



Review Article

A Comprehensive Review of Surface and Groundwater Quality in the Kukadi Irrigation Command Area in Junnar Tehsil of Pune District, Maharashtra, India
Abstract:

Water quality in the irrigation command area is a very critical issue for sustainable agriculture and the health of people. The paper is a review about surface and groundwater quality in the Kukadi irrigation command in the Junnar Tehsil of Maharashtra, India, based on recent peer-reviewed research. Kukadi project reservoirs and canals provide water to large-scale cultivation, supplemented by groundwater in wells to irrigate and meet drinking needs. The review of physicochemical parameters (pH, salinity, major ions, nutrients) and biological indicators of various studies has shown that water resources of this command area correspond to the main quality criteria in irrigation. Sampled surface water in the Yedgaon reservoir of Kukadi has a neutral pH, a moderate amount of dissolved solids, and pollutants within the levels of the World Health Organisation (WHO), which validates its usage for crops. The quality of groundwater is less predictable: the vast majority of samples can be used to irrigate the fields, but some shallow wells show a high hardness level, nitrate, or electrical conductivity, which makes them inappropriate to drink. Interestingly, the levels of heavy metal in surface and groundwater are comparatively low and mostly at a safe level, which is evident in the mostly rural and non-industrial land cover. As it is critically synthesised, agricultural activities involving intensive farming and the application of fertilisers are starting to affect water quality in parts of the command, as shown by the increase in salinity and nitrate of some of the well waters. There are also geospatial studies and indices that are used to show the localised degradation that is related to agricultural runoff. These results highlight the importance of active water quality control and monitoring. Particularly, combining remote sensing with GIS mapping can be used to detect new regions of contamination and react to them with specific interventions. The review ends by stating that even though the water quality of the Kukadi command area is currently satisfactory to support irrigation and overall use, constant attention and better management practices are necessary. Such measures will protect the soil health, crop yield, and the health of the people against the insidious water quality issues in this valuable agricultural area.
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1. Introduction

Water has a key role in human livelihood and agricultural productivity, and its quality directly determines the well-being of an ecosystem and socio-economic growth. To be termed as safe and fit for the purpose of intended application, e.g. drinking or irrigation, freshwater resources should correspond to some physicochemical and biological criteria. The last decades are characterised by the rapid increase in population and the intensification of agricultural activities that can produce and release more pollutants (e.g. nutrients, agrochemicals and effluents) into water bodies across the world. These pollutants reduce the quality of water, which endangers the health of humans and the survival of sustainable agriculture. It is true that the research in developing areas shows that the uncontrolled wastewater and runoffs may add nutrients, pathogens, and toxic agents to rivers and reservoirs and commonly in large amounts (Edokpayi et al., 2017). Monitoring and protection of water quality has been taken as a global agenda, as seen in the WHO guidelines and domestic water policies that have been keen on ensuring that water resources are managed and checked regularly.

            Water used by agriculture falls especially victim to quality concerns. Irrigated farming also contributes to a large proportion of water use in some nations, such as India, where groundwater and surface water are being heavily utilised for crop activity (Kumar et al., 2023) (Suna et al., 2023). According to recent estimates, approximately half of the Indian irrigation water is now being supplied by groundwater, with a large portion of the rest being supplied by surface reservoirs and canals (Mohapatra et al., 2025). The agrarian economy of Maharashtra state is also based on canal command works and well irrigation (Wani et al., 2025), however, they also have the problem of salinisation, nutrient loading, and seasonal deficiencies. Parameters like salinity (electrical conductivity or total dissolved solids), sodicity (sodium adsorption ratio and related indices), hardness, and toxic ions (chloride, fluoride) or contaminants are used to judge the suitability of water to be used in irrigation (Adagba et al., 2022) (Fallatah & Khattab, 2023). When poor-quality water gets reused in the form of irrigation, it may damage the soil structure, lower crop productivity and even pollute the food chain. As an illustration, salty water or water left behind by salts may cause soil to become alkaline with poor infiltration and excess nitrate in water brought by irrigation may end up in vegetables or gathered in aquifers (Brindha & Kavitha, 2015). Continuous monitoring of these parameters in irrigation command areas is essential for long-term sustainability of the land and water.

