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Rising demand for off-season durian production in Thailand has led to increased agrichemical use and potential environmental and health concerns. In this study, we surveyed 117 farmers and collected water samples from 11 villages in Krungching Sub-district. Overall, 108 agrochemicals were listed as being used in off-season durian production, but we focused on residual concentrations of the persistent herbicides glyphosate and paraquat in surface water. We applied a pollution release and transfer registry for 2016 to determine an application rate of 288,149 kg/year for these agrichemicals. These were primarily detected during the dry season, and not the wet season. This reporting system can be used to develop seasonal environmental surveillance and monitoring tools for more sustainable use of agrochemical substances in off-season durian production in environmentally sensitive areas such as the Krungching River watershed, especially during the first stage of cultivation (dry season), in order to ensure the use of agricultural chemicals under appropriate circumstances. Further studies are needed to better understand the full diversity of persistent agrochemical substance usage and disposal, in order to reorient agricultural activities to focus on local needs and capabilities as part of efforts to implement more sustainable agriculture in Thailand.
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INTRODUCTION

Agriculture is an important sector of Thailand's economy, accounting for 8.12% of its GDP and ~30% of its workforce (including related sectors) (Statista, 2021; Trading Economics, 2021). Its fruit exports (now the world's sixth-largest) rose 41% in 2019, with the most popular being tropical fruits such as mangosteen, longan, and durian (Datawheel, 2021). The latter is the most famous fruit in Southeast Asia and a very high-value crop, of which Thailand is the world's largest producer and exporter. In 2019, Thai durian cultivation accounted for 1,268.86 km2 and 1,111,928 ton, of which 676,423 ton of fresh durian and derivative products were exported at a value of US$ 2.468 billion (Thailand Ministry of Agriculture Cooperatives, 2021). Although high market demand encourages commercial cultivation, durian's harvest season in Thailand is naturally restricted to a short period from June to July; hence, efforts have been made to extend this using modern technology and various agrochemicals in order to achieve year-round availability to consumers (Hau and Hieu, 2017).

Modern-day agricultural practices often require high levels of agrochemical substances, as farmers seek to avoid damage by insects or diseases that can lead to lost output, resulting in high pesticide (mainly herbicide and insecticide) surpluses that are transferred to water bodies through various diffusion processes. Off-season fruit production significantly increases the intensity of pesticide use because the required pattern of agrochemical usage differs from in-season production (Mahmoud and Shively, 2004). Total agrochemical release is thus multiplied by a factor related to the proportion of the cropping cycle. For example, off-season tomato production by small farmers in Bangladesh resulted in a 56% increase in pesticide use from an initial rate of 3.3 kg/ha (Schreinemachers et al., 2016).

The use of agricultural pesticides in Southeast Asia has skyrocketed during the last 20 years. Pesticides have become so easily available that a pesticide retailer can now be found in nearly every village in Thailand and Vietnam, where annual growth in agricultural pesticide use has risen 7–10% annually for over 10 years. Thailand relies heavily on agrochemicals, especially pesticides, as powerful tools for crop protection in order to increase crop yield and quality. The volume of pesticides imported into Thailand has increased remarkably over time: data from the Thai Department of Agriculture (DOA) show that 98,254.85 ton of pesticide, including 57,007.43 ton of herbicide, 18,946.01 t of insecticide, and 15,176.71 t of fungicide, were imported into Thailand in 2020. Of these, ~26% were classified by the World Health Organization (WHO) as classes Ib (highly hazardous) and II (moderately hazardous) (Thailand Department of Agriculture, 2021). Thailand's increase in pesticide use can mainly be attributed to rising herbicide applications, of which glyphosate and paraquat (which have been restricted in several countries but not in Thailand) accounted for 53% of all use in 2010 (Fröhlich et al., 2013).

Herbicides are frequently found in agricultural runoff, resulting in significantly less safe freshwater for human use (Smith and Pollard, 1998). The concentrations of herbicide in various environmental settings have been extensively documented. For example, annual agricultural activities (including herbicide application) around Gella, Nigeria have resulted in high herbicide residues in reservoir water, such as residual concentrations of paraquat ranging from 63.5 to 87.5 × 10−3 mg/L (Sudi, 2017). In Thailand, when farmers start producing cash crops such as maize, they also tend to start applying mineral fertilizers. As intensification continues and higher-value exported fruit crops such as off-season durian are adopted, increasing amounts of herbicide, insecticides, and fungicides are more widely applied.

