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b CEIGRAM, Universidad Politécnica de Madrid, Paseo Senda del Rey 13, 28040 Madrid, Spain

H I G H L I G H T S G R A P H I C A L A B S T R A C T

• In Spain, rural municipalities are the
ones failing to report their drinking
water quality data.

• At least 47.2 % of the Spanish popula-
tion is supplied from a water source that
fails to achieve the ‘global good status’.

• Nitrogen, microbiological and arsenic
drinking water quality non-compliances
are more prevalent in rural areas.

• Agriculture and confined livestock
farming contribute towards microbio-
logical or nitrogen non-compliances.
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A B S T R A C T

In 2021 Spain passed a new law regarding the quality of drinking water, increasing the transparency and introducing
a risk assessment approach to the catchment area, which ascribe to the shift in recent years in how drinking water
management is understood in the European Union legislation. Good data quality is important to ensure the correct
implementation of policies. We used the drinking quality data uploaded to Spain's National Drinking Water Infor-
mation System to gauge the state of the drinking water reporting in Spain, the differences between rural urban and
rural areas in both quality and reporting and identify which variables at catchment level influence the probability of
a municipality incurring in drinking water quality non-compliance. Random forest modeling was used to assess the
drivers of non-compliance, including environmental (e.g., land cover, lithology, climate, state of the water supply
source) and demographic (e.g., tap water expenditure, population density) data.
We found that rural municipalities are more vulnerable both because of a lack of reporting but also because

they have higher non-compliance rates for arsenic, microbiological and contaminants and nitrogen compounds
(e.g. nitrate). We also found different spatial patterns of non-compliance according to each group of contami-
nants (e.g., microbiological violations are widespread in the northern half of Spain). The random forest model
suggests that agriculture and confined livestock farming are behind nitrogen and microbiological non-
compliances. Climate drivers have also emerged for all the groups of contaminants, which underscores the
importance of studying drinking water quality non-compliance on a case-by-case basis in order to properly adapt
to local realities and enhance compliance across Spain.
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1. Introduction

Drinking water is a service enabled not only by sufficient supply, but
also by the quality of the serviced water. As a vector or cause of diseases,
it has numerous socio-economic implications, the main one being the
health impacts on the population (Li and Wu, 2019), and secondly, on
the citizens' trust. Being this the case, drinking water supply is subject to
regulations that other public utilities do not face (Okun, 2003). In the
European Union (EU), the main regulation is the Drinking Water
Directive (DWD), which is incorporated into national legislation of the
Member States. Since its first version in 1980, this Directive has moved
from the ‘end-of-pipe’ solutions that focus only on the testing of the final
product to a more holistic concept of drinking water management. The
latest version, approved in 2020, underscores the importance of the
catchment area of the abstraction point as part of the drinking water
supply cycle (Andries et al., 2024).

Although treatment can sometimes compensate for the loss of water
quality, the condition of the water body from which it is drawn ulti-
mately determines the quality of tap water (R. Das et al., 2021; Paun
et al., 2017). Diffuse pollution in the form of presence of pesticides and
nitrogen (commonly as nitrates) from agriculture has been recognized as
one of the biggest threats to drinking water resources in the European
Union (Wuijts et al., 2021), with a special emphasis on their contribu-
tion to the pollution of groundwater resources (European Commission,
2014; Kristensen et al., 2018). In the EU, 65 % of the drinking water
comes from groundwater (European Environment Agency, 2022). The
second most common reason for poor groundwater chemical status
identified in the Second River Basin Management plans (2016 – 2021)
was failing to meet the requirements for drinking water protected areas
(Kristensen et al., 2018). In the case of surface waters, nitrogen dis-
charges also include atmospheric deposition or wastewater and indus-
trial discharges (Erisman et al., 2011), and their contamination can be
exacerbated by climate change and thus carried into drinking water
(European Commission, 2014). Floods and extreme rainfalls intensify
the runoff in the catchment area, and thus the incorporation of possible
contaminants to water courses (Yard et al., 2014) and groundwater
(Corada-Fernández et al., 2017; Geris et al., 2022); low flows during dry
periods limit the dilution of chemical contaminants (Boxall., 2011;
Osorio et al., 2014; Ricart et al., 2010; Sjerps et al., 2017). Anthropo-
genic compounds like per- and polyfluoroalkyl substances (PFAS) and
endocrine-disrupting chemicals (EDCs) are considered of emerging
concern globally as well as in the EU (Halleux, 2023), as proved by their
introduction in both the 2020 DWD and the list of priority substances
that must be monitored under the EU Water Framework Directive
(WFD). Other threats to drinking water quality come from ubiquitous
elements such as arsenic, recognized worldwide as one of the most
serious inorganic contaminants (Smedley and Kinniburgh, 2002). Its
presence in the drinking water supply has not been a subject of interest
at EU-wide level, despite concentrations exceeding the legal limit in the
drinking water of several of its countries (Hungary, Serbia, Croatia,
Greece, Italy, Spain, Slovakia and Romania) (van Halem et al., 2009).

It is expected that large water supplies (those providing >1000 m3/
day on average or serving a population of >5000, as per the DWD)
should have the means to overcome the abovementioned challenges
(WHO, 2011). However, small water supplies (SWS), most of them sit-
uated in rural areas, require a different consideration. In the EU and
from the DWD legislative point of view, minimum monitoring re-
quirements for SWS are laxer in comparison with their larger counter-
parts, since monitoring is done based on the population served (Roig
et al., 2014), and they are excluded from the mandatory reporting to the
European Commission (European Commission, 2014). Thus, available
data for these zones is usually scarce, which prevents assessing SWS
performance and safety. This problem is compounded by the lack of
personnel with specialized knowledge, making SWS less resilient to
possible climate change impacts, and more vulnerable to contamination,
especially microbial and nitrates (WHO, 2011). As a matter of fact, in

2008 the EC found that compliance with the DWD parametric limits in
the SWS was down to 30 % (European Commission, 2011), and in 2011
the Commission was looking at implementing a risk-based approach for
SWS for more effective quality control (European Commission, 2011).
Despite this, literature regarding insecure access to water in rural areas
in Europe remains scarce (Meehan et al., 2020). Moreover, the above-
mentioned challenges, and others pertaining to environmental justice
(Anderson, 2010; Balazs and Ray, 2014), remain masked by reports that
aggregate data at large scales, as it is the case of the WHO/UN Joint
Monitoring Program (Lee et al., 2023; Meehan et al., 2020) or the annual
reports submitted by Member States to the European Commission (EC)
regarding the level of compliance with the DWD parameters (Grizzetti
et al., 2011). This data gap further leaves unchecked the assumption that
water access in high-income countries (the so-called ‘Global North’) is
universal, safe, and uniformly or equitably governed (Meehan et al.,
2020). At the same time, water governance, understood both as the
inter-institutional agreements that regulate the flows of water and as the
civil society actors exercising control over the water services
(Zwarteveen et al., 2017), relies on accurate data to create a baseline for
diagnostics, which is especially important for investment in infrastruc-
ture (Lee et al., 2023). In the policymaking sphere, the data that results
from the monitoring programs established in the legislation can shed
light on the performance of the policy, i.e. whether it is fit for purpose,
and gauge the state of policy implementation, as shown in the evalua-
tion of the 1998 DWD (European Commission, 2016) or the Urban
Wastewater Directive (European Commission, 2019).

This paper's goal is twofold. First, it focuses on the quality of the
drinking water in Spain and on how it is reported by official sources,
with an emphasis on the differences between rural and urban areas.
Second, we aim to provide a nationwide assessment of the factors that
influence non-compliance at catchment- and municipal-level, thus
contributing to the implementation of the DWD. To achieve this, we
apply a first-time approach to the use of Machine Learningmodels as risk
assessment tools that could potentially predict areas at national scale
with more risks of drinking water quality non-compliance by using,
mostly, natural and anthropic factors.

2. Methodology

2.1. Study area

Our study case concerns peninsular Spain, excluding the Balearic and
Canary Archipelagos, and the African city enclaves of Ceuta and Melilla.
The population of Spain is concentrated in urban areas; out of the 43
million inhabitants of peninsular Spain, 86 % of them live in urban or
semi-urban municipalities, which represent 15 % of the 7974 peninsular
municipalities, organized at the top level in 15 regions (Fig. 1).

