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ABSTRACT 
	In many regions of the world, the presence of pesticide residues and indications of active ingredients of organophosphates, organochlorines, carbamates, triazines and pyrethroids, among others, have been reported in surface and groundwater near agricultural production areas, mainly in developing countries such as Mexico. In most cases, the concentrations found exceed the limits established by the national and international regulations established by the USEPA, EU and WHO. Many of these chemical compounds have been considered persistent organic pollutants and banned for more than 20 years. Through waterways, these toxic pollutants are transported away from the places where they are applied, contaminating other ecosystems and water sources which could be causing public health problems. 
Aims: The objective of this research is to evaluate the presence of pesticide residues or their metabolites in the water of the Santiago River and to inform about the ecological and health risks.
Methodology: Sixty samples taken from 20 monitoring sites along the Santiago River basin in the state of Jalisco during 2024 were analyzed for pesticides using liquid chromatography and mass spectrometry. 
Results: The results of the pesticide analysis in the Santiago River basin showed 13 pesticides with concentrations lower <10 μg/l. The pesticides glyphosate, malathion and picloram are those with concentrations >10 μg/l. The average concentrations of glyphosate were between 277 and 527 μg/l, those of malathion between 496 and 830 μg/l. and of plicoram between 26 and 68 μg/l. For the 3 pesticides, the analysis of variance (ANOVA) showed heterogeneous spatial and temporal concentrations throughout the Santiago River basin, the ANOVA and Tukey's DSH showed statistically significant differences between sites and months analyzed, with August being the highest level in 2024.
Conclusion: According to the levels of pesticides, there is an ecological and health risk, due to the contact and use of the water of the Santiago River, with a high degree of contamination by pesticides, which represents ecological and health risks.
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1. INTRODUCTION 
The "green revolution", implemented in 1945 at the experimental farm "El Yaqui" in Sonora, Mexico, under the auspices of the Rockefeller Foundation, marked the starting point for the implementation of an industrial agricultural model based on the intensive and extensive use of synthetic chemicals (Gutiérrez Núñez 2020, Heinisch 2013, Standler et al. 2010). Its impact on global food production is undeniable, in that it caused a great increase in agricultural yields and established the paradigm that it would constitute a tool to reduce hunger and poverty in the world. Agriculture has always had an impact on the environment, but since the "green revolution", the negative environmental and human health effects have been amplified by the inappropriate and excessive use of synthetic agrochemicals (Urías-Rivas 2023, FUNDEPS 2020, Greenpeace Argentina 2023). Since the emergence of the "green revolution", sufficient evidence has been gathered on the risks involved in an agricultural practice based on the use of synthetic chemicals, world agriculture has become increasingly dependent on them, but not with the aim of reducing hunger and poverty but because of the ambition to increase productivity and profitability. Currently, the dangers posed by the inappropriate use of synthetic agrochemicals compromise the sustainability of modern agriculture; in this context, developing countries are the most affected because the increase in agricultural production is accompanied by an accelerated deterioration of natural resources and public health (FAO n.d., Heinisch 2013, Herrera Tapia 2013). Developing countries use 25% of the pesticides produced in the world and suffer 99% of deaths from acute pesticide poisoning (Jors et al. 2018, Elver at al. 2017, PAHO 2009). Agrochemicals have taken on such relevance in today's world that it is promoted that "The rational management of chemicals is essential for us to achieve sustainable development, which includes the eradication of poverty and diseases, the improvement of human health and the environment; and the increase and maintenance of the standard of living of countries, whatever their level of development" (SAICM 2007). According to the Intergovernmental Forum on Chemical Safety, chemical agent management policies should aim at a balance between production and consumption, in such a way as to promote social and economic development while reducing and avoiding harmful effects (IFCS 2006). Among the chemical compounds of greatest relevance for agricultural production are pesticides; agrochemicals that reduce damage and losses caused by weeds, insects and infectious diseases on crops, thus guaranteeing the quality of the harvest, which is why global agricultural production depends considerably on their use (Ocaña Romo 2024, Syngenta 2015, Ramírez and Lacasaña 2001). However, over time, pests develop resistance, forcing farmers to increase pesticide concentrations and application frequencies, develop mixtures of active ingredients and demand the availability of new and more powerful synthetic biocides on the market. The consequence of this situation is the indiscriminate use of pesticides, which causes pollution of the environment and acts negatively on humans and other organisms in the ecosystem, causing public health problems and environmental deterioration (WHO 2022, Salamanca-Castillo 2020, Plenge-Tellechea and Sierra-Fonseca 2007). It has been shown that most pesticides used in modern agriculture have teratogenic action and affect the nervous, endocrine and immune systems, being potential generators of diseases such as cancer and infertility, among others (Fucic et al. 2021, WHO 2022, Salamanca-Castillo 2020).
[bookmark: _Hlk197246099]In addition, some pesticides can be classified as persistent organic pollutants (POPs). These types of compounds remain for long periods of time in the environment and travel long distances through water and air, reaching regions where they were never applied, in addition to accumulating in fatty tissues and entering the food chain (EPA n.d., IFCS 2006, UNEP 2007, PAHO 2009). For these reasons, pesticides are among the most dangerous chemicals to which humans are exposed, and poisonings caused by their inappropriate use pose serious public health problems (WHO 2020, INS 2024, USEPA 2024). In addition to acute cases caused by direct contact with active ingredients in high concentrations, associated with occupational exposure, accidental exposure or contact with waste, we also find cases of chronic exposure to low levels of pesticides associated with contamination of water, air, soil and agricultural products for human consumption, fresh or processed (WHO 2022,  PAHO 2021, García et al 2022). Official reports agree that it is very difficult to make a real estimate of the impact of pesticides on human health. In the case of acute poisonings, there are problems with diagnosis, access to health services, and deficiencies in reporting and information collection systems (INS 2024, García et al. 2022, Mrema, Ngowi, & Kishinhi 2017, PAHO 2009). The World Health Organization estimates that there are between 1 and 5 million cases of acute pesticide poisoning per year in rural workers, resulting in 