            The area under review is the Kukadi command in the Junnar Tehsil (Pune District, India) (fig. 1) that looks at the water quality of the surface and groundwater resources. The Kukadi irrigation project comprises five reservoirs (Yedgaon, Manikdoh, Dimbhe, Wadaj and Pimpalgaon Joge dams) constructed along the tributaries of the Kukadi-Ghod river system, which supply canals with water to the agricultural activities in Junnar tehsil. The command area is mainly in a semi-arid basaltic plateau area, where farmers grow sugarcane, grapes, vegetables and grains. Most of the villages use a canal supply of irrigation supplemented by dug wells and bore wells that tap shallow and deeper aquifers. Due to the high agricultural practices and the use of fertilisers in this area, there is a strong need to undertake periodic evaluation of the water quality. The possible problems are seasonal water shortage, farm runoffs that contain chemicals, and geogenic factors such as weathering of basaltic rock, which may discharge fluoride or hardness to the groundwater. Previous research has mentioned that, when forced to flow through volcanic landscapes, groundwater undergoes chemical evolution along the flow paths and that the excessive use of fertilisers may increase the levels of nitrates and salts (Gaikwad et al., 2018). In the meantime, the surface waters of the reservoirs can either be eutrophicated or microbially contaminated in case upstream inputs are not regulated. Therefore, it can be concluded that a critical review of the current literature is justified to conglomerate what is known about the current water quality of the Kukadi command area and what issues or gaps in knowledge have been identified. The paper will take a scholarly review methodology whereby previous peer-reviewed studies (mostly within the last decade) involving different facets of water quality within the Kukadi project area and other irrigation commands will be used. The aim is to give a synthesised knowledge of the existing water quality situation, compare it with the applicable standards, and address management and policy implications in the Kukadi command area.
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Fig 1. Study Area

2. Literature Review

The surface water resources within the Kukadi project, particularly the reservoirs and main canals, have been studied in recent research with relatively positive results. The provided paper in Punde and Kulkarni (2023) presents a thorough physicochemical and microbiological evaluation of the water at Yedgaon Dam, which is a large dam on the Kukadi River that is located near Junnar. Parameters included in their analysis were pH, turbidity, total dissolved solids (TDS), dissolved oxygen (DO), biochemical oxygen demand (BOD), nutrients (nitrates, phosphates) and indicator bacteria. The findings indicated that the parameters were all within the normal safe limits of the irrigating and domestic use. As an example, the neutrality of the reservoir water was in the range of 7.3-7.8 and moderately mineralised (TDS significantly below the recommended 1000 mg/L of irrigation water). More importantly, the nitrate concentration (50 mg/L) in the dam was low and within the acceptable limit of drinking water (World Health Organisation), and no pathogenic bacterial contamination was detected in the samples (Punde & Kulkarni, 2023). This means that the impounded surface water of the Kukadi is not greatly contaminated by faeces or an overload of nutrients. The authors found out that Yedgaon Dam water can be used without any treatment and can be used in irrigation, which is highly important considering that this reservoir serves the Kukadi Left Bank Canal that serves numerous farms. This is confirmed by their work that at least at the reservoir source, there is no limiting factor to the surface water quality for agricultural use.

            The same observations can be made on the basis of the study of other portions of the Kukadi-Ghod basin. Shukla et al. (2020) studied the dynamics of the quality of surface water in the rural Ghod sub-basin (consisting of the areas located downstream of the Kukadi reservoirs) through time. They identified that historical data show water in agriculturally dominated catchments was considered to be of value it was described as a good quality parameter, but over the last several years, a minor rise in hardness and TDS was observed that could be explained by the agricultural runoff (Shukla et al., 2020). Particularly, in one of their monitoring stations in a rural stream (Kashti, on the Ghod River), the authors noted that the index of combined pollution had risen by seven years, from 3.37 to 6.52, and linked the growth to the increased application of fertilisers in the command area (Shukla et al., 2020). This increase was not enough to drive the absolute value of such parameters as calcium, magnesium, and sulfate too low and dissolved oxygen (DO) was high, which meant that the water could still be used for its designated purposes. What this means is that surface water in Kukadi command has been relatively resilient; however, with the continued agricultural expansion, chemical profiles may change gradually. It is important to note that there are no major industrial effluents affecting this area and the government is also acting to ensure that point source pollution is put down to a minimum. The research conducted by the Central Water and Power Research Station has identified a few minor water quality concerns in the rivers of this region, including seasonal increases in turbidity (CWPRS, 2021, as cited in Shukla et al., 2020). In sum, the literature narrows down to the conclusion that the surface waters of Kukadi command are of good quality to be used in irrigation, then the parameters of salinity, alkalinity and trace elements are all within the allowable range of use as agricultural waters. This is an encouraging development for farmers, since high-quality canal water would increase crop production, and soils would not be at risk of degradation. Nevertheless, the minor patterns of rising ionic content highlight the importance of observing these waters to make sure that they are not worsened by the growing land use.

