM) used in these analyses were SDC-1, JSD-3, MESS3 and NIST2711a and 

quality-checked data is provided in Table S1. Rice plants were analyzed for total As 

concentrations followed by the di-acid digestion-dilution method using ICP-MS and calibrated 

using the SRM NIST1568c. 

Soil physico-chemical parameters and rice productivity. Oakton Waterproof PCS Testr35 

and ORP Testr 10 were used as portable meters for pH and ORP testing in the fields whereas 

samples were analyzed for soil organic matter (SOM) and microbial biomass carbon (MBC) 

using the method described in Walkley and Black32. Soil textures were assessed considering 

the ASTM sieve plate method, standardized by Sarkar et al33. To prove the effect of AWD 

unbiasedly, the study did not choose any specific rice cultivar during these trials and locally 

grown rice cultivars were considered. Each of the 800m2 areas was assessed for rice grain yield 

and converted to hectare equivalent.  

Economic profit validity and social acceptance. Rice yield per hectare under AWD and 

flooded practices were compared. The average of the minimum support price (MSP) of 

common and Grade A variety of paddy was used to estimate the price of paddy yield per hectare 



7 
 

and national reports by Ministry of Agriculture-Govt. of India, were used to estimate the 

cultivable areas for rice in the Gangetic valley. The total economic value per hectare yield 

along the study cites for pre-monsoonal and monsoonal using AWD technology is estimated 

for the entire Ganga valley.  

Secondary analyses of As-Si association and plant physiology. Soil samples were analyzed 

for the possible oxy/hydroxygenic As and Si ions present in the soil during AWD or flooded 

conditions using ‘The Materials Project’ (an online database of NERSC Scientific Computing 

Center and Computational Research Division under Lawrence Berkeley National Library)30,34. 

The pourbaix diagram, X-ray diffractogram and bubble plot analysis were generated based on 

the field data and database files together (supplementary method). Rice plant physiology was 

analyzed using field-emission scanning electron microscopy (FE-SEM, Carl Zeiss SUPRA 

55VP) following the standardized method by Majumdar et al29.  

Soil microbial diversity assessment and next-generation sequencing. High-throughput 

sequencing was performed using isolated DNA samples from collected soils using a Qiagen 

DNeasy Powersoil kit (supplementary method). These finally retrieved raw data were 

implemented in making microbial diversity assessments, gene ontology, metabolic pathways 

identification using the Kyoto Encyclopedia of Genes and Genomes (KEGG), As-responsive 

gene activity and occurrences35.  

Statistical justifications and microbial data analysis. All soil analyses were performed in 

triplicates and tested for statistical significance at p≤0.05 using one-way analysis of variance 

(ANOVA). To confirm the factual significance level, Bonferroni Correction was performed as 

a post-hoc assessment of all the soil-plant data obtained36. Experimental sites were 24, hence 

the considered variables were 24 to generate α-corrected p-value ≤0.00208 in Bonferroni 

Correction. For statistical analyses, graphical representations, microbial diversity assessments, 

gene ontology and KEGG analyses, GraphPad Prism 6, R Studio 2022, OriginPro 2018, 

SigmaPlot (ver. 12), ClustVis (ver 2.0 online), ShinyGO (ver 0.77 online), Cytoscape (ver. 

3.8.2) and PAST (ver. 3.2.1) were used.  

▪ Results 

Distribution of As-Si content in different geographic locations. Soil textures were found to 

be similar with minor variations in the composition of soil, silt and clay percentage of all 24 

sites from four states and six Gangetic divisions (Table S2). Silt predominates at the middle to 

lower Gangetic belt, however, overall, the whole Ganga valley was found to be silty clay in 
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nature. A higher amount of clay in soil-sediment poses a barrier to As translocation to the rice 

plant37. In Fig. S2 (a-h), a contour plot of As-Si distribution related to their site-specific pH 

and ORP is shown. These graphs represent the mean data of 24 sites from two years together 

revealing the bulk elemental change with pH and ORP getting altered in the field. A lower ORP 

state can be found in anaerobic flooded conditions compared to the aerobic dry soils38, 

supporting our findings as well. These lower ORP and comparatively high pH (7.6-8.9) resulted 

in the higher release of total As content from soil-associated minerals to the aqueous phase 

(Fig. S2a-d). High Si concentrations were found within higher ORP values that become 

predominant in soil under the AWD cycle as shown in Fig. S2e-h, irrespective of seasonal 

changes. Pre-monsoonal soil Si, although, gets more frequent AWD transition than the 

monsoonal soil Si, hence a difference of 5-20g kg-1 was found between seasonal changes.  

Fig. S3a-b shows the percentage area stacked plots of pre-monsoon and monsoon phases to 

understand the range of this As-Si distribution in individual Gangetic divisions (marked as 

divisions A-F). The upper Gangetic area showed minimum As concentrations in soil which 

comes from its lower As-contained groundwater24 than the other states of the Ganga valley. 

The percentage plot clearly indicates the percent ratio of flooded soil As was greater than 

flooded soil Si and vice versa in AWD, during both seasons. Correlative plots of AWD and 

flooded soil physico-chemical parameters are emphasizing the relationship of bioavailable As-

Si content to other influencing factors (Fig. 1a-b). This is a tri-parameter-based correlative 

analysis which indicates a positive or negative relationship based on color (red to violet), 

direction (upward or downward) and shape (slender to oval). Mean data of pH, ORP, OM, 

MBC and bioavailable As-Si were used for both pre-monsoon and monsoon during two 

consecutive years. ORP showed negative relation with As and positive relation with Si. During 

frequent ORP change, it contradicts soil pH values, as found in the pre-monsoon phase and 

AWD application12 which in turn triggers the pulse release of available soil Si while entrapping 

the As content, reducing its bioavailability39,40. Soil OM and MBC both displayed a positive 

effect on the soil Si availability while restricting the mobility of available As content. MBC 

can modulate OM which in turn contributes to the Si concentration30 and found during the 

AWD applications.  