20000 fatalities (Boedeker 2020, WHO 2024, Heinrich Böll Stiftung 2022, PAHO 2009, Pérez Vázquez and Landeros Sánchez 2009). It has been estimated that 4.4 million cases include fatal poisonings and those that produce disability for at least one year, but the total number of cases is not indicated (Boedeker 2020, Mrema, Ngowi, & Kishinhi 2017, WHO 2013). Even more difficult is to determine the health problems associated with chronic exposure to low levels of pesticides; since there is a latency period between exposure and the appearance of symptoms, and in many of them, it is almost impossible to establish a real cause-effect relationship (EEA 2023, Boedeker 2020, WHO 2013). UNPE, WHO and PAHO have pointed out that the problem of contamination of water resources requires particular attention in developing countries, where monitoring and control systems, as well as the legal regulations that regulate the use of agrochemicals and their presence in the environment are not clearly established; in addition, that there are not enough resources to maintain relevant controls. On the other hand, agricultural activity in developing countries does not escape the international trend of weighing yields and economic return above the criteria of maintaining standards of public health and environmental conservation.
1.1 Pesticides in water
Few contaminants in water can cause health problems as a result of a single exposure, except in the case of accidental mass contamination due to an eventual spill or poor disposal of toxic waste (USEPA 2024, WHO 2023, CDCP 2022, PAHO 2009, WHO 2011). Thus, water pollution is one of the forms of chronic exposure to low doses of pesticides to which human beings, aquatic and terrestrial fauna are subjected; additionally, it is one of the ways by which POPs pesticides are transported downstream of the places where they were applied (EEA 2023, Boedeker 2020, Molina-Morales et al. 2012). Pesticides used in agriculture reach groundwater and surface water courses (rivers and lakes) by dragging and leaching, which can contaminate water reservoirs. The dynamics of pesticides in the soil are very complex and depend on a series of factors that influence the aforementioned processes (Germen 2024, Pérez Espejo 2012), the substances sprayed on crops can be washed away by rainwater and irrigation, and then transported to groundwater by leaching and to surface water by runoff,  a phenomenon that is also influenced by the slope of the land; that is, the volume of water that falls to the ground and the topography of the area where crops are grown are two of the factors that play an important role in the risk of contamination of water resources by pesticides (Tang 2022, Li, Zhang, & Wang 2023, Duffner et al. 2012, Leistra and Boesten 2012). Transport processes are affected by the sorption properties of the soil, which are determined by the content of organic matter, iron oxide and clay, ion exchange capacity and pH (García-Delgado 2020, Zhang et al. 2016, Kah & Brown 2007, Duffner et al. 2012). The physical-chemical characteristics of pesticides also play a role; in general, the most water-soluble and most persistent substances, i.e., those with the longest half-life, are the most easily transportable and represent the greatest risk of contamination (Paras et al. 2024, SDWT 2017, Hernández-Antonio and Hansen 2011). Due to the risk posed to human health and the environment by the contamination of water resources by pesticide residues for agricultural use, many countries and multinational agencies have developed a series of standards and procedures in order to preserve them. The United States Environmental Protection Agency (USEPA) establishes a set of guidelines to control those pesticides with a high potential to pollute waters and that represent a risk to human health and the environment. 
The USEPA established what is known as the maximum contaminant level (MCL), which is the concentration of a contaminant in drinking water below which there is no risk to human health (EPA 2012). For chemicals discharged into freshwater and marine waters, the USEPA has established chronic concentration criteria (CCCs), which is an estimate of the highest concentration of a pollutant to which aquatic life can be exposed indefinitely without resulting in an unacceptable effect (EPA 2013). Other institutions such as the WHO and the European Union (EU), based on the criterion of preserving human health, have established maximum limits and restrictions for the different substances that pollute water for human consumption (EEA - WHO 2002, WHO 2011). In the case of EU countries, the Drinking Water Directive establishes 0.1 μg/L as a maximum limit for individual pesticides and 0.5 μg/L for all pesticides, regardless of their nature, making a greater restriction for aldrin, dieldrin, heptachlor and heptachlor epoxide of 0.03 μg/L (Council of the European Union 1998). To protect surface waters, the EU established environmental quality standards (EQS), setting limits expressed as annual average (AA-EQS) and maximum acceptable concentrations (MAC-EQS) for 33 substances of priority interest (European Parliament and Council 2008). The application of AA-EQS refers to the fact that, for each representative monitoring point within a body of water, the arithmetic mean of concentration measurements at different times during a year should not exceed the specified value. The application of MAC-EQS refers to the fact that, at any given time, the concentration measurement at any representative monitoring point within a body of water must not exceed the specified value. The WHO has established Guidelines for the Quality of Drinking Water, which are a guide for the development and implementation of a risk control strategy in order to guarantee the safety of the drinking water supply, through the control of hazardous substances that may be found in it (WHO 2011). Thus, the WHO establishes the guide values (GV), which represent the concentration of a substance that does not exceed the tolerable risk to the health of the consumer during the entire life of consumption, indicating that GVs, in addition to protecting the general population, also protect susceptible subpopulations such as children, the elderly and the sick. With respect to Mexican legislation, no standards have been established for pesticide concentrations in water bodies. There are only standards for the manufacture of packaging, labeling of pesticides, the disposal of containers, the presence of animal adipose tissue, among others, but none regarding the concentrations of bodies of water. In Latin America, Venezuelan legislation has limits on pesticides in bodies of water intended for human consumption, agricultural activities and total or partial human contact. These limits are 0.2 mg/L (200 μg/L) for all organochlorine (OC) pesticides and 0.1 mg/L (100 μg/L) for all organophosphates (OF) and carbamines (CB); These concentration limits are higher than those of international agencies, however, there is legislation. In addition, in its Sanitary Standards for Drinking Water Quality, there are maximum limits for specific OC pesticides such as aldrin and dieldrin (0.03 μg/L), chlordane (0.2 μg/L), DDT (2.0 μg/L), 2,4-D (30 μg/L), heptachlor (0.03 μg/L), heptachlor epoxide (1.0 μg/L) and lindane (2.0 μg/L), among others (Ministry of Health and Social Assistance 1998). 
1.2 Pesticide use in Mexico