Sustainable agriculture plays a key role in United Nations Sustainable Development Goal 2 of the 2030 Agenda (Target 2.4, Indicator 2.4.1: “Proportion of agricultural area under productive and sustainable agriculture”) (United Nations., 2021). Several studies have reported data on the mitigation potential of sustainable agricultural practice for seasonal crops by focusing on raising awareness and training of farmers (Kroma, 2006; Sacchettini et al., 2012; Šumane et al., 2018; Gebska et al., 2020). However, studies on agrochemical releases from off-season cropping are limited. The excessive use of agrochemicals constitutes a major problem by polluting soil and water resources, compromising the safety of agricultural products, and endangering the environment and public health (Mendes et al., 2019). Such problems can be tracked using pollution release and transfer registry (PRTR) databases or inventories of potentially harmful chemical releases into air, water, and soil, as well as of waste transported off-site for treatment and disposal. Although Thai PRTRs were initially designed to collect data from stationary sources such as industries, they can also be used to estimate releases from diffuse sources such as agricultural activity.

Thailand's Krungching Sub-district, one of the country's most productive regions for off-season durian exports, has high agrochemical usage across all major classes of pesticides. This study highlights the effects of agrichemical usage schedules on the intensification of exported off-season durian in a mountainous region, which has had high economic returns, and in particular identifies alternative solutions use for sustainable agricultural practices to allow the production of quality fruit products in better harmony with the surrounding environment. We used a PRTR approach to assess whether agrochemical loads on the environment have increased due to the implementation of additional agrochemical usage in off-season durian production. Water samples from different locations in the area were collected and the data was evaluated with respect to agrochemical load inventory and season information. The results highlight areas where improvements could be made to facilitate the more sustainable usage of agrochemicals in this sector, providing data that could help relevant stakeholders better manage pollution and respond in a well-prepared way to a possibly critical future situation.



METHODOLOGY


Study Area and Farmer Demographics

The study area was located in Krungching Sub-district, Noppitum District, Nakhon Si Thammarat, Thailand (Figure 1), where off-season durian is the main export fruit crop. The annual mean temperature is 28.7°C and annual precipitation is 2,126 mm (based on meteorological data from the Chawang meteorological station). The landscape is mountainous with an average elevation of 492 m above sea level. The size of the farmer survey sample was estimated using the Yamane formula at the confidence level of 0.95 (Yamane, 1973). In 2017, demographic surveys collected data on factors such as education level, experience, and income from 117 farmers who had been producing off-season durian for at least one growing season. All data collection methods were subjected to ethical approval from the Human Research Ethics Committee of Walailak University, Thailand (WU-EC-AH-4-123-59).
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FIGURE 1. Sampling point locations in Krungching Sub-district, Noppitum District, Thailand.




Agrochemical Pollution and Release Survey

The study used the descriptive survey design. We surveyed agrichemical usage in production year 2016 using questionnaires and personal interviews adapted from the U.S. EPA toxic release inventory (TRI) or PRTR reporting forms with the help of village agricultural volunteers in Krungching Sub-district. A literature review found only a few detailed studies related to chemical loading in term of pollution release and transfer from diffuse sources like agricultural activity. Hence, to identify criteria linking agrochemical inventory usage, an expert panel discussion and a relevant literature search were carried out based on a toxic chemical release inventory (Legal Information Institute., 2021). The initial questionnaire items were first examined by three researchers who had majored in agricultural chemistry, as well as three key farmers experienced in off-season durian. Three rounds of pre-survey testing were then performed with 10 farmers from the broader sample. All farmers in the pre-tests were asked if they fully understood the questions. The finalized questionnaire consisted of six parts: (i) name and CAS number (if applicable) of the agrochemical, (ii) compositional mixture, (iii) average amount used on site at any point in time during reporting year 2016, (iv) name of nearby receiving stream or water body into which the agrochemical could be released, (v) off-site handling or treatment applied to empty agrochemical containers, and (vi) an estimate of total releases to the on-site environment in kg/yr. In addition, we asked farmers to describe their off-season durian activity with regard to fruit cycle production. We surveyed land preparation, flowering, harvest, tillage, and agrochemical applications. We then built a list of persistent agrochemicals applied to fields by farmers, which ended up focusing on two persistent herbicides (paraquat and glyphosate) with potentially severe environmental impacts due to their widespread use and large annual applications. We therefore analyzed paraquat and glyphosate residues at the 12 water sampling sites in 2018.



