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ABSTRACT

This research applies artificial intelligence algorithms for optimizing the water quality monitoring network in a representative basin with inten-
sive agricultural and livestock activities. This study used the water quality database provided by the National Water Commission (CONAGUA).
Bi-monthly monitoring was registered from 2013 to 2020 for 23 water quality parameters in 23 sampling locations in tributaries and the main-
stream river. Therefore, it was necessary to apply principal component analysis to reduce the dimensionality of the data and thus identify the
parameters that contribute most to the variation in the water quality. This artificial intelligence algorithm promoted the ease of clustering
sampling sites with similar water quality characteristics by reducing the number of variables involved in the database. The reduction high-
lighted nutrients (TN and TP), parameters related to dissolved organic matter (NHz-N and TOC), and pathogens such as fecal coliforms. The
similarity of sampling sites was determined through hierarchical clustering using the Euclidean distance as a measure of dissimilarity and the
Ward method as a grouping method. As a result, nine clusters were obtained for the rainy and dry seasons, reducing approximately 50% of
the sampling sites and generating an optimized network of 11 sampling sites.
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HIGHLIGHTS

® The monitoring network of a watershed with intensive agriculture was reduced by 50% using artificial intelligence algorithms.

® By applying principal component analysis, the variables that contribute the most significant variation to the water quality of the basin, high-
lighting nutrients, and pathogens were identified.

® |t was possible to agglomerate sampling sites according to their similarity in terms of water quality.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Deterioration of the water quality in aquatic ecosystems has become a global concern as population growth generates a
greater need for fresh water. The physicochemical and biological interactions of pollutants in the rivers and the diversity
of diffuse sources make it difficult to implement specific action plans and mitigation measures that allow for the sustainable
use of basins. This problem is more accentuated in developing countries due to a lack of environmental regulations and a
need for more technical exchange between companies and environmental protection agencies to assess ecological impacts
and develop sustainable practices in line with current global problems such as water quality (Giao et al. 2022). In addition,
technical and scientific analyses are limited in developing countries compared to developed countries, and therefore, govern-
mental monitoring programs and plans are necessary to protect the water quality of surface water bodies.

Among developing countries, Mexico stands out for its agricultural activity with approximately 21.6 million ha (SIAP
2020). Sinaloa is the state with the highest agricultural production, with 1.2 million ha and producing approximately
12,170 tonnes of food. The fertilization requires 200 kg N ha! and 50 kg P ha! year. The water requirement to carry out
this economic activity amounts to 90 hM3 (CONAGUA 2020). On the other hand, deforestation due to land use change
has caused a more significant transport of pollutants to the river due to soil impermeability. Consequently, eutrophication
has been observed throughout the Culiacan River basin, proportional to the land use. Thus, the need to preserve the economic
activity of the region makes it essential to maintain a good water quality and the easiest way to achieve it is by preserving the
ecosystem services through the evaluation of physical-chemical parameters.

In developed countries, the monitoring of aquatic ecosystem’s health consists of using smart environment monitoring sys-
tems through the Internet of Things (IoT) and sensors that allow obtaining real-time reliable results that permit the extensive
automated database generation (Chowdury ef al. 2019; Jan ef al. 2021). In Mexico, through the National Water Quality
Measurement Network (RENAMECA), the National Water Commission has established monitoring networks in the coun-
try’s principal rivers and its procedures for analyzing water quality parameters such as heavy metals, nutrients, and
pathogens. There is a record of at least 10 years of historical data for more than 20 parameters registered every 2 months
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manually through fieldworks. However, this process generates a complex data matrix that makes it difficult to analyze, which
in developing countries complicates the continuity of data analysis due to limited resources. Thus, the application of multi-
variate statistical techniques, such as principal component analysis (PCA), and artificial intelligence techniques, such as
cluster analysis, helps to interpret complex data matrices to better understand the water quality and ecological status of
the surface water bodies (Egbueri 2020; Yang et al. 2020). In addition, these techniques assist identifying possible pollution
sources influencing water quality, as well as a quick solution to pollution problems.

PCA is one of the data exploration and analysis methods used in many fields, which belongs to dimensionality reduction
methods. The PCA technique has the approach of representing the original data in lower dimensional data with as little loss of
information as possible. The advantage of implementing PCA is the reduction of the original correlated variables into a set of
principal components, a set of linearly uncorrelated variable values (Mechelli & Viera 2019).

In waterbody analysis, this method helps identify the parameters that mostly influence water quality and are possible
sources of pollution. In addition, unsupervised learning by machine learning, offers tools such as clustering for the analysis
of the similarity between data and creating groups, also techniques to determine the optimal number of clusters, such as
elbow and silhouette methods (Krishnaraj & Deka 2020; Li ef al. 2022). This grouping eliminates redundant monitoring
sites on a network for more efficient and objective work.