According to the Center for Studies for Sustainable Rural Development and Food Sovereignty (CEDRSSA) in 2018, Mexico registered a total consumption of pesticides of 53,100 tons, of which 54% corresponded to fungicides and bactericides, 34% to insecticides and 22% to herbicides. The states that report the highest use of pesticides are: Sinaloa, Chiapas, Veracruz, Jalisco, Nayarit, Colima, Sonora, Baja California, Tamaulipas, Michoacán, Tabasco, Estado de México, Puebla and Oaxaca; in the state of Nayarit alone, more than 100 acute poisonings are recorded per year (García-Hernández et al. 2018, González-Arias et al. 2012). The contamination of water bodies by pesticides in Mexico is a very important problem due to the toxic waste generated through intense agricultural activity, however, there is very little information about it (Greenpeace Mexico 2018, Pérez-Espejo 2014). 
In Mexico, glyphosate is the active component of the most widely used herbicide in the country and in 2015 it was classified as a probable carcinogen by the Agency for Research on Cancer (IARC) of the World Health Organization, which is why it has been banned in at least six countries (France, Holland, Sri Lanka,  El Salvador, Denmark and Belgium) and many others have placed restrictions on their use. 
The Diagnosis on Pesticide Contamination in Surface Water, Groundwater and Soil, prepared by the INECC, indicates that most of the areas affected by pesticides correspond to wells, rivers, lakes, lagoons or coastal systems and agricultural areas.
Examples of pesticide contamination of surface and groundwater bodies in Mexico are the cases of the Atoyac River in Puebla, the Culiacán Valley in Sinaloa, the La Laja River in Guanajuato, the Teapa area in Tabasco, Salamanca in Guanajuato, several communities in Chiapas, the Yaqui and Mayo Valleys in Sonora, and the Yaqui and Mayo Valleys in Sonora.  and the Santiago River in Jalisco and Nayarit.
The diagnosis concludes that 45 pesticides have been detected in the soils of Mexico in 125 different sites; in surface water, 58 pesticides have been detected; and groundwater 24. Agrochemicals belong to 23 chemical families, herbicides such as the so-called phenoxyacetics, bipyridyls, pyrazoles, neonicotinoids. It also reports that hexachlorocyclohexane was the most frequently reported pesticide; followed by DDT and endodulfan. Among the most harmful, the top 10 are: alpha-hch, aldicarb, atrazine, beta-hch, bifenthrin, cadusaphos, carbaryl, cypermethrin, chlorotoluron, cyalothrin and DDT. In addition, it documents that the pesticides with the highest imports correspond to paraquat, atrazine, methamidophos, chloropicrin and methyl bromide. The main countries where pesticides come from are: the United States, China, India and the United Kingdom, with 75 percent of imports of highly hazardous pesticides.
Of the pesticides reported, 14 are included in the Stockholm Convention, 16 are listed in Annexture III of the Rotterdam Convention, and 40 have been classified as highly hazardous pesticides in the most recent list of the Pesticide Action Network. Currently in Mexico there are 140 substances that are used and that have been banned in the world; of these, 65 are considered highly dangerous by the FAO-WHO and 111 have by the PAN, and some are banned in 62 countries (Bejarano 2017).
An emblematic example of water contamination by pesticides is the case of the waters of rivers, drains and waterwheels located in the agricultural area of Sinaloa and Sonora, detecting residues of atrazine between 4.62 and 15.01 μg/L and deethylatrazine between 6.23 and 30.23 μg/L, which exceed the guideline limits established by the Canadian standard, the WHO and the MAC-EQS of 2.0 μg/L for surface waters and the maximum for individual pesticides in drinking water of 0.1 μg/L set by the EU. The presence of chlordane (0.02 μg/L), DDD (0.02 μg/L) and DDE (0.03 μg/L) was also reported in the waters of the coastal lagoons in Sinaloa, indicating that only DDD exceeded the limits established by the Mexican standard. DDD and DDE were also found in sediments of coastal lagoons in Sinaloa, at concentrations higher than those established by the Mexican standard (Hernández-Antonio and Hansen 2011). Studies in sediments of agricultural drains in the Culiacán valley have reported residues of OC pesticides such as DDT, DDE, HCH (lindane), endosulfan, eldrin, dieldrin, heptachlor and methoxychlor; FO, including dichlorvos, diazinon, chlorpyrifos, phenmifos, azinphos and ethion, and pesticides such as pyrethroids, triazoles and phenylpyrazoles; in most cases with concentrations above the permitted levels (García de la Parra et al. 2012). This waste ends up in surface waters, causing public health problems in human settlements located around agricultural areas and affecting aquatic ecosystems. Likewise, pyrethroid residues have been detected in well waters for urban use in the Yaqui and Mayo valleys in the state of Sonora (Moreno-Villa et al. 2012), with cypermethrin (2.8-29.4 μg/L), cyfluthrin (6.2-24.4 μg/L) and fenvalerate (8.7-10.6 μg/L) reported; the values found exceed LC50 (lethal concentration) for aquatic invertebrates, fish and crustaceans. It is worth noting that the WHO has not established guideline values for this type of insecticide and indicates that it is unlikely to be found in drinking water (WHO 2011), perhaps due to its ease of degradation by hydrolysis in soil and water, but its increasing use has made pyrethroids one of the most persistent residues of agricultural activity in the environment, which could bring serious public health problems.
A group of substances that have been classified as endocrine disrupting compounds (EDCs), act in the body by interfering with natural hormones, since they have a great capacity to bind to estrogen and androgen receptors, acting in some cases as agonists and in others as antagonists of these hormones (Sabando 2021). They also interfere with the synthesis, transport, metabolism and elimination of hormones by directly affecting their concentration in the bloodstream and affecting the processes they control; they can inhibit thyroid hormone production, which in turn has a negative effect on the development of the central nervous system (González & Mendoza 2017, Müller 2019, Abellán, & Güil, 2023). A relationship has been established between CDE exposure and human pathologies caused by hormonal imbalances (Olea 2024, Colaiacovo et al. 2024, Miranda-Contreras et al. 2013). A wide range of EDCs has been found, highlighting the OCs that are part of POPs, such as aldrin, dieldrin, endrin, chlordane, DDT, heptachlor and HCH isomers. Active ingredients such as atrazine, carbofuran, chlorothalonil, chlorpyrifos, cypermethrin, diazinon, dimethoate, endosulfan, linuron, mancozeb, malathion, methomyl, metolachlor, metribuzin, parathion and permethrin have also been detected, just to name a few of the best known. Likewise, chronic exposure to some OF pesticides are potential inducers of organophosphate-induced delayed neuropathy (OPIDN) characterized by ataxia progressing to paralysis. Thus, wildlife and humans who are in contact with polluted water are simultaneously exposed to several types of pesticides which, according to their nature, have different effects on the body. This set of substances can act synergistically or additively, which could cause greater damage to the body than that produced by exposure to each one separately (Langley & Alwasiyah 2023, Qiang, Xie & Gao 2017).
