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A B S T R A C T   

To promote international collaboration on environmental pollution management and human health protection, 
we conducted a global-level study on the management of pesticides for surface freshwater quality. Prior to ac-
tions being taken in terms of water treatment or remediation, it is essential that clear and definite regulations be 
disseminated. In our study, 3094 surface freshwater quality standards for 184 different pesticides were recorded 
from 53 countries and categorized according to pesticide types and standard types, as well as diverse use of 
freshwater by humans, and compared water quality standards related to human health. Our results indicate large 
variations in pesticide regulations, standard types (i.e., long- or short-term water quality standards), and related 
numerical values. With regard to the protection of human health, the 10 most frequently regulated pesticides 
account for approximately 47% of the total number of standards across 184 considered pesticides. The average 
occurrence-weighted variations of standard values (i.e., numerical values provided in a standard in terms of 
residue limits of a given pesticide in water) for the 20 most regulated persistent organic pollutants (POPs) and 
other phase-out pesticides (i.e., pesticides not currently-approved for use in agriculture across various countries) 
are 4.1 and 2.6 orders of magnitude, respectively, with human-exposure related standard values for some pes-
ticides varying with over 3 orders of magnitude (e.g., lindane). In addition, variations in water quality standard 
values occurred across standard types (e.g., maximum and average), water use types (e.g., unspecified waters and 
human consumption), and standard values (e.g., pesticide individuals and groups). We conclude that regulatory 
inconsistencies emphasize the need for international collaboration on domestic water treatment, environmental 
management as well as specific water quality standards for the wider range of current-use pesticides, thereby 
improving global harmonization in support of protecting human health.   

1. Introduction 

Among anthropogenic pollutants that can reach the freshwater 
environment, pesticides take a special role due to their environmental 
release in large quantities and because they are designed to affect 
selected pests but can frequently also harm several non-target species 
(Bueno et al., 2017; Fantke, 2019; Fantke et al., 2012, 2021; Hageman 
et al., 2006; Legind et al., 2011; Quaglia et al., 2019; Rasmussen et al., 
2015; Rein et al., 2011; Villamizar et al., 2020; Vryzas et al., 2009; Wang 
et al., 2020). A wide range of pesticides is continuously detected 
worldwide in lakes, rivers, streams, and ponds, and found in drinking 
water sources, which can increase population health risks and damage 
biodiversity and ecosystem health (Brovini et al., 2021; Carazo-Rojas 
et al., 2018; Das et al., 2020; Di Guardo and Finizio, 2018; Glinski et al., 

2018; Navarrete et al., 2018; Regrain et al., 2021; Stehle and Schulz, 
2015). In addition to groundwater, surface freshwater is a major source 
of urban water supply (Padowski and Gorelick, 2014). Although fresh-
water can be treated to remove some certain pesticides, high costs of 
treatment technologies challenge the removal of a wider range of pes-
ticides from surface and drinking water in many regions around the 
world (de Souza et al., 2020; Matsushita et al., 2018). As one of the most 
important natural resources, surface freshwater is exploited for various 
types of uses, including aquatic farming, agricultural irrigation, live-
stock watering, and human consumption; with the rapid development of 
human societies and continuous population growth, the need for clean 
surface freshwater and strict environmental laws to protect human 
health has become one of the priorities. Thus, strict chemicals residue 
management and standards are required for surface freshwater to ensure 
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high water quality and to protect human and environmental health. 
To ensure drinking water safety and quality, the development of new 

monitoring and remediation technologies for drinking water sources (e. 
g., lakes and rivers) is needed for treating especially less mobile, 
persistent and toxic pesticides (e.g., via physical absorption treatment). 
However, such technologies come with high research and development 
(R&D) as well as implementation costs (e.g., membrane treatment) 
(Agboola, 2019) for both chemical industry and farmers, while options 
are limited to cover the wide range of authorized pesticides on many 
markets. Hence, many residue mixtures can still be frequently detected 
in drinking water treatment plants (Sun et al., 2020), but due to different 
physicochemical properties of pesticides, it is difficult to efficiently 
remove these compound mixtures via conventional treatment methods 
(Marican and Durán-Lara, 2018). Therefore, until cost-efficient 
advanced technologies become widely available, proper management 
of pesticides in surface freshwater from local to global scale is crucial for 
reducing water treatment burdens and to proactively protect drinking 
water sources. As agrochemical trade and environmental pollution have 
both become global phenomena, there is an urgent need for effective 
international collaboration on environmental management, especially 
for transboundary waters, which includes corresponding water quality 
standards (defining residue limits for pesticides in water) and pesticide 
regulations (for the authorization and registration of pesticides for use in 
different agricultural applications). Inconsistencies in the variability in 
legally allowed pesticide water concentrations underline the need for 
international collaborations on environmental remediation and surface 
freshwater quality management. Efforts for harmonizing standards have 
already focused on other environmental media (e.g., residential soils 
and drinking water) (Fantke et al., 2016, 2018; Jennings and Li, 2014a; 
Li and Jennings, 2018; Woods et al., 2018); however, there is an urgent 
need for globally applicable and consistent regulations and standards for 
pesticide residues in surface freshwater. 

Surface freshwater quality standards (hereafter referred as water 
quality standards) of pesticides are legal residue levels in surface 
freshwater bodies (e.g., ponds, lakes, rivers, etc.) preventing negative 
consequences of exceeding a standard (e.g., adverse human or ecological 
health effects) (European Commission, 2013), which are usually 
promulgated by legal authorities (e.g., environmental agencies) and 
international organizations such as the World Health Organization 
(WHO) and the European Union (EU) in regulatory jurisdictions as 
pesticide regulations. This means that countries, territories, and regions 
can provide their own pesticide regulations, of which large variabilities 
in the derived standard values can be always observed (Jennings and Li, 
2014a; Li and Jennings, 2017, 2018). However, differences in allowed 
pesticide residues in surface freshwater, including focal pesticides, 
regulatory standards, and different values among regulatory agencies, 
have not yet been comprehensively evaluated. Some notable studies, 
such as by Stehle and Schulz (2015) compared measured levels of pes-
ticides on a global scale to current international guidelines, primarily 
from the EU and the US, and indicated the need for stricter regulations 
regarding the production, authorization and application of pesticides. 
Furthermore, in a technical report, the International Union of Pure and 
Applied Chemistry (IUPAC) (Hamilton et al., 2003) reviewed pesticide 
surface water standards from three countries (Canada, Japan, and the 
US), and drinking water standards from six authorities (Australia, Can-
ada, the EU, New Zealand, the US, and the WHO), with results sug-
gesting that the harmonization of standards should be improved to 
better regulating pesticide residues in water bodies. However, despite 
these initial efforts, a consistent overview of available water quality 
standards with respect to maximum allowable pesticide concentrations 
in freshwater bodies for protecting drinking water sources is still 
missing, but essential to understand differences and minimize differ-
ences in managing pesticides residues in the freshwater aquatic 
environment. 

To address this gap, we provide a starting point to harmonize current 
water quality standards for pesticides in support of improving global 

surface freshwater quality management. We focus on the following 
specific objectives: i) to provide a systematic overview of existing water 
quality standards for pesticides; ii) to classify water quality standards in 
terms of pesticides, standard types, and standard values; and iii) to 
compare and analyze differences in standards across water types and 
regions, and derive recommendations for harmonization. 