Mamun et al. (2021) used PCA to evaluate the spatiotemporal variations in 12 water quality parameters of a reservoir for 23
years. The authors identified that nutrients and organic matter (anthropogenic) are responsible for water quality variation.
Gyimah ef al. (2021) used PCA and cluster analysis to analyze 16 water quality parameters in 10 sampling stations over
four months, obtaining a classification of sampling sites that allowed identifying the leading cause of water quality is anthro-
pogenic activity, so this suggested to pre-treat the effluents. Meanwhile, Kumar et al. (2020) studied three water bodies using
cluster analysis and PCA using data from 4 years. The authors identified the source of pollution by heavy metals in every
water bodies supported by the cluster analysis which grouped the heavy metals by similarity of concentrations.

Since the previous studies used cluster analysis and PCA as analytical tools, the present study proposes their combination
enhanced by non-supervised algorithms for selecting the optimal number of groups in the clusters, such as the elbow method.
In this way, it will go from being qualitative to a quantitative application because a poor selection of clusters can result in
grouping very heterogeneous data or data that are very similar to each other and are grouped in different clusters. This com-
bination may offer a methodology to extract information on similarities or dissimilarities between sampling sites,
identification of water quality variables responsible for spatial and temporal variations in river water quality, and the influ-
ence of possible sources on water quality parameters by obtaining a different approach for clustering sampling sites in the
Culiacan River that would be of great importance for quick intervention if necessary (Tung & Yaseen 2020; Wang et al.
2021; Zhu et al. 2022).

The objectives of this research are (i) to propose and evaluate a methodology for the grouping of sampling sites, based on
different multiparametric methods, including artificial intelligence, with indicators of precision and numerical sensitivity that
allow corroboration based on the background generated from the study area given its economic importance and the agrifood
industry including the expert’s opinion and (ii) elucidate the clustering results at the hydrological basin level considering the
hydrological, hydrodynamic and land use-water quality background of the study basin. Together, the objectives will optimize
a complex monitoring network to streamline the assessment of water bodies and develop strategies according to current
environmental needs in regions where land use analysis and hydrological information of water bodies are available.

2. METHODS

2.1. Study area and data collection
The Culiacan River basin is the second largest in Mexico regarding drained area and belongs to hydrological region 10
(RH10). It has a surface area of 19, 150.49 km?, of which 9, 143.49 km? belong to Sinaloa. This portion has an average rainfall
of 771 mm, with June to September being the region’s rainy season (SEMARNAT 2021). The prevailing climate is warm and
semi-dry, and the average annual temperature is 25 °C with minimum being near 10 °C, mainly in January, and maximum
around 36 °C from May to July (INEGI 2021).

Figure 1 shows the Culiacan River basin. The mainstream is the Culiacan River, which is formed at the confluence of its two
tributaries: Humaya and Tamazula, which converge in the city of Culiacan until it flows into the Altata-Ensenada del Pabel-
lon lagoon system. It has an average slope of 0.09%, considered medium to low (INEGI 2019). The current monitoring
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Figure 1 | The Culiacan River basin and its mainstreams.

network of the National Water Commission (CONAGUA) was used for the study. The network comprises 23 sampling sites
distributed along the Humaya, Tamazula, and Culiacan Rivers, and the water quality in every sampling site is influenced by
different land use.

Water quality parameters were analyzed bi-monthly, including nutrients, pathogens, and heavy metals in 2013-2020
(Table 1). Accredited laboratories carried out these determinations under international standards. Preserving and transport-
ing the samples were conducted according to APHA (2005), establishing the procedure for sampling receiving bodies. An
independent analysis was considered for the region’s two main climatic seasons: the dry season from September to June
and the rainy season from June to September.

2.2. Determination of land use in the Culiacan River basin

Land uses (agriculture, urbanization, and vegetation) were evaluated to elucidate the physicochemical characteristics of the
sampling sites that are classified into the same groups. Land use vector layers provided by the National Institute of Statistics
were analyzed by the geographic information system Qgis 3.4 (INEGI 2018). In addition, agriculture information was sup-
ported by data from the Agrifood and Fisheries Information Service (SIAP), as it presents a better-quality definition in the
detail of the vector layers.

Circular buffers were created to determine the influence of each land use on the sampling sites with an area of influence of
10 km? (Figure 2). Table 2 shows the information extracted from the geographic information system through the 10-km? buf-
fers. The percentage of land use around each sampling site of the river basin monitoring network can be observed. According
to the site’s location in the basin, land use is predominant. For example, at site 15 in 10 km? area, 83.31% is agriculture, and
7.02% is urbanization without native vegetation. This help to understand the clustering process.
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Table 1 | Water quality parameters measured in the Culiacan River basin

Parameter Reference

Chlorophyll, mg/m?> SM 10200 H

NH;-N, mg/L EPA 350.1

NOs-N, mg/L EPA 353.2

N Org, mg/L EPA 351.2

Total nitrogen (TN), mg/L

PO,-P

Total phosphorus (TP), mg/L EPA 365.1

E. coli, MPN/100 mL NMX-AA-042-1987
Fecal coliforms, MPN/100 mL NMX-AA-042-1987
Total coliforms, MPN/100 mL NMX-AA-042-1987
Electrical conductivity., uS/cm NMX-AA-093-SCFI-2000
TOC, mg/L EPA 415.3