The experiment used 24 sites and the average per hectare yield of paddy through AWD is 

5774.02 kg/hectare compared to 2809 kg/hectare for the production for the country (Fig. 2a). 

Interestingly, the average per hectare water consumption consumed for paddy cultivation 

through AWD is one-fifth compared to the traditional methods used for paddy cultivation. The 
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per hectare average water consumption for paddy cultivation through ADW and FL, were 

258437.5 litres, and 1316875 litres, respectively. If 10% of the Ganga valley used AWD 

technology for paddy cultivation the total annual water can be saved in the range of 1.354x1012 

to 1.873x1012 litres. The water saving through AWD could act as a paradigm shift in a country 

like India where many of its states are water stress by 2030. This really helps to reduce the 

problem of water scarcity and helpful to achieve SDG 6 to clean water and sanitation and also 

economic benefits to the farmers23.  

Socio-economic validation and profitability analysis. The average per hectare revenue for 

AWD technology is estimated as INR 118367.4 (1442.14 USD) compared to INR 57584.5 

(701.59 USD) for the country average, making farmer’s per hectare average revenue increased 

by INR 60782.9 (740.55 USD) (Fig. 2b). The total increase in revenue for the farmers if 10% 

of the Ganga valley is used AWD is estimated as INR 82056.9 million (1000 million USD). 

The AWD technology is useful in terms of an increase in yield per hectare as a result an increase 

in total revenue. As a result, the farmers are gaining an increase in revenue, reducing the 

consumption of water, reducing the issues of food inequality and helping to achieve various 

sustainable goals through the use of ADW in paddy cultivation. Table S5 and S6 shows the 

details of economic profit from AWD implementation.  

Secondary analyses and plant productivity in AWD and flooded cultivations. Soil As and 

Si were analyzed for the potential ionic species and their data-based molecular structures. 

Using ‘The Materials Project’, four molecular structures were simulated for As hydroxides and 

As-Si complexes (Fig. S4a-b). Field-obtained analyzed concentration range and other physical 

properties were provided as modelling input to generate these structures (SiAs2, Si3As4, 

As3(HO2)5 and As3HO6) emphasizing the stability of these compounds in the natural 

environments. Furthermore, a pourbaix diagram was generated (Fig. S4c) using the 

concentration range in molar values41. The generated graph suggests the predominant species 

of As and Si independently within a pH range of 6.4 to 8.7 and ORP of -185 to +290 mV. 

Predominant ionic species of As and Si were found to be H2AsO4
-, HAsO4

2-, HAsO2, and SiO2 

within this range, as marked by the red-colored box in the figure. The generated structures were 

further validated using the ‘The Materials Project’ database of elemental confirmatory XRD 

assessments (Fig. S5a). The XRD graphs were generated by comparing our experimental data 

to the online database of these four compounds mentioned. The graph shows single peak lines 

and a brown-colored reference line to show the exact match of these compounds, indicating 

the acceptability of these structures as valid naturally present compounds42. Bubble plots of 
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soil As and Si compounds were obtained under AWD and flooded conditions in both seasons 

where OM was considered as the influencing factor. It appears that the AWD has a marked 

effect on As capture and Si release15 (Fig. S5b).  

Plant internal anatomy and ultra-structure of vascular systems were observed using FE-SEM 

from 24 study sites (six Gangetic divisions) under both AWD and flooded and presented in 

Fig. S6. Xylem (Xy) and Phloem (Ph) are marked in the figures to elucidate the prominent 

difference between the vasculature of AWD-grown plants and flooded-grown plants30,43. 

Improved rice internal anatomy is due to the fact of higher Si and lower As accumulation which 

directly correlates with the bioavailable amount of soil As and Si under AWD and flooded field 

conditions (Fig. S7a-f). A distinct and consistent pattern of As bioavailability was observed in 

pre-monsoonal AWD for all 24 sites while the highest plant available As was recorded in 

flooded soils during monsoonal season. However, higher plant-available Si was observed in 

pre-monsoonal AWD soils. Higher Si and lower As increase the rice plant cellulose synthase 

gene expressions for CESA3 and CESA4, resulting in higher cellulose production and therefore 

better structural rigidity44. These combined effects of bioavailability and structural betterments 

proved the plant’s positive response towards AWD, resulted in greater rice grain productivity 

in all Gangetic divisions. Rice productivity was measured in kg ha-1 and shown in Fig. S7g-l. 

The data trend clearly reflects the effectivity of AWD practice over the flooded condition with 

greater statistical significance as marked in the figure. The highest range of rice yield was 

assessed in lower-middle and lower Gangetic divisions under the West Bengal district. 

Microbial diversity and KEGG metabolic pathway assessments. Soil microbial 

communities are sensitive to any change in soil status and agronomic practices16,19 which 

triggers their gene expressions, metabolic activities, and tolerance towards abiotic stresses. Soil 

microbial diversity was assessed using a next-generation sequencing technique which allows 

us to find variance in the microbial predominance in soil under different circumstances27. Fig. 

S8 shows the predominant microbial classes under AWD and flooded conditions with seasonal 

changes. Among the 94-107 classes, 74 classes are presented in this color-coded heatmap 

which was present in all soil samples but differed in their number and degree of occurrence. It 

is evident that most of these microbial communities were well established under the dry-wet 

condition of the pre-monsoonal phase followed by the monsoonal dry-wet cultivation. Flooded 

conditions in both seasons were lower in harbouring microbial diversity. How AWD soil might 

promote microbial growth, communities and their metabolism has been suggested in some 

earlier studies27,45. Microbial diversity can be estimated by analyzing their alpha and beta 
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diversity indices as given in Table S3. Mean values are presented in this table for all six 

Gangetic divisions for three different species richness indices- Shannon, Simpson and Chao1. 

