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Abstract 18 

Water quality standards (WQS) set the legal definition for safe and desirable water. WQS 19 

impose regulatory concentration limits to act as a jurisdiction-specific legislative risk-20 

management tool. Despite its importance in shaping a universal definition of safe, clean water, 21 

little information exists with respect to(dis)similarity of chemical WQS worldwide. Therefore, 22 

this paper compares chemical WQS for drinking and surface water matrices in eight 23 

jurisdictions representing a global geographic distribution: Australia, Brazil, Canada, China, 24 

the European Union, the region of Flanders in Belgium, the United States of America, and 25 

South Africa. The World Health Organization’s list is used as a reference for drinking water 26 

standards. Sørensen–Dice indices (SDI) showed little qualitative similarity in the compounds 27 

that are regulated in drinking water (median SDI = 40%) and surface water (median SDI = 28 

33%), indicating that the heterogeneity within a matrix is substantial at the level of the standard. 29 

Quantitative similarly for matching standards was higher than the qualitative per Kendall 30 

correlation (median = 0.73 and 0.58 for drinking water and surface water respectively), yet 31 

variance observed within standards remained inexplicably high and pronounced for organic 32 

compounds. Variations in WQS were more pronounced for organic compounds. Most 33 

differences cannot be easily explained from a toxicological or risk-based point-of-view. 34 

Historical development, ease of measurement, and (toxicological) knowledge gaps on the risk 35 

of a vast number of organic compounds are theorized to be the drivers. Therefore, this study 36 

argues for more tailored, risk-based approach in which standards incorporated into water safety 37 

plans and dynamically set for compounds that are persistent and could pose a risk for human 38 

health and/or aquatic ecosystems. Global variations in WQS should in the end not necessarily 39 

be avoided but be globally harmonized, yet flexible to ensure a global up-to-date definition of 40 

safe and desirable water everywhere. 41 
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1. Introduction 49 

The natural and anthropogenic water cycles have been subjected to increased stress throughout 50 

the last few decades due to rapid urbanization, intensification and global change (Reid et al., 51 

2019; Schwarzenbach et al., 2010). In order to safeguard public and ecosystem health, 52 

legislative jurisdictions worldwide have developed water quality standards (WQS) as part of 53 

their regulatory framework. WQS describe the desired condition of a water matrix and how 54 

this condition can be achieved. This is frequently done by setting a regulatory limit on the 55 

allowable concentration of a specific parameter or chemical compound. These limits can differ 56 

depending on the applicable water matrix, can be acute or chronic, and could be summations 57 

of groups (e.g. pesticides). WQS therefore act as a jurisdiction-specific legislative risk-58 

management tool. However, no harmonized approach to water quality risk-management exists 59 

globally. Water Safety plans (WSP), which require water quality monitoring along the drinking 60 

water production chain, are being rolled out in multiple jurisdictions, yet do not replace the 61 

fixed list of contaminants (WHO and IWA, 2017; World Health Organization, 2009). One 62 

objective of World Health Organization’s (WHO) WSP framework is to create a dynamic list 63 

of WQS based on high-risk contaminants measured throughout the water chain and which 64 

therefore acts on the current threats within the water supply chain. 65 

In respect of drinking water, the WHO introduced the Guidelines for Drinking-Water Quality 66 

(GDWQ) to comprehensively propose what constitutes “safe and desirable” drinking water and 67 

details how jurisdictions can achieve this status (World Health Organization, 2017). The 68 

GDWQ formulates non-binding guidelines WQS for microbial, chemical, radiological, and 69 

acceptability (taste, odour) which jurisdictions can adapt. Indeed, no global framework for 70 

water quality standards defining safe drinking water exists. A World Health Organization 71 
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(2018) review on the adaptation of WHO-recommended WQS in 104 countries revealed that 72 

more than half make direct or indirect reference to the GDWQ. However, the review did not 73 

elaborate beyond listing the number of countries that adapted of the WHO-recommended 74 

standards and spread (min, median, max) of the regulatory limit. Boyd (2006) found that there 75 

are discrepancies in the measured compounds and the corresponding standards between 76 

Canada, the European Union (EU), the United States of America (USA), and Australia. 77 

However, the analysis was predominantly descriptive, nor not include emergent powers such 78 

as Brazil and China or discussed surface water regulations.  79 

For surface water, no generally accepted global guidelines for WQS exist, creating potential 80 

disparities among jurisdictions in terms of which contaminants are to be measured and what 81 

regulatory limits are to be set. Furthermore, 60-80% of the worldwide fresh water usage 82 

(domestic, industrial, or agricultural) originates from surface water, a matrix that is most at risk 83 

of potential contamination supplies (FAO, 2016; Wada et al., 2014). A UN Water (2016) 84 

review of the surface water quality regulatory instruments in the EU, South Africa, Canada, 85 

the USA, and China found a wide diversity of regulatory frameworks between countries. 86 

Specific quantitative information on the standards used in the reviewed countries, however, 87 

was not provided.  88 

From a risk-management point-of-view, the WQS list should be very either flexible with the 89 

help of a measuring campaign within a WSP framework (with a focus on human and ecosystem 90 

health), or so comprehensive that most current and future threats are covered. Available 91 

literature indicates that neither is currently the case. While a multitude of publications have 92 

explored the implementation and efficacy of WSP (Roeger and Tavares, 2018; String and 93 

Lantagne, 2016; Tsoukalas and Tsitsifli, 2018), no in-depth comparison of current chemical 94 
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WQS has, to the authors’ knowledge, been conducted so far. Additionally, the meta-analysis 95 

by String and Lantagne (2016) revealed that many WSP-related publications do not highlight 96 

monitoring approaches in spite of international and cross-governmental organisations (i.e. 97 

WHO and EU) indicating interest in harmonization of standards and improved comparability 98 

of monitoring results (European Commission, 2013; 2015; World Health Organization, 2017). 99 

The WSP approach suggests that monitoring should not be a fixed checklist, but instead a more 100 

flexible instrument driven by the risks in the water supply zone. One could therefore argue that 101 

a WSP should not attempt to meet the WQS demands, but rather itself should set the WQS. A 102 

major caveat in the WSP approach as proposed by the WHO is that it is currently focused on 103 

human health as the objective rather than ecosystem health. Unifying efforts like WSP with a 104 

focus on ecosystems are not well established. The European Union (EU) is a notable exception 105 

with its Water Framework Directive (2000/60/EC), where it imposes a list of priority 106 

substances for which environmental quality standards (EQS) are set by law for substances in 107 

surface waters (Directive 2008/105/EC). Every member state must incorporate these priority 108 

substances in their surface water legislation. Other legislations have similar ecosystem-centric 109 

