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ABSTRACT

Universal access to safe drinking water is a fundamental human right and a requirement for a healthy life. Therefore, monitoring the quality of
the supplied water is of utmost importance. To achieve this goal, there is a need to develop tools that support monitoring activities and
improve efficiency. Forecasting models enable the prediction of pollution levels and facilitate the implementation of action plans. In this
study, the Boosted Regression Trees method was employed to investigate the variables influencing water quality failures (WQFs) due to
microbial contamination at the delivery point. The dataset used was obtained from localities across the country’s distribution systems.
The variables under consideration included physicochemical parameters such as pH, turbidity (NTU), and free chlorine (mgL™"), along
with contextual parameters like the year, season, geographic location, and locality population. Indicators of microbial contamination
assessed were the presence of total coliforms, Escherichia coli, and Pseudomonas aeruginosa. The most significant variables were geo-
graphic location, free chlorine content, and the population of the locality. The model achieved an AUC value of 0.77 and provided
adequate predictions in the conducted tests. It enables the exploration of key factors affecting microbiological water quality, allowing for
informed action to reduce associated risks.
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HIGHLIGHTS

® Boosted Regression Trees were employed to study the variables that influence water quality failures due to microbial contamination at the
delivery point. Both posed greatest risk to the public.

® Drinking water suppliers can use this tool to improve their monitoring plans and public authorities can use this input to implement actions
for preventing water contamination and to improve water safety plans.

1. INTRODUCTION

Universal access to safe drinking water is a fundamental need and human right (UN 2010). It is one of the main requirements
for a healthy life. Monitoring the quality of the water supplied either by conventional water distribution systems or decentra-
lized community systems has several challenges. Time, analysis capacity, human resources, and costs, to mention a few. Thus,
developing different tools that support monitoring activities and improving their efficiency is needed.

There are International Guidelines for Drinking water quality (WHO 2022) as well as local regulations that establish maxi-
mum levels allowed for multiple parameters related to health and taste. A water quality failure (WQF) event is often defined
as an exceedance value of one or more of these regulated parameters from specific legislations (Sadiq ef al. 2008). One of the
most frequent WQF is due to microbial contamination (Mian et al. 2020) and drinking this microbial-contaminated water is
the greatest risk to public health due to water use. It is associated with acute human health effects causing gastrointestinal
(GI) illnesses such as diarrhoea and nausea (Interior Health Authority. Office of the Medical Health Officer, 2017; WHO
2022).
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Microorganisms can come from the water source and can also enter drinking water supply systems through contamination
of storage facilities and distribution networks. Even though water can be contaminated at any stage in the water piping
system, the quality failure in the distribution stage is considered the most serious, since it is the point of delivery to the
public (WHO 2022). Besides this, microbial contamination along with changes in the water colour or turbidity has been
reported as the main concern events by consumers (Benameur et al. 2022). For this reason, the monitoring of microorganisms
in drinking water systems is generally established by law (European Commission 1998; EPA 2009; Uruguay Presidencia 2011;
EPA 2018). Optimal management of the Drinking Water Distribution Systems (DWDSs) is a complex task and most of the
surveillance programs are based on sampling bulk water tests which require a considerable time to detect the WQF. Thus, to
develop technologies for Early Warning Systems has been an area of increasing interest from an environmental point of view
and also from a socio-economic one (EPA 2006). Therefore, the prediction of the possibility of a WQF due to microbial con-
tamination is of utmost importance for these programs.

Approaches aimed at early detection of microbial contamination in DWDS have been proposed in the literature. For
example, Ikonen et al. (2017) developed an online monitoring system measuring pH and temperature as an alternative to
traditional water quality monitoring frameworks to reveal bacterial intrusion. Meanwhile, Carpitella et al. use a two-fold
multi-criteria decision-making approach, a tool to identify cause-effect elements of a complex decision-making problem,
applied to the field of microbial management of DWDS (Carpitella ef al. 2020). The aim of this study was to easily identify
the presence of dominant members of microbial communities according to the pipe material used in the studied DWDS.

The significant progress achieved with the aid of smart sensors for pollutant monitoring allowed the development of fore-
casting models for predicting pollution levels which enable action plans in advance (Henriques & Louis 2011; Mohammed
et al. 2017; Imen et al. 2018; Mohammed et al. 2018; Mian et al. 2020; Podgorski & Berg 2020; Ahmed et al. 2021; Alsulaili &
Alshawish 2021; Bong et al. 2021; Chen et al. 2021; Dawood et al. 2021; Li et al. 2021; Lobo et al. 2022; Schmidt et al. 2022;
Xu et al. 2022). Many of these applications are for predicting different parameters in the water source and also chemical con-
taminants in the distribution system.