            Groundwater Quality and Variability Groundwater constitutes a crucial additional supply in the Kukadi command, particularly during non-monsoon periods when canal supplies are scarce or during rotational closures. The quality of groundwater in Junnar Tehsil and other nearby command areas has been assessed in a number of studies that show a more diversified water quality representation than surface water. The article by Sonawane and Thakare (2017) presents a study of borewell water in eight villages in Narayangaon, a town in Junnartaluka in Kukadi command. They characterised the most important physico-chemical parameters—such as pH, hardness, chloride (Cl), sulfate (SO₄²), dissolved solids (TDS), and chemical oxygen demand (COD) under two seasons. They concluded that there was a significant variation in the quality of groundwater depending on the location. Whereas some wells provided drinking-quality water, others had high concentrations of some parameters. It is worth noting that in some of the samples the total hardness and dissolved solids were higher than the guideline levels of drinking water in WHO and some of the wells had a high amount of nitrate, probably due to washed-out agricultural fertilisers (Sonawane & Thakare, 2017). Through the comparison of the results and standards, the authors concluded that there were only some places where groundwater was adequate to drink, but not many places where groundwater was adequate to drink, as many samples were marginal and poor. Irrigation-wise, though, the same groundwater proved to be broadly acceptable: the majority of the samples had electrical conductivity (EC) under 2 dS/m and sodium percentages in the range of acceptable to good irrigation water (Sonawane & Thakare, 2017). This indicates that although such well water might present a health hazard when ingested without any form of treatment (because of its hardness or nitrate content), it can be employed to irrigate crops without any immediate harm, but again with care in regard to long-term salinisation of the soil. The spatial variability that was experienced - some wells were significantly better than others—was explained by the difference in hydrogeology and the closeness to sources of pollution. Wells that were closer to agricultural lands or villages would adopt more nitrates and chlorides, which included leaching of fertiliser and domestic waste as factors. On the other hand, wells which tap into deeper aquifers or where the farming density is lower had much better quality, which is also consistent with Central Ground Water Board reports that deeper aquifers in Junnar are generally of high quality and low salinity (CGWB, 2018).

            Additional knowledge is gained with references to the research dedicated to the influence of sustained irrigation on the quality of groundwater. Pillai and Khan (2016) studied the groundwater of the command area of Dimbhe, situated right north of Junnar in Ambegaon Tehsil and hydrologically linked with the Kukadi system through the Ghod River. They sampled 37 dug wells following the monsoon and assessed the suitability of drinking and irrigation through the conventional indices. Their findings revealed that groundwater in this long-term irrigated region had a big distribution of qualities to use in the household: about 5 percent of samples could be defined as good to drink, 62 percent were found to be poor, 30 percent were very poor, and a minor fraction (2-3 percent) was considered to be unsuitable for potable purposes (Pillai & Khan, 2016). The main problems of the low-quality samples were the elevated total dissolved solids and the hardness, which pointed to the salinisation and, in some instances, the excess amount of nitrates. According to this, on evaluation of their suitability for agricultural use based on such criteria as Sodium Adsorption Ratio (SAR), Residual Sodium Carbonate (RSC), and permeability index, most of these groundwater samples were deemed to be useful in irrigation (Pillai & Khan, 2016). Only several wells had slightly high values of SAR or RSC that had potential risks of sodicity hazard to soils. Basically, the groundwater, which had grown to be too mineral-laden to be easily drinkable, was still acceptable to most crops, although appropriate soil management should be exercised. It is observed that prolonged canal irrigation in the area likely led to groundwater recharge accompanied by the accumulation of salts, due to this decrease the groundwater quality. This observation is educative to the Kukadi command in general: intensive irrigation would eventually increase the salinity of groundwater by leaching the salts present in the soil and resulting in the concentration of the remaining salts by evaporation, which has to be addressed by draining and regular checking.

            These findings are reflected in recent research work in the Kukadi command. Dongare and Patil (2025) appraised downstream of a command Bhandardara Left Bank Canal water (which is part of a wider Kukadi-Ghod-Godavari system) following several decades of irrigation action. According to them, the majority of groundwater samples were within acceptable drinking limits with regard to pH (mainly 7-8), fluoride, chloride, and TDS. They, however, noted that there were some wells with high EC and hardness and a few cases of high chemical oxygen demand (COD), indicating organic pollution in those locations (Dongare&Patil, 2025). The high EC (which indicates salinity) of some villages was indicative of dissolved salt deposition, whereas the high COD was indicative of a potential organic waste or sewage deposition in shallow aquifers. Although these were localised problems, the net conclusion was that most of the groundwater in that command is potable and also can be used in irrigation, only that it has isolated pockets that need to be addressed (Dongare&Patil, 2025). Pawar et al. (2025) have used 105 samples of the groundwater (open wells and borewells) in the Nira irrigation command (south of the Kukadi area and with similar agro-climatic conditions) in another recent study. They determined neutral pH (approximately 7.0-8.3) in all the samples and noted that boreholes were more inclined to be highly salty (average EC =1.4 dS/m) as compared to open wells (average EC =0.99 dS/m). One or two borewells had salinity that went beyond the moderate range, and a few borewells had a nitrate level above 10 mg/L (however, the drinking water limit is 45 mg/L) (Pawar et al., 2025). Notably, the amount of boron found in all the samples was below the safe limit, which ruled out the possibility of boron poisoning crops. Using the computed irrigation water quality index of the sampled water, it was established that almost all of them were classified as having quality water, but borewell water was on the higher end of the salinity range, but could still be used as permissible water (Pawar et al., 2025). The trends that were observed by Pawar et al. are similar to those observed in the groundwater of Junnar: intensive farming and well usage can gradually raise certain ions in the groundwater (especially where groundwater is supplied with irrigation runoffs), but the water is still usable in agriculture, provided it is managed.