WSP frameworks, yet none have, to the authors’ knowledge, the legal power that the EU 110 

priority substances list has. 111 

Jurisdictions to this day work with fixed lists of WQS incorporated into a rigid and slow-to-112 

change legislative system and may not be fully prepared for new and emerging threats. The 113 

need for a comprehensive and critical study into the origin, meaning, and impact of 114 

(dis)similarities between fixed WQS lists within and between drinking and surface water 115 

regulations is dire. In response to these knowledge gaps, this study will compare the traditional 116 

fixed-list chemical WQS used for drinking and surface water quality for eight jurisdictions 117 

(Australia, Brazil, Canada, China, Europe, Flanders region in Belgium, USA, and South 118 
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Africa). The GDWQ will be used as baseline for drinking water quality standards. The central 119 

goal of this study is to provide concrete insights in the global differences in drinking water and 120 

surface water quality standards and whether this heterogeneity can be explained and is justified. 121 

Focus is placed on chemical standards, covering heavy metals, pesticides and emerging 122 

pollutants which are categorized in inorganic and organic contaminants. While 123 

microbiological, ecological and radiological monitoring are essential components of a water 124 

quality monitoring programme, these are considered outside the scope of this paper. The 125 

importance of adequate microbial standards has been widely discussed in the literature (Cabral, 126 

2010; Ramírez-Castillo et al., 2015). 127 

128 
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2. Material & Methods 129 

2.1. Water quality standards 130 

The WQS for both drinking and surface water were obtained for eight jurisdictions around the 131 

world (Australia, Brazil, Canada, China, Europe, the Flanders region in Belgium, the USA, and 132 

South Africa), in addition to the WHO guidelines. The selection of countries included in this 133 

study was determined in order to ensure that every (populated) continent is reflected in the 134 

analysis. Moreover, attention was given to the amount of influence the jurisdiction has on the 135 

continent and internationally. The standards were sourced from legal publications and no 136 

distinction was made between enforceable standards and guidelines. As such, henceforth 137 

“regulatory limit” can denote both legally binding and recommended concentration limits. A 138 

summary of the different sources can be found in Table 1.  139 

WQS are set, implemented, and enforced at different levels in the jurisdictions studied. They 140 

are legally set (or recommended) at the federal level in all countries studied but Belgium. The 141 

federal governments of Brazil and China have the power to enforce the WQS for both drinking 142 

water and surface water (Table 1). Brazil, however, delegates the monitoring and actual 143 

enforcement of the standards to the individual states albeit with varying efficacy (Val et al., 144 

2019). The USA has enforceable drinking water standards; however, the surface water 145 

standards are set on a statewide level. The USA’s Environmental Protection Agency does 146 

provide a list with recommended standards, which is used in this study. Moreover, the Fifth 147 

Amendment potentially challenges the actual enforcement of these standards on private 148 

properties (Carlton, 2016), but these legal nuances were not considered. In South Africa, the 149 

federal government enforces the drinking water standards and provides guidance on surface 150 

water quality standards to the provinces. In Australia and Canada, the federal government can 151 
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only issue guidelines and has delegated the competence on water quality standards to the 152 

provinces. The European Union has the power to set the drinking water and surface water 153 

quality standards but delegates the implementation and enforcement to the EU Member States. 154 

Belgium, one of the EU member states, delegates that power to the its regions. In this paper, 155 

the region of Flanders was used as an example of the incorporation of WQS legislation at EU-156 

level. 157 

Formulation of surface water quality standards is generally more complex than their drinking 158 

water counterparts. The lack of international guidelines and the wide scope they aim to serve 159 

are theorized to be the main drivers. Surface water standards should not only protect public 160 

health, but also species in freshwater ecosystems. Therefore, surface water quality standards 161 

typically have acute and chronic regulatory limits. The former denotes a concentration that, 162 

once breached, will lead to acute toxicity, i.e. mortality or serious toxicological effects over a 163 

short exposure period. Chronic regulatory limits on the other hand aim to manage chronic 164 

toxicity, i.e. the adverse effects after continuous exposure of a chemical compound for a 165 

prolonged period. Chronic standards are typically set as a maximum yearly average. Within 166 

this study, only chronic standards were considered. These standards are stricter than acute ones 167 

and are generally more relevant from an ecological perspective to assess long-term effects. 168 

In some jurisdictions, surface waters are classified based on their ecological status or use type. 169 

China has five classes (PRC Enviromental Protection Bureau, 2002), ranging from the most 170 

stringent Class 1 (applicable to spring water and water in national nature reserves) to the least 171 

stringent Class 5 (applicable to surface water for agricultural or general landscaping). Brazil 172 

has a similar structure with three classes (Conselho Nacional do Meio Ambiente Brasil, 2005). 173 

In both cases, the class applicable to surface water reserved to produce drinking water was 174 
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used. For the Chinese legislation, this was considered Class 2, while for Brazil Class 1 was 175 

used.  176 

The guidelines provided by the Australian federal government take a different approach 177 

(ANZECC and ARMCANZ, 2000). Rather than assigning multiple classes to different types 178 

of fresh water, trigger values are deduced from a combination of single species toxicity tests, 179 

i.e. a species sensitivity distribution. These trigger values were subsequently extrapolated using 180 

the method described in Aldenberg and Slob (1993) to account for multiple contaminants. The 181 

trigger value indicates the total percentage of aquatic species protected, ranging from 80% to 182 

99%. For the purpose of this study, the trigger values corresponding to 95% of the species 183 

within the ecosystems protected were chosen in order to allow a fair comparison to the other 184 

surface water standards and guidelines.  185 

Clearly, each jurisdiction has its own nuances attributed to the proper implementation of WQS. 186 

However, these nuances are out of scope of this study given that its purpose is to look towards 187 

the diversity and heterogeneity of listed WQS and their respective regulatory limit, not the 188 

effectiveness of their implementation or enforcement. Therefore, no distinction is made 189 

between mandated standard and recommendations within this paper. Additionally, the 190 

assumption was made that the guidelines set by these countries’ federal governments are 191 

adapted in a similar or less stringent variant (Australia Productivity Commission, 2000; 192 

Bakker, 2011) 193 

2.2. Statistics 194 

Given the large differences between sample sizes and data distributions, non-parametric tests 195 

were used throughout the study. When a parametric metric was used (e.g. variance), normality 196 

was checked. All statistics were performed in R version 4.0.1. 197 
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2.2.1.  Summary statistics 198 

The median and median average deviation (MAD) were used as summary statistics for a given 199 

distribution. The MAD is a robust statistic, meaning that it does not make assumptions of the 200 

underlying distribution (e.g. outliers). The following notation will be used throughout the 201 

manuscript to denote median and MAD: median [MAD, n], with n the number of observations 202 

in the distribution. Both median and MAD were calculated in R using the median() and mad() 203 

function present in the stats package (v 3.6.2).  204 

2.2.2.  Heterogeneity indices: Sørensen–Dice index & Kendall rank correlation 205 

The Sørensen–Dice index is a measure used to quantify the degree of qualitative similarity (i.e. 206 

presence or absence of an element) between two groups (Dice, 1945; Sørensen, 1948). The SDI 207 

was used here to compare the similarity of the WQS being monitored, i.e. whether jurisdictions 208 

monitor the same WQS or not. The SDI is given by the Equation (1): 209 

!"# =
2&!!