Dissolved organic carbon, mg/L EPA 425.1

BOD, mg/L NMX-AA-028-SCFI-2001
COD, mg/L NMX-AA-030/2-SCFI-2011
Dissolved oxygen, mg/L NMX-AA-012-SCFI-2001
TSS, mg/L NMX-AA-034-SCFI-2001
CN, mg/L NMX-AA-058-SCFI-2001
Cr, mg/L EPA 6010 C

Hg, mg/L EPA 7470 A

2.3. Singular value decomposition

The singular value decomposition (SVD) was implemented because this method generalizes the diagonalization of matrices.
SVD is a method applicable to non-square matrices (Wall ef al. 2003). Matrix diagonalization is represented by Equation (1):

mem = memDmmer;;m (1)

where Mpym is the matrix of the sampling points with relation to the water quality parameters, Ppyy is an invertible matrix
that is square, Dy is the diagonal matrix containing all zeros except along the diagonal, and P,l  is the transposed matrix.

The data implemented from CONAGUA with a matrix approach has 23 parameters captured since 2012, with more than
700 samples performed. Due to the characteristics described above, the data matrix is non-square, hence SVD is appropriate

for the PCA. SVD is defined by Equation (2):

M mxn — mmemxn Vrz;m (2)

where My« is the matrix of the sampling points with relation to the water quality parameters, and it is decomposed into three
matrices denominated U, Sy VL . Where, Upym is an orthonormal matrix, integrated by sampling points captured since 2012,
VI is an orthonormal matrix represented by all parameters of water quality and both contain left and right singular vectors.
Finally, the matrix D contains the singular values, these being non-negative numbers and of the same size as the rank of the
matrix M.

SVD is since for any matrix M, the M'M and MM matrices are symmetric. From this, Unxm contains the eigenvectors of
MMT, V contains the eigenvectors of MTM, and the diagonal of S contains the square root of the eigenvalues associated with
MTM and MMT.

One of the procedures executed for the implementation of SVD involves the standardization of the data set. Specifically,
each input feature or column is adjusted to have a mean of zero and a standard deviation of one. Subsequently, the correlation
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Figure 2 | Circular buffers on the monitoring network in the Culiacan River basin.
matrix is computed based on the standardized data, as delineated by Equation (3):

1
T
R= -1 M, estandardizedM estandardized (3)

n
If the correlation matrix is substituted into the SVD equations (Equations (2) and (3)), the resulting formulation is described
by Equation (4):

where the R eigenvectors represent the columns of V, which represent the directions in the original feature space where the
correlation is maximized. The R eigenvalues are proportional to the squares of the singular values in S, indicating the amount
of correlation captured by each principal component. Consequently, the columns of V serve as the principal components, and
the magnitude of the singular values in S delineates the significance of each principal component in terms of explained
variance.

2.4. Cluster analysis for monitoring network sites
2.4.1. Determining the optimal number of clusters: the elbow method
K-means is one of the most widely used unsupervised learning algorithms to solve clustering problems, where it classifies
unlabeled data into different given groups, denoted as the K value.

The elbow method was selected objectively to determine the number of clusters to provide a starting reference point to
determine the number of clusters to be considered and, thus, to have an optimal cluster value before hierarchical clustering.
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Table 2 | Monitoring network and land use influence at 10 km?

Land uses (%)

No. Sampling site Agriculture Urbanization Vegetation
1,24 Culiacan Nte. Agua Arriba, Culiacan aguas abajo, Puente Ferrocarril 79.98 16.53 -

3 Aguas Arriba PTAR Navolato - - -

5 Puente El Guamuchilito 85.01 - -

6 Puente El Pinole 82.04 3.79 -

7 Puente La Palma 83.06 8.1 -

8 Puente Limoncito 54.03 20.56 -

9 Puente Negro - 86.87 -

10 RH10-2 Sinaloa 82.84 10.67 -

11 Rio Culiacan 2 52.39 4.6 3.4
12 Rio Culiacan 4 41.6 33.81 -

13 Rio Culiacan 5 - 99.85 -

14 Rio Culiacan 7 27.76 - 10.41
15 La Pipima 83.31 7.02 -

16 Puente USE - 74.79 -

17 Rio Humaya 40.09 2.97 34.43
18, 22 Rio Tamazula 1, Puente Morelos - 99.9 -

19 Rio Tamazula 2 27.54 14.78 25.92
20 Rio Tamazula 3 4142 - 39.77
21 Puente Judrez - 86.8 12.97
23 San Pedro 52.69 12.02 -

Using the total quadratic sum within the cluster defined by Equation (5), which is also the representation of ‘K-means’, the
aim is to obtain the number of clusters with the smallest quadratic sum:

J= S5 - Gl ?

Each value obtained from clusters is associated with the sum of squares, where k is the number of clusters to explore, 7 is
the total number of samples collected by CONAGUA over the years. In addition, ||x£. — Cy||? represents the function of the
distance to implement between the sample and the cluster centroid, where x represents the sample to be grouped, and c is
the cluster centroid.