            Overall, the literature shows a complicated image of water quality in the Kukadi command area. The summary of the main research and its results is presented in Table 1. Generally speaking, the surface waters (dams and canals) are of high quality to be used in irrigation, and there is not much pollution witnessed. The quality of groundwater is more divided: the bulk of the groundwater can be used in irrigation and even drinking with simple treatment; however, a portion of wells demonstrate such quality issues as hardness, salinity or nitrate, which require treatment or management. The heavy metals and microbial contaminants are already on a downward trend. In most areas, the agricultural activities have already started having an impact on the water chemistry, but the system has not reached a critical point. The results highlight the comparative effectiveness of the existing water management, as well as the necessity of constant attention. These results were obtained based on the review methodology and will be explained next (how), while discussing what they mean to sustainable water utilisation in the Kukadi command.

Table 1. Key studies on water quality in the Kukadi command area and similar irrigation zones (past ~10 years)
	Study (Year)
	Location & Water Source
	Parameters Focus
	Key Findings

	Punde & Kulkarni (2023)
	Yedgaon Dam (Kukadi River surface water)
	Physico-chemical and microbiological
	Reservoir water pH ~7.5, low TDS, nitrates within WHO limits; no fecal contamination. Suitable for irrigation and drinking (after routine treatment).

	Sonawane & Thakare (2017)
	Narayangaon area, Junnar (borewell groundwater)
	Basic ions (pH, hardness, anions), WQI
	Marked spatial variability; several wells exceed drinking-water hardness and TDS limits. Only a few sites potable, though most are usable for irrigation (moderate salinity). Nitrate high in some shallow wells.

	Sonawane (2019)
	Yedgaon Dam vicinity (well water)
	Heavy metals, general chemistry
	Heavy metals (Fe, Mn, Zn, etc.) are largely within safe ranges. Water quality is good for irrigation; minor instances of elevated iron. Indicates low industrial/agro-metal impact.

	Pillai & Khan (2016)
	Dimbhe command, Ghod River basin (dug wells)
	Major ions, SAR, irrigation indices
	~62% of samples “poor” for drinking (due to salinity/hardness) but >*95% of samples suitable for irrigation by SAR, SSP criteria. Long-term irrigation led to moderate salinisation, but the water still fit for crops.

	Pawar et al. (2025)
	Nira command, Baramati (105 wells)
	Cations, anions, nitrate, IWQI
	Neutral pH; borewells have higher EC (up to 2.6 dS/m) than open wells. Boron and nitrate are mostly within safe limits (few exceptions). Overall irrigation water quality index indicates water is largely suitable, with slight salinity caution for borewell use.

	Dongare & Patil (2025)
	Bhandardara LBC command (22 villages’ wells)
	pH, hardness, COD, fluoride, etc.
	Groundwater generally meets drinking standards for pH, chloride, F. Some wells show high COD (organic pollution) and high EC/hardness, signaling localized contamination. Majority of area’s groundwater okay for drinking/irrigation, but a few hotspots need treatment (e.g., dehardening).

	Gaikwad et al. (2018)
	Upper Bhima basin (basaltic aquifer)
	Nitrate, fluoride, GIS mapping
	Intensive farming identified as cause of nitrate leaching; some wells approach nitrate limits. GIS water quality mapping shows most groundwater is acceptable for irrigation, but highlights zones of concern (high NO₃⁻ and F⁻) near agricultural hotspots. Recommends regular monitoring and fertilizer management.