2. Methods 

2.1. Collecting quality standards for pesticide residues in freshwater 

We collected water quality standards of pesticides from national 
regulatory bodies of global countries, including 53 countries and 39 
regulatory jurisdictions (Table 1) where data are available. In support of 
our focus on human health, we exclusively considered regulations for 
surface freshwater that have an explicit aim to protect human health. We 
note that some jurisdictions do not specify regulatory targets or clarify 
whether surface freshwater bodies could be directly consumed by 
humans; for conservative considerations, their water quality standards 
were also discussed, since people are allowed to use freshwater re-
sources unless there are certain restrictions. As pesticides usually have 
multiple names (e.g., trade, common, and technical names), the chem-
ical abstracts service registry number (CAS No.) was used to identify 
pesticides. A total of 3094 water quality standards were obtained and 
categorized by water types (e.g., inland surface waters, rivers, lakes, 
etc.) and how surface waters will be processed for human consumption 
(e.g., direct consumption, consumption with conventional or advanced 
treatment, etc.), of which 2929 standards (94.7% of the total number of 
standards) were identified by CAS No. Other standards not identified by 
CAS No. often include ‘total pesticide standard’, ‘individual pesticide 
standard’, and the standard for a group of pesticides. All water quality 
standards collected in our study and the underlying data for conducting 
analyses are provided in the Supplementary Database. 

In case of certain countries such as Ukraine that provide generic 
standards for pesticides (e.g., individual pesticides, sum of pesticides, 
and organochlorine pesticides), standard values were denoted as “un-
known” due to the large number of pesticides in these groups. As 
Nicaragua and Venezuela have standards for organophosphate (OP) and 
carbamate (CM) pesticides, common OP and CM pesticides were 
assigned to these two countries. We note that water quality standards 
are usually part of pesticide registration and monitoring programs, such 
that standards apply to current-use pesticides. However, due to the lack 
of pesticide regulatory and monitoring information in e.g. some Central 
American countries (Vammen et al., 2019), we could not identify the 
exactly registered or monitored OP and CM pesticides in Nicaragua and 
Venezuela; therefore, we applied common OP and CM pesticides to 
perform the regulatory analysis, which were widely regulated or 
monitored by current risk assessment studies (Li, 2018a). The majority 
of pesticide-related standards were collected from primary sources such 
as official governmental websites (i.e., covering 96% of all countries). 
Where water quality standards could not be obtained from primary 
sources, secondary sources such as technical and scientific reports were 
used, which are commonly adopted by current studies (Jennings, 2013). 
This could be due to following reasons: i) official documents are 
encrypted or classified; ii) official documents are in hard-copy form 
rather than available as online electronic version; and iii) websites of 
government officials are could not be accessed. For example, some of 
Italy’s pesticide standards were obtained from a technical report of the 
Organization for Economic Co-operation and Development (OECD). To 
identify pesticide standards from international jurisdictions, Google 
Translate was used to support the translation of relevant information 
reported in 14 different languages into English. Notably, when website 
links for primary sources of regulatory jurisdictions and standard values 
were invalid, readers can perform internet searches using the title or 
keywords of water quality standards of the collected documents by this 
study to locate recent versions of official documents. 
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Table 1 
Summary of pesticide regulations for surface freshwater as of 2021.  

No. Member state of the 
United Nations 

Number of pesticide 
water quality standards 

Number of 
pesticides 

Standard types Water use 
types 

Sources Language 

Africa 
1 Nigeria Unknown  Maximum specific Nigerian Industrial Standard, (2015) English 
Asia 
2 Cambodia 6 6 Maximum generic Royal Government of Cambodia, (2009) English 
3 China 14 14 Maximum specific (China Ministry of Ecology and 

Environment, 2002) 
Chinese 

4 Japan 13 13 Maximum specific (Japan Ministry of the Environment, 1997) English 
5 Laos 7 7 Maximum generic (Laos Water Resources and Environment 

Administration, 2009) 
English 

6 Malaysia 44 15 Maximum/ 
Average 

specific (Malaysia Ministry of Natural Resources 
and Environment, 2006) 

English 

7 Philippines 18 9 Maximum specific (Philippines Department of Environment 
and Natural Resources, 2016) 

English 

8 Saudi Arabia 10 8 Maximum generic (Saudi Arabia General Authority for 
Meteorology and Environment, 2001) 

Arabic 

9 Thailand 7 6 Maximum generic (Thailand Ministry of Natural Resources 
and Environment, 2006) 

English 

10 Vietnam 28 11 Maximum specific (Vietnam Environment Administration, 
2015) 

Vietnamese 

Europe 
EU member states 
11 Austria 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
12 Belgium 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
13 Bulgaria 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
14 Croatia 84 26 Maximum/ 

Average 
generic (Government of the Republic of Croatia, 

2013) 
Croatian   

74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

15 Cyprus 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

16 Czech Republic 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

17 Denmark 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

18 Estonia 48 30 Maximum/ 
Average 

generic (Estonia Environmental Protection Center, 
2018) 

Estonian   

74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

19 Finland 15 6 Maximum/ 
Average 

specific Finnish Environment Institute, (2005) English   

12 10 Maximum/ 
Average 

generic (Finland Ministry of the Environment, 
2006) 

English   

74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

20 France 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

21 Germany 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

22 Greece 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

23 Hungary 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

24 Ireland Unknown 13+ Maximum generic (Ireland Environmental Protection Agency, 
2019) 

English   

74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

25 Italy 1 1 Maximum generic Trans Adriatic Pipeline, (2017) English   
74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
26 Latvia 74 21 Maximum/ 

Average 
generic (European Commission, 2013; The 

Legislation of the Republic of Latvia, 2002) 
Latvian/Multiple 
languages 

27 Lithuania 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

28 Luxembourg 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

29 Malta 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

30 Netherlands 74 21 Maximum/ 
Average 

generic (Government of the Netherlands, 2009) Dutch 

31 Poland 74 21 generic European Commission, (2013) 

(continued on next page) 
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Although Iceland is not a member state of the EU, it adheres to the EU 
surface water regulations, in addition to its national regulations. 
Although the United Kingdom (UK) left the EU on January 31, 2020, EU 
regulations currently still apply, until a new regulatory frame is estab-
lished. The IUPAC technical report (Hamilton et al., 2003) was used to 
obtain Japan’s pesticide standards via “personal communication.” 
However, the pesticide surface water standards collected from the Japan 
Ministry of the Environment are not consistent with the standards in the 
IUPAC technical report, possibly due to information being updated by 
Japan’s officials. In our study, we used standards obtained from the 
primary source (Japan Ministry of the Environment, 1997) as this is the 
official authority. Notably, further communication, discussion, and 
clarification with the IUPAC technical report may be needed. 

2.2. Categorizing water quality standards 

We focused on water quality standards in relation to protecting 
human health. Standards for other uses (e.g., irrigation and navigation) 

as well as ecological health are discussed elsewhere (Howarth, 2006; 
Poole et al., 2004). In cases where water use was not specified, water 
quality standards were considered to be applied across all classes of 
surface freshwater (i.e., “generic”). Where water use was specified, 
standards were categorized as “specific”. For example, European Com-
mission (2013) defines water quality standards as ‘Inland surface wa-
ters’ and ‘Other surface waters’; thus, we considered that these 
standards apply to all water uses. On the other hand, Vietnam Envi-
ronment Administration (2015) classifies surface water bodies for 
human use, navigation, and irrigation, of which water quality standards 
for human use were considered. 