The intensive use of agrotoxins in Sinaloa has contaminated bodies of water and soils. Studies identify sites contaminated in the region by persistent pesticides, such as methyl parathion, malathion, lindane, endrin, disyston, DDT, and hexachlorohexane (HCH) (CCA 2009); This has generated the bioaccumulation of these substances in the food web and the impact on aquatic ecosystems in both fresh and salt water.
1.3 Pesticides in the water of the Lerma-Chapala-Pacific Basin
In the particular case of Rio Santiago Silva-Madera et al (2021) reported that the pesticides most used by farmers revealed in the Ciénega region were bipyridyls (31.95%), followed by organophosphates (28.87%), while the least used were pyrethroids (12.89%). Among the organophosphates, glyphosate was the most widely used pesticide (14.43%), while alpha-cypermethrin was the most widely used pyrethroid pesticide. Paraquat (31.95) was the bipyridyl most used by farmers. Their results from water samples from the Lerma River, Zula River, Santiago River and Lake Chapala showed that glyphosate and malathion stood out among the 22 pesticides tested in water samples. Likewise, 20 pesticides were found in only some samples at concentrations below 10 ppb. It should be noted that picloram was the only pesticide that was present in concentrations above 10 ppb and up to 100 ppb in the samples from the Lerma River. In contrast, glyphosate and malathion were present in concentrations above 100 ppb in all water samples from the basin tested.
Silva-Madera et al (2021) reported that on surface water, the predominant pesticides were glyphosate (56.96-510.46 ppb) and malathion (311.76-863.49 ppb). Glyphosate levels were higher than acceptable limits in daily water intake in the Lerma River. Malathion levels exceeded EPA allowable limits in urban water purification plants (100 ppb for children and 200 ppb for adults). Glyphosate concentrations were homogeneous at some sites, while malathion concentrations were heterogeneous. It has been reported that the pesticides most frequently applied in agricultural fields in Jalisco, Mexico (Ayuquila-Armería river basin in Autlán de Navarro) are glyphosate, glufosinate, diazinon, parathion, malation, cypermethrin, lambda cylothrin, and paraquat (Pérez-Herrera et al. 2018; Rodríguez-Aguilar et al. 2019; Guzmán-Plazola et al. 2016). Silva Madera et al (2021) conclude that the Ciénega region has high concentrations of glyphosate and malathion.
Based on the above, the objective of this study is to evidence the presence of pesticides in the Santiago River basin in the state of Jalisco, which is part of the Lerma-Chapala-Santiago Basin in 2024. The results can provide valuable information on the number of pesticides in this watershed, contribute to better management of water quality, and the protection of ecosystems and human health.
BACKGROUND
[bookmark: _Hlk197254171]The Santiago River Basin (CRS) is located in west-central Mexico, between coordinates 23° 24' 36" and 20° 18' 03" north latitude and -101° 16' 48" and -105° 28' 12" west longitude (COCURS 2014). Its surface area is 76,277 km2 and includes the partial territories of seven states: Aguascalientes, Durango, Guanajuato, Jalisco, Nayarit, San Luis Potosí and Zacatecas. It also includes the total or partial territory of 125 municipalities (CONAGUA 2019). The semi-warm sub-humid climate predominates in 31% of the territory, followed by the semi-arid temperate in 23% and temperate sub-humid in 19%. In the rest of the surface, a variety of climates are distributed in smaller proportions (García & CONABIO 1998). According to information from the National Meteorological Service (SMN) of CONAGUA for the climatological normals of the period 1991-2020, the average annual temperature in the basin ranges between 16°C and 26°C.  The average annual rainfall ranges from 400-500 mm in the upper parts of the basin in Zacatecas and Aguascalientes, to 1400-1600 mm in the lower part in the coastal region of Nayarit. Most of the territory is in the 600-800 mm range. 
The main stream is the Santiago River, which rises on the eastern shore of Lake Chapala in the municipality of Ocotlán, Jalisco and flows into the Pacific Ocean in the state of Nayarit, completing a route of 562 km (CONAGUA 2019). Its main tributaries are the Verde, Juchipila, Bolaños and Huaynamota rivers (Figure 1). The Zula River in Jalisco is also considered, which, although part of the Lerma-Chapala hydrological subregion, interacts with the Santiago River and directly influences the quantity and quality of its waters. This happens particularly during the dry season, when the gates at the Ocotlán pumping plant are closed, preventing the natural discharge of the Zula River into Lake Chapala and the flow is diverted to the Santiago River; with pumping equipment, with the aim of providing water to the city of Guadalajara and Irrigation District 013 (SIAPA 2010).
The basin's cover consists mainly of forests for 32% of the area, followed by agricultural activities including rainfed agriculture and induced pastures for 29%, jungles for 17%, natural grasslands for 11% and irrigated agriculture for 5%. A variety of vegetation types and minor land uses are distributed in the remaining 6% of the area (INEGI 2021a).
In the CRS there are 10,877 localities that add up to a population of 8,675,489 inhabitants. Of the 125 municipalities in the basin, only 95 concentrate 50% or more of their population within these limits. Regarding the distribution of the population, 98% of the localities are rural, with less than 2,500 inhabitants, while the Guadalajara Metropolitan Area, the Aguascalientes Metropolitan Area, and the Tepic Metropolitan Area concentrate around 79% of the total population (INEGI 2021).
The Santiago River basin belongs to the Administrative Hydrological Region VIII Lerma–Santiago–Pacific. The availability of surface waters, the average annual volume of runoff from the basin is 7,606 hm3 (SEMARNAT 2020a). The 33 sub-basins that make up the basin are currently in a condition of availability, however, 21 of them have an average annual availability of less than 1 hm3. There are surface water reserve areas for domestic and urban public uses with a volume of 307.5 hm3, as well as volumes of ecological flow (SEMARNAT 2018).
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Figure 1. Hydrography of the Santiago River basin. CONAGUA (2022).
As for underground hydrology, 43 aquifers are located in whole or in part in the territory of the basin. According to the latest availability update, the total average annual recharge of the 43 aquifers is 2,688 hm3. Currently, 23 of the 43 aquifers are overexploited, presenting negative availability values (SEMARNAT 2020b). The aquifers with the greatest deficits in their average annual availability are: Valle de Aguascalientes (-100.4 hm3), Toluquilla (-75.6 hm3), Encarnación (-51.9 hm3), and Lagos de Moreno (-32.1 hm3). 
The quality of surface water, according to the National Network for the Measurement of Water Quality, reports that 185 monitoring sites are located in the basin in lotic (rivers and streams), lentic (dams, lakes and lagoons) water bodies, belonging to this network. The quality of surface water in the period 2012-2021 shows that 46% of the basin is highly contaminated, 30% moderately polluted and 24% slightly contaminated (CONAGUA 2022c). The results of groundwater quality monitoring are carried out in 85 monitoring wells in the period 2012-2021 and are 51% highly contaminated, 7% moderately contaminated and 42% slightly contaminated (CONAGUA 2022).