Related to the presence of microbiological non-compliance in distributed drinking water, Sadiq et al. (2008) use fault tree
analysis to determine the causes of the distribution system failure identifying the particular sub-events that have a high impact
on the failure. Fault tree analysis requires the assignment of crisp probabilities between events and the assumption of ‘inde-
pendence’ between risk events. Alsulaili & Alshawish (2021) employed different multivariate statistical techniques to study
spatial and temporal variations in the water quality distributed in hospitals, identifying the main parameters that explain
these variations.

Notwithstanding, a lack of application in the field of microbial control and management strategies in drinking water sys-
tems exist.

Considering that these tools are helpful in the establishment of an effective management framework to achieve a reliable
supply of safe drinking water, they are of high importance for public health. Also, international organizations have rec-
ommended the implementation of water safety plans based on the operational monitoring of the control measures in the
drinking water supply (WHO 2005). Furthermore, the assessment of the whole system to determine whether the drinking
water supply (from source through treatment, to the point of consumption) delivers quality water that meets the health-
based criteria is of major relevance (IWA 2016). Regarding all that were stated, the objective of our study was to develop
a model obtained through the monitoring data collected over 15 years to predict microbial contamination in the distribution
system at the delivery point to the public. This enables to identify the most important variables which contribute to the WQF
and the implementation actions to effectively overcome them.

Drinking water quality prediction uses an extremely imbalanced data set. The imbalance of the raw data set is one of the
key reasons that severely restricts the thorough application of the learning models in many fields (Khalilia et al. 2011;
Krawczyk et al. 2014) particularly in environmental quality monitoring and prediction (Cabaneros et al. 2019; Xu et al.
2020). As Boosted Regression Trees (BRT) is an algorithm that handles this type of data we decided to study its applicability
in the DWDS to predict microbial WQF. BRT provide the possibility of handling different types of predictor variables and
missing data. Other useful advantages are that they have no need for prior data transformation or elimination of outliers,
and they can fit complex nonlinear relationships, and automatically handle interaction effects between predictors (Elith
et al. 2008).

BRT is a combined method for fitting statistical models. It links two algorithms’ strengths: regression trees (which relate a
response to their predictors by recursive binary splits) and boosting (an adaptive method to combine many simple models).
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Through this, the predictive performance of the resulting model is improved. It differs from conventional techniques in the
fact that its aim is to fit a single parsimonious model (Elith ef al. 2008). Previous works have shown it to be an extremely
accurate tool for predicting the quality of groundwater (Nolan ef al. 2015; Knierim et al. 2020; Stackelberg et al. 2020;
Knierim et al. 2022) but it has not been used in the DWDS’ WQFs.

The present work uses data obtained from the whole water distribution system of the country, including surface and
groundwater sources. BRT was employed to study the variables that influence WQFs due to microbial contamination at
the delivery point and to predict microbial WQF. This is the first time that this predictive tool for assessing water drinking
quality is applied at the consumption point in order to help prevent WQF at this stage. This study constitutes an input for
public health authorities who implement actions for water contamination prevention and water safety plans, and a useful
tool for drinking water suppliers.

2. METHODS
2.1. Data collection

The drinking water quality dataset was obtained from the Water Analysis Unit of the Facultad de Quimica (UdelaR, Uruguay)
between 2004 and 2020 in the framework of an agreement with the Regulatory Unit for Energy and Water Services (URSEA
for its Spanish wording). Data from the analysis of 7,971 samples taken from localities ranging from less than 100 to over
200,000 inhabitants were employed. The whole water distribution system of the country was sampled and as it was stated
before, it included surface and groundwater sources. Samples were taken every week according to SMEWW9060 A and pre-
served and stored pursuant to SMEWW9060 B.

The data collection was performed using a deliberate sampling approach in search of possible WQF as this is URSEA’s
decision in order to optimize its resources and fulfil its inspection objective. Therefore, it is not representative of the real
water quality in the country.

2.2. Methodology

The variables studied were physicochemical parameters as pH, turbidity (NTU) and free chlorine (mg L™!), and contextual
parameters as year, season, geographic location, and locality population. These physicochemical variables were selected
because they provide useful information about possible contamination or the potential of the water to support bacterial
growth, regarding the contextual parameters they are linked with variables such as temperature, climate, purification process.
Thus, it was expected that they would correlate with WQF due to microbial contamination. Besides this, these data were avail-
able for the majority of the analyzed samples, which represents an adequate number of data to create a predictive model.

The indicators of microbial contamination used were total coliforms and the presence of Escherichia coli and Pseudomo-
nas aeruginosa. The response was a binary variable obtained by integrating the results of these microbiological analyses
(compliant, non-compliant). Microbial quality was assessed according to SMEWW 9222B, 9213F, and 9223 methods
(American Public Health Association, American Water Works Association and Water Environment Federation, 2017).