2.4.2. Data preprocessing

Before implementing clustering, it is important to process the data to adapt them and achieve the most efficient results. The
implemented database contains information from the 23 sampling points of the Culiacan River, which has over 20 water qual-
ity parameters, collected from 2012 to 2020. Some values need to be included and provide a good estimation for clustering
because they are considered null, and it is impossible to compare them to determine the similarity. The missing data are con-
sidered non-relevant information, so the entire row to which they belong is removed.

On the other hand, the variability between parameters, i.e., the ranges between them, change depending on the parameter.
Data normalization is implemented for each parameter between 0 and 1 to ensure a good quality of input information for
clustering.

Data were also separated according to the time of the year to perform the analysis by the dry season, rainy season, and
annual season to determine the behavior of each one of them.
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2.4.3. Similarity measurement: Euclidean distance

An important step in clustering is the measurement of the similarity of the grouped points to know the homogeneity of the
data grouping and, in turn, to know how heterogeneous each of the groups created.

The measurement is performed by using the Euclidean distance, which works with the WQ data matrix. The Euclidean
distance is defined by Equation (6):

D(x, y) = ’— ) (6)

where D(x, y) is the Euclidean distance between the cluster and the sampling point, y; represents the input value to be
grouped, in this case, the sampling points of the Culiacan River, and #; is the centroid value of the different groups created.
Each input value is iterated with the different groups to measure the similarity.

One of the purposes of the metric is to find the value closest to zero to determine to which group the input value belongs or,
in its respective case, to determine how the water quality sampling points can be grouped for reduction.

2.4.4. Hierarchical clustering

Once the data have been preprocessed and the optimal number of clusters for this case has been determined, the hierarchical
clustering technique is implemented.

The implementation of hierarchical clustering has the facility to represent the construction of the clusters from different
levels of granularity. As a result, a binary tree is constructed, where the sampling points that are most closely linked to
each other are joined together.

The graphical representation of hierarchical clustering is called a dendrogram. The dendrograms are plotted based on the
metric implemented to differentiate the homogeneity of each cluster, in this case, the Euclidean distance. The y-axis corre-
sponds to the Euclidean distance, and the x represents the sampling points.

This analysis was performed with the average values of the water quality parameters in each sampling site using the Ward
method and the Euclidean distance as a measure of similarity.

3. RESULTS AND DISCUSSION

3.1. Reduction of the data matrix for the water quality analysis in the Culiacan River Basin

A PCA was applied to reduce the dimensionality of the water quality data matrix in the Culiacan River basin. This reduction
was performed for the rainy and dry seasons. Figure 3(a) shows the component’s sedimentation graph, where the variation

percentage explained by each component (set of water quality parameters) is represented on the ordinate and expresses the
components in decreasing order on the abscissa.

(a (b) Fecal Coliforms
) Total Coliforms. 0.6
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10 Water Hardness 0.2
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Figure 3 | PCA for the dry season: (a) component’s sedimentation graph and (b) loads by component to water quality parameters in the rainy
season.
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The purpose of the analysis was to obtain a small number of linear combinations of the 17 variables that account for most of
the variability in the data. In this case, seven components were extracted. Together, they account for a cumulative variance of
80% of the original water quality data variability. In an absolute value, parameters closest to 1.0 were selected according to
the eigenvalue.

Figure 3(b) shows the loads for every variable in each principal component in the dry season. Within component 1, TP has
an eigenvalue of 0.33761, thus the most relevant for the higher variation to the entire data set. Similarly, TN has a load of
0.33206 and NH5-N 0.32394, while TOC and DO show a load of 0.26834 and —0.28394, respectively. Thus, during the
dry season, the parameter sets are composed of nutrients and the parameters are related to dissolved organic matter. This
is explained by the fact that in the dry season, maize and beans are planted in the region using organophosphate agrochem-
icals and nitrogen fertilizers. When irrigated through a furrow, the unutilized nutrients by plants reach the body of water
through runoff - making it easier to identify the probable source.

Also, the variable fecal coliforms were selected into component 2, which shows an eigenvalue of 0.54175. Although the
eigenvalues of fecal and total coliforms are very close, the first one was selected because they are more closely related to
the type of wastewater generated in the urban area and, therefore, provides greater objectivity in the study (Makuwa ef al.
2020; Zhang et al. 2021). Although Escherichia coli shows a high weight, this is a specific type of fecal coliform, which
the abovementioned parameter would represent. This result also agrees with Ahmed (2019), where parameters like NHs
and fecal coliforms were the most dominant parameters for the PCA in a basin with agricultural and urban activities.

Figure 4(a) shows the sedimentation graph for the rainy season. The principal components are represented on the abscissa
axis and the variation of each component in the original data set on the ordinate axis. In this case, seven components rep-
resent 79% of the variability in the original data, whereas component 1 represents 35% of the variation of the data set.