(SAR = Sodium Adsorption Ratio; SSP = Soluble Sodium Percentage; IWQI = Irrigation Water Quality Index; LBC = Left Bank Canal)
3. Methodology 

The critical literature review methodology is adopted in this paper and will be concerned with peer-reviewed literature published within the last ten years, which is related to the water quality in the Kukadi command area and similar irrigation environments. The systematic search of scholarly databases (Google Scholar, Scopus, Web of Science) was used to start the review process through the application of such keywords as Kukadi water quality, Junnar groundwater, irrigation command water quality, and the specific parameter terms (e.g., nitrate, salinity, heavy metals) with the region. Studies done in the Kukadi project area or in similar irrigation commands in semi-arid areas of India were given more preference to assure relevance in context. No background data was used; only published journal articles and conference papers became primary sources due to the reliability of the information and the fact that findings were peer-reviewed. A total of 15 important publications were chosen to include the surface water analysis, groundwater hydrochemistry, water quality index development, and geospatial techniques application in the context of irrigation water quality. All the sources were thoroughly read to get information on the field of study, the methodology and the results. This was compared and synthesised to find similar trends and points of agreement or disagreement, and any gaps in knowledge. In the synthesis, there was consideration to cross-verify data that was reported (i.e. the ranges of water quality parameters reported by studies) and to assess the strength of particular study methodologies (i.e. sample size, coverage of seasons, and methodologies). The critical approach of the review was also reached not only at the summary of the results, but also at the analysis of the interpretation of the authors and by means of the external aspects (land use changes, hydrological context), which may have an impact on the result of water quality. Including recent literature (not older than 2025) implies that this review should reflect the current situation in the water quality of the Kukadi command area and new issues. The method of systematic search with thematic synthesis of the results offers a holistic and recent perspective based on the latest science that is available.

4.1 Results and Synthesis

The overall impression presented by the reviewed literature is that the Kukadi command area is currently characterised by a rather high quality of water to be used in agriculture, albeit with certain localized problems. The summary of the key findings is provided below, sorted by water source and the major water quality parameters, after which the information about the temporal trends and the spatial patterns is offered:

            Physicochemical Quality of Surface Waters: The water contained in the reservoirs in the Kukadi project and released through canals is of good quality to use as irrigation water. Punde and Kulkarni (2023) report that the water in the Yedgaon Dam has a neutral pH and low to moderate concentrations of dissolved solids (TSS is generally significantly below 500 mg/L), due to the low mineral concentrations of rain-fed inputs in this upland catchment. The electrical conductivity values of the reservoir water are approximately 0.3-0.5 dS/m and hence can be classified as excellent and good irrigation water, with no chance of salinity to crops. The level of dissolved oxygen is high (usually above 6 mg/L), which means a well-oxygenated water body, presumably caused by low pollution load and natural aeration. The level of nutrients (N and P) in the surface water is low; an example of the analysis of nitrate in Yedgaon of about a few milligrams per liter (far less than the problematic levels) indicates that there is no serious eutrophication problem in the reservoir (Punde & Kulkarni, 2023). All these parameters make sure that the water is not only for crops but also for the livestock and other rural demands. The causes of this quality are in part due to the fact that the upstream catchment - the river Kukadi - consists of large urban areas or industries. Farm-related contaminants (such as fertilizers or soil particles) are diluted in the immense volume of the reservoir and further degraded by sedimentation and natural processes within the impoundment. As a result, the water that gets to fields via the canals normally does not contain toxic amounts of salts or toxins that may damage crops. The scientific measurements are therefore supported by the fact that farmers in the command area have not complained of pervasive problems such as leaf burn or reduction in yield because of water quality.

            Groundwater Quality for Irrigation: Groundwater within the command area of Junnar Tehsil shows greater fluctuations in quality, with most sources remaining suitable for irrigation, though they require slight to moderate management measures. Such main parameters as salinity (measured by EC/TDS) and sodicity (measured by SAR or similar indices) are mostly within acceptable levels. In a survey by Sonawane and Thakare (2017) of Narayangaon wells, the EC values were mostly between 0.5 and 1.5 dS/m, which corresponds to a TDS of approximately 300 to 1000 mg/L - the value that is deemed satisfactory in most crops and soils. There were only a limited number of samples that were greater than 2 dS/m (nearly "high salinity" water), most of which were shallow wells around intensive agriculture. Pillai and Khan (2016) also discovered that the SAR of Dimbhe command groundwater was usually low (less than 10 in most instances), indicating that the sodium hazard to soil was low and calcium/magnesium were the major cations that sustained the capacity of soils to retain water in the soils. Some of the wells did indicate increased SAR or residual alkalinity, but the distribution was minimal (e.g. one or two samples of SAR in the 18-20 range, which might not be desirable in clay soils) (Pillai & Khan, 2016). These occurrences were typically accompanied by wells that were also highly salty, indicating that there are isolated areas of more stagnant or longer-residence groundwater where salts have been concentrated through evaporation and interaction of water and the rocks. Under an irrigation perspective, the farmers operating on such wells would be required to use precautions such as soil gypsum application or mixing with canal water to prevent sodicity accumulation. These would be the exception, however, in the command of Kukadi.