The predictor variables used in the case of the contextual parameters were year from 2004 to 2020 considering the alternate
sea currents the Nifio and the Nifia; season (winter, spring, summer, and fall); department (19 different territorial units, indi-
cated by letters from A to R); locality population (11 levels were considered: <100, between 100 and 500, 500 and 1,000,
1,000 and 2,000, 2,000 and 5,000, 5,000 and 10,000, 10,000 and 20,000, 20,000 and 50,000, 50,000 and 100,000, 100,000
and 200,000 and >200,000).

The physicochemical parameters employed were determined according to Standard Methods for the Examination of Water
and Wastewater (SMEWW) methods: pH (4500H); turbidity (2130); and free chlorine (4500Cl-G) (American Public Health
Association, American Water Works Association and Water Environment Federation, 2017).

To study the influence of these variables in quality failures by microbial contamination the BRT technique was used. In this
supervised learning technique, a set of successive shallow and weak trees is built, with each tree learning and improving with
respect to the previous one. When combined, these successive weak trees produce a powerful predictive tool.

The BRT model was built with open source R software version 3.6.1 (2019-07-05) (Ridgeway 2020) through the packages
gbm (R-project.org n.a.) and dismo (Hijmans 2017).

The data set was divided into two subsets, one for training purposes (70% of the data) and the other for validation (30% of
the data). In this division, we kept the proportion of defective results (about 8%) as in the original data set.

In this model, there are some hyper-parameters that require optimization.
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The BRT model was run, using the gbm.step function that evaluates the optimal number of trees reinforcement by 10 times
predetermined cross-validation, which is considered enough number of executions for an adequate optimization of the
assigned hyper-parameters. The optimized hyper-parameters were bag.fraction, number of trees, tree complexity (tc) and
learning rate. The model was fitted with different values for these parameters seeking the combination with the minimum
predictive error.

For model optimization, regularization methods are used to constrain the fitting procedure so that it balances model fit and
predictive performance (Hastie ef al. 2009).

Bag.fraction is the hyper-parameter that controls stochasticity and specifies the proportion of data to be selected at
each step. For example, if the bag.fraction is 0.5, this means that 50% of the data is taken randomly without replace-
ment from the full training set at each iteration. Optimal bag.fractions can be established by comparing predictive
performance and model-to-model variability under different bag.fractions. As discussed in the literature, stochasticity
improved model performance and bag.fractions in the range 0-5-0-75 have given best results for presence-absence
responses (Elith et al. 2008). A value of 0.8 for the bag.fraction was taken in accordance with other previous work
(Vidal et al. 2018).

The learning rate (Ir) determines the contribution of each tree when it is added to the model and the tree complexity
controls if the interactions are fitted. These hyper-parameters determine the number of trees needed to optimize the
model. Decreasing Ir increases the number of trees (nt) required, and in general, a smaller Ir (and larger nt) is preferable,
depending on the number of data available and the time needed for computational analysis. These two hyper-parameters
were estimated with an independent test set by cross-validation using the reduction of the deviance as the optimization
goal. Cross-validation allows for testing the model on retained portions of data, while still using all data at some stage
to fit the model.

The results of the cross-validation were used, systematically altering tc and Ir while comparing the results. The learning rate
took values of 0.001 and 0.005 and tc of 3 and 5. As was mentioned before, the number of trees was determined by 10 times
predetermined cross-validation using the gbm.step function (R-project.org, n.d.) from the dismo package (Hijmans 2017).

The predictive capacity of the model was evaluated with the validation data. From these data, the rate of true positive
results (TPR) and false positive results (FPR) is evaluated. A ROC (Receiver Operating Characteristic) curve plots TPR
versus FPR at different classification thresholds. The area under the ROC Curve (AUC) measures the entire two-dimensional
area below the ROC curve from (0.0) to (1.0).

As the AUC ranges in value from 0 to 1, a model whose predictions are 100% incorrect has an AUC of 0.0; another
whose predictions are 100% correct has an AUC of 1.0, while a model with a performance equal to random guessing has
an AUC of 0.5.

Once the model was optimized the relative importance of the variables (Figure 1) and the partial dependence graphics
(Figure 2) were obtained in order to interpret the model. The AUC obtained for the model is reported in the Results and
Discussion.
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Figure 1 | Relative importance of each predictor variable in the predicted response.
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Figure 2 | Partial dependence graphs of the studied variables.

3. RESULTS AND DISCUSSION

The optimized values for the BRT model were tree.complexity =5 and learning.rate = 0.005.

Regarding the studied variables, the importance of each one in the predicted response is shown in Figure 1.

pH, temperature, turbidity, and electrical conductivity were the most significant factors associated with the concentration
of faecal indicators in a raw water source (Mohammed ef al. 2018). Our conclusions are not exactly so. This can be explained
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as we studied other variables that turned out to be more significant in the construction of the predictive model. Although pH
and turbidity contribute significantly to the construction of the model, they are not the most influential among the variables
studied. The type of water treatment plants of the different localities, mainly depends on the number of prospective users (that
is inhabitants), therefore potentially influencing final drinking water quality.