2&!! +&!" +&"!

 
(1) 

Where !"# denotes the Sørensen–Dice index , &!!the total numbers of standards present in 210 

both jurisdiction A and B, and &"!and	&!" is the total numbers of standards present only in 211 

jurisdiction A or B respectively.  212 

Quantitative similarity is obtained by the Kendall correlation because a normal distribution 213 

cannot be assumed. Kendall was preferred over Spearman given its slight edge in robustness 214 

and better handling of small sample sizes (Croux and Dehon, 2010). 215 

SDI was calculated using the dist.binary() function, method 5 of the ade4 package (version 1.7-216 

16). Kendall correlation coefficients were obtained using the “kendall” method of cor() 217 

function in the stats package. 218 
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2.2.3. Hypothesis testing 219 

To determine if two samples significantly differed from each other, the Mann-Whitney-U test 220 

was used as non-parametric counterpart of the Student’s t-test. The Kruskal-Wallis rank sum 221 

test was used to test if all samples were from the same distribution and can be seen as the non-222 

parametric version of the analysis of variance test. Both Mann-Whitney-U and Kruskal-Wallis 223 

were calculated using the kruskal.test() and wilcox.test() respectively from the stats package. 224 

2.2.4. Levene’s test  225 

Levene’s test was used to test for homo- or heterogeneity of variances between the regulatory 226 

limits among the different jurisdictions. The test was performed with the leveneTest() function 227 

present in the car package (version 3.0-8) (Fox and Weisberg, 2018). 228 

2.2.5. Multidimensional scaling 229 

Multidimensional scaling (MDS) was used to visualize the high-dimensional relationships 230 

between WQS lists in a 2D plane. Regulatory limits were standardized using the Wisconsin 231 

double standardization technique (Cottam et al., 1978). Commonly used in ecological datasets, 232 

in this study, the regulatory limits were standardized based on the maximum observed 233 

concentration of a specific standard across jurisdictions and then divided by the number of 234 

standards present in the list of jurisdictions. This ensures equal emphasis among standards and 235 

their respective regulatory limits. Bray-Curtis distances were thereafter calculated on the 236 

standardized data to highlight potential dissimilarities. The calculated distance matrix was then 237 

scaled to its principal coordinates using principal coordinates analysis (PCoA) (Borg and 238 

Groenen, 2005). Wisconsin double standardization, Bray-Curtis distances and coordinate 239 

calculations were executed using the wisconsin(), vegdist() functions in the vegan package 240 
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(version 2.5-7), whereas PCoA coordinates were calculated using the pcoa() function in the ape 241 

(version 5.5) package (Oksanen et al., 2013). 242 

243 
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3. Results and discussion 244 

Across the eight jurisdictions investigated, 360 and 298 unique standards were identified for 245 

drinking water and surface water respectively. Out of the 360 drinking water standards 246 

identified, 39 (11%) were inorganic and 321 (89%) organic. In respect to surface water, 42 247 

(14%) out of the 298 standards were considered inorganic whereas 256 (86%) organic 248 

standards were shared among the jurisdictions. Across all jurisdiction, 132 standards were 249 

shared between drinking and surface water regulations, which is 24% of the 526 unique 250 

standards found across all jurisdictions and matrices. A complete list of the standards and 251 

respective regulatory limits for both matrices can be consulted in the Supplemental A Table 252 

SA1 and SA2. 253 

3.1. Heterogeneity within regulatory standards for drinking water 254 

3.1.1. Heterogeneity in number of standards measured 255 

Figure 1 shows the total number of standards included in the jurisdiction’s respective drinking 256 

water quality (A) and surface water quality (B) regulations. For drinking water, the EU has the 257 

lowest number of mandated chemical compounds (29). However, the EU does require that all 258 

relevant pesticides and their metabolites must be measured and cannot individually exceed 0.1 259 

μg/L, making its true count a lot higher. Flanders, with 193 listed standards, the jurisdiction 260 

with the second highest number of mandated compounds, is a practical application of this 261 

directive. A total of 140 compounds that Flanders mandates as a result of the European 262 

Drinking Water Directive (98/83/EC) are pesticides and their relevant metabolites. However, 263 

this number can change depending on what is put on the Flemish “watchlist” (see Section 3.5). 264 

The Australian recommendations were the most comprehensive (202 standards), whereas the 265 
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South African legislation provided the least amount of coverage (33 standards) for a single 266 

jurisdiction. 267 

Most WQS (215; 59.7%) were unique to a single jurisdiction (Figure 2A), predominantly 268 

Flanders and Australia, which are also the jurisdictions with the largest monitoring 269 

programmes. A full breakdown of SDIs per country can be consulted in Supplemental B 270 

Figure SB1A. Only 13% (47) of the standards were measured by five or more legislations and 271 

could therefore be considered widespread. Overall, the median [MAD, n] Sørensen–Dice index 272 

(SDI) for drinking water was 0.40 [0.16, 36]. The SDI can be interpreted as a percentage of 273 

overlap. Therefore, half of the combinations shared more than 40% of their combined 274 

compounds. Note that the SDI only considered the presence or absence of a standard, not the 275 

regulatory limit. Brazil and the USA shared the highest similarity (62%) between their 276 

collective standards, followed by Brazil and both China and Canada (60%). Flanders had the 277 

lowest amount of overlap (29% [4%, 8]). This was predominantly caused by the significantly 278 

larger number of standards within Flemish legislation compared to most other jurisdictions. 279 

South Africa was a close runner-up with a median SDI of 32% [11%, 8] and moreover 280 

considerably more heterogeneous as indicated by the larger median absolute deviation. 281 