These indices show that a higher species richness and microbial diversity were present in AWD 

soils compared to the flooded soils and pre-monsoonal phase had a greater richness overall 

than the monsoonal richness.  

Irrespective of geographical locations, soil microbial metabolism showed greater expressions 

and activities when AWD was implemented. Fig. 3a-b shows a color-coded heat map of the 

analyzed and counted KEGG modules from all 24 sites of the six Gangetic divisions. A total 

of 164 metabolism-related pathways are presented in two different graphs for better visibility. 

These KEGG modules are presented with their KEGG numbers which can further tell us the 

details of the pathway compositions and counter-parts. The color distribution clearly indicates 

the dominance of pre-monsoonal dry-wet soil had a greater impact on the microbial 

communities which triggered most of the metabolic pathways to be active and expressed46. By 

way of illustration, 26 pathways from these KEGG modules are presented in Fig. S9, which 

are essential for the viability and stability of microbial growth and metabolism. Purine and 

pyrimidine metabolism; biosynthesis and degradation of fatty acids; 

glycolysis/gluconeogenesis; metabolisms of amino acids; carbohydrate metabolisms including 

pentose sugar and galactose; metabolic activities of Kreb’s cycle; synthesis of other essential 

bio-molecules including lipopolysaccharides, pantothenate, co-enzyme A, and folic acid; 

metabolism of other essential bio-molecules including nicotinamide, lipoic acid, thiamine, 

riboflavin, and biotin are presented in a database-dependent pathway marking manner47. The 

red color indicates active enzymes, precursors, and their metabolic products within a pathway 

chart from our given input. Several pathways were found to be less active under flooded soil, 

as shown also in Fig. 3a-b. Greater occurrence and activities of microbial metabolic activities 

under AWD likely contribute to prove healthier soil compared to flooded soil20,46. 

Microbial gene ontology and arsenic resistance. Gene ontology is used to understand which 

gene clusters and their representative molecular functions are active under AWD and flooded 

soils and getting altered with seasonal changes27,46. Again, an average data of gene ontology 

obtained from next-generation sequencing has been presented in Fig. 4a-b. High frequency 

and low frequency genes are counted at the Illumina platform. It was evident that the highest 

gene ontological encounter in dry-wet soils compared to the flooded soils was found in both 

high-frequency and low-frequency genes. Similarly, another color-coded heat map distribution 

of these high-frequency and low-frequency gene ontological terms is presented in Fig. S10. 
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These heat maps show the intensity of these high-frequency and low-frequency gene 

ontological terms for AWD and flooded soil microbiomes. These combined ontology 

assessments prove the efficiency of microbial genes and their respective activities which comes 

under three different categories- Biological processes (GO:0008150), Cellular components 

(GO:0005575) and Molecular functions (GO:0003674)48.  

This further encouraged us to define the arsenic-responsive genes and their relationship with 

microbial diversity distribution under these altered soil statuses49. Some of these genes can 

govern the microbial ability to modulate total and bioavailable As concentration in soil 

depending on the environmental factors. From the obtained data of gene-specific high 

throughput sequencing and microbial distribution, a networking analysis is presented in Fig. 

S11a-d. Genes including arsA, arsB, arsC, arsD, arsH, arsM, arsR, arsT, aioA/aoxB, aioE, 

aioS/aoxS, aioR/aoxR, aioX/aoxX, arrA, arrB, pstA_1, pstB, pstC_1, pstS1, glpF_1, ctaF, and 

pgpA/ltpgpA were more connected to an extensive microbial genus network in AWD soils both 

under pre-monsoon and monsoonal changes compared to the flooded soil microbial genera. 

Cytoscape ‘String’ network has been implemented here which allows to visualize of gene-

translated protein PDB (protein database) structures from these networks50. A number of 

microbial genera connected to each of these genes within these networks strongly suggests the 

involvement of microbial diversity expressing As-responsive genes profoundly under AWD 

which results in the As transformation and its reduced mobilization into the soil system.  

The arsenic response and tolerance in microbes are one of the primitive cellular activities51 

which is also related to other cellular functions. In another set of analysis, arrB, aioA, arrA, 

arsR, arsB, arsC, arsA, arsR, arsD, arsH, aioE, arsT, arrB, pstS, pstC, pstB, pstA, pgpA, arsP, 

arsM, aioX, aioS, aioR, aioA, aoxX, aoxS, aoxR, aoxB, ltpgpA, and aoxB genes are presented 

with their corresponding cellular and physiological activity profiling in Fig. 5. Physiological 

responses including protein functions are mentioned in Fig. 5 which has some direct or indirect 

link to As metabolism and/or tolerance. The color-coded fold enrichment values and types of 

parameters suggest that phosphate transporters, arsenical transporters, and arsenical efflux 

proteins are more expressed under AWD soil microbes in both pre-monsoonal and monsoonal 

phases while a higher expressions of phosphate transporter, arsenic transporter proteins, cell 

membrane proteins and other membrane stabilizing proteins under flooded soil microbes in 

both the seasons. This indicates additional cell-stressing activities are being managed by the 

microbial cells by producing and expressing different membrane-stabilizing proteins and bio-

molecules under flooded conditions52. Further, a networking analysis of these genes and their 
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products or their molecular functions is presented in Fig. S12. Various secondary ion 

transporters, phosphate transporters, arsenical transporters proteins, arsenic efflux proteins, 

anion and cation transporters, As-resistance biomolecules, redox-active centers and membrane-

associated proteins are interconnected showing the complex inter-relationship of these bio-

molecules depending on their degree of expression under AWD and flooded conditions with 

seasonal changes53. A gradient of network complexity was observed in the following sequence- 

pre-monsoon AWD, pre-monsoon flooded, monsoon AWD and monsoon flooded microbiome. 