Surface Water Sampling

Data on glyphosate and paraquat concentrations in surface water were collected through systematic field observations during the pre-monsoon (April 2018) and northeast monsoon (September 2018) seasons. April was selected for two reasons: (i) coincidence with the beginning of the land-preparation period when large amounts of herbicide are applied to reduce weed emergence and minimize overall soil disturbance before primary fruit production (cultivation-harvest) in the next crop cycle and (ii) absence of rainfall to avoid direct overland flow into rivers that could contribute extra contaminant loads accumulated in the ground surface. One liter grab-water samples, collected from the surface to 30 cm depth at the center of the channel, were placed in polypropylene containers because paraquat and glyphosate adhere to glass. These were then filtered through a 0.45 mm nylon membrane to separate the water from the suspended particulate matter, and stored in a refrigerator at 4°C within 24 h to avoid any degradation.



Analytical Procedure

The glyphosate and paraquat dichloride residue samples were prepared using a fast sample preparation technique known as quick, easy, cheap, effective, rugged, and safe (QuEChERS). Analysis involved liquid chromatography mass spectrometry (LC-MS) with an Agilent 6,460 triple quadrupole LC/MS with an Agilent Zorbax RRHD Eclipse plus C18 column; column temperature was 300°C, and the interface temperature and ion source temperature were 250 and 200°C, respectively. Helium at 0.3 ml/min was used as the carrier gas.




RESULTS AND DISCUSSION


Farmer Demographics

Farmers ranged from 18 to 34 yr in age and were predominantly male (Table 1). The most common educational level attained was primary school (54%), followed by senior high school/vocational (18%). Average experience in off-season durian production was 19 yr, nearly 70% of farmers had lived in the study area for >15 yr, and 62% of farmers did not live on-farm. Farming households reported earning an average annual income of US$ 18,276 in 2016, although one-third of respondents did not want to disclose their income.


Table 1. Characteristics of off-season durian famers in Krungching Sub-district, Thailand.
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PRTR for Off-Season Durian in Krungching Sub-district

In 2016, total pollution release was 285,168 kg/yr and total pollution transfer (off-site disposal of hazardous waste) was 2,981 kg/yr (288,149 kg/yr total) (Figure 2). One hundred eight agrochemical substances were listed as being used for off-season durian production.


[image: Figure 2]
FIGURE 2. Summary of substance release and transfer during off-season durian production in Krungching Sub-district, Thailand.


In terms of pollution release, the chemical fertilizer 24-4-24 was highest overall, while the highest pesticides were carbendazim (4,691 kg/yr) and abamectin (2,690 kg/yr) (Table 2). Three herbicides were commonly applied: paraquat (49%), glyphosate (12%), and pyrethrin (11%). However, some farmers used the combinations paraquat-glyphosate (8%) and paraquat-pyrethrin (8%). The pollution releases of paraquat and glyphosate were 932.2 and 224.5 kg/yr, respectively, while their pollution transfers by off-site waste disposal were only 7.5 and 5.1%. In other words, their ratios of on-site to off-site pollution release were 12:1 and 19:1, respectively.


Table 2. Top ten pesticides in terms of on-site release and off-site transfer from non-point pollution sources related to off-season durian production in Krungching Sub-district, Thailand.
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Chemical retailers significantly influenced off-season durian farmers' decisions to increase crop yield and weed control using agrochemicals. The surveyed farmers applied glyphosate and paraquat year-round because weeds are one of the strongest constraints on agriculture in the humid tropics. Herbicide was frequently used by >1/3 of farmers in Krungching Sub-district. Since off-season durian is mostly rainfed in this area, many farmers were prompted to combine herbicides to combat high weed proliferation. However, over time this pesticide abuse (over-dosing and using banned herbicide) could lead to other negative effects on the environment.