Whereas South Africa had a 50% overlap with Europe, the African country shared only 17% 282 

of the collective standards with Australia. The full matrix of SDI can be consulted in 283 

supplementary A Figure S1A.  284 

Interestingly, 100% of drinking water standards shared by all jurisdictions are inorganic 285 

compounds. Excluding standards attributed to only a single jurisdiction (n = 145), half of the 286 

inorganic compounds (n = 31), i.e. the median, were measured by six (or more) out of eight 287 

jurisdictions. This was only three out of eight jurisdictions for organics (n = 114). Five organic 288 
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compounds were listed by all expect South Africa and could therefore be considered universal. 289 

These are 1,2-dichloroethane, benzene, benzo(a)pyrene, vinyl chloride and total 290 

trihalomethanes.  Benzene, 1,2-dichloroethane and vinyl chloride are important precursors for 291 

industrial more complex molecules but are also considered carcinogenic (Kielhorn et al., 2000; 292 

Rana and Verma, 2005). Benzo(a)pyrene is a byproduct of incomplete combustion. 293 

Benzo(a)pyrene can be found in exhaust fumes from diesel vehicles, wood burning, and coal 294 

tar (Srogi, 2007). Trihalomethanes are important disinfection byproducts potentially produced 295 

in drinking water production (Liang and Singer, 2003). 296 

3.1.2. Heterogeneity in regulatory limits 297 

Kendall’s rank correlations were performed between the different jurisdictions to elucidate the 298 

relationship between their regulatory limits of matching compounds. Note that only compounds 299 

present in both jurisdictions were considered and thus sample sizes were unequal and 300 

considerably smaller than the jurisdiction’s total standards. These ranged from 15 between 301 

South Africa and both Europe and Canada, to 65 between Flanders and Australia. The median 302 

sample size was 38 [21, 36]. A matrix of the number of overlapping standards as well as the 303 

correlation coefficients can be consulted in Supplemental B Figure SB1B/C. Overall, a strong 304 

correlation was found between jurisdictions. The median overall correlation was 0.73 [0.19, 305 

36]. Regulatory limits of Flanders had significantly lower correlation with Australia, Canada, 306 

and the WHO. This is predominantly because of the stringent regulatory limit for pesticides 307 

imposed by the European Union compared to Australia and Canada, both of which also have 308 

numerous pesticides within their list but determined the regulatory limit per individual 309 

pesticide.  310 
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Both the EU and South Africa had the best median correlation with the other jurisdictions (0.90 311 

[0.04, 8] and 0.90 [0.02, 8] respectively), but also the lowest matching compounds (median 21 312 

and 20 for the EU and South Africa respectively). The high correlation with other jurisdictions 313 

therefore is a consequence of low similarity, though not because of lower statistical confidence. 314 

Their matching standards are more universally accepted. Indeed, standards listed by South 315 

Africa are frequently measured by other jurisdiction: 50% of its standards are also measured 316 

by five [4.4, 33] or more other jurisdictions. The average normalized variance in regulatory 317 

limits of standards measured by South Africa was 8.2%, significantly smaller (p = 3.5 x 10-5) 318 

than the average variance of all compounds measured by three or more jurisdictions 15.1% 319 

(Figure 3).  320 

Indeed, Figure 3 elucidates that overall a large spread in variances between regulatory limits 321 

can be observed, ranging from 0 (all equal) to 32% of the maximum observed concentration of 322 

the standard (oxamyl). Only three compounds - aluminum, arsenic and sodium - have equal 323 

regulatory limits across all probed jurisdictions. Di-(2-ethylhexyl)-phthalate, a common 324 

plasticizer which acts as endocrine disruptor, is the organic WQS with the lowest variance – 325 

2.6% of maximum identified concentration (10 μg/L) – though is only mandated by four out of 326 

the nine jurisdictions. With respect to drinking water, the variance in limits between countries 327 

was generally higher (Figure 3).   328 

Figure 4A describes the spread of the regulatory limits within a jurisdiction. Levene’s test was 329 

found to be significant (p-value = 0.008), indicating that the spread of the regulatory limits was 330 

not consistent between jurisdictions. However, this was expected given the large heterogeneity 331 

in the amount and types of standards measured between jurisdictions. All jurisdiction lists apart 332 

from Flanders and South Africa have a median regulatory limit between 10-50 μg/L, indicating 333 
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some high-level similarities in terms of regulatory limits between jurisdictions. South Africa 334 

had a median concentration of 200 μg/L, whereas Flanders' median was 0.1 μg/L. South 335 

Africa’s discrepancy could mainly be attributed to its disproportionately large ratio of organic 336 

to inorganic standards. Whereas the median organic to inorganic standards measured by a 337 

jurisdiction was 3.1:1, South Africa’s ratio was 0.38:1. Regulatory limits of inorganics are 338 

generally higher, explaining South Africa’s distribution shift to the right in Figure 4A. 339 

Flanders’ low median limit is due to the EU’s rule that all pesticides have a regulatory limit of 340 

0.1 μg/L.  341 

3.1.3.  WHO guidelines: how widespread is their implementation in jurisdictions? 342 

The guidelines for drinking water formulated by the WHO contain 91 recommended standards, 343 

which include heavy metals, various pesticides, and persistent pollutants that pose a threat to 344 

human health. The list contains 20 inorganic compounds and 71 organic compounds. All 345 

investigated jurisdictions incorporated some of the recommendations provided by the WHO, 346 

ranging from 21 (South Africa) to 61 (Australia) of the 91 recommended standards (Figure 347 

1A).  In total, 82 WHO-recommended standards were identified. The nine compounds that 348 

none of the jurisdictions covered include herbicides (mecroprop, molinate, chlorotoluron), 349 

halogenated acetonitriles and other organics. The lack of implementation of these compounds 350 

is widespread across the globe. They only had a median 12% [7%, 11] implementation rate in 351 

the WHO study that investigated 104 jurisdictions (World Health Organization, 2018). It 352 

should be noted that the three herbicides are covered under the EU’s pesticide limit per 353 

Directive 98/83/EC and therefore apply to its member states as well. However, the overall 354 

(human) toxicity of these compounds is low (Younes and Galal-Gorchev, 2000), and typically 355 

not very well understood (i.e. acetonitriles) (Villanueva et al., 2014). This presumably induces 356 
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a low sense of urgency for both policy makers and toxicologists. Water safety plans, as 357 

discussed later on, could potentially better identify whether these compounds are frequently 358 

measured and as such catalyze the study of frequently measured pollutants which are not well 359 

understood. The overall median implementation rate for the eight jurisdictions discussed in this 360 

study was 87.5% for inorganics and 37.5% for organic standards. The 104 countries in the 361 

WHO study had a median implementation rate of 85.6% and 20.7% for inorganics and organics 362 

respectively. A two-sided Mann-Whitney U test revealed that the sample of jurisdictions used 363 

here is representative for inorganic standards (p-value = 0.32, n = 20), yet not fully 364 

representative for organics (p-value = 0.02, n = 71). However, a significant Spearman 365 

correlation (r = 0.61; p-value = 3×10-8; n = 71) was found between this study’s sample and the 366 