According to the Public Registry of Water Rights (REPDA), there are concessions in the basin for a total of 3,614.9 million m3 for the different consumptive uses, of which 51% comes from underground sources and 49% from surface sources (CONAGUA. 2021b). The main use of water is agricultural, which represents 63% of the total volume concessioner. The water destined for this use is obtained in 54% from groundwater and 46% from surface water. The largest consumers of groundwater are Lagos de Moreno, San Juan de los Lagos, Aguascalientes, while the largest consumers of surface water are Calvillo, Tepic and Santiago Ixcuintla. 
In second place is the public supply, to which 32% of the water concession is allocated. According to REPDA data, 53% of the volume recorded for this use comes from surface water and 47% from groundwater. The municipality with the largest volume of surface water concessioner for this use is Chapala, Jalisco (236.5 hm3 /year). This volume is imported from the Lerma Chapala basin and, as with the modules of irrigation district 013, is governed by the distribution decree of the Lerma Chapala Basin Council. The water is extracted through the Chapala-Guadalajara aqueduct with a flow of 5.5 m3/s and the old system of the Santiago River with a flow of 2m3/s and is distributed to the population of the Guadalajara Metropolitan Area. On the other hand, the municipality with the largest volume of groundwater concessioner for public supply is Aguascalientes (100 hm3/year), this being the only source of supply for the city. Other municipalities with concessions for this use greater than 50 hm3/year are Tepic and Lagos de Moreno. Similarly, the municipalities of Tlajomulco de Zúñiga, Tlaquepaque and Zapopan, which are part of the AMG, stand out as they have large volumes of concessions, as it shows that aquifers are an important source for the city's supply.
Finally, self-supplied industry consumes 5% of the water concessioner and obtains it 90% from underground sources. The municipalities with the highest consumption for this use are Zapopan, Tlajomulco, Zapotlanejo, Guadalajara and El Salto, in Jalisco and the city of Aguascalientes.
Along the Santiago River there are a series of hydroelectric plants run by the Federal Electricity Commission (CFE) that require a significant volume of water for their operation. In total, the concessions for the generation of energy in these plants add up to 17,795 hm3 per year, which represents 83% of the total volume concessioner.
Wastewater discharges in natural environments, such as water reservoirs, dams, riverbeds, marine areas, national assets or other areas, where there is a risk of contaminating the subsoil or aquifers, are part of the REPDA and according to the latter, the municipalities in the basin with the highest volume of discharges are Aguascalientes,  Jesús María, Tepic, Tlajomulco de Zúñiga, Tonalá, Zapopan and Zapotlanejo. 
Most of the municipalities present in the territory of the basin report a coverage of piped water in the home or property equal to or greater than 95% (INEGI 2021). However, there are still some municipalities with predominant rural populations that are lagging behind in this aspect. Such as Bolaños (83.66%), Mezquitic (70.77%) and Villa Guerrero (80.71%) in the north of Jalisco; Del Nayar (69.37%), in Nayarit; and El Mezquital, south of Durango (>50%). Similarly, in rural localities of some municipalities that make up the AMG, piped water coverage is still below 85%, as is the case in San Pedro Tlaquepaque (80.51%), Tonalá (84.50%) and Zapopan (81.52%). The lag in sewerage coverage is even greater in some municipalities of the basin, being the municipalities of Mezquital, Durango (27.50%); Del Nayar, Nayarit (31.11%); Mezquitic (40.35%) and Bolaños (64.11%), Jalisco, which have a smaller percentage of their population connected to the drainage network or septic tank. The lack of coverage in the rural communities of the municipalities of San Felipe (80.73%) in Guanajuato is also notorious; Chimaltitán (82.77%), Huejuquilla el Alto (84.03%), San Miguel el Alto (83.98%), Villa Guerrero (73.86%) and Zapopan (83.83%) in Jalisco; La Yesca (73.75%) in Nayarit; Genaro Codina (76.53%), Pinos (84.40%) and Valparaíso (80.62%) in Zacatecas.
33 of the country's main dams are located in the basin (CONAGUA 2021a). The hydroelectric plants of Aguamilpa (6,950 hm3), Leonardo Rodríguez Alcaine "El Cajón" (2,282 hm3) and Ing. Alfredo Elías Ayub "La Yesca" (1,329 hm3) stand out for their volume.
As already mentioned, the Santiago River basin is located in the Administrative Hydrological Region VIII Lerma – Santiago – Pacific in Western Mexico. It is divided into five sub-basins: the one that constitutes the Santiago River and its four tributaries: the Huaynamota River, the Bolaños River, the Juchipila River and the Verde River (Figure 1). This research only covers part of the sub-basin of the Santiago River corresponding to the state of Jalisco, which rises on the eastern shore of Lake Chapala in the municipality of Ocotlán, Jalisco, and up to the Yesca dam on the border with Nayarit, and the Zula River, which flows into the Santiago River. 
Based on the above, it is of vital importance to evaluate the pesticides present in the Santiago River, evaluate the ecological and health risks, and associate them with the negative effects on the public health of the population that uses its waters as a source of drinking water supply.
2. Material and Methods 
The concentration of pesticides was analyzed in 20 monitoring stations in the Santiago River basin that correspond to the state of Jalisco. The monitoring was carried out on a quarterly basis during 2024. A total of 60 surface water samples were taken: 13 sites from the Santiago River (39 samples), 5 sites from the Zula River (15 samples) and 2 sites from the Lerma River (6 samples) in the months of April, August and December (Fig. 2). The lake water samples were taken according to international standards for water sampling. The samples were transferred to the accredited laboratory to perform water quality analyses in accordance with the regulations approved in Mexico by the National Water Commission, which in turn are based on internationally approved protocols (CONAGUA 2016, Rice, Baird & Eaton 2017).
The 50 mL water samples were collected in sterile polyethylene containers and kept at 4°C until transfer to the laboratory, where they were filtered with 0.2 μm Whatman filters before being injected into the chromatograph. The analysis of the samples was performed by multiple reactions at a flow rate of 0.5 ml per minute in an Agilent Technologies 1200 liquid chromatograph coupled to Bruker Esquire 6000 mass spectrometry. The mobile phases comprised 0.1% formic acid in water and a gradient of 40-100% acetonitrile at a flow rate of 0.5 mL per minute. The curve range for each pesticide was 0.01 to 1000 μg/ml (Schaner et al. 2007; Arora et al. 2007). Fifteen pesticides were analyzed;  the standards used (99% purity) were as follows: acetachlor, 2,4-dichlorophenoxyacetic acid (2,4-D), ametrine, atrazine, carbendazine, carbofuran, cyalothrin, diazinon, glyphosate, malathion, oxandrolone, parathion, pyraclostrobin, picloram and thiabendazole. The chromatographic analysis time was 200 ms using multiple reaction monitoring (MRM) (Rodríguez-Aguilar et al. 2019).