Figure 4(b) shows the eigenvalues of the water quality parameters analysis in the rainy season in every principal com-
ponent. Within component 1, TP shows a load of 0.336479, the most relevant for the higher variation of the data set. TN
has a load of 0.334654, NH3-N has a load of 0.331582, while DO and TOC have loads of —0.27957 and 0.277802, respect-
ively. Thus, during the rainy season, the parameter sets are also composed of nutrients and parameters related to dissolved
organic matter, such as the dry season showed. This result agrees with Ustaoglu ef al. (2019), where the most relevant par-
ameters in component 1 were TP and TN in the rainy season in an agricultural basin. On the other hand, the fecal coliform
parameter was selected for the rainy season analysis within the second principal component, showing an eigenvalue of
0.520582. This parameter shows the greatest effect on component 2.

Based on the loads by component to water quality parameters in each season, a selection of parameters was made to define
the variables sensitive to anthropogenic activity. The depuration provided that the parameters selected by components were
the same for dry and rainy seasons, suggesting no significant difference in parameters between the seasons.

Indeed, the parameters with the most significant statistical relevance in the two principal components are those that
explain the eutrophication of surface water quality integrated by nutrients. The Culiacan River basin has a 15% of the
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Figure 4 | PCA for the rainy season: (a) sedimentation graph for the rainy season and (b) loads by component to water quality parameters in
the rainy season.
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area occupied by cropland that uses organophosphorus and nitrogen agrochemicals. On the other hand, the parameters
representing dissolved organic matter in the current also stand out. This idea may be associated with drains that receive dis-
charges from the livestock and swine industry, increasing organic matter and directly affecting oxygenation. Finally, the
parameter measures the presence of pathogenic contamination, which is strongly related to urban areas and wastewater
discharges.

Therefore, the water quality behavior in the Culiacan River basin agrees with Dudley ef al. (2020) and Yadav ef al. (2019).
These results can infer that the type of contamination is characteristic of surface bodies along with the combination of agri-
cultural and urban areas. Therefore, the parameters that contribute the most significant variability to the water quality of the
Culiacan River and that will serve for the generation of clusters are total organic carbon (TOC), ammonia nitrogen (NH3-N),
total nitrogen (TN), total phosphorus (TP), dissolved oxygen (DO), and fecal coliforms.

In Figures 3 and 4, there are parameters with similarity in terms of the eigenvalues of the selected parameters, such as in the
case of PO4 and TP, as well as TN and NTK, and only those parameters that consider all forms of nitrogen and phosphorus in
this case, as these parameters are used in both Mexican and international regulations to quantify the water quality based on
maximum permissible limits in surface waters.

3.2. Cluster analysis for monitoring network optimization

Descriptive statistics were performed on the parameters selected by the PCA as the most representative of the water quality in
the monitoring network, and these are shown in Figures 5 and 6 for the dry and rainy seasons, respectively, and in Sup-
plementary Material 1.

Figure 5 shows the distribution of pollutants in the Culiacan River basin, highlighting that mean concentrations of nutrients
and pollutants are higher in sites 1, 2, 3, 4, 5, 6, and 7, reaching up to 37 mg/L COT; 897,320 MPN FC; 38.89 mg/L TN,
31.07 mg/L NHjs; and 6 mg/L TP. These sites are present in a drain where wastewater with and without treatment is
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Figure 5 | Descriptive water quality parameters on the dry season in the Culiacan River basin.
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Figure 6 | Descriptive water quality parameters on the rainy season in the Culiacan River basin.

discharged, as evidenced by the high concentrations. On the other hand, among the sites on the mainstream, site 11 is the
second with the highest concentrations in all the parameters, and it is located in the river mouth. There are several point
sources in this place, such as discharges from fishing cooperatives, aquaculture farms, and domestic wastewater discharges,
so it is easy to differentiate the water quality for the rest of the basin. For the rest of sites, there are high concentrations of TN
and TP in sites where agricultural land predominates, making evident the agrochemical runoff (0.73-38.89 mg/L TN and
0.12-6 mg/L TP). This result agrees with Pei ef al. (2022), since they relate the high concentrations of TN and TP with the
runoff generated by the croplands, showing a similar nutrient concentration range (1.74-21 mg/L TN and 0.04-1.09 mg/L
TP). In the case of urbanization land, fecal coliforms is the significant parameter. The monitoring network reported concen-
trations ranging from 3,317 MPN to 897,320 MPN. This result agrees with Yuan et al. (2019), where fecal coliforms
associated with urbanization land ranged from 90,000 to 480,000 MPN.

In Figure 6, the spatial distribution of the concentration of the parameters in the sampling sites does not change. The high-
est concentrations continue occurring in the sites on the drainage drain, reaching up to 31.46 mg/L COT; 536,901 MPN FC;
29.63 mg/L TN; 25.78 mg/L NHj3; and 4.68 mg/L TP. TN and TP predominate in agricultural land. In addition, as can be seen
in both figures, the DO behavior in both climatic seasons is inversely proportional to the organic matter content in the sample
sites, which is why sites such as the drains present the worst oxygenation conditions, presenting higher concentrations of the
other parameters.