WHO study.  367 

Interestingly, the large majority (82%) of the drinking water standards that appear on the list 368 

of five or more jurisdictions were the ones recommended by the WHO. This indicates that the 369 

WHO recommendation list potentially influenced jurisdictions in shaping their lists, 370 

subsequently promoting a level of homogeneity. However, despite this influence on the lists of 371 

individual jurisdictions, Figure 5 shows that a lot of variation remains with respect to the 372 

regulatory limit of WHO-recommended standards between jurisdictions. In Figure 5, the ratio 373 

between the jurisdiction’s regulatory limit and its corresponding WHO’s recommended limit 374 

was calculated for all standards. A ratio smaller than one points at a lower, more stringent limit 375 

than the WHO recommends, and a ratio higher than one indicated a higher, less stringent limit.  376 

Visually, Figure 5A hinted at a higher degree of agreement between regulatory limits for 377 

inorganic than organic compounds. However, a Mann–Whitney U test revealed that this was 378 

not significant (p-value = 0.17, n = 334). There were also significant differences between 379 



  21 

countries per Kruskal-Wallis rank sum test  (χ2 = 39.0, p-value = 1.9x10-6, df = 7, n = 334), 380 

even when only organics were taken into account (χ2 = 44.6, p-value = 1.6x10-7, df = 7, n = 381 

208). No significant effect of jurisdiction was found when looking only at inorganic parameters 382 

(χ2 = 10.4, p-value = 0.17, df = 7, n = 126), meaning all jurisdictions made similar 383 

modifications to the WHO guidelines for inorganic standards. 384 

Overall, the spread in ratios is quite large, ranging from 1000 times more stringent than the 385 

WHO, to 30 times less stringent (Figure 5A). This spread is peculiar, given that most WHO 386 

regulatory limits are based on toxicology studies, with methodologies and relevant background 387 

information well documented. Notable here is that the USA, Canada and Australia had a 388 

considerable larger fraction of ratios above one (Figure 5B), indicating more relaxed 389 

regulatory limits than the WHO prescribes, though this trend disappears when looking at all 390 

measured standards (Figure 4A). Flanders, and by extension the EU, has a considerable 391 

number of standards with lower regulatory limits than the WHO’s recommendations. South 392 

Africa adapted the least number of standards from the WHO, though all but three of those were 393 

set at the regulatory norm that the WHO recommends. 394 

To conclude, the multidimensional scaling (MDS) analysis shown in Figure 6B still resulted 395 

in four distinct regions of similarity. The MDS was based on the Bray-Curtis distance after 396 

double normalization of the data (maximum and total, see Material and Methods) and thus 397 

takes both the presence/absence as well as the regulatory limit into account. Based on the MDS, 398 

we can conclude that the USA, Canada, and Brazil measure similar WHO parameters with 399 

limits, whereas the same is true for China, Australia, and Flanders/EU. South Africa does not 400 

strongly correspond with any other jurisdiction yet is more associated with the 401 

USA/Canada/Brazil cluster than with China/Australia. 402 
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3.2.  Heterogeneity in surface water regulations: How does it compare to drinking 403 

water? 404 

The number of standards in surface water quality lists in the studied jurisdictions ranged from 405 

19 (South Africa) to 154 (Flanders) parameters as shown in Figure 1B. On top of the 49 406 

standards mandated by the EU, Flanders added an additional 105 organic compounds as WQS. 407 

Four jurisdictions (Australia, Brazil, Canada, and China) have surface water quality standards 408 

for 79-102 compounds. Similar to drinking water, the majority of standards were only present 409 

in a single jurisdiction (Figure 2B). The length of the surface water WQS list was for many 410 

jurisdictions considerably different compared to their corresponding drinking WQS lists. For 411 

Australia, USA, and South Africa, the number of standards for surface water is substantially 412 

smaller (40-60%) than for drinking water. For China, Brazil, and Flanders, approximately the 413 

same number of standards exist for surface water compared to drinking water. However, the 414 

MDS analysis in Figure 6A revealed that they are not necessarily the same standards nor do 415 

they have similar regulatory limits. The exception is China, where the distance between the 416 

coordinates was small. Moreover, China’s surface water parameters were more like other 417 

jurisdiction’s lists of drinking water standards than surface water standards. Within this study, 418 

China’s ‘Class II’ regulations were used which appertain bodies of water used for drinking 419 

water production. This may have biased the aforementioned similarity.  Canada and the EU 420 

were the only jurisdictions where more parameters are to be monitored in surface water 421 

compared to drinking water (Figure 1B). Overall, there is also more disagreement between 422 

jurisdictions in terms of what parameters should be measured, as indicated by the smaller 423 

percentage of standards measured by five or more jurisdictions (8.5% vs 12.3%). Every 424 

jurisdiction incorporates some of their drinking water standards within their surface water 425 

regulations (Figure 1B). Both China and Brazil incorporated the largest number of drinking 426 
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water standards in their surface water standards (36 each). South Africa, the USA and the EU 427 

incorporated less than 10 standards each. Interestingly, all but one shared standard are WHO 428 

recommended parameters, magnesium, a major ion and essential nutrient, being the exception. 429 

The overall median SDI index for surface water standards was 0.33 [0.09, 28], significantly 430 

lower than for drinking water standards per Mann-Whitney U test (p-value = 0.001, n = 28), 431 

indicating a higher amount of disagreement between surface water standards despite the overall 432 

smaller sample size (Figure SB1). The maximum SDI (0.52, between China and Brazil) was 433 

also about 16% lower than the maximum for drinking water (0.62, between USA and Brazil). 434 

The median SDI per country ranged from 22% to 41% for the European Union and Brazil 435 

respectively, which resulted in a significant difference between the jurisdictions’ SDI 436 

distribution as per the Kruskall-Wallis test (χ2 = 14.6, p-value = 0.04, df = 7, n = 56). 437 

The median Kendall correlation of the regulatory limits of the set of matching compounds 438 

between jurisdictions overall was high (0.58 [0.13, 28]), yet significantly lower than drinking 439 

water per Mann-Whitney U test (p-value = 5×10-5, n = 28). The USA shared the highest overall 440 

median correlation with the EU (0.66), though the latter had a higher spread (MAD = 0.09 441 

versus 0.036). Like South Africa’s trend in the context of drinking water regulations, the USA’s 442 

surface water standards match poorly with other jurisdictions (median = 16 standards) and these 443 

standards are generally better accepted. A similar explanation is true for the European Union 444 