Under Spanish law (LBRL, Ley 7/1985; LRSAL, Ley 27/2013), sup-
plying the population with drinking water is a competence reserved to
municipalities. This implies the ownership of the supply service and its
management, which can be direct (e.g., in-house provision, public
company owned by the municipality) or indirect (e.g., contractual or
institutional public-private partnerships, leasing agreements). As it
happens in all the EU countries, Spanish drinking water supply is
organized in supply zones, i.e. “geographically defined areas within
which water intended for human consumption comes from one or more
sources and within which water quality may be considered as being
approximately uniform” (European Commission, 2014 p. 3). In terms of
abstraction of rawwater intended for consumption, the ownership of the
supply system presupposes that the drinking water manager has been
granted a concession by the River Basin District (RBD) authorities
(RDPH, Real Decreto 849/1986); RBDs in Spain can be intraregional or
interregional, and their competences are regulated by the Water Law
(TRLA, Real Decreto 1/2001).

The piece of legislation that transposes the DWD to national law and
regulates drinking water quality is the Royal Decree for Water for
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Human Consumption (RDAC, Real Decreto 3/2023). The RDAC regu-
lations include microbiologic, chemical, indicator, organoleptic and
radioactive parameters, which must be monitored in different types of
drinking water quality controls that have to be performed by drinking
water managers and regional health authorities. The responsibility for
interrupting the supply when a health hazard non-compliance occurs
rests with the regional health authorities. The RDAC also mandates that
all analytic results from the drinking water quality monitoring must be
reported to the Drinking Water Information National System (SINAC in
its Spanish acronym). The SINAC was established in 2003, when the first
RDAC was passed, and further developed by specific legislation in 2005
(OM SINAC, Orden SCO/1591/2005). It is hosted and maintained by the
Ministry of Health, whereas the responsibility of reporting the results of
drinking water quality reporting falls on the municipality.

2.2. Data collection and preparation

The data used for this research comes from the SINAC reporting for
the years 2004–2021 and was provided by theMinistry of Health onMay
2023 upon request. All the monitored parameters were classified in
different types (Table 1). Additionally, based on expert knowledge
indicating that efforts to enforce reporting to SINAC significantly
increased from 2016 onwards, we created a subset of reported data from
2016 to 2021. This subset includes municipalities that reported any
parameter for at least five years during this period. The 2004–2021 data
was used to study (a) the quality and characteristics of the reporting to
SINAC, and (b) the evolution of non-compliance per municipality type
(Fig. 2). The 2016–2021 subset database was utilized to (a) study the
spatial distribution of water quality non-compliance, (b) assess the dif-
ferences in the percentage of non-compliant samples according to the
status of the water source, and (c) the drivers of non-compliance (Fig. 2).

To analyze strengths and gaps of the drinking water quality reporting
we looked at the number of unreported years per municipality using the
18 years of existing data. We performed a Kruskal-Wallis and a Pairwise
Wilcoxon test with Benjamini-Hochberg adjustment to assess whether
the number of unreported years was different per municipality type (H1,
population medians are not equal). We also performed a Z-test of ho-
mogeneity of proportions to analyze if the percentage of non-compliant

drinking water samples of different group of contaminants was higher if
the drinking water was abstracted from a water body that failed to
achieve global status according to the EU WFD (H0).

Random forest (RF) is an ensemble method based on multiple deci-
sion trees (Breiman, 2001). Random forest trains a set of randomized
decision trees, whose output is aggregated into a single output by using
voting (in the case of classification) or averaging (in the case of
regression). The randomization is implemented first by sampling the
data set with replacement (bagging) and secondly, at the decision node
level, where a random subset of predictors is chosen (Breiman, 2001;
Rigatti, 2017). This algorithm has been used for some years in water
science due to its suitability when non-linearity exists, which is common
in the processes studied in water science (Tyralis et al., 2019).

Fig. 1. Administrative divisions of Peninsular Spain (municipalities, regions) and River Basin Districts.

Table 1
Classification of parameters on different non-compliance types. Organic non-
compliances refer to those compounds in RDAC that contain a carbon‑hy-
drogen or a carbon‑carbon link, whereas inorganic contaminants are the ones
lacking that bond. All the groups except health non-compliances are mutually
exclusive.

Non-compliance
type

Parameters associated to non-compliance type

Microbiological Escherichia coli, Clostridium perfigens, Enterococci
Nitrogen Nitrate, Nitrite
Disinfection by-
product

Trihalomethanes, Bromate, Chlorate, Chlorite

Lead and copper Lead, Copper
Inorganic Antimony, Cadmium, Fluoride, Selenium, Mercury,

Chromium, Nickel, Cyanide,
Organic Benzene, 1,2-Dicloroetene, Benzo(a)pirene, Microcystine LR,

Vinyl chloride, Acrylamide, Epichloridyne
Pesticides Sum of pesticides, and all individual pesticides
Arsenic Arsenic
Radioactive Tritium, Indicative Dose, Gross beta activity, Residual alpha

activity, Residual beta activity, Radon
Health non-
compliance

All the other non-compliance types, excluding indicator non-
compliances: Microbiological, Nitrogen, DBPs, LC, Inorganic,
Organic, Pesticides, Arsenic and Radioactive types

Indicator
parameters

Aluminum, Ammonium, Chloride, Color, Conductivity, pH,
Iron, Manganese, Odor, Oxidisability, Sulphate, Sodium,
Taste, Colony count at 22 ◦C, Coliform bacteria
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Particularly, random forest has become popular for predicting water
quality (Zavareh et al., 2024), being applied to predict a variety of in-
dicators and compounds, such as pH, chloride, nitrate, arsenic, iron, or
total phosphorus (Ganga Devi, 2020; Tesoriero et al., 2017; Wang et al.,
2021). Random forest has also been used to predict Safe Drinking Water
Act violations in the United States (Pennino et al., 2020; Scanlon et al.,
2022). Building on this knowledge, we decided to apply a RF algorithm
to each group of contaminants.

2.3. Balanced random forest classification

As stated, the dataset consisted of aggregated data of all the mu-
nicipalities from 2016 to 2021 that reported any parameter for 5 or more
years. The response variable is binary: for each non-compliance type (e.
g. microbiological, nitrogen), 1 represents the existence of at least one
non-compliance event for that municipality in any given moment of the
selected time period, whereas 0 means that there were not any non-
compliances reported.

Data exploration showed that the dataset was heavily unbalanced.
Due to this characteristic, we opted for a Balanced Random Forest (BRF)
classifier, which is able to deal with the unbalanced panel data (Scanlon
et al., 2022) and works well with possible collinearity (Cutter, 2007).
The unbalanced panel data was split with a stratified split, and the BRF
was applied to 80 % of the data (training set), and the resulting model
was applied to the remaining 20 % (test set) to assess model perfor-
mance. Hyperparameter tuning was done via a Randomized Search with
a stratified ten-fold cross-validation, searching for the best Precision-
Recall Area Under Curve (AUC PR), since it performs better for binary
classifiers applied to heavily imbalanced datasets (Davis and Goadrich,
2006; Saito and Rehmsmeier, 2015). Other important metrics for clas-
sifiers, like Balanced Accuracy (ACC) and Area Under the Receiver
Operating Characteristic (AUROC) were also calculated. All operations
were performed in Python 3.7. Unbalanced random forest modeling was
done with the help of the imbalanced-learn toolbox (Lemaître et al.,

2017), with supporting operations, and metrics were calculated with the
package package scikit-learn (Pedregosa et al., 2011).

To assess the contribution of each explanatory variable to the pre-
dicted probability of a municipality not complying with the drinking
water quality standards, the output of the BRF was passed through
Shapley Additive exPlanations (SHAP) (Lundberg and Lee, 2017). SHAP
is model agnostic, and its measure of variable importance allows to
investigate the impact (positive or negative) of each variable on the
prediction, i.e., not complying with the standards, and the magnitude of
said impact (Lundberg et al., 2019).