Some environmental agencies define water quality standards for 
freshwater in both fixed type (e.g., maximum concentrations) for short- 
term monitoring (e.g., acute exposure levels) and average types (e.g., 
annual averages) for long-term management (e.g., chronic exposure 
levels). Thus, in Table 1, we labeled water quality standards as 
‘maximum’ and ‘average’ standard types that denote as the maximum 
and average legal limits, respectively. The average legal limit indicates 

Table 1 (continued ) 

No. Member state of the 
United Nations 

Number of pesticide 
water quality standards 

Number of 
pesticides 

Standard types Water use 
types 

Sources Language 

Maximum/ 
Average 

Multiple 
languages 

32 Portugal 74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

33 Romania 9+ 3+ Maximum specific Romanian Standards Institute, (1988) Romanian   
74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
34 Slovakia 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
35 Slovenia 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
36 Spain 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
37 Sweden 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
Non-EU member states 
38 Andorra 18 16 Maximum generic Government of Andorra, (2012) Catalan 
39 Iceland 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
40 Moldova 17 10 Maximum generic OECD, (2007) English 
41 Montenegro 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
42 Norway 74 21 Maximum/ 

Average 
generic European Commission, (2013) Multiple 

languages 
43 Switzerland Unknown Unknown Maximum generic (Swiss Federal Office for the Environment, 

2018) 
English   

74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

44 Ukraine Unknown Unknown Maximum specific Klymenko et al. (2012) Ukrainian 
45 United Kingdom 21 6 Maximum/ 

Average 
generic (United Kingdom Department for 

Environment, Food, 2014) 
English   

74 21 Maximum/ 
Average 

generic European Commission, (2013) Multiple 
languages 

North America 
46 Nicaragua 25+ 24+ Maximum specific Legal Norms of Nicaragua, (2000) Spanish 
47 United States 44 22 Maximum specific USEPA, (2021) English 
South America 
48 Brazil 35 27 Maximum generic Brazilian Regulatory Standard, (2005) Portuguese 
49 Peru 6 3 Maximum specific (Peru Ministry of the Environment, 2008) Spanish 
50 Venezuela 25+ 24+ Maximum specific Venezuela Official Gazette, (1995) Spanish 
Oceania 
51 Australia 101 101 Maximum generic (Australian and New Zealand Environment 

and Conservation Council, 2000) 
English 

52 New Zealand 101 101 Maximum generic (Australian and New Zealand Environment 
and Conservation Council, 2000) 

English   

56 54 Maximum specific (New Zealand Ministry of Environment, 
2008) 

English 

53 Palau 17 17 Maximum specific (Palau Environmental Quality Protection 
Board, 1996) 

English 

Note: European Commission (2013) is available in 21 languages. Number of pesticide water quality standards denotes the total number of the defined standards of 
pesticides in surface freshwater, considering that some pesticides have multiple water quality standards. 
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that pesticide concentrations in the surface water can exceed the water 
quality standard during some time but should be lower than the stan-
dard over the entire regulatory duration (e.g., one day or one year). 
However, if a regulatory agency does not specify “maximum” or 
“average” for water quality standards, we assumed that the standards 
belong to the “maximum” type, in order to be precautionary. 

We note that the number of water quality standards is not equal to 
the number of pesticides introduced by regulatory jurisdictions, because 
many countries introduce more than one set of water quality standards. 
For example, Malaysia Ministry of Natural Resources and Environment 
(2006) introduces water quality standards to protect human health ac-
cording to different treatment levels (i.e., conventional or extensive 
treatment levels). In addition, some countries such as the EU member 
states define water quality standards as both “maximum” and “average” 
types. 

2.3. Mapping water quality standards based on national regulations 

We mapped water quality standards with geographical areas of in-
terest, because surface water bodies can flow through multiple countries 
and require the international collaboration on water quality manage-
ment for protecting human health. In Table 1, we categorized national 
pesticide regulations according to continents. In Africa, only Nigeria 
provides national pesticide regulations for surface freshwater. In Asia, 9 
countries (i.e., 19% of Asian countries) regulate pesticides in surface 
freshwater. In Europe, 35 countries (i.e., 80% of European countries) 
regulate pesticides in national surface water bodies, of which 27 EU 
member states and 8 other countries have water quality standards. 
North America and South America have 2 and 3 countries that provide 
national pesticide regulations for surface freshwater, respectively. In 
Oceania, there are 3 countries having pesticide regulations for surface 
freshwater. Except for Europe, other continents do not have such a 
regulatory union like the EU to harmonize pesticide regulations in sur-
face freshwater. 

3. Results and discussion 

3.1. Overview of water quality standards 

3.1.1. Geographical distribution of water quality standards 
The geographical distribution of the number of water quality stan-

dards for the protection of human health is illustrated in Fig. 1 (Someka 
Excel add-in, Izmir, Turkey) with darker shading indicating a higher 
number of water quality standards. Although, pesticides are widely 
applied on a global scale and the demand for surface freshwater is 
increasing dramatically, only approximately one quarter of countries as 
far as their regulations could be identified in our study have introduced 
pesticide standards for surface freshwaters. The geographical distribu-
tion of the estimated annual total pesticide use per area of cropland 
(FAO, 2019) is illustrated in Fig. S1; the results showed that China and 
countries in Central America have the highest amounts of pesticide use, 
however, compared to other countries, China and countries in Central 
America have low numbers of water quality standards. This indicated 
that some heavily-used pesticides may not have water quality standards 
to protect human health. Some countries in Central and South America, 
such as Costa Rica and Ecuador, where agriculture (e.g., banana, rice, 
coffee) is mainly responsible for the broad application of pesticides (i.e., 
22.9 and 12.36 kg ha− 1 yr− 1), lack related standards for surface water. 
Although some countries have made efforts to define pesticide use, these 
pesticide regulations may not be effective in protecting surface water 
quality due to the limited number of regulated pesticides. For example, 
Cambodia and Thailand define standard values for only six and seven 
pesticides, respectively; however, over 50 and 250 active ingredients 
were imported and used in Cambodia and Thailand, respectively (Mat-
sukawa et al., 2016; Panuwet et al., 2012). 

In addition, the estimated surface freshwater produced and with-
drawn per capita (FAO, 2016) were shown in Fig. S2 and Fig. S3, 
respectively, which indicated that many countries in Africa and Western 
Asia have water scarcity issues. Therefore, stricter environmental laws 
should be implemented for freshwater resources in those countries; 
however, the results illustrated in Fig. 1 showed that nearly all countries 
in Africa and Western Asia are lack of sufficient water quality standards 
of pesticides in surface water for protection human health (i.e., less than 
10 water quality standards). In contrast, many European countries are 

Fig. 1. Geographical distribution of number of water quality standards of pesticides in surface freshwaters.  
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member states of the EU and have adopted EU regulations for pesticide 
use including 74 surface water standards for 21 different pesticides, 
which is more than most countries worldwide. We note that for drinking 
water, the EU adopts a pragmatic approach and uses a default value of 
10− 4 mg L− 1 for all pesticides (European Commission, 1998), where 
more specific values are lacking. If a surface freshwater body is defined 
as drinking water source that can be directly consumed by humans 
without any treatment, then the pesticide regulation of drinking water 
can be applied for surface freshwater; otherwise, pesticide regulations 
for drinking water and surface freshwater should be independent. 
Although European Commission (2013) states that member states have 
to comply with the pesticide regulation of drinking water (European 
Commission, 1998), if the surface freshwater is intended for human 
consumption; however, it is unclear how in such cases surface fresh-
water bodies will be further utilized and processed for drinking water 
treatment. For example, China classifies surface freshwater bodies into 
five types: natural conservation (type I), human living and consumption 
(types II and III), industrial and non-direct exposure recreation uses 
(type IV), and agricultural use (type V). Other countries such as Malaysia 
and Philippines clarify the regulatory relationship between the surface 
freshwater and drinking water by considering water treatment methods; 
therefore, in these countries, pesticide regulations in surface freshwater 
and drinking water can be integrated to protect human health. Even 
though, the regulatory consistency of the EU makes it easier for Euro-
pean countries to manage transboundary surface freshwater in terms of 
environmental quality and pollution control. In addition to EU regula-
tions, a number of countries have also developed their own regulations 
that assist in the management of local surface waters. For example, 
Finland has proposed two sets of surface water regulations focusing on 
aquatic health, while Estonia and Croatia have a further set of surface 
water standards. In addition to the regulatory cooperation in Europe, 
Australia and New Zealand have also collaborated on the management 
of surface water quality, with 101 water quality standards for 101 pes-
ticides, which were introduced for recreational purposes. Furthermore, 
New Zealand has developed 56 standards for the regulation of drinking 
water, because New Zealand Ministry of Environment emphasizes that 
when surface freshwater bodies are used as drinking water or drinking 
water sources, pesticide regulations for drinking water must be applied. 