(median = 16 standards). The EU’s list is comprised of ‘priority substances’ and thus is 445 

generally more agreed upon worldwide. China’s list had the lowest median correlation because 446 

it more resembles a typical drink water list as shown in Figure 6A and discussed above.  447 

The lower overall observed Kendall correlation translated into a generally higher variance 448 

within regulatory limits of standards measured by three or more jurisdictions (Figure 3). The 449 
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mean was 21% of the maximum observed concentration per standard which was significantly 450 

higher (p-value = 2×10-5, n = 163) than the variance observed in drinking water standards. The 451 

overall spread of the variances, however, was similar between drinking and surface water. Only 452 

one standard (dichloromethane) had equal regulatory limits across all jurisdictions (Brazil, 453 

China, EU, and Flanders) that included it.   454 

A similar trend is visible in Figure 4B, where the overall distribution of regulatory limits within 455 

a jurisdiction is visually more varied than for surface water. In particular, the 5% percentile 456 

value is significantly lower (p-value = 0.003) in surface water compared to drinking water. 457 

Indeed, the majority of standards present in both the drinking and surface water lists of a 458 

jurisdiction had a lower regulatory limit for surface water as visualized in Figure 7. The reason 459 

that surface water standards are typically different from drinking water regulations could be 460 

attributed to the following: (i) ecosystems are toxicologically more complex and diverse than 461 

a single species as humans. (ii) aquatic species complete their entire life cycle in water, (iii) 462 

exposure is continuous while drinking is not (the recommended fluid intake for humans is two 463 

to three litres per day (Gleick, 1996)), and (iv) Application of safety factors (or uncertainty 464 

factors) which are generally more conservative for humans than for ecosystems to keep the risk 465 

in the human population as low as possible (i.e. human risk is managed at the individual level, 466 

ecosystem risk at the population or community level) (European Chemical Agency, 2008). 467 

Whereas the disconnect between drinking water and surface water makes sense on a 468 

toxicological level, it could lead to scenarios in which a limit is violated for the source (surface 469 

water) but not the final product (drinking water), which from a policy or legislative viewpoint 470 

is inefficient. However, not all drinking water is produced from surface water. Ground water 471 

is also commonly used, and not elaborated on in this study. Additionally, when a body of water 472 

is designated for drinking water production, the standards may be more aligned. This is visible 473 
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in Figure 7 with Brazil and China, whose surface water quality lists are for bodies of water 474 

used for the production of drinking water, because their median ratios are in both cases close 475 

to or equal to one. Last, jurisdictions with a suboptimal distribution network may experience 476 

deterioration of water quality throughout the supply chain. Slightly more relaxed standards at 477 

the final sink could therefore ease some regulatory pressure.  478 

3.3. A summarizing overview of WQS using multidimensional scaling 479 

Figure 6A presents a summarizing helicopter view of differences and similarities between and 480 

within drinking and surface water quality standard lists using multidimensional scaling. The 481 

MDS analysis gives a visual representation of the Bray-Curtis distances between WQS lists 482 

that were standardized based on maximum observed concentration per standard and number of 483 

standards in a given list. Bray-Curtis considers absence or presence of a standard, as well as its 484 

regulatorily limit. The closer lists are together, the more similar they are.  485 

Drinking water lists (upright triangles) are clustered relatively far away from the surface water 486 

lists (downwards triangles), meaning that overall, both are dissimilar in both what is measured 487 

and the limit. This was also apparent from the more in-depth analysis performed in Section 488 

3.2. On a jurisdiction level, the distance between the drinking water and surface water lists is 489 

connected. Here, the USA and the EU are very far apart, confirming the differences stated 490 

above. Similarly, one can see that the surface water lists that have an effect on drinking water 491 

catchment areas (Brazil, China) are closer to the drinking water cluster than others. The 492 

drinking water cluster is more tightly packed than the surface water one, confirming the 493 

analyses above that show more heterogeneity within surface water standards. 494 

Within a given matrix, surface water lists are more diverse than and thus more spread out 495 

confirming the analysis performed above. Here, Flanders and EU’s lists were similar, which 496 
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makes sense given that Flanders’ list is based on the priority substances dictated by the 497 

European Union. For drinking water, the MDS analysis showed that the jurisdictions that 498 

followed the WHO’s recommendations more closely are clustered together, whereas Flanders, 499 

Australia, South Africa, and the EU are more spread out.  500 

3.4. Why inorganic standards are more broadly accepted 501 

Based on the previous analyses, one can conclude that the traditional inorganic standards are 502 

widely accepted and incorporated into legislations, whereas more heterogeneity exists for 503 

organic standards such as pesticides, persistent organic pollutants, and other harmful organics. 504 

This heterogeneity could be explained by a number of reasons: (i) historically limited 505 

documentation and understanding of the risk of a vast number of harmful organics, (ii) high 506 

demands on analytical sensitivity (sub-micro and nanogram per liter) and the need for multiple 507 

complex and expensive analytical instruments (Noguera-Oviedo and Aga, 2016; Schmidt, 508 

2018), and (iii) the cost, complexity and therefore capacity to continuously operate a 509 

monitoring network (Behmel et al., 2016).  510 

A wide range of organic compounds are harmful. The eChemPortal, the global gateway to 511 

information on the properties, hazards, and risks of chemicals, holds information on more than 512 

800,000 substances (OECD, 2020). Prioritization of potential high-risk substances requires an 513 

understanding of their occurrences, transformation pathways, and toxicity in the environment, 514 

which in view of their number cannot be comprehensive. However, initiatives such as REACH 515 

(Registration, Evaluation, Authorization and Restriction of Chemicals) tackle this issue by 516 

harmonizing the reporting and legislation pertaining to potential (toxicological) hazards of 517 

chemicals on a European level (Hengstler et al., 2006; Williams et al., 2009).  REACH further 518 

works with a ‘read-across assessment framework’ (RAAF) which allows for grouping 519 
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chemicals that are expected to exhibit the same toxicological properties. This would decrease 520 

the amount of substances that need regulation and require an individual toxicological limit 521 

(European Chemicals Agency, 2017).  522 

The risk of most of the inorganics, such as heavy metals, has been known for a large part of 523 

history. The Romans understood the toxicity of lead, arsenic, and copper (Retief and Cilliers, 524 

2000) and many (heavy) metals could be detected with reasonable accuracy in the 19th century 525 

with help of spectroscopy developed by Kirchhoff and Bunsen (Thomas, 1991). The 526 

advancement in our knowledge of the presence and risks associated with organic substances in 527 

water has only been developed over the last few decades, in parallel with the appearance of 528 

highly sensitive analytical instrumentation (Noguera-Oviedo and Aga, 2016; Schmidt, 2018). 529 