Figure 2. Water quality analysis monitoring sites of the Santiago River basin in the state of Jalisco (Google Earth, 2024).
2.3 Statistical analysis 
The results of descriptive statistics, the analysis of variance test (ANOVA) and Tukey's HSD test were performed with the Excel 2019 program.
3. Results and discussion
A survey conducted by Silva-Madera et al (2021) among farmers in the Ciénega region (belonging to the Santiago River basin in Jalisco) revealed that the most commonly used pesticides in the area were bipyridyls (31.95%), followed by organophosphates (28.87%), and pyrethroids (12.89%). The most commonly used pesticides were glyphosate (organophosphate), alpha-cypermethrin (pyrethroid) and paraquat (bipyridyl). 
The results of the analysis of 15 pesticides in the Santiago River basin showed that the 13 pesticides that presented concentrations below 10 μg/l are acetochlor, 2,4-dichlorophenoxyacetic acid, ametrine, atrazine, carbendazine, carbofuran, cyalothrin, diazinon, oxandrolone, parathion, pyraclostrobin and thiabendazole. Some of these pesticides have frequent application rates, however, their low concentrations in the samples are not easy to understand, so more specific studies for each pesticide are needed. The pesticides glyphosate, malathion and picloram are those that presented concentrations above 10 μg/l. Based on this, the analysis of results will focus on these three pesticides. The results of these are presented in Table 1 and Figures 2-4.
The average concentrations of glyphosate were 277 and 527 μg/l, depending on the sampling site. The maximum value was presented at site CS-01 in the city of Ocotlán and the minimum at site RS-10 at the end of the Santiago River in the state of Jalisco, with the limits of the state of Nayarit (La Yesca dam). The analysis of variance (ANOVA) showed that the spatial and temporal concentrations are heterogeneous throughout the Santiago River. Likewise, it showed significant statistical differences between sites and months analyzed (April, August and December). The month of August showed the highest levels in all of 2024 (Table 1 and figures 3 and 6). 
[bookmark: _Hlk197190720]Malathion concentrations were significantly and consistently higher than glyphosate concentrations at the 20 sampling sites. Average malathion concentrations ranged from 496 to 830 μg/L, depending on the sampling site. The maximum value was presented at site AA-02 in the vicinity of the city of Guadalajara and the minimum at site RS-10 on the Lerma River, upstream of its mouth in Lake Chapala in the state of Jalisco. Like glyphosate, ANOVA showed that spatial and temporal concentrations are heterogeneous, the ANOVA analysis and Tukey's DSH showed statistically significant differences between sites and months analyzed (April, August and December). The month of August showed the highest levels of malathion in all of 2024 (Table 1 and Figure 4, 6).
For plicoram, the average concentrations were between 26 and 68 μg/l, depending on the sampling site. The maximum value was presented at site CS-01 in the city of Ocotlán, Jalisco and the minimum at site RS-04 on the Santiago River at the Salto bridge, shortly before reaching the city of Guadalajara. Like the other pesticides, the analysis of variance (ANOVA) showed heterogeneous spatial and temporal concentrations throughout the Santiago River basin, the ANOVA analysis and Tukey's DSH showed statistically significant differences between sites and between the months analyzed, with August showing the highest levels of plicoram in 2024 (Table 1 and Figure 5,  6).
The Santiago River basin region is important nationally for its contributions to agricultural production. It has been reported that the pesticides most frequently applied in the agricultural fields of Jalisco are: glyphosate, glufosinate, diazinon, parathion, malathion, cypermethrin, lambda cylotharin and paraquat (Pérez-Herrera et al. 2018; Rodríguez-Aguilar et al. 2019; Guzmán-Plazola et al. 2016). In the present research, the results of the Santiago River basin in the state of Jalisco coincide with the high frequencies of application of glyphosate, glufosinate, cypermethrin and Paraquat (Sierra-Díaz et al. 2019).
3.1 Glyphosate concentrations
[bookmark: _Hlk197202201]To make an objective analysis of glyphosate concentrations, it must be considered that this pesticide does not suffer from photochemical degradation, has low mobility in aquatic sediments, and a half-life in soils of months to years depending on environmental conditions. The interaction of glyphosate with some components of sediments such as clays, iron oxides, phosphates and organic matter facilitates the formation of colloids, thus reducing their adsorption in the soil and decreasing their concentration in groundwater, but not in surface water. Likewise, the formation of colloids decreases the microbial degradation of glyphosate (IIEG 2018; Saunders and Pezeshki 2015; WHO 2004). Lupi et al (2019). They reported that 88.1% of the applied glyphosate is retained in the topsoil and is washed away by runoff. Thus, these factors in the chemical dynamics of glyphosate together with the application of high doses and frequency of application of the herbicide, are responsible for the high concentrations of glyphosate (275–550 μg/l) in the Santiago River, Zula River, Lerma River, which are part of the Santiago River basin in the state of Jalisco.
The city of Ocotlán had the highest concentration of glyphosate (500–550 μg/l). this is where the Santiago River, which originates in Lake Chapala, and the Zula River, which comes from the Highlands region of Jalisco, converge, which is a highly productive area (agriculture and livestock) and in which it is known that there are high doses of annual application of glyphosate.