These assessments are generated using the GO terms obtained from experimental data, merging 

with the online database using ShinyGO software to identify the inter-connectivity among these 

genes and their products54.  

Discussions 

The project started with a motto of promoting AWD in the Indian sub-continent and gradually 

to the rest of the world as much as possible to make common people aware of the scarcity of 

the freshwater that we need for crop cultivation. Instead of keeping the field waterlogged for 

the whole time, requiring an average stagnant depth of 14-17cm, the AWD practice needs only 

3-5cm waterlogging for 2 days and a drying phase reducing water usage by 52-75% depending 

on the soil texture and climatic conditions55,56. This study also minimized unnecessary 

groundwater consumption emphasizing SDG 6 (Clean water and sanitation) and SDG 12 

(Responsible consumption and production) and their promotion to the farmers for future 

practice. Table S4 shows the details of water conservation by AWD practice. Excessive 

extraction of groundwater also increases the risk of As dissolution from the deep aquifer to the 

groundwater57, making it contaminated for direct use or for rice cultivation. Also, in the upper 

Gangetic division, where the annual average temperature is lower than the middle to lower 

Gangetic divisions, requirements for water were less due to lesser evapotranspiration56. This 

proves again, AWD practice can ‘save water’ by promoting SDG 6 at a large scale.  

SDG 3 (Good health and wellbeing) and SDG 9 (Industry, innovation, and infrastructure) 

promote issues related to soil management and their effects on human health. Soil As 

distribution is a global threat which gets spread through As-contaminated food stuff, primarily 

rice and rice-based foods58,59. More toxic species of As to the rice plant and its consumers, is 

generated in the flooded field than AWD soils60. When soil As bioavailability gets minimized, 

and rice quality improves, the consumers’ health improves and is risk-free61,62. While reducing 

As availability, AWD, on the contrary, influence the plant-available Si to be more labile due 

to the frequent alterations of pH, redox potentials and OM content12,39. This agronomic practice 
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can certainly improve the well-being of our consumers if a proper infrastructure for 

implementing AWD can be developed by joint ventures of scientists, engineers and policy-

makers. SDG 2 (Zero hunger) urges global researchers and policymakers to develop such 

practices which will promote higher food production minimizing the hunger ratio and 

malnutrition status globally63,64. Our earlier long-term field experiment has proved the efficacy 

of AWD in a greater nutritional enrichment in rice grain with higher productivity27,58 which 

further has been experimentally established in this project. In Fig. 2, rice productivity has been 

presented indicating the direct effect of AWD on rice grain yield compared to conventional 

waterlogged cultivation. AWD triggers the development of higher panicle numbers and grain 

fillings after the inflorescence stage65. Better ultra-structure rigidity in AWD-grown plants also 

indicates a healthier state than the flooded-grown plants (Fig. S6). The results establish the fact 

that irrespective of geographic locations and seasonal changes, AWD can deliver high rice 

productivity, hence minimizing the crisis of food supply to the market, especially in arid 

countries1. With higher productivity, AWD also ensures greater economic benefit to the 

farmers and a cost-effective cultivation process (Fig. S7). This promotes SDG 8 (Descent work 

and economic growth) and appeals to the government or non-government organizations to 

popularize the AWD practice in crop cultivation which can generate considerable revenue 

compared to the conventional mode of rice cultivation. 

After analyzing soil microbiomes for their diversity depending on the water management 

practices, and seasonal variations, it becomes evident that AWD can induce microbial growth 

and species richness better than the flooded field conditions (Table S3), further supported by 

the expression of the metabolic pathways obtained by KEGG analysis (Fig. 3 and Fig. S9). 

Obtained results of KEGG pathway matching of essential metabolic activities from AWD 

microbiome shows similar results reported in other studies45,46,66. AWD implementation can 

certainly influence microbial molecular responses by triggering their gene expressions49,51 as 

found in the GO analysis from altered water regimes and seasonal changes (Fig. 4 and Fig. 

S10). This can be understood by observing the data presented in Fig. SA where greater 

microbial genera participated in the As-resistance and phosphate transportation, cell membrane 

protein function and stability management, other anionic and cationic transfer activities48. 

Microbial cellular responses and physiological traits based on these molecular expressions are 

triggered under AWD (Fig. S11 and Fig. S12). Under flooded soil, most of the aerobic 

microbes become dormant or eliminated and the continued prevalence of reducing environment 

hinders some other soil meso-biota67. To promote soil health and soil quality, soil meso- and 
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microbiota must be conserved (SDG 15, Life on land) which can be achieved by implementing 

AWD practice. A complex cycle of biotic-abiotic balance is well preserved and thrived under 

AWD practice than the flooded conditions68,69. 
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Fig. 1. Irrigation-influenced bioavailable As and Si concentration in all 24 sites and correlation with soil properties. The concentration range of 

soil As and Si has been presented in a box plot. Both pre-monsoonal (a) and monsoonal (b) results are presented with physico-chemical parameter-

dependent correlative plots. 
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Fig. 2. Average rice yield and relative profit generated from all 24 sites under the compared practices. The average rice yield (kg/hectare) in all 24 

sites under six Gangetic divisions is given in the form of a violin plot (a). Based on these productivity records, monitory profit has been calculated 

for all 24 sites (b) indicating a much higher revenue generation using this AWD practice. 
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Fig. 3. Microbial Kyoto Encyclopaedia of Genes and Genomes (KEGG) metabolic pathways expressed differentially under dry-wet cycle and 

flooded cultivation. The KEGG database has been used to compare the obtained data from our high throughput sequencing to generate these 

heatmaps. To avoid excessive input in one file, the KEGG metabolic pathways are expressed in two separate images (a, b).  
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Fig. 4. Gene ontology analysis of high-frequency genes and low-frequency genes. The figure shows high-frequency GO (a) terms and low-

frequency GO terms (b). Specific reads are given aside indicating the identified reads or counts of these GO terms from each of the soil microbial 

communities. Data are representative of mean read counts from 24 sampling sites. 