Chromatography coupled with mass spectrometry is required for a majority of the organic 530 

compounds, and only recent advancement here has allowed for the resolution and sensitivity 531 

required. The setting of drinking and surface water standards also requires information on the 532 

toxicity of the compounds under acute and chronic exposure scenarios and this is reasonable 533 

well documented for the most common heavy metals, but only for a rather limited number of 534 

organic compounds. One could therefore hypothesize that a predominant reason for the broader 535 

embrace of inorganic standards is that the study, detection and toxicology is better understood 536 

and agreed upon. Moreover, the creation and embrace of novel policies is generally a slower 537 

process than the science it depends on (Smith, 2017).  538 

Historical knowledge gained on the risk of organic compounds in water quality was typically 539 

related to an understanding of the chemical drivers of public health or environmental crisis. 540 

Examples are the pesticide DDT affecting (predatory) seabird eggs (Cox, 1991; Risebrough et 541 

al., 1967), the carcinogenicity of benzo[a]pyrene and other polycyclic aromatic carbons 542 
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because of chimney sweeps’ carcinomas (Cook et al., 1933), the bio-accumulative toxicity and 543 

consequent global termination of polychlorinated biphenyls (PCB) (de Boer, 2005), and the 544 

modern example of the concerns surrounding perfluorooctanoate (PFOA) spread and exposure 545 

(Steenland et al., 2010; Trudel et al., 2008). Toxicological studies are typically lengthy, costly, 546 

complicated, and raise ethical concern due to the testing on animals (Rand, 2020; Scholz et al., 547 

2013). Precautionary measures are often taken for high-risk organics such as pesticides. The 548 

EU mandates a blanket-wide regulatory limit of 0.1 μg/L for pesticides and their (relevant) 549 

metabolites regardless of their actual toxicity. The total concentration of pesticides cannot 550 

surpass 0.3 μg/L. While this can be an effective risk-mitigation approach, it could potentially 551 

put unnecessary strain on municipalities that need to adhere to these strict limits. Rigorous 552 

toxicological testing of compounds that occur in the matrix is preferred to blanket-wide limits 553 

as set for pesticides. The REACH framework could be extended to regulatory limits for WQS.  554 

3.5.  A Risk-based approach: A smarter way to protect human health and the 555 

environment? 556 

Water safety plans are the practical outcome of this paradigm shift to risk-based approaches. 557 

The WHO formulated the basis of a water safety plan, which now acts as foundation for many 558 

jurisdictions’ own water safety plans (World Health Organization, 2009). The WHO defines a 559 

water safety plan as “The most effective means of securing the safety of a drinking water supply 560 

(…) through the use of a comprehensive risk assessment and risk management approach that 561 

encompasses all steps in the water supply from catchment to consumer.” Australia, Canada, 562 

China, Brazil and the European Union have, amongst many other jurisdictions not discussed in 563 

this study, rolled out some form of water safety plan (WHO and IWA, 2017).  564 
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Whereas there is no formal legal inclusion of the term “water safety plan” in the EU’s Drinking 565 

Water Directive (98/83/EC), Article 7 & 8 in combination with Annex II and III (Commission 566 

Directive 2015/1787) do enforce increased implementation of risk-based approaches, such as 567 

water safety plans. In Belgium, drinking water regulations are left to the regions (Flanders, 568 

Brussels, Wallonia). The Flanders Environment Agency (Vlaamse milieumaatschappij, VMM) 569 

is responsible for the enforcement of the Flemish implementation of the Directive 98/83/EC.  570 

To comply with the EU’s risk-based approach, the VMM created a framework which utilizes 571 

a “watchlist” of chemicals that are not standardized in the Drinking Water Directive but could 572 

potentially end up in the drinking water. These do not have regulatory limits but drinking water 573 

municipalities are obliged to qualitatively determine their potential presence. The watchlist is 574 

based on three pillars: (i) presence in raw water catchment areas during measurement 575 

campaigns carried out by all drinking water municipalities, (ii) degree of national sales of 576 

individual pesticides, (iii) the octanol/water partition coefficient (Kow) of organics determined 577 

in (i). A low Kow is correlated with a decreased removal efficiency in drinking water production 578 

technologies. Organics on the established watch list need to be routinely screened. The 579 

produced watchlist is updated every 1-3 years. Currently, 255 compounds are on the watch list, 580 

ranging from pesticides, metabolites, personal care products, and pharmaceuticals. A total of 581 

135 pesticides/metabolites are currently in the list and were also incorporated in the Flemish 582 

WQS list for the analyses performed above (e.g. pesticides and metabolites). 583 

If a compound without standardization is repeatedly detected in the drinking water matrix, 584 

VMM will issue a precautionary limit. This is done based on a hybrid approach of the Dutch 585 

threshold of toxicological concern (TTC) (Kroes et al., 2005) and German health-related 586 

indication value (Gesundheitlichen Orientierungswert, GOW) (des Umweltbundesamtes, 587 
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2003). Precautionary limits can range from 0.01 to 27 μg/L. So far, 22 compounds have been 588 

given a precautionary limit, whereas 97 compounds have not.  589 

Flanders provides an example of a practical application of a dynamic WQS list through the 590 

concept of a watchlist. Many approaches to water safety plans exist across legislations and the 591 

authors do not imply the Flemish model is superior to others. It does show, however, the general 592 

trend that jurisdictions are moving away from regulating drinking water purely from a rigid 593 

legal perspective striving for homogeneity across jurisdictions, to a more proactive, dynamic, 594 

and flexible system where the actual risks for a catchment area or aquatic ecosystem are 595 

systemically mapped and mitigated, albeit with the creation of heterogeneity between 596 

standards. It is therefore clear that a global paradigm shift is required in order to migrate to a 597 

risk-based approach were modern techniques such as non-target screening of micropollutants 598 

are utilized to scan the water matrices for reoccurring (organic) compounds and regulatory 599 

limits are set based on an international library of toxicological data such as the REACH 600 

framework. In this way, a smart and transparent unification of water quality standards can be 601 

achieved while only measuring the compounds relevant to the area.  602 
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4. Conclusion  603 

Water quality standards objectify the definition of safe water. Therefore, one might expect a 604 

high degree of agreement between jurisdictions. This paper, however, concludes the contrary. 605 

A large variation exists in the number of standards incorporated in a jurisdiction’s legislation 606 

as well as in their respective regulatory limits. This holds true for both drinking water and 607 

surface water regulations. 608 

Jurisdictions generally agree more on what compounds to measure for drinking water and their 609 

respective regulatory limit, most likely influenced by the recommendation list published by the 610 