The elbow method offers 29 possible groupings with the data assigned to the hierarchical cluster. Then, the selection of
nine clusters for the rainy season and nine for the dry season coincides with the asymptotic value to determine the optimal
number of clusters (Supplementary Material 2). Although the results in rainy and dry seasons are very similar, in the rainy
season, there is a more significant difference in distortion score among the optimal number of clusters, and this may be
since in the rainy season, precipitation and runoff cause homogenization between sampling sites due to the combination
of diffuse and point sources of contamination, making the distortion score smaller between clusters. On the other hand, in
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the dry season, there is more significant differentiation between concentrations of nutrients and pollutants as there are no
contributions from diffuse sources that alter the characteristics of the area where they are found, making the distortion
score higher among clusters. This phenomenon agrees with Molekoa ef al. (2021), which report higher concentrations of pol-
lutants in the dry season and inferred that rainfall significantly impacts water quality parameters by dilution and attenuation
during rainy and dry seasons, respectively.

Figure 7 shows the hierarchical cluster for the rainy season. One of the groups is constituted by sites 12, 13, 20, 18, 22, 21,
and 9. All these sites are in the middle basin, where the predominant land use is urbanization, ranging from 33 to 99% in an
area of influence of 10 km?. Therefore, the pollution sources observed in this area refer to point sources. According to water
quality parameters, these sites have a higher presence of fecal coliforms, especially during the rainy season, registering up to
70,000 MPN/100 mL, since the rainwater system in some sections is irregularly connected to the drainage system, which,
being obsolete, causes sewage overflows and runoffs into the river (Freeman ef al. 2019; Chen et al. 2020), in addition to efflu-
ents from recreational areas.

These concentrations have the same order of magnitude as those reported by Zhang ef al. (2021), where fecal coliform con-
tamination in a watershed with agricultural activity averaged 143,127 MPN/100 mL. Although, in that study, the watershed
also has contamination due to urbanization. Only 31% of its annual fecal coliform records are attributed to this land use,
while more than 50% refer to contamination from agriculture. This similarity may refer to the lax regulations that exist in
the region and for which the environmental standards for national waters (NOM-001-SEMARNAT-2021) have been updated
to ensure non-significant environmental impact.

Another group is formed by sites 14, 17, 10, 15, 23, 16, and 8. These sites are in agricultural zones, with ratios between 40
and 80% observed in an area of 10 km?. It is observed that some sites in this group are in a higher zone or do not share the
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Figure 7 | Hierarchical cluster for the rainy season.
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exact geographic location. However, the effect of agricultural land use on these sites can be seen in their water quality. The
concentrations of TP and TN are similar in each of the sites, reaching records of 0.29 and 1.96 mg/L, respectively, with these
concentrations being much higher than what was reported by Wu & Lu (2019) in a watershed with agricultural activity (TP of
0.05 mg/L and TN of 2.0 mg/L), while in a particular case of TN, the concentrations are shown to be very close to the limits
established by the European Union directives, which establishes that the nitrogen standard is 2.5 mg/L to prevent eutrophi-
cation of water bodies (European Parliament 2022). However, they exceed what is established by the Environmental
Protection Agency (EPA) and SEMARNAT, which suggest that concentrations above 0.04 mg/L led to eutrophication in
water bodies and the proposed maximum limit of 0.1 mg/L of this nutrient in fresh waters, respectively. Therefore, concen-
trations like those reported in this study are attributed to anthropogenic activities such as agriculture due to the use of
organophosphorus and nitrogen fertilizers that infiltrate the river (Stackpoole et al. 2019; Zhu et al. 2019).

On the other hand, sites 2 and 6 form another cluster with a distance between them as 0.8. In contrast, sites 5 and 7 form a
new cluster with a 0.9 distance between them. Both clusters are characterized by being located on a main drain where efflu-
ents from the livestock and swine industry are received, in addition to contamination from diffuse sources from agricultural
areas adjacent to the receiving body. Although the two clusters are on the same receiving body, the one formed by sites 6 and
2 has the point discharge of livestock activity immediately, while the cluster formed by sites 5 and 7 is 20 km away from each
other, which causes degradation of pollutants on their way downstream.

As a result of these discharges, at sites 2, 5, 6, and 7, the TN concentrations range between 22 and 38 mg/L. Specifically,
sites 2 and 6 exceed the maximum permissible limits established by NOM-001-SEMARNAT-2021 (DOF 2022), presenting
average concentrations of 32 and 38 mg/L TN, respectively. Although the concentrations reported at sites 5 and 7 are
within the maximum permissible limits of the Mexican standard, the concentrations registered are much higher than the
rest of the sites in the basin (between 3.2 and 5.2 mg/L), even exceeding that are reported by Hirt ef al. (2018), where TN
concentrations range between 4 and 5 mg/L in an agricultural watershed. This may be associated with the fact that adjacent
to the agricultural drain of the present study, a meat product processing plant is installed, so the number of surfactant sub-
stances used and animal fat in the effluent generates a high concentration of this nutrient (Harrison et al. 2019; Wang
et al. 2020). These excessive nutrient levels generate hypoxia in the receiving water body, experiencing DO concentrations
of up to 1 mg/L (Siriwardana et al. 2019; Testa et al. 2021).