3.1.2. Pesticide regulations for sharing-watershed countries 
Unfortunately, transboundary collaborations are lacking in other 

continents, especially in countries that share transboundary surface 
freshwaters. As surface freshwaters are often used for recreational pur-
poses and serves as drinking water source for nearby residents, it is 
important to collaborate on water quality standards for human health 
protection among countries that share watersheds. For example, China 
shares over 100 rivers and lakes with 18 downstream countries (He 
et al., 2014); however, there is no consistent pesticide regulation for 
managing transboundary surface freshwaters, for which only Cambodia, 
Laos, Thailand, and Vietnam provide water quality standards. China 
regulates 14 pesticides for surface freshwaters, indicating that at least 14 
pesticides had been largely used or frequently detected in surface 
freshwaters; thus, downstream countries sharing surface waters with 
China should also focus on these 14 pesticides that could affect the 
downstream water quality. However, the numbers of pesticides regu-
lated by Cambodia, Laos, and Thailand are much less than in China, 
which could result in no legal restriction for managing the pesticides 
emitted by upstream countries. Although Vietnam defines 28 water 
quality standards for 11 pesticides to protect human health, its regula-
tory set of pesticide standards does not have sufficiently large overlap 
with China’s regulatory set of standards. All water quality standards of 
Vietnam are introduced for legacy pesticides (e.g., HCHs and DDTs), and 
some current-use pesticides in China (e.g., atrazine, chlorothalonil, and 
malathion) do not have any water quality standards for human health 
protection. Studies showed that current-use pesticides were frequently 
detected in Mekong River in Vietnam (Dao et al., 2017), which could 

originate from upstream croplands or the surface-groundwater interac-
tion in neighboring regions. In addition, even for the same pesticide, 
water quality standards provided by China and Vietnam differ sub-
stantially. For example, China uses a standard of 2.0 × 10− 3 mg L− 1 for 
lindane, which is 100 times higher than the water quality standard of 
lindane used by Vietnam; thus, it could make water remediation and 
treatment of lindane difficult for Vietnam, because the upstream regu-
lation allows higher lindane levels in surface freshwaters than the 
downstream regulation. 

In South America, at least six countries, including Brazil, Bolivia, 
Colombia, Ecuador, Peru, and Venezuela, share the Amazon Basin, 
where the Amazon River and its tributaries flow through these six 
countries and serve as important resources (e.g., drinking water, recre-
ation, etc.) for their populations. As pesticides are largely applied to the 
nearby croplands, pesticide contamination in the Amazon River has 
caused a great health concern to populations (da Silva et al., 2021). 
However, only three countries including Brazil, Peru, and Venezuela 
have pesticide regulations in surface freshwaters related to human 
consumption, where their water quality standards vary significantly. For 
example, only 3 pesticides are regulated by Peru, but Brazil and 
Venezuela regulate 27 pesticides and at least 24 pesticides, respectively. 
In addition, most pesticides regulated by these three countries are legacy 
pesticides, which could not be effective to ensure drinking water safety 
as little water quality standards are introduced for current-use 
pesticides. 

Furthermore, countries sharing transboundary surface freshwaters 
should clarify the type of water uses, which can help to achieve the goal 
of human health protection and the unified target of water remediation. 
For example, Canada and the United States share a large area of surface 
freshwaters, i.e., The Great Lakes, of which the water quality can affect a 
large number of populations, because the Great Lakes are recreational 
resources and drinking water sources for nearby cities. However, Can-
ada and the United States hold different regulatory perspectives toward 
pesticide regulations for surface freshwaters. The United States derives 
water quality standards based on human health for the consumption of 
water or aquatic organisms (e.g., fish); whereas Canada does not have 
water quality standards for human health protection but regulate pes-
ticides in surface freshwaters for irrigation, livestock, and aquatic spe-
cies (Hamilton et al., 2003). Human and animal species have 
significantly different exposure patterns and toxicological responses of 
freshwater residues, resulting in the variation of pesticide regulations 
between Canada and the United States. For example, Canada regulates 
many current-use pesticides such as MCPA and trifluralin that are not 
regulated by the United States. We note that the United States also uses 
water quality standards for protecting aquatic species; however, as the 
Great Lakes are used for recreational purposes and drinking water 
sources for regions in the United States (Xagoraraki et al., 2007), water 
quality standards for protecting human health should have a priority. As 
a result, these two countries share a large area of surface freshwaters but 
do not share a consistent set of water quality standards for managing 
pesticides in the Great Lakes, which could lead to transboundary con-
taminations and remediation challenges. 

3.2. Variability of water quality standards 

3.2.1. Variability of the number of water quality standards 
Although pesticide regulations exist for 184 different pesticides 

globally (referred to the Supplementary database), the number of water 
quality standards for these pesticides is not evenly distributed, with 
some historically popular pesticides accounting for more regulatory 
resources than current-use pesticides. The 46 top regulated pesticides 
with a number of water quality standards greater or equal to 5 are 
summarized in Table 2, including regulatory occurrences, highest and 
lowest values of water quality standards across corresponding countries, 
and order-of-magnitude variations (i.e., log10 (highest/lowest)). It 
should be noted that only the water quality standards derived for the 
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Table 2 
Summary of the most frequently regulated pesticides.  

Chemicals CAS No. Number of water 
quality standards 

Highest water quality 
standard values (mg 
L− 1) 

Sources Lowest water quality 
standard values (mg 
L− 1) 

Sources Log10 

(Highest/ 
Lowest) 

Stockholm Convention Persistent Organic Pollutants (POP) List 
Lindane 58-89-9 152 2.0E-02 Moldova 2.0E-06 EU 4.0 
a-HCH 319-84- 

6 
140 2.0E-02 Laos 3.6E-07 United States 4.7 

b-HCH 319-85- 
7 

138 2.0E-02 Moldova 2.0E-06 EU 4.0 

Pentachlorophenol 87-86-5 137 1.0E-02 Moldova 9.0E-06 Brazil 3.0 
d-HCH 319-86- 

8 
137 2.0E-02 Moldova 2.0E-06 EU 4.0 

Simazine 122-34- 
9 

135 4.0E-03 EU 1.0E-03 Ireland 0.6 

Endosulfan 115-29- 
7 

134 1.0E-02 Malaysia 5.0E-07 Croatia 4.3 

Hexachlorocyclohexane 608-73- 
1 

130 4.0E-05 EU 2.0E-06 EU 1.3 

DDT 50-29-3 88 1.0E+00 Laos 2.4E-08 Palau 7.6 
Aldrin 309-00- 

2 
87 1.0E-01 Laos 7.7E-10 United States 8.1 

Dieldrin 60-57-1 85 1.0E-01 Laos 1.2E-09 United States 7.9 
Endrin 72-20-8 78 1.0E-03 Australia and New 