Environmental impact quotient (EIQ) models allow easy estimations of the environmental impacts of different agrochemical choices and combinations. The calculated EIQ field-use rating values for the top ten widely used agrochemicals in off-season durian production in the study area ranged from 34.7 to 1,028.3 (Table 2), with the lowest EIQ value for abamectin and the highest for copper sulfate. Eighty percentage of the top ten agrochemicals had high usage and a very high impact on the environment. Based on World Health Organization (2019) pesticide classifications, 60% were moderately hazardous while the rest were highly or slightly hazardous, or unlikely to present acute hazards in normal use (World Health Organization, 2019).

In 2016, the highest pollution transfer for agricultural chemical usage occurred for abamectin (485 kg/yr), followed by carbendazim (301 kg/yr) and LaO (251 kg/yr). Hazardous waste management methods included 26.15% on-site treatment (disposal on the land, 1,148,120 kg/yr or 25.97%; reuse, 4,860 kg/yr or 0.11%; and open burning, 3,020 kg/yr or 0.07%) and 73.85% off-site treatment (sales to Saleng, people who roam the street on tricycles collecting used materials and waste). The utilization rate of chemical fertilizer was 49,468.7 kg/km2, followed by hormones and insecticides at 3,162.5 and 2,650.0 kg/km2, respectively (Table 3).


Table 3. Application rate of agricultural chemicals used in off-season durian production.
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Although Thailand currently has no non-point source inventory reporting system (Thailand Pollution Control Department, 2010), our results show that a lack of a real-time agrochemical use database is a major impediment to implementing appropriate measures toward substantially reducing impacts on application sites and downstream ecosystems. Moreover, agriculture activities (especially off-season durian production) are diverse and inconsistent due to widespread difference in agrochemicals application practices by farmers. Therefore, it is important to start gradual evaluations of non-point emission sources and inventories of pollutants released and transferred from off-season durian production. Such programs could help relevant local or state agencies design improved environmental monitoring programs for pollution from these sources and other major export crops. In addition, this could increase farmers' environmental awareness with shared benefits for farmers and the environment, helping sustain ecosystems in areas with intensive agrochemical usage.

We found that a major agricultural exporting country, Thailand, needs to create a more consolidated uniform system to collect the current status of agrochemical release and use at the farm level. The collection of sales data can be used as a substitute for a survey of usage data. One of the explicit advantages is that sales data are much cheaper to collect, and collection can therefore be performed annually. However, sales data are rarely available at the active level and contain no information about the crop, timing, and regional variation in use, dose applied, and number of applications to the crop or percentage of crop treated. In parallel with sales data, we propose the survey of data on farmers' actual use of agrochemical by postal or e-mail surveys Postal surveys can be structured in such a way that questionnaires are sent out several times during the year when pesticide applications are likely to have occurred. This will remind the grower to fill in the form at a time when the information required is fresh in his memory and reduces the burden of filling in a form with all the details at the end of the growing year. Before the survey begins, farmers may be asked by post whether they still grow the crop covered by the survey and whether they will take part in the survey. If they agree, at the beginning of each month they are sent a questionnaire that is tailored to that crop and which reflects the practices likely to be undertaken during the following month. The actual usage data have provided the foundation for the development of residue monitoring follow-up, and to see where current practices can be improved or optimized.



Characteristics of Paraquat and Glyphosate Residue in Surface Water

The glyphosate and paraquat concentrations in stream water varied by season, with both being found during summer but not during the rainy season (Table 4). Overall, the former occurred in 83.3% of samples and the latter in 66.7%. Paraquat concentrations varied from <1 46.849 μg/L. All water samples with detectable paraquat concentrations showed higher values than Canadian drinking water guidelines (paraquat dichloride <10μg/L) (Health Canada, 2021).


Table 4. Concentrations of the herbicides paraquat and glyphosate in a stream flowing through 11 villages in Krungching Sub-district, Thailand (n = 24).