Sites 11, 19, 1, 3, and 4 did not show statistical similarity with any other site of the monitoring network. In particular, the
site 11 had the most significant statistical difference with the rest of the clusters in the dendrogram, which may be related to its
location. Site 11 is only 3 km from the mouth of the river, where there are additional agricultural influences, and there are
also communities where 70% of the population is engaged in fishing and aquaculture. This characteristic causes the par-
ameters to be affected, so the concentrations are much higher than at other sites due to the composition of the
discharges. To support this statement, Mendivil-Garcia et al. (2022) identified nine-point sources of pollution in the last
6 km of the Culiacan River that causes oxygen deficits after every shrimp farm wastewater discharge. Although there is cur-
rently good oxygenation in this area, the deficit generated after each discharge may increase considering the gradual
intensification in temperature due to climate change.

Figure 8 shows the hierarchical cluster in the dry season. At a 1.4 Euclidean distance, the nine clusters, suggested by the
elbow method, were generated. At 0.5, a first group is formed, with sites 5 and 7 being the most negligible statistical difference
in the dendrogram. However, this cluster originates from the dry and the rainy seasons, with a more significant statistical
difference in the second case. The repetition of this cluster in both climatic seasons may be because they are on a receiving
body surrounded by crops planted in spring-summer and autumn-winter and irrigated by furrow. Even though the par-
ameters analyzed are the same, the concentrations are notably different between the two seasons of the year, in addition
to receiving discharges from the pork and livestock industry throughout the year.

Sites 4 and 6 are other clusters that originated during the dry season, with a 1.4 distance between them. Like sites 5 and 7,
they are located on a wastewater receiving body adjacent to an agricultural zone, so the similarity of pollutants generates the
clustering. Also, this cluster is approximately 10 km upstream of the sites 5 and 7, so despite being on the same water body,
the hydrological and physical-chemical processes generate changes in the composition of the water, showing degradation/
lower concentration downstream, and arranging them in two different clusters.

A third group is formed at 1.4 Euclidean distance with sites 13, 21, 19, 9, 16, and 20. This group is characterized by
sampling sites located in the city’s urban area, and its composition is similar to that presented by the dendrogram in the
rainy season except for three sampling sites, 22, 14, and 17 generating a new cluster with a difference between them being
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Figure 8 | Hierarchical cluster for the dry season.

0.5. This division of the cluster may be since, during the dry season, no runoff could diffusely contribute to pollutants, accent-
uating only the point sources in each sampling site, evidencing the homogenization that is generated between sampling sites
in the rainy season (Lee et al. 2019; Darbandsari & Coulibaly 2020). The grouping of these sites for being within an urban
area agrees with Dabgerwal & Tripathi (2016), where the optimization of the monitoring network with similarities in par-
ameters related to domestic discharges were grouped in the same cluster.

A fourth cluster is integrated by sites 23, 8, 18, 10, 12, and 15. These sites are characterized by being in the lower basin,
where the agricultural zone represents 15% of the total basin and approximately 80% of the basin section is in the state of
Sinaloa, so the type of pollution in this area is mainly diffuse, especially during the dry season because irrigation of crops
is done through hydraulic infrastructure such as irrigation canals, so that nutrients and pollutants reach the river by infiltra-
tion (Sorando et al. 2019; Zhu et al. 2019; Hoffmann ef al. 2020). This accentuates the similarity between the sites due to the
type of contamination they receive.

Sites 1, 11, 2, and 3 showed no statistical similarity with other sites in the monitoring network. Site 2 shows the most sig-
nificant dissimilarity, with 2.7 over the other clusters.

Among these sampling sites, site 3, dren principal Navolato, stands out, which registered significantly higher concen-
trations (P < 0.05) than the other sites in the network, reaching average values of 45 mg/L of TOC, 29 mg/L of NH3-N,
42 mg/L of TN, 5.6 mg/L of TP and 530,000 MPN/100 mL of fecal coliforms. No buffer was created to analyze the land
use of that sampling site as it was less than 5 km away between sites 8 and 15, which would cause an overlap between
zones of influence. However, referring to the predominant soil of these two sites, it can be inferred that the proportion of
agricultural land in an area of influence of 10 km? is between 60 and 80%. There are no records of nearby point sources. How-
ever, the site is in an area where the population has typical practices such as having home pens, washing clothes over the
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river, and lacking drainage and sewerage, among others. These are without environmental regulation due to the region’s con-
flicts of uses and customs. This grouping agrees with Shrestha & Kazama (2007) where the sites with agricultural influence
and those that showed urban influence were grouped, respectively, by the type of contamination.

Once the sampling sites grouped by similarity of water quality had been identified in every season, a descriptive analysis
was carried out, calculating each parameter’s global means and standard deviations. Table 3 shows the global means and stan-
dard deviation for every parameter in the rainy season. Supplementary Material 1 shows the mean values and standard
deviation for every sampling sites by season. Under spatial criteria, redundant monitoring sites were discarded to establish
an optimized monitoring network. The monitoring sites close to spatially important sites were eliminated, due to being at
the confluence of mainstreams or close-to-point source of pollution. Discarded sites for the rainy season were 6, 7, 9, 10,
13, 15, 16, 17, 21, and 18/22. On the other hand, discarded monitoring sites on the dry season were 6, 7, 8, 9, 10, 12, 15,
16, 21, and 18/22.