Zealand 
5.0E-06 EU 2.3 

DDD 72-54-8 73 1.0E-03 Brazil, New Zealand, 
and Vietnam 

2.4E-08 Palau 4.6 

DDE 72-55-9 73 1.0E-03 Brazil, New Zealand, 
and Vietnam 

1.8E-08 United States 4.7 

Heptachlor 76-44-8 16 2.0E-01 Laos 2.0E-10 Estonia 9.0 
Heptachlor epoxide 1024- 

57-3 
16 2.0E-01 Laos 2.0E-10 Estonia 9.0 

Chlordane 57-74-9 13 6.0E-03 Australia and New 
Zealand 

3.1E-07 United States 4.3 

Isodrin 465-73- 
6 

68 1.0E-05 EU 5.0E-06 EU 0.3 

Toxaphene 8001- 
35-2 

8 4.0E-03 Philippines 2.8E-07 Brazil 4.2 

Alpha-endosulfan 959-98- 
8 

7 7.4E-02 Palau 1.0E-06 Ireland 4.9 

Phase-out pesticides 
Atrazine 1912- 

24-9 
138 5.0E-01 Moldova 6.0E-04 EU 2.9 

Chlorpyrifos 2921- 
88-2 

136 1.0E-01 Nicaragua and 
Venezuela 

3.0E-05 EU 3.5 

Alachlor 15972- 
60-8 

134 2.0E-02 New Zealand 3.0E-04 EU 1.8 

Chlorfenvinphos 470-90- 
6 

133 1.0E-02 Australia and New 
Zealand 

1.0E-04 EU 2.0 

Isoproturon 34123- 
59-6 

132 1.0E-02 New Zealand 3.0E-04 EU 1.5 

Diuron 330-54- 
1 

73 4.0E-02 Australia and New 
Zealand 

2.0E-04 EU 2.3 

Trifluralin 1582- 
09-8 

70 5.0E-01 Australia and New 
Zealand 

3.0E-05 EU 4.2 

Dichlorvos 62-73-7 9 1.0E-01 Nicaragua and 
Venezuela 

6.0E-07 Estonia 5.2 

Dimethoate 60-51-5 9 1.0E-01 Australia and New 
Zealand 

7.0E-04 Finland 2.2 

2,4,5-TP 93-72-1 8 8.5E-01 Malaysia 4.0E-03 Malaysia 2.3 
Chlorothalonil 1897- 

45-6 
6 5.0E-02 Japan 3.5E-06 United Kingdom 4.2 

2,4,5-T 93-76-5 6 1.6E-01 Malaysia 2.0E-03 Australia, Brazil, 
and New Zealand 

1.9 

Azinphos-methyl 86-50-0 6 1.0E-01 Nicaragua and 
Venezuela 

5.0E-06 Brazil 4.3 

Carbaryl 63-25-2 6 1.0E-01 Nicaragua and 
Venezuela 

7.0E-02 Brazil 0.2 

Carbendazim 10605- 
21-7 

6 2.0E-01 Australia and New 
Zealand 

1.0E-04 United Kingdom 3.3 

Methoxychlor 72-43-5 6 5.0E-02 Philippines 2.0E-05 United States 3.4 
Carbofuran 1563- 

66-2 
5 1.0E-01 Australia and New 

Zealand 
8.0E-03 New Zealand 1.1 

Diazinon 333-41- 
5 

5 1.0E-01 Nicaragua and 
Venezuela 

5.0E-03 Japan 1.3 

Parathion-methyl 5 1.0E-01 2.0E-03 China 1.7 

(continued on next page) 
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pesticides identified by CAS No. were used for the statistics in Table 2. 
The 10 most frequently regulated pesticides, including seven 

persistent organic pollutants (POPs), account for approximately 47% of 
the total number of standards (1381 water quality standards) (Fig. 2a), 
while the 20 most regulated pesticides account for approximately 80% 
of the total standards (2333 water quality standards), including 15 
POPs. This regulatory imbalance in the standard distribution of regu-
lated pesticides indicates the need for countries to update their 

regulations to include current-use pesticides. For example, there are 
only 6 and 8 water quality standards of glyphosate and 2,4-D, respec-
tively, introduced for human health protection, although both are top- 
used herbicides and frequently detected in surface freshwaters world-
wide (Brovini et al., 2021; Hosseini and Toosi, 2019; Lozano et al., 2018; 
Okada et al., 2020). Notably, some countries provide water quality 
standards for pesticides in a more general fashion, e.g., as “individual 
pesticides” in Ireland’s regulations, “pesticide sum” in Ukraine’s 

Table 2 (continued ) 

Chemicals CAS No. Number of water 
quality standards 

Highest water quality 
standard values (mg 
L− 1) 

Sources Lowest water quality 
standard values (mg 
L− 1) 

Sources Log10 

(Highest/ 
Lowest) 

298-00- 
0 

Nicaragua and 
Venezuela 

Permethrin 52645- 
53-1 

5 3.0E-01 Australia and New 
Zealand 

1.0E-06 United Kingdom 5.5 

Current-use pesticides in major agricultural producing countries or regions 
Malathion 121-75- 

5 
9 1.0E-01 Australia and New 

Zealand 
1.0E-05 Ireland 4.0 

2,4-D 94-75-7 8 1.2E+01 United States 3.0E-02 Brazil 2.6 
Pendimethalin 40487- 

42-1 
7 6.0E-01 Australia and New 

Zealand 
3.0E-04 United Kingdom 3.3 

Glyphosate 1071- 
83-6 

6 2.0E-01 Australia and New 
Zealand 

2.0E-01 United Kingdom 0.0 

MCPA 94-74-6 6 1.5E-02 Finland 1.0E-04 Estonia 2.2 
Pirimiphos-methyl 29232- 

93-7 
5 1.0E-01 New Zealand, 

Nicaragua, and 
Venezuela 

6.0E-02 Australia and New 
Zealand 

0.2 

Note: Phase-out pesticide (or not approved) is defined by the pesticide that is banned in at least one of major agricultural producing countries or regions (i.e., Brazil, 
China, the EU, and the United States). 

Fig. 2. Variability of worldwide pesticide standards for surface freshwater including (a) the number of water quality standards for individual pesticides, (b) the age 
of pesticide regulations, and (c) plots of highest, median, and lowest values of water quality standards for commonly regulated pesticides with a number of standards 
greater than 50. 
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regulations, and “organochlorine insecticides” in Romania’s regulations, 
thereby allowing for the legal management of all pesticides detected in 
the environment and proactively covering newly developed pesticides. 
The regulatory imbalance of the number of water quality standards 
between phase-out and current-use pesticides can be explained by the 
history of developing pesticide regulations. For 33 different regulation 
sources including 30 national jurisdictions, two technical report, and 
one research literature, the average regulatory standard is 14 years old 
(to 2021), and 21 sources were last updated at least a decade ago 
(Fig. 2b), resulting in outdated regulations with a lack of water quality 
standards for current-use pesticides. Five countries, including Ireland, 
Japan, Palau, Romania, and Venezuela, are using their pesticide regu-
lations that were updated in the last century. In the 21st century, more 
than 5000 patents had been applied for active ingredients of pesticides 
globally (Umetsu and Shirai, 2020), and over 17,000 pesticide products 
with more than 800 active ingredients are being sold in the market 
(Schecter, 2008); thus, we recommend that regulatory agencies regu-
larly update their pesticide regulations for new registered and approved 
pesticides. Although Romania has the oldest regulations (33-years), it 
conservatively provides standards for all possible organochlorine in-
secticides, possibly due to the lack of toxicological information three 
decades ago. Also, even though Ireland promulgated pesticide regula-
tion for surface freshwaters in 1993, Ireland conservatively introduces 
water quality standards for pesticides as “individual pesticides” and 
adopts the EU regulation, which can compensate its 28-year-old pesti-
cide regulation. On the contrary, the USEPA frequently updates their 
regulations and currently has 44 water quality standards on 22 different 
pesticides based on human direct consumption (i.e., water or aquatic 
organisms), which includes many currently registered and used pesti-
cides in the United States such as chlorpyrifos, 2,4-D, 2,4,5-TP, diazinon, 
malathion, and methoxychlor. 