 



27 
 

 

 

Fig. 5. Microbial arsenic-responsive and related gene activity with fold-change analysis. Arsenic-responsive and related gene prevalence, activity 

and fold-change occurrence in pre-monsoonal dry-wet and flooded along with monsoonal dry-wet and flooded microbes are presented in this 

figure.  
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Additional methodologies-  

Experimental site design- Briefly, each field was 800m2 in area and irrigated with groundwater during the pre-monsoonal season while rainwater 

was used in the monsoonal phase. Water stagnancy of 10cm was maintained for 2 days followed by a drying cycle with 60% soil moisture (time 

varied due to weather conditions) and repeated till the late inflorescence stage. During the monsoonal season, maintaining AWD was difficult but 

manageable, resulting in a marked difference. 

Soil-plant Si analysis- Briefly, soil extracts were mixed up with ammonium sulfomolybdate [(NH4)6Mo7O24.4H2O)+H2SO4], tartaric acid 

(C4H6O6) and ascorbic acid (C6H8O6) at different concentrations as per the method and measured at 660nm using a spectrophotometer (Specord 

210, AnalytikJena, Germany). Plant extracts were mixed up with hydrochloric acid (HCl), ammonium heptamolybdate [(NH4)6Mo7O24. 4H2O], 

and oxalic acid [(COOH)2·2H2O] and measured at 410nm. As a standard material for calibration, silicon tetrachloride (SiCl4), NIST2711a and 

NIST1568c were used.  

Secondary analyses- The pourbaix diagram of pH and ORP making a graph of the oxyhydroxide ions of As and Si in the soil-water interphase 

and during the transition phase (Majumdar et al., 2019). This online database allows generation of a single or multi-element molecular structure 

from obtained data and available crystal structures online. Supplementary Figure S2 shows four such predicted As-Si molecular structures and a 

pourbaix diagram with predominant ions marked within the area of interest (red colored box). For further assessment of these oxyhydroxide ions 

of As and Si, experimentally obtained data were used to generate X-ray diffractograms on The Materials Project (Supplementary Figure S3). 

Generated peaks in these graphs were deduced further for the identification of the elemental groups present in the samples. The complementary 

part of Fig. S3 represents a bubble plot which was made using field-obtained OM, total soil As and Si data. 

High throughput sequencing- High-throughput sequencing was performed using isolated DNA samples from collected soils using a Qiagen 

DNeasy Powersoil kit (Cat# 12888-50). Eluted DNAs in Nuclease-free water (Ambion Cat# AM9938) were further checked in Nanodrop 2000 

for quality assurance. A Ligation sequencing kit (Oxford Nanopore Technologies, SQK-LSK109) and PCR Barcoding kit (Oxford Nanopore 
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Technologies, EXP-PCR096) were used for the library preparation for which purified amplicon DNAs were end-repaired by NEBnext Ultra II 

End Repair kit (New England Biolabs, MA, USA) followed by a cleaning step using AmPure beads (Beckmann Coulter, USA). Barcoded DNA 

samples were further pooled and quantified using NEBnext Ultra II End repair/dA-Tailing Module (New England Biolabs, MA, USA). Another 

set of cleaning and adapter ligation was done using AmPure beads and NEB blunt/TA Ligase (New England Biolabs, MA, USA). Finally, the 

sequencing was conducted on GridION X5 (Oxford Nanopore Technologies, Oxford, UK) using SpotON flow cell R9.4 (FLO-MIN106). Nanopore 

raw reads (‘fast5’ format) were basecalled (‘fastq’ format) and demultiplexed using Guppy v2.3.4. These processed data are used further for the 

microbial expressions of metabolic and gene ontological status.  

 

  



32 
 

 

Supplementary Figure S1. Study areas with sampling points of Upper middle to lower Gangetic delta of Indian subcontinent.  
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The coordinates of these 24 sampling sites are given below, which have been divided into six Gangetic divisions- Upper Ganga, Upper-middle 

Ganga, Middle Ganga 1, Middle Ganga 2, Lower-middle Ganga and Lower Ganga. Sampling sites are in Uttarakhand, Uttar Pradesh, Bihar and 

West Bengal.  

Upper Ganga Upper-middle Ganga Middle Ganga 1 Middle Ganga 2 Middle-lower Ganga 

30D08'24"N 78D19'53"E 27D24'29"N 79D36'54"E 25D10'00"N 82D33'12"E 25D28'29"N 85D57'22"E 23D42'10"N 88D08'44"E 

29D57'24"N 78D09'17"E 27D14'52"N 79D41'59"E 25D07'26"N 82D50'36"E 25D22'12"N 86D27'58"E 23D36'02"N 88D15'14"E 

29D42'30"N 78D09'29"E 27D06'52"N 79D58'46"E 25D20'03"N 83D01'45"E 25D16'48"N 86D58'33"E 23D30'58"N 88D22'05"E 

29D37'19"N 78D03'10"E 26D53'14"N 80D06'45"E 25D32'03"N 83D14'16"E 25D24'16"N 87D27'08"E 23D25'18"N 88D22'59"E 

Lower Ganga 

22D28'17"N 88D06'43"E 

22D18'38"N 88D06'13"E 

22D01'15"N 88D03'32"E 

21D50'12"N 88D11'46"E 

Three random replicates have been sampled from each of these sites to maintain the sampling process's heterogeneity.   
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Supplementary Figure S2. Parametric-dependent pre-monsoonal and monsoonal distribution of soil As (a-d), Si (e-h). 