            Hardness and alkalinity in groundwater are moderate to high, depending on the basaltic geology (heavy in calcium and magnesium carbonates), although these factors do not have a direct negative effect on the possibility of irrigation - on the contrary, the water rich in calcium may be advantageous in avoiding dispersion of soils. Of greater importance is the cumulative salt amount and ionic toxicity. In particular ions, chloride in Junnar groundwater is largely moderate (usually at less than 100 mg/L in most but not all down-gradient wells), but is not harmful to only the most sensitive crops. There were no reports of excessive levels of fluoride in the groundwater, and the concentration of fluoride in the groundwater of this area is normal at 0.1-0.5 mg/L (Dongare & Patil, 2025), which is far less than the 1.5 mg/L drinking limit and therefore, no threat to crops or human beings. Another potentially threatening crop homogenous ion was boron, which in the Nira command wells was not outside the safe range (0.2-1.6 mg/L; Pawar et al., 2025), and in the Kukadi area, groundwater can be projected to have a similar level, assuming a similar environment. Therefore, the problem of toxicity of the trace ions of the irrigation well water is not an issue in the Kukadi command at the moment. The level of heavy metals in groundwater, as discussed above, is insignificant - i.e. on irrigating soils with such water, the metals will not be harmful to the soils.

            The interest is the nutrient content of groundwater, especially nitrates. Nitrate in most groundwater samples ranges between 10-30 mg/L (as NO₃⁻), which in the application of irrigation, is in fact beneficial to crops as a source of additional nutrients. It is not until nitrate-N rises above 5-10 mg/L (which equals approximately 20-45 mg/L NO₃⁻) that we begin to be concerned about water being too fertilizing or indicative of pollution. In densely cultivated areas, a small number of wells had reached and even exceeded this point, which meant that fertilisers contaminated the groundwater in such areas (Gaikwad et al., 2018). The high-nitrate water may be used as irrigation water, potentially making crops grow (a practice employed intentionally in certain areas), but it is also an indication that the aquifer is being affected by nutrient leaching, which may ultimately come to haunt the health in due course. Currently, the nitrate content of irrigation water at Kukadi command is not universally so high as to have a substantial impact on crops (and in fact, may have a slight beneficial effect on crop growth where it occurs), but it provides a warning sign of environmental influence.

            Drinking Water Issues: Although the issue of irrigation is most relevant, it is necessary to put these findings into perspective with the issue of drinking water levels since, in most cases, rural communities use the same wells to service their homes. There were numerous studies (Sonawane and Thakare, 2017; Pillai and Khan, 2016; Dongare and Patil, 2025) that used drinking water norms to analyze groundwater and concluded that a significant number of samples do not meet one or another of the criteria to use as drinking water (usually because it is too hard, contains too many TDS, or less frequently contains nitrate). Indicatively, Pillai and Khan observed, in their case study, that more than 60 percent of wells could not be consumed without treatment. This opposition - the fact that a source of water is unfit to drink yet good to irrigate the land - highlights the fact that quality requirements differ based on the end-use. It also brings about a public health dimension, namely, villages within the command area relying on such hard or mineral-enriched well water could experience health problems (kidney stones due to high-hardness water, or blue baby syndrome due to high levels of nitrate in infant feed water, etc.), despite the fact that their crops would be unaffected. Fortunately, the command area also enjoys the canal water, which is also of good quality and is occasionally used as an addition to domestic supply (with some disinfection). In most Indian canal control areas, a fraction of the canal flow is dedicated to filling tanks or supplying directly to villages to enhance the availability of drinking water. Such practices should be ensured to be maintained or increased in Kukadi to reduce the adverse effects of drinking inferior-quality groundwater. On the upside, the contamination of groundwater of the region with pathogens seems to be minimal (no coliform is reported in these surveys) probably because of deep water tables and lack of sewage systems—most sanitation is on site and soils are able to process some form of natural filtration. Therefore, the quality of chemicals is the primary obstacle to consuming some well waters but no one impedes the use of well water in irrigation.

            Temporal Trends: The literature reviewed, even though not consistently covering long time series, gives snapshots, which can be used to obtain temporal trends. In some areas of the Kukadi command, there has been a suggestion of a slow, yet steady growth in the salinity levels of groundwater over the past 10 years or so. The data on the older (e.g. a baseline in 2010 by state agencies) and the more recent data (e.g. 2013) indicate that an increase in the average EC or TDS in wells, which are heavily utilised in irrigation, occurs. This is in line with what has been witnessed in numerous irrigation commands in India: the more irrigation is practised and the greater the amount of water introduced into the land, the greater the amount of minerals that get washed away in the soil and eventually in the aquifer, increasing their mineral content with time (Anyango et al., 2024). Besides, evaporation and waterlogging cycles in fields that are poorly drained may leave behind salts that are eventually washed into the groundwater. The nitrate tendency could be at a gradual increase in regions of extensive agriculture. These changes are, however, gradual and have not yet reached the crisis point in Kukadi. The quality of surface water, however, seems to remain quite steady with time. As an example, Shukla et al. (2020) observed that the rural sub-basin experienced a small change in the water quality indices between 2002 and 2009, suggesting that the changes of a decade were insignificant. As well, there is a possibility that the rivers are flushed out by monsoons every year, which inhibits the long-term buildup of pollutants in the surface waters, which is a natural form of resetting.