3.2.2. Variability of standard values 
Due to the demands of various anthropogenic activities on surface 

waters and different regulatory purposes (recreation, drinking water, 
consumption with treatment, etc.), a large number of disagreements 
concerning pesticide water quality standards have emerged (Fig. 2c). 
From our results, the average order-of-magnitude variation weighted by 
the number of standards for the 20 top-regulated POP pesticides is 4.1. 
The largest variance in the values of water quality standards occurs for 
heptachlor and heptachlor epoxide, with a difference of 9 orders of 
magnitude between Laos (highest values) and Estonia (lowest values). 
Notably, the standard values of heptachlor and heptachlor epoxide used 
by Estonia (average annual environment quality limit in terrestrial 
surface water) are 2.0 × 10− 9 mg L− 1, which are much lower than the 
current detection limit (McManus et al., 2013). The second largest 
order-of-magnitude variation of 8.1 was obtained from aldrin water 
quality standards, with a lowest value of 7.7 × 10− 10 mg L− 1 from the 
United States and a highest value of 0.1 mg L− 1 from Laos. This large 
range is present as the United States derives water quality standards 
based on more than one exposure pathways (i.e., the direct consumption 
of water and aquatic organisms), while Laos separates surface water 
quality standards from drinking water. Laos is located at the lower 
Mekong basin, where human exposure to aldrin from surface freshwa-
ters can happen via a number of direct exposure routes (e.g., recrea-
tions). However, Laos has not developed an aldrin standard for drinking 
water nor mentioned the use type of surface water, making remediation 
and treatment more difficult. The lowest order-of-magnitude variation 
of 0.3 was obtained for standards related to the pesticide isodrin, nearly 
all of which are used by European countries that have adopted the EU 
standards. The highest and lowest values of isodrin water quality stan-
dards are from the EU’s maximum and average legal limits. 

In addition, for the 20 top regulated POP pesticides, Laos contributes 
the highest values for six pesticides, the highest occurrence across all 
countries, and New Zealand and Moldova contribute the highest values 
for four pesticides each. Two of the highest values related to New 

Zealand are used by the New Zealand Ministry of Environment, which 
aims to protect drinking water sources (i.e., drinking water criteria), 
while the remaining pesticides, endrin and chlordane are regulated by 
the Australian and New Zealand Environment and Conservation Coun-
cil, which has the objective of protecting human health for recreational 
purposes. For Moldova, all highest values are derived by a Hygienic 
Regulation that aims to protect surface water for ingestion (drinking 
water and food industry) and recreation. However, these values are not 
strict when compared with other regulations of Moldova (i.e., the rules 
for protection of surface waters (RPSW)). On the other hand, the EU has 
lowest values for six of the 20 top regulated POP pesticides, indicating 
their stringent standards regarding surface water quality. The United 
States has five lowest standard values, which are extremely low even 
compared to drinking water standards (Li and Jennings, 2018), because 
the USEPA derived their water quality standards based on the con-
sumption of both water and organisms, of which aquatic foods such as 
fish can uptake and bioaccumulate high levels of POP pesticides due to 
their high lipophilicity (Fantke, 2019). 

For the 20 top regulated phase-out pesticides that are not approved 
or banned by one of major agricultural producing countries (or regions), 
the average order-of-magnitude variation weighted by the number of 
standards is 2.6, which is approximately 1.5 orders of magnitude lower 
than that of the POP pesticides. There are two major reasons causing the 
phase-out pesticides have less variations of water quality standards than 
the POP pesticides. First, worldwide countries have much smaller 
numbers of water quality standards for the phase-out pesticides than 
those of the POP pesticides. 13 phase-out pesticides have the number of 
water quality standards less than 10, whereas only two POP pesticides 
have the number less than 10. Smaller number of water quality stan-
dards for a pesticide means that less countries regulated this pesticide in 
surface freshwaters for human health protection, which probably leads 
to a smaller variability of water quality standards if some regulatory 
jurisdictions that always have extremely high or low standards do not 
have the related water quality standards. For example, Laos and Mol-
dova, which have high values of water quality standards for POP pes-
ticides, have few water quality standards for the phase-out pesticides. 
Second, these top regulated phase-out pesticides were designed and 
produced later than the POP pesticides, for which toxicological profiles 
and environmental fate properties had been more completely studies 
than those of the POP pesticides. Also, the development of analytical 
methodology (e.g., equipment detection limit and measurement accu-
racy) as well as public attention toward health and safety (e.g., social 
demand and political interest) further made the water quality standards 
of phase-out pesticides more consistent than those of the POPs. Thus, 
regulatory agencies can make an agreement on the derivation of water 
quality standards for these phase-out pesticides based on the well- 
studied toxicity and environmental fate. 

For current-use pesticides, there are only six pesticides having the 
number of water quality standards greater or equal to five, and all 
numbers are less than 10. Even though, three of these pesticides, 
including malathion, 2,4-D, pendimethalin, and MCPA, have the order- 
of-magnitude variation larger than 2.0. This indicates that most coun-
tries should review and update pesticide regulations in surface fresh-
waters to protect human health against current-use pesticides. 

3.2.3. Variability of standard types 
To further compare pesticide regulations among countries, we 

compared water quality standards according to standard types, 
including maximum, short-term average (e.g., 24 h), and long-term 
average (e.g., annual average) types. Fig. 3a displays water quality 
standards of lindane in logarithmic form plotted against the rank of 
standard values for each standard type. Overall, there are 85 water 
quality standards belong to the maximum type, of which span the widest 
range with 3.3 orders of magnitude. However, there are only two water 
quality standards belong to the short-term average (i.e., 24 h) type, 
which are used by Malaysia. For the long-term average type, 64 water 
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quality standards only vary one order of magnitude. This is because 
these 64 standards come from the EU regulation, where only two 
different values are used, i.e., ‘inland surface waters annual average’ and 
‘other surface waters annual average’. While, for the maximum type, 44 
countries define water quality standards for lindane, of which at least 11 
countries did not adopt the EU regulation, resulting in a larger variation 
in standard values compared to other standard types. In addition, a 
variation of greater than three orders of magnitude was found between 
the two Moldovan regulations (RPSW and Hygienic regulation) that 
provide water quality standards for hexachlorocyclohexane, which is a 
common pesticide isomer that includes gamma-hexachlorocyclohexane, 
i.e., lindane. The water quality standards introduced by RPSW are much 
more strictly than by the Hygienic Regulation, even though the Hygienic 
Regulation derives water quality standards for human ingestion usage. 
The USEPA defines lindane water quality standards as 4.2 × 10− 3 and 
4.4 × 10− 3 mg L− 1 for human consumption of water and organism and 
human consumption of water, respectively, which are higher than those 
of other countries, possibly due to the fact that the derivation does not 
consider other water-related exposure pathways (i.e., recreation activ-
ities). In addition to a number of large data clusters shared by EU 
member states, a small data cluster was found at 2 × 10− 3 mg L− 1, 
consisting of seven values from five countries including Brazil, China, 
Malaysia, New Zealand, and the Philippines. We inferred that the value 
for this small data cluster could originate from WHO’s drinking water 
standard 2 × 10− 3 mg L− 1 for lindane (WHO, 2011). Notably, Malaysia 
provides standards for both “BHC” and “lindane,” both of which we have 
included under lindane to comprehensively analyze the respective 
standards. This regulatory vagueness could be avoided by using unique 
identification codes (e.g., CAS No.). With the exception of European 
countries, most other countries use water quality standards as the 
maximum type or did not specify the type of water quality standards. 