2.3.1. Explanatory variables
Explanatory variables (Table 2; SM Fig. 1, SM Fig. 2) were selected

based on literature review of previous studies (see Allaire et al., 2018;
Pennino et al., 2017, 2020; Scanlon et al., 2022); their selection was also
determined by data availability (e.g. many municipalities have their
Gini inequality index hidden). Explanatory variables were tested for
collinearity (SM Fig. 3); variables with a Pearson correlation coefficient
higher than 0.75 and lower than − 0.75 were discarded, with the
exception of climate and climate-derived variables (i.e. precipitation,
runoff, temperature, and aquifer recharge).

The quantitative and qualitative status of the water bodies can
determine the quality of the drinking water; at its core, this means that
what happens at catchment level can influence the drinking water
quality. This has been studied in the contiguous United States (CONUS)
by Pennino et al. (2020) in the case of nitrates (using data aggregated at
National Hydrography Dataset catchment level) and Scanlon et al.
(2022) (using data aggregated at county level), but to the knowledge of
the authors, no similar study at a national scale has been conducted in
Europe.

Spain does not have a dataset with the origin of drinking water at a
national scale, nor a delineation of the boundaries of drinking water
systems. Hence, the most direct approach to getting a comprehensive
database of catchments associated with a municipality was to request
the water abstraction points associated with each municipality. How-
ever, only three of the 14 River Basin Authorities contacted for this study
(Eastern Cantabric, Ebro and Jucar River Basin) provided this infor-
mation, and due to its structure, the Eastern Cantabric database could
not be used. For the rest of the river basins, we could only identify the
abstraction origin (i.e., the water body -or bodies- from which water
intended for human consumption is abstracted) of Urban Demand Units
(UDUs, i.e., groups of municipalities aggregated per common origin)
from the Third Cycle River Basin Management Plans (RBMPs), which are
less accurate than abstraction points. Also, since accuracy varies be-
tween RBMPs, the UDU information was completed using a) the Water
Points Database (Instituto Geológico y Minero de España, n.d.), b) web
pages of large water operators, c) local newspapers, b) the Local
Equipment Survey from the year 2017 (Secretaría de Estado de Política
Territorial, 2017), c) aerial photography and topographic map inspec-
tion, and d) Special Drought Management Plans (MITERD, 2023c;
2023d).

With this information, we compiled a database of the water bodies
used by each municipality to abstract drinking water and calculated the
catchment area of drinking water abstraction. Catchment area for a
given municipality (MCAi) was calculated as the sum of the catchment
areas of all surface water bodies that supply the municipality and its
groundwater catchment area, as follows:

MCAi =
∑ni

0
SWCni +GWCi (1)

Where i is the municipality, ni the number of surface water bodies that
supply the municipality. Surface catchment area of a surface water body
(SWC) is calculated by spatially intersecting the water body used for
drinking water abstraction with a 100 m-resolution DEM catchment
shapefile (MITERD, 2006). If the water was abstracted from a water
body not defined by the RBMPs, the municipal area was assigned as the

Fig. 2. Flowchart describing the data and methods employed.
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SWC. In the case of groundwater abstraction, groundwater catchment
area (GWC) was also assimilated to the area of the municipality.

3. Results and discussion

3.1. SINAC and spatial variability in drinking water quality non-
compliance

The spatial analysis of the entire SINAC dataset (2004–2021) shows
that there are several regions in Spain with chronic non-reporting to
SINAC (i.e., more than half of the 18 years without uploading the
mandatory data to the information system) (Fig. 3 A). Lack of reporting
is especially prevalent in central Spain, some northern parts of the
country and the interior of the East coast. Kruskal-Wallis test reveals
differences between the number of unreported years per municipality
type (p< 0.001). Whereas the median of unreported years for urban and
semi-urban municipalities is 1 year (over a 18-year long period), rural
municipalities have a median of 6 unreported years (Fig. 3B).

The vast majority of urban and semi-urban municipalities joined the
reporting effort of SINAC since it was established in 2004, whereas the
number of rural municipalities reporting to the national database has
been growing gradually (Fig. 3C). Thus, despite the mandatory nature of

Table 2
Explanatory variables used in themodel. Spatial distribution of the variables and
their histograms can be found in SI Figs. 1 and 2. All variables except the number
of drought declarations, origin of abstraction (SW/GW), state of water bodies
and demographic variables refer to the catchment area of the municipalities.

Name of variable Description Variable range Data source

Land cover
LC_Cropland % of cropland 0–100 Corine Land Cover

2018 (Copernicus
Land Monitoring
Service, 2020)

LC_Developed % of developed
land

0–88.63

LC_Forest % of forest
cover

0–93.77

LC_Shrub % of shrub
cover

0–91.21

LC_Herbaceous % of
herbaceous
cover

0–78.49

LC_Other % of other land
cover (e.g. bare
terrain)

0–64.44

LC_Wetland % of wetland
cover

0–29.39

Irrigation_cov % of irrigated
land cover

0–95.11 SIOSE 2014 (
Instituto
Geográfico
Nacional, 2014)

Lithology
LITH_Alluvial % of alluvial

deposits
0–100 Geologic map of

the Iberian
Peninsula
(Instituto
Geológico y Minero
de España, 2015)

LITH_Carbonated % of
carbonated
rocks

0–100

LITH_Sedimentarian % of
sedimentary
rocks

0–100

LITH_IgnMetam % of igneous
and
metamorphic
rocks

0–100

LITH_Volcanic % of volcanic
rocks

0–15.58

Soil
S_Clay Mean subsoil

clay content
(%)

0–46.94 European Soil
Database Derived
data (Hiederer,
2013)S_OC Mean subsoil

organic carbon
content (%)

0–1.51

S_BulkDensity Mean subsoil
bulk density

0–1.70

Other
Temperature Mean

temperature for
the 1980–2017
series (◦C)

4.32–18.73 Assessment of
natural regime
water resources
(SIMPA) (Centro de
Estudios y
Experimentación
de Obras Públicas,
2020)

Precipitation Mean
precipitation
for the
1980–2017
series (mm)

267.78–2097.50

Recharge Mean recharge
for the
1980–2017
series (mm)

0–931.78

Runoff Mean runoff for
the 1980–2017
series (mm)

0.08–1070.39

DroughtDecl Number of
times “long
drought” was
declared in the
municipality

0–30
− 1 for unknown
municipalities

Drought
monitoring maps (
Ministerio para la
Transición
Ecológica y el Reto

Table 2 (continued )

Name of variable Description Variable range Data source

Demográfico
[MITERD], 2023b)

LivestockFarms Density of
confined
livestock farms
per km2

0–0.76 European Pollutant
Release and
Transfer Register
(E-PRTR) (
European
Environment
Agency, 2020)

IndustrialSites Density of
industrial sites
per km2

0–1.85

UrbanDischargeP Density of
authorized
urban
discharge
points per km2

0–2.28 National Discharge
Census (MITERD,
2023a)

IndustrialDischargeP Density of
authorized
industrial
discharge
points per km2

0–1.07

GW Groundwater
abstraction

0–1 Third River Basin
Management Plans
(MITERD, 2023e)SW Surface water

abstraction
0–1

WB_GlStatus Usage of water
body in ‘failing
to achieve
good’ global
state

0–1

Demographic
PopulationDens Log10 of

population
density
(inhabitants/
km2)

− 0.73–4.43 2020 census (
Instituto Nacional
de Estadística,
2020b)

MonthlyIncome Average
monthly
income per
family for the
years
2016–2019 (€)

992.12–3785.75 2019 Household
Budget Survey (
Instituto Nacional
de Estadística,
2020a)

TapWaterExp Annual average
expenditure on
tap water per
family for the
years
2016–2019 (€)

65.55–392.20
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SINAC reporting and the efforts to improve it, there are numerous rural
municipalities in Spain whose drinking water quality is still unreported,
sometimes forming spatial clusters (see Fig. 3 A).

Fig. 4 shows the evolution of the percentage of non-compliant sam-
ples through the years. Overall, health-related drinking water non-
compliances at a national level hardly reach over 1 %, with the excep-
tion of disinfection by-products, arsenic and nitrogen (Fig. 4 A). How-
ever, a much more nuanced reality of drinking water quality emerges
when considering data disaggregated by type of municipality and group
of contaminants (Fig. 4). Thus, non-compliance levels increase in their
magnitude and number of contaminants the more rural the municipality
is; this especially affects arsenic, nitrogen compounds (nitrate and ni-
trites), and microbiological contaminants (Fig. 4D).