[image: Table 4]

Glyphosate was detected at relatively high concentrations in agricultural areas, ranging from <1 to 49.305 μg/L. Although glyphosate was detected at many sites, its concentrations did not exceed the 280 μg/L value established by the Canadian drinking water guidelines (Health Canada, 2021). The average concentrations of glyphosate and paraquat were 44.260 and 42.550 μg/L, respectively, tending to be the highest during the dry season due to extensive herbicide use for land preparation and low rainfall. Likewise, rain-induced increases in river caused herbicide transport from direct areas of influence to downstream sites, increasing glyphosate levels at those points. The observed seasonal variations in glyphosate matched observations in French surface waters from 2013 to 2017, where seasonal fluctuations in glyphosate concentrations peaked in spring/summer shortly after pesticide application (Carles et al., 2019).

Concentrations of both paraquat and glyphosate in the study area were much higher than those of river water in Chanthaburi Province, Eastern Thailand, where most land is used to produce a wide variety of fruits. For example, paraquat concentrations in the Chanthaburi River ranged from 0.13–7.13 to 0.07–13.05 μg/L in the dry and wet seasons, respectively (Pataranawat et al., 2012). Similarly, paraquat concentrations in the study area were also higher than those reported for other regions of the world, such as marshes in Valencia, Spain (0.19–3.95 μg/L) (Fernandez et al., 1998) and stream water in an intensively agricultural part of Rio de Janeiro, Brazil (average 0.075 μg/L, maximum 0.279 μg/L) (Britt et al., 2003).

While flowing water can be a major factor contributing to herbicide movement in the environment, leaching can also result after extensive rainfall or irrigation, moving chemicals from the topsoil deeper into the soil profile. In general, both glyphosate and paraquat bind very tightly to most soils and sediments in the environment (Koc of 300–20,100 and Kd > 10,000, respectively) and thus have low potential to move through soil and contaminate water (Britt et al., 2003). For this reason, glyphosate and paraquat residues are only found in limited amounts in surface water as a result of runoff (concentrations typically <100 ng/L) (Covaci, 2014). Studies examining the fate of glyphosate over several years have found that <1% of the glyphosate amount applied was lost as runoff from agricultural fields. In several provinces of Indonesia with different agricultural emphases (e.g., palm oil, rice, or corn), paraquat residues were found in the soil but not in the surface water or below the detection limit (0.0569 μg/L). Similarly, Cheah et al. (1998) reported that paraquat was rapidly adsorbed onto sediment. In general, low paraquat concentrations in water bodies are commonly observed during drought periods due to the absence of surface runoff caused by rainfall.

In rivers, the dissipation time necessary to eliminate 50% (DT50) of glyphosate varies from 13.8–301 d, suggesting moderate to high persistence (European Food Safety Authority, 2015). The paraquat and glyphosate concentrations in this study were remarkably higher than those in other studies, demonstrating high levels of overspray or runoff from agricultural drainage ditches. Soils collected from the study area consisted of silt with low clay content. Silt tends to have a lower cation exchange capacity than clay; that in the study area ranged from 3.07 to 6.44 cmol/kg (Thailand Land Development Department, 2021). In addition, the half-life of glyphosate can be prolonged in the environment due to the formation of metal complexes with highly chelating cations (e.g., Cu+2 and Fe+2), which significantly reduce its availability for microbial decomposition (Tsui et al., 2005). We recommend regular monitoring of contamination in the study area where heavy use and potential mobility are risks, in order to provide context for improved control of agricultural chemical usage, farming practices, and environmental awareness.



Sustainable Agricultural Chemical Management for Off-Season Durian

Our survey of farmers from 11 villages in Krungching Sub-district found that glyphosate and paraquat were the most commonly used herbicides. Pesticides were used in every step of off-season durian production. A hazard quotient (HQ) analysis using a screening benchmark based on Canadian water criteria set for the protection of freshwater aquatic life (established by that country's Council of Ministers of the Environment) suggested no potential environmental risks in the dry or rainy seasons at any sites where HQ < 0.1 and low hazardous effects where HQ was 0.1–1.0. However, pesticide management in Thailand lacks a uniform management and tracking system, requiring new ways to facilitate better management and use of pesticides. In addition, most pesticides used are highly hazardous, including Classes I and II (Chalermphol and Shivakoti, 2009).