            Spatial Patterns: There is an underlying theme of spatial heterogeneity. There is no homogeneous quality of water throughout the command: water in upstream reservoirs is clean, water in mid-stream (canal) is clean, and groundwater in canal-fed areas may become more saltier with time than in fringe or rainfed areas. It is also vertical in its dimension—in this area, deeper aquifers (where available) would be higher quality (less saline) compared to shallow phreatic aquifers because deep water is older, and it is often confined by non-permeable layers with less anthropogenic interference (CGWB, 2018). Similar exercises carried out by Gaikwad et al. (2018) and Mohapatra et al. (2025) in analogous settings demonstrate that the distribution of the hotspots of water quality problems tends to coincide with the location of intensive agriculture or inadequate drainage. Even in the Kukadi command, the quality of groundwater is likely to be slightly lower in the parts of canals, such as the downstream part or areas that are on lower ground where water gathers and evaporates. In comparison, the quality is better in regions where natural drainage is effective (e.g. along the escarpment or at the point where the river leaves the dam). Varying wells may also be a consequence of the presence of carbonate-rich basalt—geochemical interactions may result in a local increase in iron or hardness in wells in regions where a basaltic dyke or fracture exists.

4.2 Discussion

The reviewed evidence provides a strong foundation to discuss the current status, emerging concerns, and management imperatives for water quality in the Kukadi command area. Overall, the water quality can be characterised as satisfactory, but the early warning signs identified by researchers deserve careful attention. In this discussion, we critically interpret these findings in light of sustainable water resource management and compare the situation in Kukadi with broader regional or global trends. Several key themes emerge: the interplay of surface and groundwater quality, the impact of agricultural practices, the role of monitoring and technology, and the policy or management responses required.

Interplay of Surface and Groundwater: One noteworthy aspect is how surface water and groundwater in the Kukadi command are interlinked yet exhibit different quality dynamics. The pristine nature of reservoir water has a positive knock-on effect—farmers with access to canal outlets often mix canal water with well water or alternate sources, effectively diluting any salinity or hardness from groundwater. This conjunctive use helps maintain soil health. However, as more canal water percolates into the ground (either through deep percolation from fields or seepage from unlined canals), it can raise the water table and mobilise salts. The Dimbhe command study (Pillai & Khan, 2016) illustrates this classic irrigation-induced salinisation cycle: long-term use of surface water for irrigation led to mostly irrigation-suitable groundwater but with increased hardness and TDS that made it less palatable for drinking. The Kukadi command is likely following a similar trajectory in some areas; farmers have reported rising well water levels and a slightly saltier taste over the decades of canal operation, anecdotal evidence that aligns with the analytical data. This underscores a management challenge: how to reap the benefits of canal irrigation (improved water availability) without incurring the costs of waterlogging and salinity. Solutions could include lining canals (to reduce seepage), improving on-farm water application efficiency (to minimise deep percolation), and installing drainage in areas starting to show waterlogging. It’s a delicate balance, as seepage and percolation also recharge aquifers that villagers rely on in the dry season—a positive outcome of the canal. A coordinated approach, such as forming Water User Associations that manage both canal turns and advocate for field drainage, could strike this balance. From a quality perspective, maintaining a flow in the canals (even minimal) year-round can prevent stagnation and algal growth, thereby sustaining good surface water quality. Overall, the synergy between canal water and groundwater should be leveraged: for instance, relatively saline groundwater can be used on salt-tolerant crops or during monsoon when dilution is high, while precious low-salinity canal water can be conserved for sensitive crops or dry spells.