Disinfection by-products have the highest non-compliance percent-
age, to the point that they are the ones contributing the most to the
overall number of health non-compliance (those that group all the
health parameters). In the year 2016, after disinfection by-product non-
compliances experienced a decrease in their numbers in the year 2009,
chlorite and chlorate were introduced in the monitoring routine by some
municipalities, which then led to another increase in the reporting of
DBP non-compliances (Fig. 4E, 4F, and 4G) for all the municipal types.
The influence of DBPs on the general ratio of health non-compliances
can be seen in the decline in the percentage of non-compliant samples
for all health parameters in 2020 for urban (Fig. 4B) and semiurban
(Fig. 4C) municipalities, related to a decrease in the percentage of DBP
non-compliant samples (Figs. 4E, 4F), and the following increase in the
following year. Besides, rural areas have not experienced a decrease in
the percentage of non-compliant samples in 2020; in fact, in that year,
DBP non-compliance continued to increase in them (Fig. 4G). Another
decline can also be seen for the indicator parameters of urban and semi-
urban municipalities, and more slightly on rural ones.

Lead and copper, related to pipe maintenance, experienced a
decrease in 2013–2014 in all the municipalities (Figs. 4B, 4C, and 4D),
and non-compliance levels have remained low until the end of the study
period.

For the 2016–2021 period, health parameters (Fig. 5 A) and indicator
parameters (Fig. 5B) non-compliances can be found across peninsular
Spain, while spatial patterns emerge for some specific contaminant
groups. For instance, microbiological non-compliances appear in the
northern half of the Peninsula (Fig. 5B). Nitrogen compounds non-
compliances can be found in three large regions: one around the upper
half of Spain, and two in Eastern Spain (Fig. 5C), whereas disinfection
by-products non-compliance is more concentrated in central and
southwestern Spain (Fig. 5D). On the other hand, arsenic non-
compliances are restricted to certain zones in the west of Spain (Fig. 6E).

3.2. Drinking water sources in Spain

Fig. 6 depicts the administrative, population and spatial distribution
of the tap water origin in Spain, according to official data. Overall, 42.7
% of the population of peninsular Spain relies solely on surface water for
human consumption (Fig. 6B), while 9.7 % is supplied only by aquifers
and 12.6 % use mixed sources. However, due to the distribution of
population, with most of it concentrated in a few urban areas and the
rest dispersed in rural areas, these figures change when considering the
number and types of municipalities relying on each type of water
sources. As a matter of fact, from the 9.7 % of the population that relies
solely on groundwater, only 1.1 % is urban (Fig. 6B), whereas this
number increases when we look at mixed water source, with 7.4 % of
urban population out of the 12.6 % total.

Thus, in terms of administrative divisions, most municipalities take
their water from groundwater, with surface water being the secondary

Fig. 3. SINAC reporting at municipal level in peninsular Spain. A) Geographic distribution of unreported years, per municipality; B) Median of unreported years per
municipality type; C) Time progression of the number of municipalities reporting their data to SINAC, per type.
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source, sometimes mixed with groundwater. More than half of our
studied rural municipalities have concessions solely on groundwater
bodies (Fig. 6 A), making it the most used source for drinking water in
rural areas. On the other hand, more than half of the identified urban
and semi-urban municipalities (respectively, 67.9 % and 56.5 %) have
surface water as their only origin for abstraction (Fig. 6 A).

Lastly, a small portion of the population from urban and semi-urban
areas has desalination as a secondary source beside surface and/or
groundwater bodies; these municipalities are situated in the Mediter-
ranean coast, where access to water can be especially challenging
depending on the infrastructure, the location of the municipality and the
pressure from tourism in summer.

The source of abstraction varies across the Spanish geography
(Fig. 6C). Southwestern Spain relies more on surface water for drinking
water, with large distribution systems dependent on reservoirs. North-
ern Spanish municipalities, and especially northwestern ones rely on
groundwater, the exception being clusters of surface water use or mixed
use in urban areas close to large rivers like the Ebro and the Douro. The
abstraction origin of 33.1 % of the population, distributed in 1312
municipalities, could not be accounted for via the hydrological plans,
corresponding to those River Basin Districts (RBD) dependent on the
Regions whose descriptions of urban water demands were insufficient.

We identified 252 lake-type surface water bodies used for drinking
water abstraction, which represent 28.44 % of the total WFD lake-type
bodies that appear in the third cycle of river basin management plan-
ning (SM Fig. 5 A). Out of those water bodies, 32.54 % fail to achieve the
global good status' under the WFD requirements. Regarding river-like
surface water bodies, 13.40 % (546 rivers or river segments) of them
are being used for abstraction of drinking water; out of those, 31.14 %
fail to achieve the ‘global good status’. Moreover, 35.98 % of the 403
groundwater bodies used for drinking water (59.25 % of the total, SM

Fig. 5B) do not achieve the ‘global good status’.
Based on this data, we found that at least 47.2 % of the Spanish

population is serviced from a source (either surface water or ground-
water) that fails to achieve the ‘global good status’, 14 % abstracts
drinking water from a water body with ‘poor chemical status’; 38.5 %
uses a water body with ‘unacceptable ecological status’ and 9.99 %
abstracts from a water body with ‘poor quantitative status’.

We have also studied the difference between the percentage of non-
compliances (years 2016–2021) of or each group of contaminants ac-
cording to the status of the water body used for drinking water
abstraction. We found that for nitrogen, DBP, arsenic, pesticides and
indicator, non-compliance rates for the years 2016–2021 were higher
for drinking water that comes from one or more water bodies with poor
global status. Results are reported in Table 3.

By matching the census data with the drinking water source data we
found that at least 1.91 % of the total population of Spain, all of it rural,
takes its drinking water from one—or more—sources that are not
recognized as a water body in the corresponding RBD management
plans. This means that water is abstracted from intermittent streams,
small local aquifers or springs. More importantly, these represent water
bodies that are not being monitored by RBDs as per the WFD guidelines.

3.3. Balanced random forest classifier for drinking water quality non-
compliance

For each group of parameters, a BRFmodel was trained (10models in
total). The complete dataset has 5776 municipalities in total; this
number varies across the different models because not all municipalities
reported for all contaminant groups during the study period. The
number of municipalities and the percentage of non-compliances
(baseline) can be found in Table 4. While the overall performance of

Fig. 4. Time series of percentage of drinking water quality non-compliant samples (over the total number of samples analyzed each year) grouped into different types
of contaminants, per municipality type. Disinfection by-products non-compliances are presented separately for clarity.
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the models is good (i.e. there is an improvement of the AUC PR over the
baseline value, Chybowski et al., 2024), the specific performance of each
model depends on the number of non-compliances and the homogeneity
of the groups of parameters. Higher baseline values, homogenous groups
of contaminants (like nitrogen and DBP non-compliances) and the

consideration of contaminants that are more related to the catchment
area activities than socioeconomic or demographic variables have
higher balanced accuracy and AUROC. In the next pages we focus on
those models that performed better (i.e. baseline values higher than 0.1,
AUROC and accuracy higher than 0.70), namely microbiological,

Fig. 5. Maps of the percentage of non-compliant samples per municipality for the 2016–2021 period for: A) All health parameters (HPs); B) Indicator parameters
(HP); C) Microbiological parameters (HP); D) Nitrogen-related parameters (HP); E) Disinfection by-products (DBPs; HP); F) Arsenic. Breaks are based on Jenks
natural breaks classification method. Grey areas represent municipalities without SINAC data for the given period. Maps for the rest of the models can be found in
SM Fig. 4.
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nitrogen, DBP, arsenic and indicator non-compliances. Information on
the rest of the models, as well as complete partial dependance plots of
the top 10 variables of all of them and prediction error maps can be
found in the supplementary materials (SM Fig. 6, SM Figs. 7 to 16, and
SM Fig. 17). Error maps reflect the balanced accuracy score from
Table 3, and they are spatially distributed across the Spanish geography,
with false negatives being predicted in more heterogenous models, like
the one for indicator parameters and all health non-compliances. The
rest of the models manage to predict true positives with a sensitivity that
ranges from 0.46 (lead and copper) to 0.88 (pesticides).