The analysis of the trajectory of the Santiago River in the state of Jalisco showed both temporal and spatial heterogeneity of glyphosate contamination, where there are areas that present higher concentrations and stretches in which there is a decrease in concentrations, however, all in a range of between 200 and 600 μg/l. The heterogeneity of the river, of cities such as Ocotlán and Guadalajara compared to small communities make a difference in concentrations. Likewise, this heterogeneity can be attributed to the fact that in the course of the Santiago River there are an infinite number of surface tributaries that come from direct runoff from agricultural fields subjected to the continuous application of pesticides.
Regarding the levels of glyphosate in runoff, surface water, and streams, in previous studies, variable concentrations of this glyphosate were reported ranging from 0.01 to 700 ppb. The highest concentrations of glyphosate were obtained from runoff basins close to agricultural areas (Rodríguez-Aguilar et al. 2019; Coupe et al. 2012; Shipitalo and Owens 2011; Kjær et al. 2005 and Edwards et al. 1980).
3.2 Malathion concentrations
Malathion is a broad-spectrum organophosphate insecticide used in agriculture and also in public health for the control of vector-borne transmission of insects (Singh et al. 2014). It has moderate water solubility of 145 mg/L at 25 °C (WHO 2004). However, it chemically degrades at temperatures of 27 to 32 °C from malathion to malathion monocarboxylic acid, malathion dicarboxylic acid, and malaoxon. It is broken down to pH>7 by bacterial enzymes such as organophosphate hydrolases, esterases, carboxyl esterases, phosphatases, and oxidoreductases, among others (Kumar et al. 2019). However, high concentrations of malathion have been confirmed to saturate the enzyme's active sites, thereby slowing its breakdown (Kumar et al. 2019; Singh 2002). The photolytic half-life of malathion is 156 days under ambient conditions, but decreases to 107 days under aqueous conditions (Kumar et al. 2019). The adsorption and mobility of malathion in soil are almost zero, but vary in response to the degree of solid-liquid phase partitioning, soil pH, organic matter content, and soil type (Al-Wabel et al. 2010). Sandy soil leads to high malathion adsorption (Kulluru et al. 2010). Once applied to crops, most malathion remains in the application area and, due to its low absorption, rain, fog or wind can mobilize the insecticide (WHO 2004). 
In the area of Ciénega, in the city of Ocotlán and in the Metropolitan Area of Guadalajara and most likely in all the towns along the course of the Santiago River, one of the most widely used insecticides for the control of the mosquito population is malathion in emulsion at 44% with water (CENAVECE 2014). This explains why high concentrations of this insecticide were found in all sampling areas, despite its supposed low use by farmers. In general terms, the concentration of malathion tripled that of glyphosate in the same samples The maximum value (880 μg/l) was found in the surroundings of the city of Guadalajara, Jalisco, where in recent years there has been a high prevalence of dengue transmitted by the Aedes Aegypti mosquito and where malathion has been used as an insecticide for mosquito control. While the relative minimum value (425 μg/l) was recorded in the Lerma River, before its mouth in Lake Chapala, where there is also a large population of mosquitoes as a result of the presence of high humidity and plants such as Tule that serve as a habitat for the mosquito. Results for malathion were found to be high and heterogeneous. This variation may be due to the periodic fumigations of malathion by the state and federal Secretariats of Health in the entire Santiago River basin. Over time, the application of malathion allows the accumulation of the insecticide in tributaries, runoff, and streams. This is aggravated by its poor adsorption in clay-like soil, which contributes to its high levels on aqueous surfaces (Kulluru et al. 2010; IIEG 2018). The highest concentrations of malathion in surface waters and runoff in Mexico have been reported to be found in the Ayuquila-Armería River in the states of Jalisco-Colima, Mexico with an average of 500120 μg/l.
3.3 Picloram concentrations
[bookmark: _Hlk197198343]The moderate concentrations of plicoram between 26 and 68 μg/l present in the Santiago River basin may be due to two factors. First, the increase in the consumption of the herbicide in the region, as reported by farmers. Secondly, the characteristics of plicoram that have a highly toxic effect on the microbiota and microflora of the soil and fish (Prado and Airoldi 2003, 2001, Fairchild 2009). Its toxicity is associated with a decrease in the oxidative functions of submitochondrial particles and respiratory functions in the mitochondria, due to the surfactants contained in the formula. According to the FAO, it has an LD50 ≥ 4000 mg/kg in rats (FAO, n.d.). Plicoram shows environmental concern due to its persistence, and can be found in soil up to 3 years after its application. Its adsorption in soils is related to the content of organic matter since it is found as an anion at the pH of soils (Spadotto and Hornsby 2003) it has also been shown that it adsorbs on iron and aluminum oxides: and it is not adsorbed on clay minerals (Celis et al, 2002). Thus, its persistence coupled with low affinity for soil components (mainly clay minerals) makes it an herbicide with high leaching potential (Close et al. 2005,). Its molecule has basic free amino and carboxylate centers, which constitute the main binding groups on the surface of solids to be used as adsorbents (Jain 2004, Loring 2000). Thus, perhaps its low affinity to the soils of the basin causes it to remain suspended in the Santiago River basin.
Table 1. Concentrations (μg/l) of the pesticides glyphosate, malathion and picloram in the Santiago river basin during 2024.
	Sample site
	Glyphosate
	Malathion
	Picloram