In general, the values of water quality standards belong to the 
maximum type are higher than those of the average types, because the 
maximum-type standards usually serve as the ceiling legal limit to 
protect acute exposure risks which should be higher than the average- 
type standards. Even though, we observed that 81% of water quality 
standards belonging to the maximum type are lower than the lowest 
value of the water quality standards belonging to the short-term average 
type. Also, three maximum-type standards from Palau, Moldova, and 
Saudi Arabia are lower than 50% of the standards belonging to the long- 
term average type. This difference of water quality standards among 
different standard types could create collaboration barriers in managing 
the transboundary surface freshwaters among neighboring countries. 

Compared to lindane, water quality standards of atrazine displayed 
in Fig. 3b show a more harmonized trend, probably because less coun-
tries regulated atrazine in surface freshwater for human health protec-
tion and toxicity of atrazine had been well studied when its standards 
were derived. There are 73 and 65 water quality standards of atrazine 
that belong to the maximum and long-term average type, respectively, 
and there is no standard belonging to the short-term average type, 
because Malaysia does not regulate atrazine in surface freshwaters, 
where short-term standards were specified. The maximum-type stan-
dards of atrazine span over 2.9 order of magnitude, while the average- 
type standards have the same value. In addition, all maximum-type 
standards of atrazine are higher than the average-type standards, 
except for one standard that is equal to the average-type standards. 
Compared to water quality standards of lindane, the results of atrazine 
indicate that agencies had made progress toward the harmonization of 
pesticide regulations for surface freshwaters with respect to human 
health protection, but there is still approximately 3.0 order-of- 
magnitude variation for atrazine standards that needs to be further 
investigated. Other current-use pesticides have the similar trend of 
variability of standard types (e.g., Fig. S4 and Fig. S5 for diuron and 
trifluralin, respectively). 

3.3. Recommendations toward regulatory harmonization 

3.3.1. What pesticides should be prioritized 
Our results indicate that POP and phase-out pesticides have many 

more water quality standards than current-use pesticides. Although POP 
and phase-out pesticides could still be detected due to their environ-
mental persistency and ubiquity, their residue levels in surface fresh-
waters are decreasing (Yang et al., 2019), because many countries have 
banned these pesticides for use and worldwide manufacturers reduced 
their production volumes. Thus, regulatory agencies can keep their 
water quality standards for POP and phase-out pesticides or adopt 
pesticide regulations from other countries to perform regular moni-
toring for these pesticides, which could be suitable for neighboring 
countries that have a similar climate and water use patterns (e.g., the 
United States and Canada). We note that the United States and Canada 
have regional regulations (e.g., state or provincial laws); then, it is 
recommended that states and provinces located in the Great Lakes Re-
gion could collaborate on developing water quality standards for the 
Great Lakes. However, for current-use pesticides, most countries have 
not yet updated their water quality standards to match their pesticide 
registration programs. Therefore, we suggest that regulatory agencies 
should focus on current-use pesticides and introduce water quality 
standards to protect human health against the pesticides that are 
nowadays regularly being released into the environment. For example, 
some pesticides (e.g., cybutryne and terbutryn) are in the priority sub-
stance list, but they are not commonly defined by worldwide regulatory 
agencies. To achieve this goal, several recommendations could be 
helpful: i) regularly checking with environmental monitoring programs 
to record pesticides that are frequently detected in surface freshwaters; 
ii) communicating with pesticide registration programs to propose 
water quality standards for pesticides that have recently been approved 
for use; iii) working with statistics department on pesticide usage reports 

Fig. 3. (a) Lindane water quality standards plotted by standard types. (b) 
Atrazine water quality standards plotted by standard types. Vertical axis: log-
arithm (10-base) of standard values (mg L-1). Horizontal axis: rank of standard 
values in each standard type. The underlying data are provided in the Sup-
plementary Database. 
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to generate a priority list of pesticides by emission volumes; iv) using 
decision support tools to identify priority pesticides for further regula-
tion in freshwaters (Peña et al., 2019); and v) updating physicochemical 
properties and toxicological profiles (toward both humans and aquatic 
ecosystems) to identify pesticides with high-risk potentials or pesticides 
that drive unsustainable impact patterns for humans or the environment 
(Fantke and Illner, 2019). 

3.3.2. How water quality standards should be derived 
According to our collection of pesticide regulations, we found that 

worldwide countries did not make an agreement on the derivation 
process of water quality standards. Some countries such as Brazil and 
China define water quality standards based on the ingestion of water 
(with or without treatment). Some jurisdictions such as the USEPA 
consider the consumption of both water and organisms (USEPA, 2021). 
Some countries such as Australia and New Zealand regulate pesticides in 
surface freshwaters for recreation purposes. Also, some other countries 
have not specified what their water quality standards are derived for. 
Because surface freshwaters can serve as various types of resources for 
humans, depending on geographical locations, geological conditions, 
background quality conditions, etc., it is necessary for regulatory 
agencies to derive water quality standards of pesticides by considering 
all possible water-related exposure routes. 

To protect human health, a clear legal relationship between the 
surface freshwater and drinking water source is needed. We note that the 
EU’s regulatory approach for drinking water (i.e., setting a default legal 
limit when standard values are not available for specific pesticides) can 
be used as the ‘Miscellaneous Provisions’ for new-registered pesticides 
(European Commission, 1998). For example, in the past decade, five 
neonicotinoids (i.e., acetamiprid, clothianidin, imidacloprid, thiaclo-
prid, and thiamethoxam) were approved for use in most European 
countries, which resulted in high-frequent detections of residues in 
surface freshwaters (Voigt and Jaeger, 2021). Due to their ecotoxic ef-
fects to aquatic organisms, these neonicotinoids are on the EU Watch List 
(European Commission, 2018; Voigt and Jaeger, 2021). Although the EU 
does not define specific standard values for these five neonicotinoids in 
surface freshwaters (European Commission, 2013), however, when the 
surface water bodies are defined as primary drinking water sources, the 
default value ‘1.0 × 10− 4 mg L− 1 for individual substance’ in drinking 
water regulation is legally effective to them with regard to drinking 
water source protection and residue remediation (European Commis-
sion, 1998). But the use type of water is not specified by many countries, 
and we recommend that each water body is supported by use 
type-specific water quality standards. In some regions, surface fresh-
water is not defined as a primary drinking water source but can be used 
for human consumption after a treatment; and establishing 
treatment-specific global quality standards, considering water use and 
treatment processing, and integrating drinking water regulations can 
help find standardized treatments and promote international trade of 
water commodities, where the effort to find the right treatment tech-
nology unites global and non-local citizens. 