 

Figures 1a-b and 1c-d show pre-monsoonal and monsoonal soil As data in dry-wet and flooded conditions. Figures 1e-f and 1g-h show pre-

monsoonal and monsoonal soil Si data in dry-wet and flooded conditions. 
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Supplementary Figure S3. Stacked area plot for 24 sites with concentration rage distribution of soil As and Si with altered irrigation. Part (a) 

indicates the results from pre-monsoonal sampling and (b) represents monsoonal sampling.  
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Supplementary Figure S4. Modelled soil As-Si complexation (a1-a2), modelled arsenic species (b-arsenate, b1-arsenite) and pourbaix diagram 

(c) of probable redox status within pH range 6.2 to 8.5. 
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Supplementary Figure S5. Database-made XRD analysis (a) and experimentally-proved As-Si association and availability depending on the 

organic matter (b) content in the soil.  
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Supplementary Figure S6. Rice plant vascular ultra-structure (Xy= xylem; Ph= phloem) under AWD and flooded conditions from 6 Gangetic 

divisions with 24 sampling sites (one figure from each site) indicating the role of higher Si and lower As accumulation effect on plant physiology.  
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Supplementary Figure S7. Rice yield productivity (a-f) and plant bioavailable As-Si concentrations (g-l) with spatial variation at 24 sites. 
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Figure 1a-f shows the As and Si bioavailable concentrations in soil under both the irrigation regimes and seasonal change. Each site represents 

the mean yield data (1g-l) of triplicate sampling points where significant variance has been presented with ‘***’ to be highly significant, ‘**’ 

moderate significance and ‘*’ low significance. Graphs are representative of triplicate data with standard deviation. 
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Supplementary Figure S8. Heatmap analysis of pre-monsoonal and monsoonal microbial class occurrence under two irrigation types.  
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Supplementary Figure S9. KEGG Metabolic pathway analysis with predominant biochemical modules as superimposed models of earlier 

reports. Our analysed pathways are highlighted with red lines in each diagram.  
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Supplementary Figure S10. Gene Ontology (GO) profiling of dominant microbial metabolisms with higher frequency (a) and lower frequency 

(b) activities. 
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Supplementary Figure S11. Arsenic responsive gene-dependent dominant microbial network analysis in pre-monsoonal dry-wet/flooded (a,b) 

and monsoonal dry-wet/flooded (c,d) phases respectively.  
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Soil microbial communities actively express different arsenic-responsive and related genes that also influence their diversity, inter-connectivity 

and networking pattern as presented in Figure 5a-d. Pre-monsoonal and monsoonal soil microbes under dry-wet and flooded conditions are 

presented here. Data are representative of mean read counts from 24 sampling sites.  
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Supplementary Figure S12. Network relationship of As-responsive and related genes under pre-monsoonal dry-wet and flooded soils (a-b) and 

monsoonal dry-wet and flooded soils (c-d). The genes are named within the figure.  
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Supplementary Table S1. Standard reference material values as analyzed for quality assurance. 

SRM Name 
As (mg kg-1) SiO2(%) 

MESS3 

Obtained data 
102.4 57.13 

Certified data 107 57.76 

RD 4.492187 1.09072 

NIST 2711a 

Obtained data 
22.47 66.72 

Certified data 21.2 67.17 

RD -5.65198 0.669942 

JSD3 

Obtained data 
2.37 60.05 

Certified data 2.42 60.78 

RD 2.109705 1.201053 

SDC1 

Obtained data 
25 65.61 

Certified data 25.7 65.8 

RD 2.8 0.288754 

 

NIST1568c 
As (mg kg-1) 

Obtained data 0.348 

Certified data 0.359 

RD 3.064 
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Supplementary Table S2. Soil texture analysis by ASTM sieve method of all 24 sites within a radius of 1km from the Ganga bed.  

Gangetic divisions Sites Sand% Silt% Clay% 

Upper Ganga 

(Uttarakhand) 

Site 1 24.00±1.6 26.00±1.9 50.00±2.3 

Site 2 23.00±1.8 25.00±2.6 52.00±1.5 

Site 3 26.00±1.6 26.00±2.3 48.00±1.6 

Site 4 24.00±1.9 27.00±1.5 49.00±1.9 

Upper-middle Ganga 

(Uttar Pradesh) 

Site 5 22.00±2.1 23.00±1.6 55.00±2.3 

Site 6 23.00±2.5 24.00±1.2 53.00±2.1 

Site 7 25.00±1.7 28.00±1.3 47.00±2.2 

Site 8 24.00±2.3 26.00±2.4 50.00±1.5 

Middle Ganga (Uttar 

Pradesh) 

Site 9 21.00±2.1 24.00±2.6 55.00±2.6 

Site 10 22.00±1.5 27.00±2.3 51.00±1.7 

Site 11 21.00±2.8 26.00±2.7 53.00±2.1 

Site 12 23.00±1.9 23.00±1.9 54.00±2.4 

Middle Ganga (Bihar) Site 13 24.00±2.6 21.00±1.8 55.00±1.9 

Site 14 21.00±2.4 28.00±1.2 51.00±1.6 

Site 15 21.00±1.7 24.00±2.5 55.00±2.5 

Site 16 20.00±2.3 25.00±2.3 55.00±2.4 

Middle-lower Ganga 

(West Bengal) 