	
	April
	August
	December
	Mean
	SD
	April
	August
	December
	Mean
	SD
	April
	August
	December
	Mean
	SD

	RS-01
	290
	330
	300
	307
	21
	700
	800
	750
	750
	50
	25
	35
	30
	30
	5

	RS-02
	280
	350
	325
	318
	35
	720
	830
	800
	783
	57
	28
	40
	35
	34
	6

	RS-03
	300
	350
	330
	327
	25
	730
	820
	770
	773
	45
	27
	35
	30
	31
	4

	RS-04
	265
	290
	280
	278
	13
	750
	880
	800
	810
	66
	20
	30
	27
	26
	5

	RS-05
	290
	320
	300
	303
	15
	770
	870
	850
	830
	53
	25
	40
	36
	34
	8

	RS-06
	300
	340
	305
	315
	22
	740
	830
	800
	790
	46
	60
	75
	69
	68
	8

	RS-07
	300
	360
	320
	327
	31
	750
	845
	780
	792
	49
	50
	80
	65
	65
	15

	RS-08
	275
	305
	290
	290
	15
	770
	870
	830
	823
	50
	40
	60
	48
	49
	10

	RS-09
	270
	300
	285
	285
	15
	690
	780
	760
	743
	47
	30
	50
	40
	40
	10

	RS-10
	260
	295
	275
	277
	18
	700
	790
	770
	753
	47
	28
	45
	35
	36
	9

	AA-01
	310
	340
	320
	323
	15
	750
	860
	830
	813
	57
	50
	75
	70
	65
	13

	AA-02
	300
	320
	315
	312
	10
	770
	870
	850
	830
	53
	60
	70
	64
	65
	5

	Rz-01
	270
	320
	305
	298
	26
	720
	800
	780
	767
	42
	50
	60
	57
	56
	5

	Rz-02
	260
	300
	285
	282
	20
	710
	810
	800
	773
	55
	45
	55
	50
	50
	5

	Rz-03
	280
	310
	300
	297
	15
	690
	790
	750
	743
	50
	60
	75
	70
	68
	8

	Rz-04
	300
	345
	320
	322
	23
	710
	800
	750
	753
	45
	50
	68
	60
	59
	9

	Rz-05
	275
	300
	280
	285
	13
	700
	780
	750
	743
	40
	30
	45
	42
	39
	8

	RL-01
	350
	400
	385
	378
	26
	425
	560
	520
	502
	69
	45
	60
	56
	54
	8

	RL-02
	400
	450
	425
	425
	25
	429
	550
	510
	496
	62
	50
	60
	54
	55
	5

	CS-01
	500
	550
	530
	527
	25
	650
	710
	680
	680
	30
	60
	75
	70
	68
	8

	Mean
	304
	344
	324
	324
	20
	694
	792
	757
	747
	51
	42
	57
	50
	50
	8

	Sd
	57
	62
	60
	59
	7
	96
	91
	92
	92
	9
	14
	16
	15
	15
	1

	Max
	500
	550
	530
	527
	35
	770
	880
	850
	830
	69
	60
	80
	70
	68
	10

	Min
	260
	290
	275
	277
	10
	425
	550
	510
	496
	30
	20
	30
	27
	26
	5



Fig 3 Glyphosate concentrations (μg/l) in the Santiago River basin (Jalisco).

Fig 4 Concentrations of malathion (μg/l) in the Santiago River basin (Jalisco).

Fig 5 Picloram concentrations (μg/l) in the Santiago River basin (Jalisco).


Fig 6 Comparison of the concentrations of glyphosate, malathion and plicoram (μg/l) in the Santiago River basin, in the state of Jalisco, Mexico.
4. Conclusion
The main conclusions are:
· The results of the pesticide analysis in the Santiago River basin showed that 13 pesticides had concentrations below 10 μg/l. The pesticides glyphosate, malathion and picloram are those that presented concentrations above 10 μg/l. 
· The average concentrations of glyphosate were between 277 and 527 μg/l. The maximum value was presented in the city of Ocotlán and the minimum in the La Yesca dam between the limits of the states of Jalisco and Nayarit. The chemical dynamics of glyphosate together with the application of high doses and frequency of application of the herbicide, are responsible for the high concentrations of glyphosate in the Santiago River basin.
· Average malathion concentrations ranged from 496 to 830 μg/L. The maximum value was presented in the surroundings of the city of Guadalajara Jalisco and the minimum in the Lerma River, before the mouth towards Lake Chapala. The high concentrations of malathion may be due to malathion fumigations throughout the Santiago River basin for the control of the dengue-transmitting mosquito, which allows the accumulation of the insecticide in tributaries, runoffs and streams, which is aggravated by its poor adsorption in clay soil, which contributes to its high levels on aqueous surfaces.
· For plicoram, the average concentrations were between 26 and 68 μg/l. The maximum value was presented in the city of Ocotlán, and the minimum in the Santiago River at the El Salto bridge, shortly before reaching the city of Guadalajara. Moderate concentrations of plicoram may be due to two main factors.  First, the increase in the consumption of this herbicide in the region, as reported by farmers. Secondly, due to its persistence, low affinity for clay minerals and high leaching potential, which causes it to remain suspended in water.
· For the 3 pesticides, the analysis of variance (ANOVA) showed heterogeneous spatial and temporal concentrations throughout the Santiago River basin, the ANOVA analysis and Tukey's DSH showed statistically significant differences between sites and between the months analyzed, with August showing the highest levels in 2024.
· The results evidenced here can support the public policies of federal and local authorities to evaluate the quality and integral management of water in order to prevent the scarcity of drinking water and the transmission of diseases caused by pesticides in the water, which endanger human health.
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