The domestic market for pesticides in Thailand (e.g., advertisement, use of trade names, or sale restrictions) is competitive. Due to a large number of unlicensed retailers, much of the misuse and mishandling of pesticides in domestic trading occurs after the point of sale, leaving pesticide use largely uncontrolled (Panuwet et al., 2012). The DOA requires that the use of pesticides with high acute toxicity (LD50 < 30 mg/kg) be evaluated through surveillance. Presently, both glyphosate (LD50 < 5,000 mg/kg) and paraquat (LD50 110–150 mg/kg) are under evaluation and the DOA is considering bans or severe restrictions. In addition, it has recognized that the overuse of pesticides as a problem and is attempting to make farmers cognizant of regulatory controls and proper pesticide use by launching mitigation campaigns encouraging organic farming and other good agricultural practices, and promoting the use of bio-pesticides. However, most farmers still believe that pesticide application is necessary, leading to their continued use in large amounts. Good record/inventory practices could also help match the monitoring frequency to off-season fruit production periods during which potentially harmful environmental impacts occur, leading to human health risks.

We used field observations of off-season durian production and survey data to delineate six relevant periods (Table 5). Site preparation occurs in April, during which herbicide application is needed. Flowering occurs from August-September. Mature fruit harvest occurs from January to March. Immediately after harvest, durian trees must be washed to prevent egg laying by the long-horned beetle and sprayed with herbicides to prepare for next cycle production.


Table 5. Off-season durian production cycle and meteorology.
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The persistent herbicide concentrations in the stream and the inventory of agrochemicals used for off-season durian production explain why the measured glyphosate and paraquat concentrations in surface water were higher than those reported in other regions. In areas of extensive agrochemical use, soil characteristics and tropical climatic conditions mean that upstream watershed areas with substantial off-season durian production release various agrochemicals into the environment, suggesting a greater risk of agrochemical transfer by leaching. Therefore, an agrichemical usage database network should be developed for improved load estimation, with particular attention paid to real-time mitigation, in order to prevent excessive agrichemical loads in environmental media.

However the finding that misuse and overuse of agrochemical is certainly not unique to off-season durian production and can be generalized to diversification into high value crops of Thailand. Results showed that the majority of farmers are dependent on agrochemical dealers or company representatives for information on crop protection. Therefore, this network can be effectively used for regular flow of agrochemical load information. The automatically and updated network agrochemical inventory should be accessed by all relevant stakeholder to manage chemicals throughout their life-cycles and to assist farmers in making correct decisions for the safe and judicious use of agrochemical at the farm level.




CONCLUSIONS

We used farmer surveys to develop an inventory of agricultural chemicals used for off-season durian production, then assessed their release into environmental media (especially surface water). Our results suggest a greater risk of agrochemical transfer by leaching due to the application cycles needed for off-season fruit production. Less than 2/3 of streams in Krungching Sub-district contained residues of glyphosate, paraquat, or both. These showed seasonal fluctuations, with glyphosate concentrations increasing from the end of summer and decreasing during the rainy season, matching the pesticide application calendar. Although variations in off-season durian production practices make it difficult to predict the behavior of environmental residues for specific agricultural substances, the application of a PRTR allowed the highlighting of general trends.

Compiling data on the use of agrochemicals, hazardous containers, and emission factors is difficult, as is estimating emissions from the use phase of end-products. Currently, clear knowledge of emissions from agrochemical use on off-season crops is restricted to certain chemical groups and substances, while little is known about the actual contribution of emissions from agrochemical and fertilizer use to the total emissions of most substances/chemicals. However, we found clear that agrochemicals have now become an integral part of the off-season fruit activity especially in the major fruit exporter region, thus leaving agrochemicals use largely uncontrolled. Therefore, it is important to find effective ways to improve agrochemical management. PRTRs can contribute to environmental release inventory surveillance of harmful and potentially harmful chemicals, improving public tracking and reporting systems for pollutants. Under this protocol, facilities could be required to disclose information on their emissions and waste transport. As pesticide leaching contributes to the risk of environmental damage and undermines control measures, understanding their fate will enable better anticipation to avoid future pollution events. Such a registry will contribute to the reduction of agricultural activity emissions and waste transfers by inducing operators to reconsider their emissions and providing the public with information allowing pressure on operators to reduce emissions. We recommend further research combining PRTR methods and in situ monitoring to assess the current and future effects of agrochemical use in tropical off-season durian systems on water resources. This combined approach has interesting potential for adjusting cropping systems in cooperation with farmers responsible for food safety.
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