WHO. However, even some WHO-recommended compounds differed up to a thousand-fold. 611 

Surface water regulations were generally more complex and diverse than those formulated for 612 

drinking water. This was evident in the lower Sørensen–Dice index and correlation between 613 

legislations, and the generally bigger scatter observed in the multidimensional scaling. Whereas 614 

some degree of heterogeneity can be expected due to the more complex ecosystem it's designed 615 

to protect, regulatory limits should converge, which was not observed in this study.  616 

Standards with the lowest variation in both matrices were predominantly inorganic, reflecting 617 

our longer standing and knowledge of the adverse effects of this relatively limited set of 618 

compounds. The high number of organic parameters that could be present in either matrix is 619 

therefore bigger and thus toxicological diversity can be expected. Therefore, water safety plans, 620 

such as the one rolled out in Flanders and by other legislations, in combination with integration 621 

in the REACH-like platform, could be a useful tool to convert a majority of the unexplained 622 

and seemingly arbitrary heterogeneity into functional variation based on local risk. In the end, 623 

while the nature of the compounds measured - especially in surface water matrices - can differ 624 

from place to place, regulatory limits should not. They should be derived from internationally 625 
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accepted standards unless future evidence is presented that indicates that sensitivities are 626 

different across water types, climate zones, and species diversity. 627 
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Table 1. List of drinking and surface water quality standards legislations and recommendations used in this study. Legislation names are translated into English. 805 

Original titles can be consulted in the reference list.  806 

Jurisdiction 

 Drinking water quality standards regulations  Surface water quality standards regulations 

Name 

Enfor

c-
able? 

Reference  

Enfor

c-
able? 

Reference 

Australia 
Australian Drinking Water. Guidelines 

Paper 6: National Water Quality 
Management Strategy 

NO 
NHMRC and 

NRMMC (2011) 
Australian and New Zealand guidelines for 

fresh and marine water quality 
NO 

ANZECC and ARM-
CANZ (2000) 

Brazil 

Consolidation Ordinance No. 5, of Septem-
ber 28, 2017. Consolidation of norms on 
health actions and services of the Unified 

Health System. 

YES 
Ministério da Saúde 

Brasil (2017) 

Resolution CONAMA nº 357/2005. It dis-
poses on the classification of the water bod-

ies and environmental guidelines for its 
framing 

YES 
Conselho Nacional do 
Meio Ambiente Brasil 

(2005) 

Canada 
Guidelines for Canadian drinking water 

quality—Summary table. 
NO 

Health Canada 
(2017) 

Canadian environmental quality guidelines NO 
Canadian Council of 

Ministers of the Envi-
ronment (2002) 

China 
Standards for Drinking Water Quality (GB 

5749-2006) 
YES 

PRC Minestry of 

Health (2006) 

Environmental Quality Standards for Surface 

Water (GB 3838–2002) 
YES 

PRC Enviromental 
Protection Bureau 

(2002) 

European 

Union 

Directive 98/83/EC of 3 November 1998 on 
the quality of water intended for human 

consumption 
YES 

European Commis-

sion (2015) 

Directive 2013/39/EU of the European 
Parliament and of the Council of 12 August 

2013 
YES 

European Commission 

(2013) 

Flanders 
(Belgium) 

Integral water policy decree of 18 July 2003 YES 
Vlaamse Overheid 

(2018) 
Integral water policy decree of 18 July 2003 

(VLAREM annex 2) 
YES 

Vlaamse Overheid 
(2018) 

South Africa 
Compulsory National Standards for the 
Quality of Potable Water (SANS 241) 

YES 

South Africa De-
partment of Water 

Affairs and Forestry 
(2001) 

South African Water Quality Guidelines 
Volume 7: Aquatic Ecosystems 

NO 
South Africa Depart-
ment of Water Affairs 

and Forestry (1996) 

United 
States of 
America 

National primary drinking water regulations: 
Long Term 1 Enhanced Surface Water 

Treatment Rule 
YES 

USA Environmen-
tal Protection 

Agency (2002) 

National Recommended Water Quality 
Criteria 

NO 
USA Environmental 
Protection Agency 

(2009) 

WHO Guidelines for drinking-water quality NO1 
World Health Or-
ganization (2017) 

- 

807 
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Figures  808 

 809 

Figure 1. (A) Total number of standards in each jurisdiction’s drinking water regulations. Differentiation is made 810 

between standards that are also present in the WHO guidelines (yellow bar) and that are absent (blue bar). (B) 811 

Total number of standards in each jurisdiction’s surface water regulations. Surface water standards that are also 812 

present in the jurisdiction’s drinking water regulations are indicated in green. 813 

  814 
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 815 

Figure 2. Number of standards that co-occur a certain amount of time between different WQS lists for both (A) 816 

drinking water lists and (B) Surface water lists.  817 

818 
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 819 

Figure 3. Variance observed in regulatory limits for a certain standard expressed in the percentage of the 820 

maximum observed regulatory limit of the respective standard. Only standards occurring in three or more 821 

jurisdictions are included.  822 

823 
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 824 

Figure 4. Distribution of regulatory limits of all considered jurisdictions for drinking water (A) and surface 825 

water (B) regulations. Each vertical tick at the base of each distribution indicates a datapoint (regulatory limit) 826 

taken up in the density curve. The vertical black line represents the median regulatory limit within a jurisdiction. 827 

The dashed lines left and right of the distribution indicate the 5% and 95% quantile respectively. The number of 828 

standards in the respective legislation’s list is in between brackets.  829 

830 
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 831 

Figure 5. Ratio between regulatory norms of the respective jurisdiction and the WHO’s recommendations for 

inorganic (A) and organic (C) standards. The percentage of WHO-recommended incorporated standards below, 

equal or above the WHO recommended limit is given for inorganics (B) and organics (D). 

832 
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 833 

Figure 6. (A) Multidimensional scaling for the complete dataset of drinking water and surface water quality 834 

standards, with exception of WHO recommendations. The lines between the upwards and downwards triangles 835 

denote the Euclidean representation of the Bray-Curtis distance between a jurisdiction’s drinking and surface 836 

water lists in the first and second principal coordinates space. (B) Multidimensional scaling for the WHO 837 

recommended standards included in the drinking water quality lists of the jurisdictions investigated.  838 

839 
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 840 

Figure 7. Ratio between drinking water regulatory limits and surface water regulatory limits for standards 841 

present in both lists in a respective jurisdiction. A ratio greater than one denotes a higher limit (i.e. laxer norm) 842 

for drinking water. A ratio smaller than one means a lower limit (i.e. more stringent norm) for drinking water. 843 