Site 17 19.00±1.8 29.00±2.2 52.00±2.3 

Site 18 16.00±2.5 25.00±1.8 59.00±1.8 

Site 19 19.00±1.1 28.00±1.4 53.00±1.2 

Site 20 18.00±1.9 27.00±1.6 55.00±2.9 

Lower Ganga (West 

Bengal) 

Site 21 17.00±1.7 26.00±2.1 57.00±2.4 

Site 22 19.00±2.3 24.00±1.8 57.00±2.5 

Site 23 18.00±2.2 28.00±1.6 54.00±1.8 

Site 24 17.00±2.8 25.00±2.1 58.00±2.4 
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Supplementary Table S3. Alpha and Beta diversity indices of soil microbiome under different field setups and seasonal changes. 

Gangetic Division 1 (Uttarakhand) Gangetic Division 2 (Uttar Pradesh) Gangetic Division 3 (Uttar Pradesh) 

Field samples Alpha diversity indices Field samples Alpha diversity indices Field samples Alpha diversity indices 

Pre-monsoon Shannon Simpson Chao1 Pre-monsoon Shannon Simpson Chao1 Pre-monsoon Shannon Simpson Chao1 

Flooded 8.76 0.859 1733.2 Flooded 8.81 0.846 1866.48 Flooded 8.69 0.911 1908.32 

Dry-wet 8.97 0.882 1809.5 Dry-wet 8.91 0.883 1903.75 Dry-wet 8.95 0.946 2044.65 

Monsoon  Shannon Simpson Chao1 Monsoon  Shannon Simpson Chao1 Monsoon  Shannon Simpson Chao1 

Flooded  8.29 0.841 1869.3 Flooded  8.77 0.861 1832.65 Flooded  8.56 0.871 1907.66 

Dry-wet 8.43 0.867 1921.6 Dry-wet 8.49 0.841 1839.44 Dry-wet 8.77 0.884 1921.46 
            

Gangetic Division 4 (Bihar) Gangetic Division 5 (West Bengal) Gangetic Division 6 (West Bengal) 

Field samples Alpha diversity indices Field samples Alpha diversity indices Field samples Alpha diversity indices 

Pre-monsoon Shannon Simpson Chao1 Pre-monsoon Shannon Simpson Chao1 Pre-monsoon Shannon Simpson Chao1 

Flooded 9.13 0.911 2013.7 Flooded 9.25 0.921 2088.26 Flooded 9.37 0.923 2163.58 

Dry-wet 9.62 0.949 2347.6 Dry-wet 9.44 0.953 2609.74 Dry-wet 9.71 0.9618 2691.35 

Monsoon  Shannon Simpson Chao1 Monsoon  Shannon Simpson Chao1 Monsoon  Shannon Simpson Chao1 

Flooded  8.41 0.807 1962.4 Flooded  8.52 0.869 1967.14 Flooded  8.62 0.859 1987.55 

Dry-wet 8.92 0.883 2044.7 Dry-wet 8.73 0.899 2119.58 Dry-wet 8.79 0.896 2207.54 

Note: Standard deviations were within 0.03-0.05 margin for the Shannon index, 0.007-0.009 margin for the Simpson index and 24.98-46.77 

margin for the Chao1 index.  
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Supplementary Table S4. The volume of water (in L) which can be saved in AWD practice compared to the flooded.  

Water-saving data related to the AWD practice 

Study 

divisions 

Study 

sites 

Pre-monsoonal 

DW 

Pre-monsoonal 

FL 

Monsoonal DW Monsoonal FL Average water 

consumption 

(DW) 

Average water 

consumption 

(FL) 

Per hectare water 

save through AWD 

Upper 

Ganga 

Site 1 24800 111600 16550 99100 20675 105350 1058438 

Site 2 25250 113400 17000 100900 21125 107150 1075313 

Site 3 25900 116550 17650 104050 21775 110300 1106563 

Site 4 23800 107100 15550 94600 19675 100850 1014688 

Upper 

Middle 

Ganga 

Site 5 27350 122850 19100 110350 23225 116600 1167188 

Site 6 27450 123300 19200 110800 23325 117050 1171563 

Site 7 28100 126450 19850 114950 23975 120700 1209063 

Site 8 29600 133200 21350 121700 25475 127450 1274688 

Middle 

Ganga 

Site 9 28750 129150 20800 117650 24775 123400 1232813 

Site 10 29500 132750 21550 121250 25525 127000 1268438 

Site 11 31400 141300 23450 129800 27425 135550 1351563 

Site 12 31650 142200 23700 124700 27675 133450 1322188 

Middle 

Ganga 

Site 13 32700 147150 24750 129650 28725 138400 1370938 

Site 14 32900 148050 24950 130550 28925 139300 1379688 

Site 15 36400 163800 28450 144300 32425 154050 1520313 

Site 16 33150 148950 25200 131450 29175 140200 1387813 

Middle 

Lower 

Ganga 

Site 17 34500 120750 24350 109250 29425 115000 1069688 

Site 18 36200 126700 26050 115200 31125 120950 1122813 

Site 19 35100 122850 24950 111350 30025 117100 1088438 

Site 20 31850 111300 21700 102800 26775 107050 1003438 

Lower 

Ganga 

Site 21 36750 128450 26600 119950 31675 124200 1156563 

Site 22 35900 125650 25750 117150 30825 121400 1132188 

Site 23 34350 120050 24200 111550 29275 115800 1081563 

Site 24 38600 135100 28450 122600 33525 128850 1191563 

Note: Data are mean values with a SD of 1.24-2.08% range of the mean.  
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Supplementary Table S5. Profit calculation based on the rice productivity per hectare (H) in dry-wet (DW) and flooded (FL) fields. Average data 

for India has been collected from the Ministry of Agriculture database. Yields are in kg, profits are in INR.  