Prediction maps for municipalities that have missing contaminant
data for the years 2016–2021 for microbiological, nitrogen compounds,
arsenic, and DBPs, and that have known abstraction origin can be found
in SM Fig. 18. These maps show that, according to our models, 8.7 % of

the municipalities without reporting data would have a DBP non-
compliance. This percentage is higher in the case of nitrogen and
arsenic non-compliance, with 50 % and 45 %, respectively, of non-
reporting municipalities predicted to not comply with the drinking
water quality regulations.

Overall, environmental variables are the most important ones when
it comes to explaining non-compliance, as we can see them ranking
among the top 10 (or even 5) drivers (Fig. 7). Out of them, climate-relate
variables (temperature, precipitation, and precipitation-related vari-
ables like aquifer recharge) are more important to microbiological and
nitrogen non-compliance than they are to the rest of contaminants.
Microbiological and nitrogen non-compliances are also the ones affected
by human activity, confined livestock farming and agriculture, respec-
tively. It is worth noting that, with varying degrees, the number of

Fig. 6. Drinking water abstraction origin in Spain. A) Type of water source used by municipalities, per type, out of the total analyzed; B) Abstraction source per
population type, out of the total population of Spain; C) Geographical distribution of the abstraction type by municipality. Grey municipalities represent those with
unavailable drinking water origin data.

Table 3
Results of the Z-test of the homogeneity of proportions for the % of non-compliant samples of each type of non-compliance (see Table 1 for more details on the pa-
rameters that make each non-compliance type) according to the status of the source of abstraction. Decimals are rounded up.

Non-compliance type % of non-compliance when drinking water is
abstracted from one or more water bodies with
poor global status

Standard
error

% of non-compliance when drinking water is
abstracted from one or more water bodies with
good global status

Standard
error

p-value

Microbiological 0.27 9.64 × 10− 5 1.18 0.00 1
Nitrogen 1.27 0.00 1.02 0.00 < 0.001 ***
Disinfection by-product 6.80 0.00 4.30 0.00 < 0.001 ***
Lead and copper 0.11 0.00 0.12 0.00 0.55
Inorganic 0.00 5.69 × 10− 5 0.11 9.73 × 10− 5 1
Organic 6.07 × 10− 5 2.48 × 10− 5 3.09 × 10− 4 6.75 × 10− 5 0.99
Arsenic 2.22 0.00 1.53 0.00 < 0.001 ***
Pesticides 1.65 × 10− 4 1.68 × 10− 5 3.88 × 10− 5 1.08 × 10− 5 < 0.001 ***
Indicators 1.34 5.31 × 10− 5 0.94 9.49 × 10− 5 < 0.001 ***
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drought declarations is relevant for all contaminants. In the case of DBP
non-compliance, the source of abstraction, which does not appear in the
rest of the models, is the most important variable. For both DBP and
arsenic violations, lithology, as well as demographic variables have
higher relevance than for other contaminants, with annual average tap
water expenditure per family being first driver when it comes to arsenic
non-compliance. Indicator parameters, include several non-hazardous
contaminants of diverse origin, which seems to translate to a diverse
range of drivers, like tap water expenditure or presence of urban water
authorized discharge points.

Going into more detail for each contaminant (Fig. 8), we can see that
for microbiological non-compliances, high recharge, a high number of
drought declarations, as well as low mean annual temperatures (Figs. 8
A, 8B, and 8C) contribute towards non-compliance. These results are
consistent with the distribution of microbiological non-compliances
presented in Fig. 5B, which are found in the more humid parts of
Spain. A high density of confined livestock facilities (Fig. 8D), most of
them of pig farms, within the catchment area also increases the proba-
bility of not complying with microbiological standards of drinking water
quality.

In the case of nitrogen non-compliance, it is more likely to be found

Table 4
Performance metrics of BRF for different types of non-compliance (see Table 1
for more details on the parameters that make each non-compliance type). Health
parameter non-compliances include all the indented non-compliance types.
Acronyms: Precision-Recall Area Under Curve (AUC PR); Balanced accuracy
(ACC.); AUROC (Area Under the Receiver Operating Characteristic).

Non-compliance
type

Number of
municipalities

Baseline AUC
PR

ACC. AUROC

Health parameters 5776 0.3175 0.5698 0.6510 0.7230
Microbiological 5767 0.1664 0.3737 0.6706 0.7267
Nitrogen 4877 0.0838 0.2913 0.7613 0.8254
Disinfection by-
product

4650 0.1249 0.6897 0.8327 0.9027

Lead and copper 4731 0.0141 0.0813 0.5241 0.5979
Inorganic 4801 0.0226 0.1743 0.6197 0.6695
Organic 4614 0.0039 0.3637 0.6639 0.6928
Arsenic 4751 0.0334 0.2381 0.8065 0.8784
Pesticides 4565 0.0103 0.7464 0.7464 0.8600

Indicator
parameters

5775 0.6332 0.8385 0.6518 0.7260

Fig. 7. Top ten driver violations for the main health non-compliances A) Microbiological; B) Nitrogen (nitrate and nitrite); C) Disinfection-by-product; D) Arsenic)
and E) Indicator parameter non-compliances. Acronyms: drought declarations (DroughtDecl); subsoil clay content (S_Clay); tap water expenditure (TapWaterExp);
population density (PopulationDens); % shrub cover (LC_Shrub); % cropland cover (LC_Cropland); % alluvial deposits (LITH_Alluvial); % igneous and metamorphic
rocks (LITH_IgnMetam); surface water (SW); % other land cover (LC_Other); % herbaceous cover (LC_Herbaceous); % carbonated rocks (LITH_Carbonated); subsoil
bulk density (S_BulkDensity); authorized urban discharge points (UrbanDischargeP); % irrigated land cover (Irrigation_cov).
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Fig. 8. Top 6 drivers for the main types of health non-compliances: microbiological (A-F), nitrogen (G-L), DBP (M-R) and arsenic (S-X). Acronyms: drought dec-
larations (DroughtDecl); subsoil clay content (S_Clay); tap water expenditure (TapWaterExp); population density (PopulationDens); % shrub cover (LC_Shrub); %
cropland cover (LC_Cropland); % alluvial deposits (LITH_Alluvial); % igneous and metamorphic rocks (LITH_IgnMetam); surface water (SW); % other land cover
(LC_Other); % herbaceous cover (LC_Herbaceous); % carbonated rocks (LITH_Carbonated); subsoil bulk density (S_BulkDensity); authorized urban discharge points
(UrbanDischargeP); % irrigated land cover (Irrigation_cov).

Fig. 9. Top 6 drivers for indicator parameter non-compliance. This model includes all the parameters classified as ‘indicator’ in Annex B of the Drinking Water
Directive that have a parametric value in the SINAC database: Aluminum, Ammonium, Chloride, Color, Conductivity, pH, Iron, Manganese, Odor, Oxidisability,
Sulphate, Sodium, Taste, Colony count at 22 ◦C, and Coliform bacteria. Acronyms: tap water expenditure (TapWaterExp); subsoil clay content (S_Clay); authorized
urban discharge points (UrbanDischargeP); % other land cover (LC_Other); drought declarations (DroughtDecl).
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in areas with low precipitation and relatively low temperatures (Figs. 8G
and 8H). While low values of runoff and recharge seem to also be
associated with a non-compliance of this type, the partial dependence
plot shows a positive trend (Fig. 8I) that is consistent with alluvial li-
thology also being one of the drivers. According to the model output, a
high coverage of cropland (above 60 %, Fig. 9 L) is associated with an
increase in the probability of non-compliancen.

In the case of the DBPs, using surface water for abstraction is asso-
ciated with non-compliance (i.e. not using groundwater, as shown in
Fig. 8 M). Low recharge (Fig. 8 N) is also associated with DBP non-
compliance, as well as high values of tap water expenditure and popu-
lation density (Figs. 8P and 8Q). The latter implies that DBP non-
compliances are more likely to happen in urban, or semi-urban, areas
than in rural ones. Drought and a low percentage of clay content are also
associated with a higher probability of not meeting the drinking water
quality standards (SM Fig. 10G and 10 J).