The statistical analysis generates an optimized network for each climatic season (dry and rainy season). This result is
obtained by selecting sites within the nine clusters formed in each climatic season. Although there are nine clusters, the
sites of the new monitoring networks are 11 and 12 sites for the rainy and dry seasons, respectively. However, for this
type of environmental study, it is essential to consider the hydrodynamics and the order of the water bodies, including all
those tributaries of the main streams (Madsen & Wersal 2017). That is why the differences regarding the Euclidean distance
within each cluster were considered to differentiate subgroups that would allow selecting sampling sites on the tributary
rivers.

In addition, it is essential to consider that these sites are located on streams very close to the population. This suggests
that they could be used for some service with human contacts, such as domestic plots, so they must continue to be mon-
itored. In addition, this is of greater interest because each tributary has dams receiving streams from upstream mining
areas.

Therefore, the suggested optimized network for the rainy season includes sites 1, 2, 3, 5, 8, 11, 12, 14, 19, 20, and 23. On the
other hand, for the dry season, the sites considered are 1, 2, 3, 4,5, 11, 13, 14, 19, 20, and 23 (Figure 9). To verify that the water
quality from the optimized network represents the original network, the mean and standard deviation of each parameter in
the optimized network were calculated. Table 3 shows the statistics for rainy and dry seasons, respectively. After this, an
analysis of means, medians, and standard deviations of both networks was carried out, validating that the new network
has no significant difference (P < 0.05) according to the original network (Supplementary Material 3).

Table 3 | Global average and standard deviation for the original and optimized water quality monitoring network

Rainy season Dry season
Parameter AVG sD AVG sD
Original monitoring network
TOC (mg/L) 11.023 6.876 9.667 6.1715
TN (mg/L) 8.701 3.192 8.1865 3.1975
NH; (mg/L) 6.594 2.399 5.9425 2.7585
TP (mg/L) 1.313 0.5325 1.1685 0.4485
DO (mg/L) 5.42 1.427 6.4135 1.448
Fecal coliform (MPN) 110994 194128 152400 383240
Optimized monitoring network
TOC (mg/L) 10.561 5.72 10.132 6.895
TN (mg/L) 8.57333333 3.1675 8.7733 3.4633
NH; (mg/L) 6.66916667 2.5875 6.4892 3.1883
TP (mg/L) 1.33083333 0.5508 1.2892 0.495
DO (mg/L) 5.48166667 1.55 6.4275 1.6608
Fecal coliform (MPN) 83840 161881 128487 351370
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Figure 9 | Optimized monitoring network in the Culiacan River basin: (a) rainy season and (b) dry season.

4. CONCLUSIONS

Based on the results, multiparametric statistics and artificial intelligence provided the grouping of sampling sites that would
reduce the current monitoring network by approximately 50%, guaranteeing the spatial distribution of water quality. The
relationship between water chemistry and land use in each suggested cluster supports this reduction. Although the dendro-
grams of dry and rainy seasons offer nine clusters, each based on the intercluster difference, the selection of sampling sites
also considers the intracluster differentiation, so based on the existence of subgroups within each cluster, the number of moni-
toring sites that would fulfill the purpose of monitoring the water quality of the Culiacan river was selected, going from a
network of 23 sites to one with 11 in its optimized form.

On the other hand, according to the variables obtained from PCA, it was possible to select the primary water quality vari-
ables in the Culiacan River through eigenvalues, in which TN and TP nutrients are associated with the agricultural activity,
that is representative of the region, showing higher concentrations in the rainy season due to the runoff caused by precipi-
tation bringing with it pollutants from various sources. In contrast, in the dry season, the contribution of runoff caused by
irrigation in the furrow of the crops is evident. In contrast, the values of NH5 and TOC remained at high concentrations
in sites with discharges from point sources. Therefore, as organic matter parameters are associated with residual water, it
is inferred that these bodies of water receive discharges without prior treatment or with ineffective treatment because the
registered concentrations exceed the maximum permissible limits established by Mexican regulations (TOC < 38 mg/L). Fur-
thermore, in these same sites, DO concentrations reach hypoxia. This phenomenon is related to the fact that this parameter is
inversely proportional to the concentration of dissolved organic matter.

Thus, this methodology has the advantage of providing confidence to the results of multiparametric statistics, such as the
elbow method that helped define the optimal number of clusters to select in the dendrograms of each season. Meanwhile, the
dendrogram grouped sites in areas that receive point source pollution, areas where cropland predominates, and urban areas.
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It is possible to understand data from the monitoring network and know the origin of the pollution in the basin. This allowed
to discard redundant sites in the monitoring network and generate an alternative that, in addition to providing technical
knowledge of the region, reduces the costs and operating time of the managing entities of the basin. Nevertheless, it is con-
venient to incorporate more grouping methods, besides the hierarchical cluster, for the analysis of a larger data set that gives
equally reliable results and reinforces this study’s results.
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