Cost-benefit calculations and profit gained from yield data 

Study 

divisions 

Study 

sites 

Average 

Yield (DW) 

Average 

Yield (FL) 

Average 

yield India 

Difference in 

Yield per H 

Average Price 

yield India 

Difference in 

price Yield per H 

Average 

price DW 

Upper 

Ganga 

Site 1 5126.5 4899.5 2809 2317.5 57584.5 47508.75 105093.3 

Site 2 5225 4888.5 2809 2416 57584.5 49528 107112.5 

Site 3 5346 5047 2809 2537 57584.5 52008.5 109593 

Site 4 5616.5 5006.5 2809 2807.5 57584.5 57553.75 115138.3 

Upper 

Middle 

Ganga 

Site 5 5747 5155.5 2809 2938 57584.5 60229 117813.5 

Site 6 5776 4945 2809 2967 57584.5 60823.5 118408 

Site 7 5371.5 5144.5 2809 2562.5 57584.5 52531.25 110115.8 

Site 8 5526 5189.5 2809 2717 57584.5 55698.5 113283 

Middle 

Ganga 

Site 9 5523 5224 2809 2714 57584.5 55637 113221.5 

Site 10 5825.5 5215.5 2809 3016.5 57584.5 61838.25 119422.8 

Site 11 5920 5328.5 2809 3111 57584.5 63775.5 121360 

Site 12 6087 5256 2809 3278 57584.5 67199 124783.5 

Middle 

Ganga 

Site 13 5616.5 5389.5 2809 2807.5 57584.5 57553.75 115138.3 

Site 14 5827 5490.5 2809 3018 57584.5 61869 119453.5 

Site 15 5700 5401 2809 2891 57584.5 59265.5 116850 

Site 16 6034.5 5424.5 2809 3225.5 57584.5 66122.75 123707.3 

Middle 

Lower 

Ganga 

Site 17 6093 5501.5 2809 3284 57584.5 67322 124906.5 

Site 18 6398 5567 2809 3589 57584.5 73574.5 131159 

Site 19 5881 5058 2809 3072 57584.5 62976 120560.5 

Site 20 6073.5 5328 2809 3264.5 57584.5 66922.25 124506.8 

Lower 

Ganga 

Site 21 5865.5 5368 2809 3056.5 57584.5 62658.25 120242.8 

Site 22 5929 5387 2809 3120 57584.5 63960 121544.5 

Site 23 5946 5271 2809 3137 57584.5 64308.5 121893 

Site 24 6122.5 5378 2809 3313.5 57584.5 67926.75 125511.3 

Note: Data are mean values with a SD of 1.62-2.11% range of the mean. 



90 
 

Supplementary Table S6. Profit calculations (in INR) based on the average income per hectare from dry-wet and flooded fields.  

Cost-benefit calculations and average profit from monitory data  

Study 

divisions 

Study 

sites 

Pre-monsoonal 

DW 

Pre-monsoonal 

FL 

Monsoonal DW Monsoonal FL Average Profit 

(DW) 

Average Profit 

(FL) 

Upper 

Ganga 

Site 1 67500.28 47347.43 58511.5 49892.33 63005.89 48619.88 

Site 2 68918.9 47766.86 59525.75 49210.86 64222.32 48488.86 

Site 3 70530.96 49272.98 60889.73 50852.6 65710.35 50062.79 

Site 4 76373.07 54852.74 61915.64 49613.55 69144.36 52233.14 

Upper 

Middle 

Ganga 

Site 5 92611.54 56316.74 72073.27 51255.29 82342.4 53786.01 

Site 6 88380.93 57938.73 76744.3 49707.18 82562.62 53822.96 

Site 7 81617.92 54894.87 71895.71 57499.06 76756.82 56196.96 

Site 8 84090.74 55948.11 73848.81 57385.8 78969.77 56666.96 

Middle 

Ganga 

Site 9 84105.64 66998.21 73753.2 57782.19 78929.42 62390.2 

Site 10 91330.44 67888.01 69872.16 56785.56 80601.3 62336.78 

Site 11 95188.64 69178.85 68986.1 58178.58 82087.37 63678.71 

Site 12 93013.75 72838.31 75061.94 57929.38 84037.84 65383.84 

Middle 

Ganga 

Site 13 102439.6 68389.31 69732.92 65595.78 86086.24 66992.54 

Site 14 106412.6 70344.36 83667.86 66162.75 95040.23 68253.55 

Site 15 104211.3 64913.14 81747.67 65065.79 92979.49 64989.47 

Site 16 113463.8 66123.73 83975.68 64375.56 98719.75 65249.65 

Middle 

Lower 

Ganga 

Site 17 117454.7 66911.2 82421.93 65447.87 99938.33 66179.53 

Site 18 117311.6 71965.09 91480.58 66773.58 104396.1 69369.33 

Site 19 118105.6 61246.13 79571.51 65361.09 98838.57 63303.61 

Site 20 123418 74354.73 81183.15 62935.86 102300.6 68645.3 

Lower 

Ganga 

Site 21 121706.9 71998.64 76676.01 66507.07 99191.45 69252.85 

Site 22 128053.9 71422.15 74053.68 67626.41 101053.8 69524.28 

Site 23 125328.1 71447.21 76389.19 64508.26 100858.6 67977.74 

Site 24 129585.9 73139.09 78287.66 65560.97 103936.8 69350.03 

Note: Data are mean values with a SD of 1.49-2.26% range of the mean. 