For arsenic, low tap water expenditure is associated with a higher
probability of non-compliance (Fig. 8S). A rich presence of carbonates
also drives the model towards a low probability of not complying with
the standards (Fig. 8 U), whereas a high number of drought declarations
(Fig. 8 T) increases the probability of it. High values of bulk density are
also associated with a higher non-compliance probability (Fig. 8X).

Moving onto indicator parameters, we can see that tap water
expenditure, albeit not monotonic, is positively related to an indicator
violation (Fig. 9 A; the probability of a violation escalates, after
decreasing, at approximatively 190€/year). Low values of soil clay
content are also associated with an increased probability of violation
(Fig. 9B), as well as a high density of urban discharge points (Fig. 9C).
There is also a relationship between a high number of drought decla-
rations (Fig. 9F) and a higher probability of indicator violation.

4. Discussion

This is the first study of drinking water quality at the Spanish na-
tional scale that focuses on the differences between urban and rural
areas and on the source area of the drinking water. Reports at the EU
(see the latest DWD Synthesis report for the years 2017–2019; European
Commission, 2024) and national level (e.g. Ministerio de Sanidad, 2022)
focus on overall quality at a country scale. In the latter, the closest data
disaggregation can be found as a number of analytics per drinking water
supply zone size, but such supply zones are neither geographically
localized, nor the results of monitoring discussed.

In EU synthesis reports, the threshold at which a country is consid-
ered non-compliant with a parameter or group of parameters is 1 % or
more of samples above the parametric levels of the total collected ones
(e.g. see European Commission, 2024a). Considering this, our results
show that overall drinking water quality in Spain is good except for
DBPs, arsenic and nitrogen compounds (especially nitrate). Regarding
the temporal evolution of the non-compliance of certain parameters,
they can be explained from at least two perspectives: a regulatory one,
and one pertaining to external factors, where the state of the water body
used for drinking water abstraction should be included. From a regula-
tory standpoint, we have the case of DPBs and lead. In the former, the
introduction of new parameters to the monitoring resulted in an increase
in the reporting of DBP non-compliances. In the case of lead, the stricter
limits for this element that had to be complied with from 2014 onwards
(from 25 μg/L to 10 μg /L, as stated in Annex I, Part B of the RDAC)
required a replacement of lead pipelines by that year, which led to a
drop in the number non-compliant samples. With regard to the external
factors that also influence the evolution of non-compliance, we have the
case DPBs, nitrogen, and indicator parameters. In 2020, coinciding with
the outburst of the COVID-19 pandemic, DPBs experienced a decline in
urban areas, with a steep increase the following year. That could be
explained by the abundant use of disinfectants during the first year that
were carried into the ecosystem via wastewater and stormwater
(Parveen et al., 2022). On the other hand, nitrogen non-compliances

spiked during the 2020 year, with one of the explanations being that
the influx of chlorine disinfectant could have affected nitrogen removal
during the sewage treatment process (Dang et al., 2023).

As good as the overall compliance might be, the more complex re-
ality of drinking water quality remains masked when the data is
aggregated. For instance, rural arsenic and nitrogen non-compliances
are the ones contributing towards the total percentage of national
non-compliance, whereas disinfection by-products violation ratios are
high across all types of municipalities, but higher in urban areas when
compared to rural ones. Moreover, arsenic, nitrogen compounds, and
microbiological parameters have higher non-compliance rates in rural
municipalities than in urban or semi-urban ones, a trend found across
small water systems in rural areas, which are known to be especially
vulnerable to those contaminants (Bain et al., 2014; WHO, 2011).

Rural municipalities are also the ones with poorer reporting, which is
reflected in data gaps spread across the Spanish geography. This hap-
pens either because they fail to monitor or because, even if they monitor
the quality, the resulting information is not being uploaded. Both ex-
planations have emerged in informal talks with different regional health
authorities and drinking water managers. They emphasized that the
municipalities that do not report lack technical personnel, are often-
times geographically isolated (i.e., mountainous regions), and generally
have old and/or dwindling population with a distrust towards water
treatments such as chlorination. González-Gómez et al. (2014) pointed
out that reporting failure being more prevalent in smaller municipalities
was related to fragmentation of management, and that implementing
multi-municipal systems could reduce the number of municipalities that
do not report.

As public sector decisions rely on good data (Gallaher and Heikkila,
2014; Laituri and Sternlieb, 2014), this lack of data has implications at a
regulatory level, because it hinders the assessment of the extent of
possible problems, which ultimately impact informed decision-making.
Lack of water quality data is considered one of the barriers to the
implementation of Sustainable Development Goal 6 “Ensure water and
sanitation for all” (High-Level Panel on Water, 2018), one of which even
Global North countries struggle with (Josset et al., 2019).

Lack of readily available data also affects locating the source of
drinking water of the municipalities. Despite our best efforts, not all
Spain could be covered because this information was not available for all
the River Basin Districts. It should also be noted that official data might
not necessarily match the reality, especially in isolated areas, where
adaptation usually occurs at the sidelines of river basin management
planning; one municipality might be listed as using surface water in the
official registries but could have switched to groundwater abstraction
because of a drought. For example, Molinero et al. (2011) mentions that
rural water supply relies on groundwater in humid northwestern Spain,
which matches the distribution of our maps, but they also emphasize
that this dependence on groundwater is not reflected in the official in-
ventories because of the dispersion of small wells and springs. With the
new RBMP these inventories have improved, but the limitations of the
data should still be taken into account.

Most of the population is supplied from surface water bodies. Ac-
cording to the latest EU drinking water synthesis report, Spain is the
second country in the EU-27 in terms of abstracted surface water, with
Ireland being first (European Commission, 2024). This is partly
explained by the fact that Spain is the EU country with the highest
number of dams and the fifth in the world (Spanish National Committee
on Large Dams, 2022) with historical roots that stem from the central-
ization of water management in Spain from its onset (Llamas and Gar-
rido, 2007). Other countries, for example Denmark, rely entirely on
groundwater (Cabrera, 2024; European Commission, 2024). As per our
results, Spanish rural municipalities are the ones that depend more on
groundwater for drinking water provision, something found also by
other authors or in older reports based on secondary data (Llamas and
Garrido, 2007; Ministerio de Medio Ambiente, 2000). Groundwater use
makes those municipalities more resilient to drought (Food and
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Agriculture Organization, 2016), but more vulnerable to non-point
source pollution, one of the biggest threats to groundwater quality in
the EU (European Environment Agency, 2022).

Part of the population is serviced by abstracting water from water
bodies that are in poor status according to the WFD standards; this poses
a challenge in two directions. In the first place, it is a challenge in terms
of availability, since there are water bodies in poor quantitative status
that are used as drinking water source; this puts the population at risk of
running out of water but can also possibly subject it to higher concen-
tration of contaminants due to the low dilution (Boxall., 2011; Lasagna
et al., 2013). Secondly, if the water body being used is declared as
having poor chemical status, there is a potential health risk should the
purification treatment fail or be insufficient. It is also important to note
that there are parts of rural Spain where the drinking water is being
obtained from sources that are not even monitored by RBDs as per the
WFD guidelines. Such sources are intermittent streams, small local
aquifers or springs, the former being one of the most vulnerable re-
sources in the face of climate change due to changes in flow reductions
(i.e., an increase in zero-flow days; T. Das et al., 2011; Döll and Schmied,
2012; Jaeger et al., 2014; McKerchar and Schmidt, 2007). There have
already been cases in central Spain regarding municipalities that have
been forced to switch to another resource due to the increased ephem-
erality of their streams and springs (F.C.V., 2022).