Impact of Agricultural Practices: The influence of farming practices on water quality is evident from the nitrate and hardness patterns in groundwater. The Kukadi command is intensively cultivated – Junnar is known especially for its sugarcane and horticulture (grapes, pomegranates) which are water and nutrient-intensive. Excessive use of nitrogenous fertilisers (urea, ammonium phosphate, etc.) has been pinpointed as a cause for nitrate leaching in similar areas (Gaikwad et al., 2018; Brindha & Kavitha, 2015). Though current nitrate levels are mostly within safe limits, the upward trend signals that nutrient management needs improvement. Implementing integrated nutrient management (combining organic manures with calibrated fertilizer doses) and encouraging fertigation through drip systems for orchard crops could significantly reduce nitrate leaching. The Government’s soil health card program, which operates in Maharashtra, can be harnessed to educate Kukadi command farmers on optimal fertilizer usage to avoid both wastage and groundwater contamination. Moreover, since sugarcane is a major crop requiring heavy fertilisation and irrigation, moving towards sustainable practices (like trash mulching, split fertiliser application, and possibly switching to slightly less water-demanding crops) could ease pressure on water resources. Crop diversification could also help: replacing part of the sugarcane area with pulses or oilseeds in rotation could naturally improve soil nitrogen use efficiency and water infiltration, thus indirectly benefiting water quality. Another agricultural impact is the potential use of agrochemicals containing minor heavy metals or other contaminants. While the current data show no significant heavy metal issue, the precautionary principle suggests monitoring for pesticides and their residues. Grapes, for example, involve the use of fungicides and other chemicals; their residues could, over time, percolate into water sources. It might be prudent to include periodic testing for common pesticide compounds in water quality surveys going forward. So far, these have not been part of standard analyses in Kukadi studies, representing a knowledge gap.

5. Conclusion

The current water quality of the Kukadi command area, Junnar Tehsil is relatively consistent, being favorable both to agricultural and domestic uses, indicating a combination of both favorable natural factors and relatively small amounts of industrial pollution. Critical review indicates that surface water in the Kukadi irrigation reservoirs and canals are still within safe irrigation limits: the water is usually fresh, oxygenated and does not contain any destructive contaminant loads. Groundwater, which is a valuable supplement particularly during dry seasons, is also more variable and mostly of good irrigation quality throughout the command. It is interesting to note that the majority of groundwater and surface water samples that have been reviewed have neutral pH, moderate hardness, and salinity levels that do not pose a major threat to crop productivity or soil health. The amount of heavy metals is insignificant, and the culture of the water by microorganisms is low, which means that the water resource is not spoiled by humans to a significant extent. These positive results are testimony to the success of stewardship up to now and the natural resilience of the hydrogeological system of the region.
            Nevertheless, the subtle emergence of the issue of water quality related to the intensive agricultural practices and use of resources is also raised in the review. Local nutrient enhancement (increased levels of nitrates) in particular wells and increasing levels of salts in long-term irrigated areas (increased electrical conductivity and hardness). Although these trends are not panic-inducing, they are indicative of the possible issues that are likely to arise unless corrective action is taken. Consciously speaking, the Kukadi command is at a crossroads: the quality of water is relatively satisfactory, but unless some action is taken, the trend may turn towards water degradation. A set of measures is suggested to guarantee the long-term sustainability. The first one is to carry out routine monitoring of water quality at important points (reservoir headworks, at mid-command canal, and a network of representative wells) to monitor salinity, nutrients, and other variables. Early warning and timely responding will be possible because of such monitoring. Second, embrace better farming methods e.g. prudent use of fertilisers (to avoid erosion of nitrates) and efficient irrigation methods through drip/sprinkler irrigation to curb the entry of contaminants into water bodies. Third, control the conjunctive use of the surface and ground water: farmers and water managers must collaborate to stop waterlogging and to scour soils intermittently, maybe by distributing the canal water during the monsoon to leach any salts that may be present in the root zone. Besides, it will be important to protect the catchment areas and the surroundings of the canals against pollution (with cleanup activities, preserving the buffer strips along the waterways, and preventing dumping of waste) to keep the surface water quality high.

            These recommendations will require policy support in their operationalisation. The state water administration could develop a special water quality management plan for the Kukadi project within the framework of irrigation management, which must include the contributions of the agricultural extension officer, the public health department, and the local communities. This plan should include education and capacity-building among farmers and the stakeholders of the village in such a way that the grassroots level becomes aware of the problem of water quality and has the keys to the solution. Such technological interventions as GIS mapping implementation in determining risk areas and sensor technology to provide real-time information on water quality can contribute significantly to efficient management. Top-down efforts should be supplemented with community-based programs, e.g. periodic well water testing by water user associations or implementing groundwater recharge measures.

            Finally, the Kukadi command area serves as a reminder that it is possible to have productive agriculture and good water quality coexisting; however, this is a balance and is easily broken. The critical review methodology of this paper has summarised different studies to give a comprehensive view that is positive about the situation at present but wary of the threats in the future. The stakeholders can make sure that the waters of the Kukadi will stay clean and supportive of life by taking action based on the evidence and knowledge presented by scientific research—installing monitoring, improving the farming processes, and tightening the governance of the situation. This proactive stewardship will not only ensure that Junnar Tehsil remains agrarian prosperous but also healthful and whole for its communities and ecosystems in the years to come. The experience of the Kukadi command area can actually be used as a role model in other irrigation commands on how to maintain the water quality amidst the developmental pressures. Through the management, the Kukadi waters will remain productive for the crops and the communities and will serve as a perfect example of sustainable water resource use in an agricultural hub.
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