Furthermore, the regulation of mixtures of pesticides with other 
pesticides or other compounds in water should be considered. Many 
countries do not define water quality standards for a group of pesticides 
or other chemicals, particularly for organophosphate and carbamate 
mixtures that share the same toxic mode of action. As there are always 
multiple chemicals in surface freshwaters, lacking regulations on 
chemical mixtures could result in an underestimation of adverse health 
effects. Thus, some recommendations herein could be helpful: i) iden-
tifying all major exposure routes of water residues; ii) developing 
screening risk models to derive water quality standards based on 
different exposure scenarios; iii) working with water treatment plants to 
evaluate pesticide removal efficiencies in drinking water and optimize 
water quality standards when the food processing is considered, iv) 
considering all types of water uses, including aquatic life protection, 
aquatic farming, irrigation, livestock watering, landscape harmony, 

human consumption after a treatment, and recreation, and v) defining 
water quality standards for chemical mixtures. 

3.3.3. What types of water quality standards should be defined 
Compared to pesticides in the soil, pesticide regulations in surface 

freshwaters are more complex due to relatively large fluctuations of 
residue levels in water. Thus, countries defined water quality standards 
by different standard types (i.e., maximum or average legal limits) to 
protect human health with the consideration of both acute and chronic 
exposure risks. However, except for the EU regulation and jurisdictions 
from a small number of countries, other countries did not specify stan-
dard types. Even for the EU regulation, only the average type for a long- 
term duration (i.e., annual average) is considered. Because water quality 
of surface freshwater bodies can be significantly affected by dry and wet 
seasons, water quality standards should be further classified according 
to monthly or seasonal patterns. Therefore, the following recommen-
dations should be considered to improve standard types for pesticide 
management in surface freshwaters: i) analyzing historical geological 
and weather data to identify dry and wet seasons for surface freshwater 
bodies; ii) collecting pesticide monitoring data to depict peak and trough 
residue levels in surface freshwaters; iii) integrating pesticide applica-
tion patterns to predict peak and trough residue levels for new pesti-
cides; and iv) classifying maximum and average types for water quality 
standards based on dry/wet seasons and peak/trough residue levels. 

3.3.4. How multinational waterbodies should be protected 
As many surface freshwater bodies are shared with multiple coun-

tries and water pollutants released from upstream countries can signif-
icantly affect the water quality for downstream countries, it is necessary 
for international countries to collaborate on pesticide regulations and 
water quality standards. However, except for European countries, most 
countries in other continents lack regulatory communications to manage 
pesticides for their shared watersheds because of economic, political, 
and historical reasons (Pearse-Smith, 2012). Thus, to solve this chal-
lenge with low political costs, several recommendations could be 
considered for downstream countries: i) checking pesticide regulations 
of upstream countries, including water quality standards, pesticide 
registrations, and pesticide emission control, and adjusting pesticide 
regulations accordingly; ii) collaborating on regulatory management of 
surface freshwaters if downstream and upstream countries are in some 
joint organizations (e.g., Asia-Pacific Economic Cooperation, East Afri-
can Community, and the Organization of American States); and iii) 
promoting global regulatory collaborations on banning or restricting the 
use of some pesticides (e.g., the Stockholm Convention and the Rotter-
dam Convention), which can benefit some downstream countries where 
certain pesticides are not approved but registered for use by upstream 
countries. 

3.3.5. Limitations and future research needs 
Although we categorized and compared pesticide regulations and 

water quality standards, the conditions and uses of surface freshwater 
remain so complex that the category “human-related exposure” may not 
be enough to comprehensively evaluate current standards. For example, 
Brazil regulates pesticides in surface freshwaters by classifying the 
supply for human consumption after “simplified treatment,” “conven-
tional treatment,” and “advanced treatment.” Thus, the evaluation of 
current standards from the perspective of human health should be 
further linked to different types of technical water treatments. 
Furthermore, the regulation of a pesticide in surface freshwaters should 
be evaluated by crop rotation and agricultural practices, i.e., the 
downstream environmental regulation should adapt to the upstream 
agricultural needs; thus, modeling water residue levels from pesticide 
emissions is needed in future studies to assist in managing the upstream 
pesticide practice. In addition, according to the lifecycle patterns of 
pesticides in the environment (Fantke et al., 2021; Fantke and Jolliet, 
2016; Gentil et al., 2019), pesticide regulations for surface freshwaters 
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should not be separated from regulations regarding other environmental 
factors such as upstream soils, even-stream groundwater, and down-
stream household water (Jennings and Li, 2014b; Li, 2018b). For 
example, Philippines regulates pesticides in surface freshwaters by 
classifying “require only approved disinfection to meet the latest na-
tional drinking water standards” and “require conventional treatment to 
meet the latest national drinking water standards”. Therefore, we sug-
gest pesticide standards for surface freshwaters to be linked to regula-
tions across other environmental and industrial factors, such as water 
treatment technology, operation costs, and daily water treatment load-
ings. Furthermore, as environmental pollution becomes a global issue, 
the management of transboundary surface water quality requires not 
only the linking surface water regulations among neighboring countries, 
but also effective communication regarding upstream regulations (e.g., 
pesticide registrations, applications, and soil standards). 

We note that all pesticide regulations and water quality standards 
discussed in this study were collected via the internet, such that regu-
latory jurisdictions in hard copies and classified documents were not 
evaluated. Also, only national jurisdictions were discussed in this study, 
and previous regulatory investigations showed that regional agencies or 
local governments can have pesticide regulations that are significantly 
different from national regulations (Jennings and Li, 2015; Li et al., 
2019). Furthermore, water quality standards for protecting ecosystems 
or agricultural uses were not included in this study, which should be 
integrated with standards for human health protection to comprehen-
sively evaluate pesticide regulations. For example, Brovini et al. (2021) 
recommended that there is an urgent need to revise the current legal 
limits of glyphosate in surface freshwaters for aquatic biota protection. 
Therefore, we encourage readers and regulatory scientists to check with 
environmental agencies about water quality standards for other water 
uses and comprehensively manage surface freshwater resources. In 
addition to the regulation of pesticides in environments, other envi-
ronmental management approaches such as more sustainable alterna-
tives to chemical pesticides and genome-editing crops of pest resistance 
should be considered to control pesticide residues in surface freshwater 
(Abdallah et al., 2015; Boopathy et al., 2021); thus, a comprehensive 
pest-control strategy should be developed by integrating cleaner pro-
duction, crop safety, life cycle impacts, and pesticide fate in the envi-
ronment (Gentil et al., 2019; Li et al., 2020; Quan et al., 2020). 

4. Conclusion 

We analyzed 3094 pesticide standards in surface freshwater for 184 
different pesticides from 53 countries. By categorizing the types of water 
quality standards and the diverse use of surface freshwater by humans, 
we found large regulatory variations among focal pesticides across 
various countries, values of water quality standards, standard types, and 
the manner in which pesticide values are derived. Most regulatory au-
thorities focus on historical pesticides (i.e., POP and phase-out pesti-
cides) and many countries fail to specify water quality standards by 
water type and human use. Furthermore, we found large differences in 
the values of water quality standards even when they were filtered by 
the category of human-related exposure or the standard types. To assist 
agencies in the management of pesticides in surface freshwaters, protect 
human health, optimize regulatory resources, reduce remediation obli-
gations, and achieve global regulatory coordination, we recommend to 
relate in future efforts potential human health risks to consistent defi-
nitions of water quality standards for pesticides. 
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