The importance of these statistics resides in the shift in the European
Union from an end-of-pipe approach to a source-to-mouth approach, in
line with multi-barrier approaches adopted in other countries (Andries
et al., 2024), in which the state of the water source is seen as another
part of the supply chain. This risk assessment approach necessarily re-
quires examining the activities that occur in the catchment that lead to
overexploitation (and ultimately, depletion) and pollution. Climate
change will exacerbate these existing problems (Intergovernmental
Panel on Climate Change, 2007; Whitehead et al., 2009), with it ulti-
mately increasing the price of water, as it will need a more intensive
treatment to be apt for human consumption or will need to come from
alternative sources (e.g. desalination, water imports), with the conse-
quent investments in infrastructure change (Cashman and Ashley,
2008).

To contribute to the implementation of the Drinking Water Directive
from a risk assessment perspective, we investigated the spatial and de-
mographic drivers that may lead to non-compliance with drinking water
quality standards. Our model represents a first approach to this idea in
Spain, and as such, some caveats must be presented. In the first place,
while widely accepted, the SINAC database has been criticized due to its
difficult access, missing data, and limited control over what is uploaded
to the system. Despite this, SINAC is the only source of information
regarding the quality of drinking water in Spain. Moreover, access to
high-resolution data about relevant explanatory variables remains a
challenge, despite improvements in recent years; important de-
mographic data such as inequality indexes, water tariffs, or public/pri-
vate ownership of the supply, distribution or treatment are not readily
available. Regarding the nature of the missing data in SINAC, our pre-
diction maps reveal that there might be unreported non-compliances,
especially affecting Castille and Leon, where most of the non-reported
data is localized, especially in rural areas (as seen in the population
density map from Fig. 1).

The lack of data about the applied potabilization treatment makes it
difficult to discern whether a municipality is not complying with the
standards because of the treatment (or even blending of water) or
because the source water is not contaminated. We tried to control the
latter by adding the global status of the source of abstraction. However,
as we have also mentioned, not all drinking water origins could be
identified, which leaves important zones such as the Greater Metropol-
itan Area of Barcelona out of our model. While there is no data or
analysis in Spain focused on the influence of treatment, it is known that
arsenic violations have decreased in the United States partly due to the
implementation of treatment techniques (Foster et al., 2019), and that

treatment implementation (as in, nitrate removal) is effective for sys-
tems that were previously in nitrate violation (Pennino et al., 2017). The
influence of treatment on models has been discussed by other authors
(Pennino et al., 2020; Scanlon et al., 2022) who also faced lack of
treatment data. Specifically, this data gap could skew the model towards
a) false positives, i.e. predicting a high non-compliance risk, due to
environmental conditions, in areas where treatment is eliminating the
contaminant, or b) false negative, that is, a prediction of a low proba-
bility of non-compliance in areas where there are factors that should
lead to quality non-compliance. In the case of our models, false nega-
tives are rare, appearing more in heterogeneous models, but false pos-
itives are more widespread, with one of the reasons possibly being the
existence of treatment or the ability to blend or switch the water source.
Treatment has not been included in the model due to the lack of this
information at the time database was compiled and the methodology
being designed around the municipality as the study unit. Presently,
information on the treatment used is presented per distribution network,
and can be found on the SINAC webpage, as mandated by the 2020 DWD
(European Commission, 2020).

Overall, Balanced Random Forest algorithm performed better when
it had more data available and when the groups of parameters were
homogeneous (e.g., nitrogen-based non-compliance, or disinfection-by-
products). This is consistent with similar analysis performed by Scanlon
et al. (2022) for the United States. Top drivers for each model we
selected were also consistent with the mapped distribution of non-
compliances across the Spanish geography, as shown in Fig. 5.

We have found that several climate and climate-derived variables
have a great influence in the probability of non-compliance of micro-
biological (E. coli, C. perfigens and enterococci) and nitrogen-related
parameters, with two anthropic activities contributing towards the
probability of non-compliance: confined livestock farming, and agri-
culture, respectively. Manure from livestock is usually used as fertilizer,
but its improper handling, storage and application can lead to pollution
of water sources and drinking water (Gagliardi and Karns, 2000; Kumar
et al., 2013). Pathogen survival in soil is known to increase with soil
moisture (Mubiru et al., 2000) and low temperatures (Ogden et al.,
2001), and E. coli leaching depends on the time that has passed from the
moment of the application of manure and the rainfall event (Saini et al.,
2003). Our maps show that microbiological non-compliance reported to
SINAC is more widespread in northern Spain, where the climate is a bit
colder than in the rest of the country, even if high temperatures are
known to aid the proliferation of microorganisms (Blaustein et al.,
2013). Michielssen et al. (2020) found that coliform violations in the
United States were high in the Great Lakes region (another region with a
relatively colder climate), and also associated them with smaller sys-
tems, which is the case of those in the north of Spain, as opposed to
relatively bigger systems in southern Spain. Confined livestock farming
is also very prevalent in northern Spain, as it can be seen in the density of
European Pollutant Release and Transfer Register sites in SM Fig. 1. In
the case of nitrogen, in groundwater, it has been found that at high
temperatures, nitrate leaching is reduced due to increased evapotrans-
piration and biomass production, whereas high precipitation dilutes
nitrate in the soil and fosters nitrogen uptake by the crop (Wick et al.,
2012). Low values of runoff pushing the model towards non-compliance
could mean most of the rainfall feeds aquifer recharge; this, paired with
alluvial lithology also appearing as important, suggests that most of the
nitrogen non-compliances come from use of groundwater, despite this
variable not appearing in the top drivers. On the other hand, as we
mentioned, the presence of agriculture in the catchment area contrib-
utes to non-compliance, which is consistent with the non-point pollution
of agricultural origin that can be observed across all Europe (Esteban
and Albiac, 2012).

In the case of DBP non-compliance, we find that the most important
variables are related to the source of abstraction and its location. This is
likely because DBPs are formed when chemical oxidants react with
dissolved organic matter (Rougé et al., 2022), which in general has low
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concentrations in groundwater compared to inland surface waters
(Harjung et al., 2023) and is very difficult to remove from reservoir
water (Xu et al., 2022). Disinfection by-products can also form after the
primary disinfection process has occurred, i.e. within the water distri-
bution system (Dong et al., 2023). Factors that can influence this are the
use of secondary chlorination due to the length of the distribution sys-
tem (Jiang et al., 2017), the pipe materials (He et al., 2016; Ye et al.,
2020), or the presence of biofilms within the distribution system pipes
(Shi et al., 2022). Low recharge is also associated with DBP non-
compliance, probably because of the low permeability of crystalline
rocks, where most of the Spanish dams—which provide drinking water
to urban populations—are located. According to our model, DBP non-
compliances are more likely to happen in urban, or semiurban, areas
than in rural ones, which contrasts with what happens in the United
States, where rural populations have a higher likelihood of a DBP
violation of the Safe Drinking Water Act (Allaire et al., 2018; Scanlon
et al., 2022). Given the significance of climate change and increasing
droughts in Spain (Vicente-Serrano et al., 2014), our findings indicate
that drought conditions—identified as a driver of DBP non-com-
pliance—can concentrate DBP precursors and nutrients in surface wa-
ters. These nutrient concentrations may also promote algal blooms,
which are associated with certain types of DBP precursors (Xiao et al.,
2023).

Despite the analysis of non-compliance evolutions indicating that
arsenic is mostly a rural issue, our model does not point at lower pop-
ulation densities being a factor in the non-compliance for this contam-
inant. Groundwater use, mostly associated with geogenic arsenic, has
also not appeared as an important variable. We expected this to appear
as a variable because when the geospatial distribution of the breaches
was cross-checked with the Arsenic Isovalues Map from the Geochemical
Atlas of Spain (IGME, 2012), we found that they overlapped with the
areas with greater As concentration in the soil, thus suggesting the
geogenic origin of it. This is likely due to the spatial distribution of the
municipalities affected by arsenic presence, which are very few, to
which we should also add the complex mechanisms that lead to arsenic
mobilization (Herath et al., 2016). Lower values of tap water expendi-
ture associated with non-compliancecould be indicating that treatment
techniques for arsenic removal (i.e., reverse osmosis) might not have
been implemented, as they are costly, and arsenic is usually associated
with rural areas where advanced water treatment techniques are not
common. Prolonged drought has already been associated with a higher
probability of exposure to arsenic (Lombard et al., 2021). The type of
lithology is relevant to arsenic presence, as it appears either in sedi-
mentary rocks or igneous ones, with the latter being the case in Spain.
High values of soil bulk density being associated with a higher non-
compliance probability is also consistent with the fact that at high
bulk density values, the reduction of iron oxides responsible for As
retention is triggered by rich organic matter, which leads to its mobili-
zation (Tran et al., 2023).