The influence of the department includes the mentioned above about the purification process used, but also factors
inherent to the available sources, capabilities of monitoring and doing the investment necessary to maintain the facilities
and resulted to be the most important one.

Regarding the year, this predicts the influence of the alternate sea currents El Nifio and La Nifia that are the warm and cool
phases of a recurring climate pattern across the tropical Pacific - the El Nifio-Southern Oscillation, or ‘ENSO’ for short. The
pattern shifts back and forth irregularly every 2-7 years, bringing predictable shifts in ocean surface temperature and disrupt-
ing the wind and rainfall patterns across the tropics. They have great incidence in rainfall throughout the year and the seasons
and will, without doubt, set the median ambient temperature but the rainfall has an important effect on it.

Even though determining the predictive importance of the variables studied is of the utmost importance, once it is done, it
is necessary to evaluate the relationship between them (or sub set thereof) and the response. This can be done through the
construction of partial dependence plots.

Figure 2 shows the partial dependence graphs of the variables.

The figure shows that low chlorine values present greater microbiological non-compliance. As is expected, the increase in
microbiological water failures is also seen during the seasons of higher temperatures. Between 2012 and 2015 there was an
increase in the number of WQF which coincides with a change in the methodology for the determination of total and faecal
coliforms. Until 2012 the determination was carried out by the membrane filtration method, since then the determination is
carried out using the Colitag® (chromogenic substrate) kit. As it is known, coliform definition is a methodologic definition so
the results depend on the method employed. For example, the genera Pantoea, Leclercia and Lelliotia belong to the new gen-
eration of coliforms included in the definition proposed by the new methods that detect the production of the enzyme
B-D-galactosidase but do not produce acid or gas from lactose or characteristic colonies in culture media for coliforms
such as lauryl tryptose broth or M-Endo medium. This could explain the increase in the total coliform detection. Notwith-
standing this, the same methodology has been in use until now and the WQF have decreased. We could not find any
reason that explained this fact.

Turbidity does not strongly correlate with microbiological non-compliances. The appearance of high turbidity could relate
more to the presence of iron, manganese and aluminium oxides present in the source or in the distribution tube components.

Regarding the locality population, those with less than 100 inhabitants are the ones that have the major number of WQF.
Among the possible causes to be considered, is that rural communities have less access to trained staff and state-of-the-art
technologies to regulate and monitor their water treatment and distribution systems (Sadiq et al. 2008).

WQF together with the complexities of its distribution system makes risk analysis a highly complex process. As was men-
tioned before, it must be taken into account that drinking water quality prediction uses an extremely imbalanced data set.
Boosting ensemble learning has yielded good results when solving the class imbalance problem in different domains.
Examples of this are applications in areas such as fraud detection, medical diagnosis and manufacturing quality control
(Sun et al. 2009; Kim et al. 2018). In our work, it was successfully applied for the prediction of WQF in the distribution
system of our country.

BRT models give important advantages over other methods such as generalized linear models (GLM) (McCullagh &
Nelder 1989) and generalized additive models (GAM; (Hastie & Tibshirani 1986) because they are able to select relevant
variables, fit accurate functions and automatically identify and model interactions.

Other tools have been used for the prediction of drinking water quality (Dawood ef al. 2021), but the aim was different as
they were working on the design of a water distribution system. At the same time, they had to normalize their data, something
we did not need to do.

When doing the model evaluation, we found that the model presents an AUC value of 0.77, which is considered acceptable
(Elith ef al. 2008). Although we did not find similar works dealing with the prediction of drinking water quality, similar results
were obtained for models applied to groundwater microbiological results comparing different machine learning models (Wu
et al. 2021).

The model used can effectively predict WQF from different geographical regions, different cities and towns, different source
water treatments and different types of source water (surface and groundwater).
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4. CONCLUSIONS

The model used is acceptable for the modelling of microbiological non-compliance, obtaining adequate predictions in the
tests performed. Therefore, it is a useful tool for the prediction of microbiological non-compliance in other data sets. At
the same time, we can state that the region, free chlorine content and number of inhabitants of the locality are the factors
that most influence the appearance of microbiological non-compliance.

BRT technique used in this work can be used in the study and management of risks to be applied in water safety plans.
While this model may need further improvement, the results of this study indicate that BRT models have high prospects
as WQF prediction tools. The model allows exploring the key factors that affect microbiological water quality permitting
the different actors involved to act accordingly and diminish the risk associated with it.

Because of this, drinking water suppliers can use this tool to improve their monitoring plans.
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