The last of the models pertains to indicator parameters. While they
are not necessarily hazardous, they are key to the consumer's perception
of drinking water (De França Doria, 2010; Kelly and Pomfret, 1997).
This could explain why tap water expenditure is important in our model,
as the necessity to have acceptable and palatable tap water for the
consumer can lead to more intensive treatments; for example, a one-
percent increase in turbidity increases the costs in 0.1162 % (Danelon
et al., 2021). Both drought and precipitations can put the water treat-
ment facilities under stress, the former because contaminants are
concentrated during drought episodes and the latter because, if surface
water is used, it increases turbidity (Chou and Wu, 2010). The rela-
tionship between urban discharge points and indicator parameters
should be further studied. We also found higher probability of indicator
non-compliance in low-income brackets, which has also been reported
in other parts of the world (Allaire et al., 2018).

A variable of low importance is the overall status of the water body,
which, based on the findings of our exploratory analysis, we anticipated

would have a greater influence on the probability of non-compliance.
There could be multiple reasons for this and elucidating which ones
are at work requires a case-by-case study. Reasons for this result range
from imprecise water origin designation, as we have already discussed,
to the dynamic nature of water and contamination, which is difficult to
capture in a static model that groups 5 years of non-compliance. It could
also mean that the technological paradigm, in which water treatment
can make up for the pollution of the source, still applies in Spain.

Regarding the other variables, we want to emphasize that, with the
exception of land use and anthropic activities like agriculture and
confined livestock farming, the rest of them are not under the control of
the authorities, be it River Basin Management or local and regional
governments. This underscores the importance of spatial planning and
land use management to protect the sources of drinking water, which
should be done at local scale and considering that different types of
municipalities face different challenges (e.g. microbiological pollution
in rural areas vs disinfection by-products in high population density
zones). As more data is made available to the public and scientists, more
efficient models can be made to assess not only the catchment area, but
also household economics and the nature of the water management of a
municipality.

5. Conclusions

This paper presents a baseline of the state of the reporting of drinking
water quality in Spain, the source of drinking water, and the factors that
might influence quality non-compliance at catchment or municipal
level. While further research is needed, especially one that should
incorporate new demographics data that as of today are unavailable at a
national level (e.g., ownership of the system, or water tariffs), some
conclusions can be extracted from this study.

Overall, drinking water quality in Spain is good, but smaller mu-
nicipalities from rural areas have a higher exposure of their domestic
water supply to certain pollutants. This underscores the importance of
disaggregating drinking water quality data, as aggregating national non-
compliance totals masks problems that are specific to rural (like arsenic,
nitrogen compounds as nitrate, or microbiological pathogens as E. coli)
or urban municipalities (fundamentally, disinfection by-products). On
top of this, rural areas also struggle with the mandatory reporting to the
health authorities, which places them in a position of vulnerability, as
lack of data hinders diagnoses and the development of solutions to
possible problems. This could be attributed to a lack of resour-
ces—economic, but also of specialized personnel. While the importance
of SINAC for the drinking water quality monitoring of Spain cannot be
disputed, its opacity and the uneven enforcement of reporting obliga-
tions that have led to these data gaps point at a governance problem at
its core.

Most of the Spanish population receives its drinking water from a
surface source, which is the preferred source for urban areas. On the
other hand, rural areas rely on groundwater and, sometimes, non-
monitored sources such as local aquifers or local creeks—this, too,
makes these zones more vulnerable to pollution, whereas the reliance of
urban zones on surface water has implications in the light of climate
change.

We also found that climate is also an important factor for non-
compliance, including droughts. Temperature, precipitation, or
recharge or the aforementioned droughts are factors over which local
and regional authorities have little to no control. Our results also suggest
that anthropic activities in the catchment area, such as agriculture and
confined livestock farming—over which authorities have more con-
trol—are behind drinking quality non-compliance of nitrogen and
microbiological nature. Moreover, disinfection by-product non-compli-
ance is influenced by the source of abstraction, as surface water makes
the municipality more susceptible to breach the quality standards. These
results point to the importance of applying a risk-based approach to the
catchment area and focusing management efforts to improve drinking
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water quality at the local scale, making it possible to target local factors
and adapt to the local reality and its unique challenges.
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González-Mazo, E., 2017. Effects of extreme rainfall events on the distribution of
selected emerging contaminants in surface and groundwater: the Guadalete River
basin (SW, Spain). Sci. Total Environ. 605–606, 770–783. https://doi.org/10.1016/
j.scitotenv.2017.06.049.

Cutter, W.B., 2007. Valuing groundwater recharge in an urban context. Land Econ. 83
(2), 234–252. https://doi.org/10.3368/le.83.2.234.

Danelon, A.F., Augusto, F.G., Spolador, H.F.S., 2021. Water resource quality effects on
water treatment costs: an analysis for the Brazilian case. Ecol. Econ. 188, 107134.
https://doi.org/10.1016/j.ecolecon.2021.107134.

Dang, C., Zhang, Y., Zheng, M., Qiyue, M., Wang, J., Zhong, Y., Wu, Z., Liu, B., Fu, J.,
2023. Effect of chlorine disinfectant influx on biological sewage treatment process
under the COVID-19 pandemic: performance, mechanisms and implications. Water
Res. 244, 120453. https://doi.org/10.1016/j.watres.2023.120453.

Das, R., Krishnakumar, A., Kumar, M.R., Thulseedharan, D., 2021. Water quality
assessment of three tropical freshwater lakes of Kerala, SW India, with special
reference to drinking water potential. Environmental Nanotechnology, Monitoring &
Management 16, 100588. https://doi.org/10.1016/j.enmm.2021.100588.

Das, T., Pierce, D.W., Cayan, D.R., Vano, J.A., Lettenmaier, D.P., 2011. The importance
of warm season warming to western U.S. streamflow changes. Geophys. Res. Lett. 38
(23). https://doi.org/10.1029/2011GL049660.

Davis, J., & Goadrich, M. (2006). The relationship between precision-recall and ROC
curves. In proceedings of the 23rd international conference on machine learning, ACM
(Vol. 06). doi:https://doi.org/10.1145/1143844.1143874.

De França Doria, M., 2010. Factors influencing public perception of drinking water
quality. Water Policy 12 (1), 1–19. https://doi.org/10.2166/wp.2009.051.
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Instituto Geográfico Nacional, 2014. Sistema de Ocupación del Suelo de España (SIOSE)
(Version 2014) [Map; Vector 1:25000]. https://www.siose.es/web/guest/base-de
-datos.

Instituto Geológico y Minero de España. (2012). Mapa de isovalores de Arsénico. Atlas
Geoquímico de España. [Map; 1km grid]. https://catalogo.igme.es/geonetwork/srv/
api/records/ESPIGMEATLASGEOQUIMICAAS20210531.

Instituto Geológico y Minero de España. (2015). Mapa Geológico de la Península Ibérica,
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Barceló, D., 2014. Hydrological variation modulates pharmaceutical levels and
biofilm responses in a Mediterranean river. Sci. Total Environ. 472, 1052–1061.
https://doi.org/10.1016/j.scitotenv.2013.11.069.

Parveen, N., Chowdhury, S., Goel, S., 2022. Environmental impacts of the widespread
use of chlorine-based disinfectants during the COVID-19 pandemic. Environ. Sci.
Pollut. Res. Int. 29 (57), 85742–85760. https://doi.org/10.1007/s11356-021-
18316-2.

Paun, I., Chiriac, F.L., Marin, N., Cruceru, L., Pascu, L., Lehr, C., Ene, C., 2017. Water
quality index, a useful tool for Evaluation of Danube River raw water. Rev. Chim. 68,
1732–1739. https://doi.org/10.37358/RC.17.8.5754.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,
Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos, A.,
Cournapeau, D., Brucher, M., Perrot, M., Duchesnay, É., 2011. Scikit-learn: machine
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